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The purpose of this study was to investigate the relationship between masticatory muscular hypotrophy and mandibular growth in juvenile nonhuman primates (cynolmolgus monkeys, Macaca fasicularis). We hypothesized that botulinum toxin (BTX)-induced neuro-muscular junctional block and its resultant hypotrophy of masticatory muscles would produce mandibular growth disturbances in size and shape. Ten male cynomolgus monkeys were divided into three groups: group I (control; n = 3), group II (unilateral BTX; n = 4), and group III (bilateral BTX; n = 3). The unilateral or bilateral muscular hypotrophy of major masticatory closing muscles was induced by synchronous BTX application to masseter, medial pterygoid, and temporal muscle. Mandibular growth was tracked by linear, angular, area and volume measurements using three-dimensional (3D) computed tomography imaging before BTX treatment and after 3 and 6 months. After unilateral hypotrophy of masticatory muscles in group II, vertical growth deficiency was prominent on the BTX side, with compensatory overgrowth on the control side. The bilateral muscular hypotrophy in group III also showed smaller ramal height and width than that of control (group I) and control side (group II). Moreover, ramal sagittal angles (posterior tilt) increased on the BTX side of both groups II and III, but coronal angles (lateral tilt) did so on the BTX side of group II, resulting in asymmetry. The results confirmed our hypothesis that functional activity of masticatory closing muscles is closely related to mandibular growth in size and shape of juvenile nonhuman primates. In addition, the focused growth disturbances on the ramal height and posterior-lateral tilt suggested the possible role of masticatory closing muscles for ramal vertical and angular growth vector of the mandible.

Keywords: masticatory muscles, craniofacial, growth, botulinum toxin, computed tomography, mandible, monkey


INTRODUCTION

The bone-muscle relationship may be viewed in terms of structure and function (Cianferotti and Brandi, 2014). Some studies have reported aberrant craniofacial structure after experimental muscular function changes (Boyd et al., 1967; Navarro et al., 1995). However, these growths were also influenced by the secondary effects of scar tissues and their subsequent contractures. This issue can be avoided by the introduction of botulinum toxin (BTX), which blocks the nerve endings of the muscles without scarring (Babuccu et al., 2009) and is now regarded as an effective experimental tool for the control of muscle activity similar to that in a clinical environment.

The masticatory muscles power the orofacial system, their structures being closely related to the growth and functions of the teeth, jaw, and joints (Dixon et al., 1997). Although the inhibition of mandibular growth following treatment of BTX to the masticatory muscles has already been addressed (Sakurai et al., 2007; Tsai et al., 2009; Kun-Darbois et al., 2015), the results of these studies may not be comprehensive in that their muscular environments were unnatural, with singular muscular paralysis and two-dimensional analyses. The unilateral singular paralysis of the masticatory muscle may be causing minor structural changes in the mandible and zygoma (Matic et al., 2007) and provoke compensatory work by the medial pterygoid or other muscle (Rafferty et al., 2012). We thus need to consider the simultaneous inhibition of the major masticatory closing muscles, including the masseter, temporal, and medial pterygoid muscles, in order to observe the genuine effect of masticatory muscular inactivity on mandibular growth.

We also paid attention to the possible compensatory reaction of the biological system in terms of bilaterality; the mandibular structure consists of right and left hemi-mandible with articulating joints which are essentially reciprocal, one side of the hemi-mandible influencing and being influenced by the other side (Rafferty et al., 2012). The unilateral masticatory hypofunction may therefore not necessarily produce the same phenotype as that of the bilateral hypofunctional model. In addition, the growth of the nonBTX side in unilateral hypotrophy may not match that of the normal control without any masticatory hypofunction.

Finally, we considered a primate model system to mirror the association between growth and function in human. To infer how human mandibular growth would be impacted by masticatory muscle hypotrophy, we looked for an animal model with craniofacial growth pattern similar to that of human. Investigations to date have documented such similarity in nonhuman hominoids, whose mastication, nasal breathing and orthostatic position affect the mechanical properties of the skeletal system and the mode of facial bone growth (Moss, 1968; Losken et al., 1994). However, they are difficult to work with, which inevitably led us to utilize a primate model system, specifically the cynomolgus monkey, to evaluate masticatory muscle-related growth and function in humans.

The purpose of this study was to investigate the relationship between masticatory muscular function and mandibular skeletal growth. We hypothesized that the mandible would undergo differential growth disturbances in size and shape due to BTX-induced unilateral or bilateral hypotrophy of masticatory muscles. We also introduced synchronous BTX treatments to unilateral or bilateral major masticatory closing muscles to prevent compensatory masticatory muscle function. Three-dimensional (3D) changes in the size and shape of the mandible were obtained by measuring and comparing serial computed tomographic (CT) images.



MATERIALS AND METHODS

Animals and Animal Care

This study was approved by the Animal Experimental Ethics Committee of Southern Medical University, Guangzhou, China (2014-024). All experiments were performed under protocols to meet the requirements of the Association for Assessment and Accreditation of Laboratory Animal Care International and the Experimental Animal Center of Southern Medical University. Male cynomolgus monkeys (Macaca fascicularis) were used, preliminary power analysis being performed to get the proper sample size for three groups (G∗Power 3.1, Heinrich-Heine-Universität Düsseldorf, Germany; alpha = 0.05, power = 0.95; total N = 20 hemi-mandibles). They had complete deciduous dentitions and first permanent molars in occlusion, indicating their juvenile period (McNamara and Graber, 1975).

The animal care was performed by full-time attending veterinarians under the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The animals were housed individually in stainless steel cages (85 cm × 92 cm × 100 cm) under a 12 h light-dark cycle at 25–27°C. They were provided with a diet of vitamin enriched biscuits, fruits, and water until they were satisfied. They were also provided with social interactions with neighboring animals and attending veterinarians and given toys and trees for play stimulation. During all experimental periods, they were closely monitored on a regular basis throughout the day by the attending veterinarians as well as the experimental operators to ensure their health and welfare.

For the experimental BTX treatments, the animals were sedated by intramuscular (IM) injection with ketamine HCl (Ketamine, 5–10 mg/Kg, IM) and rompun (Xylazine, 1–2 mg/Kg, IM), with glycopyrrolate (Robinul, 0.004 mg/Kg, IM). Tramadol (50 mg) was given intramuscularly after intervention to alleviate suffering. After 24 weeks of experiments, the animals were sacrificed by a method consistent with the American Veterinary Medical Association Guidelines for the Euthanasia of Animals (IV administration of pentobarbital overdose, >100 mg/Kg) to collect the samples necessary for the histological examination.

Experimental Design and BTX

The predictor variables were the elapsed time and side of BTX injection; the outcome variables were mandibular structure-related dimensional parameters. Ten monkeys aged 18–24 months (mean age, 22 months), weighing between 2.0 and 3.1 Kg (average 2.44 Kg), were divided into three groups based on the side of BTX injection: group I (control; n = 3; mean age 21.0 months), group II (unilateral BTX; n = 4; mean age 21.8 months), and group III (bilateral BTX; n = 3; mean age 26.7 months) (Supplementary Table S4). The age differences between the groups were not significantly correlated with outcome variables (by Pearson’s product-moment correlation coefficients; details not shown), and the mandibular growth curve by Schneiderman (Schneiderman, 1992) showed a marked decrease in skeletal growth after 4 years old, excluding the possible influence of group age differences.

The masseter, temporal, and medial pterygoid muscles were selected for simultaneous injections of BTX. A total of 20 units/Kg of BTX A (Botulax®, Hugel Inc., Chuncheon, Korea, 50 U/ml) was injected into the targeted masticatory muscles. The ratio of the BTX dose to masseter, temporalis, and medial pterygoid muscle was 5:4:3, based on the size and function of the muscle and the therapeutic dose (Bhidayasiri et al., 2006). The muscles on the right (BTX) side were injected for group II (unilateral), and on both sides for group III (bilateral). The masseter and temporalis muscle had two points of injection, while the medial pterygoid had one point. The same amount of normal saline was injected into both sides for group I (control) or into the control side for group II (unilateral). Later, the mandible of group I (control), BTX side of group II (unilateral), control side of group II (unilateral), and group III (bilateral) were independently evaluated for comparison of morphological changes.

Eleven titanium mini-screws (1.2 × 3 mm self-drilling screws; Gssem Co., Korea) were placed at the mandible, maxilla, and cranium as reference markers for 3D superimposition (Bjork, 1955; McNamara and Graber, 1975).

3D Morphometric Analysis

3D Imaging

CTs were taken (Aquilion, Toshiba, Japan) at T0 (initial time point just before BTX injection), T1 (3 months after BTX injection), and T2 (6 months after BTX) under sedation. The working condition for CT scan was set to 120 kvp, 150 mA, 0.3 mm of pixel size, and less than 0.5 mm of slice thickness. To maintain the maximum occlusion, the subjects were placed in prone position with the mandible set into a head stabilizer designed for the purpose. CT data were stored in DICOM file format and 3D reconstruction of the mandible and skull and their analyses were performed using software (Mimics and 3-matic, Materialize Co., Leuven, Belgium; Simplant, Materialize Dental Co., Leuven, Belgium).

Morphometric Reference Points

Our reference points were selected based on reviews of the morphometric reference points reported so far (Moss and Simon, 1968; Park et al., 2010; Markic et al., 2015), mainly with the aim of facilitating 3D measurements (Supplementary Figures S1A,B). These included the condyle, gonion, and other points for anatomical description as well as nasion, porion, and others for the construction of reference planes. These are detailed in Supplementary Table S1.

Reference Planes

The reference planes were defined for linear, angular, area and volume measurements as follows (Supplementary Figures S1C–E and Supplementary Table S2): Frankfort horizontal plane (as the horizontal reference plane), the midsagittal plane (MSP; as the sagittal reference plane), and the coronal plane. The mandibular occlusal plane was set as passing through the mandibular first molars and central incisors (Supplementary Figure S1D), while the mandibular inferior border plane (IBP) was set as passing through the menton-gonion line and running perpendicular to the ramal plane (Supplementary Figure S1E). The mandibular ramal plane runs parallel to the mandibular ramus and passes through the ramus posterior point, sigmoid notch, and ramus anterior point (Supplementary Figure S1E), while the ramus anterior plane is perpendicular to mandibular occlusal plane (Supplementary Figure S1H). Details are described in Supplementary Table S2.

3D Measurements

The dimensional changes of the mandible were evaluated in terms of relative growth increments as well as absolute value changes in lengths, angles, areas and volumes (Supplementary Tables S5–S10). Relative growth rates were calculated by the ratio of measurements at each time period to the size at T0, and then compared with the interval changes from T0 to T1 and T2 (Figures 3–5). We confirmed the possible association between the right and left side of hemi-mandible in group I (control) and group III (bilateral) by paired t-test, showing that their differences were not statistically significant (p > 0.05; details not shown). We therefore used the hemi-mandibles of groups I and III as independent variables, the average values of right and left side thus being used for statistical analysis.

Mandibular unit size

The mandible was divided into five units in accordance with the concept of mandibular units or module (Figure 1A; Moss and Young, 1960; Moss, 1968). Each unit was designed to represent developmental characteristics and measured in-line by connecting reference points, as shown in Figure 1A. 3D mandibular unit analysis was performed based on previous reports (Moore, 1973; Delaire, 1990; Park et al., 2010). Lengths were measured for body unit [between the inferior alveolar foramen (IAF) and mental foramen (MF)], condylar unit (condyle point (Con)-IAF), coronoid unit (coronoid point (Cor)-IAF), and others.
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FIGURE 1. The mandibular linear, angular, area, and volume measurements applied to this study. (A–C) The linear measurements; (D–F), the angular measurements; (G,H), the volume and area measurement; (A) the mandibular unit measurements, including the condylar and body unit; (B) the mandibular length and height measurements; (C) the transverse length measurements; (D) the angular measurements on the sagittal plane; (E) the angular measurements on the coronal plane; (F) the angular measurements on the Frankfort horizontal plane; (G) the volume measurement of hemi-mandible, produced by the division of mandibular model by mandibular median plane; (H) the measurement of cross-sectional area for ramus and body, at the level of mandibular occlusal plane for ramus and ramal anterior plane for body; (I) the measurement of cross-sectional area of temporal, medial pterygoid, and masseter muscle, at the mandibular occlusal plane and FHP. Abbreviations are defined in Supplementary Tables S1–S3. Abbreviations for reference points) IAF, inferior alveolar foramen; Con, condyle; Cor, coronoid; Go, gonion; MF, mental foramen; Id, infradentale; Mn6, lower 1st molar; Id, infradentale; Go(p), gonion posterior point; Go(i), gonion inferior point; RA, ramus anterior point; RP, ramus posterior point; Me, menton; Con(med), condylar medial point; Con(lat), condylar lateral point; MF, mental foramen; Li, lower incisor point. Abbreviations for planes: MSP, midsagittal plane; MnOccP, mandibular occlusal plane; IBP, mandibular inferior border plane; FHP, Frankfort horizontal plane; CP, coronal plane; MMP, mandibular median plane; MRP, mandibular ramal plane; RAP, ramus anterior plane. Abbreviations for measurements: IAF-Con, condylar unit; IAF-Cor, coronoid unit; IAF-Go, angular unit; IAF-MF, body unit; Id-MF, symphyseal unit; IBP-Con, condylar height; IBP-Cor, coronoid height; IBP-Go, angular height; IBP-IAF, mandibular foramen height; IBP-Mn6, mandibular molar height; Id-Con, condylar length; Id-Cor, coronoid length; IAF-Go(p), angular length; RA-RP, ramal breadt; Con(med)-Con(lat), condylar head size; Con-Con, condylar width; Cor-Cor, coronoid width; Go-Go, angular width; MF-MF, mental width; Mn6-Mn6, molar width.



Mandibular size

The mandible height was measured in terms of distance to each reference point from IBP (Figure 1B). Anterior-posterior (AP) dimension was evaluated as the distance from infradentale (Id) to the reference points (Figure 1B). The mandibular width was measured between the bilateral reference points to obtain condylar width (Con-Con), coronoid width (Cor-Cor) or mandibular first molar width (Mn6-Mn6) (Figure 1C).

Mandibular angles

The angles of the mandibular structure were also measured between the reference plane and the ramal axis (Con-Go), mandibular unit (Con-IAF and Cor-IAF), or mandibular border lines (gonion inferior point – Me) (Figures 1D–F).

Mandibular volumes and areas

The hemi-mandibular volumes and cross-sectional areas of the ramus (at the level of mandibular occlusal plane) and the body (on the ramus anterior plane) were measured on the constructed 3D models (Figures 1G,H).

Masticatory muscular areas

The cross-sectional areas of masseter, medial pterygoid, and temporalis on the reference planes (including mandibular occlusal plane for masseter and medial pterygoid and FHP for temporalis) were measured on the 3D model constructed from CT images using the soft tissue setting (Figure 1I).

Assessment of Interval Growth

3D-reconstructed mandibular models for three subsequent time periods were superimposed to verify the chronologic changes using the best-fit algorithm of the software. Three superimposition methods using different registration points were tried to achieve the most accurate picture of dimensional changes (Supplementary Figure S2): the mandibular reference screws, mandibular foramen-mental foramen (IAF-MF), and cranial reference screws. The inter-surface distance between the models was also calculated and color-coded for comparison, based on the superimposition using mandibular reference screws (Figure 6).

Histological Analysis

Following CT evaluation and euthanasia, the head parts of subjects were fixed at room temperature in 10% formalin solution and decalcified in 0.5 M ethylenediaminetetraacetic acid solution at pH 7.4 for 1 year at 4°C. After decalcification, axial sections of masseter and medial pterygoid muscle around the middle point region between ramus anterior and posterior point were obtained. Masson’s trichrome staining (HistoperfectTM, Masson’s Trichrome Staining Kit, BBC Biochemical, Stanwood, WA, United States) were used to examine the histological condition of masticatory muscles (Figures 2A–H).
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FIGURE 2. Histological and measurement analysis of masticatory muscles. (A–H) Masson’s trichrome staining of masseter (A–D) and medial pterygoid muscle (E–H) after 6 months of BTX treatments; (I), the comparison of cross-sectional area of muscles in control and the BTX side of group II (unilateral); (J–L), the area measurement of cross-sectional area of muscles and their comparison; (A,E) the masseter and medial pterygoid muscles in group I (control), showing reddish myofibers in compact alignment, being encapsulated by thin blue perimysium (arrowhead for perimysium); (B,F) the muscles from the control side of group II, showing the similar arrangements of myofibers with more perimysia and dilated vessels; (C,D,G,H) masseter and medial pterygoid muscle in group III (bilateral) and on the BTX side of group II (unilateral), which shows the hypotrophic changes with decreased myofiber size and increased perimysia; (I) the muscles in the BTX-treated side of group II (unilateral) showed a marked decrease in size as compared with those on the saline-injected control side; (J–L) masseter, medial pterygoid, and temporal muscles of group I and control side of group II (unilateral) showed statistically significant greater increments between T0 and T2 than those of group III (bilateral) and the BTX side of group II (unilateral). ∗Significant when p < 0.05. Scale bar = 50 μm (A).



Statistical Analysis and Methods Error

Statistical analyses were performed to compare the measurements between the groups. Linear mixed model analysis was used to compare the results in terms of groups, BTX treatments, and time period for bilaterality of mandible. The two-way analysis of variance (ANOVA) test was applied for comparison of measurements between the bilateral structures and verified by post hoc analysis with the Bonferroni correction procedure, using Statistical Package for the Social Sciences (SPSS, Version 24, IBM Co.) and Prism (Version 8, Graphpad Co.).

The possible error associated with the methods when assigning reference points on 3D CT was also calculated in each dimension of X, Y, and Z according to Dahlberg’s formula (Dahlberg, 1949). One author (H-JK) digitized each of 5 reference points on 3D CT images 20 times. To evaluate intra-observer variability, a reliability analysis with the determination of the intraclass correlation coefficient (ICC) was calculated with 95% confidence intervals.



RESULTS

Body Weight

The mean body weight for all three groups increased from 2.44 Kg (T0) to 2.67 Kg (T2). Specifically, group I (control) gained 0.31 Kg of body weight over 6 months (T2–T0), while weight gain in group II (unilateral) was 0.24 Kg and 0.15 Kg in group III (bilateral). There was no increase in body weight in group III (bilateral) during the first 3 months (T1–T0). While group II (unilateral) and group III (bilateral) gained 0.24 and 0.15 Kg, respectively, Pearson’s correlation analysis revealed no statistically significant difference between body weight and dimensional measurements (p > 0.05; details not shown). Subjects in group I (control) had no difficulties feeding, those from group II (unilateral) mainly chewed on the control side, and those from group III (bilateral) temporarily could not eat properly. Group III was thus fed with a full liquid diet through the nasogastric tube for about 2 weeks, followed by normal feeding.

Histological Analysis

The histological evaluation by Masson’s trichrome staining showed that the masseter and medial pterygoid muscles in group I (control) had red plump myofibers encapsulated by thin or indistinct perimysium (Figures 2A,E; arrowhead for perimysium). The same muscles on BTX side revealed a degenerative hypotrophic change of myofibrils with a decrease in the myofibrillar diameters as well as an increase in the collagen fibers forming perimysium around the myofibers (Figures 2C,D,G,H; arrowheads for perimysium).

3D Measurements and Analysis

The mandibular structures were measured and their periodic increments (T2–T0) as well as percentage change with respect to initial values (T2–T0/T0) were calculated to compare time-dependent changes.

Mandibular Unit Size

The increased length at T0–T2 was greatest at the body unit (IAF-MF; 2.0 mm) and least at the angular unit (IAF-Go; 0.8 mm) for group I (control) (Figure 3 and Supplementary Table S5). The relative increase in mandibular unit length for group I (control) was greater than that of other groups, except for the four units on the control side of group II (unilateral). The condylar (IAF-Con) and angular unit (IAF-Go) on the group I (control) and control side of group II (unilateral) showed significantly greater growth increments than on the BTX side of group II (unilateral) and group III (bilateral) (p = 0.01 for condylar unit and p = 0.04 for angular unit). In contrast, the body (IAF-MF) and coronoid unit (IAF-Cor) showed no significant changes for all groups.
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FIGURE 3. Time-dependent incremental changes in mandibular measurements (A–E) mandibular unit size, (F–J) mandibular height. Abbreviations: IAF, inferior alveolar foramen; Con, condyle; Cor, coronoid; Go, gonion; MF, mental foramen; Id, infradentale; IBP, mandibular inferior border plane; Mn6, lower 1st molar. Abbreviations: IAF-Con, condylar unit; IAF-Cor, coronoid unit; IAF-Go, angular unit; IAF-MF, body unit; Id-MF, symphyseal unit; IBP-Con, condylar height; IBP-Cor, coronoid height; IBP-Go, angular height; IBP-IAF, mandibular foramen height; IBP-Mn6, mandibular molar height. [image: image] for group I (control), [image: image] for control side of group II (unilateral), [image: image] for BTX side of group II (unilateral), [image: image] for group III (bilateral). ∗Significant when p < 0.05, to compare saline- and BTX-treatment by linear mixed model analysis; units in incremental percent (T2–T0/T0).



Mandibular Size

The periodic increment from T0 to T2 was greatest at the condylar height (IBP-Con) and coronoid height (IBP-Cor) (2.4 mm each) on the control side of group II (unilateral), and least at the angular height (IBP-Go; -0.8 mm) in group III (bilateral) (Supplementary Table S6). The relative growth rate for the coronoid height (IBP-Cor), IAF height (IBP-IAF), and molar height (IBP-Mn6) in group I (control) and the control side of group II (unilateral) was significantly greater than those in group III (bilateral) (p < 0.05 for condylar and alveolar height; p < 0.01 for coronoid and molar height) (Figure 3).

AP length increments in condylar (Id-Con) and coronoid length (Id-Cor) were not significantly different for all groups, while those of ramal breadth (RA-RP) for group I (control) and control side of group II (unilateral) were significantly greater than those on the group III (bilateral) and BTX side of group II (unilateral) (p = 0.01) (Figure 4 and Supplementary Table S7). In addition, the coronoid length (Id-Cor) and condylar head size [Con(med)-Con(lat)] in T2 were significantly greater than that of T0 (p < 0.05).
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FIGURE 4. Time-dependent differential changes in mandibular size (A–E) mandibular AP length, (F–J) mandibular transverse length. Abbreviations: Id, infradentale; Con, condyle; Cor, coronoid; Go(p), gonion posterior point; RA, ramus anterior point; RP, ramus posterior point; Con (med), condylar medial point; Con (lat), condylar lateral point; MF, mental foramen; Mn6, lower 1st molar. Abbreviations: Id-Con, condylar length; Id-Cor, coronoid length; IAF-Go(p), angular length; RA-RP, ramal breadth; Con(med)-Con(lat), condylar head size; Con-Con, condylar width; Cor-Cor, coronoid width; Go-Go, angular width; MF-MF, mental width; Mn6-Mn6, molar width. [image: image] for group I (control), [image: image] for control side of group II (unilateral), [image: image] for BTX side of group II (unilateral), [image: image] for group III (bilateral). ∗Significant when p < 0.05, to compare saline- and BTX-treatment by linear mixed model analysis; units in incremental percent (T2-T0/T0).



The transverse length at the condylar width (Con-Con) of group I (control) or control side of group II (unilateral) was significantly greater than that of group III (bilateral) and BTX side of group II (unilateral) (p < 0.0001 for condylar width and 0.016 for body width) (Figure 4 and Supplementary Table S8). The ramus width (RA-RA) and molar width (Mn6-Mn6) from T0 to T2 were significantly different for all groups.

Mandibular Angles

The angle between the ramal axis (Con-Go) and the IBP on MSP for group III (bilateral) and BTX side of group II (unilateral) was significantly greater than that for group I (control) and control side of group II (unilateral) (p = 0.001) (Figure 5 and Supplementary Table S9). The angle between the condylar axis (Con-IAF) and MSP on the coronal plane on the group III (bilateral) and BTX side of group II (unilateral) increased significantly by time periods, moreso than that for group I (control) and control side of group II (unilateral) (p = 0.004 for condylar axis). In addition, the angle between MSP and the mandibular inferior border (Me-gonion inferior) on FHP for group III (bilateral) and BTX side of group II (unilateral) was greater than that of group I (control) and control side of group II (unilateral) (p < 0.0001) (Figures 1F, 5E and Supplementary Table S9).
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FIGURE 5. Time-dependent differential changes in mandibular angle and volume measurements for four groups. Abbreviations: IBP, mandibular inferior border plane; Con, condyle; Go, gonion; MSP, midsagittal plane; CP, coronal plane; IAF, inferior alveolar foramen; MnOccP, mandibular occlusal plane; Me, menton; Go(i), gonion inferior point; FHP, Frankfort horizontal plane. Abbreviations: Con-Go, ramal axis; Con-IAF, condylar unit; Me-Go(i), mandibular inferior border line. [image: image] for group I (control), [image: image] for control side of group II (unilateral), [image: image] for BTX side of group II (unilateral), [image: image] for group III (bilateral). ∗Significant when p < 0.05, to compare saline- and BTX-treatment by linear mixed model analysis; units in incremental percent (T2–T0/T0) for (A–E), and units in mm3 of increments from T0 to T2 (T2–T0) for (F–I).



Mandibular Volumes and Areas

The periodic increment of hemi-mandibular volumes from T0 to T2 was the greatest in group I (1702 mm3) and the least on BTX side of group II (949 mm3) (Figure 5F and Supplementary Table S10). In addition, the volume increments of BTX treatments in group III (bilateral) and BTX side of group II (unilateral) were significantly smaller than those of saline treatments in group I (control) and control side of group II (unilateral). The difference between the BTX and control sides was also statistically significant for ramal cross-sectional area (Figure 5H and Supplementary Table S10), but insignificant for body cross-sectional area (Figure 5I and Supplementary Table S10).

Masticatory Muscular Areas

The cross-sectional areas between T0 and T2 on masseter, medial pterygoid, and temporalis in group I and control side of group II (unilateral) mostly increased, moreso on the control side of group II (Figures 2I–L and Supplementary Table S10). However, those from group III (bilateral) and the BTX side of group II (unilateral) all decreased and were significantly different from saline-treated both sides of group I and the control side of group II (Figures 2J–L and Supplementary Table S10).

Assessment of Interval Growth

Three methods of superimposition in group I (control) yielded different growth measurements (marked with arrowheads; Figure 6). Cranial superimposition by craniomaxillary reference screws (red circles; Supplementary Figure S2) revealed relatively static condylar and posterior ramal regions, with the main direction of growth being at the symphysis and the inferior border (Supplementary Figure S2B). The superimposition at the mandibular foramen and mental foramen showed growth mainly in the condyle, coronoid, posterior ramus, and symphyseal regions, coming midway between the other two methods and matching well with the previously mentioned measurement results (Supplementary Figure S2C). On the other hand, the registration at the mandibular reference screws (marked with red circles) indicated the static inferior border region and the main direction of growth were in the condylar and coronoid regions (Supplementary Figure S2A). We finally chose the fixed screw-based superimposition method to evaluate growth changes.
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FIGURE 6. Comparison of mandibular growth of the four groups between stages T0 and T2 based on superimposition at the mandibular screws. (A–E,G–K,K,M–P,R–V) The lateral, medial, cross-sectional ramus and body, and posterior sides of the superimposition or section were visualized to compare states T0 and T2. The blue model represents stage T2 mandible, the yellow stage T0. (F,L,Q,W) 3D comparison with color-coding to visualize growth-related changes inserted color diagram for figure (L) shows the inter-surface distance of the two models. Red indicates bony apposition; blue shows resorption. Arrowheads in (A–W); black for marked growth between T0 and T2; white for less evident changes. Color coding for (F,L,Q,W); in orange and red color for 3.8–5.0 mm; in light and dark blue for -0.9 to -2.0 mm.



Figure 6 shows the superimposed mandibular models of stages T0 and T2 based on screw superimposition for comparison of dimensional changes among the four groups. The lateral and medial views for group I (control) and the control side of group II (unilateral) showed greater dimensions at T2 for the condylar, coronoid, posterior ramus, and symphyseal regions (shown in blue and indicated by black arrowheads), showing marked growth in the superior, posterior, and anterior growth directions (Figures 6A–L). They also showed less evident changes in the inferior border, dentoalveolus, and lateral ramus regions, indicating less growth in the inferior, lateral, and dental areas (shown in blue and indicated by white arrowheads). In addition, the control side of group II (unilateral) had more growth in the posterior ramus and angular regions than did group I (control) (Figures 6A–E,G–K). The same views of the BTX side of group II (unilateral) and group III (bilateral) presented a minimal inter-surface distance in all corresponding regions, including the inferior border, compared to that in group I (control) (Figures 6K,M–Q for group II (BTX); Figures 6R–W for group III (bilateral). In addition, group III (bilateral) had the least eruption at the anterior teeth without accompanying open bite. These changes were also confirmed by color-coded distance measurements as seen in Figures 6F,LQ,W.

The posterior and cross-sectional views in group I (control) showed greater increments and lateral-posterior direction of growth in the condylar, coronoid, and posterior ramus and maintaining angular interrelationships and sectional area of body being insignificant changes (Figures 6B–E). This condylar lateral expansive growth with increased width was not found in group II (unilateral) or group III (bilateral) (Figures 6I–K,O,P). Moreover, the BTX side of group II (unilateral) showed a lateral tilt of condyle and posterior ramus with a lateral elongated condylar head (Figure 6K).

Methods Error

The methods error when assigning reference points was 0.05 mm on average, the ICC being 0.972 (by Cronbach’s alpha).



DISCUSSION

This study aimed to evaluate the association between masticatory muscle function and mandibular growth in juvenile primates. The function of major masticatory closing muscles was simultaneously interrupted by BTX treatment in the unilateral or bilateral muscles of growing cynomolgus monkeys. Mandibular growth evaluated with 3D CT data at three time points over 6 months showed dimensional and angular changes in skeletal structural growth, mainly in the ramal area in the vertical dimension.

The mandibular and craniofacial growths of nonhuman primates, especially genus Macaca, have been studied in depth (Siegel et al., 1985). The juvenile monkey at age 18–24 months has a deciduous dentition with the first permanent molars in full occlusion (McNamara and Graber, 1975). The growth velocity of the Macaca mandible peaks at 3 years of age on average, and drops after 4 years old (McNamara and Graber, 1975). The ages of our models ranged 21–27 months and the experiments continued for 6 months, covering a period of rapid juvenile growth without significant differences in growth speed among groups.

The mandible is a U-shaped structure mainly consisting of the ramal and body parts. The ramal structure, particularly in mammals, consists of one angular region and two processes, forming a Y-shape. The plump masticatory muscles, i.e., masseter, temporal and medial pterygoid muscles, envelop the ramus and provide stability and mobility as well as the main blood supply to the ramus (Cohen, 1960; Saka et al., 2002).

The normal growth and maintenance of the mandibular skeletal structure is influenced by various genetic as well as epigenetic factors such as masticatory muscular force and function, bite force, chewing pattern, and diet (Dechow and Carlson, 1990). The decreased loading with soft diet influences the internal structure, bone mass, cortical thickness, and morphology of mandible (Kiliaridis, 1995). It also results in a posteriorly rotated mandible, reduced ramal size, more posteriorly directed growth of the condyle, and a shorter vertically angular process (Bouvier and Hylander, 1984; Kiliaridis et al., 1985; Yamada and Kimmel, 1991), or limited vertical displacement (Kono et al., 2017), similar to the results of BTX treatments in our group III (bilateral).

BTX paralyzes muscles by blocking acetylcholine release at the neuro-muscular junction, their recovery being accomplished by motor axon sprouts (Angaut-Petit et al., 1990). The time elapsed for the recovery varies by animal (Pickett, 2012), but the partial or complete recovery of masticatory function comes around 3 months in human, mouse, and rabbit (Poliachik et al., 2010; Park et al., 2013). However, some studies report a delay in muscular and skeletal recovery of 3 or 6 months after BTX to monkey masseter (Capra et al., 1991), mouse limb muscle (Grimston et al., 2007) and human calf muscles (Polak et al., 2002). In addition, our evaluations of muscles morphologically, histologically, radiographically, and functionally at the end of experiment clearly indicated incomplete recovery of masticatory muscles after 6 months. Furthermore, incremental changes in body weight and the major measurement variables showed no clear evidence suggesting prominent muscular recovery after 3 months of BTX treatment.

The most common physiological test to determine jaw muscle activity is electromyography, but muscle measurement (length, thickness, cross-sectional area, and volume) constitutes an alternative method using ultrasonography, computed tomography, or magnetic resonance imaging. The cross-sectional area of jaw muscle and bite force magnitude are closely related (van Spronsen et al., 1989). In order to determine the state of the tested masticatory muscles, we measured the cross-sectional area of three masticatory muscles at the level of the mandibular occlusal plane and FHP on CT images of T0 and T2. The masticatory muscles all decreased in cross-sectional area with statistical significance by BTX treatment, augmenting the histological evaluation of muscle hypotrophy.

The functional relationship between muscle and bone can be observed throughout mandibular growth, development, and aging (Hamrick, 2010). It has long been advocated that function and form are closely related (Sugiyama et al., 2002), and that functional stress patterns bone morphology (Wolff, 1892). Moss described the skeletal unit as being biomechanically supported and/or protected by its related functional matrix (Moss, 1968), and Frost suggested that bone strength and mass are controlled by mechanically-loaded strain (Frost, 1998). A significant association was proved between mandibular shape and muscle cross-sectional areas, such as the association between the larger muscular cross-sectional area and more trapezoidal ramus and rectangular body with more massive coronoid (Sella-Tunis et al., 2018). Our results showing reduced muscular and mandibular skeletal cross-sectional areas in BTX treatment groups also support this functional relationship between muscle and bone.

Our measurement results showed that the ramus, especially in the vertical dimension, was the main region for structural changes following BTX treatment, with remarkable structural differences between the BTX- and saline-applied angular, condylar, coronoid, and posterior ramus regions after 6 months. This was first evidenced by measurements of the angular region, including the angular unit (IAF-Go) and mandibular foramen height (IBP-IAF). For example, the mandibular angular unit lengths (IAF-Go) of group III (bilateral) and the BTX side of group II (unilateral) showed stagnant growth (0.1 mm, 0.8% each), while the lengths of group I (control) and the control side of group II (unilateral) increased (0.8 mm, 6.5%; 1.2 mm, 9.5%) (Supplementary Table S5). These regional changes were, similarly, observed in the superimpositions and color-coded measurements of 3D models for group II (unilateral) and group III (bilateral) (Figure 6). This result was consistent with reports of other studies that the ramus height decreased after BTX injection into the masticatory muscles of rats and rabbits (Kwon et al., 2007; Tsai et al., 2009).

The mandibular angle is the region of masseter and medial pterygoid muscle attachment. It is known as a secondary and mechanically obligatory region that can respond to the functional demands of these muscles (Moss and Simon, 1968). Normal remodeling in the angular region in primates has already been reported (McNamara and Graber, 1975), despite a gradual decrease with age (Bravo et al., 1989). We assumed that BTX decreased muscle function, thereby inhibiting growth in the mandibular angle area, while the compensatory action of the control side of group II (unilateral) accelerated growth in the angular region.

The most prominent incremental change in normal growth as well as in BTX-induced hypoplastic growth was in the condylar and coronoid regions, and it was again in the vertical dimension. This was evidenced in the results for the condylar unit (IAF-Con), condylar height (IBP-Con), and coronoid height (IBP-Cor). For instance, the condylar height (IBP-Con) of group III (bilateral) and the BTX side of group II (unilateral) showed stagnation or slight decrease (-0.2 mm, -0.7 %; -0.3 mm, -1.1%, respectively), while group I (control) and the control side of group II (unilateral) showed a distinct increase (1.6 mm, 5.6%; 2.4 mm, 8.6 %) (Supplementary Table S6). The condylar head had more distinct BTX-related inhibitory undergrowth (as shown in yellow-orange color of Figures 6Q,W) and compensatory overgrowth (shown in red, Figure 6L) than did the coronoid or other regions. This suggests a stronger association between masticatory function and growth of the condyle than of the coronoid or other regions, though the coronoid has the major masticatory muscle attachment. This may be related to reports that the chondrogenic growth potential of the condylar head, especially the articular portion, under indirect loading is greater than that of the coronoid region (Miyazaki et al., 2016).

One more interesting result was the remarkable growth on the control side of group II (unilateral), possibly induced by compensatory unilateral mastication on the contralateral side. Many previous studies applied BTX unilaterally, using the other side as the control (Kwon et al., 2007; Tsai et al., 2009). However, our results clearly showed the presence of compensatory function and point out the need to differentiate the effects of muscular hypotrophy and compensatory outcomes. In addition, unbalanced growth on the nonBTX side may accentuate asymmetrical growth in that it accompanies decreased growth on the BTX side. A possible etiopathogenic association with human asymmetric growth needs further clarification.

The BTX-induced vertical dimensional changes in the anterior part of the mandible were less evident than those in the ramal part. The indices for anterior vertical dimension, such as the mental foramen height (IBP-MF), incisor height (IBP-Id) and molar height (IBP-Mn6), demonstrated similar small increases within the range of 0.2-1.2 mm (4.3–15.3%) in group III (bilateral) and the BTX side of group II (unilateral), as compared with a range of 0.2-1.6 mm (5.4–8.5%) in group I (control) and the control side of group II (unilateral). The cross-sectional areas of the body region were not significantly different for all groups, as compared with ramus region results. These indifferent growth increments in the anterior mandibular part might indicate less involvement of masticatory muscles in this region than in the ramus region. It is not clear whether they are related to the limited contribution of masticatory muscle or functional matrix that mainly envelop the ramal region (Hohl, 1983).

The normal growth ranges in the AP dimension were relatively greater than those in the vertical dimension. While the condylar height (IBP-Con) and the coronoid height (IBP-Cor) in group I (control) showed a 1.6 and 1.3 mm increase over 6 months, the condylar AP length (Id-Con) and angular AP length [Id-Go (p)] in group I increased by 4.5 and 4.4 mm. Our AP growth increments were similar to those of a previous study (Schneiderman, 1992), which reported 3.77 mm at the same point per 6 months between 1.5 and 3.5 years of age. However, the AP dimension growth changes in the BTX-treatment groups were not so different from those in the control group. The lengths of the condylar AP (Id-Con), angular AP (Id-gonion posterior point), coronoid AP (Id-Cor) and the symphyseal unit (Id-MF) on the BTX-treated side showed growth increments similar to those of the control side. These results indicate a smaller contribution of masticatory muscle to AP growth (Kiliaridis, 1995).

One more notable finding regarding AP length again concerns the ramus. The ramal breadths (RA-RP) of group I (control) and the control side of group II (unilateral) increased (1.6 mm, 8.6%; 1.2 mm, 7.4%), but decreased 0.4 mm (2.3%) on the BTX side of group II (unilateral) and increased only 0.4 mm (1.8%) for group III (bilateral) (Supplementary Table S7). These changes are also evident in the superimposed 3D models and their cross-sectional views, which show a lack of apposition on the posterior border of ramus on the BTX side of group II (unilateral) and group III (bilateral). Bone resorption, which has been well documented on the anterior border of ramus and apposition on the posterior border, is related to the progressive process of mandibular relocation and tooth eruption (Krarup et al., 2005). These changes suggest the contribution of masticatory muscle to the control of ramal breadth either directly or indirectly.

The angulations of the ramus [IBP/Con-Go (MSP)] and occlusal plane [IBP/MnOccP (MSP)] on the sagittal plane for group I (control) and control side of group II (unilateral) were markedly constant during the whole experimental period (Figures 5, 6 and Supplementary Table S9), the condyle showing limited changes within the ranges of 0.8 and 1.9 degrees. However, angulations on the BTX side of group II (unilateral) and group III (bilateral) were significantly different in that they increased 3.1–5.2 degrees over the same period. They indicate that hypotrophy of the masticatory muscles induced a more posterior tilt of the ramus/condyle and a greater clockwise rotation of the occlusal plane. They also suggest the effect of masticatory muscle loading on the sagittal relationship between the ramus and body, as well as between the body and dentoalveolus. Although underlying pathogeneses remain unclear, muscular function may be involved; further evaluation is planned in this regard.

Angular measurements on the coronal plane were similar to those on the sagittal plane in that the angulation of group I subjects were relatively unchanged over the experiment period (Figure 6 and Supplementary Table S9). This meant a constant lateral and superior axis of growth along the condylar and ramal axes on the coronal plane. The condylar growth direction is well known to be V-shaped (Enlow and Harris, 1964). The condyle of group I subjects grew in the posterior-superior direction with an almost 1:1 ratio of horizontal and vertical displacement, as previously reported (McNamara and Graber, 1975; Nanda et al., 1987).

However, the altered masticatory muscle function also accompanied angular changes of the mandible on the coronal plane, as seen in the condylar unit angle (MSP/Con-IAF (CP)); these increased on the BTX side of group II (unilateral) and group III with statistical significance. These results suggest the coincidental development of mandibular asymmetry and lateral tilting due to unilateral muscular function. The phenotype of human asymmetry closely matches that of group II (unilateral) in presenting a ramus canted toward the short ramal side. Greater lateral angulation on the BTX side may be amplified by the lateral path of closure due to BTX-induced unilateral mastication (Lepley et al., 2010).



CONCLUSION

The impact of masticatory muscle function on mandibular growth was investigated. Following BTX-induced synchronous hypotrophy of the masticatory muscles of juvenile nonhuman primates, the ramus growth decreased mainly in the vertical dimension with compensatory growth on the control side of unilateral treatment. The BTX side of unilateral treatment showed increased posterior tilt (increased sagittal angles) and lateral tilt (increased coronal angles) of the ramus. However, AP growth following unilateral or bilateral BTX-treatment was similar to that of group I (control), except at the ramal breadth.

In conclusion, BTX-induced masticatory muscle hypotrophy resulted in a decrease in the size of the mandible and also a change in its form, particularly in the vertical dimension and in the posterior-lateral angulation of the ramus. It also accompanied compensatory growth of the nonBTX side ramus that might accentuate asymmetrical growth of the hypofunctional mandible.
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FIGURE S1 | The reference points and planes for the measurements. (A,B) the mandibular landmark points designed for measurements, revealed on the lateral (A) and posterior (B) views; (C–E) the cranial and mandibular reference planes used in this study. Abbreviations are defined in Supplementary Tables S1, S2. Abbreviations: IAF, inferior alveolar foramen; Con, condyle; Cor, coronoid; Go, gonion; MF, mental foramen; Id, infradentale; Mn6, lower 1st molar; Id, infradentale; Go(p), gonion posterior point; Go(i), gonion inferior point; RA, ramus anterior point; RP, ramus posterior point; Me, menton; Con(med), condylar medial point; Con(lat), condylar lateral point; MF, mental foramen; Li, lower incisor point. Abbreviations: MSP, midsagittal plane; MnOccP, mandibular occlusal plane; IBP, mandibular inferior border plane; FHP, Frankfort horizontal plane; CP, coronal plane; MMP, mandibular median plane; MRP, mandibular ramal plane.

FIGURE S2 | Comparison of three superimposition methods showing different growth patterns for group I (control) model. (A) the mandibular registration at the screws on the inferior border showing the superior growth direction in the condylar and coronoid regions; (B) the cranial screw-based cranial superimposition showing the main growth direction at the symphysis and on the inferior border; (C) superimposition at the mandibular and mental foramen showing growth in the condyle, coronoid, posterior ramus, and symphyseal regions. Red circles indicate the position of reference screws and points of superimpositions.

TABLE S1 | The landmark points and their descriptions used in this study.

TABLE S2 | The reference planes and their descriptions used in this study.

TABLE S3 | Mandibular measurements for height, length, width, angles, areas, and volume.

TABLE S4 | Age and change of body weight by group.

TABLE S5 | The measurements of mandibular unit.

TABLE S6 | Mandibular height measurements.

TABLE S7 | Mandibular length measurements.

TABLE S8 | Mandibular width measurements.

TABLE S9 | Mandibular angular measurements.

TABLE S10 | Mandibular volume and area measurements.
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There are increased risks for deglutition disorders in people with Down syndrome (DS). Although mouse models have been used to study the biological underpinnings of DS in other areas, relatively little is known about swallowing phenotypes in these models. We hypothesized that swallowing performance would be affected in adult mouse models of DS, relative to typical control mice. Videofluoroscopic swallow studies (VFSS) were conducted on adults of two mouse models of DS: Ts65Dn and Dp(16)1Yey, and evaluated in comparison with age-matched controls. Relative to other groups, adult Ts65Dn showed significantly slower swallow rates, longer inter-swallow intervals (ISI), and greater numbers of jaw excursion cycles preceding each swallow. In contrast, adult Dp(16)1Yey mice showed swallowing performance similar to control mice. Exploratory quantitative analyses of the intrinsic tongue (transverse muscle), and extrinsic tongue muscles [genioglossus (GG), styloglossus (SG), and hyoglossus (HG)] showed no significant differences between genotype groups in myosin heavy chain isoform profiles. Collectively, these findings suggest that while swallowing is typical in adult Dp(16)1Yey, swallowing in adult Ts65Dn is atypical due to unknown causes. The finding that adult Ts65Dn may have utility as a model of dysphagia provides new opportunities to elucidate biological underpinnings of dysphagia associated with DS.

Keywords: deglutition, deglutition disorders, swallow, Down syndrome, mouse, VFSS, Ts65Dn, Dp(16)1Yey


INTRODUCTION

Down syndrome (DS), typically caused by a trisomy of the 21st chromosome, is associated with increased risks for feeding challenges and deglutition disorders across the lifespan (Lazenby, 2008). These can coincide with medical comorbidities (Dinan and Golden, 1990; Zárate et al., 2001; Prasher et al., 2004; Abanto et al., 2011), craniofacial differences (Hashimoto et al., 2014), sensory differences (Frazier and Friedman, 1996), and behavioral differences (Homer and Carbajal, 2015). In patients with DS in which impairment of deglutition is suspected, videofluoroscopic swallow studies (VFSS) may detect swallowing impairments (O’Neill and Richter, 2013; Jackson et al., 2016). While clinical studies have reported both oral motor dysfunction and pharyngeal phase dysphagia in children with DS (Jackson et al., 2016), it is also known that adults with DS are likely to experience several additional risk factors for swallowing disorders (Lazenby, 2008). Dysphagia associated with DS in later life stages can coincide with multiple challenges including an increased prevalence of age-related comorbidities (Yang et al., 2002; Cipriani et al., 2018), unique health care and support needs (Carling-Jenkins et al., 2012; Capone et al., 2018), and communication impairments associated with the syndrome that may obstruct self-reporting of symptoms (Lazenby, 2008; Capone et al., 2018). One avenue for addressing this research challenge may be the use of animal models, which offer opportunities to explore aspects of pathophysiology of feeding and swallowing that cannot be studied in patient populations (German et al., 2017).

Recent work has refined the application of experimental VFSS for the quantitative study of swallowing performance in animal models of swallowing disorders. For example, VFSS has been used to detect and characterize swallowing differences in rat models of aging and Parkinson disease (Russell et al., 2013; Cullen et al., 2018), mouse models of presbyphagia (Lever et al., 2015b), and ALS (Lever et al., 2010). This validated experimental paradigm offers new opportunities for similar evaluation of swallowing differences in mouse models of DS. The Ts65Dn and Dp(16)1Yey mouse models of DS are both used for translational research (Liu et al., 2011). While Ts65Dn models DS through a partial trisomy comprised of a distal portion of mouse chromosome 16 and a centromeric portion of mouse chromosome 17 (Davisson et al., 1993; Duchon et al., 2011), Dp(16)1Yey features a typical karyotype with a duplication of the entire mouse chromosome 16 region that is syntenic to the human 21st chromosome (Li et al., 2007). While these models are generally regarded as having utility for the study of biological differences associated with DS, relatively little is known about their feeding and swallowing phenotypes.

Our prior work suggested normal swallowing performance in juvenile (5–6-week-old) Ts65Dn mice, as assessed by swallow rates (Glass and Connor, 2016). However, because impairments associated with DS are known to change with age (Bayen et al., 2018), we hypothesized that swallowing performance would be affected in adult mouse models of DS. We report the outcomes of VFSS and initial tongue muscle characterization of two adult mouse models of DS: Ts65Dn and Dp(16)1Yey.



METHODS


Mice

All husbandry and experimental procedures involving live mice were carried out with approval from the University of Wisconsin School of Medicine and Public Health Animal Care and Use Committee (IACUC) and were conducted in accordance with the Guide for the Care and Use of Laboratory Animals (8th ed.) (The National Academies Press, 2011). Mice were weaned at 3 weeks of age and raised on a hard pellet diet. Ts65Dn were maintained from The Jackson Laboratory mouse stock number 005252, by pairing Ts65Dn females with B6EiC3Sn.BLiAF1/J males (stock number 003647). Dp(16)1Yey mice were assessed in the same genetic background, as achieved through multiple backcrosses to B6EiC3Dn.BLiAF1. Dp(16)1Yey used in the present study were generated by mating Dp(16)1Yey females to B6EiC3Sn.BLiAF1/J males. Genotypes were determined by separated PCR or by Transnetyx as previously reported (Glass and Connor, 2016).

Mice were analyzed in videofluoroscopic swallowing assays in comparison to age-matched euploid sibling controls (Ts65Dn) and WT sibling controls [Dp(16)] at 5 months (19–22 weeks) of age (9–13 mice per group). This is an age immediately preceding the onset of age-related neurodegeneration and associated cognitive decline reported to occur in Ts65Dn at 6 months of age (Holtzman et al., 1996; Hunter et al., 2003). These groups subsisted on Harlan Teklad diet 7913, which is a hard food pellet. Separately, male and female Ts65Dn mice were evaluated in videofluoroscopic swallowing assays in comparison to euploid controls, in groups comprised of mice spanning an adult age range (9–36 weeks of age, 7 mice per group). This age range encompasses early adulthood through late maturity, and was anticipated to provide a preliminary indication of whether swallowing phenotypes differed with sex and age. Video-recording assays of mastication of hard food pellets were also performed on male mice across an adult age range (8–44 weeks of age, 13–14 mice per group). All age range groups subsisted on Harlan Teklad diet 8604, which is a hard food pellet. Following behavioral experiments, mice were weighed, euthanized with CO2, and muscles were isolated and stored at −80°C for subsequent analysis.



Videofluoroscopic Swallow Studies

Videofluoroscopic swallow studies assays were performed as previously described (Glass and Connor, 2016). Mice were identified by alphanumeric codes to mask genotype identities to workers during VFSS assays. The food used for imaging was a 2:1 mixture of Fritos Mild Cheddar CheeseTM dip and 40% weight/volume barium suspension. Mice were acclimated to cheese mixtures daily for a few days immediately prior to VFSS, and all food was withheld overnight prior to the VFSS study. On the day of data acquisition, each mouse was placed alone in a cage and was imaged during continuous volitional eating at 30 fps with an Artis Zee system (Siemens Healthcare, Forchheim, Germany). The duration of VFSS acquisition for each mouse was limited to the amount of time required to record several visible swallows, typically at least 10 s. For all experiments, each mouse generated VFSS data for only one time point. Following VFSS, mice were weighed.



Videofluoroscopic Analysis

Videofluoroscopic swallow studies footage was manually analyzed in ImageJ using measures as previously described, to quantify measures of oral and pharyngeal function (Lever et al., 2015a, b). These measures included swallow rate (the number of swallows per 2 s of eating), inter-swallow interval (ISI, the number of seconds elapsed between two successive swallows), jaw excursion rate (JER, the number of cycles of jaw opening and closing per second), and jaw cycle:swallow ratio (JSR, the number of jaw excursion cycles per ISI). In these studies of a puree consistency, the JSR measure is analogous to the lick-swallow ratio (LSR) previously described in analysis of drinking (Lever et al., 2015a, b), however, in the present study the JSR acronym was used to accommodate the possibility that with a puree consistency jaw cycles may indicate other oral processing movements and/or licking. These measures were obtained using a minimum of three and a maximum of five separate measurements for each mouse, which were then averaged to generate each final data point. Intrarater and interrater reliability for this study were evaluated through interclass correlation coefficients (ICC). Values of 0.90 or greater were obtained for all measures, which indicated robust agreement for evaluation of VFSS (Nordin et al., 2017).



Mastication Rate Analysis

To supplement VFSS analysis which evaluated swallowing performance during consumption of puree, high-speed videorecording was used in separate sessions to evaluate mastication of a hard food pellet. Food was removed from the cage the evening prior to the assay and restored the following morning at the start of the assay. Mice were videorecorded at 60 fps in lateral profile while eating. Video footage was manually analyzed in Adobe Photoshop CC to quantify mastication rate as previously described (Lever et al., 2009). The analysis began on a frame with the jaw maximally closed, and the rater counted the number of subsequent mastication cycles (jaw fully open and then closed) that occurred during the next 59 consecutive frames. This provided the number of chewing cycles per second. The mastication rate for each mouse was determined from the average of four to five different 1-second periods of continuous chewing.



Immunofluorescence and Microscopy of Intrinsic Tongue Muscles

Intrinsic tongues were examined through tissue sections due to the unique anatomical specialization and complex interdigitation of these muscles (Cullins and Connor, 2017). Tongues of adult mice were embedded in OCT (Optimum Cutting Temperature) in plastic cassettes, and frozen through immersion in isopentane cooled in liquid nitrogen. Tissue was sectioned at 10 μM onto slides and unfixed tissue sections were incubated overnight at 4°C with primary antibodies mouse IgG1 SC-71 (applied at 1:1), mouse IgM BF-F3 (applied at 1:1; Developmental Studies Hybridoma Bank), or rabbit anti-Laminin (applied at 1:200; Sigma, L9393), to detect myosin heavy chain isoform (MyHC) 2a, MyHC 2b, and myofiber borders, respectively. In each technical staining iteration, mouse soleus and extensor digitorum longus (EDL) muscle sections were processed concurrently as biological positive and negative controls for MyHC isoform staining. After PBS washes, slides were incubated for 1 h at room temperature with fluorescent secondary antibodies from Thermo Fisher Scientific (goat anti-mouse IgM AF350, A31552 (1:50), donkey anti-rabbit IgG AF488 A21206 (1:1000), goat anti-mouse IgG1 AF568, A21124, 1:300), rinsed, mounted, and imaged. Imaging was performed on an epifluorescence Olympus Bx53 microscope with a motorized stage and CellSens software. Optimal image exposure settings for all isoforms were experimentally determined for each image acquisition session through evaluation of biological positive control staining for MyHC 2b (EDL muscle), biological positive control staining for MyHC 2a (soleus muscle), biological negative control staining for MyHC 2b (soleus muscle), and technical negative control slides with all primary antibodies omitted to control for autofluorescence. Tissue sections were imaged through semi-automated acquisition to generate composites of multiple fields of view acquired with a 20× objective. One large composite image was obtained from one section from each intrinsic tongue.



Quantitative Image Analysis

Quantitative analyses of myofibers of the transverse intrinsic tongue muscle were performed on images cropped to isolate one large region of interest within the blade of the tongue. Analyzed regions were located within an area bordered anteriorly by the tongue tip, posteriorly by the frenulum (posterior limit of ventral tongue mucosa), superiorly by the superior longitudinal (SL) muscle, and inferiorly by the inferior longitudinal (IL) muscle (Figure 3A). Regions of interest were analyzed through the MATLAB Application SMASH as previously described (Smith and Barton, 2014). Laminin staining was used for the semi-automated detection of myofibers, allowing myofiber size to be quantified. MyHC signal was used to calculate the percentage of fibers positive for each isoform. At least several hundred myofibers located in the blade of the tongue were analyzed to produce one average data point for each mouse.



MyHC Protein Analysis of Extrinsic Tongue Muscles

Total protein was isolated from homogenized extrinsic tongue muscles of adult mice using methods previously described (Adreani et al., 2006). Following sample protein quantification through a Bradford protein concentration assay (Thermo Fisher Scientific), MyHC profiles of extrinsic tongue muscles were analyzed through separation by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Adreani et al., 2006), and silver staining to visualize protein isoform bands. Stained gels were digitally scanned using a flatbed scanner and band signal intensity was quantified using UN-SCAN-IT gel analysis software (Silk Scientific). Each mouse muscle sample was analyzed in duplicate.



Statistics

GraphPad Prism 7.04 was used to perform one- or two-way ANOVAs as applicable, with Tukey’s post hoc tests. One-way analysis of variance was used to evaluate the impact of genotype (euploid, Ts65Dn, WT, and Dp(16)1Yey) on swallowing measures for male 5-month-old mice, and two-way analysis of variance was used to evaluate the impact of genotype (euploid, Ts65Dn) and sex (male, female) on swallowing measures for groups comprised of Ts65Dn mice and controls spanning the adult age range. An unpaired t-test was used to evaluate mastication rates in male Ts65Dn and male euploid controls. IBM SPSS Statistics software was used to calculate ICC values to evaluate VFSS interrater and intrarater reliability. An α-level of 0.05 defined statistical significance.




RESULTS


VFSS


5-Month-Old Ts65Dn and Dp(16)1Yey

Analysis of total body weight revealed statistically significant differences in weight between genotype groups [F(3,54) = 13.76, p < 0.0001]. Post hoc tests confirmed that the Ts65Dn group weighed significantly less than both euploid control (p < 0.0001) and Dp(16)1Yey (p = 0.0006) groups (Figure 1A). There was a significant main effect of genotype on swallow rate [F(3,39) = 8.07], p = 0.0003], and post hoc testing indicated that the Ts65Dn group showed significantly lower swallow rates than the Dp(16)1Yey group (p ≤ 0.05). Inter-swallow intervals (ISI) are closely related to swallow rate, and provide a supplementary, independent measure for comparison of swallow speed differences between groups. There were corresponding significant differences between genotype groups for ISI [F(3,44) = 9.31, p < 0.0001]. Post hoc testing revealed that the Ts65Dn group showed significantly longer ISIs than both euploid (p ≤ 0.001) and Dp(16)1Yey groups (p ≥ 0.01). In analysis of the JSR, there were significant differences between genotypes for the number of jaw cycles per swallow [F(3,41) = 5.45, p = 0.003]. Post hoc testing indicated that the Ts65Dn group completed significantly more jaw cycles per swallow than both euploid (p ≤ 0.01) and Dp(16)1Yey groups (p ≥ 0.05). However, there were no significant differences between genotype groups for jaw excursion rates, [F(3,43) = 0.79, p = 0.50] (Figures 1C–F). Collectively, these analyses indicate normal jaw cycle speeds in the Ts65Dn group, but a greater number of jaw cycles preceding each swallow (JSR), associated with increases in the amount of time elapsed between swallows (ISI). That results in overall reductions in swallow rates.


[image: image]

FIGURE 1. Videofluoroscopic swallow studies analysis in 5-month-old male Ts65Dn and Dp(16) mice. (A) Total body weight of mice analyzed through VFSS. (B) Stills from VFSS footage of adult mice. Arrows and dotted outlines show a food bolus immediately prior to initiation of a swallow (left), and immediately after initiation of a swallow (right). (C) VFSS Swallow rate, (D) VFSS Inter-swallow Interval, (E) VFSS Jaw Cycle:Swallow Ratio, (F) Jaw Excursion Rate. Each symbol indicates the average of 3–5 separate iterations for a single mouse. Mean and SD are shown. ∗p ≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001, and ****p ≤ 0.0001.





Male and Female Ts65Dn Across an Adult Age Range

In a separate analysis of swallow rates and ISIs across an adult age range in male and female Ts65Dn, two-way ANOVAs revealed significant main effects for genotype, but not for sex, in the absence of significant interactions between genotype and sex. Ts65Dn across an adult age range showed slower swallow rates than euploid controls [F(1,23) = 4.61, p = 0.04]. Similarly, ISIs were of significantly longer duration in the adult Ts65Dn than in the adult euploid [F(1,26) = 5.14, p = 0.03] (Figures 2A,B). Finally, video analysis of male mice eating standard hard chow pellets revealed no significant differences between Ts65Dn and euploid controls in mastication rates [t(25) = 0.36, p = 0.72] (Figure 2C).
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FIGURE 2. Videofluoroscopic swallow studies analysis of male and female Ts65Dn mice across an adult age range. Each symbol indicates the average of 3–5 separate iterations of the measure for a single mouse. (A) Swallow rates for each sex, distributed across an adult age range. (B) ISI measurements from mice in panel (A). (C) Mastication rates assessed from analysis of high-speed video footage of adult male mice eating hard food pellets. ∗p ≤ 0.05.






Tongue Muscle Analysis


Intrinsic Tongue Muscles in Ts65Dn and Dp(16)1Yey

Following VFSS, mice were euthanized and intrinsic tongue muscles of Ts65Dn and Dp(16) were evaluated by immunofluorescence staining and microscopy. While the majority of intrinsic tongue myofibers were positive for MyHC 2b, anterior-to-posterior anatomical distributions of MyHC isoforms were qualitatively observed in the mouse intrinsic tongue, with the greatest preponderance of MyHC 2b in the anterior tongue, and an increasing prevalence of MyHC 2a in the posterior regions of the tongue (Figure 3A). Exploratory analysis of myofiber cross-sectional area (CSA) of the transverse muscle (Figures 3B,C) revealed no significant differences between genotype groups for either CSA of MyHC 2a positive fibers [F(3,18) = 1.73, p = 0.20], nor prevalence of MyHC 2a positive fibers [F(3,18) = 1.44, p = 0.27].
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FIGURE 3. Microscopy analysis of intrinsic tongue. (A) Longitudinal section of the intrinsic tongue of an euploid mouse. Note the broad transition from MyHC 2b to MyHC 2a extending from the anterior tongue to the posterior tongue. SL, Superior longitudinal muscle; IL, Inferior longitudinal muscle; T, Transverse muscle; V, Verticalis muscle; GG, Genioglossus muscle. (B) Transverse muscle fibers (in cross section) and verticalis muscle fibers (in longitudinal section) photographed in the blade of the tongue of adult mice. Blue staining indicates myofibers positive for MyHC 2b, and red staining indicates myofibers positive for MyHC 2a. (C) Quantitative analysis myofiber cross-sectional area (CSA) and the percentage of fibers positive for the MyHC 2a isoform. Each symbol indicates values from one adult mouse.





Extrinsic Tongue MyHC Isoform Profiles Across the Adult Age Range

The genioglossus (GG) is an extrinsic tongue muscle involved in tongue protrusion, and the styloglossus (SG) and hyoglossus (HG) are involved in tongue retrusion. The GG, SG, and HG were assessed in male Ts65Dn and euploid control mice across the adult age range to assess the likelihood that genotype-specific MyHC isoform differences were present in these muscles in adult mice. No significant differences in proportion of MyHC isoforms were found between the Ts65Dn genotype and euploid controls for extrinsic tongue muscles [F(1,37) = 0.004, p = 0.95]. However, significant differences were found between extrinsic tongue muscles [F(2,37) = 10.35, p = 0.0003]. Specifically, the HG muscle had greater levels of MyHC 2b than the SG and GG muscles, across both genotypes (Figure 4).
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FIGURE 4. MyHC analysis of male Ts65Dn mice across an adult age range. (A) The styloglossus (SG), hyoglossus (HG), and genioglossus (GG) are extrinsic tongue muscles. (B) Extrinsic tongue muscle myosin heavy chain (MyHC) isoforms separated by SDS-PAGE and silver stained. (C) Relative proportion of MyHC 2b in extrinsic tongue muscle samples from mice across an adult age range. Bars indicate mean and SD. ∗∗∗p ≤ 0.001.







DISCUSSION

A variety of feeding and swallowing challenges can occur at relatively high frequency in individuals with DS. These include reduced mastication rates (Smith et al., 2013), inefficient oral processing (Hennequin et al., 2015), and silent aspiration (aspiration of food or liquid into the trachea or lungs, in the absence of a protective cough reflex) (Jackson et al., 2016). In mice, eating involves cycles of oral processing to collect a consolidated food bolus at the region of the epiglottic vallecula, or the base of the tongue. Through food procurement and oral processing, the size of the consolidated bolus gradually increases and ultimately triggers a swallow in which the entire bolus is released from the vallecular region and proceeds through the esophagus (Figure 1B). The present study tested the hypothesis that adult mouse models of DS demonstrate abnormal feeding and swallowing performance. It was found that adult Ts65Dn swallow more slowly than Dp(16)1Yey and control mice, with longer inter-swallow interval times. Ts65Dn also showed significant increases in the JSR, which is the number of jaw cycles preceding each swallow. However, jaw excursion rates and mastication rates (measures of jaw cycle speed) were both unaffected in adult Ts65Dn. In this study, jaw excursion rates were measured by VFSS during consumption of puree, whereas mastication rates were measured by analysis of videorecordings during consumption of a hard food pellet. Therefore these were two methodologically independent measures of jaw cycle speed. The presence of typical jaw cycle speeds in Ts65Dn suggests that reduced swallow rates do not occur in the context of slower rhythmic jaw movement, but rather involve a greater number of oral movements prior to each swallow. Collectively, these differences indicate increased oral processing times prior to each swallow, and/or delayed initiation of the swallow.

The presence of increased oral processing times prior to each swallow is compatible with the possibility of inefficient oral processing, or differences in the oral movements responsible for procuring the food, forming the bolus, and conveying it to the oropharynx. If elicitation of the swallow requires a minimum bolus size and Ts65Dn mice require a greater number of oral movement cycles to achieve the requisite bolus size, delayed initiation of the swallow could result. Alternatively, a second potential cause of the difference in swallowing outcomes between genotypes could involve reduced sensitivity to the characteristics of the bolus that trigger the swallow, or increases in the threshold volume of the bolus required to trigger the swallow, as has been previously reported to occur in aging humans (Shaker et al., 1994; Miller, 2002). However, the image resolution in this VFSS study was not conducive to direct quantification of either bolus size or tongue movement. There are opportunities for future work to overcome these types of limitations through the use of VFSS systems with improved imaging capabilities, higher imaging speeds, and through supplemental experimental strategies for quantification of swallowing measures (Lever et al., 2015a; German et al., 2017).

Differences of masticatory function, and/or lingual function may influence oral processing. Prior work has identified MyHC profile differences of the digastric muscle (a muscle involved in jaw movement and chewing), in both juvenile and adult Ts65Dn (Glass and Connor, 2016). However, that work also found that juvenile Ts65Dn with atypical digastric muscle MyHC nevertheless had typical swallowing speeds as evaluated by VFSS (Glass and Connor, 2016). It is therefore possible that atypical MyHC profiles of digastric muscles in adult Ts65Dn are unlikely to be the primary cause of the significant differences in swallow rates seen in adult mice. This suggests a possibility that differences in lingual function, rather than differences in masticatory function, may be of interest as a possible factor in reduced swallowing speeds in adult Ts65Dn. Significant differences in swallow rates without the means to conclusively rule out lingual processing deficits through VFSS analysis parameters alone prompted interest in examining supplemental indicators of tongue muscle function. The extrinsic tongue muscles are responsible for tongue protrusion and retrusion. Alterations in the movements of these extrinsic tongue muscles are sometimes accompanied by alterations of MyHC isoform profiles. We evaluated the MyHC isoform profiles of these muscles to determine whether the adult Ts65Dn exhibit biochemical signatures of altered extrinsic tongue muscle function. We found that adult Ts65Dn showed no differences in MyHC isoform profiles of these muscles as compared to euploid controls. This result was similar to prior analyses of MyHC profiles of extrinsic tongue muscles in younger Ts65Dn and euploid controls at 5–6 weeks of age, which also showed no significant differences between genotypes in analysis of GG and SG MyHC (Glass and Connor, 2016). It has been previously suggested that in murine VFSS assays of drinking, jaw cycle rates are directly representative of lick rates (Lever et al., 2015b), which are accomplished through cycles of tongue protrusion (GG), and retrusion (SG and HG). Therefore, normal jaw cycle rates in Ts65Dn seen in this study, in conjunction with normal extrinsic tongue muscle MyHC profiles, provide complementary support for the conclusion that extrinsic tongue muscle function in Ts65Dn was not detectibly impaired during these VFSS assays.

The intrinsic tongue muscles (SL, IL, transverse, and verticalis) may act synergistically with the extrinsic muscles to achieve protrusion and retrusion (McClung and Goldberg, 2000), and additionally alter intrinsic tongue shape which helps to form the bolus and propel it posteriorly along the length of the tongue (Hiiemae and Palmer, 2003). However, the muscular organization of the mammalian intrinsic tongue is complex. In addition to regional MyHC profile gradients, prior studies have proposed the existence of multiple functionally distinct neuromuscular compartments spanning the length of the tongue (Mu and Sanders, 1999; Hiiemae and Palmer, 2003). While our exploratory inquiry examined the transverse muscle of the intrinsic tongue, several questions remain for future work. First, it remains to be determined whether each intrinsic tongue muscle is developmentally and anatomically typical in Ts65Dn. Secondly, incidental observation indicated a prevalence of MyHC 2b in the anterior tongue, and increasing numbers of MyHC 2a-positive myofibers in the posterior tongue (Figure 2A). To our knowledge this phenomenon has not been reported previously in mice, however, it has been reported previously in rats (Cullins and Connor, 2017). Because MyHC 2b is associated with faster contraction velocity and lower fatigue resistance as compared to MyHC 2a, (Talmadge et al., 1993; Rivero et al., 1999) it may be speculated that an anterior-to-posterior MyHC shift could have implications for tongue function. Prior studies of the intrinsic tongue in rats have found alterations in spatial gradients of MyHC profiles at older ages associated with reduced bolus speeds and reduced bolus size as determined through VFSS (Russell et al., 2013; Cullins and Connor, 2017). Because the spatial distribution of MyHC profiles in the intrinsic tongue is anticipated to be of functional significance (Stål et al., 2003), has been shown to change with aging (Cullins and Connor, 2017), and DS is associated with hallmarks of age-related functional decline (Wisniewski et al., 1978), future studies evaluating the spatiotemporal distribution of myofiber types in the intrinsic tongue in mouse models of DS may support improved understanding of functional changes in tongue movement across the lifespan in DS.

Delayed swallows in Ts65Dn are also compatible with the possibility is that Ts65Dn may experience reduced oropharyngeal sensation, which prior studies have suggested may occur in DS as evidenced by high rates of silent aspiration (Jackson et al., 2016). Impaired oropharyngeal sensation, if present, could be expected to delay swallow initiation in mice due to, among other things, reduced sensitivity to bolus size. Prior studies in mouse models of DS have reported significant reductions in innervation density of many structures (Patel et al., 2015); however, relatively little is currently known about the innervation densities of the tongue, larynx, and pharynx of Ts65Dn and Dp(16)1Yey. Studies of the peripheral innervation densities of structures involved in swallowing would conceivably be of value for efforts to identify biological mechanisms of impairment contributing to silent aspiration in DS. Similarly, it may be of interest to consider the potential role of central nervous system differences in swallowing phenotypes of Ts65Dn. For example, Ts65Dn shows a variety of GABAergic phenotypes (Deidda et al., 2015; Contestabile et al., 2017), while a recent study in typical rats has shown that GABA receptor ligands can modify murine swallowing function (Tsujimura et al., 2017). However, measures of central nervous system function were not evaluated in the present study and it is currently not known whether differences of the central nervous system impact swallowing in Ts65Dn.

While considering swallowing performance, it may be worth noting that both Ts65Dn and Dp(16)1Yey have been previously suggested to have potential utility as models of gastrointestinal abnormalities associated with DS. Ts65Dn has been suggested to have functional differences of the jejunum (Cefalu et al., 1998), and prior work in the Dp(16)1Yey model identified annular pancreas or malrotation of the intestines to be present at or below an incidence of 26% of E18.5 embryos (Li et al., 2007). It is possible, however, that pups with significant gastrointestinal abnormalities have relatively greater likelihood of perinatal or juvenile mortality. Therefore, mice with significant gastrointestinal phenotypes may or may not have been represented among the adults evaluated in the present study.

Ts65Dn and Dp(16)1Yey may in some ways offer complementary strengths and weaknesses as models of DS, however, neither model is an ideal genetic recapitulation of DS. Three different mouse chromosomes (Mmu) collectively provide regions that are syntenic to the human chromosome 21. Neither Ts65Dn nor Dp(16)1Yey comprehensively model DS through contributions from all three of these mouse chromosomes (Herault et al., 2012). Historically, Ts65Dn has been the most extensively studied mouse model of DS, and features an extra chromosome composed of a distal portion of Mmu 16, and a small centromeric portion of Mmu 17 that is not related to DS. Thus, not only does Ts65Dn incompletely model effects arising from all of the genes on Mmu 16 that are homologous to those on human chr 21, but due to contributions from unrelated genes on Mmu 17 there is an additional risk that it also may conceivably show phenotypes that are etiologically irrelevant to phenotypes of DS in humans (Gupta et al., 2016). By comparison, the Dp(16)1Yey model features a large genetic duplication that includes the full range of genes on Mmu 16 that are homologous to genes on human chr 21, thus may offer comparatively superior fidelity in modeling the gene-dosage effects in DS. However, unlike Ts65Dn, Dp(16)1Yey does not involve an extra chromosome. This bears mentioning as it has been speculated that some phenotypes of DS may be influenced by disruptions intrinsic to the presence of an additional chromosome, rather than through gene-dosage effects alone (Shapiro, 1983; Herault et al., 2012). Since Ts65Dn and Dp(16)1Yey were analyzed concurrently on the same genetic background in the present study, differences in their respective swallowing phenotypes may be attributable to functional differences in Ts65Dn caused by the contributions from Mmu 17 which are arguably not translationally relevant to DS, or may be caused by the additional partial chromosome itself in Ts65Dn, which could be of potential translational relevance to DS. Regardless, identification of swallowing phenotypes in mouse models of DS may expand opportunities for the study of dysphagia in DS to follow murine-based approaches to basic and translational research, as have been commonly used for investigations of intellectual disability in this syndrome.

Finally, it has been previously proposed that licking motor patterns in adult mice may bear some resemblance to feeding patterns in human infants (Lever et al., 2015a), in which rhythmic sucks precede each swallow (suck/swallow cycles) (Gewolb et al., 2001; Lau, 2015). The age of Ts65Dn predominately studied here (5 months) also approaches the age at which biological indicators of adult-onset neurodegeneration and age-related memory and learning impairments appear in this model (Holtzman et al., 1996; Hyde and Crnic, 2001; Hunter et al., 2003). Intriguingly, increased swallow durations characterized by increased oral processing times and delays in swallow initiation have been reported to occur in dysphagia associated with Alzheimer’s disease in the general population (Lazenby, 2008). The fact that juvenile Ts65Dn have shown normal swallow rates (Glass and Connor, 2016), while adult Ts65Dn show significantly slower swallow rates than euploid controls, suggests an age-related or maturational component to the etiology of this swallowing phenotype. Therefore, the study of feeding and swallowing in adult Ts65Dn may be anticipated to have relevance to a broad range of chronological, developmental, and biological research questions involved in feeding challenges associated with DS.
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The masticatory region is an important human motion system that is essential for basic human tasks like mastication, speech or swallowing. An association between temporomandibular disorders (TMDs) and high temporomandibular joint (TMJ) stress has been suggested, but in vivo joint force measurements are not feasible to directly test this assumption. Consequently, biomechanical computer simulation remains as one of a few means to investigate this complex system. To thoroughly examine orofacial biomechanics, we developed a novel, dynamic computer model of the masticatory system. The model combines a muscle driven rigid body model of the jaw region with a detailed finite element model (FEM) disk and elastic foundation (EF) articular cartilage. The model is validated using high-resolution MRI data for protrusion and opening that were collected from the same volunteer. Joint stresses for a clenching task as well as protrusive and opening movements are computed. Simulations resulted in mandibular positions as well as disk positions and shapes that agree well with the MRI data. The model computes reasonable disk stress patterns for dynamic tasks. Moreover, to the best of our knowledge this model presents the first ever contact model using a combination of EF layers and a FEM body, which results in a clear decrease in computation time. In conclusion, the presented model is a valuable tool for the investigation of the human TMJ and can potentially help in the future to increase the understanding of the masticatory system and the relationship between TMD and joint stress and to highlight potential therapeutic approaches for the restoration of orofacial function.
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INTRODUCTION

The masticatory system is an incredibly complex musculoskeletal system, comprised of two bony structures, the mandible and the skull, which are connected by two temporomandibular joints (TMJs). The masticatory system is frequently used in everyday tasks like speaking and chewing, but a variety of complications can lead to dysfunction of the TMJs. Disorders of the TMJ are grouped as temporomandibular disorders (TMDs) (Schiffman et al., 2014) and are prevalent in roughly 20% of the population (Solberg et al., 1979). Problems range from reduced quality of live up to severe impairment of the above-mentioned essential functions.

One unique feature of the masticatory system is that it encompasses two separate joints that articulate the mandible and hence allow a multitude of different movement patterns with six degrees of freedom including rotation as well as translation (Drake et al., 2014). Moreover, a dynamic, cartilaginous disk is located between the mandibular condyle and the articular fossa. This TMJ disk plays a crucial role in force absorption and lubrication of the joint (Koolstra et al., 2007; Tanaka and Koolstra, 2008; Koolstra and Tanaka, 2009; Nickel et al., 2009; Stankovic et al., 2013) and additionally increases the complexity of mandibular dynamics. Previous literature suggests that many cases of TMD are associated with increased load on the TMJ (Detamore and Athanasiou, 2003; Ingawale and Goswami, 2009), which highlights the importance of the detailed investigation of TMJ loads using realistic, dynamic loading scenarios. Additionally, the small size and complex organization of the TMJ make in vivo investigations of joint forces impossible due to patient safety restrictions. This leaves computational biomechanics as one of the few possibilities to gain knowledge on the internal workings of the TMJ.

Historically speaking, computational models of the masticatory region can be separated into two categories. On the one hand, there are rigid body models which have been extensively used for most of the history of masticatory computational modeling (Throckmorton and Throckmorton, 1985; Koolstra and van Eijden, 1995; Trainor et al., 1995; Peck et al., 2000). These dynamic models are a valuable tool for the investigation of complex movements or muscle activation patterns. Rigid body models have been used previously to investigate a variety of tasks, including open-close movements (Tuijt et al., 2010) and mastication (Hannam et al., 2008). Moreover, they have been used to investigate changes of function due to surgery (de Zee et al., 2009; Stavness et al., 2010) or the effect of morphological changes on the involved structures (Marková and Gallo, 2016). Their main drawback is that they use quite simple representations of the TMJ itself, consisting of a combination of planes or spline functions and completely lacking a TMJ disk (Curtis, 2011; Hannam, 2011). Hence, these models cannot appropriately capture the forces applied to the different joint structures.

The second category of jaw simulations are finite element (FE) models. FE models of the masticatory region generally are comprised of detailed meshes of the structures of the TMJ and enable the use of sophisticated material models (Lamela et al., 2011; Commisso et al., 2016). While this set up allows researchers to compute more realistic force patterns of the joint, simulations often solely focus on the TMJ itself; neglecting or drastically simplifying the dentition as well as muscle force calculations. Additionally, due to the high computational cost of these models, typically static- or quasi-static simulations are performed (Mori et al., 2010; Commisso et al., 2014; Hattori-Hara et al., 2014). However, tasks that are most likely to create high forces in the joint, like mastication or tooth grinding, have important dynamic characteristics and hence cannot be appropriately modeled using a static or quasi-static set-up. This problem becomes more apparent when investigating the wide range of functional and parafunctional movements, which are performed many times during the course of a single day and involve large translations and rotations.

Overall, the above-mentioned facts highlight the need for representations of dynamic jaw movement and muscle forces, while also having a detailed representation of TMJ and disk mechanics. Such a model enables the dynamic investigation of functional or non-functional movements; giving detailed joint stress or strain predictions that are transferable to the in vivo situation. To the best of our knowledge only two models exist that fit this description. The model proposed by Koolstra and van Eijden is the only previous attempt of a dynamic musculoskeletal model of the full masticatory system with a FE model of the TMJ (Koolstra and van Eijden, 2005). Nonetheless, the model includes a quite coarse joint representation, most likely due to the computational limitations at the time of publication. Moreover, the model was created for the right side of the TMJ and mirrored. This neglects the effect of facial asymmetries, which are very common in humans. The second model developed by Martinez Choy et al. (2017) proposes a full FEM modeling approach, containing meshes of all involved structures as well as Hill-type muscles. The model was built using data from various literature sources and the anatomy was based on the (Koolstra and van Eijden, 2005) model, using a mirrored jaw setup. The model was used for the investigation of a chewing cycle. A similar modeling approach has been previously used for the evaluation of mastication in mice (Tsouknidas et al., 2017). Due to the full FEM approach a long simulation time on even the most powerful PCs is to be expected, even though no simulation time was reported. These long simulation times limit the applicability of the model in a clinical setting.

The aim of this project was to create a comprehensive rigid body model, derived from medical imaging data, encompassing the whole masticatory region combined with a detailed representation of the TMJ, while keeping simulation times reasonably short. To validate the model, we computed opening and protrusion movements and compared mandibular end position as well as disk position and deformation to high-resolution MRI data from the same volunteer. Moreover, we report clenching stresses to more thoroughly investigate the behavior of the model. Simulation times are also reported and compared to previous models. Overall, this project presents a unique tool for the investigation of the workings of the jaw region that is well-suited for future analysis of the effect of various masticatory functions, parafunctions and dysfunctions and consequently could give valuable input for the development of novel treatment strategies of orofacial sensorimotor impairments.


Related Work


Rigid Body Modeling of the TMJ

Early computational investigations of the masticatory region were mostly performed using two-dimensional rigid body models. These investigations focused on static investigations of joint reaction forces utilizing muscle force estimations derived from maximum bite force estimations (Greaves, 1978; Throckmorton and Throckmorton, 1985). While these investigations are a valuable tool for the examination of bite performance and the mechanical efficiency of masticatory muscles, they cannot be used for dynamic investigations and are an oversimplification of the three-dimensional masticatory system. An early example of a three-dimensional dynamic model was published by Koolstra and van Eijden (1997). The TMJ was modeled as purely elastic, frictionless contact between a sphere (simplified condyle) and a spline surface representing the articular fossa. Their model used contact points on the lower teeth and a flat surface mimicking the occlusal surface of the upper dentition. Moreover, the presented model includes a muscle model that connects muscle force to muscle activation, muscle length and a force-velocity curve. Tooth contact was modeled as contact between points representing the tip of the lower teeth and a plane that represented the occlusal plane. In a more recent iteration of the model (Tuijt et al., 2010) the TMJ surfaces were modeled as 3D shell type meshes. An ellipsoid was used for the condyle and the fossa was modeled using a third-degree polynomial in the sagittal plane, combined with a second-degree polynomial for the mediolateral curve. In this model a tangent plane approximation of the fossa mesh around a contact point was used. Penetrating vertices were defined, and point-to-plane distance was calculated to derive the joint reaction force for each penetrating vertex. The upper teeth were modeled as single bite plane and the lower dentition was modeled using points for an incisor and the two second molars.

Peck et al. (2000) also used an ellipsoidal shape to approximate the condyle and a combination of multiple linear plates to model the condylar path along the fossa. Again, contact was monitored by interpenetration of the two geometrical shapes. In the case of constant contact an instantaneous constraint was added to simulate sliding along the surfaces. Dentition was simulated as a flat occlusal plane and muscles were modeled as Hill-type actuators (Hill, 1953). The Stavness et al. (2006) model can be seen as most recent version of this “model family.” The model uses a bilateral or unilateral point constraint, sitting in the anatomical center of the condyle and a combination of three rigid, frictionless surfaces. These surfaces define the movement of the mandible in the anterior–posterior and medial-lateral directions. de Zee et al. (2007) used a comparable approach modeling the TMJ by using a single unilateral, planar constraint that was angled downwards and canted medially. In a more recent version, the group used an elastic contact foundation model to solve contact between the condyle and the fossa articularis using a Force Dependent Kinematics approach to track movement data and compute muscle, ligament and contact forces (Andersen et al., 2017).



Finite Element Modeling of the TMJ

Nagahara et al. (1999) investigated the stress distribution and displacement during static clenching. This early investigation used a CT scan of a cadaver for bony structures and the TMJ disk was digitized after extraction. Muscle forces were modeled using external forces in the direction of the main closing muscles. Perez del Palomar and Doblaré created FEM simulations of mouth opening as well as lateral movements (Pérez del Palomar and Doblaré, 2006a, b). The models were built from medical scans of a patient and used a porohyperelastic material model for the TMJ disk. No muscle representations were included, and the movements were simulated by prescribed translation of the mandible. While the model used for opening simulations only contains one half of the masticatory system, the model for lateral movements contains both joints. Mori et al. (2010) built a model from 1.5T MRI images of a volunteer. The cartilaginous and ligamentous structures were modeled using a Kelvin material model and retrodiscal tissue and the TMJ capsule were included. Moreover, the articular cartilage was included as uniform layer. Mandible movement was constrained to only allow movement in the sagittal plane and clenching was simulated using an external load. Hattori-Hara et al. (2014) created a model of the TMJ from a CT scan and a 1.5T MRI of a patient for the investigation of unilateral disk displacement during static clenching. The model includes the bony structures and TMJ disk. Articular cartilage and capsule were modeled as uniform layers. Muscle forces were modeled as external forces and distributed over the insertion of the muscles. Commisso et al. (2014) created a model of the mandible and TMJ from a human cadaver. The model includes cube like teeth that are connected to the mandible with a layer of elements mimicking the periodontal ligament. A quasi-linear viscoelastic material was used for the TMJ disk. Forces were applied as external load at the insertion area of each respective muscle. They used the model to simulate sustained clenching as well as rhythmic masticatory muscle activity. In a more recent study they used the same model to investigate the lateral pterygoid muscle during a unilateral mastication cycle (Commisso et al., 2015). For this purpose, they used a two-step setup. They estimated muscle forces using a Hill-type muscle model, while neglecting force-length as well as force-velocity dependencies. These calculated muscle forces were applied to the muscle insertion areas as external forces. Martinez Choy et al. (2017) proposed a full FEM modeling approach, containing detailed meshes of all involved structures as well as Hill-type muscles. The model was built using data from various literature sources and used for the investigation of a chewing cycle.

Recently, co-simulation techniques have been proposed to use musculoskeletal models to define boundary conditions for static FEM simulations. Examples of modeled joint systems include tibial loading while load carrying (Xu et al., 2019) or patellofemoral cartilage stresses during a stair climb task (Pal et al., 2019). Currently, no such approach has been reported for jaw models, even though the recent, more sophisticated rigid body models are theoretically capable of driving such a modeling strategy (Andersen et al., 2017). Nevertheless, this approach does not fully solve the presented problems. While using such a technique potentially decreases the simulation time needed, the use of two different modeling toolkits increases the complexity of model setup and therefore decreases the likelihood of clinical use. Moreover, the use of forces computed with a simple joint set-up might not necessarily compute the correct motion and reaction forces when applied to a more complex FEM joint. To the best of our knowledge the only previous dynamic rigid body model that incorporated a FEM TMJ was published by Koolstra and van Eijden (2005). The mandible was modeled as dynamic rigid body with 12 Hill-type actuators attached and the TMJ disks were included as FE models with tetrahedral elements and an edge length of approximately 0.5 mm. The articular cartilage was represented as a uniform layer using a FE approach. The model was built from cadaver data of the right TMJ and mirrored for the left side. A maximum jaw opening of 3 cm was achieved. Table 1 presents an overview of the literature review.

TABLE 1. Overview of features of computer models of the jaw region.
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MATERIALS AND METHODS

Data were acquired from one symptom-free volunteer. Ethics approval was obtained from the institutional review board of the Medical University of Vienna and written informed consent was obtained. The detailed data acquisition and processing workflow has been extensively explained in a previous publication (Sagl et al., 2019b). In brief, we collected a single full skull CT scan for bony structures as well as a full skull MRI scan for the definition of muscle paths. Additionally, high resolution TMJ MRI volumes were created to enable accurate representations of the TMJ disks. MRI scans were acquired using a TSE-T1 sequence on a Siemens Magneton 3T machine and a 64-channel head coil, achieving a resolution of 0.17 mm and a slice thickness of 1 mm. High-resolution scans were collected in different static positions, using silicone bite blocks for defined jaw postures verified with the help of a jaw tracking system. These scans were used for model validation as described below. Bony structures were segmented from the CT scan, while the TMJ disk was manually segmented from the MRI scans by an expert specialized in TMD and TMJ-MRI for all positions. To enable realistic maximum opening behavior with a static hyoid, the respective mesh was moved 7 mm posteriorly and 7 mm downwards, which lies in the range of previously reported literature values (Muto and Kanazawa, 1994).

The model was developed using the opensource ArtiSynth Modeling Toolkit1 (Lloyd et al., 2012). Boney structures were modeled as rigid bodies. Inertial properties of the mandible were estimated from mesh geometry with an assumed mandibular mass of 200 g (Langenbach and Hannam, 1999). The hyoid and skull were kept static for all presented simulations and therefore no inertia properties had to be defined.

Muscles were represented as Hill-type point-to-point muscles (Hill, 1953; Peck et al., 2000; Hannam et al., 2008). Since these muscle models apply forces in the one-dimensional direction of the force vectors defined by an origin and insertion point, larger muscles were split up into multiple models to more accurately mimic activation of muscle compartments. The included muscles are: posterior, medial and anterior parts of the temporal muscle, superior and inferior head of the lateral pterygoid muscle, superficial and deep masseter muscles, medial pterygoid muscle, anterior digastric muscle, geniohyoid muscle, anterior and posterior mylohyoid muscle (Figure 1). Cross-sectional areas, velocity-force and length-force behavior were defined with the help of previous literature (Langenbach and Hannam, 1999; Peck et al., 2000; Hannam et al., 2008).


[image: image]

FIGURE 1. Lateral view of model and frontal view without skull (submental muscles not labeled); (1) posterior part of temporalis muscle (2) medial part of temporalis muscle (3) anterior part of temporalis muscle (4) deep masseter muscle (5) superficial masseter muscle (6) superior head of lateral pterygoid muscle (7) inferior head of lateral pterygoid muscle (8) medial pterygoid muscle.



The TMJ disks were modeled as FEM with roughly 6000 first-order tetrahedral elements for the right and 8000 for the left disk and an estimated weight of 0.006 kg. The volumetric meshes were created using the tetgen library and the previously segmented and processed disk surface meshes (Si, 2015). A hyperelastic Mooney–Rivlin material with material constants taken from literature (Beek et al., 2001; Koolstra and van Eijden, 2005) (C1 = 9⋅105Pa and C2 = 9⋅102Pa), was used. The strain energy function for this material is:

[image: image]

where C1 and C2 are material constants and I1 and I2 are the first and the second invariant of the left Cauchy–Green deformation tensor B. Simulations were computed using a first-order Backward Euler implicit integrator.

Additionally, four axial springs mimic the biomechanics of the TMJ capsule. One connects the disk and the condyle anteriorly, one medially, one laterally and one connects the skull and disk posteriorly. The ligaments were modeled as inextensive cables, using an elongation stiffness of 250 MPa once the tendon slack length was exceeded. For the posterior ligaments the slack length was 7.5 mm longer than the initial length of the ligament, for the anterior ligaments the slack length was 4 mm longer and for the medial the slack length was 1.9 mm and for the lateral ligament 2.5 mm longer than the initial length. These slack lengths were determined to ensure best simulation results for various movements. A wrapping cylinder was added on both sides to make the anterior ligament wrap around the mandibular condyle. Since attaching the axial springs to a single node of the FEM would lead to unstable and incorrect simulation results, we used a distributed FEM attachment, spreading out the applied force over approximately 20 nodes per ligament; an approach similar to previous literature (Fernandez et al., 2014). An overview of the joint set-up can be found in Figure 2.
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FIGURE 2. TMJ capsule representation from front, lateral, medial; First row: closed state, second row: opened position. AL, anterior ligament; LL, lateral ligament; ML, medial ligament; PL, posterior ligament.



To speed up simulations, articular cartilage was modeled as an elastic foundation (EF) contact model (Blankevoort et al., 1991; Bei and Fregly, 2004), as opposed to full FEM for the contact surfaces. EF contact can be seen as an elastic layer bonded to a rigid substrate. This is achieved by distributing springs over the surface of the rigid body, modeling the elastic layer with a predefined thickness. EF contact approaches speed up contact calculation by neglecting the effect of contact forces applied at one location at all other locations. This simplification speeds up simulations substantially and has proven to be a valuable tool for elastic layers that are connected to a rigid body (Bei and Fregly, 2004). The EF layers had a thickness of 0.4 mm (Hansson et al., 1977) and contact pressure between the surface mesh of the temporomandibular disk (TD) and the articular cartilage mesh (AC) was computed using:

[image: image]

where E is the elastic modulus, ν is the Poisson’s ratio of the contact, d represents the depth of penetration and h is the cartilage thickness. Contact pressure is non-linear with respect to d and linear with respect to E. We based our elastic modulus on previous literature values for an articular cartilage Mooney–Rivlin material (Koolstra and van Eijden, 2005) and estimated E using 6⋅C1 (Nazari et al., 2011). For our simulations, we used an elastic modulus of 2.7 MPa and a Poisson’s ratio of 0.49. Contact between the TD and the AC is computed by finding the FEM nodes of the TD that penetrate the AC mesh. For each penetrating note a contact, with a penetration depth d and normal direction n, is defined. Equation (2) is then used to determine the appropriate nodal response force f, according to
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Here A denotes the surface area associated with the contact (estimated by splitting the total mesh penetration area over all penetrating vertices).

Since usually contact forces are stiff, very small timesteps or the use of an implicit integrator are required to keep simulations stable using an EF approach. To additionally increase stability, our implementation uses a constraint regularization scheme that does not use penalty forces to simulate contact, but rather uses point constraints, based on the contact normal directions. A “contact force behavior,” which implements the EF approach, is then used to regularize, or “soften” the contact. Full details are given in Servin et al. (2006).

To validate the model, we performed multiple forward-dynamics simulation tasks. First, we computed a postural rest position. Additionally, an active maximum opening movement was performed (bilateral maximal activation of lateral pterygoid, anterior digastric, geniohyoid, and mylohyoid muscles) as well as an incisal edge-to-edge protrusion movement (bilateral maximal activation of lateral pterygoid muscles, with lower activation of jaw closing and opening muscles for stabilization). Maximal activation of the jaw closing muscles was used to simulate a clenching behavior. Simulated end positions of the mandible and TMJ disks for active opening and protrusion were compared to the respective meshes segmented from the high-resolution MRI images of the same volunteer. Additionally, differences in deformation of the TMJ disks were visualized using these MRI data. Moreover, to check the mesh quality, we computed the mean values for the ratio of the radius of the circumscribed sphere to the shortest edge length as well as for the maximal dihedral angle for both disks to measure quality of the created first-order tetrahedral elements.

As an additional verification of the mesh used in the model, the opening task was simulated with different numbers of mesh elements. For this purpose, the surface meshes of both disks were remeshed, using Meshmixer (Autodesk, Inc.), to have an edge length of 0.5/0.45/0.4/0.35/0.3 mm respectively. This led to disk models with numbers of elements varying from approximately 7500 to 20000 elements for the left disk. The overall trend in stress maps for the left disk was compared between the simulations to check for consistency. Furthermore, we performed a trend validation, describing TMJ disk stress and qualitatively comparing it to previous work.

To investigate the effect of the chosen material constants for the FEM disks, a sensitivity analysis consisting of 15 simulations was performed, including changes of both material constants over a range of one negative and positive order of magnitude for C1 and two negative and positive orders of magnitude for C2.



RESULTS

A postural rest position simulation, with a steady-state activity of 0.08% for the closer muscles (masseter, temporalis, and medial pterygoid muscles) (Langenbach and Hannam, 1999), produced a mouth with an inter-incisal separation of 5 mm. For maximum opening an inter-incisal gap of 30 mm was achieved.

To more thoroughly validate the workings of our model the mandibular positions of the opening and protrusion simulation tasks were compared to high resolution meshes gathered from medical imaging data of the same volunteer. Data were collected for maximum mouth opening and a protrusive position. Figures 3, 4 show that mandible as well as disk positions for both simulation tasks fit the recorded data very well. For the disks only minor differences in shape can be observed. A detailed Hausdorff distance analysis is presented in Tables 2, 3 for opening and protrusion, respectively.
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FIGURE 3. Overlay of simulation (gray) and MRI data (dark blue) for comparison of disk position and shape for maximum opening and edge-to-edge protrusion simulations.
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FIGURE 4. Overlay of simulation (gray) and MRI data (dark blue) for comparison of jaw position and shape for maximum opening and edge-to-edge protrusion simulations.



TABLE 2. Hausdorff distances for opening simulation.
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TABLE 3. Hausdorff distances for protrusion simulation.
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Von Mises and maximum principal stresses on the disk and contact pressures on the articular cartilage are plotted in Figures 5, 6 for opening, protrusion and clenching tasks. The results show that the maximum disk stresses during opening occur in the central joint area, with a computed maximum von Mises value of around 250 kPa and a maximum principal stress of 150 kPa. For protrusion, some stress can be seen on the lateral side of the disk, additional to the central area, with maximal von Mises stresses of 150 kPa and maximum principal stresses of 100 kPa. A maximum von Mises stress of 500 kPa and a maximum principal stress of 250 kPa was observed for the clenching simulation, with highest stresses over the area of the disk that is in direct contact with the articular fossa. Overall, the maximum principal stress maps show more noise than the von Mises stress maps, which is consistent with previous literature (Koolstra and van Eijden, 2005). Maximum principal stresses generally show tensile stresses in the intermediate area of the disk, which has the highest von Mises stresses. Comparing our results, we can see that contact pressures are roughly one order of magnitude higher than the maximum principal stresses in the disk. This difference of one order of magnitude has been previously reported for maximum principal stresses of FEM disk and FEM articular cartilage (Koolstra and van Eijden, 2005). The computed quality measures resulted in a mean ratio for the radius of the circumscribed sphere to the shortest edge length of 2.25 for the left disk and 1.85 for the right disk. The mean maximal dihedral angle was 113° for the left disk and 110.9° for the right disk, respectively.
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FIGURE 5. Comparison of TMJ disk von Mises and maximum principal stresses for three simulation tasks (colormaps in Pascal).
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FIGURE 6. Comparison of contact pressure maps for fossa articularis and mandibular condyle for three simulation tasks (colormaps in Pascal).



The sensitivity analysis of material properties showed that the values of the FEM parameters do not have a major influence on the mandibular end position during an opening movement (Figure 7). Only a slight shift of the mid-incisal point with a maximum of 0.24 mm laterally, 0.25 mm anterior-posteriorly and a maximum variation of 1.45 mm in z-direction was observed. A sensitivity analysis for mesh size was also conducted. Figure 8 shows the stress maps of the left disk for the end position of an opening movement using different amounts of mesh elements. The mean difference for meshes finer than 8000 elements (as used in our model) was 2.7% and the stress distributions were consistent between all mesh configurations (Figure 8).
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FIGURE 7. Inter-incisal distance in Z-direction for different Mooney–Rivlin material parameter combinations.
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FIGURE 8. Comparison of stress trends for an opening simulation using different surface mesh edge lengths for left disk; (A) 0.5 mm (7522 elements per disk) (B) 0.45 mm (8024 elements per disk) (C) 0.4 mm (10167 elements per disk) (D) 0.35 mm (13699 elements per disk) (E) 0.3 mm (19175 elements per disk).



The average execution time of a 1 s forward simulation, encompassing 1000 timesteps, was 441.03 s with a standard deviation of 1.75 s over 400 repeated simulations. Simulations were performed on a workstation PC with an Intel Xeon E5-2660 processor and 96 Gb RAM.



DISCUSSION

This paper presents a novel rigid body model of the complete masticatory region in combination with a detailed FEM TMJ disk and an EF representation of articular cartilage. This combination presents a novel contact formulation that has not been presented previously. The model allows for the simulation of complex movement tasks as well as high force tasks, like clenching and grinding, while achieving reasonable simulation times. This combination of complexity and computational performance helps to bring biomechanical simulations closer to clinical relevancy and enables the use of large-scale sensitivity analysis for the investigation of uncertainty in predictions of modeling parameters.

To validate our model, we compared the results of basic simulation tasks to literature values as well as high-resolution image data. The recorded inter-incisal separation for passive opening was 5 mm, which is consistent with literature values of 3 ± 2 (Langenbach and Hannam, 1999; Stavness et al., 2006). Moreover, the Hausdorff distance between the simulated mandible maximum opening position and the recorded position from MRI was extremely close, with a mean Hausdorff distance of 0.42 mm. Similar accuracy can be seen for TMJ disk positions. For maximum opening, we used a forward simulation that fully activated opening muscles and held the maximal position for 0.25 s to let the disk deform, since the position was also held for some time during MRI acquisition. For protrusion, the MRI data does not represent a maximum protrusion posture, because this position caused discomfort for the volunteer. Instead a protrusive movement until the upper and lower incisors were edge-to-edge was performed. Activation of the lateral pterygoid muscles alone was not able to protrude the mandible and hold it in this submaximal position, hence we added low level activation of the jaw closing and opening muscles to stabilize the mandible. The muscle activation levels were found by using a forward-dynamics tracking simulation that moved and held the mandible at the desired protrusive position. The resulting simulations show that our model performs well and that the computed positions for both disks and the mandible are close to the actual data for the opening and protrusion tasks.

While the computed maximum inter-incisal gap of 30 mm agrees with previous simulation studies (Peck et al., 2000; Koolstra and van Eijden, 2005; Stavness et al., 2006), it is not in the range reported for in vivo studies. Wide mouth opening in vivo is facilitated by a translation of the hyoid together with backwards rotation of the head (Muto and Kanazawa, 1994). By translating the hyoid bone in our model caudally and posteriorly we achieve a mouth opening that fits very well with the maximum opening of the volunteer recorded in the MRI in a lying position without head rotation. Hence, it is a reasonable assumption that the computed maximum mouth opening is correct and for a larger mouth gap a head rotation would have to be added.

Two major challenges of biomechanical computer investigations are the limited amount of information on properties of human tissues and the large amount of required computational power. In our opinion, one way of tackling these goals is by using appropriately complex representations for the level of information on various anatomical structures. In the case of the presented model we use a full FEM approach for the TMJ disk, which is a well-studied tissue with many investigations on its structure, composition and mechanical properties (Detamore and Athanasiou, 2003; Tanaka et al., 2008; Stankovic et al., 2013). On the other hand, TMJ articular cartilage is not as well-defined and hence we decided to speed up simulation by using a simplified elastic contact foundation approach, which has proven to be a valuable tool for modeling of cartilage layer attached to a bone (Blankevoort et al., 1991; Bei and Fregly, 2004). By using this combination of FEM and EF contact, an approach that to the best of our knowledge has not been presented previously, we can compute realistic deformation patterns for the disk and cartilage layers, while achieving simulation times much shorter than a full FEM simulation. Of course, if future research will more clearly define mechanical properties of other involved structures and a specific research question requires this step, our model and software toolkit are capable of using a full FEM approach for all parts of the model, albeit at a higher computational cost.

One limitation of the current iteration of the model is the use of a Mooney–Rivlin material for the TMJ disk. Previous investigations have shown that the disk demonstrates hyperelastic as well as viscoelastic properties and a variety of material models of different complexity have been suggested (Koolstra et al., 2007; Commisso et al., 2015, 2016). The Mooney–Rivlin material was used in the previous combined rigid body – FEM jaw model (Koolstra and van Eijden, 2005) and hence we used it for model testing. The sensitivity analysis of the material parameters also showed that the model computes quite similar mouth openings for a large range of material properties, which suggests that the dynamic behavior of the mandible is not extremely sensitive to the material properties of the TMJ disk. Moreover, the sensitivity analysis showed that larger changes of the C1 material constant of the Mooney–Rivlin material have a bigger influence on the stability of the simulations. Extremely stiff C1 (two orders of magnitudes higher) and extremely soft C1 (two orders of magnitudes lower) tend to create unstable simulations, while changes of two orders of magnitude for C2 still lead to stable simulations with only small differences in mandible position. To further improve the investigation of joint loads and disk deformation we nevertheless plan on implementing a more complex, poroelastic material model in the future.

To further verify our simulation results we performed a mesh independent grid test. The use of a complex contact model in combination with rigid body- FEM attachments makes a traditional mesh convergence study difficult to perform. For example, the number and location of attachment vertices changes for different mesh set-ups (and consequently different node locations), which inherently leads to differences in attachment between the meshes. Also, the contact force is distributed over all interpenetrating vertices, which again changes between meshes. The complexity of this problem is supported by the fact that previous models of the human masticatory system did not include a mesh independent grid analysis (Koolstra and van Eijden, 2005; Mori et al., 2010; Commisso et al., 2014, 2015; Hattori-Hara et al., 2014; Martinez Choy et al., 2017). Additionally, the purpose of the presented model and the large amount of uncertainty in measured parameters of the jaw region will permit a larger amount of error. For example, material properties of the components are largely based off of animal studies (Tanaka et al., 2002; Koolstra et al., 2007; Singh and Detamore, 2008) and the use of patient specific geometry infers a non-negligible amount of variation as well. For these reasons, the stress values computed by the model should only be used for comparative investigations (Tsouknidas et al., 2013).

In this study, we report von Mises and maximum principal stresses for three simulations tasks. In agreement with the point made in the previous paragraph, clenching stress values in literature change in the order of 1–2 magnitudes for different material models and simulation set-ups, which makes a direct comparison of results difficult. Generally, our computed trends agree with previous studies, as described in Section “Results”. As expected, clenching created high von Mises stresses over the whole disk surface which is in contact with the articular surfaces. The highest stresses were located around the latero-posterior region, consistent with the overall muscle force direction of the closing muscles. For opening and protrusion the presented von Mises stress patterns are reasonable in the context of the disk movements, which were validated using MRI data of the volunteer. Conceptually, von Mises stresses are strongly related to tissue strain and are hardly comparable to contact pressures. Articular cartilage contact pressures in our simulation are computed as pressure in the normal direction of the surface and are hence closer related to principal stresses of the disk.

The presented dynamic model highlights some unique possibilities for future investigations. For example, detailed investigations of joint loads for muscle driven mastication cycles are possible, as well as studies on the effect of TMDs, like disk dislocation, on tasks like chewing or speaking. Another problem of interest is the investigation of tooth grinding and its possible connection to increased TMJ loads. We previously presented an optimization approach that enables the use of movement as well as constraint reaction forces for forward-dynamics tracking simulations (Sagl et al., 2019a). The combination of this optimization approach with the presented model allows for a detailed investigation of muscle activation patterns and the joint loads during dynamic tooth grinding tasks. Additionally, computational modeling of the masticatory system has proven to be a useful instrument for many orofacial applications outside of the more traditional fields of dentistry. Possibilities include the use for the investigation novel TMJ total joint replacement devices (Detamore et al., 2007; Ackland et al., 2015, 2018; Omidi et al., 2018) as well as areas of orofacial function like speech (Anderson et al., 2015; M. Harandi et al., 2017) and swallowing (Mayer et al., 2016; Wang et al., 2018).



CONCLUSION

This paper presents a novel computer model of the masticatory region that combines rigid body bones and Hill-type muscles with a detailed representation of the TMJ. The model allows for the investigation of dynamic tasks of the jaw apparatus, while enabling detailed investigation of stresses on the cartilage layers of the joint. The unique combination of a FEM disk and two EF articular cartilage layers allows us to keep simulation times reasonable, which is of utmost importance for the translation of computational biomechanics to the clinical practice. This will potentially lead to the development of therapeutic interventions for the restoration of orofacial functions and an increase in quality of life for TMD patients.
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Sheng Wang1, Martin Kim1, Zayd Ali1, Katherine Ong1, Eung-Kwon Pae2 and Man-Kyo Chung1*


1Program in Neuroscience, Center to Advance Chronic Pain Research, Department of Neural and Pain Sciences, School of Dentistry, University of Maryland, Baltimore, MD, United States

2Department of Orthodontic and Pediatric Dentistry, School of Dentistry, University of Maryland, Baltimore, MD, United States

Edited by:
 Limor Avivi-Arber, University of Toronto, Canada

Reviewed by:
 Koichi Iwata, Nihon University, Japan
 Kaj Fried, Karolinska Institute (KI), Sweden

*Correspondence: Man-Kyo Chung, mchung@umaryland.edu 

Specialty section: This article was submitted to Craniofacial Biology and Dental Research, a section of the journal Frontiers in Physiology


Received: 21 May 2019
 Accepted: 04 September 2019
 Published: 20 September 2019

Citation: Wang S, Kim M, Ali Z, Ong K, Pae E-K and Chung M-K (2019) TRPV1 and TRPV1-Expressing Nociceptors Mediate Orofacial Pain Behaviors in a Mouse Model of Orthodontic Tooth Movement. Front. Physiol. 10:1207. doi: 10.3389/fphys.2019.01207
 

Orthodontic force produces mechanical irritation and inflammation in the periodontium, which is inevitably accompanied by pain. Despite its prevalence, treatment of orthodontic pain is ineffective. Elucidating underlying neural mechanisms is critical to improving the management of orthodontic pain. We have assessed the contribution of transient receptor potential vanilloid subtype 1 (TRPV1) and the TRPV1-expressing subset of nociceptive afferents to pain behaviors induced by orthodontic force in mice. Microfocus X-ray computed tomography analysis showed that application of an orthodontic force of 10 g to the maxillary first molar produced reliable tooth movement in mice. Mouse grimace scale (MGS) was evaluated as an indication of non-evoked spontaneous pain and bite force (BF) was measured for assessing bite-evoked nocifensive behaviors. Orthodontic force increased MGS and decreased BF, both of which were interpreted as increased levels of pain. These behaviors peaked at 1d and returned near to the sham level at 7d. Retrograde labeling and immunohistochemical assays showed TRPV1-expressing peptidergic afferents are abundantly projected to the periodontium. Direct injection of resiniferatoxin into trigeminal ganglia (TG) decreased TRPV1-expressing afferents by half in the targeted region of TG. The chemical ablation of TRPV1-expressing afferents significantly attenuated orthodontic pain behaviors assessed by MGS and BF. Consistently, the knockout of TRPV1 also attenuated orthodontic force-induced changes in MGS and BF. These results suggest that TRPV1 and TRPV1-expressing trigeminal nociceptors constitute a primary pathway mediating orthodontic pain behaviors in mice. This model will be useful for mechanistic studies on orthodontic pain aimed at developing novel approaches for painless orthodontics.

Keywords: orthodontic tooth movement, trigeminal ganglia, TRPV1, peptidergic nociceptors, periodontium, behavioral assays


INTRODUCTION

Pain and discomfort are the major side effects of orthodontic treatment. Fixed orthodontic appliances produce pain in 94% of patients (Scheurer et al., 1996). Pain and soreness induced by orthodontic adjustment peaks after 24 h, and gradually declines, and resolution occurs within a week (Ngan et al., 1989; Scheurer et al., 1996). Pain during biting and chewing also peaks after 24 h, creating a major functional discomfort in daily life (Scheurer et al., 1996). Pain management during orthodontic treatment is often not effective, significantly affecting the patient’s compliance to treatment (Sergl et al., 1998). Peripheral and central mechanisms of orthodontic pain are under active investigation (Long et al., 2016) and better understanding of neurobiological mechanisms should help to better manage orthodontic pain.

Orthodontic force induces a variety of morphological and neurochemical responses of the peripheral and central nervous system (Long et al., 2016; Kobayashi and Horinuki, 2017). For mechanistic determination of orthodontic pain, it is critical to elucidate causal contributions of neural components in animal models involving pain behaviors. In rats, placement of a coil spring between the maxillary first molar and incisors produces changes in grimace scale and facial grooming (Yang et al., 2009; Liao et al., 2014). These behaviors are inhibited by morphine (Liao et al., 2014; Gao et al., 2016), indicating that these behaviors are relevant to nociception. A recent study also suggested that measuring changes in biting force in rats provides a functional surrogate outcome for biting-induced pain by orthodontic force (Long et al., 2019). However, similar models for assessing orthodontic pain behaviors have not been well established in mice, precluding the use of various genetic tools available in mice for mechanistic study of orthodontic pain.

The peripheral and central ascending pain pathways and neuronal circuitry that mediate orthodontic pain are not well defined. Orthodontic force should lead to the activation of periodontal nociceptors. However, the identity of the nociceptor subpopulation responsible for orthodontic pain is not well known. Periodontal ligament (PDL) contains Aδ and C nociceptive terminals (Byers, 1985). One of the well-defined populations of nociceptors is a peptidergic nociceptor containing the neuropeptides such as calcitonin gene-related peptide (CGRP). Peptidergic nociceptors project into the PDL in mice (Sarram et al., 1997). However, the role of periodontal peptidergic afferents in spontaneous pain or function-related pain evoked by orthodontic force is unknown.

Peptidergic afferents are enriched with transient receptor potential vanilloid subtype 1 (TRPV1), a receptor for capsaicin and noxious heat (Caterina et al., 2000; Cavanaugh et al., 2011). Although TRPV1 contributes to thermal hyperalgesia in skin (Caterina et al., 2000), TRPV1 mediates spontaneous pain and mechanical hyperalgesia during orofacial muscle inflammation (Chung et al., 2016; Wang et al., 2017a). The role of TRPV1 in non-evoked pain upon the application of orthodontic force was also suggested. Pharmacological inhibition or knockdown of TRPV1 attenuates facial grooming or grimace scale induced by orthodontic force in rats (Gao et al., 2016; Guo et al., 2019a). However, it is not known if TRPV1 contributes to other modalities of orthodontic pain, such as bite-evoked pain. Given the differential contribution of TRPV1 to spontaneous pain and bite-evoked pain under muscle inflammation (Wang et al., 2017a), it is important to determine the role of TRPV1 in bite-evoked nocifensive behaviors during orthodontic tooth movement.

In this study, we have determined the contribution of TRPV1 and TRPV1-expressing afferents to orthodontic pain behaviors in a mouse model of orthodontic tooth movement. We have assessed a mouse model of orthodontic pain using two different behavioral measurements. In combination with targeted chemical ablation of specific neuronal subtypes and genetic inhibition, we tested the hypothesis that TRPV1 and TRPV1-expressing trigeminal nociceptors constitute a major pathway for transduction of orthodontic pain.



MATERIALS AND METHODS


Experimental Animals

C57BL/6 mice (The Jackson Laboratory, Bar Harbor, Maine), TRPV1 KO mice (Caterina et al., 2000), TRPV1-Cre mice (Jax #017769) (Cavanaugh et al., 2011), and Rosa26-mT/mG (Jax #007576) (Muzumdar et al., 2007; Wang et al., 2017b) were used. In experiments involving behavioral assays, 12-week-old mice were used for stable measurement of bite force (BF) behaviors (Wang et al., 2017a). Orthodontic pain shows limited or no clear sex difference (Jones, 1984; Ngan et al., 1989; Scheurer et al., 1996), whereas mouse behavioral assays, especially BF measurement, are influenced by sex; when both male and female mice are included in pain assays, variation of the data increases (Guo et al., 2019b). To facilitate establishing a model of orthodontic pain in mice, we have focused on male mice without attempting to determine sex differences at this time. All animal procedures were consistent with the NIH Guide for the Care and Use of Laboratory Animals (Publication 85-23, Revised 1996), and were performed according to a University of Maryland-approved Institutional Animal Care and Use Committee protocol.



Experimental Orthodontic Tooth Movement

To produce orthodontic forces in mice, a coil spring was placed between maxillary first molar and maxillary incisors (Figure 1A). The animals were anesthetized with ketamine (100–150 mg/kg) and xylazine (10–16 mg/kg). A 0.010-in stainless steel ligature wire was looped around the first molar, and a second ligature wire was looped around maxillary incisors. We used two nickel-titanium orthodontic coil springs (Xu Jia Chuang Spring; Guangdong, China) exerting different forces: a 2 g spring (wire diameter: 0.1 mm; outer diameter: 1.6 mm; length: 1.8 mm) exerts 2 ± 0.2 g force, whereas a 10 g spring (wire diameter: 0.15 mm; outer diameter: 1.8 mm; length: 2.2 mm) exerts 10 ± 1 g force upon activation of 1 mm. In the group with orthodontic force (OF), the coil spring was extended mesially and ligated to the incisors. In the sham group, the orthodontic spring was irreversibly deformed by extension beyond elastic limit and ligated so that the spring delivered no force. To secure the ligature wires, self-etching primer and light-cured adhesive resin cement (Transbond; 3 M Unitek, Monrovia, California) were applied to the palatal surfaces of the maxillary incisors and first molars. After spring insertion, the animals were supplied with soft diet (Dietgel recovery; ClearH2O; Portland, ME). The appliances were inspected daily, and additional bonding material was applied as necessary.
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FIGURE 1. Orthodontic force induces spontaneous and bite-evoked pain behaviors in mice. (A) Ni-Ti closed coil spring was placed between the left maxillary first molar (M1) and incisors (INC). The spring was activated to exert 2 or 10 g force in the orthodontic force group. In the sham group, the spring did not produce active force. Arrow, direction of orthodontic force. (B) Timeline of experiment. In adult C57BL/6 mice, behavioral assays were performed before and after the placement of an orthodontic spring. BF assay was performed immediately after video recording for facial grimace assay on each day. The mice were euthanized for μCT at 14d, with the exception that five mice in the 2 g group and all mice in the sham group were euthanized at 21d. BF, bite force assay; MGS, mouse grimace scale; μCT, micro-CT. (C) Comparison of MGS scores at different time points. Numbers within parentheses represent number of animals. ****p < 0.0001 in two-way repeated-measure (RM) ANOVA followed by Bonferroni post hoc test. (D) Comparison of relative BF at different time points. ****p < 0.0001 (2 g vs. sham), ++p < 0.01, ++++p < 0.001 (10 g vs. sham), #p < 0.05 (2 g vs. 10 g) in Bonferroni post hoc test following two-way RM ANOVA.
 



Microfocus Computed Tomography

The animals were anesthetized by ketamine/xylazine, and euthanized by transcardial perfusion using 3.7% paraformaldehyde. Maxillae were hemisected, and microfocus computed tomography (μCT) images were obtained using a Siemens Inveon Micro-PET/SPECT/CT (Siemens, Ann Arbor, MI) with 9 μm spatial resolution. Siemens Inveon Research Workplace 4.2 software was used for image acquisition and processing, 2-D and 3-D image viewing, and quantitative analysis. The intermolar distance was measured as the distance between the most distal point of the maxillary first molar crown and the most mesial point of the maxillary second molar crown. The measurements were performed in the sagittal plane because this plane showed the most root structure, permitting estimation of angulation of the long axis of the tooth. The two-dimensional images were magnified 10 times for more precise line drawings at the closest proximity of the two convex molar crown surfaces. Bone volume fraction in the furcation region of the maxillary first molar was assessed as a quantitative analysis of alveolar bone changes. The region of interest for the total interradicular alveolar bone space [tissue volume (TV)] in the furcation region was defined as previously described (Yadav et al., 2015). Within the region of interest, total amount of actual interradicular alveolar bone volume (BV) was calculated, which was divided by TV to calculate bone volume fraction.



Microinjection Into Trigeminal Ganglia

To selectively ablate TRPV1-expressing trigeminal nociceptors, resiniferatoxin (RTX) was directly injected into trigeminal ganglia (TG). RTX is a highly efficacious agonist of TRPV1, and the activation of TRPV1 by RTX leads to ablation of nociceptor terminals or soma upon localized injection (Karai et al., 2004; Chung and Campbell, 2016). The animals were anesthetized using ketamine/xylazine and placed in a Kopf stereotaxic apparatus. A midline incision of 3–5 mm and an opening to the skull were made. A 0.5-μl Hamilton micro-syringe was used for microinjection. The micro-syringe needle was placed in the left TG regions according to the stereotaxic coordinates of the mouse brain (0.2 mm posterior to bregma, 1.3 mm lateral to the midline, and 6.5 mm deep) for targeting ophthalmic/maxillary (V1/V2) region. RTX (50 ng/0.5 μl; Sigma-Aldrich) was dissolved in phosphate buffered saline (PBS) containing 1% dimethyl sulfoxide and 10% Tween-80. Mice injected with vehicle (0.5 μl) served as a control group. Injection was performed at a rate of 0.5 μl/min and the injection needle was held in the tissue for 2 min to allow diffusion before removal.



Measurement of Mouse Grimace Scale and Bite Force Measurement

Mouse grimace scale (MGS) and BF were performed as previously described (Wang et al., 2017a, 2018; Guo et al., 2019b). All behavioral assays and video analysis were performed in a blinded manner. For MGS assay, the mice were videotaped for 30 min in each experimental time point and 10 images per 30 min session were manually captured. The scores of the five action units in each photograph were averaged, and a mean MGS score was obtained from the 10 images, which was presumed to reflect the level of spontaneous pain. For BF assay, mice were placed in a modified 60-ml plastic syringe with a wide opening at one end to accommodate the head of the mouse. To minimize stress, the mouse was released immediately from the syringe if it vigorously moved or tried to hide inside the syringe. The syringe containing the mouse was held manually and moved slowly at 0.5–1 cm/s toward bite plates so that the mouse could bite the plates. Spike 2 software was used to measure the voltage changes from transducer displacement. SigmaPlot 8.0 was used to convert the voltage change into force based on calibration using standard weights. Bite force was recorded for 120 s per session and the top five force measurements were averaged.



Measurement of Eye-Wiping Behavior

To functionally verify the effective ablation of TRPV1-expressing afferents by intra-TG injection of RTX, we performed an eye-wiping test using capsaicin. The animals were placed in a plastic container (9 cm × 9 cm × 13 cm) with two-mirrored back walls to allow the video camera to record a four-sided view. Two drops (20 μl) of 0.03% capsaicin solution were placed onto the left conjunctiva of the eye. The number of eye wipes with the ipsilateral forepaw in a 5-min window was counted.



Retrograde Labeling of Periodontal Afferents

In C57BL/6 mice anesthetized by Ketamine/Xylazine, fluorogold (FG; Fluorochrome) was injected into gingiva around maxillary first molar to retrogradely label periodontal afferents in TG. FG was dissolved in 0.9% saline at a concentration of 4%. A 50-μl Hamilton syringe was used to slowly inject 5 μl of tracer into five sites (1 μl per site) at gingiva around disto-buccal groove, buccal groove, mesial groove, palatal groove, and disto-palatal groove of the maxillary first molar. The mice were euthanized 7 days following the injection by transcardial perfusion for further histological study. Four ganglia were analyzed for quantification.



Immunohistochemistry of Trigeminal Ganglia and Maxillae

Immunohistochemical assays of TG and maxillae were performed as previously described (Chung et al., 2011, 2012; Wang et al., 2017a). Maxillae were decalcified in 10% EDTA (pH 7.4) for 7 days at 4°C. Tissues were cryoprotected and cryosectioned at 12 μm for TG and 30 μm for decalcified maxillae. Conventional immunohistochemical procedures were performed with rabbit anti-TRPV1 (1:1,000; a generous gift from Dr. Michael Caterina at Johns Hopkins University), guinea pig anti-CGRP (1:1,000; Penninsula Labs), or rabbit green fluorescent protein (GFP; 1:1,000, Invitrogen). We verified the specificity of the primary antibodies by using genetically engineered mice lacking the expression of the target gene or by omitting the primary antibody (Chung et al., 2012). The sections were further incubated with appropriate secondary antibodies (Invitrogen). Tooth sections were stained with 4′,6-diamidino-2-phenylindole (DAPI) to visualize the cellular nuclei. For classification of neuronal size in TG sections, we measured the cross-sectional area of the neurons in ImageJ and followed the criteria described elsewhere (small, < 300 μm2; medium, 300–600 μm2; large, > 600 μm2) (Ichikawa et al., 2006). For counting TG neurons, Nissl staining was performed using NeuroTrace 500/525 green fluorescent Nissl Stain (Invitrogen). Four to five images from V1/V2 regions and three to four images from mandibular (V3) regions were taken from each TG.



Statistical Analysis

Data are presented as mean ± standard error of the mean. Statistical comparisons were performed using Student’s t-test or analysis of variance (ANOVA) followed by Bonferroni post hoc test as indicated in figure legends. The criterion for statistical significance was p < 0.05. All statistical analyses were performed using Prism (GraphPad Software, La Jolla, CA).




RESULTS


A 10 g Orthodontic Force Reliably Produces Pain and Tooth Movement in Mice

In mice, the range of orthodontic force used for producing tooth movement is between 3 and 50 g (Yan et al., 2015; Rangiani et al., 2016; Yadav et al., 2016; Liu et al., 2017; Odagaki et al., 2018). Using two coil springs exerting either 2 or 10 g (Figure 1A), we performed an experiment (Figure 1B) to determine the amount of orthodontic force required to effectively produce pain and tooth movement. Mouse grimace scale (MGS) scores among three groups (sham, 2 g, and 10 g) showed significant difference over 7 days following procedure (Figure 1C; interaction of time and group effect, F6,66 = 14.61, p < 0.0001). At baseline, there were no differences in MGS scores between groups (Figure 1C). At 1d and 3d after spring insertion, MGS scores of 2 and 10 g groups were similar and significantly higher than those of the sham group. At 7d, there were no differences in MGS scores among the three groups. Changes in bite force (BF) were also analyzed (Figure 1D) and three groups showed significant difference over 7 days following procedure (Figure 1D; interaction of time and group effect, F6,60 = 15.67, p < 0.0001). At 1d and 3d, BF of 2 and 10 g groups was significantly reduced compared to the sham group. At 7d, BF had partially recovered toward the baseline in both 2 and 10 g groups, but remained significantly lower than that of the sham group. Interestingly, the recovery in the 2 g group was slower than in the 10 g group, such that at 7d, BF was significantly lower in the 2 g group than in the 10 g group.

All mice in the 10 g group and five mice in 2 g group were euthanized 14d after spring insertion. All mice in the sham group and five mice in the 2 g group were euthanized 21d after spring insertion. Micro-CT analysis was performed to evaluate the extent of tooth movement (Figure 2). The sham group did not produce tooth movement during the 3 weeks (Figures 2A,D). The 2 g spring produced 25.1 ± 8.4 μm (n = 5) of mesial movement of the first molar during 2 weeks, which was not significantly different from the amount during 3 weeks (30.4 ± 13.6 μm; n = 5; p > 0.7; Student’s t-test). When, the 2 g data from the two time points were pooled, the three groups (sham, 2 g, and 10 g) showed significant difference in tooth movement (F2,27 = 10.6, p = 0.0004). Intermolar distances in 2 g group were not significantly different from sham (p = 0.076; Figure 2D). Among 10 samples in the 2 g group, three showed no tooth movement. Although 3 g force produces tooth movement well in juvenile 5-week-old mice (Rangiani et al., 2016), 2 g force was not as effective in our 12-week-old mice. In contrast, the 10 g spring produced 59 μm of tooth movement after 2 weeks, which was significantly different from sham or 2 g groups (Figures 2C,D; p = 0.0013 vs. sham; p = 0.037 vs. 2 g). In comparison of bone volume fraction, the three groups showed significant difference (Figure 2E; F2,25 = 8.78, p = 0.0013). Both 2 and 10 g springs produced significantly reduced bone volume fraction (BV/TV) compared to sham, which indicates active bone remodeling has occurred in both groups. However, there was no difference between 2 and 10 g groups. Based on these results, we regarded 10 g as the force of choice to reliably produce tooth movement during a 2-week period, and 10 g was used in the remainder of studies.
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FIGURE 2. Orthodontic force of 10 g produces reliable tooth movement in mice. (A–C) Examples of 3D constructed μCT images of sham (A), 2 g (B), and 10 g (C) force groups. Intermolar distance was measured as 49 and 86 μm in (B and C), respectively. Scale bar, 1 mm. *p < 0.05, **p < 0.005 in Holm-Sidak’s multiple comparison post-test following one-way ANOVA. (D,E) Comparison of intermolar distances (D) and bone volume fraction (E). BV/TV, bone volume/tissue volume; *p < 0.05, **p < 0.005 in Holm-Sidak’s multiple comparison post-test following one-way ANOVA.
 



Periodontium Is Innervated by TRPV1-Expressing Peptidergic Afferents

To determine the major primary afferents subpopulation transducing orthodontic pain, we determined neurochemical properties of primary afferents projected to periodontium (Figure 3). We injected the retrograde labeling tracer fluorogold (FG) into gingiva around the maxillary first molars in mice. FG-labeled TG neurons showed various sizes and neurochemical properties (Figure 3A). Among 313 FG-labeled neurons, small-, medium-, and large-sized afferents compose 44, 44, and 12%, respectively (372 ± 11 μm2; Figure 3B). When these data were compared with published data from FG-labeled pulpal afferents (Chung et al., 2011), the size of periodontal afferents was significantly smaller than pulpal afferents (586 ± 33 μm2; n = 99; p < 0.0001; Figure 3B, red dotted line). When the extent of co-localization of FG, CGRP, and TRPV1 was determined (Figure 3C), 23% of the periodontal afferents expressed CGRP and 28% of periodontal afferents expressed TRPV1. Eighty-one percent of CGRP-expressing periodontal afferents were co-expressed with TRPV1.


[image: image]

FIGURE 3. Neurochemical properties of retrogradely labeled periodontal afferents in mice. (A) Representative images of periodontal afferents retrogradely labeled using fluorogold (FG) co-labeled with TRPV1 and CGRP. Arrowhead, FG+ TRPV1+ neuron; arrow, FG+ TRPV1+ CGRP+ neuron; scale bar, 30 μm. (B) Distribution of cross-sectional area of FG-labeled periodontal afferents (n = 313). Size distribution of FG+ pulpal afferents in mice (red dotted line) was derived from published data (Chung et al., 2011) for comparison. (C) Proportion of TRPV1+ and CGRP+ afferents among FG-labeled periodontal afferents. A total of 313 FG+ neurons were analyzed.
 

We further determined the neurochemical properties of nerve terminals within PDL by immunohistochemical labeling of afferent terminals in decalcified periodontal tissues (Figure 4). CGRP-expressing terminals were densely projected into the PDL (Figure 4A), which is consistent with previous reports (Sarram et al., 1997). We also attempted immunohistochemical labeling of TRPV1-expressing nerve terminals in decalcified periodontium. However, we were not able to observe convincing TRPV1 labeling of nerve terminals within PDL. As an indirect approach, we took advantage of TRPV1-Cre mice for GFP labeling of TRPV1-lineage neurons (Cavanaugh et al., 2011). In this mouse line, approximately half of GFP-expressing neurons express TRPV1 in ganglia (Cavanaugh et al., 2011). TRPV1-Cre line was crossed with R26-mT/mG line to express membrane-bound GFP from TRPV1-lineage afferents. To maximize labeling of nerve terminals, we performed immunohistochemical labeling of GFP using a specific antibody. In this line, tdTomato is also expressed from all neuronal and non-neuronal cells other than TRPV1-lineage afferents. Under this condition, GFP-expressing nerve terminals were clearly visible in the PDL (Figure 4B). GFP-expressing terminals were often observed in close proximity with blood vessels within the PDL (Arrows in Figure 4C). The thickness of the GFP-expressing axonal terminals was various and there was a subpopulation of fine terminals (arrowheads in Figures 4B,C) that are presumably unmyelinated C fibers. These results suggest that TRPV1-expressing peptidergic afferents constitute a major subset of afferents in the periodontium including PDL and likely mediate orthodontic pain.
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FIGURE 4. Projection of CGRP-expressing and TRPV1-lineage afferents to periodontal ligaments in mice. (A) Immunohistochemical labeling of CGRP in periodontium from C57BL/6 mice. T, tooth; P, periodontal ligament; B, alveolar bone; scale bar, 30 μm. (B) Immunohistochemical labeling of GFP in TRPV1-GFP mice (TRPV1-Cre X Rosa26-mT/mG) labeling TRPV1-lineage neurons. B, bone; P, PDL; T, tooth; scale bar, 50 μm. In this mouse line, tdTomato labels all neuronal and non-neuronal cells except TRPV1-lineage afferents. Arrowhead, an example of fine GFP-expressing terminal. (C) Immunohistochemical labeling of GFP in TRPV1-GFP mice labeling TRPV1-lineage neurons. Scale bar, 50 μm; arrowhead, an example of fine GFP-expressing terminal; arrows, examples of GFP-expressing nerve terminals associated with blood vessel.
 



Ablation of TRPV1-Expressing Nociceptors Attenuates Orthodontic Pain Behaviors

For selective ablation of TRPV1-expressing nociceptors, we injected RTX to one side of TG (Figure 5A). After a week, behavioral assays were performed before and after insertion of the spring. MGS scores among groups showed significant difference over 7 days following procedure (Figure 5B; interaction of time and group effect, F9,69 = 16.1, p < 0.0001). There were no differences in MGS scores between groups at baseline (Figure 5B). At 1d, the group receiving vehicle and subjected to 10 g OF (Veh/OF) had significantly higher MGS scores than mice receiving vehicle and sham treatment (Veh/Sham). RTX-treated mice receiving OF (RTX/OF) also had increased MGS compared to sham (RTX/Sham). RTX/OF mice exhibited significantly lower MGS scores than Veh/OF mice. At 3d, the trend was similar to the 1d result. At 7d, the Veh/OF group but not the RTX/OF group showed significant differences in MGS compared to sham controls.
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FIGURE 5. Chemical ablation of TRPV1-expressing trigeminal afferents attenuates orthodontic pain behaviors. (A) Timeline of experiment. Resiniferatoxin (RTX, 50 ng in 0.5 μl PBS) or vehicle (Veh) was stereotaxically injected into left trigeminal ganglia (TG) in adult C57BL/6 mice 1 week before the placement of the 10 g spring. (B) Comparison of MGS scores at different time points. Numbers within parentheses represent number of animals. **p < 0.01, ****p < 0.0001 in Bonferroni post hoc test following two-way RM ANOVA. OF, 10 g orthodontic force; RTX, resiniferatoxin; Veh, vehicle. (C) Comparison of relative BF at different time points. **p < 0.01, ***p < 0.0001 (vs. Veh/sham), +++p < 0.001 (vs. RTX/OF) in Bonferroni post hoc test following two-way RM ANOVA. (D) Number of eye-wiping motions measured over 5 min following the application of capsaicin (0.03% in 20 μl) to the ipsilateral eye in mice with intra-TG injection of vehicle or RTX. ****p < 0.0001, Student’s t-test. (E) Immunohistochemical labeling of TRPV1 in TG from mice injected with Veh or RTX into TG. Scale bar, 50 μm.
 

In the BF assay (Figure 5C), changes in bite force showed significant difference over 7 days following procedure (interaction of time and group effect, F9,72 = 7.814, p < 0.0001). The Veh/OF group showed a significant reduction in BF compared to the Veh/Sham group at 1d. In contrast, RTX-treated groups showed no significant differences in BF between OF and sham groups. BF reduction was significantly less in the RTX/OF group compared to the Veh/OF group at both 1d and 3d. At 3d, the Veh/sham group showed a recovery in BF to levels similar to RTX-treated groups, while Veh/OF group continued to exhibit a significant reduction in BF compared to the RTX/OF group. At 7d, there were no significant differences between BF among experimental groups.

After pain measurements were completed, the mice underwent the capsaicin eye-wiping test. Following application of capsaicin to the ipsilateral eye, RTX-treated mice exhibited significantly fewer eye wipes than controls (Figure 5D; t(11) = 10.08, p < 0.0001). In the post-mortem immunohistochemical staining, substantial reduction in TRPV1 expression was observed in RTX mice compared to controls (Figure 5E). These results validate ablation of trigeminal TRPV1-expressing afferents.

To estimate the efficacy of ablating TRPV1-expressing afferents by intra-TG injection of RTX, we injected RTX into V1/V2 area of left side TG of four C57BL/6 mice (Figure 6). After a week, the mice were euthanized, and we compared the proportion of TRPV1-expressing afferents between RTX-injected TG and the uninjected contralateral TG (Figure 6A). To label all neurons, including ones not expressing TRPV1, Nissl staining was performed. As an internal control, we also compared TRPV1-expressing afferents in V3 region. Uninjected contralateral TG showed that TRPV1-expressing neurons account for 24% of all the Nissl-positive neurons in V1/V2 region and 22% in V3 region (Figures 6A,B). In contrast, the proportion of TRPV1-expressing neurons was reduced to approximately half (12%) in V1/V2 region of RTX-injected mice, which was significantly different from contralateral TG (Figure 6B; t(6) = 12, p < 0.0001). The proportion of TRPV1-expressing neurons in the untargeted V3 region of RTX-injected mice was 22%, which was not significantly different from V3 region of contralateral TG (p > 0.96). These results suggest that intra-TG injection of RTX produces ablation of approximately half of TRPV1-expressing neurons in V1/V2 region of TG.
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FIGURE 6. Efficacy of ablation of TRPV1-expressing nociceptors by intra-TG injection of RTX. (A) Immunohistochemical labeling of TRPV1 (red), Nissl staining (green), and merged images in ophthalmic/maxillary (V1/V2) area or mandibular (V3) area of TG from RTX-injected or uninjected contralateral side. (B) Proportion of TRPV1-expressing neurons among Nissl+ neurons. ****p < 0.0001 in Student’s t-test. N = 4 ganglia in each group.
 



Genetic Inhibition of TRPV1 Attenuates Orthodontic Pain Behaviors

To determine the roles of TRPV1 in orthodontic pain, we evaluated MGS and BF in TRPV1 KO or WT littermates subjected to 10 g OF or sham (Figure 7A). MGS scores among groups showed significant difference over 7 days following procedure (Figure 7B; interaction of time and group effect, F9,54 = 15.38, p < 0.0001). There were no differences in MGS scores between groups at baseline. At 1d, WT mice subjected to 10 g OF (WT/OF) showed significantly higher MGS scores than WT mice receiving sham treatment (WT/Sham). In contrast, changes in MGS in TRPV1 KO mice receiving OF (KO/OF) did not show significant difference compared to sham (KO/Sham). Consequently, KO/OF mice exhibited significantly lower MGS scores than WT/OF mice. At 3d, the trend was similar to the 1d result. At 7d, the WT/OF group and the KO/OF group did not show significant differences in MGS compared to sham controls.
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FIGURE 7. TRPV1 KO attenuates orthodontic pain behaviors. (A) Timeline of experiment. The 10 g spring was placed in TRPV1 KO and sham. (B) MGS before and 1, 3, and 7d after the application of 10 g orthodontic force (OF) or sham. ****p < 0.0001 in Bonferroni post hoc test following two-way RM ANOVA. (C) Relative BF from the same mice used for measuring MGS in A. ****p < 0.0001 (WT/sham vs. WT/OF); ##p < 0.01, ####p < 0.0001 (KO/Sham vs. KO/OF); +p < 0.05, +++p < 0.001 (WT/OF vs. KO/OF) in Bonferroni post hoc test following two-way RM ANOVA.
 

In the BF assay (Figure 7C), changes in bite force showed significant difference over 7 days following procedure (interaction of time and group effect, F9,54 = 9.882, p < 0.0001). The WT/OF group showed a significant reduction in BF compared to the WT/Sham group at 1d. KO/OF group also showed significantly reduced BF compared to KO/sham group. BF reduction in the KO/OF group was significantly less than reduction in the WT/OF group at both 1d and 3d. At 7d, BF of WT/OF and KO/OF had further recovered toward levels in sham groups. However, the BF of WT/OF and KO/OF were significantly lower than that of WT/sham and KO/sham groups, respectively. There were no significant differences between BF in WT/OF and KO/OF groups.



Discussion

We have established a mouse model of orthodontic pain, and have tested two orthodontic force levels, 2 and 10 g. The 2 g force was great enough to produce comparable levels of pain as the 10 g force, but was not sufficient to produce consistent tooth movement. Therefore, we regarded 10 g as a minimum orthodontic force producing reliable tooth movement with maximal levels of pain in the mouse model. In clinic, orthodontic force induces spontaneous pain and chewing-evoked pain, which is resolved in approximately 1 week (Scheurer et al., 1996). Our mouse model reflects similar clinical characteristics: MGS and BF may reflect spontaneous pain and chewing-evoked pain, respectively, and orthodontic force-induced changes in MGS and BF lasted approximately a week. Thus, our mouse model mimics clinically relevant pain evoked by a reasonable force that produces orthodontic tooth movement.

We determined the neurochemical properties of afferents retrogradely labeled from periodontium including gingiva, alveolar bone, and periodontal ligament. The size distribution showed that majority of periodontal afferents are small to medium diameter. The size of periodontal afferents is apparently larger than facial skin afferents, similar to dural afferents but smaller than pulpal afferents (Chung et al., 2011; Huang et al., 2012). We found that 28% of TG afferents retrogradely labeled from mouse periodontium contained TRPV1 and 23% of periodontal afferents contained CGRP. The proportion of TRPV1-expressing periodontal afferents in mice is comparable to the proportion of TRPV1-expressing periodontal ligament afferents in rats (~25%) (Gibbs et al., 2011) and higher than in pulpal afferents in mice (~10%) (Chung et al., 2011). The proportion of CGRP-expressing afferents in mouse periodontal afferents is similar to the proportion in pulpal afferents (28%), lower than in mouse facial skin afferents (~30%) but higher than in dural afferents (~15%) (Chung et al., 2012; Huang et al., 2012). Importantly, the peptidergic periodontal afferents were highly colocalized with TRPV1. Therefore, chemical ablation of TRPV1-expressing afferents should affect a majority of peptidergic afferents that project to periodontium.

Using targeted chemical ablation, we found that TRPV1-expressing trigeminal nociceptors are major contributors to pain behaviors evoked by orthodontic force in mice. TRPV1-expressing afferents are responsible for thermal, but not mechanical, sensitivity in skin (Cavanaugh et al., 2009). In deep tissues, such as masseter muscle, however, TRPV1-expressing afferents mediate spontaneous pain as well as bite-evoked pain under inflammation (Wang et al., 2017a). Since orthodontic force induces inflammation in periodontium to produce inflammatory mediators and cytokines (Long et al., 2016; Kobayashi and Horinuki, 2017), it is likely that changes in MGS and BF involve peripheral sensitization of periodontal afferent terminals. Indeed, non-steroidal anti-inflammatory drugs (NSAIDs) reduce orthodontic pain in patients and rodents (Bartzela et al., 2009; Shibazaki et al., 2009). Pharmacological inhibition or knockdown of TRPV1 attenuates spontaneous pain behaviors, such as grimace scale or face grooming, induced by orthodontic forces in rats (Gao et al., 2016; Guo et al., 2019a). Our experiments using genetic knockout of TRPV1 further support the contribution of TRPV1 to spontaneous pain behaviors evoked by orthodontic force. We also showed that knockout of TRPV1 attenuated BF reduction evoked by orthodontic force. This is in contrast to the results from inflamed masseter muscle, in which TRPV1 substantially contributes to MGS whereas it only marginally affects BF (Wang et al., 2017a). These results suggest that inhibiting TRPV1 can affect different modalities of orthodontic pain and that the contribution of TRPV1 to bite-evoked pain is context-dependent. The source of such different contribution of TRPV1 to bite-evoked nocifensive behaviors following masseter inflammation versus orthodontic tooth movement is not clear. It is possible that the extent of injury produced by masseter inflammation is more extensive than orthodontic tooth movement and, therefore, involves greater peripheral and central components that are independent of TRPV1.

Despite the clear role of TRPV1 and TRPV1-expressing afferents in orthodontic pain behaviors, we do not exclude possible contributions of other molecules and neurochemically distinct subtypes of nociceptors. Partial attenuation of MGS and BF by the ablation of TRPV1-expressing afferents or knockout of TRPV1 supports this notion. It is highly likely that other TRP channels enriched in peptidergic afferents, for example TRPA1, play additional or overlapping roles in orthodontic pain behaviors as in the case of masseter hyperalgesia (Wang et al., 2018). These possibilities need to be determined in the future.

Determining the mechanisms of orthodontic pain addresses a critical clinical problem in orthodontics. A major concern in the field is that conventional analgesics such as NSAIDs adversely affect orthodontic tooth movement (Bartzela et al., 2009). Therefore, understanding mechanisms of orthodontic pain should help in the development of new approaches for attenuating pain without deleteriously affecting orthodontic tooth movement.

In conclusion, our data support the hypothesis that TRPV1 and TRPV1-expressing trigeminal nociceptors constitute a major pathway for transduction of orthodontic pain. This study established a new mouse model of orthodontic pain, well suited to mechanistic studies aimed at developing novel approaches for painless orthodontics.
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A Corrigendum on
 TRPV1 and TRPV1-Expressing Nociceptors Mediate Orofacial Pain Behaviors in a Mouse Model of Orthodontic Tooth Movement

by Wang, S., Kim, M., Ali, Z., Ong, K., Pae, E.-K., and Chung, M.-K. (2019). Front. Physiol. 10:1207. doi: 10.3389/fphys.2019.01207



In the original article, there was a mistake in Figure 6 as published. The X-axis of panel B was labeled incorrectly. The corrected Figure 6 appears below.
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FIGURE 6. Efficacy of ablation of TRPV1-expressing nociceptors by intra-TG injection of RTX. (A) Immunohistochemical labeling of TRPV1 (red), Nissl staining (green), and merged images in ophthalmic/maxillary (V1/V2) area or mandibular (V3) area of TG from RTX-injected or uninjected contralateral side. (B) Proportion of TRPV1-expressing neurons among Nissl+ neurons. ****p < 0.0001 in Student's t-test. N = 4 ganglia in each group.


The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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A functional integration between the trigeminal and craniocervical sensorimotor systems has been demonstrated, with simultaneous jaw and head–neck movements during jaw opening–closing. We previously showed that pain induction in the masseter muscle increased the relative contribution of the neck component of integrated jaw–neck movements. Induced pain or manipulation of proprioception by vibration did not affect accuracy during a jaw-opening task in men. It is not known how multimodal sensory stimulation, with a combination of pain induction and vibration, affects jaw-opening accuracy and precision. The aim was to investigate how jaw–neck movements, and specifically accuracy and precision of jaw-opening, are affected during concomitant nociceptive and proprioceptive stimulation of the masseter muscle. Twenty-one healthy men performed jaw-opening to a target position, defined as 75% of individual maximum jaw opening, during control (Ctr), vibration of masseter muscles (Vib), pain induction in the masseter (Pain), and concomitant vibration and pain induction in the masseter muscle (VibPain). Simultaneous jaw and head movements were recorded with an optoelectronic system and amplitudes calculated for each jaw opening–closing cycle. Accuracy of jaw movements was defined as the achievement of the target position. Precision of jaw movements was defined as the cycle-to-cycle variability from the mean of cycles 2–10 (coefficient of variation, CV). Differences between the trials were analyzed with Friedman’s test, Dunn’s test, and Benjamini–Hochberg correction. There were no significant differences between the trials for jaw movement amplitudes. For head movements, amplitudes for cycles 2–10 were larger during Pain compared to Ctr and Vib (both p = 0.034), and larger during VibPain compared to Ctr (p = 0.034) and Vib (p = 0.035). There were no differences in accuracy of jaw movements between the trials. For precision of jaw movements, the cycle-to-cycle variability was larger during VibPain compared to Ctr (p = 0.027) and Vib (p = 0.018). For integrated jaw–neck motor strategy, there was a difference between pain and non-pain trials, but no differences between unimodal and multimodal stimulation trials. For achievement of jaw-opening to a target position, the results show no effect on accuracy, but a reduced precision of jaw movements during combined proprioceptive and nociceptive multimodal stimulation.

Keywords: sensorimotor control, multimodal sensory stimulation, accuracy, precision, jaw movements, head–neck movements, pain, vibration


INTRODUCTION

Jaw function, including jaw opening, biting, and chewing, incorporates functional integration between the jaw and neck sensorimotor system. Thus, in healthy humans, head and jaw movements are coordinated during jaw-opening tasks in both single and rhythmical movements (Eriksson et al., 2000; Zafar et al., 2000). The coordination of movements is characterized by head extension during jaw-opening and head flexion during jaw-closing (Eriksson et al., 1998). These integrated jaw and head movements involve jaw and neck muscles, among others, the masseter, temporal, sternocleidomastoid, and trapezius muscles (Häggman-Henrikson et al., 2013). The simultaneous jaw and head–neck movements during jaw opening–closing tasks (Eriksson et al., 2000; Kohno et al., 2001) have been suggested to be based in a functional relationship between the trigeminal and craniocervical sensorimotor systems (Eriksson et al., 2000), also seen during jaw clenching (Clark et al., 1993), and in the trigeminocervical reflex (Sartucci et al., 1986). It has been proposed that this functional integration between the trigeminal and cervical regions can optimize performance during jaw function, such as jaw opening (Häggman-Henrikson et al., 2006).

We previously demonstrated that experimental pain in healthy individuals can alter jaw–neck motor behavior, underlining the sensorimotor relationship between the jaw and neck regions (Wiesinger et al., 2013). The relationship between trigeminal and craniocervical sensorimotor systems has a neuroanatomical basis, as the subnucleus caudalis in the trigeminal brainstem nuclear complex receives converging sensory inputs from deep and superficial trigeminal, facial, and upper cervical nerves. The subnucleus caudalis is also anatomically overlapping with the upper cervical dorsal horn, since it extends caudally to the upper spinal cord (Sessle et al., 1986). Sensory information from masseter muscle spindles is processed by neurons in the trigeminal mesencephalic nucleus (MesV). These neurons project through synaptic pathways to the trigeminal motor nucleus (Shigenaga et al., 1988), affecting multiple motor neurons including both jaw-opening and jaw-closing muscles (Zhang et al., 2012), as well as the motor nucleus in the cervical spine (Dessem and Luo, 1999). This convergence of various afferent inputs in the subnucleus caudalis may contribute to the regulation of trigeminal motor function (Romaniello et al., 2000).

The study of sensorimotor interactions and coordination has often been conducted by external manipulation of different sensory signals (modalities) and observation of changes in motor control. Common manipulations are experimentally induced pain by injection of hypertonic saline (HS) (Graven-Nielsen et al., 2000), glutamate, or capsaicin (Wang et al., 2010) in humans, or activation of nociceptors by bradykinin (Hellström et al., 2000) or HS (Capra and Ro, 2000) in animals. To manipulate another modality, Loucks and De Nil (2006, 2012) and Wiesinger et al. (2014) used vibration stimulation of proprioceptors, mainly muscle spindles within the masseter muscle. Research with concomitant stimulation of different sensory modalities related to nociception and proprioception in the trigeminal system, using motor control as an outcome, is limited. However, there are studies evaluating motor control outcomes such as balance, postural control, and speed of gait in combination with vibration of neck muscles in patients with neck pain (Beinert et al., 2015; Wannaprom et al., 2018). Vibration affects motor performance (evaluated by balance and speed of gait) differently depending on presence of pain, with decreased motor performance during vibration in healthy individuals and increased performance in patients with neck pain (Wannaprom et al., 2018). Similar results were previously shown for cervical joint position sense, and dynamic and static postural stability in patients with neck pain (Beinert et al., 2015). In the case of integrated jaw and head movements, no studies have investigated the effect of vibration on motor control output in patients with jaw or neck pain or during experimentally induced pain in healthy participants. In our previous study (Wiesinger et al., 2013), where experimental pain was induced by HS injection in the masseter muscle in men, the results showed that the relative contribution of the neck component of the movements increased during pain, indicating an altered strategy for jaw–neck motor control, which is in line with the notion that pain leads to adaptations in motor control with a wide spectrum of adaptation mechanisms, including redistribution of activity within and between muscles, as well as changes at different levels of the motor system (review by Hodges, 2011).

When performing a motor task to a specific target position, the outcome of the task can be assessed by both the accuracy, that is, achievement of the target position, and precision, that is, reproducibility of the performance of the task. In our previous study, nociceptive stimulation by pain induction in the masseter muscle affected the jaw–neck motor strategy, but did not affect the accuracy during a jaw-opening task to a predefined target amplitude (Wiesinger et al., 2013). Also, when manipulating a different sensory modality, proprioception, by vibration of the masseter muscles, neither the accuracy, nor the precision during the jaw-opening task was affected (Wiesinger et al., 2014).

Thus, previous studies suggest a high stability in the jaw–neck motor system during a jaw-opening task when manipulating separate sensory modalities in the masseter muscle in men. It is not known how concomitant multimodal sensory stimulation affects jaw-opening accuracy and precision.

The aim of the present study was to investigate how jaw–neck movements, and specifically accuracy and precision of jaw opening, are affected by concomitant nociceptive and proprioceptive stimulation of the masseter muscle in men.



MATERIALS AND METHODS


Participants

Healthy men were invited to participate in the study. Originally, data for 21 men were collected; out of these, a total of seven were excluded: three due to a necessary change in study design, three due to incorrect application of the vibrator, and one due to a time delay in the start of the movement recording during the pain trial. To retain the statistical power, eight more participants were therefore recruited for a second data collection. Of these, one participant was excluded due to inability to follow given instructions. Thus, the final analysis is based on 21 healthy men aged 20–34 years (SD = 3.9).

A screening questionnaire and a clinical examination of the jaw function were used to determine eligibility for the study. Exclusion criteria were both self-reported – symptoms in the jaw (joint sounds during jaw opening–closing/chewing; pain/tiredness; difficult opening wide; jaw locking); pain in the head, neck, shoulder, or back; ear disease; hearing loss; neurological disorders; impaired balance; diabetes; muscle and joint disease; tumor; body mass index ≥30; elite athletes or persons with very low level of physical activity – as well as established by clinical examination – signs and symptoms of temporomandibular disorder (TMD) according to Research Diagnostic Criteria Axis I (Dworkin and LeResche, 1992). The participants had to abstain from alcohol and analgesics 24 h prior to the experiment. They were informed about the test procedures and that the injection was expected to cause pain of a short duration, but not about the specific aims of the investigation. All participants provided written, informed consent. The study was conducted according to the Declaration of Helsinki. The Regional Ethical Review Board in Umeå approved the investigation.



Experimental Procedure and Set-Up

The participants performed continuous jaw opening–closing movements from light tooth contact, in the intercuspal position, to a predefined, individual target position, with eyes closed. The target jaw opening position was defined as 75% of the individual maximum jaw opening, as measured with a ruler.

The motor task was performed under four conditions: (1) control (Ctr), (2) vibration of the masseter muscle (Vib), (3) pain induction in the masseter muscle (Pain), and (4) concomitant vibration and pain induction in the masseter muscle (VibPain). The order of Pain and VibPain was randomized in a balanced design, and there was 30 min resting time between the pain injections. The subjects performed one learning trial before the Ctr trial; this was not used in the analysis. The recording time for each trial was 25 s. The four trials were performed in one experimental session. The motor task was performed three times during each trial, only the first recording was used in the analysis.

Participants practiced the individual jaw-opening target before each trial, using a cellular plastic block cut to the individual 75% target position. The target position was registered twice with the optoelectronic recording system (MacReflex®, Qualisys), while the subjects held the plastic block between their front teeth. The jaw opening–closing pace was also practiced before each trial, with a metronome set at 50 beats/min. The subjects were instructed to try to maintain a similar speed during the trials, while their main task was to achieve the 75% target position in each jaw opening–closing cycle.

The participants were seated in an upright position in a chair with back support but without headrest, to allow for free head–neck movements. Before and throughout the experiments, they were given standardized information about the procedure. A flowchart of the experimental set-up is shown in Figure 1.


[image: image]

FIGURE 1. Flowchart of the experimental set-up. Participants (n = 21) performed continuous jaw opening–closing movements during four conditions (Control, Pain, Vibration, Vibration, and Pain) in 25 s recordings. HS = 5.8% hypertonic saline.




Vibration

Bilateral vibration of the masseter muscles was performed with a custom-made device, which has previously been described in detail (Wiesinger et al., 2014). The device was fitted at the start of the session and remained in place until the end. Two plexiglass tubes, attached with an adjustable headband, contained electrical motors and mounted weights, causing vibrations of the tubes. Rubber feet positioned on the bellies of the masseter transmitted the vibrations to the masseter muscles. The application pressure was 2 N on each side, and the vibration frequency was 80 Hz. The vibrators were activated 2 s after the start of movement recording, and the subjects were verbally instructed to start the motor task 1 s after the start of the vibrators.



Experimental Pain

Pain was induced with unilateral injections of HS (0.2 ml, 5.8%) with a 27G × 3/4″ needle into the mid-portion of the masseter muscle over 15 s. The first injection was given on the right side and the second injection, 30 min later, on the left side, regardless of whether the trial included vibration or not (VibPain or Pain). The movement recording started 60 s after the injection of HS, and the subjects started the task 2 s after the start of movement recording.

Participants rated their pain intensity on a 100 mm visual analog scale (VAS), ranging from 0 (no pain) to 100 (worst pain imaginable) 15 and 30 s after the injection, 5 s after the movement recording, and then repeatedly every 15 s up to 4 min 45 s after the injection. Pain rating was not performed during movement recording.



Concomitant Vibration and Pain Induction

The movement recording started 60 s after injection of HS, the vibrators were activated 2 s after the start of movement recording, and the subjects started the task 1 s after activation of the vibrators.



Movement Recording

Movements of the jaw and the head were simultaneously recorded in three dimensions with a wireless optoelectronic system (MacReflex®, Qualisys) at a sampling rate of 50 Hz. A tripod of retro-reflective markers was attached to the bridge of the nose, and a single marker at the tip of the chin. Two cameras acted as illuminators and detectors of the reflective markers. The set-up enabled movements to be recorded with a spatial resolution of 0.02 mm, within a working volume of 45 cm × 55 cm × 50 cm. Details of the set-up have been described previously (Eriksson et al., 2000; Wiesinger et al., 2013).



Jaw and Head Movements

To enable mathematical compensation of the jaw movements for the associated head–neck movements, reference markers were positioned on the head during the recordings. This marker arrangement allowed us to perform a calculation of the jaw movements in relation to the head, thereby compensating for simultaneously occurring head–neck movements. Definitions of head and jaw movement amplitudes and Cycle 1 are defined in Figure 2.
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FIGURE 2. Schematic illustration of the first two jaw opening–closing cycles as well as head and jaw movement amplitudes.


The movement amplitudes for the jaw and head were calculated for each jaw opening–closing cycle. Since the first head movement cycle did not follow the same pattern as the following cycles, the movement amplitude for the first movement cycle was analyzed separately for both jaw and head amplitudes for each individual. The average amplitudes of the jaw and head movements for cycles 2–10 were calculated for each participant in each trial.

The starting point for the jaw movement cycle was defined as the time point at which the mandible began the downward jaw-opening movement. For each movement cycle, the jaw movement amplitude was defined as the distance from the starting position to the most inferior position of the jaw (i.e., at the shift from the jaw-opening phase to the jaw closing phase). For each corresponding movement cycle, the head movement amplitude was defined as the distance between the starting position and the most superior position of the head. The accuracy of the jaw movements was defined as the achievement of the individual 75% target position, and expressed as percentage of target amplitude. The precision of the jaw movements was defined as the intra-individual cycle-to-cycle variability from the mean of Cycles 2–10 of each trial, that is, the coefficient of variation (CV).



Analysis

Rated pain intensities at specific time points in Pain and VibPain were compared with Wilcoxon matched pairs test. Accuracy of jaw movement amplitudes at different trials was calculated as the percentage of the individual 75% target position. The CV for Cycles 2–10 was calculated for each trial. The overall differences between the trials (Control, Vib, Pain, and VibPain) in Cycle 1 and Cycles 2–10, respectively, were analyzed with Friedman’s test for movement amplitudes, accuracy, and precision. In case of a significant Friedman’s test, post hoc comparisons were performed with Dunn’s test. Benjamini–Hochberg correction (Benjamini and Hochberg, 1995) was used to correct the p-values for multiple comparisons. Interquartile range was calculated for all variables. The significance level was set at 0.05.



RESULTS


Pain Intensity

The HS injections initiated local pain in all participants. The pattern for the rated pain intensity was similar for the Pain and VibPain trials with no differences between the trials for specific time points (Figure 3).
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FIGURE 3. Pain intensity scores (mean and standard error ± 2 SE) on a 0–100 mm visual analog scale following injection of hypertonic saline (HS) in the masseter muscle during Pain (HS injection) and VibPain (concomitant vibration and HS injection) (n = 21). Shaded area indicates the time frame of movement recording. X-axis shows time (s) after HS injection.




Movement Amplitudes

There were no significant differences between the different trials for jaw movement amplitudes for Cycle 1 (p = 0.074) or Cycles 2–10 (p = 0.164) (Figure 4 and Table 1). For head movement amplitudes, there was no overall significant difference between the trials for Cycle 1 (p = 0.074), but an overall statistically significant difference for Cycles 2–10 (p = 0.009). After corrected Dunn’s tests the head movement amplitudes for Cycles 2–10 were significantly larger during Pain compared to Control and to Vib (both p = 0.034), and significantly larger during VibPain compared to Control (p = 0.034) and to Vib (p = 0.035). There was no difference between Pain and VibPain trials (Figure 5 and Table 1).
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FIGURE 4. Box plots (median, mean, quartiles, minimum, and maximum) of jaw movement amplitudes during jaw opening–closing tasks in Control (Ctr), Vibration (Vib), Pain, and combined Vibration and Pain (VibPain) trials for the movement cycle 1 and movement cycles 2–10, respectively. Each dot represents one individual.



TABLE 1. Jaw and head movement amplitudes (mm) with interquartile range (IQR) for the different trials.
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FIGURE 5. Box plots (median, mean, quartiles, minimum, and maximum) of head movement amplitudes during jaw opening–closing tasks in Control (Ctr), Vibration (Vib), Pain, and combined Vibration and Pain (VibPain) trials for the movement cycle 1 and movement cycles 2–10, respectively. Each dot represents one individual.




Jaw Opening Accuracy and Precision

For accuracy of jaw movements there were no overall differences between the trials for Cycle 1 (p = 0.102) or Cycles 2–10 (p = 0.164). For precision of jaw movements there was an overall significant difference between the trials (p = 0.014). After corrected Dunn’s test the CV was significantly larger during VibPain compared to both Ctr (p = 0.027) and to Vib (p = 0.018). Table 2 shows the accuracy and precision of jaw movements during the different trials.


TABLE 2. Percentage achievement of the individual target position (accuracy) for Cycle 1 and Cycles 2–10, as well as cycle-to-cycle variability (precision) for Cycles 2–10, during the different trials.
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DISCUSSION


Main Findings

In this study, integrated jaw and head movements during a jaw-opening task were evaluated during concomitant manipulations of two sensory modalities, proprioception by vibration of the masseter muscle and nociception by HS injections in the masseter muscle. For the integrated jaw–neck motor strategy, there was an overall difference between pain and non-pain trials, but no additional difference between unimodal and multimodal stimulation trials. For the achievement of the jaw opening task to a target position, the results show no overall difference between trials for jaw movement accuracy, but an overall reduced jaw movement precision during multimodal stimulation with vibration and pain induction combined, compared to unimodal stimulation.



Jaw and Neck Motor Strategy

We have previously shown that experimental pain in healthy individuals altered jaw–neck motor strategy during a jaw-opening task to a target position. The pain-induced change in motor strategy was expressed as an increase of the relative component of the head movements compared to the jaw movements, which remained unchanged (Wiesinger et al., 2013) in both men and women (Wiesinger et al., 2016). This finding, that jaw movement amplitudes remained unchanged during pain induction, despite other reports of reduced jaw amplitudes during experimental pain, was interpreted as an example of task-dependent effects of pain on motor behavior (Sae-Lee et al., 2008). In another study (Wiesinger et al., 2014), we reported that jaw and head movement amplitudes were not affected by vibration of the masseter muscle, indicating a high stability of the jaw–neck motor system. For the combined multimodal stimulation with pain and vibration in the present study, the overall findings were similar to the pain trials, with no change in jaw movement amplitudes, but larger head movement amplitudes compared to the control and vibration trials. This lack of difference in jaw and neck motor strategy, between unimodal and multimodal stimulation trials indicate a general stability of the jaw–neck system. The increase in the relative neck component in pain trials compared to non-pain trials, combined with the stability of jaw movement amplitudes and maintained task achievement, points to goal-oriented performance by the multi joint jaw–neck motor system to ensure the execution of functional jaw tasks.



Accuracy

In our previous studies of jaw opening to a target position, where, as described above, experimental pain in healthy men altered jaw–neck motor strategy, the accuracy of achieving the jaw-opening target position was not affected (Wiesinger et al., 2013). Neither was the accuracy of jaw opening affected by vibration (Wiesinger et al., 2014). Vibration can affect muscle spindles, sensory organs that convey information on muscle length related to body and limb movement and position movements, as well as other rapidly adapting afferents (Goodwin et al., 1972; Roll et al., 1989). A human study concluded that vibrations with frequencies of 80–100 Hz activated the largest number of muscle spindle endings (Roll et al., 1989). It has previously been reported that vibration can decrease the accuracy of target movements in both extra-trigeminal (Inglis and Frank, 1990) and trigeminal areas (Loucks and De Nil, 2006, 2012), presumably by increased firing of muscle spindles causing an illusion of larger muscle extension than actually performed. In terms of achievement of the target position in our previous study, an undershoot was seen in the control trial, but only for women in the pain trial, and with large individual variations (Wiesinger et al., 2016). Our finding in the present study that vibration did not affect the undershoot meant that we could therefore not confirm previous reports of increased undershoot when vibrating executing muscles. The experimental set-up and the vibration device used in our experiments have also been utilized in another study, where an effect on fine motor control was demonstrated during a bite–hold task (Kumar et al., 2019), indicating that our experimental set-up does affect the proprioception. Taken together, the results from the above studies indicate that for vibration, as for experimental pain (Sae-Lee et al., 2008), the effects, or lack thereof, on jaw motor behavior may be task dependent. Furthermore, the results indicate an overriding stability of the jaw system when performing a goal-orientated task, jaw-opening to a target position, during unimodal stimulation with experimental pain and vibration, as well as multimodal stimulation with both pain and vibration.



Precision

The precision of jaw opening, as evaluated by the cycle-to-cycle variability, was reduced in the multimodal trial with concomitant pain induction and vibration, compared to the control and unimodal vibration trials. Our finding of a reduced precision, in combination with no change in accuracy, is in line with a study by Kumar et al. (2017) where a dissociation between accuracy and precision was found during a biting task, although they reported dynamic changes for both accuracy and precision. Furthermore, the authors reported differences between trigeminal and non-trigeminal systems, where the lack of visual feedback was discussed as a possible contributing factor.



Multimodal Stimulation With Pain and Vibration

In the present study, a difference in jaw and neck motor strategy between pain and non-pain trials was found, but no additional difference between uni- and multi-modal stimulations. Also, there was no difference in perceived pain intensity between uni- and multi-modal stimulations. This is in contrast to findings in other body regions, where activation of large myelinated fiber by vibration generally produced an analgesic effect (Lundeberg et al., 1988; Kakigi and Shibasaki, 1992; Ward et al., 1996; Weerakkody et al., 2003; Gay et al., 2015).

The analgesic effect produced by activation of large myelinated fibers during vibration is mediated by receptors located in the skin responding to different vibration frequencies. In the present study the vibration frequency was 80 Hz. It has been suggested that the Pacinian channels should be responsible for the analgesic effect in stimulation ranges from 60 to 400 Hz (Pertovaara, 1979). This could explain the lack of analgesic effect seen in this study, since the skin in the orofacial area lacks functional Pacinian channels (Barlow, 1987; Hollins et al., 1991) or demonstrated afferents from Pacinian corpuscles (Johansson et al., 1988). However, spontaneous TMD pain is shown to be reduced by 100 Hz vibration applied in the orofacial area; thus, the Pacinian corpuscles cannot be essential for the analgesic effect, and other receptors could be involved, for instance, the Meissner’s corpuscles (Roy et al., 2003). The Meissner’s corpuscles are mainly activated by frequencies of 20–50 Hz (Gilman, 2002), which is lower than the 80 Hz used in the present study. In the present study, acute pain stimulation by injection of HS in the masseter muscle was used in healthy individuals, as opposed to the study of Roy et al. (2003), where individuals with chronic TMD were used. It cannot be ruled out that the barrage of tactile afferent information evoked by the vibration may have had effects on the central processing of nociceptive information. Chronic TMD is suggested to include alternations in processing of nociceptive information (review by Chichorro et al., 2017); thus, it is not clear if responses to vibration during acute and chronic pain in the orofacial area would be the same.



CONCLUSION

For the integrated jaw and neck motor strategy, there was a difference between pain and non-pain trials, but no additional differences between unimodal and multimodal stimulation trials. For the achievement of jaw opening to a target position, the results show no effect on accuracy, but a reduced precision of jaw movements during multimodal stimulation with combined proprioceptive and nociceptive stimulation.
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Chronic pain in the orofacial region is common worldwide. Pain seems to affect the jaw motor control. Hence, temporomandibular disorders (TMD) are often accompanied by pain upon chewing, restricted mouth opening and impaired maximal bite forces. However, little is known on the effects of pain, in particular the effects of chronic jaw muscle pain on precision biting. The aim of the study was to investigate the effect of chronic and acute jaw muscle pain on oral motor control during precision biting in humans. Eighteen patients with chronic masseter muscle pain and 18 healthy participants completed the experiment. All participants were examined according to the Diagnostic Criteria for TMD. Experimental acute pain was induced by bilateral, simultaneous sterile hypertonic saline infusions into the healthy masseter muscles. A standardized hold and split biting task was used to assess the precision biting. The data was analyzed with non-parametric statistical tests. The results showed no significant differences in the hold forces, split forces, durations of split or peak split rates within or between the pain and pain-free conditions. The mean split rate increased significantly compared to baseline values both in the chronic patients and the pain-free condition. However, this increase was not evident in the experimental acute pain condition. Further, there were no significant differences in the mean split rates between the conditions. The data suggest that jaw muscle pain does not seem to alter precision biting in humans, however, the possibility that a nociceptive modulation of spindle afferent activity might have occurred but compensated for cannot be ruled out.

Keywords: jaw motor control, chronic pain, myalgia, experimental pain, hypertonic saline


INTRODUCTION

Chronic pain is a large and worldwide health problem with approximately 20% of the population reporting chronic pain of moderate to severe intensity (Breivik et al., 2006). The orofacial region is one of the most frequent locations for chronic pains, with a prevalence of 5–33% worldwide (Macfarlane et al., 2001, 2002, 2004; Isong et al., 2008; Schiffman et al., 2014). The most common diagnosis of the temporomandibular disorders (TMD) is masticatory muscle pain, i.e., myalgia (LeResche, 1997). Previous studies have shown that pain affects jaw motor control (Lund et al., 1991; Svensson and Graven-Nielsen, 2001; Murray and Peck, 2007) hence TMD is often accompanied by pain upon chewing, restricted mouth opening and impaired maximal (premolar/molar) bite force (Felício et al., 2002; Goiato et al., 2017; Xu et al., 2017). In the past, different theories have attempted to explain how pain and jaw function interrelate (Parker, 1990; Lund et al., 1991; Stohler, 1999; Svensson and Graven-Nielsen, 2001; Lobbezoo et al., 2006; Murray and Peck, 2007; Svensson and Kumar, 2016). However, several studies have either failed to or have presented contrary data to the fundaments of these theories (Stohler et al., 1988; Lund et al., 1991; Svensson et al., 1997, 1998; Svensson and Graven-Nielsen, 2001; Sae-Lee et al., 2008a, b). This contrasting evidence in the association between pain-related TMD and masticatory muscle function led to the integrated pain adaptation model which was presented in 2007 (Murray and Peck, 2007). Accordingly, pain is biopsychosocial and the relationship between pain and function may be more complex than proposed by the previous theories (Ohrbach et al., 2011, 2013; Bair et al., 2013). The theory proposes that just as an individual’s experience of pain varies, so will also an individual’s motor response.

Most evidence for how pain and jaw function interact comes from studies where pain was induced by injecting chemical substances in healthy subjects (Svensson and Graven-Nielsen, 2001; Graven-Nielsen, 2006; Kumar et al., 2015a, b). The use of pain models to mimic clinical pain is essential in research because the cause of pain is known and the effect can be controlled in such models. However, even if these pain models resemble clinical TMD-pain it is not certain that the induced pain can be exactly compared with the real, chronic TMD-condition. During a chronic pain condition changes in the nervous system occur causing central sensitization, which in turn may affect the motor function (Woolf and Walters, 1991; Woolf and Salter, 2000; Latremoliere and Woolf, 2009). Therefore, there is a greater need for studies that aim to investigate the mechanisms behind chronic musculoskeletal pain as well as further investigations of the contrasting evidence for the association between pain-related TMD and masticatory muscle function.

Human biting and chewing behaviors are controlled by a complex sensory-motor regulation involving the face primary motor cortex, the cortical masticatory area, and the central pattern generator (CPG) and coordinated by the sensory information from the periodontal mechanoreceptors (PMR’s), jaw muscle spindles, articular temporomandibular joint (TMJ) receptors, and pulpal mechanoreceptors as well as other orofacial features (Dellow and Lund, 1971; Nozaki et al., 1986; Lund, 1991; Trulsson and Johansson, 1996a, 2002; Türker, 2002; Lund and Kolta, 2006; Trulsson, 2006; van der Bilt et al., 2006; Grigoriadis et al., 2014; Kumar et al., 2014). Further, orofacial pain may be a potential modifier of mastication and jaw motor control (Clark et al., 1984) and therefore it is of great importance to investigate how pain affects human jaw function. Therefore, the aim of the study was to investigate the effect of chronic pain on oral motor force control during precision biting and compare it with experimentally induced acute pain in healthy controls. Our hypothesis was that chronic jaw muscle pain would affect the precise biting behavior and this would be reflected in the higher holding forces during the biting task (Capra et al., 2007), similar to the higher forces caused by alterations of the PMR’s (Svensson and Trulsson, 2011). Furthermore, we also hypothesized that the duration of the split phase should increase in chronic pain patients due to the fear of pain increase (Nicholas, 2007). On the other hand, the experimental acute pain model was not hypothesized to alter the fine motor control and would not affect the hold force and split duration in healthy participants similarly to other previously used models (Kumar et al., 2015a).



MATERIALS AND METHODS

This controlled, experimental, clinical study was conducted at the Department of Dental Medicine, Karolinska Institutet, Huddinge, Sweden. The study was performed in accordance with the declaration of Helsinki and approved by the Regional Ethical Review Board in Stockholm (DNR: 2014/1394-3). The chronic TMD-pain patients were recruited at the Specialist Clinic at the University Dental Clinic, Karolinska Institutet, Huddinge, Sweden and Eastmaninstitutet Folktandvården Stockholms län AB, Stockholm, Sweden. The healthy participants were recruited at the Department of Dental Medicine or the University Dental Clinic, Karolinska Institutet, Huddinge, Sweden. Before inclusion, all participants were given both verbal as well as written information about this study and an informed written consent was obtained.


Participants

A sample size calculation revealed that 17 participants in each group was required to show a mean (SD) difference of 30% between the groups, with a power of 80% and a significance level of 0.05 (Svensson and Trulsson, 2011). Hence, 22 patients (mean age ± SD = 34 ± 12 years) with chronic myalgia including myofascial pain with referred pain in the masseter muscles with/without temporal myalgia were recruited in the study. Additionally, 22 pain-free, sex- and age-matched healthy volunteers (mean age ± SD = 33 ± 11 years), were also included in the study as controls. Therefore, the patient group comprised of 16 women (mean age ± SD = 35 ± 13 years) and six men (mean age ± SD = 30 ± 7 years), the control group also comprised of 16 women (mean age ± SD = 34 ± 13 years) and six men (mean age ± SD = 30 ± 6 years). The healthy controls also acted as the experimental acute pain group.

Further, out of the 22 included participants in each group 18 participants (14 women and 4 men) from the chronic patient group and 18 participants (12 women and 6 men) from the control group provided complete data for the analysis. The four remaining participants in each group had either incomplete data or were identified as outliers. This data was handled as missing data in the statistical analyses (identification of outliers is described further below).

The inclusion criteria for participation in the study were: (a) age over 18 years; (b) intact natural central incisors with normal relation to antagonistic teeth; (c) individuals capable to protrude the lower jaw in order to be able to perform the hold and split task. Exclusion criteria were: (1) a diagnosis of arthralgia, degenerative joint disease painful jaw clicking or locking according to (DC/TMD) (Schiffman et al., 2014); (2) clinically visible dental pathology or mobility, toothache, severe malocclusions, tooth wear grade 3 = exposure of pulp or secondary dentine according to the simplified scoring criteria for tooth wear index I (López-Frías et al., 2012), (3) earlier trauma to the anterior teeth; (4) root-canal treatments in the anterior teeth, orthodontic retainer, fixed prosthodontics (implants, bridges, crowns) in the anterior teeth, dentures; (5) systemic inflammatory diseases (i.e., rheumatoid arthritis, fibromyalgia, etc.), neuropathic pain or neurological disease; (6) whiplash associated disorder; (7) use of any medication that might influence the response of pain i.e., analgesics during 24 h preceding the experiment, use of cannabinoids, or any medication that might influence the neurological function; (8) allergy to any of the substances or food used in the experiment; (9) pregnancy or lactation; and (10) cognitive or physical disability that prevent participation.

Additional inclusion criteria for patient group were: (d) a diagnosis of local myalgia or myofascial pain or myofascial pain with referred pain in the masseter muscle according to the diagnostic criteria for temporomandibular disorders (DC/TMD); (e) a pain duration of at least 3 months; (f) current pain with a minimum score of 3 according to numeric rating scale (NRS 0-10).

For the healthy individuals the additional inclusion criteria were: (d) good general health. Additional exclusion criteria were: (11) a diagnosis of myalgia or myofascial pain according to the DC/TMD; (12) additional palpatory tenderness of the masseter, temporalis muscles or over the TMJ.



Experimental Protocol

Participants answered questionnaires regarding anxiety (generalized anxiety disorder scale-7; GAD-7) (Löwe et al., 2008), depression (the patient health questionnaire for depression-9; PHQ-9) (Kroenke et al., 2001), physical symptoms (PHQ-15, the patient health questionnaire for physical symptoms-15) (Kroenke et al., 2002), and stress (PSS-10, perceived stress scale-10) (Nordin and Nordin, 2013). Patients with myalgia answered questionnaires regarding chronic pain (graded chronic pain scale-7; G-7) (Von Korff et al., 1992). Prior to the inclusion, all participants were clinically examined according to DC/TMD. The experimental protocol and time points of assessments are illustrated in Figure 1A for the chronic pain and 1B for the pain-free and experimental acute pain. During the single experimental session of about 1 h, the chronic pain patients as well as the pain-free healthy controls were asked to perform ten trials of a standardized hold and split biting task (Trulsson and Johansson, 1996b) after performing five training trials. In order to simulate the experimental acute pain condition, simultaneous bilateral infusions of 0.4 ml of sterile hypertonic saline (58.5 mg/ml) into both masseter muscles were performed in the healthy controls during 20 s. The infusions were performed by an infusion pump (infusion rate 1200 μl/min; Harvard Infusion Pump 22, Harvard Apparatus, Great Britain) (Christidis et al., 2008), as shown in Figure 1C. The healthy controls were asked to perform ten trials while in pain. For all participants in all condition-groups, pain intensity was recorded before the task (for the experimental acute pain condition immediately after injection), at peak pain and at the end of the task. The experimental acute pain participants were also instructed to inform when the pain intensity was below the level of three on the 11-graded NRS-scale (0–10). While the chronic pain patients were asked to comment if their pain increased, decreased or remained unchanged after performing the hold and split task. After the task, all participants were asked to mark the maximum pain spread on a pain drawing. In the digital analysis, the scanned pain areas (i.e., the marks on the pain drawings) were analyzed in arbitrary units (au). Pain drawings provided visual illustration and quantitatively described the pattern and location of pain as well as referred pain (Wright, 2000). Three examiners (SA, AB, and KS) led the trials and were trained together in giving the instructions in the same manner according to a standardized protocol.
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FIGURE 1. Flow-chart illustrates the experimental protocol for chronic pain (A). BL, baseline before the task; BL, start of the task; E, end of the task. Flow-chart illustrates the experimental protocol for pain-free and experimental acute pain (B). BL, baseline before the task; s, second; E, end of the task. DC/TMD, Diagnostic criteria for temporomandibular disorders; NRS, numeric rating scale. Participant performing the hold and split task and the equipment used during the experiment (C). Estrella half peanut was placed on force transducer during acute induced pain in the masseter muscles bilaterally by infusion of hypertonic saline with Harvard infusion pump. A written informed consent was obtained from the participant in the figure for the publication of the image. A representative schematic force profile (upper trace) and force rate profile (lower trace) of one hold and split trial as shown in the WinZoom program (D). (a) Initial contact with the food, (b) Initiation of splitting, (c) the split force and end of the split phase, (d) duration of the split phase, (e) peak rate of split force, and (f) hold phase, interval beginning 0.2 s after initial contact with the food and ending 0.2 s prior to the onset of the split phase.




Hold and Split Task

The hold and split task simulated the natural behavior of positioning/holding and contracting the jaw muscles to apply the optimum force needed for splitting food. The task was firstly described by Trulsson and Johansson in 1996 (Trulsson and Johansson, 1996b) using peanuts as test food. Many studies embraced the same methodology later on using a custom-built apparatus (Umeå University, Physiology Section, IMB, Umeå, Sweden) of the same design (Johnsen et al., 2007; Svensson and Trulsson, 2009, 2011; Kumar et al., 2014, 2015a, 2017, 2019). The apparatus consisted of 11 cm-long plastic-covered metal handle with a diameter of 7 mm connected to two duralumin blocks that terminate in two parallel rectangular plates. The total weight of the plates was 48 g and the stiffness between the plates was 50 N/mm while the total length of the apparatus was 17 cm. The upper duralumin block contained strain gauge force transducers for assessment of the forces applied to the plate (DC 200 Hz). The apparatus was designed to insure that the force assessment is independent of where the force was applied to the plate (Svensson and Trulsson, 2009). A half of a roasted and salted peanut (Estrella salta jordnötter; Estrella AB, Angered, Sweden) was placed on the free-end of the plate. A less than 0.1 mm thin piece of plastic-coated fabric tape on the top of the upper plate prevents the peanut from slipping while the apparatus was being positioned. The lower plate, which was placed with 8 mm distance between surfaces from the upper plate, was equipped with a piece of plexiglass designed to function as an anterior stop while positioning of the lower incisors. Participants used their preferred hand to place the apparatus between the upper and lower right or left central incisors in order to hold the apparatus in a horizontal position. The participants placed the lower plate on the lower incisor and slid the apparatus until the anterior stop was reached and the edge of the upper antagonist central incisor was positioned near the middle of the peanut, as shown in Figure 1C. The participants were instructed to hold the peanut between their incisors and not to use more force than necessary to control the peanut (Trulsson and Gunne, 1998). After approximately 3–5 s, the participants were asked to split the peanut. The forces applied by the incisors were continuously monitored during the task. If the peanut was dropped before the holding phase, a new trial with a new peanut was recorded. On the other hand, if the peanut was dropped before splitting, the trial was observed as a failure.



Data Analyses

The force data were collected and analyzed using a customized software (WinSC/WinZoom v1.52.0.1; Umeå University, Umeå, Sweden) with 12-bit resolution at 800 Hz. Force rates were obtained by symmetrical numerical time differentiation ± 5 points from/to the force signal. The initial contact (a) and the onset of the split phase (b) were both reliably identified from the force-rate signal. The beginning of the split phase was detected at the point at which the force rate exceeded 5 N/s, the minimum rate of force increase that could be reliably detected in a single trial. The hold force was measured as the mean value of the force during the interval (f) – beginning 0.2 s after initial contact with the food (a) and ending 0.2 s before the onset (b) of the split phase. The split phase was characterized by a distinct rapid increase in force (b to c), which eventually split the food morsel. The split force/the end of the split phase (c) was defined as the peak force prior to the moment the morsel split, indicated by a rapid decrease in the force. The duration of the split phase (d) was defined as the time from the onset of the split phase (b) to the end of the split phase (c). The mean split force rate was defined as the force increase from the onset (b) to the end (c) of the split phase, divided by the duration of the split phase (d). The peak split force rate (e) defined as the max split force rate (steepest slope in the split phase profile) was identified by the WinZoom program. This is schematically shown in Figure 1D (Svensson and Trulsson, 2009).

Incomplete force trials as well as trials that were observed as failures due to dropping the peanut before splitting were handled as missing data. The peanut slippage was observed five times in the chronic condition (two patients), while this occurred once in the pain-free condition and once during acute pain condition (the same participant). Since the participants were not allowed to train more than five times before performing the hold and split task all trials’ profiles were manually checked and outliers were detected by using Adjusted Boxplot Method for skewed distributions (Brys et al., 2004, 2005; Hubert and Vandervieren, 2008). Outliers were handled as missing data. In all the three conditions (chronic pain, pain-free and experimental acute pain) only the first five “inlying” trials were included in the analyses (as for the pain conditions only trials during pain intensity of NRS ≥ 3). One participant from the healthy group did not answer the questionnaires hence; psychosocial data for that particular participant was handled as missing data.

The normality of the entire data was evaluated by using the Adjusted Boxplot Method and the Shapiro-Wilk test. The data showed a non-normal distribution with majority of the variables skewed to the right. Therefore, non-parametric tests were used to analyze the data. For each participant, data from all five included trials provided a participant median for each measurement and all data are further presented as group median (IQR, interquartile range). The data were analyzed with the SigmaStat software (version14.0; Systat Software Inc., San Jose, CA, United States) and for all tests, the level of significance was set at P < 0.05. Comparisons of psychosocial variables were done with Mann-Whitney Rank Sum test. For within condition’s comparisons, the non-parametric Friedman’s analysis of variance (ANOVA) for repeated measures and Tukey post hoc test for the associated multiple comparisons were used to test changes in all variables versus the baseline value of each variable (the first trial for each participant and condition was considered as baseline). For between conditions’ comparisons, Wilcoxon Signed Rank test and Mann–Whitney Rank Sum test were used. The variables included in the analyses were therefore conditions (chronic, pain-free, acute) and trials (Macfarlane et al., 2001, 2002; Breivik et al., 2006; Isong et al., 2008; Schiffman et al., 2014). For descriptive purposes, sex (men, women) was an additional variable included in the analyses. Spearman correlation test was applied to detect any correlation between force and pain variables.



RESULTS


Psychosocial Characteristics

There were no significant differences between the chronic pain patients and the healthy participants regarding any of the psychosocial symptoms (Mann-Whitney Rank Sum test; P > 0.05) (Table 1).


TABLE 1. Pain and pyschosocial data.
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Pain Characteristics

Majority of the chronic pain patients (61%) were diagnosed with local myalgia in the masseter muscles (with/without temporal myalgia) and 39% were diagnosed with myofascial pain with referred pain in the masseter muscles (with/without temporal myalgia) according to DC/TMD. 61% of the chronic patients had low pain intensity and low grade of disability (GCPS-7), 33% had high pain intensity and low grade of disability, about 6% had moderately limiting high disability and none of them had severely limiting high disability. The pain intensity, pain area and pain duration in the chronic patients are presented in Table 1.

The induced experimental acute pain intensity, pain area, and pain duration in the healthy participants are presented in Table 1.



Force Characteristics

Healthy participants, both during pain-free and experimental acute pain condition, as well as chronic pain patients applied low forces during the hold phase followed by a rapid-ramp increase in force until the peanut split. There were no significant differences in the hold forces (pain-free: 0.99 N, acute pain: 1.46 N, chronic pain: 1.00 N) and the split forces (pain-free: 28.95 N, acute pain: 27.35 N, chronic pain: 30.79 N) within (Friedman/Tukey; P > 0.05) (Table 2) or between the conditions (Wilcoxon Signed Rank and Mann-Whitney Rank Sum; P > 0.05) (Table 3). Further, there were also no significant differences in the durations of split (pain-free: 0.26 s, acute pain: 0.30 s, chronic pain: 0.30 s) and the peak split force rates (pain-free: 307.38 N/s, acute pain: 285.28 N/s, chronic pain: 278.34 N/s) both within (Friedman/Tukey; P > 0.05) (Table 2) and between the conditions (Wilcoxon Signed Rank and Mann-Whitney Rank Sum; P > 0.05) (Table 3). The mean split force rate increased significantly compared to baseline values both in the chronic condition and the pain-free condition (Friedman/Tukey; P = 0.04 and 0.01, respectively) (Table 2). This increase in rate was not evident in the experimental acute pain condition (Friedman; P = 0.11) (Table 2). Observations of the mean split rates revealed no significant differences (pain-free: 99.76 N/s, acute pain: 82.07 N/s, chronic pain: 83.62 N/s) between the conditions (Wilcoxon Signed Rank and Mann-Whitney Rank Sum; P > 0.05) (Table 3).


TABLE 2. Changes compared to baseline values in force, duration and rate variables in the three conditions.
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TABLE 3. Comparisons between the three conditions regarding force, duration, and rate variables.
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Pain Intensity in Relation to Force Variables

The worst reported pain intensity during trial (NRS = 4.25) in the chronic condition correlated negatively with the hold force (1.00 N) (Spearman correlation; P = 0.04). The pain intensity 20s after infusion (NRS = 7.00), and the worst reported pain intensity during trial (NRS = 7.00) showed a negative correlation with the duration of the split phase in the experimental acute pain condition (0.30 s) (Spearman correlation; P < 0.05).



DISCUSSION

The findings of the present study showed that neither experimental acute pain nor chronic muscular pain affects the human jaw motor control during a standardized precision biting task involving “holding” and “splitting” of peanuts with anterior teeth. The findings seem to indicate that jaw muscle pain does not alter the sensorimotor regulation and precision control of the jaws.

The PMR’s are innervated by fibers terminating in subnucleus interpolaris. The signaling in these fibers is faster and probably not affected by noxious stimuli from trigeminal facial areas that terminate more caudally in subnucleus caudalis. The rostral projections are larger in diameter and thereby faster than the more caudally located ones (Capra and Dessem, 1992). Further, the muscle spindles are innervated by efferent nerve fibers, motorneurons, which receive information from the central nervous system (CNS). The motorneurons convey nervous impulses to produce muscular effect, causing muscle fibers to shorten and contract. To enhance contraction either the firing frequency of each neuron increases or more motor units are activated/recruited (McComas, 1998; Loeb and Ghez, 2000; Miles, 2004). The fine-tuning of this activity is achieved by sensory information from orofacial receptors including the PMR’s and muscle spindles to the CNS. The results seem to indicate that the presence of healthy PMR’s and pulpal receptors provide the CNS with accurate sensory information despite the muscular pain. There is a possibility that a nociceptive modulation of spindle afferent activity might have occurred (Capra et al., 2007) but compensated for, hence resulting in undetectable effect on the force parameters in the present study. Activity along slower conducting nociceptive afferents could still modify the activity of faster afferents via intra-nuclear connections within the trigeminal brainstem sensory nuclear complex. Some masseter nociceptive afferents might provide axon collaterals to the rostral trigeminal subnuclei (Capra and Dessem, 1992). Nevertheless, this study did not assess nociceptive afferent activity. Furthermore, a potential effect of the experimentally induced pain (Nash et al., 2010; Minami et al., 2013) might have been compensated by other unaffected muscle parts/muscles. This assumption could be applicable on the chronic pain condition as well. The chronic pain patients may over time have developed compensating motor and behavioral strategies (Mohn et al., 2011; Fillingim et al., 2018).


Hold Phase

The fact that all the conditions showed no significant differences in the hold forces compared to the baseline trials indicated no trial order effect within the conditions. This is in line with results from previous studies where the hold and split task was used (Kumar et al., 2014; Zhang et al., 2016). The hold force in the pain-free condition was found to be 0.99 N in this study and in line with the previously mentioned study (Kumar et al., 2014) as well as earlier reports where the hold force for peanuts in healthy participants with natural dentition during normal conditions varied between 0.59 and 0.79 N (Trulsson and Johansson, 1996b; Trulsson and Gunne, 1998; Johnsen et al., 2007; Svensson and Trulsson, 2009, 2011).

The chronic pain patients applied similar hold force as the pain-free participants. During the holding phase in pain-free healthy individuals, it has been hypothesized that the PMR’s besides the afferent nerve fibers in muscle spindles play a role in signaling the early contact-state information about the peanut in a predictive feed-forward manner in order to activate the motor commands that are needed for initiating the split phase (Svensson and Trulsson, 2009, 2011). The jaw muscle activity increases in response to an increased food hardness. It was shown that the destruction of either periodontal or muscle afferents in animals, reduced such increase in jaw muscle activity (Lavigne et al., 1987; Morimoto et al., 1989; Hidaka et al., 1997). However, chronic muscle pain did not seem to have any effect on the forces during the holding phase in this study. One probable explanation could be that the presence of healthy PMRs are of greater importance in oral fine motor control than the muscle spindles (Kumar et al., 2019).



Split Phase

The split phase was characterized by a sudden rapid ramp increase in the bite force. When the peanut was split, the force dropped down and an unloading of the teeth occurred (Svensson and Trulsson, 2009, 2011). The unloading contributes to a reflex response in the masseter muscle activity that results in stopping the jaw closing movement (Turker and Jenkins, 2000). All conditions showed no differences in the split force and duration of split phase compared to baseline values. This finding is in line with previous studies where experimental acute pain did not show any robust effects on the split forces (Kumar et al., 2014, 2015a). It was previously suggested that split forces and duration of split are mainly dependent on the mechanical properties of the food and the bevel of the incisal edges during biting with anterior teeth (Johnsen et al., 2007; Svensson and Trulsson, 2009, 2011; Kumar et al., 2014, 2015c, 2017). In healthy individuals in previous studies, the split forces varied between 17.6 and 35.9 N and the duration of the split phase varied between 0.22 and 0.34 s (Trulsson and Johansson, 1996b; Svensson and Trulsson, 2009, 2011). In our study the split force was 28.95 N and the duration of the split phase was 0.26 s in healthy pain-free participants. Our findings were within the range of the previous results.

The significant increase in the mean split force rate in the pain-free individuals and chronic pain patients indicates that reaching to the split of the peanut from the initiation of the split phase was faster compared to baseline. On the other hand, no statistically significant difference in the mean split force rate in the acute condition compared to baseline may indicate that the high intensity of the induced pain and the protective effect of the acute pain affected the rate. However, the differences were only found within the conditions (not between them) and there were no differences in the duration of the split (one of the two variables that the mean split force rate depends on) in all the three conditions. Further statistical analyses showed that there was a significant difference in the split force increase (the other variable that the mean split force rate depends on) between the acute and the pain-free conditions where the acute condition showed a smaller increase (Table 3). This significant difference could not be found between the chronic and the pain-free conditions or between the chronic and acute conditions. Moreover, no significant differences could be found within the three groups in the split force increase (Table 2). Therefore, this finding should be considered with caution and further investigations would be needed in order to make a more conclusive interpretation. It was suggested that the individual’s reaction to pain might depend on the specifics of the performed task (Sae-Lee et al., 2008a, b). An individual’s confidence that they can manage pain (self-efficacy beliefs) predicts avoidance behavior (Nicholas, 2007) and the ability to persist with a task (Turner et al., 2005). The smaller split force increase in the acute condition could be an indication that the participants could predict the split force needed easier than the two other condition groups. The acute condition group did not need to increase the mean split force rate as much as the other two condition groups since the split force onset was already high and more approximate to the split force needed. That is in line with the significant increase in the mean split force rate in the pain-free and chronic conditions. A possible explanation could be a training effect since the participants in the acute condition were the same persons as in the pain-free condition. However, the previously cited studies (Kumar et al., 2014, 2015a; Zhang et al., 2016) did not report any findings about rate variables. There were no significant differences in the mean and peak split force rates between the three conditions indicating that the pain did not impair the neural control needed for achieving the necessary force magnitude needed for splitting the peanut.

For the acute jaw muscle pain, the results confirms our hypothesis and are in line with previous studies using other experimental jaw muscle pain models and in other populations which had shown that experimental acute pain had no detectable or robust effect on the hold and split forces and on the variability of the forces, duration of the split phase, electromyographic muscle activity (EMG) or jaw movement amplitude in comparison with healthy controls during biting and mastication (Svensson et al., 1997; Kumar et al., 2015a, b) indicating the absence of motor impairment even in subjects who reported moderate to intense levels of pain. Interestingly, the results showed that this was the case even for the chronic jaw muscle pain which was contradictory to our hypothesis. On the other hand, this is in line with results from a previous study (Goiato et al., 2017) showing that maximal bite forces in the incisor region was similar prior to and after jaw muscle pain relief, suggesting that the presence of pain did not affect the maximal forces in this region.



Study Limitations and Strengths

The baseline pain intensity in chronic pain patients was rather low, none of them had a severely limiting high disability according to GCPS-7 and pain catastrophizing according to pain catastrophizing scale-13 (PCS-13) (Boonstra et al., 2016) was not assessed in this study which could be considered as a limitation. The fact that there were no significant differences between chronic patients and healthy participants regarding the psychosocial characteristics minimized the possible confounding effect, and therefore could be considered a strength of the current study.

Incisors were used in this study in order to minimize confounding factors as it had earlier been reported that participants felt it was easier to master the task when anterior teeth were used compared to posterior teeth (Johnsen et al., 2007). It had been also shown that the masseter muscle was significantly more active (higher EMG) than the temporal muscle during tasks involving incisal biting and jaw protrusion (Farella et al., 2008) and that biting in a protrusive position was accompanied by the highest activation of the masseter muscle (Lu et al., 2013). One can assume that there would be a practicing bias in the experimental acute pain condition since the same individuals performed the task twice, pain-free and while in experimental acute pain. However, the circumstances differed and a previous study showed that there was no apparent or optimization of jaw motor control when this specific task was repeated up to sixty times, in participants with healthy periodontium (Kumar et al., 2014).



Conclusion

The current study shows that jaw muscle pain does not seem to alter precision biting in humans. Specifically, chronic myalgia in the jaw muscles as well as experimentally induced acute pain did not show any effects on the hold or split forces when compared to healthy pain-free individuals. However, a possibility that a nociceptive modulation of spindle afferent activity might have occurred but compensated for cannot completely be ruled out.
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Neuropathic pain is known to be attributable to the injured nerve, a postoperative problem induced by surgery. The infraorbital nerve (ION), a branch of the trigeminal nerve, innervates to the facial and oral regions and conveys somatosensory information to the central nervous system. The partial ligation of ION (pl-ION) is a method to mimic chronic trigeminal neuropathic pain and behavioral abnormality. To counteract induction of such abnormal pain, the effective pharmacological treatment is desired. Although recent studies have revealed the molecular mechanisms regarding chronic pain, estimation of the effectiveness of the pharmacological treatment has not been well-provided especially in the central nervous system so far. Here we examined whether pl-ION induces plastic changes in the cerebral cortex and investigated effects of minocycline on the cortical plastic changes. We performed the pl-ION to Wistar male rats (4–5 weeks old), and confirmed a mechanical nocifensive behavior in response to the mechanical stimulation with von-Frey filaments. The withdrawal threshold to mechanical stimuli of the whisker pad was decreased 1 day (1 d) after pl-ION, which continued up to 14 d after pl-ION, suggesting that pl-ION model rats presented allodynia and enhanced the response sustained at least for 14 d after pl-ION. Next, cerebrocortical activities were evaluated 3 d after pl-ION (3d-pl-ION) by the optical imaging with a voltages-sensitive dye, RH1691, to quantify the response to electrical stimulation of the whisker pad skin, mandibular molar dental pulp, and mentum skin. Electrical stimulation to the whisker pad skin induced smaller excitation in the primary sensory cortex (S1) of 3d-pl-ION in comparison to that in the sham. In contrast, cerebral cortical responses to the mandibular molar dental pulp and mentum skin stimuli increased both in S1, and the secondary somatosensory and insular oral region (S2/IOR) after pl-ION. Administration of minocycline (30 mg/kg/d) from 1 d before to 2 d after pl-ION partially recovered the pl-ION-induced changes in cortical excitation in S1 and S2/IOR in 3d-pl-ION. These results suggest that somatosensory and insular cortical excitation is changed by pl-ION, and the preceding injection of minocycline counteracts the plastic changes in the cortical activities.

Keywords: insular cortex, somatosensory cortex, orofacial pain, referred pain, microglia


INTRODUCTION

The trigeminal nerve has three major branches, the ophthalmic, maxillary, and mandibular nerves. The infraorbital nerve (ION) is a branch of the maxillary nerve, which innervates to the middle part of the maxillofacial region including the whisker pad. Partial ligation of ION (pl-ION) induces changes in spontaneous behaviors and responses to mechanical stimulation (1, 2). The animal with pl-ION shows lower threshold for a brisk withdrawal of the head responding to mechanical stimulation of the ipsilateral whisker pad, and allodynia starts from 1 day (1 d) after pl-ION and sustains more than 3 weeks (2). Interestingly, allodynia also occurs in the surrounding region of the pl-ION and in the contralateral whisker pad (2), indicating that ectopic pain occurs in the pl-ION model.

The dorsal part of the insular cortex (IC) around the middle cerebral artery (MCA) and the adjacent secondary somatosensory cortex (S2) receive sensory information from the oral structures including the dental pulp (3, 4) and the periodontal ligament (5, 6). The S2 and IC related to the sensation in the oral structure (S2/IOR) project to the limbic structures such as amygdala (7, 8) and lateral hypothalamic area (7). In addition, the recent anatomical studies have demonstrated the descending projections to the trigeminal caudal subnucleus (medullary dorsal horn; Vc), which receives nociceptive inputs from the orofacial structures (9) and transmits these information to the higher brain regions including the parabrachial nucleus and thalamus (10). Therefore, S2/IOR is considered to play a key role in nociceptive information processing of the oral structures (11).

Recent studies have demonstrated that disturbance of nociceptive inputs induces plastic changes not only in the peripheral but also in the central nervous system including the cerebral cortex, and such plastic changes in the cortex may be a part of mechanisms underlying the refractory pain (12). Indeed, trigeminal nerve injury causes plastic changes in neural responses of S2/IOR. We have demonstrated that 1–2 weeks after transection of the inferior alveolar nerve, a branch of the mandibular nerve, S2/IOR shows hyperexcitability responding to electrical stimulation of the upper molar pulp, which is innervated by the maxillary nerve (13). A part of the mechanisms for this plastic change occur in the local circuits of S2/IOR. This finding suggests a possibility that hyperexcitability of S2/IOR may trigger chronic pain even after recovery of the peripheral nervous system that is directly damaged.

Not a few studies in terms of the injury models of the trigeminal nerve have reported the substances that suppress pain-related behaviors. Activation of microglial cells is considered to be a key process that induces neuropathic pain. A variety of cytokines and neurotrophic factors have been reported to induce neuroplastic changes and central sensitization noted above (14, 15). However, little information is available how these drugs affect on neural activities in the cerebral cortex. Taking that the cortical responses reflect integrated information from the peripheral nerve to the cerebral cortex, clarification of drug effects on cortical responses provides critical information of the mechanisms for suppression of nociception.

Minocycline is one of the microglial inhibitors, and the present study aimed to elucidate the effect of minocycline application to the pl-ION model on hyperexcited cortical activities in S1/2 and IC. We performed an in vivo optical imaging with RH1691, a voltage-sensitive dye, under urethane anesthesia. The amplitude of optical signals mediated by the voltage-sensitive dye correlates to the membrane potential and reflects excitatory and inhibitory postsynaptic potentials in real time (16), and thus, we can quantify the spatiotemporal patterns of neural excitation with a high resolution. The findings obtained from this study shed light on a new approach to prevent chronic pain induced by peripheral nerve injury.



MATERIALS AND METHODS

The Animal Experimentation Committee of Nihon University approved the present experiments, which were performed according to the institutional guidelines for the care and use of experimental animals described in the National Institute of Health Guide for the Care and Use of Laboratory Animals. All efforts were made to minimize animal suffering and to reduce the number of animals used.


Animals

Four to 5-week-old male Wistar rats (Sankyo Labo, Tokyo, Japan) were anesthetized with intraperitoneal (i.p.) administration of butorphanol (2.5 mg/kg, Meiji Seika Pharma, Tokyo, Japan), medetomidine (0.375 mg/kg, Zenoaq, Fukushima, Japan), and midazolam (2.0 mg/kg, Sandoz, Tokyo, Japan) dissolved in saline. A pl-ION was performed via the oral cavity (17). Briefly, gingivobuccal fold was incised to expose the ION (Figure 1A). An one-half to one-third thickness of the ION was trapped and ligated tightly by 5–0 silk. The incision was sutured with 5–0 silk. The sham operation was identical except for nerve ligation.


[image: Figure 1]
FIGURE 1. Experimental protocols for partial ligation of the infraorbital nerve (pl-ION) and optical imaging. (A) An intraoral approach to expose ION. A black silk thread was placed under ION to show ION clearly. (B) Experimental schedules. On 0 d, pl-ION was performed, and a behavioral test was performed 1, 3, 7, and 14 d after pl-ION. Optical imaging was performed 3d after pl-ION. In the group administrated with minocycline, minocycline (30 mg/kg/d) was intraperitoneally injected from 1 d before and 2 d after pl-ION. (C) Schematic drawing of the in vivo preparation for the optical imaging and position of the stimulation electrodes [modified from (18) with permission]. The lower panel indicate an example of the image of the cortical surface including S1 and S2/IOR. MCA, middle cerebral artery; RF, rhinal fissure. R, rostral; D, dorsal. (D) The temporal profile of head-withdrawal threshold (HWT) before and after pl-ION. The number in the parenthesis indicates the number of animals.


In the model of minocycline treatment, minocycline hydrochloride (30 mg/kg/d, i.p.; Sigma-Aldrich, St Louis, USA) was daily administered from 1 d before pl-ION to 2 d after pl-ION. The 3d-pl-ION received saline injection instead of minocycline.



Behavioral Test

The head-withdrawal threshold (HWT) to mechanical stimulation of the ipsilateral whisker pad skin was measured using von Frey filaments (4, 8, 15, 26, 30, 40, 50, 60, and 100 g of force; North Coast Medical, Morgan Hill, USA) before and 1, 3, 7, and 14 d after pl-ION (Figure 1B). The animals were restrained around the trunk with a cloth to calm them and were treated gently during the experiments. Training sessions were performed for at least 7 consecutive days. Each stimulus was applied five times in each series of trials. HWT for mechanical stimulation was determined as the minimum pressure intensity that evoked head-withdrawal behavior in response to more than 3 of 5 stimuli. All behavioral tests were performed under blinded conditions.



In vivo Cerebrocortical Imaging

Optical imaging was performed as previously described (3–6, 13, 19–21). Briefly the sham and pl-ION model rats were anesthetized with urethane (1.5 g/kg, i.p.), and then, atropine methyl bromide was administrated (0.5 mg/kg, i.p.). The toe pinch reflex was monitored to check the depth of anesthesia, and additional urethane was administered as needed. Body temperature was kept at 37°C using a rectal probe and heating pad (BWT-100, Bio Research Center, Osaka, Japan). The local anesthetic, lidocaine (2% gel, AstraZeneca, Tokyo, Japan), was administered to the incised skin. The anesthetized rats were fixed to a custom-made stereotaxic snout frame (Narishige, Tokyo, Japan), which was tilted 60° laterally, and a craniotomy was performed (Figure 1C).

RH1691 (1 mg/ml; Optical Imaging, New York) in saline was applied to the cortical surface for 1 h. This application method of RH1691 stains cells between the cortical surface and the deeper layer III. Thus, the optical signals reflect changes in the membrane potential of neurons in layers I–III (3). Changes in RH1691 fluorescence were measured using the CCD camera (MiCAM02, Brainvision, Tokyo, Japan), which was mounted on a stereomicroscope (Leica Microsystems, Wetzlar, Germany). The cortical surface was illuminated through a 632-nm excitation filter and a dichroic mirror using a tungsten-halogen lamp (CLS150XD, Leica Microsystems). The fluorescent emission was captured through an absorption filter (λ > 650-nm longpass, Andover, Salem, MA). The size and resolution of the image captured with the CCD camera was 6.4 × 4.8 mm2 and 184 × 124 pixels, respectively.

To remove signals due to acute bleaching of the dye, values without stimuli were subtracted from each recording with stimulation. The sampling interval was 4 ms (250 Hz), and the acquisition time was 500 ms, which was mostly longer than 90–10% decay time of optical signals responding to the stimulation. Forty consecutive images were averaged to improve signal to noise ratio.



Stimulation of the Skin and Dental Pulps

To quantify the cortical excitation responding to electrical stimulation of the regions innervated by the maxillary and mandibular nerves, we inserted bipolar electrodes, which were made from enamel-coated copper wire (diameter = 80 μm), into the whisker pad skin, mandibular first molar pulp (Figure 1C), and mentum skin (3). Five rectangular voltage pulses (5 V, 100-μs duration, 20 ms interstimulus interval) were applied by a stimulator (STG2008, Multi-Channel Systems, Reutlingen, Germany) at 0.05 Hz to obtain stable cortical responses.



Data Analysis

The optical imaging data were processed and analyzed using Brain Vision Analyzer software (Brainvision, Tokyo, Japan). Changes in the intensity of fluorescence (ΔF) of each pixel relative to the initial intensity of fluorescence (F) were calculated (ΔF/F), and the ratio was processed with a spatial filter (9 × 9 pixels). A significant response was defined as a signal exceeding seven times the SD of the baseline noise, as previously described (3). Images were aligned across multiple rats using the rhinal fissure and MCA as landmarkers. In a part of animals, the rhinal fissure and the MCA could not be aligned with the other animals due to angioplany; therefore, we excluded the results obtained from these animals. We estimated the spatial profiles of excitation using the initial and maximum responses. The initial response was obtained by outlining the excitation evoked in the first frame that exhibited a significant increase in the optical signal. The maximum response was defined as the outline of the excitatory response in the frame with the maximum amplitude of the optical signal in the center of the initial response. We defined the peak amplitude at the maximum amplitude of an optical response at the point of the initial response.



Statistics

The data are expressed as the mean ± SEM. Student's t-test was used in the analyses. In multiple comparisons, we applied the Bonferroni correction with a Bonferroni-corrected probability value of P < 0.016 considered statistically significant.




RESULTS


Temporal Changes in HWT of pl-ION Models

Head-withdrawal reflex elicited by mechanical stimulation using von Frey filaments was examined to evaluate nociceptive threshold in pl-ION models. HWT of nociceptive responses to the application of von Frey filaments showed a significant decrease 1–14 d after pl-ION in comparison to that before pl-ION, indicating the development of mechanical hyperalgesia (Figure 1D). Clinically, it is considered that treatments of neuropathic pain are more effective in the earlier period, and thus, we focused on the profile 3 d after pl-ION in the following analyses.



Cortical Responses to Electrical Stimulation of the Whisker Pad Skin

ION innervates to the whisker pad skin, and pl-ION injured a part of ION. To examine the effect of pl-ION on the cortical activities, we first stimulated the whisker pad skin using a bipolar electrode.

The responses were consistently observed in the barrel field that involves both S1 and S2 responding to electrical stimuli at 5 V (Figures 2A,B) as previously reported (3, 22). The excitation in S1 and S2 frequently expanded beyond the field of view, and thus we quantified only the amplitude of excitation in the initially evoked response region. Because of the difficulty in identifying the border between S1 and S2, we quantified the amplitude in the initial region of excitation as the representative amplitude in S1/S2. For the comparison to the excited regions responding to whisker pad skin stimulation, we first imaged IC around MCA, which corresponds to IOR, and then moved the field of view dorsally to image the barrel cortex.


[image: Figure 2]
FIGURE 2. Cortical responses to electrical stimulation of the whisker pad skin. (A) Representative examples of cortical responses in 3 d after sham operation (3d-Sham), 3 d after pl-ION (3d-pl-ION), and 3d-pl-ION that received minocycline administration (3d-pl-ION+minocycline). The time from the onset of the electrical stimulation of the whisker pad skin is shown on the top of each panel. R, rostral; D, dorsal. (B) Temporal profiles of optical signals in the regions of interest (ROIs; black circles) in S1/S2 shown in (A). (C) The amplitude of S1/S2 excitation in 3d-Sham (N = 18), 3d-pl-ION (N = 13), and 3d-pl-ION with minocycline (N = 15). (D) Superimposed images of the maximum responses evoked by the whisker pad skin stimulation. The number of overlapping responses is represented by gradation of the color density. The line outlines the area responding to stimulation in 50% of animals. *P < 0.016, Student's t-test with Bonferroni correction.


The peak amplitudes of cortical excitation in S1/S2 of 3d-Sham were 0.89 ± 0.08% (N = 18). Cortical excitation 3 d after pl-ION was significantly reduced to 0.60 ± 0.07% (N = 13; P < 0.016, Student's t-test with Bonferroni correction; Figure 2C). There was little difference in the evoked S1/S2 regions between 3d-Sham and 3d-pl-ION as shown in Figure 2D. These results suggest that pl-ION decreases somatosensory sensation 3d after the treatment.



Cortical Responses to Electrical Stimulation of the Mandibular Molar Pulp

The mandibular first molar pulp is innervated by the inferior alveolar nerve, a branch of the mandibular nerve, which is adjacent to the maxillary nerve but is not injured in the present experimental condition. To test whether pl-ION induces ectopic pain as previously reported in similar nerve injury models (13, 23), we examined the profiles of cortical responses to the mandibular molar pulp stimulation.

The initial responses to electrical stimulation of the mandibular molar pulp were detected in two cortical regions: the rostroventral part of S1 and dorsocaudal part in reference to the cross point of the rhinal fissure and MCA (Figures 3A,B). The latter corresponds to S2/IOR as previously we reported (3, 4). Excitation spread to the surrounding cortical regions in a concentric manner. Similar to the case of the whisker pad skin stimulation, we stimulated the molar pulps at 5 V because the responses in S1 and S2/IOR was consistently observed at 5 V (3).
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FIGURE 3. Cortical responses to electrical stimulation of the mandibular molar pulp and mentum skin. (A) Representative examples of cortical responses in 3d-Sham, 3d-pl-ION, and 3d-pl-ION+minocycline to mandibular molar pulp stimulation. The time from the onset of the electrical stimulation of the whisker pad skin is shown on the top of each panel. (B) Temporal profiles of optical signals in the ROIs: black circles in S1 (thick lines) and white circles in S2/IOR (dotted lines) shown in (A). (C) Representative examples of cortical responses in 3d-Sham, 3d-pl-ION, and 3d-pl-ION+minocycline to mentum skin stimulation. (D) Temporal profiles of optical signals in the ROIs: black circles in S1 (thick lines) and white circles in S2/IOR (dotted lines) shown in (C). (E) The amplitude of S1 (blue) and S2/IOR (red) excitation in 3d-Sham (N = 13), 3d-pl-ION (N = 13), and 3d-pl-ION with minocycline (N = 14) in response to stimulation of the mandibular molar pulp. (F) The amplitude of S1 (blue) and S2/IOR (red) excitation in 3d-Sham (N = 7), 3d-pl-ION (N = 15), and 3d-pl-ION with minocycline (N = 15) in response to stimulation of the mentum skin. *P < 0.016, ***P < 0.001, n.s., not significant (Student's t-test with Bonferroni correction).


In 3d-Sham, the peak amplitudes of cortical excitation in S1 and S2/IOR were 0.27 ± 0.05% (N = 13) and 0.21 ± 0.04% (N = 13), respectively. Cortical excitation 3 d after pl-ION was facilitated in both S1 and S2/IOR (Figure 3E). In 3d-pl-ION, the peak amplitude of cortical excitation in S1 was significantly larger than that in 3d-Sham (0.54 ± 0.08%, N = 13; P < 0.016, Student's t-test with Bonferroni correction). Similarly, S2/IOR showed larger cortical excitation in 3d-pl-ION than that of the Sham (0.55 ± 0.06%, N = 13; P < 0.001, Student's t-test with Bonferroni correction). These results suggest that ectopic pain occurs in 3d-pl-ION.



Cortical Responses to Electrical Stimulation of the Mentum Skin

The skin is consistently stimulated, whereas the dental pulps are protected from mechanical stimulation by the dentin and enamel. These differences might cause a distinct effect of pl-ION on evoked cortical responses between the skin and dental pulps, although stimulation of the dental pulps by the bipolar electrodes has an advantage to restrict the stimulated region. We, therefore, examined the cortical responses to stimulating the mentum skin, which is innervated by the mental nerve, a branch of the mandibular nerve.

In 3d-Sham, the peak amplitudes of cortical excitation in S1 and S2/IOR were 0.36 ± 0.05% (N = 7) and 0.17 ± 0.07% (N = 7), respectively. Cortical excitation 3 d after pl-ION was facilitated in both S1 and S2/IOR (Figures 3C,D,F). In 3d-pl-ION, the peak amplitude of cortical excitation in S1 was significantly larger than that in 3d-Sham (0.59 ± 0.04%, N = 15; P < 0.016, Student's t-test with Bonferroni correction). Similarly, S2/IOR in 3d-pl-ION showed larger cortical responses to the mentum skin stimulation than that in 3d-Sham (0.46 ± 0.05%, N = 15; P < 0.001, Student's t-test with Bonferroni correction). These results suggest ectopic pain occurs 3d-pl-ION that not only in the dental pulp but also in the skin.



Minocycline Partially Recovers Abnormal Cortical Responses to Electrical Stimulation of the Orofacial Regions

In the experiment of whisker pad stimulation, administration of minocycline (30 mg/kg; i.p.) once a day from a day before and 0, 1, and 2 d after pl-ION (Figure 1B) tended to recover pl-ION-induced change in the amplitude of the cortical excitation in S1/S2 to 3d-Sham though the difference was not significant (0.76 ± 0.08%, N = 15; P = 0.17, Student's t-test with Bonferroni correction; Figure 2). Indeed, no significant difference was detected in the comparison to 3d-Sham and to 3d-pl-ION with minocycline (P = 0.24, Student's t-test with Bonferroni correction).

On the other hand, minocycline decreased pl-ION-induced hyperexcitation of cortical responses to mandibular molar pulp and mentum skin stimulation (Figure 3). In minocycline-administered animals, mandibular molar pulp stimulation induced comparable cortical excitation in S1 compared to that of 3d-Sham (0.38 ± 0.05%, N = 14; P = 0.15, Student's t-test with Bonferroni correction), though this amplitude was not different from that in 3d-pl-ION (P = 0.09, Student's t-test with Bonferroni correction). In S2/IOR, the group of 3d-pl-ION with minocycline showed a tendency of slightly higher amplitude of cortical excitation (0.36 ± 0.05%, N = 14) to that in 3d-Sham (P = 0.03, Student's t-test with Bonferroni correction), and this amplitude was significantly smaller than that in 3d-pl-ION (P < 0.016, Student's t-test with Bonferroni correction).

In terms of mentum skin stimulation, minocycline suppressed the pl-ION-induced increase of cortical responses in S1 (0.44 ± 0.04%, N = 15; P < 0.016; Student's t-test with Bonferroni correction). In addition, there was no significant difference in the amplitude between 3d-Sham and 3d-pl-ION + minocycline (P = 0.18, Student's t-test with Bonferroni correction). On the other hand, in the group of 3d-pl-ION with minocycline, excitation in S2/IOR (0.32 ± 0.03%, N = 15) had a tendency of smaller amplitude of cortical excitation to that in 3d-pl-ION (P = 0.05, Student's t-test with Bonferroni correction), though this amplitude was significantly larger than that in 3d-Sham (P < 0.016, Student's t-test with Bonferroni correction).

These results suggest that minocycline suppresses pl-ION-induced facilitative neural activities, which may be a part of mechanism for inducing ectopic pain.



Effects of pl-ION and Minocycline on the Area of Cortical Excitation

Accompanied with the analysis of the amplitude of cortical excitation responding to orofacial stimulation, the area of excitation was analyzed in the Sham, pl-ION model, and minocycline-administered model. Although the excited area should be quantified by measuring the pixels whose signals exceeded the threshold, the cortical excitation frequently propagated to the dorsal S1 and S2 especially in 3d-pl-ION (Figure 4). Therefore, the accurate quantification of the excited area could not be done in the present study. Alternatively, the areas of excitation were merged at the timing when the excitation amplitude reached the peak, and we specified the outline of the excited areas overlapped in ≥50% animals.


[image: Figure 4]
FIGURE 4. Spatial profile of cortical responses to electrical stimulation of the mandibular molar pulp and mentum skin. (A,B) Superimposed images of the maximum responses evoked by the mandibular molar pulp stimulation (A) and mentum skin stimulation (B) in 3d-Sham, 3d-pl-ION, and 3d-pl-ION+minocycline. R, rostral; D, dorsal.


In term of the stimulation of uninjured branches of mandibular nerves, the area analysis showed the similar tendency, i.e., a facilitative effect of pl-ION and a suppressive effect of minocycline in consistent with the analysis of the amplitude (Figure 4). In 3d-pl-ION, the excited area responding to electrical stimulation of the mandibular molar pulp and mentum skin expanded especially toward the dorsal region, which corresponds to S1 and S2. On the other hand, minocycline administration reduced the facilitative expansion of excitatory area by pl-ION (Figure 4), which corresponded to the analysis of the amplitude of the cortical excitation.




DISCUSSION

The present study demonstrated the plastic changes in the spatiotemporal excitation patterns in S1/2 and IC of the model with pl-ION. The response to the whisker pad skin stimulation, which activates regions innervated by injured ION, was suppressed, whereas S1/2 and IC responses were facilitated to the stimulation of the mandibular molar pulp and mentum skin, which are innervated by adjacent branches of the maxillary nerve including ION. These changes are considered to underlie the ectopic pain induced by pl-ION. Administration of minocycline partially inhibited these cortical changes, suggesting that suppression of microglial activation may be effective to suppress ectopic pain induction.


Hypoexcitation in S1/S2 Responding to Whisker Pad Skin Stimulation

According to our previous study, electrical stimulation of the whisker pad skin in control rats induced excitation rather in the dorsal region compared to the cortical responses to the mandibular molar pulp and mentum skin (3) (Figures 2–4). This area corresponds to the barrel cortex, which is clearly presented by flat mount sections (3). It is known that whisker sensation is processed in both S1 and S2 with the barrel structure in layer IV (24), and the somatotopic map showed these fields symmetrically organized. Therefore, it is difficult to discriminate whether the excited region is located in S1 or S2 by the view of the cortical surface, and we did not discriminate between S1 and S2 excited regions in the experiment of stimulating the whisker pad stimulation. While several recordings showed a clear excitation in S2/IOR responding to whisker pad skin stimulation, most cases showed a faint activation in S2/IOR, and thus, we did not analyzed the excitation kinetics in S2/IOR.

The treatment of pl-ION injures a part of nerve fibers of ION, and therefore, it is reasonable that 3d-pl-ION showed lower excitation in S1/S2 responding to whisker pad stimulation. However, behavioral studies including the present study have demonstrated the hyperexcitability of neural activities in the primary and secondary neurons (25, 26). This seems to contradict to the result of suppressive cortical excitation in 3d-pl-ION. A possible explanation for the discrepancy is that pl-ION increases spontaneous neural activities of the secondary neurons in Vc (27), and these activities may induce continuous excitation of the cortical neurons. Indeed, Latremoliere et al. (14) reported an increase in spontaneous behaviors correlating to pain: an increment of face-grooming activity. If this is the case, the present optical imaging technique cannot estimate the increase in the baseline activities, because we quantified the differences between evoked and baseline signals as mentioned in the Materials and Methods. This discrepancy should be further explored by another method such as in vivo Ca2+ imaging.



Hyperexcitation in S1 and S2/IOR Responding to Mandibular Dental Pulp and Mentum Skin Stimulation

In contrast to the responses to the whisker pad skin stimulation, mandibular molar pulp stimulation and mentum skin stimulation in pl-ION models induced larger excitatory responses in S1 and S2/IOR than those in controls. Because S1 exhibits a clear somatotopy, the expanded excitatory propagation in S1 is a possible underlying mechanism for the enlargement of the receptive field in the orofacial area and lower capacity to detect the stimulated region. In addition, larger response in S1 may contribute to hypersensitivity responding to mechanical sensation.

On the other hand, S2/IOR is likely to detect nociception rather than touch (11). For example, electrical and mechanical stimuli of the periodontal ligaments induce excitation principally in S2/IOR and S1, respectively (5, 19). According to this idea, larger excitation in S2/IOR may reflect higher sensitivity to nociceptive inputs, which would cause hyperalgesia and allodynia. These results are consistent with behavioral findings of the decrease in HWT reported in this and previous studies (17, 28).

The mechanisms for abnormal pain induced by pl-ION have been explored. Shinoda et al. (17) demonstrated an involvement of P2X3 receptors expressed in the trigeminal ganglion neurons. Several neurochemical marker expressions including calcitonin gene-related peptide and substance P, and NK1 receptors are also changed in Vc, where the secondary neurons exist (2). In contrast, little information has been obtained with respect to the contribution of higher brain regions to abnormal pain induced by pl-ION. We consider that not only the primary and secondary neurons but also the cerebrocortical neurons and their local circuits may be changed by pl-ION, because the transection model of the inferior alveolar nerve shows hyperexcitation, which accompanies plastic changes in excitatory and inhibitory synaptic transmission in the cortical circuits (13).



Minocycline Relieves Trigeminal Neuropathic Pain

Minocycline is a popular tetracycline, which inhibits protein synthesis of bacteria by a blockade of tRNA binding to ribosomal subunit (30S). In the nervous system, minocycline is known to inhibit activation of microglia, and cytokines and other bioactive substances have been reported to be involved in modulation of microglial activities: interleukin (IL)-1, IL-1β, IL-6, nitric oxide, prostaglandin, and so on (14, 29, 30).

It has been explored whether minocycline administration relieves neuropathic pain that occurs in the orofacial regions innervated by the trigeminal nerve (14, 23, 31). The inferior alveolar nerve and mental nerve transection model that shows hypersensitivity estimated by mechanical stimulation of the whisker pad show minocycline-dependent suppression of hypersensitivity possibly by inhibiting p38 mitogen-activated protein kinase in microglia of Vc (31). Shibuta et al. (23) demonstrated that minocycline suppresses activation of microglia in parallel to the attenuation of Vc neuronal activities in the pl-ION model showing mechanical allodynia. The present results that minocycline partially recovers cortical activity changes induced by pl-ION corroborate these previous reports.

We consider that inhibition of microglial activation before pl-ION is critical in minocycline-induced recovery of cortical response changes by pl-ION. Our pilot study suggests that the effect of minocycline application started just after ION and sequential application once a day (1 mg/kg) had little effect on cortical responses. This issue should be further examined in the future.
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Neuroplastic changes in the neuronal networks involving the trigeminal ganglion (TG), trigeminal spinal subnucleus caudalis (Vc), and upper cervical spinal cord (C1/C2) are considered the mechanisms underlying the ectopic orofacial hypersensitivity associated with trigeminal nerve injury or orofacial inflammation. It has been reported that peripheral nerve injury causes injury discharges in the TG neurons, and a barrage of action potentials is generated in TG neurons and conveyed to the Vc and C1/C2 after trigeminal nerve injury. Long after trigeminal nerve injury, various molecules are produced in the TG neurons, and these molecules are released from the soma of TG neurons and are transported to the central and peripheral terminals of TG neurons. These changes within the TG cause neuroplastic changes in TG neurons and they become sensitized. The neuronal activity of TG neurons is further accelerated, and Vc and C1/C2 neurons are also sensitized. In addition to this cascade, non-neuronal glial cells are also involved in the enhancement of the neuronal activity of TG, Vc, and C1/C2 neurons. Satellite glial cells and macrophages are activated in the TG after trigeminal nerve injury and orofacial inflammation. Microglial cells and astrocytes are also activated in the Vc and C1/C2 regions. It is considered that functional interaction between non-neuronal cells and neurons in the TG, Vc, and C1/C2 regions is a key mechanism involved in the enhancement of neuronal excitability after nerve injury or inflammation. In this article, the detailed mechanisms underlying ectopic orofacial hyperalgesia associated with trigeminal nerve injury and orofacial inflammation are addressed.
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INTRODUCTION

Trigeminal nerve injury and orofacial inflammation are known to frequently cause persistent pain that can spread to adjacent orofacial regions innervated by the uninjured trigeminal nerve branches. Peripheral and central mechanisms are considered to be involved in the persistent ectopic orofacial pain associated with trigeminal nerve injury or orofacial inflammation (Imbe et al., 2001). Orofacial ectopic pain is defined as pain spreading from injured branch regions to uninjured branch areas following trigeminal nerve injury or orofacial inflammation. Orofacial ectopic persistent pain is sometimes difficult to diagnose and treat. After tooth extraction or tooth-pulp inflammation, ectopic persistent pain occurs in the uninjured and non-inflamed areas of the orofacial regions (Chiang et al., 2011).

Following trigeminal nerve injury, primary afferent neurons are significantly activated, and a barrage of action potentials is generated in TG neurons and conveyed to the central nervous system. Background activity is also augmented in TG neurons, resulting in the increment of baseline activity in the primary afferent neurons. nNOS expression in the sensitized primary afferent neurons accelerates NO synthesis, and NO is released from the sensitized primary afferent neurons. Neuronal excitability in the uninjured trigeminal nerve branches is altered by NO signaling, the injured neurons and increased excitability of uninjured neurons together contribute to persistent pain (Sugiyama et al., 2013). The soma of a primary afferent neuron is known to be tightly surrounded by SGCs in the TG. Connexins are the primary components of gap junctions organized into two hemichannels called connexons and contribute to binding SGCs. Connexin 43 (Cx43), which is the primary gap junction protein, is known to modulate transportation of small molecules between SGCs. Following trigeminal nerve injury, SGC activation via gap junctions composed of Cx43 propagates throughout the TG, resulting in the sensitization of uninjured TG neurons responsible for ectopic orofacial pain (Kaji et al., 2016). The gap between the soma of primary afferent neurons and the SGCs is only 20 nm, and these cells communicate with each other by releasing chemical messengers. Various molecules are released from TG neurons and cause activation of SGCs, and activated SGCs also generate many molecules that are released from SGCs in the TG, leading to acceleration of TG neuronal activity (Chiang et al., 2011).

Non-neuronal cells such as macrophages are accumulated in the TG after trigeminal nerve injury and orofacial inflammation. Two types of macrophages, M1 and M2, are activated and infiltrate in the injured and inflamed sites and the TG. Macrophages release various cytokines and chemokines, and these molecules are involved in the modulation of TG neuronal activity. M1 and M2 are known to be differentially involved in the modulation of inflammation and to have pro- and anti-inflammatory actions, respectively. Therefore, SGCs, macrophages, and TG neurons functionally communicate with each other, resulting in the enhancement of the TG neuronal excitability responsible for ectopic orofacial pain. Long after the acceleration of primary afferent activity, TG neurons are sensitized, and TG neuronal activity is further enhanced. These peripheral mechanisms are considered to be involved in the ectopic orofacial pain associated with trigeminal nerve injury and orofacial inflammation (Ji et al., 2016; Batbold et al., 2017; Iwata et al., 2017).

Orofacial noxious information is sent to the Vi and Vc transition zone (Vi/Vc), Vc, and upper cervical spinal cord (C1/C2) via trigeminal nerve fibers (Okamoto et al., 2009; Chiang et al., 2011; Ren and Dubner, 2011). These nuclei have different functions in the processing of orofacial noxious information. Neurotransmitters and neuropeptides are released from the central terminals of the primary afferent neurons and affect the excitability of Vi/Vc, Vc, and C1/C2 nociceptive neurons. After trigeminal nerve injury, the Vi/Vc, Vc, and C1/C2 nociceptive neuronal activities are strongly enhanced, and microglial cells are also activated. Microglial cell activation is reportedly caused by ATP binding to P2X4 receptors in microglial cells (Inoue and Tsuda, 2018). Activated microglial cells release BDNF, which binds to the TrkB receptor expressed in second-order neurons in the spinal dorsal horn, resulting in the neuronal hyperexcitability responsible for ectopic orofacial pain (Chiang et al., 2011). Macrophages are also activated and infiltrate in the Vi/Vc, Vc, and C1/C2 regions following trapezius muscle inflammation. The cleavage of FKN from the central terminals of primary afferents innervating the trapezius muscle was enhanced following trapezius muscle inflammation, and microglia in the Vc and C1/C2 were activated via FKN signaling (Kiyomoto et al., 2013). Furthermore, interleukin-1 beta (IL-1β) release was accelerated through p38 phosphorylation followed by microglial activation, and the excitability of the Vc and C1/C2 neurons was enhanced via IL-1β signaling. Trapezius muscle inflammation has been shown to contribute to the hyperexcitability of Vc and C1/C2 neurons receiving inputs from the uninjured orofacial region (Chiang et al., 2011; Kiyomoto et al., 2013; Iwata et al., 2017).

Astrocytes, which are non-neuronal glial cells, are also known to be activated by glutamate uptake with late-onset compared to microglial cells in the Vc. In the central nervous system, these cells also communicate with each other and functionally affect the excitability of Vi/Vc, Vc, and C1/C2 neurons, resulting in the enhancement of the neuronal activity responsible for ectopic orofacial pain (Okada-Ogawa et al., 2009).

It is highly likely that the functional interaction among neurons, immune cells, and glial cells is involved in the enhancement of neuronal excitability in the peripheral and central nervous systems, resulting in the ectopic orofacial pain associated with trigeminal nerve injury and orofacial inflammation. These findings raise the possibility that molecules causing functional changes in neuron–glial interaction following trigeminal nerve injury and orofacial inflammation may be a promising therapeutic target for the treatment of ectopic orofacial pain. In this article, the involvement of functional interaction among TG neurons, immune cells, and glial cells in orofacial pathological pain is reviewed and discussed based on the results of recent animal studies.



PERIPHERAL SENSITIZATION


Satellite Glia–Neuron Communication

Satellite glial cells, which surround the soma of TG neurons, are essential components evoking orofacial pain following nerve injury or inflammation (Hanani et al., 2002; Hanani, 2005; Dublin and Hanani, 2007). Activation of SGCs is characterized by an increase in the expression level of GFAP in SGCs under pathological conditions, whereas this is not observed under non-pathological conditions. GFAP upregulation is observed in the injured trigeminal nerve branch associated with the development of hyperalgesia (Vit et al., 2006; Katagiri et al., 2012). It is believed that neuropeptide such as SP or CGRP is synthesized in TG neurons by various noxious stimuli and is released from neuronal soma as well as peripheral and central terminals, bind their receptors expressed on SGCs, and GFAP expression in SGCs is upregulated after nerve injury or inflammation (Takeda et al., 2005; Vause et al., 2007; Mikuzuki et al., 2017; Zhang et al., 2019). Activated SGCs could release cytokines such as IL-1β in the gap between SGCs and the neuronal soma (Takeda et al., 2007; Lin et al., 2019), that cause acceleration of neuronal excitation. In in vitro experiment, SP or CGRP application to the cultured trigeminal SGCs provoke to release some cytokines including IL-1β, TNFα, or IL-6 (Ceruti et al., 2011; Afroz et al., 2019; Zhang et al., 2019). The expression increase of IL-1β in SGCs upregulates voltage-gated Nav1.7 expression in the TG neurons via the cyclooxygenase-2/prostaglandin E2/E prostanoid 2 receptor pathway following temporomandibular joint inflammation (Zhang et al., 2018). It has also been reported in the in vitro study that multiple cytokines are released from SGCs by the stimulatory effect of CGRP (Vause and Durham, 2010). Purinergic receptors are also involved in SGCs activation. Increase of P2Y12 receptor expression in SGC upregulates GFAP expression in SGCs and enhances TG neuronal excitability following trigeminal nerve injury (Katagiri et al., 2012). Recent findings from a report show activation of P2Y14 receptor expressing in trigeminal SGCs upregulates GFAP, IL-1β, and chemokine CCL2 in SGCs via ERK and p38 MAPK activation in vitro (Lin et al., 2019), that could cause neuronal excitation (Figure 1).
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FIGURE 1. TG neuron, satellite cell, and macrophage communication following trigeminal nerve injury. Following trigeminal nerve injury, TG neurons become hyperactive and various molecules are generated and released from TG neurons; subsequently, satellite glial cells and macrophages are activated. These mechanisms are involved in ectopic orofacial pain associated with trigeminal nerve injury.


In TG unlike DRG, neuronal cell bodies are known to be localized in each innervating region (i.e., V1–V3) (Thalakoti et al., 2007). Activation of SGCs surrounding neuronal soma of injured nerve branch spreads into the TG region where the soma of uninjured nerve branches localizes in, that resulting in ectopic orofacial hyperalgesia. The first report was demonstrated in 2007 about neuronal–glial communication through gap junction in the development of sensitization within the TG (Thalakoti et al., 2007). The gap junctions provide direct links and exchange of small molecules and ions between cells under numerous physiological processes. It is believed that this propagation mechanism of activated SGCs is based on gap junctional communication between SGCs. Poulsen et al. (2015) and Feldman-Goriachnik and Hanani (2017) reported that 19–50% of SGCs showed coupling among SGCs around different TG neurons isolated from uninjured mice by dye injection. The former also shows that the dye coupling among SGCs is increased to 44% in neuropathic pain induced by oxaliplatin treatment and the coupling is reversed by gap junction blocker application (Poulsen et al., 2015). Cx43 belongs to the connexin family of proteins in mammals and is not expressed in neurons but in SGCs in the TG (Ohara et al., 2008). The number of Cx43-immunopositive neurons increases in the TG following trigeminal nerve injury in rats, and they are involved in ectopic mechanical allodynia (Kaji et al., 2016). After 3rd branch nerve injury, mechanical hypersensitivity was shown in the upper eyelid skin and whisker pad skin innervated by an uninjured 1st and 2nd branches, respectively, and this sensitization was sustained for at least 2 weeks associated with increase of Cx43 and GFAP protein expression in SGCs surrounding TG neurons innervating uninjured region. The intra-TG injection of the connexin-mimetic peptide attenuates the ectopic hyperalgesia and expressions of both GFAP and Cx43. The detailed relationship between SGCs coupling with the intercellular passage of neuromediators such as Ca2+, inositol triphosphate and ATP, and glial activation remains unclear (Chen et al., 2008), although Ca2+ quickly passes through gap junctions between glial cells and provokes intercellular calcium waves, which induce increase of glutamate release, reduction of inwardly rectifying potassium channel 4.1 expression, and activation of small-conductance calcium-activated potassium channel 3, increasing neuronal excitability (Vit et al., 2006, 2008; Giugliano, 2009). Cx43 and SGC activation also contributes to ectopic tooth hypersensitivity following inflammation (Komiya et al., 2018). Increase of Cx43 expression and SGC activation are observed under tooth-pulp inflammation. Increased sensitivity to capsaicin in the adjacent tooth pulp to the inflamed one is associated with upregulation of Cx43 and GFAP expression in the SGCs surrounding the soma of TG innervating these teeth via the IL-1β mechanism (Figure 1).

Connexin 43 is believed to play a pivotal role in the propagation of SGC activation mentioned above, which is the basis of ectopic pain. However, increase of gap junction between SGCs in primary cultures of mice TG by the chemotherapeutic agent oxaliplatin (third generation platinum analog) treatment is reported to be independent of Cx43 (Poulsen et al., 2015). More recently, it was reported that there were possible couplings between SGCs, neuron–neuron, and neuron–SGC in TG (Spray et al., 2019). They indicate other connexin types besides Cx43 may be candidates for these couplings.

Nitric oxide is a free radical endogenous gas produced by NOS from L-arginine (Snyder, 1992). There are three types of NOS as follows: nNOS in neurons, iNOS in immunological cells, and endothelial NOS in vascular endothelial cells. NO plays a pivotal role as an endothelial-derived relaxing factor. A unique feature of NO is that it spreads quickly through the cell membrane and its in vivo half-life is very short (approximately 1 s) because it is rapidly converted to oxidized nitrogen dioxide. Some evidences have also shown that NO acts as a neuromodulator in the nervous system (Fan et al., 2012). NO activates soluble guanylate cyclase to increase intracellular cGMP concentration. cGMP activates cGMP-dependent protein kinase G, which activates and modulates numerous types of target molecules by phosphorylation (Fan et al., 2012). Freeman et al. (2008) demonstrated NO-proton injection into temporomandibular joint elicit increase of phosphorylated ERK and MAPK in neurons and SGCs located in not only V3 but also V1/V2 regions of the ganglion. Upregulation of nNOS is accompanied by abnormal pain following peripheral nerve injury (Sugiyama et al., 2013). Under the 3rd branch of the trigeminal nerve transection, the mechanical hyperalgesia of the whisker pad skin innervated by the 2nd branch of trigeminal nerve was observed over 6 weeks (Iwata et al., 2001). The expression of nNOS was upregulated in TG neurons innervating the mandibular region, while that in the TG neurons innervating the whisker pad skin did not change even in the presence of mechanical hyperalgesia. The inhibition of nNOS attenuates the mechanical hyperalgesia of the whisker pad skin (Sugiyama et al., 2013) and intra-TG administration of L-arginine causes mechanical hyperalgesia within 2 h after its injection. These results suggest that nNOS expression increases in the neuronal soma of the injured nerve branch; it accelerates NO production and is rapidly diffused into the entire TG, affecting the excitability of uninjured TG neurons. It has also been reported in the in vitro study that CGRP in TG neurons is involved in iNOS synthesis in SGCs via MAP kinase signaling (Li et al., 2008; Vause and Durham, 2009). Although it is currently unclear whether NO directly activates TG neurons or indirectly activates via activation of SGCs or macrophages, neuronal NO-protein kinase G signaling can be involved in ectopic orofacial mechanical allodynia (Fan et al., 2012; Figure 1).



Macrophage–Neuron Communication

At the site of inflammation, nerve injury, or trauma, many types of immune cells including granulocytes, monocytes, lymphocytes, and macrophages are accumulated and activated to initiate tissue repair. Among them, macrophages are richly populated at the site of a lesion and release mediators such as cytokines, chemokines, and neuropeptides (Lee and Zhang, 2012). Nociceptive neuronal hyperexcitation, which leads to intractable pain hypersensitivity, is induced by various cellular and molecular processes related to peripheral inflammation, nerve injury, or trauma. Several mediators released from macrophages bind to their receptors on nociceptive primary afferent neurons, which cause nociceptive neuronal hyperexcitation, which leads to intractable inflammatory and neuropathic pain (Ji et al., 2016). For instance, local-infiltrated macrophages release inflammatory mediators such as TNFα, NGF, LIF, IL-1β, and IL-6 in the inflammatory locus (Zelenka et al., 2005). Moreover, macrophages are also activated by TNFα, which is further conducive to the secretion of inflammatory mediators including IL-1β and TNFα under inflammatory conditions (Mika et al., 2013). TNFR-1 and TNFR-2 are expressed in small DRG neurons, which are considered to be nociceptive primary afferents, TNFα signaling via TNFR-1 and TNFR-2 induces the sensitization of Nav1.8 through protein kinase C activation followed by the promotion of action potential generation and pain hypersensitivity (Guillouet et al., 2011; Leo et al., 2015). The p75 neurotrophin and TrkA receptors act as NGF receptors in nociceptive primary neurons (Meakin and Shooter, 1992). It has been reported that NGF signaling in nociceptive primary afferent neurons enhances the magnitude of the tetrodotoxin-resistant sodium current, decreases in voltage threshold for Nav1.8 activation, and delayed rectifier potassium currents, which accounts for mechanical hypersensitivity in inflamed tissue (Gold et al., 1996; Zhang et al., 2002; Belkouch et al., 2014). Furthermore, the NGF/TrkA complex is internalized in inflamed tissue and transported to the soma, resulting in upregulated expression of Nav1.8 and transient receptor potential vanilloid 1, which plays a crucial role in heat hypersensitivity (Xue et al., 2007; Shinoda et al., 2011). IL-6 signaling also activates the Janus kinase/phosphoinositide 3-kinase signaling pathway in DRG neurons, which results in functional upregulation of transient receptor potential vanilloid 1, followed by cancerous pain hypersensitivity (Fang et al., 2015). Prolonged IL-1β exposure increases DRG neuronal excitability, resulting in pain hypersensitivity by attenuation of the potassium current depending on potassium channel functional alternation in vitro (Stemkowski et al., 2015). Small DRG neurons reportedly express the LIF receptor, and pain behaviors are induced by the plantar administration of LIF, while it has been reported that local injection of LIF suppresses inflammatory pain hypersensitivity and IL-1β (Banner et al., 1998; Spofford et al., 2011; Figure 1).

Additionally, activated macrophages do not only infiltrate at the site of inflammation, nerve injury, or trauma but also in the DRG (Ji et al., 2016). Aside from the DRG, the infiltration of non-neuronal immune cells, such as macrophages into the TG, and their activation in the TG are upregulated following orofacial pathogenesis including peripheral trigeminal nerve trauma and orofacial inflammation (Iwata and Shinoda, 2019). Incidentally, most of the macrophages serving as mononuclear phagocytes are supplied from the bone marrow, released from the blood vessels, and migrate into various tissues (Doulatov et al., 2010). Previous studies have indicated that peripheral nerve injury induces increase and activation of resident and proliferated macrophages in the DRG (Lu and Richardson, 1993; Komori et al., 2011; Donegan et al., 2013). The infiltrated and activated macrophages exhibit characteristic morphological structures involving a larger soma and thicker ramifications, which encourages changes in the microenvironment (Harvey et al., 2015). Morphological structural changes indicate their activation (Harvey et al., 2015). Moreover, the migrated macrophages mainly differentiate into two populations that have discrete morphological and functional profiles corresponding to the microenvironment of the migrating sites (Sprangers et al., 2016). Classically activated phenotype called M1 macrophages possess the capacity to secrete numerous pro-inflammatory cytokines and chemokines that participate in the local inflammatory reaction at the early stage. M1 macrophages are activated by interferon-gamma, TNFα, or lipopolysaccharides (Laskin et al., 2011; Brown et al., 2012). In contrast, M2 macrophages possess opposite attributes pertaining to the anti-inflammatory response and the advancement of tissue repair and they are activated by IL-4 and IL-13 (Laskin et al., 2011; Franco and Fernandez-Suarez, 2015). IL-4 and IL-13 signaling in M2 macrophages induces the phosphorylation of signal transducer and activator of transcription 6, and the facilitation of signal transducer and activator of transcription 6-mediated gene transcription is involved in the polarization of macrophages (Waqas et al., 2019). M1 and M2 macrophages are activated at and infiltrate the sites of peripheral nerve trauma and inflammation and also at the sensory ganglion (Komori et al., 2011). The infiltrated and activated macrophages that are known to be differentially involved in the modulation of inflammation release numerous chemical mediators such as cytokines and chemokines. Furthermore, functional cell-to-cell communication between macrophages and TG neurons through some chemical mediators allows for the augmentation of the sensory neuronal excitability in the TG (Iwata et al., 2017). Extended periods of enhancement of sensory neuronal excitability amplify functional cell-to-cell communication leading to neuronal hyperexcitability, resulting in the hyperexcitability of nociceptive neurons in the central nervous system. These plastic changes in cell-to-cell communication in the TG are implicated as a cause of orofacial intractable pain hypersensitivity following orofacial pathogenesis such as trigeminal nerve trauma or inflammation (Chiang et al., 2011). Following peripheral nerve injury, the signaling of CCL2, which is released from the soma of injured neurons via the C–C chemokine receptor type 2 in macrophages, results in macrophage proliferation and its activation in the DRG (Abbadie et al., 2003; Kwon et al., 2015; Liu et al., 2016). Moreover, the increment of CCL2 expression in the soma of TG neurons and the infiltration of macrophages in the TG by peripheral nerve injury never occur under conditions of toll-like receptor 2 deficit, suggesting that the signaling of CCL2 released from injured neurons via toll-like receptor 2 potentiates the abundance of activated macrophage infiltration in the TG after trigeminal nerve trauma (Kim et al., 2011). TNFα in the DRG is considered to derive from macrophages, and the release of TNFα is regulated by intracellular signaling cascades such as ERK and p38 MAPK cascades (Wagner and Myers, 1996; Raghavendra et al., 2003; Wang et al., 2012). Moreover, it has long been known that peripheral nerve injury amplifies SP synthesis in DRG neurons, and synthesized SP was released throughout the DRG (Fu et al., 2013). Some reports have suggested that SP is released into the TG by exocytosis and that it binds the neurokinin 1 receptor expressed in macrophages, which also facilitates TNFα exocytosis from the infiltrated and activated macrophages in the TG through the ERK 1/2 and p38 MAPK signaling pathway (Bardelli et al., 2005; Sun et al., 2008; Matsumoto et al., 2013). Together with these reports, TNFα or SP released by exocytosis from proliferated and activated macrophages following trigeminal nerve injury and enhanced TNFα or SP signaling in the TG lead to TG neuronal hyperexcitability, resulting in orofacial pain hypersensitivity (Batbold et al., 2017; Figure 1).



CENTRAL SENSITIZATION OF CENTRAL NERVOUS SYSTEM NEURONS

Orofacial noxious information is sent to the Vc and C1/C2 with the somatotopic organization via primary afferent TG neurons (Noma et al., 2008). The first branch of the trigeminal nerve projects to the ventral portion of the Vc and C1/C2, the third projects to their dorsal part, while the second branch projects to their middle part. Orofacial noxious stimuli cause activation of nociceptive neurons in these areas according to the regions innervated by each branch of the trigeminal nerve (Iwata et al., 1998; Noma et al., 2008). However, the receptive fields of each nociceptive neuron change their innervation areas, expanding the receptive fields beyond the other branch regions after trigeminal nerve injury or orofacial inflammation (Iwata et al., 1999, 2001). Nociceptive neurons in the Vc and C1/C2 regions are also strongly enhanced after trigeminal nerve injury or orofacial inflammation, resulting in the sensitization of Vc and C1/C2 nociceptive neurons (Iwata et al., 1999; Okada-Ogawa et al., 2009). Various molecules such as neuropeptides, ATP, or neurotrophic factors generated in TG neurons are released from primary afferent terminals and are involved in the modulation of the excitability of Vc and C1/C2 nociceptive neurons (Chiang et al., 2011). Neuropeptides (SP and CGRP), various neurotrophic factors (BDNF and NGF), glutamate, and ATP modulate neuronal activity in uninjured TG neurons as well as injured TG neurons after trigeminal nerve injury and/or orofacial inflammation (Iwata et al., 2011, 2017). NGF and heat-shock protein are released from the peripheral tissues and conveyed to the central nervous system via primary afferent neurons and released from the central terminals (Shinoda et al., 2011; Ohara et al., 2013). Receptors expression to these molecules is strongly enhanced in second-order neurons in the Vc and C1/C2, and these molecules bind to corresponding receptors, resulting in the enhancement of neuronal excitability in Vc and C1/C2 neurons receiving inputs from uninjured orofacial regions (Ren and Dubner, 2008; Iwata et al., 2011, 2017; Figure 2).


[image: image]

FIGURE 2. Astrocyte and microglial cell activation following trigeminal nerve injury. After trigeminal nerve injury, astrocytes and microglial cells are activated and various molecules are released from these cells causing further activation of second-order neurons in the trigeminal spinal subnucleus caudalis and upper cervical spinal cord (C1/C2).


It has also been reported that Vi and Vc transition zone (Vi/Vc) has a unique function for orofacial nociception. Many of nociceptive neurons in this area responded to noxious stimulation of the TMJ (Chichorro et al., 2017). Based on c-Fos studies, the number of c-Fos positive neurons did not increase in this area, whereas that was increased in C1/C2 area following noxious stimulation of the TMJ (Bereiter and Okamoto, 2011). Further, noxious responses of TMJ neurons in Vi/Vc altered according to the gender differences, suggesting that TMJ neurons in this area are involved in gender-related TMJ pain. Furthermore, many Vc/C1 neurons respond to dural stimulation, and some of them also respond to bright light stimulation to the eye (Okamoto et al., 2010; Hitomi et al., 2017a). Some bright light-responsive neurons in this area increased in their response magnitude following noxious dural stimulation (Hitomi et al., 2017b). It is also known that many neurons responding to corneal stimulation could be found in this area (Kumar et al., 2018). It is highly likely that nociceptive neurons in this area are involved in multiple sensory functions related to dural pain and corneal pain as well orofacial pain.

After trigeminal nerve injury or orofacial inflammation, various molecules are released from the primary afferent terminals, and these molecules contribute to the activation of microglial cells and astrocytes (Okada-Ogawa et al., 2009; Shibuta et al., 2012). ATP and glutamate are essential molecules for the activation of microglial cells and astrocytes, respectively. P2X4 receptor expression is known to be significantly enhanced in microglial cells in the spinal dorsal horn after sciatic nerve injury (Inoue and Tsuda, 2018). After peripheral nerve injury, the accumulation of ATP released from primary afferent terminals or blood vessels is strongly accelerated in the spinal dorsal horn, and ATP binds to the P2X4 receptor expressed in the microglial cells (Inoue and Tsuda, 2018). As P2X4 is a cation permeable purinergic receptor, ATP binding to the P2X4 receptor causes activation of the intracellular signal cascade (Inoue and Tsuda, 2018). Ca2+ influx causes p38 phosphorylation and various proteins are produced. Cleaved FKN from the primary afferent terminals is also known to be involved in the activation of microglial cells after peripheral nerve injury or inflammation. FKN binds to the FKN receptor expressed in the microglial cells involved in microglial cell activation (Kiyomoto et al., 2013). FKN binding to its receptor also causes p38 phosphorylation in microglial cells, resulting in the production of various cytokines (Kiyomoto et al., 2013).

Activated microglial cells produce various pro-inflammatory cytokines (IL-1β, TNFα, and IL-6), BDNF, and ATP and activated astrocytes produce CCL2, glutamine, and NF-κB and release these molecules under the trigeminal neuropathic state (Iwata et al., 2011, 2017; Goto et al., 2016). Conversely, after orofacial inflammation, activated microglial cells produce various cytokines and BDNF, and activated astrocytes produce BDNF and glutamine (Chiang et al., 2011). These molecules are considered to be involved in modulation of Vc and C1/C2 nociceptive neuronal activity (Figure 2).

Astrocytes are also activated following trigeminal nerve injury or orofacial inflammation in the Vc and C1/C2 (Okada-Ogawa et al., 2009; Tsuboi et al., 2011). Glutamine–glutamate shuttle in the activated astrocytes is considered a key mechanism involving modulation of neuronal activity in the Vc and C1/C2. After the activation of astrocytes, glutamine is produced by the action of glutamine synthetase in astroglial cells and released from these cells (Chiang et al., 2011; Figure 2). Glutamine is transferred from the primary afferent terminals of the trigeminal nerve via the glutamine transporter, and then glutamate release is accelerated, resulting in the hyperactivation of Vc and C1/C2 neurons. Activated astrocytes also release CCL2 and NF-κB, and these molecules are also known to be involved in the modulation of the excitability of Vc and C1/C2 nociceptive neurons (Iwata et al., 2017).

There is a large number of interneurons in the Vc and C1/C2 and many of them are classified as GABAergic or glycinergic interneurons involved in excitability decrease in the vicinity of GABAergic neurons (Okada-Ogawa et al., 2015). After trigeminal nerve injury, the number of inhibitory interneurons in the Vc and C1/C2 regions is reduced, resulting in enhanced excitability of nociceptive neurons (Okada-Ogawa et al., 2015). Furthermore, KCC2 downregulation occurs in Vc and C1/C2 neurons, and the chloride ion is accumulated in nociceptive neurons, resulting in the enhancement of nociceptive neuronal activity by inhibitory interneurons acting as excitatory.



INVOLVEMENT OF DESCENDING MODULATION

Severe inflammation in the orofacial region causes strong activation of the descending pathways as well as ascending noxious pathways (Gu et al., 2011; Okubo et al., 2013). The RVM in the reticular formation is a critical area involved in the descending modulatory system (Lau and Vaughan, 2014; Martins and Tavares, 2017). Three types of neurons, ON cells, OFF cells, and neutral cells, are differentially involved in the modulation of nociceptive neurons in the Vc and C1/C2 (Hitomi et al., 2017a). Many serotonergic neurons that exist in the RVM are involved in the modulation of Vc and C1/C2 nociceptive transmission. The descending system appropriately alters the excitability of nociceptive neurons in the Vc and C1/C2 under normal conditions, contributing to the sensory-discriminative aspect of orofacial pain. After orofacial deep tissue inflammation, microglial cells are activated in the RVM, and the excitability of ON cells further accelerating, and Vc and medullary neuronal activities becoming strongly enhanced, resulting in orofacial hyperalgesia (Wei et al., 2008). These findings suggest that the glial cell activation in RVM is also involved in the modulation of descending inhibitory and excitatory systems associated with orofacial inflammation.
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Naked mole-rats (Heterocephalus glaber) are subterranean rodents that utilize their incisors for feeding, chisel-tooth digging of complex tunnel systems, social interactions, and defense in their eusocial colony structure. Previous studies have shown that naked mole-rats have morphological and anatomical adaptations that predict strong bite forces, namely, skulls that are relatively tall and wide, in addition to impressive masticatory musculature. However, no studies to date have directly measured bite force in this species or analyzed the relationship between bite force and social caste. In the current study, we assessed adult naked mole-rat maximum bite force in relation to body mass, in addition to considering each animal’s position within the eusocial hierarchy (i.e., dominant versus subordinate). Each animal was permitted to freely interact with a piezo-resistive bite force sensor. Our results showed that bite force was correlated with body mass in subordinate but not in dominant naked mole-rats, and that subordinate animals exhibited a shorter latency in producing their first bite. Maximum bite force was significantly influenced by caste. In comparing bite force with available data from previous studies across 82 additional mammalian species, subordinate naked mole-rats exhibited a bite force that was 65% higher than predicted for their body size, comparable to Tasmanian devils and exceeding bite force values for all of the carnivorans included for comparison. These results supported the hypothesis that the naked mole-rat’s bite force would exceed predictions based on body size due to the behavioral importance and specialization of the naked mole-rat incisors. This study provides insight into the differences in bite force across species, and the significant role that social and ecological factors might play in the evolutionary relationship between bite force performance and underlying anatomical structures.

Keywords: naked mole-rat, incisor, bite force, bite force quotient, bite frequency, bite latency, piezo-resistive sensor, eusocial


INTRODUCTION

The maximum bite force across different taxa varies according to a wide range of factors including ecological niche, diet, and behavioral use of dentition. Anatomical characteristics such as body mass have proven to be significant predictors of bite force (Wroe et al., 2005; Anderson et al., 2008; Freeman and Lemen, 2008a; Marshall et al., 2012). In addition, the size of masticatory muscles for a particular species and related behavioral demands—e.g., attack and acquisition of prey, excavating tubers, digging underground tunnel systems—influence and co-vary with the strength of biting capabilities (Wroe et al., 2005; Christiansen and Wroe, 2007; Freeman and Lemen, 2008b; Becerra et al., 2014). Feeding habits in particular show a strong relationship with bite force capabilities (Wroe et al., 2005; Christiansen and Wroe, 2007; Maestri et al., 2016). Strong bite force estimates based on cranial morphology have been shown for predators that rely on the ability to effectively incapacitate and dismember prey (Christiansen and Wroe, 2007). In contrast, low bite force estimates were found for insectivores relying on a diet composed of prey that are less difficult to overpower and to consume (Aguirre et al., 2002, 2003; Wroe et al., 2005). Relatively high bite force quotients (BFQs) (comparisons to predicted bite forces across a range of taxa with different body masses based on linear regression analyses) have also been attributed to osteophages, tasked with breaking down bone material, as well as to herbivores that predominantly ingest geophytes and other hard vegetables (Herrel et al., 2002; Erickson et al., 2003; Herrel and O’Reilly, 2005; Wroe et al., 2005; Lappin et al., 2017).

Naked mole-rats (Heterocephalus glaber) are a subterranean species that uses their continuously erupting incisors to dig tunnels, defend their colony, show dominance among conspecifics, and consume foods ranging from vegetables to geophytes and the bones of ungulates found near and within their tunnels (Brett, 1991). Naked mole-rats exhibit skull morphological characteristics associated with strong bite forces (Figure 1A), including large head height and cranial width (McIntosh and Cox, 2016). Previous studies have shown that naked mole-rats also have large musculature of the head and neck that facilitates feeding, digging, and social behaviors that rely on use of the incisors (Cox and Faulkes, 2014; McIntosh and Cox, 2016; Cain et al., 2019). The musculature of the jaw is responsible for approximately 25% of their total body mass (Sherman et al., 1992). The size of the muscles of mastication, in particular the masseter and temporalis muscles as seen in Figure 1B, are large compared to other species such as mice (Figure 1C). The enlarged temporalis muscles of naked mole-rats extend far medially compared to other species, meeting at the midline (Figures 1B,C). Digital dissection using microCT techniques demonstrated that the total mass of masticatory muscles in naked mole-rats was 75% of what is seen in rats, despite rats having approximately five times the body mass (Cox and Jeffery, 2011; Cox and Faulkes, 2014). Although skull measures and large muscles of mastication predict a strong bite force for naked mole-rats, and studies of other African mole-rat species have demonstrated strong bite forces (Fukomys; Van Daele et al., 2008), bite force has not been directly measured in naked mole-rats to date.
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FIGURE 1. Naked mole-rat skull (A) and masticatory musculature (B) compared to that of a mouse (C). (A) The naked mole-rat skull is characterized by large cranial width and head height, factors predictive of stronger bite forces (McIntosh and Cox, 2016). (B) Naked mole-rats also have large temporalis and masseter muscles, associated with strong jaw closure (biting), with the dorsal attachment site of the temporalis muscle extending toward the midline. (C) By comparison, the mouse has much smaller masticatory muscles, with the dorsal attachment of the temporalis muscle limited to a far lateral extent of the skull. Masseter nomenclature follows Becerra et al. (2014) for the m. masseter lateralis, pars superficial (superficial lateral masseter). SLM = superficial lateral masseter. Scale bar = 5 mm.


Beyond any direct bite force assessment in naked mole-rats, the influence of hierarchical social status on bite force has not been explored. As a eusocial species, naked mole-rats assume various roles within a colony. These roles range from dominant (e.g., queen, breeder) to subordinate (e.g., forager, defender, caretaker) (Sherman et al., 1992; Faulkes and Bennett, 2001). Hierarchical status is related to differences in body mass (Sherman et al., 1992) and might also be associated with differing reliance on masticatory strength used to accomplish the tasks demanded by each role such as colony defense or caring for pups (Sherman et al., 1991; Anderson et al., 2008). In the current study, we utilized piezo-resistive force sensors paired with a Raspberry Pi system and customized software to directly measure bite force from the incisors in freely behaving naked mole-rats. We then analyzed maximum bite force, bite frequency, and bite latency in relation to body mass, sex, and caste, and compared naked mole-rat maximum bite force with that of other mammalian taxa.



MATERIALS AND METHODS


Animals

Nineteen adult (≥1 year old) naked mole-rats [H. glaber (Rüppell, 1842), RRID: NCBITaxon 10181], including 10 subordinate animals (five males and five females) and nine dominant animals (five males and four females), were used in this study (Table 1). The nine dominant animals consisted of all colony founders. Founders were the naked mole-rats used to initially establish our two separate laboratory colonies, and subsequently populate each respective colony; therefore, these were also the oldest colony members. The subordinate naked mole-rats were offspring of the founding group members. Body masses for the naked mole-rats included in the present study ranged from 32.4 to 94.1 g (Table 1; Braintree Scientific compact portable scale model CB 1001 with 0.1 g precision). Naked mole-rats were maintained in two separate laboratory breeding colonies, each with one queen. They were housed at ambient temperatures of approximately 27.8–30°C and at least 40% relative humidity, with free access to food. For complete housing details, see Artwohl et al. (2002). All aspects of this research complied with our protocol approved by the Institutional Animal Care and Use Committee at Southern Illinois University, Carbondale, IL, United States, and were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publication Nos. 8023 and 1978).


TABLE 1. Descriptive statistics (values shown are mean ± SEM) and range for body mass, maximum bite force, bite frequency (inclusive and stringent analyses), and bite latency in naked mole-rats separated by caste.
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Force Sensor Preparation and Calibration

We utilized FlexiForce type A201 force sensors (111N sensors; Tekscan; Boston, MA, United States) to assess naked mole-rat bite force. Per the manufacturer, each sensor has the following typical performance: linearity (error) of <±3% of full scale, repeatability of <± 2.5%, hysteresis of <4.5% of full scale, drift of <5%/logarithmic time, response time <5μsec, and an operating temperature range of −0 to 60°C. A protective coating of Plasti-Dip (Plasti-Dip International; Blaine, MN, United States) was added to prolong the life of the sensor and to maintain its responsiveness for multiple bite interactions. Plasti-Dip was applied in two coats to the distal 50 mm length of the force sensor. Each coat was given 48 h to completely cure before the coated force sensor was calibrated and utilized in experimental sessions. Each Plasti-Dipped bite force sensor was approximately 1.5 mm thick, 15 mm long, and 15 mm wide (see the inset in Supplementary Figure S1C).

In order to create calibration force curves, force sensors were conditioned following the manufacturer’s recommended parameters. Conditioning consisted of applying 110% of maximum load to the sensor until voltage response stabilized (approximately 3 s), repeated five times. A universal testing machine (UTM), specifically the Material Testing Systems (MTS) Insight 30SL Model Number 820.030-SL (MTS Systems Corporation, Eden Prairie, MN, United States), was used to calibrate our sensors. To maintain consistent force application and to achieve precise alignment, custom aluminum fixtures matching the average footprint of naked mole-rat upper and lower incisors were fabricated by the machine shop at Southern Illinois University. Setup of the UTM followed the manufacturer’s guidelines, and the force sensor was placed between the fabricated fixture interfaces. After sensor conditioning, known forces were applied to the sensor via the UTM, and the force sensor responses were recorded. A voltage per newton (V/N) curve was then directly created from the response data (Supplementary Figure S1A). The V/N ratio changes in a manner that is dependent on the input voltage resistance of the force sensor. Once the V/N ratio was calculated, bite forces measured by the probe was then converted from voltage to newton. Calibrated force sensors were paired with a Raspberry Pi Model B (Adafruit; New York City, NY, United States) using customized Python (version 3.0) software for bite force data acquisition (see Supplementary Figure S1C for detailed circuit connections).



Bite Force Data Collection and Analysis

Each animal was placed in a chamber similar to its permanent housing chambers and was allowed to acclimate for several minutes. Next, the force sensor was inserted through a small opening at the blocked terminal end of a PVC tunnel tube to allow the animal to interact freely with the force sensor. Slightly agitating the force sensor to attract the animal’s attention generally proved effective at eliciting biting behaviors, and naked mole-rats were motivated to bite when the opening of a tunnel was blocked. Bite force measurements were then recorded for approximately 20 min after which the animal was returned to its permanent housing chamber. Five trials of approximately 20 min each were run for each animal.

The force sensor raw voltage data were sampled at 128 Hz (Supplementary Figure S1B). Data for each force sensor probe was adjusted by first subtracting the baseline “noise” voltage readings from the force sensor output, which were then converted from raw voltage output to newton values using the conversion factor for the specific probe utilized during behavioral testing based on the calibration curve for that probe, as described above regarding the V/N ration. The maximum bite force was extracted from each experimental session (trial) for five total trials per animal. The largest bite force across all five trials per animal was used for analysis of maximum bite force (Table 1). For comparisons with other rodent species and across mammalian orders, data were log transformed to normalize the distribution of the sample values (Table 2).


TABLE 2. Descriptive statistics (maximum bite force, body mass, residuals, and bite force quotients) across mammalian species, including data from the present study for naked mole-rats.

[image: Table 2]All statistical analyses were performed using IBM SPSS Statistics version 26. In order to further facilitate cross-species comparisons for taxa spanning a wide range of body masses, we also calculated BFQs by applying our linear regression analyses for Mammalia (Table 2) following similar BFQ analyses from previous studies (Wroe et al., 2005; Christiansen and Wroe, 2007). To calculate BFQ, the following equation was used for separated naked mole-rat castes (dominant and subordinate; Table 2):
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where BF is bite force and BM is body mass. For combined naked mole-rat castes (Table 2), the following equation was used:

[image: image]

For bite latency and bite frequency analyses, comparisons were made using the mean values across the five trials per animal (Table 1). We used Matlab to locate the first data point that passed the force threshold (at least two standard deviations above the mean of all recorded force sensor data for that session from the start time of each trial) to qualify as a bite and to assess latency. In addition, two separate bite frequency analyses were performed using Matlab to quantify the number of individual bites that occurred per experimental session above the force threshold. The first was an inclusive bite frequency analysis in which all points above threshold were counted (Supplementary Figure S2A). The second applied more stringent criteria and required a minimum distance of 50 acquired data points between any point surpassing the threshold in order to assess separate bite events (Supplementary Figure S2B). The values acquired in Matlab for bite latency, inclusive bite frequency, and stringent bite frequency were imported into SPSS Statistics version 26 for further statistical analyses. Separate ANOVA analyses used either bite frequency, bite latency, or bite force as the dependent variable; sex and caste as fixed factors; and body mass as a covariate in testing for the main effect of caste on each dependent variable. Age was not included in analyses due to its significant correlation with body mass (Spearman correlation coefficient of 0.570, p = 0.011).



RESULTS


Qualitative Assessment of Biting Behaviors in Naked Mole-Rats

Overarching trends observed during bite force assessments characterized naked mole-rat biting behaviors as defensive, exploratory, digging, or chewing. One such behavior was a tendency to bite the edge of the probe and to exhibit what appeared to be defensive biting behavior. Upon grasping the probe’s edge between its upper and lower incisors, the naked mole-rat would simultaneously run backward and twist its head as if attempting to tear away part of the probe (similar to the manner in which a person might twist their head while biting to tear off a piece of tough food matter such as beef jerky). A second noteworthy behavior in naked mole-rats was a tendency to gnaw on the probe in what appeared to be exploratory biting rather than defensive behavior. During exploratory biting, rather than retreating backward through its tunnel system and twisting its head, the animal kept the probe between its upper and lower incisors while continuously applying pressure to the probe and pulling on it, paired with bracing and pressing of the forelimbs and occasionally even lifting the hindlimbs off the ground. As each experimental session progressed, animals more frequently exhibited a forelimb digging motion targeting the site where the probe emerged through a slot at the tunnel’s terminal. If the probe was temporarily removed, animals would occasionally place their upper incisors within the slot of the tunnel terminal and would gnaw at the edges, keeping the upper incisors in place while scraping the lower incisors along the tunnel’s edge in a chisel-tooth digging fashion (Olivares et al., 2004; Samuels and Van Valkenburgh, 2009; McIntosh and Cox, 2016). If food was offered in place of the probe at the tunnel’s terminal, the naked mole-rat would tear off parts of the food (e.g., sweet potato) with its incisors and retreat backward through the tunnel to the larger housing chamber where it grasped the food between its forepaws to steady it during consumption. The upper incisors were used to hold the food item in place while the lower incisors were moved in such a way so as to dislodge and scoop smaller pieces of the food that could be consumed with multiple smaller bites using the molars. Naked mole-rats likely modulate bite force across these different categories of biting behaviors in order to optimize outcomes, with defensive behaviors associated with the strongest bite forces in order to effectively protect the colony.



Naked Mole-Rat Bite Frequency and Bite Latency With Respect to Caste

Bite frequency and bite latency (Table 1) were analyzed to assess differences between castes that might indicate differences in motivation to bite (e.g., high bite frequency or short bite latency potentially indicating increased motivation and/or decreased inhibition to bite). Bite frequency ANOVA analyses found no significant differences in bite frequency between dominant versus subordinate animals whether the analysis was based on more inclusive criteria [F(1,18) = 1.431, p = 0.251; Figure 2A] or more stringent criteria [F(1,18) = 2.765, p = 0.119; Figure 2B], adjusting for body mass and sex. (Also see Supplementary Figure S2 for an illustration of each bite frequency criterion applied to representative data.) Thus, these values can be combined across castes to yield an average bite frequency of 3.895 bites/min using inclusive criteria and 1.185 bites/min using stringent criteria. In contrast, quantification of latency to first bite showed significant effects of caste when body mass and sex were accounted for [F(1,18) = 4.666, p = 0.049; Figure 3]. Dominant naked mole-rats took nearly twice as long to produce their first bite compared to subordinate animals (2.48 ± 1.66s versus 1.44 ± 1.12s, respectively; Table 1).
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FIGURE 2. Bite frequency (mean ± SEM) for dominant (black, n = 9) and subordinate (gray, n = 10) naked mole-rats. One-way ANOVA analysis revealed no significant influence of caste (accounting for sex and body mass) on mean bite frequency in naked mole-rats. (See the section “Materials and Methods” and Supplementary Figure S2 for details regarding inclusive versus stringent criteria for bite frequency analyses.) (A) For inclusive bite frequency analyses where all data points above threshold were counted as bites, there were no significant differences by caste (dominant = 3.39 ± 0.92, subordinate = 4.29 ± 1.70). (B) For stringent bite frequency analyses classifying separate bite “events,” similarly there were no significant differences by caste (dominant = 0.97 ± 0.31, subordinate = 1.37 ± 0.54).
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FIGURE 3. Bite latency (mean ± SEM) for dominant (black, n = 9) and subordinate (gray, n = 10) naked mole-rats. A one-way ANOVA revealed that caste significantly affected bite latency [F(1,18) = 4.666, p = 0.049], accounting for body mass and sex. Mean bite latency for dominant animals was 2.48 ± 1.66 min, whereas mean bite latency for subordinate animals was 1.44 ± 1.12 min. min = minutes. ∗ signifies p < 0.05.




Naked Mole-Rat Maximum Bite Force With Respect to Caste

For the naked mole-rats included in this study, body mass—shown by previous studies in other species to be a key predictor of maximum bite force—was distributed across a relatively wide range of 32.4–94.1 g (Table 1). The maximum bite forces produced also varied across a wide range of 7.74–35.95 N, with an average maximum bite force of 19.82 ± 4.68 N in dominant naked mole-rats and 21.07 ± 8.89 N in subordinate naked mole-rats (Table 1). When naked mole-rats were separated by caste, distinct differences in maximum bite force were observed with respect to body mass. Initial correlation assessments of each group showed that maximum bite force was significantly and positively correlated with body mass in subordinate animals (Spearman correlation coefficient of 0.7212, p = 0.019; Figure 4A), as predicted based on other species. However, in dominant animals, maximum bite force was not correlated with body mass (Spearman correlation coefficient of 0.1833, p = 0.637; Figure 4B). Thus, whereas bite force increased with body mass in subordinate animals, it remained similar irrespective of body mass in dominant animals. ANOVA analysis further confirmed that maximum bite force showed a significant main effect of caste [F(1,18) = 6.212, p = 0.026], adjusting for body mass and sex, indicating that a naked mole-rat’s role within the eusocial hierarchy was significantly interrelated with maximum bite force when the comparison between castes was conducted on a body mass-corrected bite force measure. There was also a significant main effect of body mass on bite force [F(1,18) = 10.800, p = 0.005]. Sex approached but did not reach a significant effect on bite force [F(1,18) = 4.298, p = 0.057], and there was no significant interaction between caste and sex on bite force measures [F(1,18) = 0.209, p = 0.654].
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FIGURE 4. Maximum bite force was significantly correlated with body mass in subordinate naked mole-rats (A; n = 10; r = 0.7212, p = 0.019) but not in dominant naked mole-rats (B; n = 9; r = 0.1833, p = 0.637). ANOVA analysis further confirmed that maximum bite force was significantly influenced by caste, adjusting for body mass and sex [F(1,18) = 6.212, p = 0.026]. Black represents dominant naked mole-rats and gray represents subordinate naked mole-rats. ∗ signifies p < 0.05.




Maximum Bite Force in Naked Mole-Rats Compared to Other Mammalian Species

There was a significant, positive allometric relationship between maximum bite force and body mass analyzed across naked mole-rats and 21 additional species of Rodentia whether naked mole-rat castes were separated (y = 0.5376x + 0.2571, R2 = 0.7061, p < 0.001; Figure 5A and Table 2) or combined (y = 0.5388x + 0.2518, R2 = 0.7090, p < 0.001; Figure 5B and Table 2). Compared to other rodents, when naked mole-rats were separated by caste (Figure 5A), subordinate naked mole-rats exhibited bite forces that exceeded predicted values (residual of 0.1266) whereas dominant naked mole-rats exhibited bite forces that more closely approximated predicted values (residual of 0.0273; Table 2). This equated to a predicted bite force of 15.74 N for subordinate animals compared to our directly measured average value of 21.07 N, which was 34% greater than the predicted subordinate bite force. Dominant animals were predicted to have a bite force of 18.61 N, compared to our directly measured average value of 19.82 N, which was only 6.5% greater than predicted and more closely matched the predicted dominant bite force. Combining subordinate and dominant castes to be grouped together (Figure 5B) brought the naked mole-rat residual to 0.0930 (Table 2) with a predicted bite force of 16.53 N, compared to our directly measured average value of 20.48 N for the combined castes, which was 24% greater than the predicted bite force. Thus, naked mole-rats exhibited a bite force that was stronger than predicted for their body mass compared to other rodent species, and this was primarily driven by the performance of subordinate naked mole-rats.


[image: image]

FIGURE 5. Linear regression analyses comparing maximum bite force to body mass in naked mole-rats together with 21 additional rodent species (data from other rodent species obtained from previous studies; see Table 2 for associated references). Data were log transformed to normalize the distribution of the sample values. There was a significant, positive allometric relationship between bite force and body mass across Rodentia. (A) When naked mole-rats were separated by caste (y = 0.5376x + 0.2571), subordinate animals (gray, n = 10) were above the regression line (residual = 0.1266) whereas dominant animals (black, n = 9) fell closer to the regression line (residual = 0.0273). (B) When dominant and subordinate castes were combined (gray/black; y = 0.5388x + 0.2518), naked mole-rats exhibited bite forces above the regression line (residual = 0.0930). g = grams, N = newton, and NMR = naked mole-rat.


The significant, positive relationship between bite force and body mass was also found when the Rodentia comparison was broadened to encompass additional mammalian orders for a total of 83 mammalian species, including naked mole-rats separated by caste (y = 0.5703x + 0.1096, R2 = 0.9244, p < 0.001; Figure 6 and Table 2). Within this scope, naked mole-rat bite force exceeded predicted values for each caste when separated (residual of 0.2169 for subordinate naked mole-rats, residual of 0.1133 for dominant naked mole-rats). The cross-order mammalian comparison generated a predicted bite force of 12.79 N for subordinate naked mole-rats (compared to our directly measured average value of 21.07 N, which was 65% greater than the predicted subordinate bite force) and 15.27 N for dominant naked mole-rats (compared to our directly measured average value of 19.82 N, which was 30% greater than the predicted dominant bite force). Combining subordinate and dominant castes (y = 0.5712x + 0.1053, R2 = 0.9252, p < 0.001) generated a residual of 0.1814 and a predicted bite force of 13.49 N for naked mole-rats (compared to our directly measured average value of 20.48 N for the combined castes, which was 52% greater than the predicted bite force). Overall, in comparison to a wide range of mammalian species spanning multiple orders, naked mole-rat bite force remained much stronger than predicted based on body size, particularly for subordinate animals.
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FIGURE 6. Linear regression analyses comparing bite force to body mass in naked mole-rats together with 82 additional mammalian species (data from other species obtained from previous studies; see Table 2, color-coded by mammalian order in congruence with this figure, for references). Data were log transformed to normalize the distribution of sample values. The residual for subordinate naked mole-rats (gray, n = 10) was 0.2169 whereas the residual for dominant naked mole-rats was 0.1133 (black, n = 9), compared to 0 for the common rat. This demonstrated that naked mole-rats exhibited a bite force that was much stronger than predicted for their body size.


Although BFQ results were similar for other mammalian species whether they were based on linear regression analyses that included naked mole-rat castes as separated (BFQ1, Table 2) or combined (BFQ2, Table 2), we included both sets of values for completeness and to enable either set of values to be applied to and compared with future studies. Species with BFQs of approximately 100 have bite forces equal to those predicted by the cross-species comparison for their body size (Wroe et al., 2005; Christiansen and Wroe, 2007). Subordinate and dominant naked mole-rats exhibited BFQs that exceeded predicted values (164.78 and 129.79, respectively) whereas grouping castes together produced a naked mole-rat BFQ of 151.74, altogether indicating that naked mole-rat bite force was much greater than predicted based on body mass in comparison to other mammals spanning a wide range of body masses and bite forces (Table 2).



DISCUSSION

Naked mole-rats were assessed across multiple variables including bite frequency, bite latency, and maximum bite force in order to characterize their biting behaviors in relation to body mass and caste. Other studies that have assessed mammalian bite frequency have focused on chewing behaviors rather than the defensive or exploratory bites that predominantly characterized naked mole-rat biting behaviors in our study. Chewing frequency has been shown to negatively correlate with body mass in mammals, with a ceiling effect imposed by masticatory muscle capabilities (Druzinsky, 1993; Virot et al., 2017). Mammalian species studied for chewing frequency included lions (1.43 ± 0.41 Hz), orangutans (1.21 ± 0.24 Hz), humans (1.71 ± 0.42 Hz), and a chinchilla (4.24 ± 0.59 Hz) (Virot et al., 2017). Bite frequency, as measured in the current study, does not directly compare to chewing frequency, with naked mole-rats averaging a bite frequency of approximately 1 bite/min using stringent analysis criteria (Table 1, Supplementary Figure S2B, and Figure 2B). Bite frequency was not associated with caste. In contrast to bite frequency in naked mole-rats, bite latency was significantly associated with caste. Dominant animals took nearly twice as long to initially bite the force sensor compared to subordinate animals (Table 1 and Figure 3). Very few studies have characterized mammalian bite frequency and bite latency, particularly with respect to the relationship of each of these variables with body mass or social hierarchical status. Social behaviors attributable to lower-ranking versus high-ranking animals may in part drive the influence of caste on bite latency. Subordinate animals may have a higher motivation and/or less inhibition to initiate biting behaviors, whereas dominant animals with a more established position in the colony hierarchy may exhibit less motivation and/or greater inhibition to initiate biting behaviors. Bite latency has been examined in rodents using behavioral tests of aggression which showed that shorter bite latencies were associated with increased aggression (Koolhaas et al., 2013). Latency to bite has not been previously analyzed with respect to body mass and caste, rendering it difficult to compare the relationships between these variables in naked mole-rats to those observed in other species.

The average bite force was 21.07 ± 8.89 N in subordinate naked mole-rats and 19.82 ± 4.68 N in dominant naked mole-rats (Table 1). Bite force was positively and significantly correlated with body mass in subordinate but not in dominant naked mole-rats (Figure 4). When assessed with 21 additional species of Rodentia (Figure 5 and Table 2) or expanded to 82 additional species of Mammalia (Figure 6 and Table 2), naked mole-rat bite force exceeded the values predicted based on body size, particularly for subordinate animals.


Naked Mole-Rat Bite Force Compared to Other Mammalian Species

The maximum bite force of naked mole-rats was greater than expected based on predicted values, whether these comparisons were limited to other rodents (Figure 5) or expanded across mammalian orders (Figure 6). Subordinate and dominant naked mole-rats exhibited BFQ values of 165 and 130, respectively (Table 2), whereas a measured bite force that matched predictions based on body size would have produced BFQ values of 100 (Wroe et al., 2005; Christiansen and Wroe, 2007). For their body size, subordinate naked mole-rats outperformed all of the carnivorans included for comparison, such as American black bears (BFQ of 57), lions (BFQ of 104), and wolves (BFQ of 119), all of which require strong bite forces in order to shear the muscle and crack the bones of their prey (Table 2). Subordinate naked mole-rat bite force was comparable to the value calculated for Tasmanian devils (BFQ of 153; Table 2). Like some of the carnivorans in the Mammalia comparisons, naked mole-rats occasionally consume bone, a feat associated with large bite forces (Wroe et al., 2005; Christiansen and Wroe, 2007). Often, species with higher than predicted bite forces are also animals that hunt prey larger than themselves (Christiansen and Wroe, 2007). Naked mole-rats share some similarities with these species in that they require stronger bite forces for adversaries such as snakes that far exceed their own average body size (Sherman et al., 1991). In addition, reliance on different biting strategies also affects maximum bite force. Wroe et al. (2005) categorized distinct biting strategies for mammals, distinguishing between those that used static versus kinetic bites, the latter of which requires more force. The kinetic bites consisted of stabbing bites targeted at the neck and ones that sheared with their canines.

Naked mole-rats outperformed humans as well, with a human BFQ of 111 that closely approximated the value predicted for their body size (Table 2). If the bite force exhibited by subordinate naked mole-rats were extrapolated to the body mass of humans (2874 g; Table 2; Van Eijden, 1991), a human-sized naked mole rat would exhibit a bite force of 1110 N—48% greater than the measured human bite force. By comparison, an American black bear-sized naked mole-rat would produce a bite force of 1553 N, or 187% greater than the calculated black bear bite force; a lion-sized naked mole rat would yield a bite force of 2794 N, or 58% stronger than the lion’s calculated bite force; and a wolf-sized naked mole-rat would produce a bite force of 825 N, or 39% stronger than the wolf’s calculated bite force (Table 2; Wroe et al., 2005).

Although naked mole-rats exhibited higher BFQs than the majority of other mammalian species included for comparison in the present study, they were out-performed by certain species including orangutans (Lucas et al., 1994), several bat species (Aguirre et al., 2002; Dumont and Herrel, 2003), and opossums (Thomason et al., 1990), in addition to several rodent species (Table 2). These rodent species included other species of subterranean mole-rats, the African mole-rats (Fukomys micklemi and Fukomys whytei, Van Daele et al., 2008), as well as the plains pocket gopher (Freeman and Lemen, 2008a), the grasshopper mouse (Williams et al., 2009), and the sand dune tuco-tuco (Ctenomys australis, Becerra et al., 2014). C. australis is a subterranean species that relies on both chisel- and scratch-tooth digging (Becerra et al., 2013). Socially, C. australis is highly aggressive, territorial, and solitary (Becerra et al., 2013)—traits shared with the ground-dwelling, carnivorous grasshopper mouse (Satoh and Iwaku, 2006; Williams et al., 2009) as well as with the fossorial pocket gopher (Freeman and Lemen, 2008a). Naked mole-rats, by comparison, are subterranean chisel-tooth diggers that are eusocial and can be aggressive as needed for colony defense or intraspecific competition. Chisel-tooth diggers are characterized by well-developed head and neck musculature utilized in biting, as well as adaptations in skull morphology such as large zygomatic arches and temporal fosse that facilitate usage of the incisors as chisel-like tools (Samuels and Van Valkenburgh, 2009). McIntosh and Cox (2016) classified chisel-tooth diggers as more capable of producing stronger bites than their scratch-digging counterparts based on dental and skull morphology related to increased behavioral reliance on and utilization of masticatory musculature.

Bite force can also be influenced by masticatory muscle variations, such as the microstructural composition and relative size of the temporalis and masseter muscles (Olivares et al., 2004), as well as differences in craniofacial morphology and gape (McIntosh and Cox, 2016). Such variations, together with divergent evolutionary pressures, likely contribute to the discrepancies in predicted versus actual bite force, and differing BFQ values (Table 2). Maximum gape is dictated by skull and muscular parameters in that gape increases with increased resting and stretch length of masticatory muscles, increased size of the temporalis muscles, increased jaw length, increased condyle length, and decreased condyle height (Satoh and Iwaku, 2006; Cox and Faulkes, 2014). Variations in gape, in turn, strongly influence bite force such that bite force negatively scales with gape angle (Dumont and Herrel, 2003; Santana, 2016). Bite force also varies according to the tooth being assessed, with higher bite forces associated with molars compared to incisors (Dumont and Herrel, 2003). Due to these factors, differences observed in our cross-mammalian comparison were likely affected by, and must be considered within the context of, the tooth being assessed for bite force (canine, molar, or incisor) and associated gape differences (Table 2).



Naked Mole-Rat Bite Force and Body Mass: Relationship to Behavioral Roles Within the Eusocial Colony Structure

Maximum bite force was correlated with body mass for subordinate naked mole-rats (Figure 4A), as predicted based on the relationship between body mass and bite force demonstrated in a wide range of other taxa (Thomason et al., 1990; Lucas et al., 1994; Aguirre et al., 2002; Dumont and Herrel, 2003; Thompson et al., 2003; Wroe et al., 2005; Freeman and Lemen, 2008a; Ellis et al., 2009; Williams et al., 2009; Becerra et al., 2014). However, in dominant naked mole-rats, bite force remained fairly constant and was not correlated with body mass (Figure 4B). Further analysis confirmed that bite force was significantly influenced by caste. However, it should be noted that the dominant naked mole-rats in our sample are also inherently larger and older animals, and it may be the case that the correlation with bite force weakens at higher body masses rather than differences between dominant and subordinate naked mole-rats being due exclusively to caste-specific influences. When dominant and subordinate groups were combined, naked mole-rats exhibited a maximum bite force that exceeded the predicted value based on their body mass. Separating these groups by caste demonstrated that this difference was primarily driven by subordinate naked mole-rats, such that these animals exhibited bite forces well beyond those predicted for their body mass whereas dominant naked mole-rats more closely adhered to predicted values.

The eusocial colony structure of naked mole-rats is related to behavioral and body size differences between castes, as well as differing role requirements for animals within each caste. Within the present study, the dominant group was composed solely of founding members of each naked mole-rat colony. Previous studies have shown significant differences in body mass between larger naked mole-rats that established a colony (i.e., founders) versus smaller animals that were subsequently birthed into the colony, in addition to body mass fluctuations in response to changes in or disruption of the eusocial hierarchy (O’Riain and Jarvis, 1998). The first litter of a nascent colony responded most strongly to social structure changes within the colony, such as death of a male breeder, with distinct increases in body mass. O’Riain and Jarvis (1998) were also able to show that the subsequent litters (referred to in the current study as subordinates) maintained smaller body sizes unless particular animals diverged to defensive or breeding roles within the colony, at which point these animals greatly increased in body mass as a direct result of assuming a new role in the social hierarchy. When naked mole-rats were classified as breeders (more dominant) and non-breeders (more subordinate), behaviors involving utilization of the incisors such as nest building, digging, transporting food, and defense were associated with differences in body mass (Sherman et al., 1991).

As opposed to dominant naked mole-rats, subordinate animals exhibited a significant correlation between body mass and bite force. This may be related to the broad spectrum of behavioral roles and associated differences in body mass observed in subordinate naked mole-rats. Larger non-breeding subordinate animals engage in chisel-tooth digging required for excavating new tunnels. The largest of the subordinate naked mole-rats have been observed to be “volcanoers,” animals that hold positions at the openings of underground tunnels to the surface in order to kick out dirt (which takes on the outward appearance of sandy volcanoes). This is by necessity a defensive behavioral role due to the proximity to the surface rendering these animals vulnerable to predators. The large body size of these animals may also be related to the strong musculature needed to move large volumes of dirt, as is required for tunnel “volcanoeing” (Hamilton, 1928). The larger subordinate animals perform tasks that require more forceful utilization of masticatory musculature than their smaller counterparts that tend to focus on nesting behaviors, thereby aligning with the positive significant correlation of body mass with bite force. As described above, differences in gape between smaller versus larger animals may also have contributed to the bite force differences observed. However, our bite force sensors were small (1.5 mm thick) relative to the head size of naked mole-rats (see the inset in Supplementary Figure S1C) and should have produced minimal differences in gape across the naked mole-rats examined. Nonetheless, the influence of gape angle on bite force would be more pronounced in subordinate naked mole-rats, with the same bite force sensor requiring a proportionately larger gape in these smaller animals and potentially reducing bite force performance compared to the larger, dominant naked mole-rats.



Caveats of the Present Study

In vivo measurements from freely behaving animals, as used in the current study, can elicit highly variable responses depending on the motivation level of the animals and how successful the experimental conditions are at eliciting a true maximum bite force. As such, in spite of care being taken to elicit a true maximum bite force, any sub-optimal experimental conditions may underestimate an animal’s actual capabilities. A number of factors can impact biting behaviors. One such variable is ambient temperature, which has been shown to alter biting behaviors in reptiles due to their inability to thermoregulate (Anderson et al., 2008), a quality also characterizing naked mole-rats (Johansen et al., 1976). In addition, in vivo bite forces are often elicited as defensive behavioral responses, thus making the effectiveness of experimental conditions in eliciting defensive behaviors a factor in accurately capturing true maximum bite force. Under our experimental conditions, the force sensor probe was combined with a blocked tunnel exit. This was perceived as an agitation and possibly also as a threat, given that our observations indicate that naked mole-rats become aggressive when a tunnel exit is blocked. One role of subordinate animals is that of defenders of the colony, making defensive biting behaviors more likely to be elicited from subordinate animals. Conversely, the dominant naked mole-rats may have been less motivated to bite under such conditions due to their minimal role in defense-related behaviors associated with their higher status in the eusocial hierarchy of the colony (Sherman et al., 1991). Previous studies have shown a positive correlation between defensive biting frequency and body mass, particularly for non-breeding subordinate males that participate in aggressive behaviors such as incisor fencing, biting, shoving, tugging, and open-mouth gaping (Sherman et al., 1991). The lack of an animate threat beyond a blocked tunnel exit could potentially have resulted in diminished defensive biting behaviors elicited in the present study compared to studies in which predators (e.g., snakes) and conspecifics were presented (Sherman et al., 1991). Finally, our comparisons to other mammalian species were weighted toward larger carnivorans for which there are disproportionately more existing data in the literature than for non-predatory species such as ungulates. This over-representation of carnivorans, in addition to differences in the teeth being assessed for bite force calculations (canines, molars, or incisors) and associated gape angle differences as described above, may have skewed our regression analyses (Table 2 and Figure 6). However, naked mole-rats out-performed all carnivorans included in the present analyses, and the addition of ungulates would very likely serve to increase rather than diminish our reported BFQ values for naked mole-rats.



Bite Force Methodological Differences and Future Directions

Previous studies assessing bite force have relied on a range of different methodologies. These have included: bite force directly measured from freely behaving animals; bite force directly measured in anesthetized animals, elicited via electrical stimulation of masticatory muscles; and bite force values that are predicted based on extrapolations from skull morphology parameters. Variations in BFQs among species may be attributed in part to the methodologies of the studies performed. Across studies, there are differences in how a bite was either directly measured or calculated (annotated as MV for directly measured values or C for calculated values in Table 2 for cross-species comparisons included in the present study). The specific teeth assessed for bite force can also differ (i.e., molars, incisors, or canines), in addition to the environmental conditions and the animal’s motivation to perform, as described above (Thomason et al., 1990; Van Eijden, 1991; Aguirre et al., 2002; Dumont and Herrel, 2003; Thompson et al., 2003; Van Daele et al., 2008; Ellis et al., 2009; Williams et al., 2009). Some bite force studies focused on wild animals that were momentarily restrained within their natural habitat and were (relatively) freely behaving, whereas others assessed wild or laboratory animals in a laboratory setting. In calculated bite force measurements, variations in the specific skull morphology parameters may have resulted in differences in extrapolated bite force predictions (Lucas et al., 1994; Wroe et al., 2005). In the present study, we feel that accurately representative naked mole-rat bite force values were obtained given that the relatively long experimental trials offered ample opportunity for the animals to produce a maximum bite force (five trials of approximately 20 min each, compared to other studies in which five total bites were recorded and the maximum was analyzed, e.g., Van Daele et al., 2008). In addition, our results are consistent with other studies predicting high bite force values for H. glaber based on skull morphology and cranial musculature (Cox and Faulkes, 2014; McIntosh and Cox, 2016). Future studies involving electrical stimulation of masticatory muscles, individually and in combination, would be useful in elucidating the extent to which each muscle contributes to overall bite force in naked mole-rats. In addition, intracortical microstimulation (ICMS) electrophysiological experiments targeting primary motor cortex could delineate mototopy and characterize evoked jaw movements that subserve bite force capabilities. Finally, further behavioral studies would be needed to link bite force differences to distinct hierarchical roles (e.g., defender or caretaker) in the naked mole-rat colony. This would be of particular interest in relation to: (1) longitudinal studies focused on specific animals with naturally changing social roles over time, particularly if a subordinate animal transitioned to dominant status, or (2) experimental interventions (e.g., removal of a queen, or removing animals from an established colony to start a new colony) causing shifts in social status that could then be directly related to bite force changes.



CONCLUSION

Previous studies have shown that naked mole-rats possess qualities (biting style, skull shape, and masticatory muscle size) indicative of the potential to produce powerful bite forces. This study supported these hypotheses by demonstrating that naked-mole rats produce maximum bite forces that greatly surpass the bite force predicted for their body mass. Subordinate naked mole-rats in particular drive this increase in measured bite force compared to predicted values with their significant, positive allometric relationship of bite force to body mass, biting with forces 65% stronger than the capacity indicated by their body mass based on mammalian cross-species comparisons. This places naked mole-rat bite force performance well above most mammalian species studied to date, surpassing even carnivorans such as lions, wolves, and bears that traditionally epitomize bite strength.
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FIGURE S1 | Bite force sensor calibration with representative data collection from one experimental trial session and data collection system schematic. (A) A calibration curve was generated prior to using each force sensor for data collection, and shows the standardized force (N) applied to a piezo-resistive force sensor (Tekscan; Boston, MA, United States), as well as the resulting force sensor digital input. The representative sensor responded well within the manufacturer’s ± 3% linearity specifications (R2 = 0.9918). (B) Data acquired from a representative bite force experimental session (one trial) is shown for one dominant adult naked mole-rat (female, 1RW, 74 g). Data were sampled at 128 Hz. (C) Top left inset of a naked mole-rat biting a force sensor that has been coated in protective Plasti-Dip, along with a schematic of the bite force measurement data collection system. A = 201 Flexiforce sensor (Tekscan; Boston, MA, United States), B = Tekscan Flexiforce Quickstart Board (Tekscan; Boston, MA, United States), C = Adafruit Powerboost 1000C (Adafruit; New York City, NY, United States), D = Adafruit 16bit I2C ADC + PGA ADS1115 (Adafruit; New York City, NY, United States), and E = Raspberry Pi Model B v1.2 (Adafruit; New York City, NY, United States). GND = ground, SCL = serial clock, SDA = serial data, and V = voltage.

FIGURE S2 | Illustration of two separate criteria applied in determining bite force frequency. Representative bite force data are shown from a single trial for a dominant adult female naked mole-rat (1RW). (A) Inclusive bite frequency criteria: illustration of data points included in the number of bites used to determine bite frequency (gray circles). All points above threshold (at least two standard deviations above the mean) were included to generate the number of bites per trial. This bite frequency was then averaged for each animal across five trials. (B) Stringent bite frequency criteria: illustration of data points included in analyses. Red circles represent points above threshold with a minimum of 50 acquired data points between each designated bite event.
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Objective: To investigate the effect of sudden deprivation of sensory inputs from the periodontium on jaw kinematics and time-varying activation profile of the masseter muscle.

Methods: Fourteen (age range: 22–26 years; four men) healthy and natural dentate volunteers participated in a single experimental session. During the experiment, the participants were asked to eat six hard visco-elastic test food models, three each before and after an anesthetic intervention. The movements of the jaw in three dimensions and electromyographic (EMG) activity of the masseter muscle on the chewing side were recorded.

Results: The results of the study showed no significant differences in the number of chewing cycles (P = 0.233) and the duration of chewing sequence (P = 0.198) due to sudden deprivation of sensory inputs from the periodontium. However, there was a significant increase in the jaw opening velocity (P = 0.030) and a significant increase in the duration of occlusal phase (P = 0.004) during the anesthetized condition. The EMG activity of the jaw closing phase was significantly higher during the control condition [116.5 arbitrary units (AU)] than anesthetized condition (93.9 AU). The temporal profile of the masseter muscle showed a biphasic increase in the excitatory muscle drive in the control condition but this increase was virtually absent during the anesthetized condition.

Conclusion: Sudden deprivation of sensory inputs from the periodontium affects the jaw kinematics and jaw muscle activity, with a clear difference in the time-varying activation profile of the masseter muscle. The activation profile of the masseter muscle shows that periodontal mechanoreceptors contribute to approximately 20% of the EMG activity during the jaw closing phase.

Keywords: temporal profile, jaw muscle activity, periodontal mechanoreceptors, viscoelastic hard food, muscle activation, jaw kinematics


INTRODUCTION

The rhythmic masticatory movements of the jaws help in the physical breakdown of food morsels into smaller particles and form a soft bolus suitable for swallowing. The central pattern generators located in the brain stem are responsible for generating the basic rhythmic jaw movements (Dellow and Lund, 1971; Lund, 1991; Lund et al., 1998). The afferent sensory information from in and around the oral cavity modify and fine-tune the jaw movements. One important class of somatosensory receptors is located in the collagen fibers within the periodontal ligament space of the tooth root. These primary afferent receptors are called periodontal mechanoreceptors (PMRs). The PMRs are efficient in encoding specific information for modulating the jaw motor neuron activity responsible for regulation of forces and jaw movements during chewing (Lund, 1991; Trulsson, 2006). Specifically, it is suggested that the sensory information from the PMRs are used by the central nervous system to optimize food positioning between the teeth and regulate the force levels and force vectors involved in biting. Further, the forces required in regulating the masticatory movements can also be influenced by the motor cortex (Sessle, 2006; Sessle et al., 2007, 2013; Avivi-Arber et al., 2011). Thus, mastication is a semiautomatic, subconscious activity that can be brought to conscious control according to the specifics of task demand (Westberg and Kolta, 2011).

The jaw muscle activity adapts to the changing properties/hardness of the food during the masticatory sequence. The jaw muscle activity is generally higher while chewing harder food than chewing softer food (Peyron et al., 2002; Grigoriadis et al., 2011, 2014; Iguchi et al., 2015; Grigoriadis and Trulsson, 2018). However, people lacking PMRs as in case of patients with implant supported bridges show an impaired adaptation to food hardness (Grigoriadis et al., 2011). While both “implant patient” and the “naturally dentate” groups show similar behavior in chewing soft food morsels, the implant patient group particularly demonstrate signs of impairment while chewing harder food (Grigoriadis et al., 2011). It has been previously shown that the adaptation to the physical characteristics of the food (including its rheological properties) is caused by changes in the muscle commands that alter jaw kinematics and chewing forces (Ottenhoff et al., 1992, 1993; Grigoriadis et al., 2011). These studies have shown that a major fraction of the observed jaw muscle activity also referred to as the “additional muscle activity” is used to overcome the resistance offered by the food hardness during the act of chewing (Ottenhoff et al., 1992, 1993). While a smaller fraction of this muscle activity is also utilized to move the jaw. However, the muscle build up for the jaw movements can partially also occur in anticipation to the tooth food contact (Westberg and Kolta, 2011).

Studies on anesthetized rabbits indicate that the component of “additional muscle activity” that precedes the early tooth–food contact during chewing is unaffected by blocking the PMRs. Likewise, other animal studies suggest that signals from muscle spindles are most important during the early phases of force generation, whereas inputs from both muscle spindles and PMRs are important during the later phases (Lavigne et al., 1987; Morimoto et al., 1989). Previously, we have shown impaired force control and impaired spatial regulation in healthy young adults after anesthesia of the teeth during biting tasks (Trulsson and Johansson, 1996; Grigoriadis et al., 2017; Kumar et al., 2017). We have previously also described the chewing sequence, chewing cycle, and time-varying activation profile of the masseter muscle and how food hardness affects the profile during natural chewing in healthy participants (Grigoriadis et al., 2014). Subsequently, it was shown that unlike natural dentate participants who demonstrate increased ability to adapt jaw muscle activity according to the food hardness, the implant prosthesis patients fail to adapt/increase the jaw muscle activity (Grigoriadis et al., 2011). However, the degree of contribution of the PMRs in the regulation of jaw muscle activity during chewing has not been studied. Therefore, in the current study we investigated the effect of sudden deprivation of sensory inputs from the periodontium on jaw kinematics and time-varying activation profile of the masseter muscle. We hypothesized that sudden deprivation of sensory inputs would alter the jaw movement kinetics and jaw muscle activity along with changes in the time-varying activation profile of the masseter muscles similar to the findings from implant patients in the previous studies (Grigoriadis et al., 2011; Grigoriadis and Trulsson, 2018).



MATERIALS AND METHODS


Study Participants

The study included 14 (age range: 22–26 years; four men) healthy and natural dentate participants with at least 28 permanent teeth. At the time of the experiment none of the participants reported, nor indicated, any problems or dysfunctions related to biting or chewing behavior. The Regional Ethical Review Board, Stockholm, Sweden, approved the study and all participants gave written informed consent in accordance with the Declaration of Helsinki II, prior to the start of the experiment.



Experimental Protocol

The participants voluntarily participated in a single experimental session. During the experiment the participants were asked to chew and swallow a hard visco-elastic test food models three times each (total six trials) before and after an anesthetic intervention. The participants were also asked about their preferred chewing side and were instructed to chew only on the preferred chewing side throughout the experiment. The recipe for the preparation of the visco-elastic model foods has been previously described in detail, see Grigoriadis et al. (2011) for more information. The test food model was cylindrical (20 mm × 10 mm) in shape with a hardness of about 129 ± 21 kPa. Before the start of each trial, the experimenter placed the test food morsel on the extended tongue of the participant. The participants were asked to hold the test food between the tongue and the palate with the mouth closed and their teeth in maximum intercuspation for about 2–4 s. Further, the experimenter signaled the participants to start chewing and place the teeth back again in intercuspation once the morsel was swallowed. Between trials, the participants were free to drink, rest, speak, and rinse the mouth if they desired to. The participants were not given any specific information regarding the objective of the study prior to the start of the experiment.



Anesthetic Intervention

A computer-assisted system for local anesthesia (The Wand®, Milestone Scientific, Livingston, NJ, United States) was used to anesthetize the teeth on the preferred chewing side of both the jaws. Anesthesia was achieved by local infiltration and periodontal injections of approximately 6 × 1.8 ml anesthetic solution (Citanest®, Dentsply Sirona, Sweden). The participants were asked to confirm the subjective symptoms associated with local anesthesia and these symptoms were objectively evaluated by lack of response to light touch and pressure to the anesthetized teeth.



Recording Jaw Movements and Muscle Activity

The apparatus and the general description of the armamentariums used in the current experiment have been described in detail in our earlier publications; see Grigoriadis et al. (2011, 2014), Svensson et al. (2013), Kumar A. et al. (2015), and Grigoriadis and Trulsson (2018). Briefly, movements of the lower jaw in reference to the upper jaw were measured using a custom build three dimensional, jaw movement tracking equipment (Department of Integrative Medical Biology, Umeå University, Umeå, Sweden). The labial surface of mandibular central incisors was etched and a small magnet (10 × 5 × 5 mm) was attached with dental composites. A lightweight frame equipped with eight magnetic sensors (four on each side) that tracked the position of the magnet in all three dimensions (accuracy: 0.1 mm; bandwidth: 0–100 Hz) was attached to the head of the participant in a spectacle-like frame (Figure 1A). The frame was further secured with adjustable straps. The electromyographic (EMG) activity of the masseter muscle was recorded with customized, bipolar, surface electrodes (Department of Integrative Medical Biology, Umeå University, Umeå, Sweden). The skin over the masseter muscle was cleansed thoroughly with alcohol and electrodes (2 mm in diameter and 12 mm apart) were carefully placed on the muscle after palpation. The data acquired was stored using the SC/ZOOM microcomputer-based data acquisition and analyzed with customized software (SC/ZOOM, v. 3.1.02, Physiology Section, IMB, Umeå University, Umeå, Sweden). Further, the data acquired was transferred to Matlab (Version R2010b, The MathWorks, Inc.) for analysis.
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FIGURE 1. Showing experimental setup of jaw movements and electromyographic (EMG) activity and description of chewing sequence and chewing cycles obtained during chewing. (A) Custom-built device for monitoring the mandibular movements in three dimensions, EMG activity from the masseter muscle was recorded by bipolar surface electrodes. (B) Vertical position of the mandible and EMG activity (root-mean-square processed) during a masticatory sequence. Gray area indicates segments (three cycles) of the masticatory sequence representing its beginning (B), middle (M), and end (E) of the chewing sequence. (C) Each cycle were divided in three phases, Opening, Closing, and Occlusal.




Data Analysis

The outcome variables and the areas of interest were similar to our previous studies (Grigoriadis et al., 2014; Grigoriadis and Trulsson, 2018). The jaw movement kinematics were established to study the number of chewing cycles and the duration of the chewing sequence during each trial. The vertical and lateral amplitude of the jaw movements during a single chewing cycle along with the peak velocity of the jaw during jaw opening and jaw closing were also measured in the vertical and lateral dimension. The analysis was focused on three segments that represented the beginning, middle, and end of each chewing sequence (Figure 1B). Each segment was represented by the mean of three consecutive cycles in the beginning, middle, and the end of the chewing sequence. The first and the last cycle of the sequence were excluded due to great intra-individual variability across trials. Thus, the first and the last segment represented about second to fourth cycles during the onset and offset of the chewing sequence, respectively. The segment representing the middle of the sequence included the three cycles located in its center.

Each chewing cycle consisted of a jaw-opening phase, followed by a jaw closing phase and an occlusal phase (Figure 1C). The start of the jaw-opening phase was characterized by the opening of the jaw from the occlusal state by 1 mm. The occlusal state was characterized for each participant as the minimum jaw opening recorded during each trial, including the periods when the participants’ teeth were in maximum intercuspation. The jaw opening phase ended at peak jaw opening and was followed by the jaw closing phase which subsequently ended when the jaw reached the same vertical jaw position as when the jaw opening phase begun (Grigoriadis et al., 2014). Finally, the occlusal phase, started at the end of the closing phase, and ended at the beginning of the jaw-opening phase of the subsequent chewing cycle (Grigoriadis et al., 2014).

The EMG signals were sampled at 3.2 kHz and thereafter the root mean square (RMS) of the EMG signals was processed over a moving time window corresponding to 100 samples (31 ms). The RMS-processed signals were integrated during each phase of each chewing cycle giving each phase a measure corresponding to the area under the RMS−processed EMG signal. The total EMG activity for each chewing cycle was also computed as the sum of the integrated electromyograms for each of the three phases (Grigoriadis et al., 2011). The EMG data obtained from the mean EMG activity averaged across all chewing cycles were normalized to facilitate cross comparison of the EMG activity across participants. Specifically, the time-varying RMS processed EMG signals from each participant and each muscle was divided by the mean value of the EMG activity recorded from the muscle during all chewing cycles performed by the participant. This normalization allowed evaluation of relative effects of segment of the masticatory sequence on the time-varying activity in each of the four muscles recorded. To preserve phase information while combining data from different chewing cycles, the time base was normalized by scaling each phase of each cycle to the mean duration of that phase (Grigoriadis et al., 2011).



Statistical Analysis

The data were checked for the assumptions of normal distribution with Shapiro–Wilk test and histogram plots. The data pertaining to the number of chewing cycles, duration of chewing cycle, jaw opening velocity, occlusal, and jaw-opening and jaw-closing duration did not appear to be normally distributed hence, non-parametric Wilcoxon sign-ranked tests were applied to test the differences between the conditions. All normally distributed data, i.e., frequency/rhythm of chewing, vertical and lateral jaw movements, and jaw closing velocity were analyzed with Student’s t-tests. The normally distributed data for the EMG activity of the masseter muscle were analyzed with two-way analysis of variance model (ANOVA) with repeated measures. The factors in ANOVA were conditions (two levels; control and anesthetized) and segments (three levels; beginning, middle, and end). Post hoc comparisons were done with Tukey’s HSD test. A P-value of <0.05 was decided to be significant. The percent changes in EMG activation between the control and anesthetized conditions during the jaw closing phase were calculated as (EMG activity during the jaw closing phase in the control condition − EMG activity during the jaw closing phase in the anesthetized condition)/EMG activity during the jaw closing phase in the control condition × 100.



RESULTS

The participants were able to perform the chewing task in a reliable manner under both the conditions, as instructed. All the participants confirmed the subjective symptoms related to local anesthesia after the anesthetic intervention. We have previously reported the quantitative parameters of jaw-movements, integrated EMG activity during the chewing cycles, and the adaptation of jaw muscle activity to food hardness in these healthy adults (Grigoriadis et al., 2014). In the current study, we will focus on the effect of anesthetic intervention on these parameters and compare them with control condition from the previous study (Grigoriadis et al., 2014). Table 1 presents the mean and standard deviations of all the outcome variables related to chewing sequence and jaw kinematics during both conditions.


TABLE 1. Showing mean and standard deviations of all the outcome variables related to chewing sequence and jaw kinematics.
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Chewing Sequence

There were no significant differences in the number of chewing cycles (P = 0.233), the duration of chewing sequence (P = 0.198), and the subsequent frequency/rhythm of chewing (P = 0.424) between the anesthesia and control conditions.



Jaw Kinematics

There were no significant differences in the vertical and lateral jaw amplitudes between the anesthesia and control conditions at the beginning (P = 0.196 and P = 0.053, respectively), middle (P = 0.352, and P = 0.379, respectively), and end (P = 0.486, and P = 0.379) of the chewing sequence. However, there was a significant increase in the jaw opening velocity at the middle (P = 0.030) of the chewing sequence during the anesthetized condition, and a significant increase in the duration of occlusal phase (P = 0.004) but a significant decrease in the jaw opening phase (P = 0.009) during the anesthetized condition than the control condition, at the beginning of the chewing sequence.



EMG Activity

The EMG activity of the masseter muscle on the chewing side during the control and anesthetized conditions was evaluated. The results showed an overall significant effect of condition with EMG activity lower in the anesthetized condition than the control condition (main effect; F = 5.39, P = 0.037). Further, there was a significant decrease in the EMG activity in the middle and end in comparison to the beginning of the chewing sequence (main effect; F = 33.82, P < 0.001). However, there was no significant interaction between the conditions and the segments (F = 0.83, P = 0.447).



Temporal Profile of the EMG Activity

The time dependent changes in the EMG activation are captured in the temporal profile of the EMG activity (Figures 2A–C). The temporal profile in the beginning of the chewing sequence during both the conditions showed a similar “bell-shaped” curve. The temporal profile at the beginning of the chewing sequence was characterized by an initial slow and later steep increase in the EMG activity during the jaw-closing phase and a clear peak followed by a declining EMG activity during the occlusal phase (Figure 2A). Both the curves appeared to be similar yet there were some noteworthy and distinct differences, which are discussed below.
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FIGURE 2. (A) Time normalized masseter muscle electromyographic (EMG) activity in normalized units (NU) during the control (solid curves) and anesthetized condition (dashed curves) during a chewing cycle at the beginning (A), middle (B), and end (C) of the chewing sequence. Gray areas indicate standard error of mean (N = 14) and the data have been aligned temporally at the start of the occlusal phase (time = 0). Gray dashed lines indicate the tooth food contact. Graph (D) shows components of the temporal profile curve expressed in arbitrary units for the jaw closing and occlusal phases during the control and anesthesia conditions.


A detailed analysis of the components of the temporal profile showed significantly lower peak of the EMG activity (highest point on the temporal profile of the EMG activity) expressed in arbitrary units (AU) during the anesthetized condition than the control condition (P = 0.003) (Figure 2A). Further, in the control condition the EMG activity during the jaw-closing phase (116.5 AU) was significantly higher than the occlusal phase (55.9 AU) (P < 0.001) (Figure 2D). However, there was no such difference in the anesthetized condition during jaw closing and occlusal phase (93.9 and 76.0 AU, respectively) (P = 0.198) (Figure 2D). The percent changes in EMG activation during the jaw closing phase were assessed by calculating the relative differences in the EMG activation between both the conditions. It was incidental that the EMG activity of the jaw-closing phase was approximately 20% lower during the anesthetized condition than the control (P = 0.009) but there was no such difference during the occlusal phase (P = 0.056).

The temporal profile activation of the masseter muscle on the chewing side during the beginning, middle, and end of the chewing sequence has been illustrated in Figures 2A–C, respectively. As reported earlier (Grigoriadis et al., 2014), the temporal profile on visual inspection showed a biphasic excitatory drive during the jaw closing phase in the control condition during the beginning of the chewing sequence. This biphasic excitatory drive clearly demonstrated an “early” and a “late” component during a single chewing cycle. The point of transition between the early and late component of the excitatory muscle drive occurred after the maximum jaw opening roughly corresponding to the size of the food morsel (∼11 mm). This transition is an indication of the time during the initial tooth food contact. However, the biphasic muscle drive was virtually absent during the anesthetized condition in the beginning of the masticatory sequence. Note that the cue to visually identify the biphasic phase is the exact time point when the tooth comes in contact with the food. During the initial stages of the chewing cycle the food dimensions are intact and food size is known (10 mm approximately in current experiment). However, since the food is cut and divided into several smaller pieces it is difficult to estimate the size of the food morsel and subsequently identify the occurrence of biphasic phases later in the chewing sequence. Hence, in the current study we have described the temporal profile of the jaw muscle activation only during the beginning of the chewing sequence.



DISCUSSION

We have previously shown altered motor function between naturally dentate controls and dental prosthesis patients during various biting (Trulsson and Gunne, 1998; Svensson et al., 2013) and chewing tasks (Grigoriadis et al., 2011, 2015). It has been suggested that the impaired masticatory performance in prosthodontic patients is primarily due to the lack of sensory information from the PMRs and neuromuscular coordination (Kapur et al., 1990; Grigoriadis et al., 2011, 2016). The results of the present study showed no significant effects of anesthesia on the number of chewing cycles and the duration of chewing sequence in young adults chewing elastic model food. However, sudden deprivation of sensory inputs from PMRs resulted in a significant increase in the jaw opening velocity, and duration of occlusal phase with a significant decrease in the duration of jaw-opening phases. Although deprivation of sensory inputs also resulted in an overall decrease in the EMG activity this decrease was not evident at the beginning of the masticatory sequence. On comparing the time-varying activation profile during the jaw closing phase the participants demonstrated a clear biphasic excitatory muscle drive in the control condition. However, this biphasic muscle drive was diminished and virtually absent in the anesthetized condition. Further, the difference in time-varying activation profile showed that PMRs contribute to approximately 20% of the EMG activity during the jaw closing phase. A previous study suggested that muscle spindle from the jaws is responsible for the facilitatory responses during the jaw closing phase in animals (Komuro et al., 2001). Another animal study suggested that periodontal afferents are responsible for the quick buildup of masticatory forces, but other afferents (e.g., muscle spindles) contribute to the hardness-dependent change of masticatory forces, especially during cortically induced rhythmic jaw movements (Hidaka et al., 1997). It is further suggested that low-threshold somatosensory receptors in skin, mucosa, periodontium, temporomandibular joint, etc. and their afferent inputs to the central nervous system are also suggested to contribute to the jaw muscle activity and jaw movement (Trulsson, 2006). However, our results indicate that a fraction (i.e., 20%) of the EMG activity during the jaw closing phase is also contributed by the PMRs.


Chewing Sequence

Studies have suggested that face motor cortex plays a strategic role in most aspects of chewing and swallowing. Further, the face somatosensory cortex appears to guide these behaviors, but has a more limited role in chewing and swallowing (Sessle, 2006; Avivi-Arber et al., 2011). Dellow and Lund (1971) have demonstrated that the basic pattern/rhythm of mastication can be generated even in decelerate paralyzed animals. Under normal conditions, the sensory inputs to generate the basic rhythm of jaw opening and jaw closing are not conditionally required. However, sensory inputs are essential to adapt or to fine-tune the masticatory movements and forces according to the properties of the masticated food, or to compensate for the sudden perturbations (Lund, 1991). Animals deprived of afferent inputs can still chew, but their chewing movements appear clumsy (Morimoto et al., 1989). In agreement with these findings, our results showed that there were no significant effects of anesthesia on the number of chewing cycles and duration of the chewing sequence and the rhythm of masticatory movements. While, on the one hand, studies in humans have shown uncompromised chewing rhythm due to food hardness or with advancements in age (Horio and Kawamura, 1989; Bishop et al., 1990; Peyron et al., 2002). On the other hand, studies have also shown a decrease in chewing rhythm with an increase in tooth loss (Slagter et al., 1993) or altered masticatory pattern. However, in the current study we observed that chewing can occur without optimum sensory input and the rhythm of the chewing sequence is not compromised by a sudden deprivation of sensory inputs due to local anesthesia. These results are similar to the findings of the previous studies where there was no significant difference in the number of chewing cycles and the duration of the chewing sequence between natural dentate and people with bimaxillary implant prosthesis (Grigoriadis et al., 2011).



Jaw Kinematics

In the current study, sudden deprivation of sensory inputs did not alter the vertical and lateral jaw movement amplitudes but caused an increase in jaw opening velocity, duration of occlusal phase with a significant decrease in duration of jaw-opening phase. These findings are contrary to the observations in patients with implant-supported prosthesis who demonstrate smaller lateral displacement of the mandible during the first chewing cycle (Grigoriadis et al., 2015). It was suggested that the “chopping-like” movement of the mandible observed in patients with implant or tooth supported prosthesis are to facilitate proper positioning of the food on the dental arch. In the process, the prosthesis patients tend to have a narrower, shortened dental arch in comparison to the natural dentate (Grigoriadis et al., 2015). However, there was no change in the amplitude of the lateral jaw movement after sudden deprivation of sensory information in the current study. This result could imply that narrower jaw movement is perhaps a learnt/adjusted behavior and a compensatory mechanism in dental prosthesis users. It is suggested that this behavior is exhibited to counter/minimize food escape from between the teeth, during chewing, compared to the momentaneous loss of sensory inputs in the current study. Previously, it has been shown that more number of food morsels escaped from between the teeth in dental prosthesis users than natural dentate controls (Grigoriadis et al., 2016). The somatosensory awareness due to the somatic sensations arising from the oral cavity provides information about the state and structure of the oral cavity along with the objects in the oral cavity (Haggard and de Boer, 2014). Lack of such information leads to decrease in somatosensory awareness and hence increase in the food escape. Further, it is also suggested that the slower jaw opening and longer duration of the occlusal phase in the current study could be due to the lack of appropriate sensory information from the PMRs during the tooth–food contact.



Jaw Muscle Activity

Electromyographic recordings from the jaw muscles are good indicators for studying masticatory sequence patterns and movement strategies used to chew different food (Veyrune et al., 2007). The adaptation of the jaw movements to the properties of the food requires that the central nervous system have sufficient information related to forces acting on the teeth, the position and movements of the jaws, and the current state of the jaw muscles. Although several different types of mechanoreceptors in the orofacial tissues may contribute to this information (Trulsson and Johansson, 2002), the muscle spindles in the jaw closing muscles and the PMRs are considered as prime contributors (Trulsson, 2006; Turker et al., 2006; Kumar et al., 2017). Strong pressures generated during the jaw-closing phase of mastication cause the jaw closing motor neurons to fire at a higher frequency leading to accentuated jaw muscle activity. However, animal studies have shown that reduced sensory inputs from either PMRs or muscle afferents result in decrease in the accentuated jaw muscle activity required in response to increased food hardness (Lavigne et al., 1987; Morimoto et al., 1989). It was suggested that PMRs may be responsible for the sensory inputs regarding the initial tooth food contact especially at the beginning of the chewing sequence (Grigoriadis et al., 2011, 2014; Grigoriadis and Trulsson, 2018).

A strong relationship between food hardness and jaw muscle activity has been observed in humans chewing on elastic model food with controlled hardness (Peyron et al., 2002; Veyrune et al., 2007; Grigoriadis et al., 2014). The jaw muscle activity and the jaw movements adapt to the changing properties of the food during the masticatory sequence. Progression of a chewing sequence is typically characterized by an initial overall increase with a gradual decrease in the jaw muscle activity, as the chewing sequence progresses. Similarly, in the current study, we observed a higher EMG activity during the beginning of the chewing sequence and a significant decrease in the EMG activity as the food was crushed. This gradual decrease in EMG activity was evident in both the anesthetized and control conditions. Previous studies have shown that PMRs provide vital information to the jaw closing motoneurons during the beginning of the chewing sequence (Grigoriadis et al., 2011; Grigoriadis and Trulsson, 2018). However, the current study results show no significant interactions in the EMG activity between the condition and segments. This result implies that sudden deprivation of sensory inputs does not affect the EMG activity especially at the beginning of the chewing sequence.



Temporal Profile of the Jaw Muscle Activation

It was suggested that recruitment patterns of different motor units and activation dynamics greatly influence the temporal profile and magnitude of muscle force development in a muscle (Lee et al., 2011). As mentioned above (see the section “Results”) the temporal profile showed greater EMG activity during the jaw-closing phase than the occlusal phase in the control condition. However, this difference in EMG activity between the phases was absent during anesthesia due to the sudden deprivation of sensory inputs from the PMRs. This finding suggests that a major fraction of the EMG activity in the control condition is used to overcome the resistance and crush food during the jaw-closing phase. While in the absence of sensory inputs from the PMRs the ability to increase the jaw muscle activity during the jaw closing phase is compromised. As a result, the participants were also no longer able to produce the characteristic biphasic increase in the excitatory masseter muscle drive during the anesthetized condition. In other words, they failed to generate a distinct augmentation of the jaw muscle drive during the tooth food contact at the beginning of the masticatory sequence. The lack of excitatory muscle drive in the anesthetized condition suggests that the inputs from the PMRs are critical in overcoming the resistance provided by the food during the initial tooth food contact. In the current study, the PMRs contributed to approximately 20% of the EMG activity during the jaw closing phase which was evident in the relative changes of the EMG activation between both the conditions. Therefore, lack of sensory information during the jaw closing phase compromises the regulation of masticatory forces responsible for boosting the power to overcome the resistance of the food during chewing in accordance with the animal studies (Lavigne et al., 1987; Inoue et al., 1989). These findings are similar to the observations in dental implant-supported prosthesis users where the distinct biphasic muscle drive was clearly absent in the beginning of the masticatory sequence (Grigoriadis and Trulsson, 2018). Further, previous studies have also suggested that the participants with reduced/altered sensory inputs fail to regulate the bite forces according to the specifics of the task (Kumar et al., 2017). Therefore, it is hypothesized that people with dental implants to a large degree behave like people with natural teeth with anesthesia in accordance with the previous findings (Trulsson and Johansson, 1996).

Methodological limitations are quite apparent in human experimental and clinical studies. One such limitations in the current study was the absence of an “actual” control group where normal saline would have been injected instead of the local anesthetic solution thus mimicking the exact mechanical stimulation of the needle and the pressure of flow of the fluid in the interstitial tissue during the control condition. Further, the unequal distribution of men and women among the study participants and relatively small sample size may also be a methodological concerns in these studies. Future studies should be directed at including an actual control group with equal number of men and women participants and with a relatively larger sample size in a randomized controlled study design. However, paired design where each participants was his/her own control and the normalization of EMG parameters in order to allow for cross comparison between the conditions would be positive attributes of the current study.



CONCLUSION

In conclusion, sudden deprivation of sensory inputs from the PMRs affects the jaw kinematics but causes no changes in the number of chewing cycles or duration of chewing sequence. Despite the absence of changes in the EMG activity of the masseter muscle, time-varying activation profile showed absence of biphasic excitatory muscle drive in the anesthetized condition. Further, the time-varying activation profile of the masseter muscle showed that PMRs contribute to approximately 20% of the EMG activity during the jaw closing phase. Hence, sensory inputs from PMRs are responsible for the discrepancy in the activation profile of the masseter muscles during the beginning of the chewing sequence.



DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to the corresponding author.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Regional Ethical Review Board in Stockholm. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

AG performed the experiments, analyzed the data, made the figures, and prepared the first draft of the manuscript. AK analyzed the data, made the table, and drafted and edited the manuscript. MÅ analyzed the data and edited the final draft. MT conceived and designed the study, helped in data analysis, and edited several versions of the manuscript. All authors have substantially contributed and approved the final version of the manuscript.



FUNDING

This work was funded by the Strategic Research Program in Neuroscience at the Karolinska Institutet and received grant from the Stockholm County Council and Karolinska Institutet (SOF: Styrgruppen för Odontologisk Forskning).


ACKNOWLEDGMENTS

The authors are thankful to G. Westling and A. Bäckström for their technical support.


REFERENCES

Avivi-Arber, L., Martin, R., Lee, J. C., and Sessle, B. J. (2011). Face sensorimotor cortex and its neuroplasticity related to orofacial sensorimotor functions. Arch. Oral. Biol. 56, 1440–1465. doi: 10.1016/j.archoralbio.2011.04.005

Bishop, B., Plesh, O., and McCall, W. D. (1990). Effects of chewing frequency and bolus hardness on human incisor trajectory and masseter muscle activity. Arch. Oral Biol. 35, 311–318. doi: 10.1016/0003-9969(90)90048-f

Dellow, P. G., and Lund, J. P. (1971). Evidence for central timing of rhythmical mastication. J. Physiol. 215, 1–13. doi: 10.1113/jphysiol.1971.sp009454

Grigoriadis, A., Johansson, R. S., and Trulsson, M. (2011). Adaptability of mastication in people with implant-supported bridges. J. Clin. Periodontol. 38, 395–404. doi: 10.1111/j.1600-051X.2010.01697.x

Grigoriadis, A., Johansson, R. S., and Trulsson, M. (2014). Temporal profile and amplitude of human masseter muscle activity is adapted to food properties during individual chewing cycles. J. Oral Rehabil. 41, 367–373. doi: 10.1111/joor.12155

Grigoriadis, A., and Trulsson, M. (2018). Excitatory drive of masseter muscle during mastication with dental implants. Sci. Rep. 8:8597. doi: 10.1038/s41598-018-26926-z

Grigoriadis, J., Kumar, A., Svensson, P., Svensson, K. G., and Trulsson, M. (2017). Perturbed oral motor control due to anesthesia during intraoral manipulation of food. Sci. Rep. 7:46691. doi: 10.1038/srep46691

Grigoriadis, J., Trulsson, M., and Svensson, K. G. (2015). Motor behavior during the first chewing cycle in subjects with fixed tooth- or implant-supported prostheses. Clin. Oral Implants Res. 27, 473–480. doi: 10.1111/clr.12559

Grigoriadis, J., Trulsson, M., and Svensson, K. G. (2016). Motor behavior during the first chewing cycle in subjects with fixed tooth- or implant-supported prostheses. Clin. Oral Implants Res. 27, 473–480. doi: 10.1111/clr.12559

Haggard, P., and de Boer, L. (2014). Oral somatosensory awareness. Neurosci. Biobehav. Rev. 47, 469–484. doi: 10.1016/j.neubiorev.2014.09.015

Hidaka, O., Morimoto, T., Masuda, Y., Kato, T., Matsuo, R., Inoue, T., et al. (1997). Regulation of masticatory force during cortically induced rhythmic jaw movements in the anesthetized rabbit. J. Neurophysiol. 77, 3168–3179. doi: 10.1152/jn.1997.77.6.3168

Horio, T., and Kawamura, Y. (1989). Effects of texture of food on chewing patterns in the human subject. J. Oral Rehabil. 16, 177–183. doi: 10.1111/j.1365-2842.1989.tb01331.x

Iguchi, H., Magara, J., Nakamura, Y., Tsujimura, T., Ito, K., and Inoue, M. (2015). Changes in jaw muscle activity and the physical properties of foods with different textures during chewing behaviors. Physiol. Behav. 152, 217–224. doi: 10.1016/j.physbeh.2015.10.004

Inoue, T., Kato, T., Masuda, Y., Nakamura, T., Kawamura, Y., and Morimoto, T. (1989). Modifications of masticatory behavior after trigeminal deafferentation in the rabbit. Exp. Brain Res. 74, 579–591.

Kapur, K. K., Garrett, N. R., and Fischer, E. (1990). Effects of anaesthesia of human oral structures on masticatory performance and food particle size distribution. Arch. Oral. Biol. 35, 397–403. doi: 10.1016/0003-9969(90)90187-f

Komuro, A., Morimoto, T., Iwata, K., Inoue, T., Masuda, Y., and Kato, T. (2001). Putative feed-forward control of jaw-closing muscle activity during rhythmic jaw movements in the anesthetized rabbit. J. Neurophysiol. 86, 2834–2844. doi: 10.1152/jn.2001.86.6.2834

Kumar, A., Castrillon, E., Trulsson, M., Svensson, K. G., and Svensson, P. (2017). Fine motor control of the jaw following alteration of orofacial afferent inputs. Clin. Oral Investig. 21, 613–626. doi: 10.1007/s00784-016-1939-4

Kumar, A., Grigoriadis, J., Trulsson, M., Svensson, P., and Svensson, K. G. (2015). Effects of short-term training on behavioral learning and skill acquisition during intraoral fine motor task. Neuroscience 306, 10–17. doi: 10.1016/j.neuroscience.2015.06.065

Lavigne, G., Kim, J. S., Valiquette, C., and Lund, J. P. (1987). Evidence that periodontal pressoreceptors provide positive feedback to jaw closing muscles during mastication. J. Neurophysiol. 58, 342–358. doi: 10.1152/jn.1987.58.2.342

Lee, S. S. M., Miara, B. M. D., Arnold, A. S., Biewener, A. A., and Wakeling, J. M. (2011). EMG analysis tuned for determining the timing and level of activation in different motor units. J. Electromyogr. Kinesiol. 21, 557–565. doi: 10.1016/j.jelekin.2011.04.003

Lund, J. P. (1991). Mastication and its control by the brain stem. Crit. Rev. Oral Biol. Med. 2, 33–64. doi: 10.1177/10454411910020010401

Lund, J. P., Kolta, A., Westberg, K. G., and Scott, G. (1998). Brainstem mechanisms underlying feeding behaviors. Curr. Opin. Neurobiol. 8, 718–724. doi: 10.1016/s0959-4388(98)80113-x

Morimoto, T., Inoue, T., Masuda, Y., and Nagashima, T. (1989). Sensory components facilitating jaw-closing muscle activities in the rabbit. Exp. Brain Res. 76, 424–440.

Ottenhoff, F. A., van der Bilt, A., van der Glas, H. W., and Bosman, F. (1992). Control of elevator muscle activity during simulated chewing with varying food resistance in humans. J. Neurophysiol. 68, 933–944. doi: 10.1152/jn.1992.68.3.933

Ottenhoff, F. A., van der Bilt, A., van der Glas, H. W., and Bosman, F. (1993). Control of human jaw elevator muscle activity during simulated chewing with varying bolus size. Exp. Brain Res. 96, 501–512. doi: 10.1007/bf00234118

Peyron, M. A., Lassauzay, C., and Woda, A. (2002). Effects of increased hardness on jaw movement and muscle activity during chewing of visco-elastic model foods. Exp. Brain Res. 142, 41–51. doi: 10.1007/s00221-001-0916-5

Sessle, B., Avivi-Arber, L., and Murray, G. (2013). “Motor Control of Masticatory Muscles,” in Craniofacial Muscles, eds L. K. McLoon, and F. Andrade, (NewYork, NY: Springer New York), 111–130. doi: 10.1007/978-1-4614-4466-4_7

Sessle, B. J. (2006). Mechanisms of oral somatosensory and motor functions and their clinical correlates. J. Oral Rehabil. 33, 243–261. doi: 10.1111/j.1365-2842.2006.01623.x

Sessle, B. J., Adachi, K., Avivi-Arber, L., Lee, J., Nishiura, H., Yao, D., et al. (2007). Neuroplasticity of face primary motor cortex control of orofacial movements. Arch. Oral Biol. 52, 334–337. doi: 10.1016/j.archoralbio.2006.11.002

Slagter, A. P., Bosman, F., van der Glas, H. W., and van der Bilt, A. (1993). Human jaw-elevator muscle activity and food comminution in the dentate and edentulous state. Arch. Oral Biol. 38, 195–205. doi: 10.1016/0003-9969(93)90028-k

Svensson, K. G., Grigoriadis, J., and Trulsson, M. (2013). Alterations in intraoral manipulation and splitting of food by subjects with tooth- or implant-supported fixed prostheses. Clin. Oral Implants Res. 24, 549–555. doi: 10.1111/j.1600-0501.2011.02418.x

Trulsson, M. (2006). Sensory-motor function of human periodontal mechanoreceptors. J. Oral Rehabil. 33, 262–273. doi: 10.1111/j.1365-2842.2006.01629.x

Trulsson, M., and Gunne, H. S. (1998). Food-holding and -biting behavior in human subjects lacking periodontal receptors. J. Dent. Res. 77, 574–582. doi: 10.1177/00220345980770041001

Trulsson, M., and Johansson, R. S. (1996). Forces applied by the incisors and roles of periodontal afferents during food-holding and -biting tasks. Exp. Brain Res. 107, 486–496.

Trulsson, M., and Johansson, R. S. (2002). Orofacial mechanoreceptors in humans: encoding characteristics and responses during natural orofacial behaviors. Behav. Brain Res. 135, 27–33. doi: 10.1016/s0166-4328(02)00151-1

Turker, K. S., Johnsen, S. E., Sowman, P. F., and Trulsson, M. (2006). A study on synaptic coupling between single orofacial mechanoreceptors and human masseter muscle. Exp. Brain Res. 170, 488–500. doi: 10.1007/s00221-005-0231-7

Veyrune, J. L., Lassauzay, C., Nicolas, E., Peyron, M. A., and Woda, A. (2007). Mastication of model products in complete denture wearers. Arch. Oral Biol. 52, 1180–1185. doi: 10.1016/j.archoralbio.2007.04.016

Westberg, K. G., and Kolta, A. (2011). The trigeminal circuits responsible for chewing. Int. Rev. Neurobiol. 97, 77–98. doi: 10.1016/B978-0-12-385198-7.00004-7

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Grigoriadis, Kumar, Åberg and Trulsson. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	
	ORIGINAL RESEARCH
published: 12 December 2019
doi: 10.3389/fneur.2019.01301






[image: image2]

Specific Vagus Nerve Lesion Have Distinctive Physiologic Mechanisms of Dysphagia

François D. H. Gould1*†, Andrew R. Lammers2†, Christopher J. Mayerl3 and Rebecca Z. German3


1Department of Cell Biology and Neuroscience, Rowan University School of Osteopathic Medicine, Stratford, NJ, United States

2School of Health Sciences, Cleveland State University, Cleveland, OH, United States

3Department of Anatomy and Neurobiology, NEOMED, Rootstown, OH, United States

Edited by:
Teresa Lever, University of Missouri, United States

Reviewed by:
Makoto Inoue, Niigata University, Japan
 Takanori Tsujimura, Niigata University Graduate School of Medical and Dental Sciences, Japan

*Correspondence: François D. H. Gould, gouldf@rowan.edu

†These authors share first authorship

Specialty section: This article was submitted to Neurorehabilitation, a section of the journal Frontiers in Neurology

Received: 19 August 2019
 Accepted: 26 November 2019
 Published: 12 December 2019

Citation: Gould FDH, Lammers AR, Mayerl CJ and German RZ (2019) Specific Vagus Nerve Lesion Have Distinctive Physiologic Mechanisms of Dysphagia. Front. Neurol. 10:1301. doi: 10.3389/fneur.2019.01301



Swallowing is complex at anatomical, functional, and neurological levels. The connections among these levels are poorly understood, yet they underpin mechanisms of swallowing pathology. The complexity of swallowing physiology means that multiple failure points may exist that lead to the same clinical diagnosis (e.g., aspiration). The superior laryngeal nerve (SLN) and the recurrent laryngeal nerve (RLN) are branches of the vagus that innervate different structures involved in swallowing. Although they have distinct sensory fields, lesion of either nerve is associated clinically with increased aspiration. We tested the hypothesis that despite increased aspiration in both case, oropharyngeal kinematic changes and their relationship to aspiration would be different in RLN and SLN lesioned infant pigs. We compared movements of the tongue and epiglottis in swallows before and after either RLN or SLN lesion. We rated swallows for airway protection. Posterior tongue ratio of safe swallows changed in RLN (p = 0.01) but not SLN lesioned animals. Unsafe swallows post lesion had different posterior tongue ratios in RLN and SLN lesioned animals. Duration of epiglottal inversion shortened after lesion in SLN animals (p = 0.02) but remained unchanged in RLN animals. Thus, although SLN and RLN lesion lead to the same clinical outcome (increased aspiration), the mechanisms of failure of airway protection are different, which suggests that effective therapies may be different with each injury. Understanding the specific pathophysiology of swallowing associated with specific neural insults will help develop targeted, disease appropriate treatments.

Keywords: dysphagia, superior laryngeal nerve, recurrent laryngeal nerve, kinematics, animal model


INTRODUCTION

Many different types of neurological damage lead to similar outcomes of dysphagia or deglutive disorders, such as failure to propel the bolus, aspiration, or pharyngeal residue. For example, dysphagia is often associated with cortical injuries or conditions, such as stroke, amyotrophic lateral sclerosis, and cerebral palsy, and with midbrain conditions, such as Parkinson's disease (1). Dysphagia may also result from disorders that affect the myoneural junctions, such as myasthenia gravis. Similarly, injury to branches of the vagus nerve, whose axons synapse within the medulla and pons of the brainstem, also frequently result in dysphagia (2–4). Swallowing is a complex, coordinated process involving 25 paired muscles, and five cranial nerves (sensory and motor) all coordinated by multiple brainstem and cortical loci (5). The temporal sequence of events is critical for the efficient passing of a bolus from the oral cavity into the esophagus, while simultaneously avoiding the airway (6, 7). It is this complex and integrated process that presents many different failure points leading to the same outcome. Yet understanding where and how that process is interrupted and compromised is necessary to design interventions to correct the outcome. Furthermore, the where and how is likely to be specific to the type of neurological insult, even if the outcome is not.

The laryngeal branches of the vagus nerve, which arise from or send fibers to several nuclei within the medulla of the brainstem, have different roles in swallowing. The superior laryngeal nerve's (SLN) sensory branch innervates the valleculae and structures superior to the vocal folds. The sensory signals from the SLN are carried in the vagus nerve to the nodose ganglion, and then synapse in the nucleus of the solitary tract. Clinical and experimental data demonstrate that stimulation of the SLN can initiate the swallow (5, 8–11). The recurrent laryngeal nerve (RLN) innervates the muscles of the vocal folds and laryngeal mucosa below the vocal folds. Motor neurons innervating the laryngeal muscles are located in the nucleus ambiguous. Sensory signals from the lower laryngeal mucosa travel to the nucleus of the solitary tract in the brainstem. The sensory portion of the RLN is known to be important in eliciting the cough reflex (12). Both clinically and experimentally, lesion of either the RLN or the SLN leads to increased aspiration (13–15).

Although insult to either SLN or RLN results in increased aspiration (16, 17), these two lesions impact the size and shape of the bolus in infant animal models differently (13, 18, 19). After surgical transection of the right SLN, the volume of the bolus was greater (13), although bolus size was not associated with increased aspiration. When the right RLN was cut, however, the bolus area was smaller post lesion, with evidence suggestive of an airway protection effect. Before RLN lesion, bolus size, and the success or failure of airway protection were unrelated. After lesion, however, smaller bolus size was associated with safer swallows (19).

Bolus size prior to a swallow is a result of oropharyngeal kinematics, and how the tongue processes food to form that bolus. Thus, the movements of the tongue are also part of the biomechanics that drive the swallow. How such kinematics differ between these two lesions is not clear, and how those kinematics produce the performance failure that is dysphagia is also unknown. The movements of the tongue are intricately tied to the kinematics of the hyoid bone and jaw during swallowing (20), as well as bolus volume (21). In this chapter, we present unpublished data comparing swallow duration and tongue movement during the swallow before and after transection of the SLN or RLN in infant pigs. Because bolus size prior to a swallow is a result of oropharyngeal kinematics, we hypothesize that tongue movement and swallow duration will also differ between SLN and RLN lesions.



METHODS

The data used for this paper were collected in two locations over 5 years, with resulting slight differences in protocols, which are described below where relevant. We will indicate where this impacts on our conclusions.


Animals

Data on SLN lesions were collected at Johns Hopkins University School of Medicine on five infant pigs (Tom Morris farms, Reisterstown, MD) in 2010 and 2011. Pigs were delivered to the vivarium at 2–3 weeks of age and weighed 4–5 kg at the start of experiments. Pigs were trained to drink a pig milk replacement solution (Land O' Lakes Solustart, St. Paul, MN) five times a day via a bottle fitted with a modified nipple. All procedures were approved by the Johns Hopkins University IACUC (protocol SW10M212). Some raw data from these pigs were generated for previous publications (13, 22), but a fifth pig that had not hitherto been digitized was added for this paper.

Data on the RLN lesions was collected at Northeast Ohio Medical University (NEOMED) in 2014 on six infant pigs (Michael Fanning Farm, Howe, IN) aged 5–14 days on arrival. Pigs were trained to feed on the same milk replacer and bottle as the pigs used for superior laryngeal nerve studies. All procedures were approved by the NEOMED IACUC committee (protocol 13–011). Data presented in this paper were originally generated for a previous publication (23).



Procedures and Surgeries

Pigs in both groups underwent similar procedures as the studies were designed to mirror each other. Under isoflurane anesthesia (2–5%), radiopaque markers were implanted intraorally into the tongue, soft palate, and the gingiva under the hard palate. A radiopaque hemoclip (Weck Ligation Solutions, NC) was attached to the tip of the epiglottis. Subsequently, pigs underwent surgery under full aseptic conditions to implant EMG electrodes and identify the relevant nerve on the right side (RLN or SLN). Pigs were intubated and maintained in a stable plane of anesthesia throughout (0.5–3% isoflurane). During the surgery, radiopaque markers were sutured to the hyoid bone and thyroid cartilage. Prior to implantation of electrodes, the appropriate nerve was located and marked with loosely tied suture. For the SLN lesion, the nerve was identified on the right side originating from the vagus nerve in the carotid sheath and followed caudally on the surface of the thyrohyoid membrane. Two pieces of loose suture were tied close to where the SLN emerged from the carotid sheath in the carotid triangle (13, 22). For the RLN, the recurrent portion nerve was identified on the right side coursing lateral and dorsal to the trachea, deep to the infrahyoid muscles. The nerve was traced until it was seen entering the larynx by passing deep and dorsal to the cricothyroid muscle under the thyroid shield. In its long section close to the trachea, the nerve was loosely tied with suture for future identification. After nerve identification, marking of the hyoid and thyroid and EMG electrode implantation, the incision was closed with suture. One to four hours after surgical recovery, animals were taken to the fluoroscopy suite for recording as detailed below. As these recordings were pre-lesion, they constituted control recordings for each animal.

Thirty-six to seventy-two hours after the initial surgery, animals underwent a second surgery. A second incision was made on the right side lateral to the initial incision above the area where the nerve had been located. Using the suture placed around the nerve, the target nerve in each case (SLN, including both internal and external branches, or RLN) was located, then ligated in two places and fully transected with scissors, and the ends displaced to prevent regrowth. Data collected after this surgery were postlesion data. Animals received analgesics and antibiotics from before the first surgery and continuously throughout the experiments as needed.



Videofluoroscopy

Pigs were recorded in lateral view feeding unrestrained in a plexiglass box. The SLN pre- and post-lesion pigs were filmed at either 60 frames per second (Allura FD20, Philips Healthcare, Best, The Netherlands) or 30 frames per second (Infinix-I, Toshiba Corporation, Tokyo, Japan). The RLN pre- and post-lesion pigs were filmed on a modified C-arm (GE9400 C-Arm) connected to a high speed (100 frames per second) digital video camera (XC 1M digital video camera, Xcitex, Cambridge, MA). Pigs were filmed drinking milk mixed with barium to visualize swallows. Videos were saved as AVI files for subsequent analysis.



Scoring of Swallows for Airway Protection

Control and lesion swallows for both groups of pigs were assessed for effectiveness of airway protection using the Infant Mammalian Penetration Aspiration Scale (IMPAS) (24). This validated, ordinal ranking scale scores infant liquid swallows for penetration and aspiration from 1 (no milk enters the airway at any point) to 7 (silent aspiration: milk passes below the vocal folds and no attempt is made to clear the milk) (Table 1). Swallows were scored by individuals trained together in using the IMPAS scale at NEOMED. Training followed the protocol described in Holman et al. (24) to ensure agreement between raters.


Table 1. Summary of the IMPAS scale.
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Digitizing of Markers

One hundred and seventy-seven control and lesion swallows were identified from the SLN lesion pigs, and 113 control and lesion swallows for the RLN pigs. X and Y coordinates of the tongue, epiglottis, hard and soft palate, hyoid, and thyroid cartilage markers were digitized using either manual or automated marker tracking in specialized software (ProAnalyst, Xcitex, MA) for all frames of each swallow. Marker coordinates were then translated, rotated, and scaled to the two markers in the hard palate so that the hard palate became the horizontal axis with the anterior hard palate marker as the origin of the reference system. This transformation ensures that movements of the other markers are now described relative to a fixed hard palate, which removes the effect of full head motions during feeding (23, 25).

After rotation, two swallow-specific kinematic metrics were calculated from the digitized X/Y coordinates. Duration of epiglottal flip was calculated as the time between when the epiglottis begins its caudal movement to when it returns to its resting position, which is considered to be equivalent to the duration of the pharyngeal swallow (22). Posterior tongue ratio was calculated as the ratio of the distance traveled by the posterior tongue marker from the beginning of epiglottal movement to the time when the epiglottis reaches its most caudal point to the total distance traveled by the posterior tongue marker throughout the duration of epiglottal flip (23).



Analysis

Because of the low number of aspiration events seen in the SLN sample, we combined IMPAS scores of 3, 4, and 7 into a single category for subsequent analysis. No scores of 5 or 6 were observed. Furthermore, because of the low number of more serious penetration and aspiration levels in control animals (scores 3–7), we subdivided our test of the effect of lesion on kinematics into two subtests, following Gould et al. (23). First, we tested the hypothesis that the impact of RLN and SLN lesion on posterior tongue ratio in safe (IMPAS 1 and 2) swallows would differ, using a mixed model with nerve (SLN or RLN), condition (control or lesion), and airway protection outcome (1 and 2) as fixed factors and individual as a random factor. Secondly, we tested the hypothesis that the relationship between swallow safety and posterior tongue ratio in post lesion swallows only would be different for RLN and SLN groups. Once again we used a mixed model, with airway protection outcome (safe swallows with IMPAS scores of 1 or 2 vs. unsafe swallows with IMPAS scores of 3–7) and nerve group (SLN and RLN) as fixed factors and individual as a random factor. Because of the differences in the treatment of the SLN and RLN groups of pigs, we nested condition and airway protection within nerve group in all analyses. Where significant main effects were observed, we used post hoc pairwise Tukey tests on the least squares means to determine what the significant differences were. We carried out an identical set of analyses on swallow duration (i.e., duration of epiglottal flip).

To test our hypothesis that epiglottal flip duration would differ between RLN and SLN lesion, we used a mixed model with condition (control or lesion) nested within nerve (SLN or RLN), and individual as a random factor. All analyses were done in R (26), using the packages lme4, lmerTest, and emmeans. We reported the variance of the random factor as an absolute and a percentage of total variation in the model for each test.




RESULTS


The Effect of Nerve Lesion on Posterior Tongue Ratio for Safe Swallows Is Different for RLN and SLN Lesions

There is a significant main effect of nerve group (SLN vs. RLN) and the nerve group-condition interaction (pre- vs. post-lesion for each nerve group) on posterior tongue ratio in safe swallows (Table 2). Post hoc pairwise tests on the least squares means of treatment within nerve group reveal a significant effect of RLN lesion on posterior tongue ratio [t ratio (138.53) = −2.577, p = 0.01], but no effect of SLN lesion [t ratio (135.88) = 1.897, p = 0.06]. Furthermore, the polarity of change between the pre and post lesion means is different between the two groups: posterior tongue ratio tends to increase in RLN lesion (pre lesion mean 0.43 ± 0.037 standard error (SE); post lesion mean 0.51 ± 0.039 SE), and tends to decrease in SLN lesion (pre lesion mean 0.27 ± 0.05 SE; post lesion mean 0.21 ± 0.05 SE) (Figure 1). The controls for the two treatments are different, reflecting the significant nerve group factor. The variance of the individual factor was 0.006, representing 9.31% of total variation in the model.


Table 2. Results of mixed model analysis of the effects of RLN vs. SLN lesion on posterior tongue ratio in safe swallows (IMPAS 1 or 2).
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FIGURE 1. Box plot comparing posterior tongue ratio pre- and post lesion in SLN or RLN lesioned animals. Note that the data presented here includes only safe swallows (i.e., IMPAS 1 and 2). The box represents 50% of the data, with the line near the middle representing the median. Whiskers extend to 1.5 times the interquartile range from the median. Dots are outliers.




Post Lesion, the Difference in Posterior Tongue Ratio in Safe and Unsafe Swallows Is Not the Same in SLN vs. RLN Lesioned Animals

Posterior tongue ratio differed significantly between SLN and RLN lesions. After the lesion surgery, the posterior tongue ratio was higher in the RLN lesion group compared with the SLN lesion group. Furthermore, nerve group—airway protection interaction on posterior tongue ratio in lesioned animals was also significant (Table 3 and Figure 2). Post hoc pairwise tests within nerve group indicate a significant difference between swallows with an IMPAS score 1 (mean 0.51 ± 0.051 SE) and swallows with IMPAS score of 3 to 7 (mean 0.38 ± 0.042 SE) in RLN lesioned animals [t ratio (109.63) = 2.657, p = 0.044] but in SLN lesioned animals there is no significant difference in posterior tongue ratio between swallows with different airway protection outcomes. The variance of the individual random factor was 0.006, representing 20% of the variation in the total model.


Table 3. Results of mixed model analysis of the effect of RLN and SLN lesion on posterior tongue ratio and airway protection in lesion swallows only.
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FIGURE 2. Box plot of posterior tongue ratio for IMPAS 1, 2, and 3–7 in post lesion swallows of RLN and SLN lesioned animals. The box represents 50% of the data, with the line near the middle representing the median. Whiskers extend to 1.5 times the interquartile range from the median. Dots are outliers.




Epiglottal Flip Duration Shortens in SLN Lesioned Swallows, Not RLN Lesioned Swallows

There is a significant effect of nerve group-condition interaction on epiglottal flip duration (Table 4 and Figure 3). Post hoc tests within nerve group reveal a significant shortening of epiglottal flip duration in SLN lesioned animals [t-ratio (277.08) = 2.343, p = 0.02, pre lesion mean 0.24 ± 0.022 SE, post lesion mean 0.23 ± 0.022 SE], but no significant effect in RLN lesioned animals. The variance of the individual random factor was 0.003, representing 56.52% of the variation in the sample.


Table 4. Results of mixed model analysis of the effect of RLN and SLN lesion on duration of epiglottal flip.
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FIGURE 3. Box plot of duration of epiglottal flip in RLN and SLN lesioned animals. The box represents 50% of the data, with the line near the middle representing the median. Whiskers extend to 1.5 times the interquartile range from the median. Dots are outliers.





DISCUSSION


Despite Both Resulting in Increased Aspiration, RLN and SLN Lesions Have Different Effects on Swallowing Physiology

The results of this study show that similar patterns to what is found with bolus size also apply to swallowing mechanics and kinematics, namely movement of the posterior tongue and duration of epiglottal inversion. Our results agree with previous studies that documented that RLN and SLN lesion affected bolus size differently (13, 19). Furthermore, how all these swallow parameters relate to airway protection deficits after lesion of either nerve also differs, indicating the specific mechanism of aspiration in SLN and RLN lesion is different.

Based on the results of this study, and the work by Ding et al. (13) and Gould et al. (19), we can propose hypotheses associated with the specific neurological functions of the SLN and RLN that could explain these differences. The increase in bolus size following SLN lesion matches the SLN's role as a swallow trigger (5, 9–11). Unilateral SLN lesion will therefore result in decreased sensitivity to the swallow stimulus by reducing the pool of available sensory receptors, thus requiring a bigger bolus to trigger the swallow. Large boluses are generally associated with longer swallow transit times (27); while our data indicated that swallow duration after SLN lesion was shorter, the study by Ding et al. (22) found longer swallow durations after transecting the SLN. Our own contradictory result around swallow duration likely resulted from using some different individuals in the analysis. Such variation was consistently found in all of the RLN lesion studies (14, 19, 23) as well as other studies of sensory disruption (25). Thus, in these animals, variation in response to insult seems to characterize dysphagia.

However, although the SLN is important in triggering the swallow response, its sensitivity is highly modulated by oral sensation arising from the trigeminal and glossopharyngeal nerves. For example, palatal anesthesia modifies both swallowing kinematics and airway protection (24), and oral stimulation through rhythmic delivery affects bolus volume that trigger swallowing (28). Thus, the impact of unilateral SLN lesion on swallowing function, bolus volume, and airway protection in otherwise neurologically intact animals will be modified by other oral sensory pathways. Further studies looking at the impact of different oral sensory stimuli on animals with SLN lesion will be necessary to clarify these relationships.

High levels of inter-individual variability itself has implications for neural control (29). Posterior tongue ratio does not seem to change pre- to post-lesion in the SLN lesioned animals, nor to differ between safe and unsafe swallows. This suggests that the relative timing of the movements of different structures during the early stages of the pharyngeal swallow is not affected by SLN lesion. Indeed, none of the parameters examined in this study are strongly associated with airway protection, suggesting that the mechanism of aspiration after SLN lesion is related to physiological parameters not captured in this study, and are more likely linked to increased bolus sizes (13). These results suggest that the larger bolus, coupled with the sensory deficit resulting from unilateral SLN transection, is simply more difficult to control. This hypothesis requires further testing.

In contrast, the pattern for the RLN suggests a more subtle, but more widespread disruption of swallowing coordination (6). Bolus volume is on average smaller post lesion, and here larger boluses are associated with failure of airway protection after RLN lesion (19). Furthermore, there is a change in the relative timing of tongue movement post lesion, which is also associated with airway protection, particularly to achieve safe swallows. Thus, in the RLN lesioned animals, we see changes in efficiency (as safe swallows require smaller boluses) tied to changes in the relative timing of movements in the early part of the pharyngeal swallow. Because these changes are related to airway protection outcomes, it seems more likely that the mechanism of aspiration is related to kinematics and bolus formation early in the swallow. Indeed, work on the effects of RLN lesion on patterns of muscle activation, both duration and timing, in swallowing has shown changes in the timing of muscle contraction for muscles located in the floor of the mouth, and which are active early in the swallow sequence before bolus formation (30). However, a complete comparison requires similar data for the SLN lesion animals.

Further supporting the idea that the mechanism of aspiration in RLN and SLN lesion animals are different, the time of aspiration in each case differs. In SLN lesioned animals, aspiration tends to occur during the swallow (22). However, in RLN lesioned animals aspiration can occur either during or after the swallow (14). Here again, differences in the details of the timing of events suggest differences in underlying mechanism of airway protection failure.

These hypotheses for the neural origin of kinematic differences between RLN and SLN lesioned pigs also suggest that different interventions may be effective to modify swallowing in each case. If the reduced sensitivity hypothesis is correct for explaining the patterns we see in the SLN lesioned animals, then either controlling bolus volume directly through regulated feeding, or increasing sensitivity of the valleculae by using other stimuli in conjunction with volume [i.e., capsaicin (31, 32)] are likely to be most effective for restoring normal swallow function. In the case of RLN lesion, however, restoring something like normal function is likely to involve interventions that harness sensory motor mechanisms that establish coordination between tongue and pharyngeal components of swallowing, such as entrained milk delivery (28) or motor learning (33–35).



Limitations of This Study and Unknowns

The way in which the data presented in this study were collected means that some caution must be taken in interpreting these results. The two groups of pigs are different in their control kinematics. As these groups of animals were collected several years apart in two different locations, a number of factors may account for this. The SLN lesioned pigs were older by several days then the RLN lesioned pigs. Pigs reach weaning age in about 25 days, and show maturation of certain feeding behaviors in that time (36, 37). In particular, the (younger) RLN pigs were considerably variable in all studies (14, 19, 23). Thus, the younger age of the RLN pigs may account for the greater variation in control kinematics seen in this study. The specific statistical model used here, which controls for individual variation and, by using nesting, does not pool the RLN and SLN control data, goes some way to mitigating this variation. As a proportion of total variance in the model, the importance of individual variation varies depending on what aspect of oropharyngeal function is being measured (tongue vs. epiglottal flip) and whether post-lesion only animals are being examined.

Technical differences, most notable the different maximum frame rate available for the SLN vs. the RLN pigs, also are a limitation. In particular this means that meaningful differences in kinematics between SLN and RLN pigs can only be measured to the precision of the slower frame rate (30–60 fps). Finally, airway protection, a major variable in our data set, is not experimenter controlled, but occurs ad hoc among animals. Rates of aspiration after RLN lesion are quite irregular among individuals (14). This variability limits our ability to look at fine grain differences between penetration and aspiration in this study, as the SLN lesioned pigs available for this work, while showing penetration, showed limited aspiration.



A Better Etiology of Dysphagia Is Needed, One That Is Based on Functional Damage Effects Instead of Gross Outcomes

When discussing dysphagia in the context of neurological disorders, a significant list of conditions where dysphagia occurs is often presented (as indeed at the beginning of this paper). Knowing the prevalence and occurrence of dysphagia across different patient populations is important for epidemiology and public health. Yet, as this study shows, a diagnosis of dysphagia is insufficient for understanding the specific pathophysiology behind dysphagia in a given condition. Furthermore, the diagnostic endpoint (e.g., aspiration or residue), may result from very different processes going wrong within the swallow. On the other hand, when pathophysiology is identified and studied, for example tongue weakness in Parkinson's disease (38–40), its relationship to the diagnostic symptoms, again aspiration or residue, is often unclear. What is missing is a classification of dysphagia that accounts for the steps between neurological insult, pathophysiology, and diagnostic criterion, so that therapies can be developed that specifically target the disordered physiology.

Clinically, our work suggests that knowing how specific nerve lesions affect swallowing function in the context of aspiration could help inform treatment selection. As an example, the difference in bolus size between SLN and RLN lesioned suggests that bolus size restriction might be more useful in one type of lesion than another to prevent aspiration. Thus, when evaluating treatments, studies need to account as best as possible for the etiology of the dysphagia, as different etiologies may respond better or worse to different treatments. Further, the category “dysphagia,” or even “deglutitive disorders,” is very broad. Sorting out the specific, and possibly different, functional deficits in conditions that appear superficially similar is a critical first step in determining differences in the mechanisms that generate the pathophysiology. Understanding the mechanism, in turn, is critical for the design of effective interventions.

Our work on SLN and RLN lesions shows how a strictly experimental, systematic, basic science approach can provide the framework for beginning to understand these issues (6, 13, 14, 19, 22, 23). Animal model work is particularly well-suited to the hierarchical study of insult, pathophysiology, and disease (41). Indeed, the literature on animal models of neurological disorders increasingly combines attempts to model the complete disorder with targeted approaches seeking to reproduce a particular part of the neurological disorder to test hypotheses about pathophysiology (42). In our own work, we are currently working on steps to test interventions in infant pigs based on what we have learnt through the systematic analysis of the relationship between specific nerve lesions, pathophysiology, and dysphagic outcomes (43, 44). In order to build this systematic understanding of the relationship between specific neural insults, pathophysiology, and dysphagia in a context that will ultimately improve human health, collaborations between clinical researchers, human physiologists, and animal model workers are essential.
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As part of a larger study examining relationships between taste properties and swallowing, we assessed the influence of genetic taster status (GTS) on measures of brain activity and swallowing physiology during taste stimulation in healthy men and women. Twenty-one participants underwent videofluoroscopic swallowing study (VFSS) and functional magnetic resonance imaging (fMRI) during trials of high-intensity taste stimuli. The precisely formulated mixtures included sour, sweet-sour, lemon, and orange taste profiles and unflavored controls. Swallowing physiology was characterized via computational analysis of swallowing mechanics plus other kinematic and temporal measures, all extracted from VFSS recordings. Whole-brain analysis of fMRI data assessed blood oxygen responses to neural activity associated with taste stimulation. Swallowing morphometry, kinematics, temporal measures, and neuroimaging analysis revealed differential responses by GTS. Supertasters exhibited increased amplitude of most pharyngeal movements, and decreased activity in the primary somatosensory cortex compared to nontasters and midtasters. These preliminary findings suggest baseline differences in swallowing physiology and the associated neural underpinnings associated with GTS. Given the potential implications for dysphagia risk and recovery patterns, GTS should be included as a relevant variable in future research regarding swallowing function and dysfunction.
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INTRODUCTION

Within the swallowing literature, the influence of taste stimulation on swallowing biomechanics has been an area of interest in healthy populations (Ding et al., 2003; Palmer et al., 2005; Pelletier and Dhanaraj, 2006; Leow et al., 2007; Wahab et al., 2011; Nagy et al., 2014b) and persons with swallowing impairments, or dysphagia (Pelletier and Lawless, 2003; Lee et al., 2012; Pauloski et al., 2012; Dietsch et al., 2019). Taste is particularly salient to swallowing, as gustation is important in eating and drinking behaviors and is mediated by multiple cranial nerves and neural structures that are integral in the swallowing response (Simon et al., 2006; Steele and Miller, 2010). Gustatory sensation is hypothesized to have a feed-forward effect on swallowing movement (Ding et al., 2003), as enhanced sensory stimulation may elicit faster and/or stronger swallowing responses. This theory is strengthened by studies reporting taste-related increases in neural activation in the cortical swallowing network (Babaei et al., 2010; Humbert and Joel, 2012); however, the evidence lacks consensus regarding taste’s effects on swallowing physiology and underlying neural activation.

Beneficial effects on the biomechanics of swallowing from a variety of taste stimuli in healthy people and persons with dysphagia include faster temporal parameters (Ding et al., 2003; Leow et al., 2007; Cola et al., 2010; Lee et al., 2012; Pauloski et al., 2012; Steele et al., 2012; Gatto et al., 2013) and more efficient/greater magnitudes of swallowing movements (Pelletier and Lawless, 2003; Palmer et al., 2005; Pelletier and Dhanaraj, 2006; Leow et al., 2007; Miura et al., 2009; Plonk et al., 2011; Wahab et al., 2011; Lee et al., 2012; Todd et al., 2012a, b; Nagy et al., 2014a, b; Pelletier and Steele, 2014; Dietsch et al., 2019). Although taste has shown positive effects on swallowing performance, these effects are not always statistically significant, may be conditional on certain taste stimuli, and/or may only be present at high concentrations of taste or with an interaction of multiple sensory inputs. Several studies report taste having negative or no effect on swallowing physiology in healthy adults (Butler et al., 2004; Hiss et al., 2004; Chee et al., 2005; Miyaoka et al., 2005, 2006) and persons with dysphagia (Hamdy et al., 2003) suggesting that positive results of taste on swallowing may be inconsistent for reasons that have not yet been elucidated.

Interpretation of the current literature is challenging for a multitude of reasons, which involve differences in (a) taste stimuli used, (b) measurement in swallowing outcomes, and (c) participant demographics. A paucity of evidence in the structural and functional neural representation of taste and swallowing also adds to the challenge in elucidating the relationship between these sensory inputs and motor outcomes. In addition to these issues, factors such as age, sex, and genetic predisposition create potentially significant sources of variability in modulating taste’s influence on brain activity and swallowing physiology (Bartoshuk et al., 1986, 1994; Bartoshuk, 2000; Kim et al., 2003).

Genetic taster status (GTS) is an inherited relative sensitivity to taste stimulation. It is assessed via chromosomal expression of the TAS2R38 gene (Reed et al., 1999; Bartoshuk, 2000; Kim et al., 2003), density of the fungiform papillae on the tongue (Bartoshuk, 1993; Bartoshuk et al., 1994; Essick et al., 2003), and/or perceptual sensitivity to the bitter compound 6-n-Propylthiouracil (PROP; Bartoshuk, 1991; Smutzer et al., 2013). There are three broad classifications of GTS: nontasters, midtasters, and supertasters (Bartoshuk, 1991). Roughly half of the population are midtasters, one in four persons are supertasters, and women are more likely than men to be supertasters (Bartoshuk et al., 1994). GTS also influences perception of taste intensities, as supertasters report more intense reactions to taste stimuli in comparison to the other taster groups (Ko et al., 2000; Dietsch et al., 2014; Nagy et al., 2014a, b; Pelletier and Steele, 2014). This difference in oral perception could be a result of PROP tasters having higher amounts of gustatory papillae and taste pores (Bartoshuk et al., 1994; Bartoshuk, 2000; Essick et al., 2003) and thus experiencing increased sensory stimulation, and possibly a different combination of gustatory, chemosensory, and somatosensory input from oral stimuli, compared to nontasters (Karrer et al., 1992). These genetic, anatomical, and perceptual differences among GTS groups may manifest in different abilities and responses to taste stimuli in terms of both neural activation and swallowing movements.

A few studies have investigated GTS effects on neural activity using a range of neuroimaging designs and taste stimuli. Using magnetic resonance imaging (MRI), Bembich et al. (2010) reported significantly greater hemodynamic responses in areas of the prefrontal cortex (PFC) within supertasters after administration of PROP strips compared to nontasters, indicating the PFC’s active role in conscious processing of intense bitter tastes. Eldeghaidy et al. (2011) further investigated other brain regions that may be differentially activated based on GTS, and reported significant positive correlations between blood oxygen level-dependent (BOLD) responses and GTS in primary and secondary somatosensory cortices (SI, SII) the anterior cingulate cortex, and the anterior-, mid-, and posterior-insula after varied concentrations of isoviscous and isosweet fat emulsions. A functional near infrared spectroscopy (fNIRS) study by Mulheren et al. (2016) found no significant differences in hemodynamic activity among GTS groups in the sensorimotor cortices using sweet and sour stimuli. Similar to the neuroimaging literature, the evidence of an effect of GTS on swallowing biomechanics is also mixed. Supertasters have demonstrated stronger submental muscle activation (Pelletier and Steele, 2014), higher anterior lingual pressure generation (Nagy et al., 2014b; Pelletier and Steele, 2014), and longer swallow apnea durations (Plonk et al., 2011) in a variety of taste-intense stimuli compared with nontasters; however, other studies have reported GTS having no effects on these parameters (Todd et al., 2012a; Nagy et al., 2014a).

As part of a larger study, GTS was considered as a relevant factor in discerning the effects of taste stimulation on brain activity and swallowing physiology, as clarifying these relationships has important potential implications for dysphagia management. Specifically, the current study examines whether and how GTS influences neural hemodynamic responses and swallowing biomechanics within the same participants using standardized taste stimuli. It was hypothesized that general labeled magnitude scale (gLMS) scores, as an indicator of GTS, would be (H1) positively correlated to the magnitude of component swallowing movements and (H2) associated with differences in BOLD activity in taste- and swallowing-related neural areas.



MATERIALS AND METHODS


Participants

This study included healthy adult volunteers recruited from the community via posters in local businesses and places of worship as well as in public buildings on the university campus. Volunteers were excluded from study participation if they had a history of neurological, taste, or swallowing disorders; injuries or surgeries to the orofacial region (aside from routine wisdom tooth extraction), or could not safely undergo MRI due to embedded metal or claustrophobia. The study protocol was approved by the primary investigator’s Institutional Review Board (#16762) and all participants provided written informed consent.

Twenty-one healthy adults (11 women, 10 men; mean age 27.66 years, range 19–49 years) participated in both data collection sessions. Distribution across sex and GTS is shown in Table 1 and is consistent with overall population distribution in that proportionately more women than men are supertasters, and more men than women are nontasters (Bartoshuk et al., 1994).


TABLE 1. Participant demographics.
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Stimuli

Five custom-mixed stimuli were prepared in distilled water for the functional magnetic resonance imaging (fMRI) trials and in a 40% weight/volume barium sulfate in distilled water mixture for the videofluoroscopic swallowing study (VFSS) trials. These included (1) intense sour, (2) sweet-sour, (3) lemon, (4) orange, and (5) unflavored (McBride and Johnson, 1987; Pelletier et al., 2004; Dietsch et al., 2019). All of the stimuli fell within the viscosity range for thin liquids according to the flow test methods and criteria recommended by the International Dysphagia Diet Standardization Initiative (Hanson et al., 2019). Table 2 delineates the composition of each tastant type.


TABLE 2. Taste stimuli.

[image: Table 2]


Procedures

Participants underwent one session of data collection for VFSS, and another for MRI. These sessions were completed as proximately as scheduling allowed (mean 4.2 days, range 0–9 days). The MRI session was completed first for 16 participants and after the VFSS session for five participants.

Neuroimaging data were collected on a research-dedicated Siemens 3T MAGNETOM Skyra with 32-channel head coil. After positioning a participant in the scanner bed, investigators used medical tape to secure a short length of tubing (Skarda 1/8” OD clear food-grade urethane) to the participant’s lower face with the tip of the tube in the anterior portion of the participant’s oral cavity. This tubing was the endpoint for a custom-made stimulus dispensing system comprised of a series of modular pumps (Harvard Apparatus, Holliston, MA, United States) controlled by a PowerLab 16/35 (AD Instruments, Colorado Springs, CO, United States) and LabChart software (V. 8.1.13, AD Instruments, Colorado Springs, CO, United States). During functional image acquisition, TR pulses from the Siemens scanner were recorded within the LabChart software to enable precise registration of each volume to stimulus dispensation during analysis. Taste stimuli were administered in four counterbalanced blocks per functional run. Within each block, a single tastant was presented four times (3 ml per trial dispensed over 5 s with 15–30 s between onset of trials, see Figure 1), followed by two presentations of distilled water to rinse the oral cavity before starting the next tastant block. Four functional runs (430 volumes per run, gradient-echo T2∗-weighted imaging pulse sequence with GeneRalized Autocalibrating Partial Parallel Acquisition [GRAPPA] multi-band acceleration factor = 3, voxel size 2.5 mm3, field of view = 210 mm2, TR = 1 s, TE = 29.8 ms, flip angle = 60°, bandwidth = 2052 Hz/Px, echo spacing = 0.59 ms, interleaved) plus an anatomical T1 sequence (voxel size = 1 mm3, field of view = 256 mm2, phase encoding = anterior-posterior, TR = 2.20 s, TE = 3.37 ms, TI = 0.91 s, flip angle = 7°, bandwidth = 200 Hz/Px, echo spacing = 7.9 ms) were collected per participant as part of the larger study protocol.


[image: image]

FIGURE 1. Study protocol. Participants completed four functional runs, each with a different sequence of the four taste stimuli (shown as conditions A–D, R = rinse) in a counterbalanced block design. The timeline for each run and a representative block are shown. Multiband volumes were collected every 1 s throughout the run.


Videofluoroscopic data were acquired at a local hospital by research personnel and cooperating radiology staff. Participants were seated with a lateral view that captured all relevant anatomical landmarks. Two trials of each stimulus were administered in a counterbalanced order via syringe at 45–55°F, for a total of ten 5-ml trials per participant. Immediately prior to each trial, the participant rinsed the oral cavity with tap water until no taste was discernable. Then, the syringe tip for the next trial was placed between the participant’s lips, emptied, and immediately withdrawn. Participants were prompted to swallow normally as soon as the syringe was removed from the oral cavity. Fluoroscopic swallowing images were captured at 30 pulses/s, and digitally recorded at 30 frames/s for further analysis.

In order to determine GTS, testing using a film impregnated with PROP (Sigma-Aldrich) was completed at the conclusion of their first data collection session. The researcher provided a simple explanation that taste perception is genetically influenced, and that the individual’s perception of the film could help us determine their genetic taste status. Then participants dissolved the PROP-impregnated strip on their tongue and then indicated the intensity of any associated taste on a gLMS (Smutzer et al., 2013). The intensity ratings were used by researchers to classify participants’ GTS during data analysis according to the criteria validated by Smutzer et al. (2013). Participants were not provided with information about the different GTS groups, how those groups typically perceive PROP, or their own GTS at any point during data collection.



Analysis


VFSS Analysis

Each taste trial was clipped from the VFSS recording and coded such that researchers were blinded to stimulus type and GTS during data extraction. Oropharyngeal swallowing physiology of taste trials was assessed using a method called computational analysis of swallowing mechanics (CASM; May et al., 2017). CASM is the morphometric analysis of coordinate data mapping frame-by-frame displacement of anatomical landmarks. First, researchers who had achieved post-training interrater reliability of r ≥ 0.95 used a MATLAB-based semi-automated software tool to track twelve key anatomical landmarks frame by frame (Natarajan et al., 2015). Four of these anatomical landmarks (genial tubercle of mandible; posterior margin of hard palate; anterior tubercle of atlas; and the anterior inferior margin of C2) represent three relatively fixed levers within the skeletal structure surrounding the oropharyngeal swallow. They provide a reference framework for alignment of landmarks during the Procrustean fit portion of the analysis. Along with the anterior inferior margin of C4, they also are used to assess the relative posture of the cervical vertebrae during swallows. The remaining eight landmarks (anterior inferior margin of the hyoid; superior border of the upper esophageal sphincter (UES); anterior and posterior margins of the vocal folds; pit of the vallecula; and attachment of the superior and middle pharyngeal constrictors) represent the attachment points and foci of movement trajectory for muscle groups underlying pharyngeal swallowing mechanics (Hosseini et al., 2019). Considered together, these landmarks create a constellation representing overall pharyngeal shape changes during swallowing. The analysis process reveals whether the shape changes are associated with assigned grouping variables (such as GTS) as well as the magnitude and direction of coordinate shifts that contribute to the shape change. Ten percent of the study data were re-extracted to check for reliability; intra- and interrater correlation coefficients for CASM coordinate data were 0.933 and 0.975, respectively. Next, coordinates were compiled and imported into MorphoJ (Klingenberg, 2011). A Procrustes fit was performed to control for camera and subject position. An evaluation of the 3,607 sets of 12 coordinates representing pharyngeal stage swallowing against a multivariate distribution curve indicated that three sets of coordinates were found to be statistical outliers and excluded from analysis. A morphometric principal component analysis was performed to visually inspect the distribution of the sample. All data points from one subject, a male supertaster, lay outside of a 0.95 confidence interval of all other subjects and was therefore excluded from the analysis. To determine whether GTS impacted swallowing mechanics, a morphometric canonical variate analysis of coordinate data representing pharyngeal swallowing mechanics by GTS categories was performed in MorphoJ (Klingenberg, 2011). Ratings from PROP testing were used to stratify participants: nontasters = gLMS ≤ 20, midtasters = gLMS 21–40, supertasters = gLMS ≥ 41 (Smutzer et al., 2013). Post hoc discriminant function analysis yielded eigenvectors representing pairwise differences in pharyngeal phase mechanics by tastant. Eigenvector results were scaled using Mahalanobis distance in MorphoJ. A matrix transformation using MATLAB was performed on an exported eigenvector file (scaled vector graph) that aligns C1 and C4 vertebrae coordinates in order to visualize functional anatomical differences in swallow mechanics by tastant.

A second set of analyses of the VFSS images used more traditional kinematic and timing measures to further explore the effects of GTS on swallowing physiology. Pharyngeal constriction ratio (PCR; Leonard et al., 2006) was used to assess the magnitude of pharyngeal constriction by comparing pharyngeal volume at rest and at peak constriction. The pharyngeal phase duration was measured from the first frame of upward/forward movement of the hyoid to the frame in which the UES closes behind the bolus tail (Leonard et al., 2000). The UES distension was defined as the distance between the inferior and posterior opening of the UES when a majority of the bolus was passing through it. The parameters for each of these three measures were extracted from VFSS images and evaluated via a series of analyses of variance (ANOVA); significant alpha levels were set at 0.05 for the ANOVAs and Bonferroni adjusted to 0.0167 for post hoc testing.



MRI Preprocessing

Functional imaging reconstruction, processing, and analysis was conducted using Analysis of Functional Neuroimages (AFNI; Cox, 1996). Anatomical images were reconstructed and segmented using the standard FreeSurfer processing pipeline (Fischl et al., 2004; Desikan et al., 2006). Anatomical images were then non-linearly warped to MNI152_2009 template space using the AFNI program 3dQwarp, and the skull was removed. Echo-planar images for each run were despiked (spikes in each voxel’s time series are truncated), slice time corrected, aligned to the anatomical images and transformed to MNI space. Each volume was then registered to the volume with the minimum outlier fraction. Functional images were spatially smoothed using a 4 mm full-width at half maximum Gaussian filter, and skull stripped. The time course of each voxel was scaled to a mean of 100. We then ran a general linear model using the six motion estimates from volume registration as regressors of no interest. Additionally, we used up to third-order polynomials to model baseline and drift. Pairs of volumes where the Euclidean norm of the motion derivatives exceeded 0.4 were “scrubbed” and eliminated from further analysis. Finally, we modeled hemodynamic response functions using the “BLOCK” basis function at the onset time for each tastant as well as the rinse. The duration of the function was 6 s. Data from two participants (a female midtaster and a male nontaster) were excluded from further analysis due to technical issues with matching timelines of stimuli dispensation to image acquisition.



MRI Analysis

Beta values for rinse trials were subtracted from the beta value for each tastant. An ANOVA was conducted in AFNI using the 3dMVM program (Chen et al., 2014) with tastant as a within-subject factor, and GTS treated as a continuous between-subjects factor. A cluster-based approach was used to correct for multiple comparisons (Forman et al., 1995). We estimated the spatial smoothness of the residuals for each participant using a Gaussian plus mono-exponential function implemented with 3dFWHMx. The spatial autocorrelation function values were determined for each participant using the “-acf” option, and the mean values across participants (0.761, 2.956, 11.06) were calculated (Cox et al., 2017). Ten thousand random maps with these smoothness parameters were generated and thresholded at a voxel-wise p < 0.001. The largest surviving cluster from each of these simulations was recorded, and this distribution was used to estimate the probability of a false positive. Based on these estimations, we applied a cluster threshold to our data at a voxel-wise p-value of 0.001 and a minimum cluster size of ten contiguous voxels which resulted in a corrected two-tailed alpha of p < 0.05.



RESULTS


Swallowing Physiology Outcomes

Multivariate morphometric canonical variate analysis of the VFSS recordings by GTS showed statistically significant differences (P < 0.0001) in swallow mechanics across all comparisons (Figure 2) with Mahalanobis distances as follows: nontaster vs. midtaster (D = 2.40), midtaster vs. supertaster (D = 2.90), nontaster vs. supertaster (D = 3.44).
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FIGURE 2. Swallowing mechanics by genetic taster status (GTS). Canonical variate analysis of swallowing physiology yielded distinct clusters by GTS group, indicating that taster status was a significant determinant (p < 0.0001) of swallowing shape changes.


In the subsequent discriminant function analysis, eigenvectors illustrate the differences in supertaster pharyngeal swallowing mechanics compared to those of nontasters (Figure 3, left panel) and midtasters (Figure 3, right panel). As depicted by the length and direction of the eigenvectors, supertasters demonstrated greater pharyngeal constriction and increased head and neck flexion than either of the other groups. Additionally, the CASM results indicated increased laryngeal elevation, anterior hyoid excursion, and pharyngeal shortening in supertasters as compared to nontasters.
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FIGURE 3. Differences in swallow mechanics by genetic taster status. Discriminant function analysis of the anatomical landmarks extracted from VFSS yielded eigenvectors illustrating the magnitude and direction of pharyngeal swallowing mechanics between groups. The mean variance of each landmark for nontasters (left panel) and midtasters (right panel) is represented by the circle origins of the eigenvectors, whereas the supertasters’ landmark variances are depicted by the endpoint of each eigenvector.


The three kinematic and timing variables analyzed via one-way ANOVAs further characterized the impact of taster status group on swallowing physiology (Table 3). Consistent with the results from the CASM, supertasters had significantly smaller PCR values than midtasters and nontasters, indicating they had the largest average magnitude of pharyngeal constriction across taster groups. Additionally, supertasters had the shortest pharyngeal phase duration of swallowing; it was significantly shorter than for midtasters but not nontasters. Although there were no significant mean differences of GTS and UES distension, supertasters had the largest value of UES distension (M = 23.208, SD = 8.126) with midtasters (M = 20.389, SD = 4.684) and nontasters (M = 21.285, SD = 5.507) having similar UES distension values.


TABLE 3. Analyses of variance for kinematic and timing variables across genetic taster groups.
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MR Outcomes

The whole-brain neuroimaging analysis identified regions where BOLD activity varied as a function of GTS as measured by gLMS intensity ratings for the PROP strip. The analysis revealed two clusters of BOLD signal associated with main effects of GTS. Their coordinates, cluster size, and effect descriptions are summarized in Table 4. The smaller cluster was located in the superior temporal gyrus (STG), a region implicated in a broad range of functions including swallowing (Martin et al., 2004; Shibamoto et al., 2007; Peck et al., 2010). The larger cluster was located in the left post-central gyrus, specifically in a portion of S1 associated with orofacial sensation (Haggard and de Boer, 2014). Within this area of S1, participants’ gLMS intensity rating for the PROP strip testing (a reflection of GTS) accounted for 53% of the variance in hemodynamic response in this key region (F[1,17] = 19.17, p < 0.0001). As depicted in Figure 4 (right panel), higher PROP gLMS ratings, reflecting greater sensitivity to taste, were associated with lower BOLD activation during trials that involved tastant presentations as compared to during the control condition.


TABLE 4. Main effects of genetic taster status.
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FIGURE 4. Taste perception and cortical activity. The largest cluster of neural activation during taste stimulation compared to plain water was located in the left post-central gyrus, the somatosensory cortex (left panel). A regression analysis compared participants’ genetic taste sensitivity [measured by general labeled magnitude scale (gLMS) ratings of taste intensity in response to 6-n-Propylthiouracil (PROP) stimulation] to their change in neural activity (measured by mean beta weight of BOLD signal). Results reflect that during taste stimulation trials, persons with greater taste sensitivity (a higher PROP gLMS rating) exhibited lower levels of BOLD activation in this region compared to person with lower PROP ratings (right panel).




DISCUSSION

The present analysis assessed the relationships between GTS, swallowing physiology, and neural activity in healthy adults in response to precisely mixed taste stimuli. The results supported our hypotheses, with supertasters exhibiting greater amplitudes of critical swallowing movements (H1) and a different pattern of neural activation (H2) compared to mid- and nontasters.

Analysis of swallowing physiology via CASM and other kinematic/timing variables confirmed previous reports of GTS-dependent differences in swallowing movements. Overall, supertaster status was associated with greater magnitude of swallowing movements compared to mid- and nontasters, as evidenced by CASM’s discriminant function analysis eigenvectors and the kinematic pharyngeal constriction findings. In addition to the movement parameters, supertasters had the shortest pharyngeal swallow phase duration (the time required to move the bolus through the pharynx), suggesting more efficient swallowing physiology than both mid- and nontasters. This may seem counterintuitive initially, and some studies have reported increased pharyngeal constriction to be associated with longer contraction of the relevant musculature (Inamoto et al., 2018; Molfenter et al., 2018). However, these findings involved within-subject comparisons of swallowing dynamics across varying conditions or cues that yielded different levels of effort in the swallows, i.e., the same basic motor plan executed to varying endpoints. In contrast, Steele et al. (2019) reported that whereas pharyngeal constriction ratios were significantly different during normal-effort swallows of varying bolus consistencies, healthy swallowers exhibited less than 20% variability in the timing parameters of those swallows. In the present study, we report across-subject comparisons, which may have introduced variability in the speed and acceleration of component movements from one person’s motor plan to another’s. This would confound the stability of the larger amplitude/longer duration relationship. Additionally, our measure of duration was not based on timing of component movements or muscle contractions, but on how fast the bolus completed the pharyngeal phase (spanning from the first frame of hyolaryngeal excursion to when the UES closes behind the bolus tail; Leonard et al., 2000). So even though the duration of pharyngeal movements/contractions may be longer for those exhibiting greater magnitudes of constriction (supertasters), that is not directly tied to the speed with which they moved the bolus. Although we did not measure speed or acceleration of component movements, perhaps the baseline swallowing mechanics of the supertasters included greater speed and magnitude of pharyngeal constriction, leading to faster propulsion of the bolus through the pharynx and into the UES.

Neuroimaging also delineated GTS-linked differences, though the reduced activation in S1 and STG for supertasters as compared to mid- and nontasters may seem counterintuitive; one might expect the increased sensory input inherent to supertasters to be associated with increased S1 and STG activation. Broader consideration of the extant literature in the fields of cognitive psychology, sensory processing, and neuroscience, however, offers several possible explanations for these findings.

Researchers in cognitive psychology, for example, note that more intelligent individuals exhibit smaller activation amplitude while performing cognitive tasks than lower intelligence individuals (Haier et al., 1992; Neubauer and Fink, 2009). This finding has been referred to as the Neural Efficiency Hypothesis. Further evidence of this hypothesis has suggested that it is sensitive to other variables such as task demands (Dunst et al., 2014), and gender (Lipp et al., 2012). In addition to more efficient brain activation patterns, other studies have suggested that this efficiency effect may also be apparent in updates to brain network communication (Schultz and Cole, 2016; Zuo et al., 2018). If applied to taste stimulation, this neural efficiency phenomenon could suggest that by virtue of their higher density of taste receptors, supertasters are relatively more adept at processing taste-related sensation and thus need to devote fewer neural resources than mid- and nontasters, or that their neural patterns for processing the gustatory, chemosensory, and somatosensory inputs associated with taste are simply different than their counterparts. Prior studies have identified increased activity in the STG during swallows at higher effort levels (Peck et al., 2010) and of more complex boluses (Shibamoto et al., 2007). The lower STG activations in supertasters, combined with their generation of greater movement magnitudes more quickly than their mid- and nontaster counterparts in this study, suggest that perhaps supertasters are more efficient at motor aspects of swallowing as well.

The sensory processing literature offers other possible explanations for the lower S1 and STG activations in supertasters. Abundant evidence supports that S1 has a critical role in pain perception (Bushnell et al., 1999), and undergoes neuroplastic changes in response to pain (see Kim et al., 2017 scoping review). For example, persons with acute low back pain exhibited smaller activations in the sensorimotor cortex than pain-free peers in response to non-noxious afferent inputs (Chang et al., 2019), suggesting that decreased S1 activations may be a rapidly developing compensatory response to discomfort. Similarly, individuals with chronic pain disorders exhibited reduced resting state activity in STG (Zhao et al., 2017). Perhaps supertasters’ neural systems perceive intense taste-related stimulation, which may include somatosensory and chemesthetic (and possibly nocioceptive for certain stimuli such as capsaicin or intense sour) components, as uncomfortable or noxious. To compensate, supertasters’ neural networks might downregulate S1 and STG activity in response to taste stimulation in the same way that persons with pain downregulate other tactile stimuli. Additionally, it is well-established that pain perception and S1 activation are also modulated by attentional factors (Zeidan et al., 2011) and enhancement of other sensory modalities (Sharma et al., 2016). Under this principle, supertasters’ inherent sensitivity to taste stimuli could yield a neural network that de-prioritizes somatosensory/chemesthetic information in favor of gustatory inputs, resulting in comparatively less S1 activity than mid- and nontasters.

A third consideration involves the extant neuroscience literature regarding taste-related sensation, or rather the gaps that exist in our current understanding of the complex underlying networks. Investigators using various stimuli and neuroimaging technologies have identified a range of brain regions and timing patterns that appear to be involved in the processing of taste stimuli generally (Babaei et al., 2010; Humbert and Joel, 2012), and specifically with regard to GTS (Bembich et al., 2010; Eldeghaidy et al., 2011; Mulheren et al., 2016). While all of these contributions are valuable, a clear picture of the neural pathways for processing of the multimodal inputs associated with taste stimulation, much less one that accounts specifically for GTS, has yet to emerge. Another study reporting GTS-related differences in S1 activation showed opposite effects to ours, with greater activation in S1 for supertasters (Eldeghaidy et al., 2011). However, the trials of fat emulsions used in that work have different mouth-coating and dispersive qualities than our taste stimuli (Drewnowski, 1992). In addition to contrasting taste stimuli, different prioritization of gustatory, chemosensory, and somatosensory inputs by supertasters could contribute to differing somatosensory-specific S1 activation patterns.

The baseline differences in swallowing physiology and neural activation in healthy persons demonstrated by these results may help explain the disparate results in previous studies of swallowing function. If people have genetic differences in their baseline swallowing movements and responses to oral sensation, GTS could be a confounding variable in capturing outcomes of enhanced sensory stimulation on swallowing, or in responding to particular sensorimotor intervention strategies. Additionally, symptoms of dysphagia could manifest differently even in persons with similar neurological or structural insults due to variations in baseline swallowing movements and neural networks associated with their GTS. If so, GTS could influence the severity and prognosis of dysphagia, and therefore may be an important variable to consider in dysphagia assessment and management. Further investigation is necessary to determine whether the incidence of dysphagia is different across GTS groups, and whether there are fundamental differences in the functional and anatomical neural connections that could influence one’s susceptibility to taste- and swallowing-related impairments and responsiveness to specific interventions.

The present results support that supertasters require less S1 activation and similar M1 activation in order to achieve greater amplitude and efficiency of swallowing movements. In other words, supertasters may be neurologically predisposed to produce more optimized swallows at baseline compared to non- and midtasters. While this raises intriguing questions about the role of GTS in the risk of developing dysphagia as well as the potential to recover from it, additional work is necessary to address limitations of the current work and further examine the underlying mechanisms. For example, CASM comparisons would benefit from an increased sample size that would enable stratification by sex to account for morphological differences that may affect functional anatomy as represented by the eigenvectors. This may improve the precision of vectors indicating how the multiple elements of pharyngeal swallowing mechanics are impacted by GTS. Larger sample size could also increase the statistical power to detect additional shifts and/or clusters of BOLD signal change in other brain regions. Also, the incorporation of genetic testing in future work will allow for more precise assessment of taster status haplotype than is possible with the PROP testing utilized here. Additionally, the tastants used here were developed to mirror those that elicited the most efficacious swallowing mechanics in previous studies, but it is possible that other tastant types may have similar or even better effects. Although other studies reported no differences in measures of taste perception and swallowing physiology for the barium and non-barium versions of sweet, sour, and unflavored taste stimuli similar to the formulas used here (Dietsch et al., 2014; Nagy et al., 2014a), the stimuli in the fMRI and VFSS are not identical because of their barium status, which may have impacted the respective results in unappreciated ways. Likewise, the fact that some participants underwent VFSS first whereas others completed the MRI first could have confounded results. Finally, the current work focuses on swallowing mechanics and neural activity in healthy persons, so further work is necessary to assess whether these relationships hold in persons with dysphagia. Nonetheless, these findings raise questions about whether supertasters may also require less neural recruitment to adapt the swallowing motor plan based on the intraoral stimulus being swallowed, which may have significant implications for treatment selection for individuals with dysphagia.

In summary, the current study offers a unique contribution to the extant literature by using GTS as a covariate in both neuroimaging and swallowing physiology data from the same participants using standardized taste stimuli. Comparison of swallowing mechanics revealed increased amplitude and efficiency of swallowing physiology in supertasters compared to mid- and nontasters. Further, S1 activation inversely correlated to PROP rating, such that supertasters appear to devote fewer neural resources to somatosensory aspects of oral stimulation than mid/nontasters. The influence of GTS on swallowing biomechanics and neural substrates is a compelling new finding, and these preliminary results suggest that GTS may be a relevant consideration in future swallowing-related research.
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Tongue exercise programs are used clinically for dysphagia in aged individuals and have been shown to improve lingual strength. However, the neural mechanisms of age-related decline in swallowing function and its association with lingual strength are not well understood. Using an established rat model of aging and tongue exercise, we hypothesized that the motor cortex of aged rats would have a smaller lingual motor map area than young adult rats and would increase in size as a function of tongue exercise. Over 8 weeks, rats either underwent a progressive resistance tongue exercise program (TE), learned the task but did not exercise (trained controls, TC), or were naïve untrained controls (UC). Cortical motor map areas for tongue and jaw were determined using intracortical microstimulation (ICMS). Rats in the TE and TC groups had a significantly larger motor cortex region for the tongue than the UC group. Lingual cortical motor area was not correlated with protrusive tongue force gains and did not differ significantly with age. These results suggest that learning a novel tongue force skill was sufficient to induce plasticity of the lingual motor cortex yet increasing tongue strength with progressive resistance exercise did not significantly expand the lingual motor area beyond the gains that occurred through the skilled learning component.
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INTRODUCTION

Dysphagia is a common condition among aged individuals and is associated with serious health problems, reduced quality of life, and high healthcare costs (Sura et al., 2012; Westmark et al., 2018). Age related changes in swallowing function (presbyphagia), including lingual weakness (Robbins et al., 1995; Hara et al., 2018) and increased swallow durations (Shaw et al., 1995; Nicosia et al., 2000; Namasivayam-MacDonald et al., 2018), may predispose aged individuals to developing dysphagia (Humbert and Robbins, 2008). The mechanisms of age-related decline in swallowing function and its association with lingual strength are not well understood. Determining the underlying causes of declines in oral-motor function with age may lead to more targeted approaches to treat or prevent dysphagia in aged individuals.

An overwhelming body of evidence suggests that CNS changes contribute substantially to sarcopenia, the age-related loss of skeletal muscle mass, strength, and function (Clark and Manini, 2008; Kwan, 2013; Tieland et al., 2018). Age-related reductions in muscle strength and motor control have been associated with motor cortex atrophy and reduced excitability (Clark and Taylor, 2011), but whether such motor cortex changes contribute to declines in lingual motor function are not known. Our previous studies in rats have found age-related changes in neuromuscular junctions in tongue muscles (Hodges et al., 2004; Johnson and Connor, 2011), hypoglossal motor neurons (Schwarz et al., 2009; Behan et al., 2012; Schaser et al., 2012), and the lingual muscles themselves (Ota et al., 2005; Connor et al., 2008; Nagai et al., 2008; Schaser et al., 2011; Cullins and Connor, 2017). In this study we sought to determine whether age is associated with changes in the motor cortex representation of the tongue and jaw. The topographical organization and excitability of the motor cortex can be assessed by using intracortical microstimulation (ICMS) to map cortically driven muscle activation.

Motor cortex plasticity may also be induced by rehabilitative exercises for dysphagia such as tongue exercise. Skilled motor learning has been shown to induce plasticity in the motor cortex, with functional improvements corresponding to increased cortical motor map representation and reduced stimulation thresholds of the involved muscles (Nudo et al., 1996; Kleim et al., 1998; Tennant et al., 2012). Tongue training programs are used clinically for dysphagia in aged individuals and have been shown to improve lingual strength (Robbins et al., 2005; Yeates et al., 2008; Park and Kim, 2016; Rogus-Pulia et al., 2016). There is evidence in young-adult humans and monkeys that tongue-task training induces cortical plasticity (Svensson et al., 2003, 2006; Baad-Hansen et al., 2009; Komoda et al., 2015). However, cortical plasticity may be reduced with age (Seidler et al., 2010; Tennant et al., 2012), and the impact of age on the relationship between tongue training and motor cortex plasticity is not known.

We hypothesized that, compared to young adult rats, the motor cortex of aged rats would have a smaller lingual motor map area and increased lingual motor threshold, assessed by ICMS. We further hypothesized that the cortical movement representation of the tongue would be expanded and movement thresholds reduced as a function of tongue exercise training in young adult and aged rats.



MATERIALS AND METHODS


Animals

This study was performed in compliance with the Guide for Care and Use of Laboratory Animals (8th edition, 2011, National Academies Press) and approved by the Animal Care and Use Committee of the University of Wisconsin School of Medicine and Public Health. Male Fischer 344/Brown Norway rats were obtained from the National Institute on Aging colony (Harlan Laboratories, Indianapolis, IN, United States). Young adult (9 months old at study completion) and old (32 months at study completion) rats were randomly assigned to one of three groups: (1) untrained controls (UC; n = 7 young adult, n = 8 old) naïve to the tongue force task; (2) trained controls (TC) that learned the tongue force task and performed maximum force testing (n = 9 young adult, 9 old), or (3) trained exercise (TE) that underwent the 8-week tongue exercise paradigm described below (n = 9 young adult, 9 old). Each group consisted of 10 rats, but final numbers reflect losses due to surgical complications or age-related health concerns. The rats were housed in pairs in standard polycarbonate cages on a 12:12-h light-dark reversed light cycle.



Tongue Exercise

The clinically based progressive rat tongue exercise training methods have been detailed previously (Connor et al., 2009) and have been shown to increase voluntary tongue force in young and aged rats in a number of studies (Connor et al., 2009; Schaser et al., 2012; Kletzien et al., 2013; Krekeler and Connor, 2017; Cullins et al., 2018). This well-established training paradigm was originally developed based on several studies that used operant conditions in rats to assess licking function (Fowler and Mortell, 1992; Moss et al., 2001; Stanford et al., 2003; Smittkamp et al., 2008). TC and TE rats were water restricted to 3 h/day then trained to press their tongue against an instrumented disk to receive a water reward. Maximum voluntary tongue force was determined at baseline, 4-, and 8-weeks by incrementally increasing the reward force thresholds by 0.002 N after each successful press. This process was repeated over the course of 3 days, and the average of the 10 highest forces was used to determine an individual rat’s maximum voluntary tongue force. The TE group underwent a progressive resistance training program, performed 5 days/week for a total of 8 weeks. Rats exercised at water reward thresholds of 50% max (weeks 1–2), 60% max (weeks 3–4), 70% max (weeks 5–6), and 80% max (weeks 7–8). Force thresholds for weeks 1–4 were calculated from baseline maximums; maximum force testing was repeated in week 4 and the new individual maximums were used to calculate thresholds for weeks 5–8. Each exercise session lasted 10 min. The TC group learned the tongue pressing task and underwent maximum tongue force testing but did not perform progressive tongue exercise. They were placed in the operandum 5 days/week and were allowed to briefly lick water from the disk before they were removed. Body weights were recorded daily to monitor the effects of the water restriction and training paradigms.



Intracortical Microstimulation (ICMS)

Intracortical Microstimulation was adapted from previously published techniques (Kleim et al., 1998) which have been used to map the orolingual motor area in a rat model of Parkinson disease (Plowman and Kleim, 2011; Plowman et al., 2014). Rats were anesthetized by intraperitoneal (IP) injection (70 mg/kg ketamine and 9 mg/kg xylazine). The plane of anesthesia was monitored for presence of moderate toe-pinch response and maintained either by supplemental IP doses of ketamine (0.1cc as needed) or a femoral i.v. catheter infusion of ketamine (40 mg/kg/hr, adjusted as needed). Anesthesia by infusion was found to be easier to maintain. Anesthesia type (IP or IV) was included as a covariate in the statistical analysis. However, anesthesia type was not found to have any significant influence on map size (p = 0.554; combined jaw and tongue area ±SD: IP = 1.91 ± 1.04 mm2, N = 26; IV = 2.18 ± 0.83 mm2, N = 25). Animals were placed in a stereotaxic apparatus and the skull and dura were removed from 5 to 6 mm rostral and 2–3 mm caudal to Bregma, over the left motor cortex; up to 5 mm lateral. A small puncture was made in the cisterna magna prior to removing the skull and dura to prevent edema. Warm silicone oil was placed on the cortical surface. A digital image of the cortical surface was taken and a 250 μm grid was superimposed onto the image and used as a guide to select and track stimulation sites. A glass microelectrode filled with 3.5 M saline solution and a platinum wire (600–800 kΩ) controlled by a hydraulic microdrive was used to make systematic penetrations across the cortex using the cortical surface image and grid as a guide. At each penetration site, the electrode was lowered to approximately 1550 μm from the surface to correspond with cortical layer V. Stimulation consisted of thirteen 200 μs cathodal pulses delivered at 350 Hz from an electrically isolated stimulation circuit. Rats were maintained in a prone position with the forelimb consistently supported. At each site the stimulating current was gradually increased until a movement was detected, up to 60 μA. Once movement was detected, the stimulating current was gradually lowered until the movement disappeared then increased again to establish the movement threshold at which a motor response occurred 6 of 10 stimulations. If more than one muscle group was activated at the threshold current, that site was considered positive for both and included in the map size calculation for each (ex: jaw + tongue or jaw + neck). If no movement could be detected at 60 μA, the site was determined to be non-responsive. The initial penetration site was randomly selected. Once movement of any sort (including elbow or neck) was established at the initial penetration, sites likely to border tongue or jaw motor areas were targeted. The jaw and tongue map areas are typically bordered rostrally and laterally by non-responsive sites, and caudally and medially by sites activating the vibrissae, neck, and forelimb (Neafsey et al., 1986). The next penetration site, regardless of response, was selected at least 2 grid lengths from the previous activation site whenever possible to avoid temporary threshold changes due to recent adjacent stimulation. Movements of the tongue and jaw were differentiated visually and confirmed as needed by accelerometers attached to the tongue and jaw.

The procedure was continued until the entire jaw and tongue representations were mapped, as both the tongue and jaw muscles contribute to swallowing and may be activated by the tongue force task. Representation area was calculated by multiplying the number of stimulation sites by 0.0625 mm2.



Statistical Analysis

Motor cortical representations of the tongue and jaw were assessed by MANCOVA. Independent variables were age and treatment (UC, TC, TE), and dependent variables were tongue and jaw area. Anesthesia type (IP or IV) and weight were included as covariates. Rats grow throughout their lifespan, so old rats typically weigh more than young rats (Turturro et al., 1999). Weight was included as a covariate based on previous studies that found body weight and brain volume to be correlated in the rat (Bailey et al., 2004; Oguz et al., 2013; Welniak-Kaminska et al., 2019). Over the course of the 8-week training paradigm old rats lost on average 7% of their body weight and young rats gained 12%. Mapping occurred at the end of the study and weight at the time of mapping was used. Estimated marginal means and standard errors are reported with the covariate body weight at 575 g. Movement thresholds of the tongue and jaw were also assessed by MANCOVA. Independent variables were age and treatment (UC, TC, TE), dependent variables were mean tongue and jaw thresholds (μA), and anesthesia type (IP or IV) was included as a covariate. The Pillai’s trace test statistics are reported. MANCOVA was followed by individual univariate ANCOVAs.

A 2-way and repeated measures ANOVA were used to assess change in maximum tongue force from baseline to 8 weeks by age and treatment group with weight included as a covariate. A Pearson correlation was used to assess the relationship between tongue motor representation area and change in maximum tongue force.



RESULTS


Tongue Cortical Area

Examples of tongue and jaw representations in the motor cortex determined by ICMS are shown in Figure 1. MANCOVA results indicated a significant main effect of treatment group (UC, TC, TE) across the dependent variables of Tongue and Jaw motor cortical area [Pillai’s Trace = 0.473, F(4,86) = 6.668, p < 0.001, ηp2 = 0.237]. There was not a significant main effect for age [Pillai’s Trace = 0.104, F(2,42) = 2.43, p = 0.101], or an age-treatment interaction [Pillai’s Trace = 0.065, F(4,86) = 0.725, p = 0.577].


[image: image]

FIGURE 1. Examples of tongue and jaw representations of the left motor cortex determined by ICMS, selected to represent mean group values. Each dot represents an ICMS site colored by motor response (Cyan, tongue; Orange, jaw; Black, other/no response). The craniotomy over the left motor cortex ranged from +6 to –2 AP from Bregma. Positive jaw and tongue sites were typically within +5 to +2 AP. The approximate AP location of Bregma is indicated by a dashed line to the left of each map. Lower Left: For all ages (Y, young adult rats; O, old rats), tongue area in the trained exercise (TE) and trained control (TC) groups was significantly larger than the naïve untrained control group (UC). There were no significant differences in tongue area with age. Lower Right: There were no significant differences with age or tongue exercise for jaw area. Tongue and jaw map areas represented in bar charts are the estimated marginal means ±standard error.


The MANCOVA treatment results were followed up with univariate ANCOVA tests which indicated a significant treatment effect for tongue area [F(2,43) = 9.537, p < 0.001, ηp2 = 0.307] but not jaw area [F(2,43) = 1.680, p = 0.1.98, ηp2 = 0.072]. Pairwise comparisons indicated that the area of tongue motor cortical representation was significantly larger in each of the trained groups (TC = 1.31 mm2 ± 0.31 SE, TE = 1.63 mm2 ± 0.32 SE) compared to the untrained control group (0.352 mm2 ± 0.27 SE; p = 0.002 and p < 0.001 respectively; estimated marginal means reported at weight = 575 g). The mean tongue area of the exercise group was not significantly larger than the trained control group (p = 0.143).



Movement Thresholds

The effects of age and treatment on movement thresholds, the mean minimum stimulation current that elicited jaw or tongue movement, was evaluated in a separate MANCOVA with anesthesia (IP or IV) as a covariate. No significant age [Pillai’s Trace = 0.027, F(2,35) = 0.475, p < 0.63, ηp2 = 0.026], treatment [Pillai’s Trace = 0.068, F(4,72) = 0.64, p = 0.64, ηp2 = 0.034], or interaction effects [Pillai’s Trace = 0.10, F(4,72) = 0.95, p = 0.44, ηp2 = 0.05] were found for tongue and jaw motor thresholds (Figure 2).
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FIGURE 2. No significant differences were found in tongue or jaw motor thresholds with age or tongue exercise.




Tongue Force

A 2-way ANOVA was used to determine the effects of age and exercise (TE, TC) on the change in maximum tongue force (8 weeks – baseline). The main effect of exercise was significant F(1,31) = 72.76, p < 0.001, ηp2 = 0.701; the change in maximum tongue force was significantly greater after 8 weeks of tongue exercise (TE group) compared to the trained control (TC) group (77.66 mN ± 5.43 SE, 12.11 mN ± 5.43 SE). Age and age-treatment interaction effects were not significant [F(1,31) = 0.889, p = 0.353, ηp2 = 0.028, F(1,31) = 3.54, p = 0.069, ηp2 = 0.102].

Tongue force was not significantly correlated with tongue motor area (Figure 3; r = 0.16, p = 0.35) and variance in the cortical map size accounted for very little variance (<3%, r2 = 0.026) in increased tongue force.
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FIGURE 3. Upper: Maximum tongue force values for both age groups, trained exercise and trained control, at baseline and 8 weeks. Asterisks indicate significant difference from baseline and from age matched control groups at 8 weeks (p < 0.001). Middle: The change in maximum tongue force from baseline was significantly greater after 8 weeks of tongue exercise compared to the trained control group. Lower: The area of tongue motor representation was not significantly correlated with the change in tongue force. White, trained control; Gray, trained exercise; Circles, old; triangles, young adult.




DISCUSSION

This study found that rats that performed protrusive tongue force training and testing, with or without progressive resistance exercise, had a significantly larger motor cortex region representing the tongue than the untrained control group. No significant differences with age or changes in motor threshold were found. A previous study that assessed total cortical orolingual movement area (jaw, tongue, and lips combined) in the rat after shorter tongue force training protocol (4–6 day), in contrast to our results, found a decreased motor threshold, but no change in motor area (Guggenmos et al., 2009). Motor area expansions can occur at the expense of the area of adjacent muscle groups (Kleim et al., 1998), thus motor area changes due to tongue training may not be detected when measuring the total oral-lingual motor area. We found that tongue training specifically increased tongue representation, though we did not find a significant reduction in jaw area (Figure 1). Additional contributing factors may include differences in the training paradigms and timing of motor cortex assessment.


Skilled Motor Learning vs. Strength

Studies of skilled, unskilled, and strength-based forearm reaching tasks in rats have found that only skilled motor learning induces plasticity of the motor cortex, in which case increased area is associated with motor gains (Kleim et al., 1998; Remple et al., 2001). Our study is in agreement with these results in that both groups that learned the tongue force task (trained control and trained exercise) had an increased area of tongue representation in the motor cortex, but the exercise group did not have a significantly larger tongue area than the trained control group (Figure 1). It is worth noting that the trained control group, which learned the task and underwent maximum force testing, experienced a small yet significant increase in maximum tongue force from baseline (Figure 3). Furthermore, tongue area was not predictive of maximum tongue force (Figure 3). Plasticity contributing to lingual force gains may be encoded outside of the motor cortex; some studies have suggested that plasticity relevant to limb strength training occurs in the spinal cord (Sale et al., 1983; Griffin and Cafarelli, 2005). Similarly, a previous study from our lab found that the tongue training paradigm increased neuroplasticity associated neurotrophins in the tongue motor nuclei of the brainstem (Schaser et al., 2012, 2016).



Movement Thresholds

We hypothesized the aged group would have increased movement thresholds because age has been associated with reduced excitability of the motor cortex (Bhandari et al., 2016). However, we did not find any significant differences in the average threshold (minimum stimulation current) that induced tongue or jaw movement (Figure 2). We also did not find a significant change in threshold with tongue training. Reports on motor training threshold changes with ICMS have been mixed (Remple et al., 2001; Guggenmos et al., 2009) and it has been suggested that motor threshold decreases occur after the map area has returned to baseline (Tennant et al., 2012). This may explain why we did not find a change in threshold with training, as the tongue motor map area was still significantly expanded at the end of the study.



Motor Plasticity With Age

We hypothesized that plasticity of the motor cortex would be reduced with age, but our results did not support this hypothesis. A previous study using ICMS and skilled reaching reported that aged animals can learn new motor tasks, but do so without motor map expansions (Tennant et al., 2012). In our study the difference in tongue motor area between the trained exercise and untrained groups appears smaller in the aged vs. young rats (Figure 1), but these differences were not significant. Neuroplasticity in aged individuals has also been described as a critical mechanism of preserving motor function, including mastication, by recruiting additional brain regions beyond the sensorimotor areas to compensate for declining peripheral and CNS tissues (Clark and Taylor, 2011; Avivi-Arber and Sessle, 2018). Future studies could determine whether tongue exercise training also induces plasticity in the functional connectivity of brain regions activated during swallowing.



Timing

Previous studies on skilled reaching have suggested that reorganization of cortical motor maps may be transient, and return to baseline after the initial learning period, despite maintaining the skill (Molina-Luna et al., 2008; Tennant et al., 2012). Our results appear to differ as we found significantly increased map size after 8 weeks of training. This difference may be due to the tongue training task being progressive over the course of training. In the previous studies of skilled reaching, the majority of performance gains occurred the first week of training. In the current study, the tongue exercise reward threshold was increased every other week and terminated with 3 days of peak voluntary force testing in both training groups. Thus, our results suggest that if the motor task continues to be challenging and produce performance gains, the motor map expansion may continue over a longer time frame. Additionally, the current study investigates the corticobulbar rather than corticospinal system, and the pattern of experience dependent plasticity may differ between these two systems.



Limitations

This study established that a clinically based lingual exercise program is sufficient to induce plasticity of the motor cortex, but no assessments of swallowing function were included. Thus, we cannot address whether the lingual motor cortex plasticity induced by tongue training transfers any benefits to swallowing function. This will be an important topic to address in future studies as clinical tongue strengthening trials have shown improvements in swallowing related outcomes (Rogus-Pulia et al., 2016), but the efficacy of tongue exercise as a treatment for dysphagia is not well established (Langmore and Pisegna, 2015). Dysphagia etiology may also be a key factor in establishing the biological mechanisms by which tongue exercise may improve swallowing function. Therefore, it may be advisable to address these questions of plasticity specificity and transference in specific disease models with established swallowing deficits such as Parkinson’s (Russell et al., 2013) and stroke (Cullins and Connor, 2019).

We did not find any significant differences in jaw and tongue motor area with age, but this comparison may have been limited by two different factors. First, we assessed cortical area by stimulating at a constant superficial cortical depth within layer V of the M1 motor region. However, other studies have reported ICMS can evoke tongue and jaw movements from multiple depths within layers 5 and 6 of M1, the adjacent S1 region, and the gustatory insular cortex (Neafsey et al., 1986; Adachi et al., 2007; Avivi-Arber et al., 2010a, b, 2015). Additionally, cortical thinning may occur with age (Salat et al., 2004). Thus, more accurate orolingual motor maps and aging comparisons may require measuring the total 3D cortical volume that can elicit movements of tongue and jaw. In addition to mapping deeper sites, lingual EMG recordings may be used to improve detection of sites that evoke more subtle twitches of the tongue (Adachi et al., 2007; Avivi-Arber et al., 2010a, b). An additional limitation in our age group comparison was that rats continue to grow with age thus the aged group weighed more than the young adult group. Weight was included as a covariate because brain volume may increase with body weight, but this may still be a confounding factor for age group comparisons.



Conclusion

We found that tongue training induced plasticity of the motor cortex in both young and aged rats, but further studies are needed to establish the relevance of lingual motor plasticity for dysphagia rehabilitation.
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“Practice makes perfect” is a principle widely applied when one is acquiring a new sensorimotor skill to cope with challenges from a new environment. In terms of oral healthcare, the traditional view holds that restoring decayed structures is one of the primary aims of treatment. This assumes that the patient’s oromotor functions would be recovered back to normal levels after the restoration. However, in older patients, such a structural–functional coupling after dental treatment shows a great degree of individual variations. For example, after prosthodontic treatment, some patients would adapt themselves quickly to the new dentures, while others would not. In this Focused Review, I argue that the functional aspects of adaptation—which would be predominantly associated with the brain mechanisms of cognitive processing and motor learning—play a critical role in the individual differences in the adaptive behaviors of oromotor functions. This thesis is critical to geriatric oral healthcare since the variation in the capacity of cognitive processing and motor learning is critically associated with aging. In this review, (a) the association between aging and the brain-stomatognathic axis will be introduced; (b) the brain mechanisms underlying the association between aging, compensatory behavior, and motor learning will be briefly summarized; (c) the neuroimaging evidence that suggests the role of cognitive processing and motor learning in oromotor functions will be summarized, and critically, the brain mechanisms underlying mastication and swallowing in older people will be discussed; and (d) based on the current knowledge, an experimental framework for investigating the association between aging and the functional adaptation of oromotor functions will be proposed. Finally, I will comment on the practical implications of this framework and postulate questions open for future research.
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INTRODUCTION

Pierre Fauchard, known as the father of modern dentistry, wrote in his classic textbook The Surgeon Dentist, a Treatise on Teeth that teeth are the primary object of dental therapy (Fauchard, 1946). At that time, dental treatment would follow a relatively simple logic: because most of the oral diseases related the teeth and oral cavity, as Fauchard’s textbook has focused (Lynch et al., 2006), the primary aim of dental treatment is to manage the patients’ teeth. However, in the modern days, the stomatognathic system is considered as an assembly composed of ‘the mouth, teeth, jaws, pharynx, and related structures as they relate to mastication, deglutition, and speech’ (PubMed1). The modern view holds that not only the individual anatomical components (e.g., the teeth or the tongue) but also the interaction between these components would play a key role in oral functions.

From the view of functional physiology, one may place a greater emphasis on the functions of the stomatognathic system, i.e., focusing on how the individuals improve their functional performance when facing environmental stress (Frisancho, 1993). Based on this view, a critical challenge of managing sensorimotor disorders is whether the patients adapt themselves to a new oral condition. In dental practice, for example, installing a new denture may not necessarily improve the patients’ satisfaction of oromotor functions (Carlsson and Omar, 2010) or significantly improve their nutritional status (Toniazzo et al., 2018). It should be noted that restoring the anatomical deficits would still be the primary aim of dental treatment. However, the notion that oral sensorimotor functions would be fully regained, as long as anatomical deficits are well-restored, may be oversimplified. In terms of oral functions, what is ignored here is the role of functional adaptation, which generally refers to ‘the process whereby the organism has attained a beneficial adjustment to the environment’ (Frisancho, 1993). As the saying goes, ‘practice makes perfect’: the issues about how individuals acquire new oral sensorimotor skills, and the mechanisms underlying the individual difference of adaptation, require further investigation.

In this review, I will focus on individual differences in oral sensorimotor functions. I argue that functional adaptation is associated with the brain mechanisms of cognitive processing and motor learning and that these variations in brain signatures of cognitive processing and motor learning may underlie the individual differences in oral sensorimotor adaption. The brain-stomatognathic mechanisms underlying sensorimotor adaptation may provide important insight into the age-related changes in oral functions and contribute to the clinical management of geriatric patients. The article will be organized into four sections:


(1)The age-related changes in the stomatognathic system will be recapitulated, and the concept of the ‘brain-stomatognathic axis’ (BSA) will be defined. The association between aging and the individual differences in the BSA will be highlighted.

(2)The general framework concerning the association between aging, adaptation, and compensation will be reviewed. I will focus on the concept of ‘motor learning’ and explain why it plays a key role in sensorimotor adaptation in older people. The brain mechanisms of motor learning from recent neuroimaging evidence will be discussed.

(3)Recent neuroimaging findings [primarily based on magnetic resonance imaging (MRI)] regarding aging and the brain mechanism of mastication and swallowing will be systematically discussed. Specifically, the role of functional adaptation and the individual differences in the oromotor functions will be highlighted.

(4)Finally, a research model for oral sensorimotor adaptation will be proposed. I will focus on using neuroimaging methods to quantify the individual differences in compensatory mechanisms in older people. Further investigation may provide important insight into the age-related changes in oral functions and contribute to the clinical management of geriatric patients.





AGING AND THE BRAIN-STOMATOGNATHIC AXIS


Aging and the Coupling Between Brain Structure and Functions

Broadly defined as ‘the gradual irreversible changes in structure and function of an organism that occur as a result of the passage of time’ (PubMed1), the effect of aging is associated with both structural and functional changes. However, it does not necessarily mean that aging has the same effect on all the structural and functional aspects. In terms of the cognitive abilities of elderly people, the decline of perceptual speed is a life-long change, gradually decreasing by year; in contrast, the decline of verbal memory is a late-life change, i.e., occurring in the later periods of life (Hedden and Gabrieli, 2004). In terms of the variations in brain morphology, as age increases, the brain does not change in size homogenously. For example, the prefrontal cortex and the medial temporal lobe (where the hippocampus resides) show a more pronounced decrease in size (Curiati et al., 2009; Lemaitre et al., 2012), but the primary sensory cortices (e.g., the visual cortex and the somatosensory cortex) are less sensitive to the aging effect (Lemaitre et al., 2012). Notably, there is a critical coupling between functional and structural variations. The size of the prefrontal cortex and perceptual speed, which is associated with prefrontal functions (Muller-Oehring et al., 2013), showed a similar age-related trend. The size of the hippocampus and verbal memory, which is associated with hippocampal functions, also showed a similar age-related trend (Hackert et al., 2002). The structural–functional coupling suggests that in elderly people, variations in brain signatures are critically related to individual differences in mental functions.



Age-Related Changes in the Stomatognathic System: A View From the Brain-Stomatognathic Axis

As age increased, the individuals showed significant changes in several biomechanical features of the stomatognathic system (for a detailed review, please see Avivi-Arber and Sessle, 2018). In general, these changes included a decrease in the maximal bite force (Ikebe et al., 2005), the maximum tongue pressure (Utanohara et al., 2008), and the rate of oral diadochokinesis (Ben-David and Icht, 2018). Similar to the age-related changes in the brain, the changes in oral functions are also coupled with structural alterations. For example, the age-related reduction in tongue pressure may be associated with the decreased fiber size of the intrinsic tongue muscle (Cullins and Connor, 2017). An age-related increase in sensory threshold was also identified, including an increased threshold in thermal pain, touch, and two-point discrimination in the orofacial regions (Heft and Robinson, 2010). An age-related decrease in the intrafusal fibers of muscle spindles, a critical proprioceptor for sensory feedback from the jaw-closing muscles, may account for the decreased masticatory functions (Winarakwong et al., 2004). In general, these age-related changes in structure and biomechanical features contributed to worse masticatory performance (Morita et al., 2018).

It should be noted that while the biomechanical features showed an overall age-related reduction, these changes did not fully account for the individual variations in the oral sensorimotor performance of the older people. The results collected from a local community in Taipei, Taiwan revealed a heterogeneous effect of aging: while some parameters showed a significant age-related decline (e.g., oral mixing ability, the efficiency of saliva swallowing) (Lin et al., 2017a, 2019), others did not (e.g., number of masticatory cycles, unstimulated salivary flow rate, and masseter muscle volume) (Lin et al., 2017a, 2019). Notably, the stomatognathic parameters per se may not fully explain the individual differences in a certain function. For example, more saliva does not necessarily reflect a higher swallowing frequency (Persson et al., 2018; Lin et al., 2019), and the number of chewing strokes before swallowing was not significantly associated with masticatory performance (Fontijn-Tekamp et al., 2004). Therefore, regarding the individual differences in oral sensorimotor functions, one may consider the contribution from features other than the stomatognathic system. Since aging has a profound effect on the brain (Curiati et al., 2009; Lemaitre et al., 2012), variations in brain signatures, including brain morphology and intrinsic connectivity, should be considered when one interprets the individual differences in oral sensorimotor functions.



The Brain-Stomatognathic Axis Focuses on Individual Differences in Age-Related Changes

The concept of the BSA has been proposed to emphasize that when explaining the individual differences in oral sensorimotor functions, one needs to consider the brain and the stomatognathic system as a closely coupled assembly. Moreover, the BSA should be considered a complex adaptive system so that feeding behaviors can dynamically respond to environmental changes (Holland, 1982). At the conceptual level, research on the BSA is different from research on the brain mechanisms underlying oral sensorimotor functions, which have been gradually unraveled at the cause-effect level, thanks to the systematic investigation of animal research (Sessle, 2006; Avivi-Arber and Sessle, 2018). The BSA is rooted in the background of the neuroanatomical infrastructure of the stomatognathic system, but it focuses on how the brain and the stomatognathic system, as a whole, respond to challenges in feeding behaviors. Moreover, the BSA highlights the individual differences in such a behavioral adaptation.

There are several practical reasons why the issues of the BSA need to be highlighted. First, many geriatric disorders have posed great challenges in dental practice, including dysphagia (Rommel and Hamdy, 2016), stroke (Schimmel et al., 2017) and dementia (Daly et al., 2018), and most of these disorders are associated with the disruption in the brain functions. Second, since the BSA focused on unraveling the individual differences in oral sensorimotor functions, the framework would be particularly suitable in diagnosis and outcome evaluation of oral sensorimotor functions, which has posed a great challenge in clinical practice, e.g., assessing patients with dementia for pain (Delwel et al., 2019) and masticatory ability (Weijenberg et al., 2019). Third, from the experimental perspective, the advent of neuroimaging techniques has made it feasible to quantify individual brain signatures based on a large sample size (Dubois and Adolphs, 2016). Neuroimaging research has proven useful in unraveling the brain mechanisms underlying the individual variations of sensorimotor functions, which I will elaborate in the following section. In general, the focus on the BSA will meet the increasing demand for dental researchers to translate research findings to clinical practice, especially for managing geriatric and special needs patients.



AGING AND ADAPTATIONS IN MOTOR ACTION


The Theoretical Framework of Adaptation, Reserve, and Compensation

In terms of geriatric medicine, a discrepancy may exist between one’s anatomical condition (structure) and the actual performance (function). For example, in patients with Alzheimer’s disease, why do some people behave better than others? A critical underlying factor is the individual differences in ‘reserve’—the variation in brain signatures and cognitive experience—which would underlie the “differential susceptibility to functional impairment” in the presence of a disorder (Barulli and Stern, 2013). For example, an increased brain size and a rich life experience of cognitive ability are associated with a lesser chance for elderly patients to develop severe disabilities (for detailed reviews, see Barulli and Stern, 2013 and Cabeza et al., 2018). Critically, these brain and cognitive reserves are associated with individual differences in compensation, a notion that interprets how functional status is maintained under an (anatomically) aging status (Cabeza et al., 2018). The compensatory mechanisms are crucial in explaining how people adapt to the environment. Through compensation, individuals can functionally adapt to a changing environment by recruiting neural resources (Cabeza et al., 2018), rather than drastically modifying the anatomical apparatus. Such an adaptive coupling between the brain and behavior, primarily based on brain plasticity (Pascual-Leone et al., 2005), is the key to the BSA being regarded as a complex adaptive system (Holland, 1982).



Adaptation of the Stomatognathic Structure

In order to cope with the environmental stress, the adaptation from the functional aspects (i.e., the brain functions) and from the structural aspects (i.e., the alterations in the peripheral anatomical device) would play a key role. The age-related changes in the masseter, the primary jaw-closing muscle in the stomatognathic system, would demonstrate the adaptation of the stomatognathic structure. Evidence from clinical research revealed that the increased age was associated with the delayed latency in muscle reflex (Peddireddy et al., 2006) and lower maximal isometric voluntary contraction in elderly women (Gaszynska et al., 2017). The structural and functional features of the masseter also related to systemic factors. For example, masseter thickness was positively correlated with grip force (Yamaguchi et al., 2018). Notably, these general decreases in biomechanical features occurred in the individual with normal aging. However, not all the structural and functional features showed the consistent age-related ‘degradation’ or ‘degeneration.’ For example, the age-related change in the size of the masseter and its muscle fibers was not pronounced, evidenced by both human and animal research (Norton et al., 2001; Lin et al., 2017a; Daboul et al., 2018). Evidence from animal research revealed that the older subjects showed more nerve terminal branches at the neuromuscular junction of the masseter, compared to the younger subjects (Elkerdany and Fahim, 1993). As the age increased, the masseter may show the plasticity or remodeling at the neuromuscular junction (Elkerdany and Fahim, 1993). In terms of oral rehabilitation, the adaptive process can also be examined by assessing masticatory performance and muscle work, which showed an initial decrease after denture installation, and then a full recovery back to the original status (Eberhard et al., 2018). The human masseter may be less vulnerable to the age-related degeneration, due to its major role in feeding behavior (Avivi-Arber and Sessle, 2018).



Motor Control, Motor Learning, and ‘Relearning’

The control of an action, which is predominantly mandated by the primary motor cortex, is associated with complicated cognitive processing, such as memory and choice-making (Ebbesen and Brecht, 2017). Motor control is generally defined as ‘the process of transforming sensory inputs into consequent motor outputs’ (Wolpert et al., 2001) and motor learning is about the process of refining this association, in order to adapt sensorimotor transformations for environmental challenges (Wolpert et al., 2001). Behind these ‘transformations’ is the complicated mechanism of building a predictive model that can bidirectionally match a motor command and the corresponding sensory outcomes. Under such a computational framework, motor learning can be regarded as a process of acquiring such a forward/inverse model (Wolpert et al., 1998, 2001). Critically, the model can be reshaped to respond to environmental changes so that the performance can be dynamically improved (Wolpert et al., 2001). This association between learning and oromotor functions is manifested in patients who wear a new set of dentures. While the stomatognathic structure is restored (e.g., by replacing the missing teeth with prosthesis), patients need to learn how to chew with the new dentures. From the computational view of brain functions, the individuals need to relearn this chewing action, i.e., building a new model of sensorimotor transformation, in contrast to the old one (i.e., their experience of chewing without dentures).

What are the brain correlates associated with motor learning? When people learn a new motor skill, the prefrontal cortex, the secondary motor area, and the cerebellum show distinct activation (Lage et al., 2015). The prefrontal cortex is critical to cognitive processing, such as attending to a movement, switching from one movement to another, and monitoring of the progression of a movement (for a detailed review on the prefrontal functions, see Ridderinkhof et al., 2004). The secondary motor area consists of the supplementary motor area and the premotor cortex (Marvel et al., 2019). While the activation of the primary motor cortex is associated with the execution of movement, the activation of the secondary motor area is associated with planning or preparation of movement (Marvel et al., 2019), which can be guided by external cues or by memory (Heuninckx et al., 2010). As shown in the following section, cumulating evidence has consistently revealed that older people engage an extended brain region when learning a new motor skill, including the prefrontal area, the supplementary area, and the premotor cortex. The pattern of brain activation may be associated with an increased cognitive effort, e.g., a greater demand for multisensory integration and attentional control during movement (Ward, 2006; Seidler et al., 2010). The cerebellum is a critical component in forming the predictive model of motor learning (Wolpert et al., 1998). It receives the error between the actual and the anticipated action and gives a new motor command that is corrected for the error message (Wolpert et al., 1998). The cerebellum integrates and fine-tunes sensory and motor information for refining the models so that movement can be automatically performed (Ramnani, 2014; Schmahmann, 2019). Compared to the basal ganglia, the cerebellum plays a dominant role in sensorimotor adaptation, i.e., modulating motor commands on the basis of sensory feedback, via error-based learning (Bostan and Strick, 2018). Furthermore, the cerebellum has an extensive connection with the prefrontal and the parietal lobes as well as the motor areas (Stoodley, 2012). The age-related changes in cerebellar morphology may be associated with both motor and cognitive declines in older people (Bernard and Seidler, 2014; Schmahmann, 2019).



Age-Related Changes in the Brain Signatures of Motor Learning

Evidence from neuroimaging research has revealed that older people, compared to younger people, showed greater activation of the primary and secondary motor areas, the cerebellum, and the prefrontal cortex when they are acquiring a new motor skill (Mattay et al., 2002; Heuninckx et al., 2005; Wu and Hallett, 2005; Rowe et al., 2006). This age-related activation is associated with increased task complexity (Heuninckx et al., 2005) and reduced response time of a motor task (Mattay et al., 2002). The findings suggest that when coping with a more challenging environment (i.e., a difficult motor task), older people would compensate for their performance by recruiting more extended brain regions beyond the primary motor cortex (Ward, 2006). This difference in brain mechanisms may reflect a decreased automaticity in older people, i.e., performing one motor task without being interfered with by another task (Ward, 2006). Comparing brain activation before and after motor learning, younger, but not older, people showed reduced activation of the cerebellum, a region critically related to automaticity of movement (Wu and Hallett, 2005). During the retention of a learned skill, older subjects showed a smaller deactivation of the frontal lobe (Berghuis et al., 2019). The extended engagement with the prefrontal areas implied that the older subjects demanded more cognitive efforts in learning a skill.

Importantly, the age-related changes in the brain mechanisms of motor learning were manifested not only in regional activation but also in the interregional connections. Aging is related to increased local effective connectivity within the motor network, centered at the premotor cortex (Rowe et al., 2006). In the older subjects, better motor performance was associated with an increased resting-state functional connectivity between the cerebellum and the primary and secondary motor areas (Seidler et al., 2015). Similarly, an increased connectivity between the primary motor cortex and the premotor/prefrontal cortex was associated with a faster psychomotor speed (Michely et al., 2018). The local connectivity efficiency of the primary somatosensory and motor cortices was correlated with gait stability in older, but not younger, subjects (Di Scala et al., 2019). The findings suggest that the increased performance in older people is associated with a greater role of premotor and prefrontal areas. Moreover, at the scale of the whole-brain connectome, older people showed a stronger, not weaker, connection between the prefrontal cortex and the sensorimotor module of the orofacial part (Chan et al., 2014). Decreased segregation in brain networks plays a key role in age-related declines in motor performance (King et al., 2018). The findings suggest that the age-related difference in the architecture of the functional connectivity of the brain may be associated with individual differences in motor performance.



MOTOR LEARNING AND AGING: RESEARCH EVIDENCE FROM MASTICATION AND SWALLOWING


Brain Mechanisms of Mastication

For decades, the brain mechanisms of mastication have been systematically investigated, primarily via animal research (for detailed reviews, see Sessle, 2006; Avivi-Arber and Sessle, 2018). The following sections will focus on recent findings based on neuroimaging methods, primarily based on the MRI. As a non-invasive brain imaging method, functional MRI has identified several brain regions associated with mastication that have been consistently reported by animal research (Lin, 2018). Moreover, neuroimaging findings have revealed more complicated mechanisms underlying the adaptation of oromotor functions.

Recent functional MRI findings of mastication in older people are summarized in Table 1. One of the earliest neuroimaging studies on human mastication was performed by Onozuka and colleagues, who asked subjects to chew gum during the MRI scan (Onozuka et al., 2002). The study consistently identified an increased activation of the primary somatosensory and motor cortices, which plays a key role in motor control and has also been found in animal research (Avivi-Arber and Sessle, 2018). The activation at the somatosensory region, which was also found during the adaptation of facial tactile stimuli (Custead et al., 2017) and stimulation of periodontal ligament (Trulsson et al., 2010), especially highlighted the role of sensory feedback in mastication. Interestingly, pronounced activation was also found in the supplementary motor area and the cerebellum (Onozuka et al., 2002), and an increased functional connectivity between the motor areas and the cerebellum was found during chewing (Quintero et al., 2013b). Moreover, the prefrontal activation was found only during jaw movement, but not during hand movement, in the older subjects (Fang et al., 2005). Further studies revealed that the primary motor cortex was dominantly engaged when a chewing block was initiated or terminated (Quintero et al., 2013a). While activation of the primary motor cortex was identified in both the younger and the older subjects, activation of the prefrontal cortex was more pronounced in the older than the younger subjects (Onozuka et al., 2003). The increased functional connectivity between the motor areas and the prefrontal cortex was also reported (Quintero et al., 2013b). Consistently, imaging meta-analysis also revealed a common coactivation of the primary somatosensory/motor cortex, the secondary motor area, the prefrontal cortex, and the cerebellum (Lin, 2018). The findings revealed that beyond the primary somatosensory and motor cortices, an extended network of cognitive processing and motor learning is critical to chewing.


TABLE 1. Results of literature search of the recent neuroimaging findings (from 2000 January 1 to present) of aging and oromotor functions.

[image: Table 1]Notably, activation of the prefrontal cortex was frequently associated with activation of the secondary motor area, including the supplementary motor area and the premotor cortex. The supplementary motor area plays a pivotal role in preparation and planning of voluntary movements (Thickbroom et al., 2000) and the premotor cortex, together with the parietal lobe and the somatosensory area, is critical to the integration of polymodal motion processing with movement (Bremmer et al., 2001). The connectivity between the prefrontal cortex, the supplementary motor cortex, and the premotor cortex, is critical to attention to action (Rowe et al., 2002). The coactivation of these cognitive regions (i.e., the prefrontal cortex, the premotor cortex, and the supplementary motor area) has been identified not only on healthy subjects (Onozuka et al., 2002, 2003) but also on the patients receiving a denture, which may suggest an adaptive experience of using a denture (Yan et al., 2008; Kimoto et al., 2011; Shoi et al., 2014).

These functional MRI studies revealed the brain activation associated with the processing of mastication. Recent neuroimaging findings have revealed that individual differences in masticatory performance were associated with intrinsic brain signatures, such as gray matter volume and resting-state functional connectivity. In older subjects, the masticatory performance was positively correlated with gray matter volume of the premotor cortex and the lateral prefrontal cortex (Lin et al., 2015) and an increased connectivity between these motor areas and the cerebellum (Lin et al., 2015). Moreover, when investigating the association between functional connectivity and masticatory performance, one could identify a qualitatively different pattern: in the older subjects, those who had a higher chewing performance showed a stronger connectivity between the core sensorimotor regions and the non-primary areas (e.g., the prefrontal and the parietal areas and the insula) (Lin et al., 2017b). It is noteworthy that the prefrontal cortex is one of the brain regions that showed the greatest degree of age-related volumetric decline (Curiati et al., 2009; Lemaitre et al., 2012). Therefore, the findings suggest that in older people, in addition to the age-related decline in structure or biomechanical features (e.g., tooth loss or the decreased biting force), the individual variation in masticatory performance may be associated with brain functions of cognitive processing and learning.



Brain Mechanisms of Swallowing

Much neuroimaging evidence regarding swallowing has been reported over the past decades. A synthesis from imaging meta-analysis revealed that water swallowing and saliva swallowing are associated with different patterns of brain activation (Soros et al., 2009). Water swallowing requires a higher degree of sensory-motor integration, which shows a higher activation at the parietal lobe. In contrast, saliva swallowing is more associated with the premotor areas, which are crucial for the initiation and control of movements (Soros et al., 2009). Notably, this pattern of brain activation revealed an age-related difference. The primary somatosensory cortex showed a lower activation in the older subjects, compared to the younger subjects (Malandraki et al., 2011). In the older subjects, water swallowing was engaged with stronger activation of the right premotor and prefrontal cortices compared to saliva swallowing (Martin et al., 2007). To complete the same swallowing tasks, the older subjects showed more cortical involvement as the younger subjects (Humbert et al., 2009). Another critical finding revealed that older subjects showed longer reaction times and higher skin conductance responses (SCRs) during swallowing (Windel et al., 2015). Importantly, a stronger SCR was associated with greater brain activation in areas related to sensorimotor and emotional processing, suggesting increased cognitive-affective regulation during task performance (Windel et al., 2015). In stroke patients with dysphagia, there was a distinct activation and lesion locations of the primary somatosensory and motor cortices (Li et al., 2009; Suntrup et al., 2015) and the insula (Galovic et al., 2016) and changes in the connection of these regions (Li et al., 2014). Furthermore, the pattern of brain activation differed substantially between healthy controls and the patients with cognitive impairment. During swallowing, the patients with Alzheimer’s disease showed a lower activation of the primary somatosensory and motor cortices and no recruitment of new brain regions, suggesting insufficient compensation (Humbert et al., 2010). In contrast, they showed a higher activation of the insula, when intentionally inhibit swallowing (Humbert et al., 2011). These findings from both healthy and disease groups revealed that in older people, swallowing is associated with the brain regions of cognitive processing and motor learning.

Notably, these neuroimaging findings were largely based on functional MRI, which investigated the swallowing-related brain signals by contrasting different task conditions (e.g., saliva swallows vs. resting). The relatively lower temporal resolution (by seconds) poses a limitation on experimental design and data interpretation of fMRI research. In contrast, the magnetoencephalography (MEG) study is superior in recording the brain signals at a higher temporal resolution (by milliseconds). It can be synchronized with other assessments, such as electromyography, for recording the brain signals associated at different stages of swallowing. In one study, the whole-brain MEG scan was associated with electromyography and revealed a bilateral increased somatosensory activation in the elderly subjects, compared to the younger controls (Teismann et al., 2010). Moreover, the same method revealed that during swallowing execution, the cortical activation was lower in the stroke patients with dysphagia vs. without dysphagia (Teismann et al., 2011). The findings extended the previous results from fMRI research, demonstrating the changes in brain activity synchronized with swallowing movement.

Recent neuroimaging evidence has also revealed that the gray matter volume of the posterior cerebellum was associated with an increased swallowing performance (Lin et al., 2019). Notably, part of the identified posterior cerebellum (the cerebellar crus and lobule VII) did not directly connect with the primary sensorimotor area but with the prefrontal cortex and the posterior parietal lobe (Schmahmann, 2019). Therefore, the findings suggest that swallowing performance may partly reflect individual variations in the cognitive control of swallowing. Notably, in the study, swallowing performance was quantified by the repetitive saliva swallowing task (RSST), a simple and safe test that represents the number of voluntary swallow in 30 s (Oguchi et al., 2000a, b). Recent findings from Sweden and Taiwan revealed that RSST scores were not significantly associated with the degree of saliva secretion (Persson et al., 2018; Lin et al., 2019). These findings together suggest that in older people, individual differences in swallowing performance may be attributed to variations in brain signatures, rather than the peripheral conditions (e.g., saliva secretion) per se.



FUNCTIONAL ADAPTATION OF OROMOTOR SKILLS – AN HYPOTHETICAL EXPERIMENTAL FRAMEWORK


Functional Adaptation of Oromotor Skills: Why Do We Need More Evidence?

While the current neuroimaging evidence has provided a general picture of the brain signatures associated with the individual differences in the BSA, it is difficult to directly translate these research findings to clinical applications. From the perspective of clinical practice, a crucial question is to quantify the degree of individual differences and to provide a better prediction of the outcome of adaptation on an individual basis. The critical issues are to clarify (a) what functional performance is regained, (b) what structural impairment is compensated for, and (c) what brain regions (or networks) are associated with the individual differences in the adaptation. These goals can be achieved only with a valid experimental design. In the following section, I will propose three conditions of experimental design that may facilitate the design of a neuroimaging study about the functional adaptation of oromotor functions.



Proposed Conditions for a Study on the Adaptation of Oromotor Functions


Quantify the Relationship Between Functional Performance and Challenges (Figure 1A)


[image: image]

FIGURE 1. Conditions for a study on the adaptation of oromotor functions. (A) Quantify the relationship between functional performance and challenges: functional performance, structural impairment, and task difficulties may interact with each other so that one factor needs to be controlled when the other two are investigated. For example, when adopting a between-group comparison, one may be interested in the performance associated with structural impairment. The task for assessing the performance should be controlled. When adopting a within-subject comparison, one may be interested in the performance for the same subject under different levels of task difficulty. The degree of structural deficits should then be controlled. (B) Equalize the oromotor performance for comparison): for a within-subject design, it is critical to define the degree of functional adaptation that should ideally bring the individual back to the original level (before diseases) or, at least, to an acceptable level whereby the individual can perform daily functions satisfactorily. For a between-group comparison, one would focus on the contrast between two groups with different degrees of structural impairment, yet showing the same degree of functional performance. (C) Focus on the individual differences in brain/cognitive reserve: in older people, a sufficient brain and cognitive reserve would be necessary for them to develop better compensations against impairment increased performance. Without clarifying the brain-performance relationship, the identified changes in brain signatures merely represent an age-related phenomenon. One would expect that the degree of functional performance in the adapted group (i.e., the group with structural impairment yet showing an adequate performance) to be correlated with the brain signatures.


A primary condition is to quantify the relationship between functional performance, structural impairment, and task difficulties, depending on the purpose of the research. Notably, these factors may interact with each other so that one should control one of the factors when examining the association between the other two factors. For example, when adopting a between-group comparison, one may be interested in the masticatory performance associated with structural impairment. Here, the task difficulty for assessing masticatory performance should be controlled. When adopting a within-subject comparison, one may be interested in the performance for the same subject under different levels of task difficulty. The degree of structural impairment should then be controlled (Figure 1A).



Equalize the Oromotor Performance for Comparison (Figure 1B)

In older people, the ‘overactivation’ of some brain regions (e.g., the prefrontal recruitment during chewing) would indicate a compensatory process or ‘working harder’ than their younger counterparts (Reuter-Lorenz and Cappell, 2008). However, such an ‘overactivation’ may represent maladaptive neuroplasticity of sensorimotor functions, rather than an underlying compensation (Sessle, 2019). Therefore, the use of the term ‘compensation’ should be confined to situations where a substantial degree of functional performance was regained against the observed structural impairment. For a within-subject design, it is critical to define the degree of functional adaptation that should ideally bring the individual back to the original level (before diseases) or, at least, to an acceptable level whereby the individual can perform daily functions satisfactorily. The same principle applies to between-group comparisons (e.g., younger vs. older subjects). For example, a neuroimaging study reported that younger and older subjects showed different degrees of brain activation when consolidating acquired motor skills into memory. The specific changes in the older group could be interpreted as a compensatory mechanism for adapting their functions only when the two groups showed a similar degree of motor learning (e.g., the same learning rate) (Berghuis et al., 2019). Therefore, the between-group comparison would focus on the contrast between two groups with different degrees of structural impairment, yet showing the same degree of functional performance (Figure 1B).



Focus on the Individual Differences in Brain/Cognitive Reserve (Figure 1C)

As shown previously, in older people, a sufficient brain and cognitive reserve would be necessary for them to develop better compensations against impairment (Cabeza et al., 2018). Theoretically, to claim that the changes in brain signatures are associated with the compensation on a certain performance, one needs to identify the association between the changes of the brain and the increased performance. Without clarifying the brain-performance relationship, the identified changes in brain signatures merely represent an age-related phenomenon (Cabeza et al., 2018). Clinically, it would be more important to differentiate those who are capable of compensation from those who cannot, via an assessment of their brain/cognitive profiles. Since the individual capacity of compensation is associated with brain and cognitive reserve, one would expect that the degree of functional performance in the adapted group (i.e., the group with structural impairment yet showing an adequate performance) to be correlated with the brain signatures, e.g., gray matter volume or intrinsic connectivity. Notably, such a correlation holds only in the adapted group but not in the non-adapted group (i.e., the group with structural impairment and showing insufficient performance).



Brain Mechanisms of Functional Adaptation of Mastication: An Example of Neuroimaging Research

To illustrate how the three proposed conditions are applied to clinical research, I will propose an example study about mastication. The aim of this research is to understand (a) the potential mechanisms that could explain why some individuals can maintain their masticatory performance, even if they have a poorer status of teeth contact, and (b) whether the identified brain signatures can predict individual differences in functional adaptation.


Quantify the Relationship Between Functional Performance and Challenges

We first clarify the association between functional performance and challenges. In our case, we adopted a between-group design, and the sample was subgrouped by the degree of structural impairment based on the Eichner Index, which reflects the degree of posterior contact, and the masticatory performance (Figure 2A). The subgroup with fewer teeth contact would have a lower masticatory performance, based on the previous findings (Ikebe et al., 2012). The task of assessing functional performance (gum-chewing) was standardized for both groups.
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FIGURE 2. Brain mechanisms of functional adaptation of mastication: an example of neuroimaging research. (A) We first clarify the association between functional performance and challenges. The sample was subgrouped by the degree of structural impairment based on the Eichner class, which reflects the degree of posterior contact, and the functional aspect according to masticatory performance. (B) Each group was further subgrouped by masticatory performance via median split. Based on the subgrouping, subgroup B represents the subjects who had less teeth contact but maintained a good masticatory performance (i.e., the adapted group) that showed no statistically significant difference from subgroup A. Subgroup D, which represents the subjects who did not adapt to the loss of posterior contact, would showed a significantly lower masticatory performance, compared to either subgroup A or B. The interactional effect ([B vs. D] vs. [A vs. C]) revealed changes in functional performance specifically in the subgroup with worse structural impairment. (C) The lateral prefrontal cortex showed such an association specifically to the adaptive subgroup (i.e., subgroup B) but not in the non-adaptive group (i.e., subgroup D) or the other subgroups. The findings strengthen the role that an increased gray matter volume at the prefrontal cortex, which may imply a better individual brain reserve in cognitive processing and learning, would contribute to better adaptation in masticatory performance. ∗The functional performance of the adaptive subgroup.




Equalize the Oromotor Performance for Comparison

Our next step is to equalize the functional performance between the subgroups. Because we aimed to understand how masticatory function is maintained in the condition of structural impairment, each group was further subgrouped by masticatory performance via median split (Figure 2A). Based on the subgrouping, subgroup B represents the subjects who had fewer teeth contact but maintained a good masticatory performance (i.e., the adapted group) that showed no statistically significant difference from subgroup A (Figure 2B). Subgroup D, which represents the subjects who did not adapt to the loss of posterior contact, would show a significantly lower masticatory performance, compared to either subgroup A or B. Notably, what we are interested in is the brain signature that will reflect the interaction between the structural and functional factors. The contrast between subgroups A and B or between subgroups C and D only revealed the changes explained by structural impairment. In contrast, the interactional effect ([B vs. D] vs. [A vs. C]) revealed changes in functional performance specifically in the subgroup with worse structural impairment (Figure 2B). For example, in the current case, the gray matter volume at the lateral prefrontal cortex reflected the interactional effect of functional adaptation (Figure 2B).



Focus on the Individual Differences in Brain/Cognitive Reserve

If the brain signature is associated with functional adaptation, we may expect that variations in this signature would explain individual variations in functional adaptation. Critically, since the brain signature specifically reflects individual differences in performance, a significant correlation would be identified only in the subgroup showing adaptation (i.e., subgroup B) but not in the other subgroups (Figure 2C). In this case, the lateral prefrontal cortex showed such an association specifically to the adaptive subgroup (i.e., subgroup B) but not in the non-adaptive group (i.e., subgroup D) or the other subgroups. The findings strengthen the role that an increased gray matter volume at the prefrontal cortex, which may imply a better individual brain reserve in cognitive processing and learning, would contribute to better adaptation in masticatory performance.



Statistical Considerations

The hypothetical experimental framework should be investigated with careful considerations from research design and statistical analysis. First of all, the example that was proposed previously is a cross-sectional observational research. It may help to identify the brain region associated with the individual variations in adaptation. However, it does not disclose the dynamic process of functional adaptation, which should be identified through a longitudinal observation. Secondly, either for a cross-sectional or a longitudinal design, the independent and dependent variables and potentially confounding factors need to be clarified. For example, when it comes to what functional performance is regained, one should clarify how masticatory performance is assessed: a self-report of chewing experience or the results from objective assessment (e.g., oral mixing tests or cutting/crunching tests). Third, all the observed variables may covariate with some confounding factors. For example, an increased degree of structural impaired, such as tooth loss, may be associated with orofacial pain. And some general factors, such as general physical ability (e.g., grip force) and the use of medication may be associated with oral functions (Morita et al., 2018; Yamaguchi et al., 2018). These factors should be carefully considered in the statistical model. Finally, it should be noted that either the within-subject or between-group comparison should be interpreted on the basis of an adequate statistical power and a proper estimation of effect size. The under-powered results suffer from an increased risk of type II error. The lack of adequate statistical power may be associated with a small sample size, which is not uncommon in neuroimaging research (Button et al., 2013). The estimation of the training-related effect size is particularly critical from the clinical perspective. A task that leads to a small effect size – even being statistically significant – would still be clinically insignificant.



PRACTICAL IMPLICATIONS AND FURTHER CONSIDERATIONS


Implications for Geriatric Patients With Neurological Disorders

There is an urgent demand for dentists to focus on geriatric patients with neurological disorders, including dementia and stroke. These disorders have posed a great challenge to clinical management because they may interfere with regular dental assessments or therapies, which successfully work in healthy older patients. For example, dysphagia remains a huge challenge in patients with dementia (Boccardi et al., 2016). Notably, patients with dementia have a problem with the cognitive aspects of swallowing. For example, they may require a cue from the other person to initiate eating (Priefer and Robbins, 1997). The score from the Mini-Mental State Examination was inversely associated with the suspected rate of aspiration (Rosler et al., 2015). Even when they receive training in swallowing, they may be less able to follow these instructions and keep doing them regularly (Wirth et al., 2016). The recent findings regarding cognitive processing and motor learning of oromotor functions can provide a better evaluation of the oral sensorimotor functions, which could be pivotal to formulate evidence-based clinical management of geriatric and special needs patients.



Implications for the Neuroplasticity of Oral Rehabilitation

Evidence from animal research has revealed that the sensorimotor cortices show a plastic effect that responds to changes in oral functions (Avivi-Arber et al., 2011; Avivi-Arber and Sessle, 2018). In mice, a widespread change in the volumes of multiple cortical brain regions, including the areas associated with sensorimotor, cognitive and emotional functions, were identified, following the extraction of molar teeth (Avivi-Arber et al., 2017). Brain plasticity can also be identified in human subjects with oromotor training or prosthetic treatment (Kumar et al., 2018). It should be noted that this effect implies a cause-effect relationship, i.e., the changes in brain capacity respond to experienced demands (Lindenberger et al., 2017). However, most of the cross-sectional neuroimaging studies primarily revealed correlational but not causal results (Poldrack and Farah, 2015). Nevertheless, these cross-sectional findings from human subjects would be valuable for further animal and neuroimaging research based on intervention. When a sensorimotor intervention is adopted to elucidate the cause-effect relationship of learning and brain plasticity, the protocol of the intervention should be clearly defined. For example, the intervention can be a tactile stimulus (e.g., repetitive sensory stimulation), which improved tactile performance and revealed a corresponding plastic effect on brain structure and intrinsic functional network (Heba et al., 2017; Schmidt-Wilcke et al., 2018). In terms of orofacial research, the intervention can be a standardized training protocol, e.g., the food biting task (Kumar et al., 2019), or a pre- vs. post-treatment comparison of denture installation (Luraschi et al., 2013). Notably, either repetitive stimulation or the use of denture has revealed brain plasticity at the somatosensory region (Luraschi et al., 2013; Heba et al., 2017; Schmidt-Wilcke et al., 2018). Such a convergent finding would strengthen the role of sensory feedback in adaptation in sensorimotor functions, helping to clarify the cause-effect relationship between learning and plasticity.



Implications for Geriatric Patients With Normal Aging

It is noteworthy that functional adaptation would be a general issue for all geriatric dental patients, not just for those with severe physical/cognitive impairment. Indeed, most elderly patients were satisfied with their dentures (Carlsson and Omar, 2010), and through the advent of implant dentistry, masticatory functions can be substantially improved (for a detailed review, see Trulsson et al., 2012). However, there are still pronounced individual differences in their experience of improvement. For example, a randomized controlled trial revealed that an implant-supported overdenture, compared to the denture with conventional relines, improved one’s maximum bite force. However, the scores of masticatory performance and the nutritional scale did not show a significant difference between the two therapies (Muller et al., 2013). In elderly people of Eichner Index C (i.e., without occlusal contact), a great variation in masticatory performance was shown (Ikebe et al., 2012). The clinical findings imply that even under the same condition of structural impairment (e.g., being edentulous), older people may adapt to this challenge to different degrees.



CONCLUSION

This Focused Review highlighted that the functional aspects of adaptation—which would be predominantly associated with the brain mechanisms of cognitive processing and motor learning—play a critical role in the individual differences in the adaptive behaviors of oromotor functions. Issues about how individuals acquire new oral sensorimotor skills and the mechanisms underlying the individual differences in adaptation require further investigation. Understanding the brain-stomatognathic mechanisms underlying sensorimotor adaptation may provide important insight into the age-related changes in oral functions and contribute to the clinical management of dental patients.
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Purpose: Hemifacial spasm (HFS), a rare neuromuscular movement disorder, is characterized by unilateral, irregular, and paroxysmal facial muscle contractions. To explore the central neural mechanisms of HFS, we conducted vertex-wise shape analyses to investigate volume and shape alterations of subcortical structures, which could help to better understand the abnormality in distinct subcortical regions and determine alternative biomarkers of HFS.

Methods: Thirty patients with HFS and 30 age- and sex-matched healthy controls provided written informed consent. T1-weighted structural magnetic resonance imaging (MRI) data were collected from all participants. Vertex-wise shape analyses were performed to assess the volume and shape alterations of subcortical structures following HFS. Post hoc correlations with spasm severity and measures of mood dysfunction were applied to characterize subcortical brain alterations.

Results: Compared with healthy controls, patients with HFS showed increased volume in the right caudate specifically. Furthermore, patients exhibited significant shape atrophy in the anterior medial aspect of left pallidum, together with shape expansion in the anterior ventrolateral aspect of right caudate head. In addition, shape alteration in right caudate was positively correlated with both anxiety and depression severity in patients with HFS.

Conclusions: This is the first study to employ vertex-wise shape analysis to investigate subcortical brain abnormalities in patients with HFS. Our findings provide compelling evidence for subcortical brain alterations specific to HFS, and further may shed light on the pathophysiology of HFS and apply to the translational medicine.

Keywords: hemifacial spasm, orofacial muscle contractions, subcortical brain abnormalities, affective symptoms, translational medicine


INTRODUCTION

Hemifacial spasm (HFS), a rare neuromuscular movement disorder, is characterized by unilateral, irregular, and paroxysmal facial muscle contractions (1, 2). Its spasms usually start in the orbicularis oculi muscle of the eyelid (3). As this disorder progresses, spasms spread to the orbicularis oris around lips and buccinator muscles at the cheekbone (4). HFS is not a life threating condition with low incidence in the general population (5), but it is more prevalent among older adults and inevitably causes social embarrassment and mental distress, which can affect patients' functioning and quality of life (6). Notably, patients with HFS demonstrate negative emotional symptoms, which have been reported to be related to brain structural alterations (7).

Subcortical structures including the basal ganglia and parts of the limbic system (8) have vital roles in learning, attention, memory, motor control, as well as emotion (9). Furthermore, they are integrally involved in cognitive executive functions through their structural and functional connectivity with high-order cortical areas (10). Prior studies have revealed alterations of subcortical regions in various psychiatric disorders including autism spectrum disorders (11), depression (12), and schizophrenia (13). However, little is known about the contribution of subcortical abnormalities to the progress of HFS, and it is not clear whether those alterations cause or result from HFS symptoms. To date, only one study has observed subcortical alterations in HFS, which demonstrated reduced gray matter volume in the thalamus, putamen, pallidum, and amygdala in patients with HFS compared to healthy volunteers (7). The data were processed by voxel-based morphometry (VBM) and traditional volumetric (i.e., total volume) approach with inherent limitations. Furthermore, the findings reflect a mix of variations in shape, volume, and position of subcortical structures, and depend on smoothing extents and accurate classification of tissue type.

Vertex-wise shape analysis has been applied in studies of subcortical morphology in various disorders (14–16), and has been approved to overcome the limitations from the VBM and traditional volumetric approach. This method uses a joint shape and appearance model to robustly determine the subcortical boundary. It then provides a local and direct measure of geometric change that does not depend on the tissue-type classification or arbitrary smoothing extent (17). To date, vertex-wise shape analysis has not been performed to characterize subcortical brain abnormalities in HFS condition.

Hence, in current study, we conducted vertex-wise shape analyses to investigate volume and shape alterations of subcortical structures in patients with HFS compared with matched healthy controls. The objectives of this study are to: (1) identify subcortical volume alterations in patients with HFS, (2) identify subcortical shape abnormalities in patients with HFS. Finally, we will test whether these subcortical abnormalities are associated with clinical data.



MATERIALS AND METHODS


Participants

Thirty patients with HFS (18 females, mean age 48.80 ± 11.73 years) were recruited from neurological clinics. The diagnosis of HFS was assessed by two experienced neurologists according to the following criteria as typical hemifacial muscle spasms with involuntary and intermittent onset and no neurological deficit or sensory loss. Exclusion criteria were: secondary HFS caused by tumors and cysts, significant premorbid psychiatric or neurological history, alcohol or substance misuse, and MRI contra-indicators (e.g., metal implants, claustrophobia). Thirty age- and sex-matched healthy controls were recruited (18 females, mean age 49.77 ± 11.61 years). Participants had no history of psychiatric or neurological illness, alcohol or substance misuse. This study was conducted in accordance with the Declaration of Helsinki and had full ethical approval from the ethics committee of the first affiliated hospital of Xi'an Jiaotong University. Each participant gave written informed consent.



Neuropsychological Assessment

All subjects underwent a structured clinical interview and completed a brief psychological assessment. The Hamilton Anxiety Rating Scale (HAM-A) was used to evaluate anxiety symptoms (18, 19), and the Hamilton Depression Rating Scale (HAM-D) measured feelings of depression (20). The obtained data were reviewed by a psychiatrist who was blinded to the experimental groups. In addition, patients with HFS were also assessed by Cohen evaluation scale (21) to quantify severity of facial muscle contraction [0−4 scale: 0 = none; 1 = increased blinking caused by external stimuli; 2 = mild, noticeable fluttering, not incapacitating; 3 = moderate, very noticeable spasm, mildly incapacitating; 4 = severely incapacitating (unable to drive, read, etc.)].



MRI Data Acquisition

Neuroimaging data from patients with HFS and healthy controls were acquired on a 3.0-T scanner (Signa HDxt; GE Medical Systems, Waukesha, WI, USA) with an 8-channel phased-array head coil. For each subject, a T1-weighted high-resolution structural image was acquired using axial fast spoiled gradient recalled sequence with the following parameters: field of view (FOV) = 256 mm × 256 mm, matrix size = 256 × 256, time of repetition (TR) = 10.7 ms, time of echo (TE) = 4.9 ms, flip angle (FA) = 15°, voxel size = 1.00 × 1.00 × 1.0 mm3, and scan duration = 4 min and 51 s. Next, a resting-state functional magnetic resonance image scan and a diffusion tensor image scan were carried out immediately after the survey, but they were not discussed in this study.



Statistical Analysis of Demographical and Clinical Variables

Demographical and clinical characteristics of all subjects were analyzed using SPSS 25.0 software (Statistical Package for Social Sciences, Release 25.0, IBM, Chicago, IL), and parametric and non-parametric statistics were used as appropriate. Group differences in age, HAM-A score, HAM-D score were evaluated using independent samples t-tests; chi-square test was used to estimate sex difference between groups.



Vertex-Wise Shape Analyses

MRI data analysis was processed using FSL tools (FMRIB Software Library v6.0, https://fsl.fmrib.ox.ac.uk/fsl/) (22). First, brain tissue volume, normalized for participant head size, was estimated with SIENAX (Structural Image Evaluation, using Normalization, of Atrophy) (23), part of FSL. By using SINEAX, the volumes of neocortical gray matter (GM), total GM, white matter (WM), cerebral spinal fluid (CSF), total intracranial volume (TIV), and a volumetric scaling factor were acquired. Second, FSL-integrated registration and segmentation toolbox (FIRST, part of FSL, https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST) (17), a model based automated registration and segmentation tool, was used to specifically investigate neuroanatomical alterations of subcortical structures in shape. Briefly, all subcortical structures were segmented, from high-resolution structural images, based on shape and appearance models using Gaussian assumptions combined with a Bayesian probabilistic approach (17). Then, the volumetric labels in terms of meshes were automatically parameterized using deformable surfaces of each subcortical structure. And the normalized intensities along the surface of meshes were sampled and modeled. Finally, a shape appearance model was performed based on multivariate Gaussian assumptions. The shape was expressed as a mean with modes of variation. Quality of segmentation and registration of all subcortical structures were manually checked and confirmed for each subject.

For the normalized volume of brain tissue (GM, total GM, WM, CSF, and TIV) from SIENAX, we conducted a univariate mixed ANOVA with normalized volume as a dependent variable, group (patients with HFS and healthy controls) as a between-subjects factor and brain tissue as a within-subjects factor. SPSS 25.0 software was used for this statistical analysis.

Vertex-wise shape analyses of subcortical structures were performed using a general linear model (GLM) with permutation-based non-parametric testing (5,000 times permutation using randomize) to examine group differences. Maps showing significant group differences between patients with HFS and healthy controls were generated by thresholding the images of t statistics with cluster-based family-wise error (FWE) correction of P < 0.05.



Quality Control of Structural MRI

For anatomical data, we checked the image quality to ensure that there was no apparent motion artifact in each subject. All scans were field inhomogeneity corrected. During the structural MRI analysis, we inspected any artifact that could affect the processing, including segmentation, normalization, etc. All structural MR images from each participant were good for further analysis, so we included all participants (30 patients with HFS and 30 healthy controls, details seen in Table 1) in this study.


Table 1. Demographics and clinical variables of patients with HFS and healthy controls.

[image: Table 1]



Volumetric Analyses

The absolute volumes of subcortical structures were calculated from FIRST using fslstats command (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Fslutils). Then, normalized volumes of subcortical structures were obtained by multiplying those absolute volumes by a volumetric scaling factor of each subject from SINEAX.

To investigate volumetric alterations of subcortical structures in HFS, three-way mixed ANOVA with a between-subjects factor “group” (patients with HFS and healthy controls) and two within-subjects factors “hemispheres” (left and right) and “subcortical structures” (accumbens, amygdala, caudate, hippocampus, pallidum, putamen, and thalamus) was performed on normalized volumes. Post hoc analysis of simple-simple effect was carried out with Bonferroni corrections using SPSS 25.0 software, and a threshold of P < 0.05 was considered statistically significant.



Correlation Analyses

To examine whether subcortical structures alterations would be associated with clinical parameters, non-parametric Spearman correlation analyses were performed between volume index or vertex index and clinical parameters in patients with HFS. The significance threshold was Bonferroni corrected for multiple comparisons. Therefore, findings were considered significant if the P value was <0.0042 based on a P value <0.05/(3 subcortical abnormality indexes × 4 clinical variables per subcortical abnormality index).




RESULTS


Demographics and Neuropsychological Assessment

Patients with HFS and healthy controls were matched well for age (48.80 ± 11.73 years old for patients and 49.77 ± 11.61 years old for controls, t58 = 0.32, P = 0.75) and sex (60% female patients vs. 60% female controls, [image: image] < 0.01, P > 0.99). In addition, patients with HFS reported significant levels of anxiety (t58 = 10.06, P < 0.01) and felt more depressed (t58 = 9.01, P < 0.01) than healthy controls, which were measured by HAM-A and HAM-D, respectively. Patients with HFS had moderate spasm severity (2.93 ± 0.74) with a mean disease duration of 3.38 years. Demographic and clinical data were all presented in Table 1.



Measures of Brain Tissue Volume

A 2 × 5 (Groups × Brain Tissue) mixed measures ANOVA was performed to examine group differences according to brain tissue volume. Notably, there was no significant Group-by-Brain Tissue interaction [F(4, 9) = 1.218, P = 0.303], reflecting the fact that there were no significant group differences in brain tissue (GM, total GM, WM, CSF, and TIV) volume.



Volume Alteration in Right Caudate

The 2 × 2 × 7 (Groups × Hemispheres × Subcortical Structures) mixed measures ANOVA of subcortical volumes revealed a significant Groups-by-Hemispheres-by-Subcortical Structures interaction effect [F(6, 812) = 9.13, P < 0.001, Table 2]. A post hoc analysis was then performed on the interaction effect with Bonferroni adjustment and confirmed a significant difference in right caudate with greater volume in patients with HFS compared with healthy controls [F(1, 825) = 4.09, P = 0.043, Figure 1]. Other subcortical structures did not show any volume alterations in HFS patients.


Table 2. Normalized volumes (mm3) of subcortical structures in patients with HFS and healthy controls.
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FIGURE 1. Bar graph showing the mean volumes of subcortical structures at left hemisphere (A) and right hemisphere (B) in patients with HFS (shown in red) and healthy controls (shown in green). HFS, hemifacial spasm; Error bars, mean ± standard deviation; Accu, accumbens; Amyg, amygdala; Caud, caudate; Hipp, hippocampus; Pall, pallidum; Puta, putamen; Thal, thalamus. *P < 0.05.




Shape Abnormalities in Left Pallidum and Right Caudate

Vertex-wise shape analyses revealed areas of significant shape atrophy in the anterior medial aspect of left pallidum in patients with HFS compared to healthy controls (P < 0.05, FWE corrected; Figure 2 and Table 3). Besides, patients with HFS exhibited significant shape expansion in the anterior ventrolateral aspect of right caudate head in contrast to healthy controls (P < 0.05, FWE corrected; Figure 3 and Table 3). There were no significant alterations in other subcortical structures in patients compared to controls.


[image: Figure 2]
FIGURE 2. Results of vertex-wise shape analysis for left pallidum. The red-yellow colors indicate shape atrophy in anterior medial aspect of the left pallidum following patients with HFS compared to healthy controls (P < 0.05, FWE corrected). Blue models represent the original left pallidum structure. The color bar indicates P values.



Table 3. Shape abnormalities in left pallidum and right caudate following patients with HFS compared to healthy controls.

[image: Table 3]


[image: Figure 3]
FIGURE 3. Results of vertex-wise shape analysis for right caudate. The red-yellow colors indicate shape expansion in anterior ventrolateral aspect of the right caudate head in patients with HFS compared with healthy controls (P < 0.05, FWE corrected). Blue models represent the original right caudate structure. The color bar indicates P values.




Subcortical Abnormalities Correlation With Clinical Parameters

Shape alterations in right caudate was positively correlated with both anxiety (ρ = 0.861, P < 0.001, Bonferroni corrected, Figure 4) and depression scale (ρ = 0.723, P < 0.001, Bonferroni corrected, Figure 4) in patients with HFS. No other significant correlations were observed in patients with HFS between other clinical parameters (disease duration, spasm severity) and subcortical structural alterations (all P > 0.05).


[image: Figure 4]
FIGURE 4. Shape alterations in right caudate was positively correlated with anxiety symptom (shown in red-filled triangle; ρ = 0.861, P < 0.001, Bonferroni corrected) and depression symptom (shown in blue-filled upside-down triangle; ρ = 0.723, P < 0.001, Bonferroni corrected) in patients with HFS. Curved dashed lines indicate 95% confidence intervals. The vertex index of anterior ventrolateral aspect of the right caudate head represented shape alterations in patients with HFS. The anxiety symptom was measured by Hamilton Anxiety Scale, and Hamilton Depression Scale was performed to assess patients' depression symptom.





DISCUSSION

To our knowledge, this is the first study to employ vertex-wise shape analysis to investigate subcortical morphologic abnormalities in patients with HFS. The goal of this study was to examine subcortical aberrations in distinct subcortical regions and determine informative biomarkers of HFS. Among subcortical structures, we found increased volume specifically in the right caudate in patients with HFS compared with healthy controls. Moreover, patients with HFS exhibited significant shape atrophy in the anterior medial aspect of left pallidum, along with shape expansion in the anterior ventrolateral aspect of right caudate head when compared to healthy controls. In addition, more severe affective symptoms were associated with increased shape expansion in the anterior ventrolateral aspect of right caudate head in patients with HFS, providing support for the evidence that subcortical brain abnormalities reflect emotional disorders in patients with HFS (7).

Specifically, we observed that patients with HFS showed shape atrophy in anterior medial aspect of the left pallidum, which is known to link to motor abilities (24, 25). The pallidum is a hub inside the basal ganglia with widespread projections to all the other subcortical structures of the motor circuit (26) and receives highly convergent and topographically organized projections from the dorsal striatum (26). Pallidum alterations have been previously reported in other movement-related disorders (27, 28). To date, only one study that used VBM method reported volume alterations in the pallidum in patients with HFS (7). Possible explanations for this discrepancy may be the presence of focal disease related morphological changes within subcortical structures which does not affect the global brain volume significantly. Moreover, vertex-wise shape analyses permitted detection of shape deformations in localized areas among subcortical structures (17, 29). Shape atrophy of the left pallidum was found in HFS group, although no significant relationship was discovered between shape alteration of left pallidum and spasm severity. As the disorder progresses, spasms inevitably cause severe dysfunction of facial muscles (4). Further research is needed to determine whether pallidum abnormality is associated with other movement functions in HFS.

Furthermore, we detected increased right caudate volume following HFS. Previous studies have observed caudate volume reduction in various disorders and its associations with mood symptoms (30, 31). However, our finding of the larger-than-normal volume of caudate was inconsistent with these previous findings. This discrepancy might be owing to social phobia and depression accompanied by HFS, which may, in turn, have a cumulative effect on the caudate morphology. Moreover, patients with HFS also exhibited shape expansion in the anterior ventrolateral aspect of right caudate head. It should be noted that the ventral caudate is well-known as a vital component of the ventral striatum, and its related-neural circuits are involved in emotional processing (32, 33). Hence, shape expansion of ventral caudate in HFS may be due to the mood dysfunctions suffered by patients inducing ventral caudate alterations as this disorder progresses.

In addition, shape alteration in the right caudate was positively correlated with both anxiety and depression scale in patients with HFS, supporting an interaction that links mood dysfunctions to subcortical morphologic abnormalities in HFS. Previous studies have proved that caudate abnormality was significantly associated with depression severity in late-life depressive disorder (30) and anxiety levels in generalized anxiety disorder (34). The right caudate volume and shape abnormalities suggest that the caudate plays a critical role in mood characteristic of HFS, even though the temporal or pathophysiologic nature of caudate alterations in HFS have not been previously reported. It is unknown whether mood dysfunction leads to cellular alteration or vice versa in caudate as HFS progresses. However, because these relationships were identified in HFS, our findings suggest that caudate abnormalities could be important for further study of trans-diagnostic brain-behavior relations in HFS.

Several limitations of this study bear acknowledgment here. First, the sample size of both groups is small. Future work with larger samples is needed to confirm these findings and improve the reliability of the results. Furthermore, the affected side of HFS need to be considered with a large sample size of patients in future work. Second, we could not examine whether subcortical abnormalities observed herein precede HFS symptoms, precipitating their development, or instead represent sequelae of mood dysfunctions in our cross-sectional design. Prospective longitudinal studies are needed to delineate causes from consequences in the underlying mechanism of subcortical brain alterations in HFS.

In summary, this is the first study to employ vertex-wise shape analysis in HFS, which can reveal precisely subtle and localized alterations among subcortical structures. Compared with healthy controls, patients with HFS showed increased volume specifically in the right caudate. In addition, patients with HFS exhibited significant shape atrophy in the anterior medial aspect of left pallidum together with shape expansion in the anterior ventrolateral aspect of right caudate head. Moreover, shape alterations in right caudate were positively correlated with both anxiety and depression scale in patients with HFS. Taken together, our findings provide compelling evidence for subcortical brain abnormalities specific to HFS, and further may shed light on the pathophysiology of HFS and apply to the translational medicine.
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The maturation of rhythmic jaw movements (RJMs) and related neuromuscular control has rarely been studied in animals, though this process is essential for regulating the development of stomatognathic functions. Previous studies have shown that occlusal hypofunction during growth alters masticatory performance. However, little is known about patterns of cortically-induced RJMs under conditions of soft-diet feeding during development. The aim of this study is to clarify the effect of low occlusal loading on the pattern of cortically induced RJMs and related neuromuscular responses in growing rats. Sixty-four 2-week-old male albino Wistar rats were randomly divided into two groups and fed on either a normal diet (control) or soft diet (experimental) soon after weaning. At 5, 7, 9, and 11 weeks of age, electromyographic (EMG) activity was recorded from the right masseter and anterior digastric muscles along with corresponding kinematic images in RJMs during repetitive intracortical microstimulation of the left cortical masticatory area (CMA). Rats in both groups showed an increase in gape size and lateral excursion until 9 weeks of age. The vertical jaw movement speed in both groups showed no significant difference between 5 and 7 weeks of age but increased with age from 9 to 11 weeks. Compared to the control group, the average gape size and vertical speed were significantly lower in the experimental group, and the pattern and rhythm of the jaw movement cycle were similar between both groups at each recording age. EMG recordings showed no age-related significant differences in onset latency, duration, and peak-to-peak amplitude. Moreover, we found significantly longer onset latency, smaller peak-to-peak amplitude, and greater drop-off mean and median frequencies in the experimental group than in the control group, while there was no significant difference in the duration between groups. These findings indicate that a lack of enough occlusal function in infancy impedes the development of patterns of RJMs and delays the neuromuscular response from specific stimulation of the CMA.

Keywords: rhythmic jaw movements, cortical masticatory area, intracortical microstimulation, electromyography, soft diet, rat


INTRODUCTION

Mastication involves complex neuromuscular interactions between central and peripheral control mechanisms. The masticatory process is assisted by the coordinated movement of the tongue, jaw, and masticatory muscles, followed by the appropriate positioning of the jaw during opening and closing (Nakamura and Katakura, 1995). With growth-related changes, modifications of masticatory functions occur in response to varying functional demands. The critical step for the development of mastication appears to begin around the weaning period because the main feeding process changes from sucking to chewing. Subsequently, many morphological changes occur, including tooth eruption, an increase in muscle mass and jaw growth, and maturation of the nervous system (Herring, 1985).

Masticatory movements are generated by neural mechanisms originating in the brain. Research into typical rhythmic jaw movements (RJMs) is essential for understanding the development of masticatory functions in mammals. RJMs are generated by interconnected neural systems termed the masticatory central pattern generator (CPG), which is located in the brainstem (Lund, 1991). In order to produce the complex and variable patterns of mastication-like behavior, the CPG can be modulated by inputs from peripheral afferents as well as higher centers such as the cortical masticatory area (CMA) (Lund et al., 1981; Lund, 1991; Nakamura and Katakura, 1995). RJMs can be generated at the cortical level through repetitive intracortical microstimulation of the CMA (Avivi-Arber et al., 2011; Avivi-Arber and Sessle, 2018). In addition, intracortical microstimulation of the CMA can evoke orofacial movements and electromyographic (EMG) activity within the orofacial muscles (Neafsey et al., 1986). The CMA is composed of areas encompassing the sensorimotor cortex, which also evokes RJMs when it is stimulated with repetitive electrical stimulation. Several studies have reported that different areas of the CMA evoke different RJM patterns and jaw muscle EMG activity in rats (Sasamoto et al., 1990; Satoh et al., 2007; Maeda et al., 2014), guinea pigs (Isogai et al., 2012), rabbits (Lund et al., 1984), and monkeys (Huang et al., 1989). Moreover, stimulation of the postero-lateral region of the CMA induces grinding movements that resemble natural chewing patterns in rats (Sasamoto et al., 1990).

Daily masticatory muscle activity is associated with the development of the masticatory system. Currently, modern dietary forms tend to be soft and easily digested, which dramatically influences the growth of a normal stomatognathic system (Proffit et al., 1998). Prolonged changes in masticatory function could lead to altered craniofacial morphology (Hichijo et al., 2014; Kufley et al., 2017), development of muscle fibers of masticatory muscles (Grunheid et al., 2009; Kawai et al., 2010), and neuronal connections in the hippocampus (Okihara et al., 2014; Anegawa et al., 2015). Recent studies have suggested that changes in masticatory function have an influence in motor representations within the sensorimotor cortex (Avivi-Arber et al., 2010a, b, 2015). With regards to masticatory functions, previous studies have shown that changes in loading force produce alterations in masticatory patterns and rhythm when chewing normal or soft food (Yamada et al., 2006; Fujishita et al., 2015). However, the development of RJMs in association with the CMA have been rarely described to date, in relation to changing occlusal function during maturation.

Our aim was to evaluate the developmental course of specific RJMs that are evoked by stimulation of the CMA, and to examine the effect of changing occlusal loading on cortically-induced RJMs and associated neuromuscular responses during development. Jaw movement regulation is of key importance for masticatory performance during early chewing. Thus, we hypothesized that the effect of decreased occlusal loading through feeding with a soft diet might negatively affect the regulation of RJMs evoked by the CMA during development. We examined both jaw movement trajectories and EMG activities of the jaw muscles of rats fed on a soft diet. These findings were compared with a control group fed a normal diet and across age groups to examine whether low occlusal loading impeded the maturation of jaw movements during the period when the development of a mechanism of mastication is activated.



MATERIALS AND METHODS


Animal Model and Surgical Preparation

This study was performed according to the recommendations of the guide for the Institutional Animal Care and Use Committee (A2017-135A and A2018-028A) in compliance with the Animal Care Standards of Tokyo Medical and Dental University.

Sixty-four albino Wistar rats were used in this study (male, 2-weeks-old). All young cubs were examined and confirmed to be weaning to prevent any experience of chewing a solid diet from being included in the experimental group. Immediately after weaning, infants were divided into two equally-sized groups receiving: normal diet (control), fed with ordinary chow pellet (CE-2, CLEA, Inc., Tokyo, Japan) (n = 32); and soft diet (experimental), fed with powder pellet (<0.02 mm diameter) (n = 32) until 11 weeks of age. Both groups were weighed weekly throughout the entire experimental period.

All rats underwent the experimental procedure at 5, 7, 9, or 11 weeks of age (n = 8 per group per time point). Ketamine-HCl [100 mg/kg, intraperitoneal (IP)] injection was administrated initially for the craniotomy and EMG electrode insertion. Supplementary doses were injected whenever necessary to maintain a constant level of anesthesia according to checks of vibrissa movements, pinch-withdrawal, and corneal reflexes throughout the experiments. The local anesthetic lidocaine hydrochloride (2%) was injected into the subcutaneous space below the planned surgical areas. Body temperature was maintained at 37–38°C using a thermo-regulated heating pad.

To record EMG activity from the jaw muscles, a midline incision was made along the neck from the mandible on the ventral surface to the rostral portion to expose the right side of masseter (jaw-closer) and anterior digastric (jaw-opener) muscles. Bipolar EMG electrodes (40 gauge, single-stranded, Teflon insulated stainless-steel wires, 2 mm inter-electrode distance) were then inserted into the muscles to record EMG activity.

To stimulate the cerebral cortex, part of the left frontal and parietal bones were drilled using a dental bar to expose the outer surface of the masticatory cortex, and the dura mater was covered with paraffin liquid oil (37°C). The lower incisors were ground to approximately 1 mm to minimize interference of jaw and tongue movements, especially at 9 and 11 weeks of age. The rat was then secured in a stereotaxic apparatus (models SN-2 and Sm-15M; Narishige Scientific Instruments, Tokyo, Japan). A fine glass-insulated tungsten microelectrode (shaft diameter 100 μm, impedance 1–3 MΩ at 1 kHz; Unique Medical, Tokyo, Japan) was inserted vertically into the masticatory area of the cerebral cortex. Electrical stimulation (0.5 ms duration, 20 Hz, 180 μA, 7 s) was applied to the left CMA (0–2 mm rostral, 4–5.5 mm lateral to Bregma, 4–5 mm ventral). A reference electrode was attached to the exposed neck muscle. RJMs were determined by the mandibular movements and rhythmic bursts of the anterior digastric and masseter EMG activities. Three trials of stimulation were performed at each stimulation site.



Recording of Jaw Movements and EMG Activity

For recording sessions, a wire (0.7 mm thick) attached to a marker was placed between the lower incisors attached with dental resin. A digital high-speed HAS-U1M camera (DITECT, Corp., Tokyo, Japan) was set directly in front of the marker to detect jaw movements. During stimulation, a videotape of the jaw movements was recorded, and 2D motion analysis system software (Dipp-motion V, DITECT, Cop., Tokyo, Japan) was used to refine the marker position of the jaw movements.

Signals of EMG activity were filtered and amplified using a multichannel amplifier (MEG-6108; Nihon Kohden, Tokyo, Japan; 1000x gain, bandpass 0.3–3 kHz), and all EMG waveforms were rectified and averaged. Data were analyzed offline using the CED 1401 interface and Spike2 software for Windows, version 5.21 (Cambridge Electronic Design, Cambridge, United Kingdom). EMG responses of each muscle were analyzed in a fast sweep. To analyze the specific characteristics of the EMG, the sonogram was calculated based on the peak root-mean-square EMG activity, and the power spectrum was displayed using fast Fourier transform.

The RJMs and EMG activities were stored on a computer disk. Jaw movement patterns during stimulation were observed from the frontal plane. The jaw movement parameters measured were: (1) gape size (vertical excursion between maximum opening and maximum closing), (2) lateral excursion (horizontal distance between minimum jaw-opening position and the most lateral jaw position), (3) speed of vertical jaw movements (rate of jaw movement distance per s), (4) changes in the vertical jaw movement pattern (the 13 points traced with an interval of 10 ms along the path of one cycle of jaw movement), (5) jaw-opening duration (time between maximum closing and subsequent maximum opening), (6) jaw-closing duration (time between maximum opening and subsequent maximum closing), (7) total cycle duration (duration between two consecutive maximum openings), (8) rhythm of jaw movements during stimulation (total cycle duration of the jaw movement during stimulation at each time point per s), (9) changes in amplitude of vertical jaw movements (gape size) in relation to the time in the sequence (total duration of stimulation divided into three equal periods: early, middle, and late, corresponding to the first, second, and third, for 2 s respectively). Jaw muscle activity was analyzed in terms of (1) onset latency (interval between the onset of the stimulus and the onset of the first response), (2) duration (interval between the onset and offset of the first response), (3) peak-to-peak amplitude (amplitude from baseline to the positive peak of the first response), (4) median frequency from the power spectrum (the EMG power spectrum divided into two halves with equal amplitude) and (5) mean frequency of the power spectrum (average frequency which is calculated as the sum of product of the EMG power spectrum and the frequency divided by the total sum of the power spectrum) (Phinyomark et al., 2012). The mean values of data for each parameter were measured from 10 chewing cycles. The EMG bursts were identified when the rectified EMG exceeded the mean by 2SD. All values are expressed as mean ± standard deviation.



Statistical Analysis

Significant differences between control and experimental groups were determined by using an unpaired t-test, and repeated measures multivariate analysis for intergroup and intragroup comparisons of jaw movement trajectories and EMG activities. Simple post hoc tests using the Sidak adjustment were performed for multiple comparisons. Statistical analysis was performed with SPSS for Windows, version 23 (SPSS, Inc., Chicago, IL, United States), and p-values less than 0.05 or 0.01 were considered to be statistically significant.


Histological Identification of Electrode Position

After the experiment had been completed and rats remained on the stereotaxic apparatus, they were anesthetized with Ketamine-HCl (20 mg/kg, IP) and the electrode was reinserted into some of the cortical areas at which RJMs had been induced and electrical lesions were created by passing currents (30 μA for 20 s) through the stimulating electrode. The rats were then deeply anesthetized and perfused with 100 ml of phosphate-buffered saline (PBS; pH 7.4) through the left cardiac ventricle followed by 300 ml of fixative solution of 4% paraformaldehyde. Serial coronal sections of the brain (50 μm thick) were cut and counterstained with hematoxylin-eosin stain. The locations of the electrode tips were confirmed under a light microscope and verified using the reference (Paxinos and Watson, 2007) (Figure 1).
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FIGURE 1. Hematoxylin-eosin stained coronal section (50 μm) with schematic drawing of the stimulation sites in the posterolateral part of left cortical masticatory area (CMA). Gray circles indicate the electrolytic lesions of the stimulation sites. Relative distances from Bregma in the rostral (0.7 and 1.6 mm anterior to the Bregma) direction are depicted. Template from the brain atlas (Paxinos and Watson, 2007), illustrating the left insular cortices (posterolateral part of CMA) showing the location of stimulation sites. GI, granular insular cortex; DI, dysgranular insular cortex; AID, dorsal part of the agranular insular cortex.




RESULTS


Body Weight

Body weights of the rats in both groups increased gradually throughout the experimental period, and there were no significant differences in mean body weight between groups at any time point (Figure 2).
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FIGURE 2. Average increase in body weight of both groups. No significant difference was found between the two groups.




Jaw Movement Trajectories During Stimulation

Typical EMG activity with the inset enlargement of raw data for both groups during stimulation are shown in Figure 3, and the representative recordings of RJM trajectories of both groups are shown in Figure 4. The jaw position was stable at rest and the distance between the upper and lower incisors was approximately 2–2.5 mm before stimulation.
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FIGURE 3. Typical example of electromyographic activity with insets of the enlarged raw data induced by electrical stimulation of the CMA at 11 weeks of age. Control (A) and experimental (B) groups. Downward arrows indicate the timing of electrical stimulation. STI, stimulation; RM, right masseter; RAD, right anterior digastric.
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FIGURE 4. Typical jaw movement patterns induced by electrical stimulation of the CMA at 11 weeks of age. Control (A) and experimental (B) groups. STI, stimulation; VJM, vertical jaw movements; HJM, horizontal jaw movements; SVJM, speed of vertical jaw movements.


During the repetitive electrical stimulation, the characteristics of the jaw movement patterns and the EMG were similar to those reported in previous studies (Sasamoto et al., 1990; Satoh et al., 2007). The gape size of jaw movements in the control group was significantly larger than those in the experimental group at each recording age (Figure 5A). Relative to the control group, the gape size at weeks 7, 9, and 11 was significantly larger (p < 0.01) than at week 5; at week 11, it was significantly larger (p = 0.034) than at week 7, but there were no significant differences of gape size between weeks 7 and 9, and weeks 9 and 11. Similarly, in the experimental group, the gape size of the jaw movement at weeks 7, 9, and 11 was significantly larger (p < 0.05) than at week 5, and significantly larger (p < 0.05) at weeks 9 and 11 than at week 7, but there was no significant difference between weeks 9 and 11.
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FIGURE 5. Changes in jaw movements during stimulation. Gape size (A), lateral excursion (B), and the speed of vertical jaw movements (C). Data are displayed as mean ± standard deviation. Asterisks (*p < 0.05), (**p < 0.01) denote significant differences between control and experimental groups. Hashtags (#p < 0.05), (##p < 0.01) denote significant differences between different ages within the same group.


With regards to the lateral movement, the excursion in the control group was significantly larger (p < 0.01) than in the experimental group at weeks 9 and 11, while there was no significant difference between groups at weeks 5 and 7 (Figure 5B). Intragroup comparison of the control group showed that the lateral excursion at weeks 9 and 11 was significantly larger (p < 0.05) than at weeks 5 and 7, while there were no differences between weeks 5 and 7, or weeks 9 and 11. Intragroup comparison of the experimental group showed that the lateral excursion at weeks 9 and 11 was significantly larger (p < 0.05) than at week 5, and that of week 11 was significantly larger (p < 0.05) than week 7. There were no significant differences between weeks 5 and 7, or weeks 9 and 11.

The overall development of vertical mandibular speed showed an increase with age in both groups (Figure 5C). Compared to the control group, the vertical mandibular speed was significantly smaller (p < 0.01) in the experimental group at each recording age. Intragroup comparison within the control group showed that the speed at week 9 was significantly larger (p < 0.05) than at week 5, and that of week 11 was significantly larger (p < 0.05) than weeks 5, 7, and 9. There were no significant differences between weeks 5 and 7, or weeks 7 and 9. Similarly intragroup comparison within the experimental group showed that the speed at week 9 was significantly larger (p < 0.05) than at week 5, and that of week 11 was significantly larger (p < 0.05) than at week 5, 7, and 9. There was no significant difference between weeks 5 and 7, or weeks 7 and 9.

Regarding the pattern of vertical jaw movement, the jaw movement paths were similar between both groups at all ages. A majority of traces overlapped along the path at week 5, except the traces at the maximum jaw-opening position, referred to as gape size, which were significantly different (p < 0.05) between both groups. The jaw movement paths at weeks 7, 9, and 11 were significantly increased (p < 0.01) in terms of gape size in the control group compared to the experimental group (Figure 6). Comparison of the jaw movement duration showed that there were no significant differences between the control and experimental groups in the jaw-opening, jaw-closing, and total cycle durations (Figure 7). Intragroup comparison revealed no significant effects of age on these parameters in either the control or the experimental group at any recording age. There were no significant differences in the rhythm of movement between the both groups at all ages (Figure 8).
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FIGURE 6. Comparison of the path of vertical jaw movement between the control and experimental groups during jaw-opening and closing phases. The 13 points mark the 10 ms intervals through the masticatory cycle. Data are displayed as mean ± standard deviation. Asterisks (*p < 0.05), (**p < 0.01) denote significant differences between the control and experimental groups.
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FIGURE 7. Duration of jaw movement phases during electrical stimulation. Jaw-opening duration (A), Jaw-closing duration (B), and total cycle duration (C) of control and experimental groups.
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FIGURE 8. Rhythm of movement cycle duration during repetitive stimulation in each time point (per s). Rhythm of cycle durations were not significantly different in both group during repetitive stimulation every second.


In terms of time-dependent changes in the jaw movement sequences, we measured and compared vertical jaw movement between the early, middle, and late periods for each age in both groups. As described above, the amplitude of vertical jaw movement, as well as the gape size, was significantly smaller in the experimental group at all ages. Comparison of vertical movements among the early, middle, and late periods at 5 weeks of age showed that there were no significant differences in either group (Figure 9A). At 7 weeks of age, there were no significant differences among the early, middle, and late periods in the control group; however, in the experimental group, the jaw movement during the late period of the sequence was significantly smaller (p < 0.05) than that during the early and middle periods (Figure 9B). At 9 weeks of age, the jaw movement during the middle and late period was significantly larger (p < 0.05) than during the early period in the control group. Conversely, the late period of the sequence in the experimental group was significantly smaller (p < 0.05) than the early and middle periods (Figure 9C). At 11 weeks of age, the early period of the sequence in the control group was significantly smaller (p < 0.05) than the middle; however, there were no significant differences between both the early and late, as well as the middle and late periods. In contrast, the late period in the experimental group was significantly smaller (p < 0.05) than the middle period; however, there were no significant differences between both the early and late, as well as the early and middle periods (Figure 9D).
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FIGURE 9. Variations in gape size of jaw movements with time in the sequence. Total duration of the stimulation sequence was divided into three equal periods: early, middle, and late, corresponding to the first, second, and third for 2 s respectively. Jaw movements at 5 weeks of age (A), 7 weeks of age (B), 9 weeks of age (C), and 11 weeks of age (D) in the control and experimental groups. Data are displayed as mean ± standard deviation. Asterisks (*p < 0.05), (**p < 0.01) denote significant differences between the control and experimental groups. Hashtags (#p < 0.05) denote significant differences between the sequences at each age.




Electromyographic Activities During Stimulation

During the sustained stimulation, the EMG activities in the anterior digastric muscle were recorded, however, no activities were seen in the masseter muscle at any age. The EMG onset latency, duration, and peak-to-peak amplitude of the anterior digastric muscles are shown in Figure 10. Compared to the control group, the onset latency was significantly longer, and the peak-to-peak amplitude was significantly smaller in the experimental group at each recording age, but there were no significant differences in intragroup comparisons at weeks 5, 7, 9, and 11 in either the control or the experimental group. In terms of duration no significant differences in EMG were observed between the two groups, or for the intragroup comparisons at any recording age.
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FIGURE 10. Changes in electromyographic activity. Onset latency (A), duration (B), and peak-to-peak amplitude (C) of control and experimental groups. Data are displayed as mean ± standard deviation. Asterisks (*p < 0.05) denote significant differences between the control and experimental groups.


A visual comparison of the EMG spectrum showed that a higher median frequency was observed during the early period of contraction in both groups, which shifted toward lower frequencies during the late period of contraction. The median frequency generated in the experimental group was significantly reduced compared to that of the control group at all ages (Figure 11). Similarly, the mean frequencies generated in the control group were significantly higher than those in the experimental groups during the stimulation period at all ages (Figure 12).
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FIGURE 11. Changes in median frequency of the anterior digastric muscle during stimulation in each time point (per s) at each age. Data are displayed as mean ± standard deviation. Asterisks (*p < 0.05) denote significant differences between the control and experimental groups.
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FIGURE 12. Changes in mean frequency of the anterior digastric muscle during stimulation in each time point (per s) at each age. Data are displayed as mean ± standard deviation. Asterisks (*p < 0.05) denote significant differences between the control and experimental groups.




DISCUSSION

In the current study, we investigated the developmental course of cortically-evoked RJMs, comparing normal conditions to altered occlusal loading forces provided by a soft diet and assessing the neuromuscular responses of jaw-opening and jaw-closing muscles during maturation. The stimulus intensity required for CMA stimulation to elicit RJMs in rats has been shown to vary between 50 and 300 μA, and the threshold for RJMs evoked from the posterior part of the CMA is higher during repetitive stimulation (Sasamoto et al., 1990; Satoh et al., 2006b, 2007; Maeda et al., 2014; Tsujimura et al., 2016). Furthermore, it has been noted that a stimulus intensity of up to 300 μA used to evoke RJMs in rats does not appear to have any noxious effects during repetitive stimulation (Satoh et al., 2006a, b, 2007). In our study, the CMA was stimulated and RJMs subsequently identified through mandibular movements and rhythmic bursts of EMG activity. The current stimulus intensity used in our experiment was designated as the threshold required to elicit RJMs. We used a constant current strength (180 μA) to compare the cortically evoked RJMs and found that long-term alteration of the masticatory load at an early age affected the developmental course of jaw movements and the neuromuscular response of the masticatory muscle.


Growth-Related Changes in Cortically-Induced Jaw Movements

In our study, low-frequency long-train stimulation of the posterolateral part of the CMA evoked simple vertical RJMs in both groups. The gape size of jaw movement was smallest in each group at week 5, and it increased until 9 weeks of age in both the control and the experimental groups, while there was no significant difference between weeks 9 and 11. Previous study have reported that the masticatory movements in rats appeared at approximately 3 weeks of age (Westneat and Hall, 1992). Since all repetitive neuronal bursts for rhythmical mastication were detected at approximately 13–17 days in rats (Brocard et al., 2006), the initial masticatory patterns developed at approximately 12 days, and the adult masticatory movements were established between 18 and 21 days (Westneat and Hall, 1992). However, facial morphological development continued after 3 weeks of age in rats. The variations in mandibular and condylar growth positively correlated with the maximum jaw movement capacity (Fukui et al., 2002). A recent three-dimensional study has reported that the natural growth rate of the mandible was greatest between 4 and 8 weeks of age, and reached a plateau after 9 weeks of age in rats (Kim et al., 2018). A report on the development of jaw movements in children and adolescents showed that the maximum jaw-opening movement was less stable during an early age, and increased until the age of 17 years (Hirsch et al., 2006). Thus, we considered that orofacial morphological development could affect the pattern of RJMs during maturation.

Lateral excursion movements were small at weeks 5 and 7 in the control group. During stimulation, the jaw movement deviated slightly toward the right side (i.e., the side contralateral to the stimulation) followed by grinding movements during the jaw-closing phase, but this type of movement was small at 5 and 7 weeks of age. A previous study reported that the size of the mandibular condyle and fossa did not increase between weeks 4 and 8, although body weight of the rats increased (Kato et al., 2015). Thus, the decreased lateral movements may be related to the shape of the temporomandibular joint that would restrict lateral movements at this age.

During constant stimulation, we noticed that the speed of vertical movements is augmented with age. In our study, the speed of vertical jaw movements increased until 9 weeks, then peaked at 11 weeks of age in both the control and experimental groups. A previous study suggested that the speed of the jaw movements is reflected in the amount of muscle force produced during mastication (Watanabe and Watanabe, 2001; Anderson et al., 2002). Moreover, the force and power output of a muscle mainly depends on the muscle fiber size and length. The skeletal muscle fibers of rat undergo intense growth from 3 to 10 weeks of age, with an increase in the number and size of myofibers, and attain stable growth after 10 weeks (Tamaki and Uchiyama, 1995). This suggests that changes in morphology of muscles may also affect the speed of jaw movements.

The patterns of the vertical movement were similar in both the control and experimental groups, with the exception of the gape size of jaw movements, which differed significantly with age. Many previous electrophysiological studies have reported that different sites in the CMA evoke different patterns of jaw movement (Sasamoto et al., 1990; Gerstner and Goldberg, 1991; Isogai et al., 2012; Uchino et al., 2015). Vertical RJMs have been shown to be induced by stimulating the ventrolateral area of the CMA (i.e., the agranular cortex) (Enomoto et al., 1995; Masuda et al., 2002; Isogai et al., 2012). It is likely that that stimulating the same effective site of the CMA may evoke these patterns of jaw movement.

The duration of parameters of RJMs including jaw-opening and jaw-closing showed no significant differences between ages in both the control and experimental groups. Moreover, the total cycle duration was also consistent depending on the stimulus interval during stimulation. The timing and sequence of contractions of the jaw-opening and jaw-closing muscles are associated with the development of the masticatory CPG, which generates the RJMs (Lund and Kolta, 2006; Morquette et al., 2012). It has been shown that in rats, repetitive bursting neurons are detected postnatal days 9 to 12, and rapidly increase in activity up until postnatal day 14, after which it remains constant (Brocard et al., 2006; Morquette et al., 2012). This result may suggest that the masticatory CPG maintains the cycle duration that resembles the set duration of the stimulus interval to the CMA until it reaches the mature level.



Effects of Low Occlusal Loading on Cortically-Induced Jaw Movements

During electrical stimulation of the CMA, the gape size was significantly smaller in the experimental group than in the control group at each recording age. The difference between the gape size at week 5 in both groups had a lower level of significance than at weeks 7, 9, and 11. It has been reported that being raised with a soft diet during the optimum learning period prevents masticatory function from reaching a normal level (Fujishita et al., 2015). Our findings were consistent with this previous report, as the maximum gape size during opening did not reach a normal level in rats fed a soft diet. Moreover, the opening capacity of the jaw is associated with the coactivation of the jaw muscles and the neuromuscular response from the brain. A previous study has reported that changes in occlusal loading are responsible for the variation in the maturation of sensory afferents such as the muscle spindles and periodontal mechanoreceptors, thereby affecting the capacity for modulatory sensory feedback from the masticatory CPG (Lund and Kolta, 2006). Altered sensory inputs of the oral receptors and muscle spindles have been shown to result in decreased synaptic density in the cerebral cortex, which impairs the strengthening of synapses and causes sensory deprivation of the cerebral cortex (Yamamoto and Hirayama, 2001; Bhatt, 2010). Morphological studies have also reported that the number of cross-sectional muscle fibers and mitochondria per unit in muscles was significantly reduced in growing rats fed on a soft diet (Sato and Konishi, 2004; Kawai et al., 2010). In addition, decreases in the proportion of cross-sectional areas of both type 1 and 2 fibers in jaw-closing muscles, and type 2 fibers only in jaw-opening muscles, were found in animals during training with low occlusal force (Langenbach et al., 2003; Kitagawa et al., 2004). Changes in the oxidative capacity of muscle fibers, due to lower muscle usage after 2 weeks feeding on a soft diet, have been shown to significantly reduce the motor properties of jaw muscles in rats (Liu et al., 1998). In addition, varying masticatory loading directly affects the mandibular remodeling process, which causes changes in the morphology of the mandible (Renaud et al., 2010; Tsouknidas et al., 2017). Hence, the decreased vertical jaw movement observed in our study might be influenced by morphological changes and diminished activities of mechanoreceptors from the oro-facial regions.

The lateral excursion at 9 and 11 weeks of age was more significantly reduced in the experimental group than in the control group. Rats exhibit a smaller mandibular condyle and thinner cartilage when fed a soft diet during growth (Kato et al., 2015). Previous studies have reported that there was a regressive change in the trabecular structure when being fed a soft diet, which can reduce the resistance of the mandibular condyle to mechanical loading, and increase the occurrence temporomandibular deformation (Ogawa et al., 2016; Kono et al., 2017). In addition, alterations in occlusal stimuli followed by consumption of a soft diet may result in a decrease in the response of the mechanoreceptors of the temporomandibular joint (Ishida et al., 2009). Therefore, these findings demonstrated that the low occlusal loading during growth has a significant influence on the shape of the temporomandibular joint and its mechanoreceptors, resulting in the observed reduction in the lateral excursion.

The speed of vertical jaw movements was lower in the experimental group than in the control, at each recording age. The contraction velocity of jaw muscles is known to depend on the amount of force that is generated during muscle contraction. It has been reported that changing the consistency of food to a softer form may reduce the masticatory muscle load, and thus decrease tetanic isometric tension force during muscle contraction (Kiliaridis and Shyu, 1988). Moreover, rats raised on a soft diet show a decrease in muscle fiber conduction velocity, which delays muscle contraction time, affecting the speed of movement (Murakami et al., 2014). Human studies have also suggested that the velocity of muscle contractions during jaw-opening and jaw-closing was significantly decreased when consuming food of a softer consistency (Watanabe and Watanabe, 2001; van der Bilt and Abbink, 2017). It is possible that changing the occlusal loading with a softer diet may result in lesser masticatory force, which causes the slower speed of jaw movements observed in our study.

With regards to the similar masticatory pattern observed in our study, a human study has suggested that the path of the masticatory pattern is affected by muscle, TMJ form, and the inclination of the occlusal plane (Tomonari et al., 2017). However, rats raised on a soft diet have been shown to have a similar pattern of masticatory movement regardless of food consistency (Fujishita et al., 2015). This may be due to the different characteristics of the masticatory system between humans and rodents, since rats have limited lateral movement and diverge widely in the sagittal plane (Utsumi et al., 2010). In our study, a similar pattern of jaw movement was observed, with the exception of the gape size, which was small in rats fed a soft diet. At week 5, a majority of traces overlapped along the path between the both groups, and the low significant difference observed at the maximum gape size showed that the effect of low occlusal loading appeared 2 weeks after being fed a soft diet. The maximum gape size of jaw movement at weeks 7, 9, and 11 were more significantly reduced in rats fed a soft diet, suggesting that changes in food consistency have a larger effect on masticatory function and sensory feedback during the developmental period, resulting in a decreased gape size. However, this did not show any influence on the masticatory pattern during the electrophysiological study.

Phases of jaw movements including jaw-opening, jaw-closing, and total cycle duration were not statistically different between the experimental and the control groups. Also, no significant difference was observed in the rhythm of jaw cycle duration between both groups. When repetitive electrical stimulation is delivered to the corticobulbar tract, duration is mainly controlled by the activation of jaw-opening and jaw-closing motoneurons, which are part of the circuitry of the masticatory CPG (Morquette et al., 2012). One diet-related study reported that changing to a soft diet alters the motor unit activity of muscles due to impairment of morphological and metabolic properties of muscle, but found no changes in soma diameter and enzymatic activity of motoneurons (Miyata et al., 1993). Therefore, it appears unlikely that low occlusal loading could affect the response properties of jaw motoneurons in the masticatory CPG. Rather, stimulus of the CMA could directly activate the masticatory CPG through the corticobulbar tracts, resulting in the stable duration of jaw movements observed across both groups during stimulation in the present study.

In the present study, we divided the total duration of vertical jaw movements into 3 periods of equal duration to evaluate changes in jaw movements during constant stimulation. The amplitude of jaw movements was less stable in the experimental group during stimulation. In the late period, jaw movements during stimulation were not as marked as in the early and middle periods at 7, 9, and 11 weeks of age, which is reflected by the reduced EMG activity of the anterior digastric muscle. It has been reported that the jaw movement rhythm is mainly controlled by the activity of the jaw-opening muscles (Lund, 1991). More than 90% of fibers in the jaw-opening muscles are composed of fast-contracting or type 2 fibers (Cobos et al., 2001). In addition, a lesser proportion of type 1 and type 2B fibers, and a greater proportion of type 2A fibers have been found in developing rats fed on a soft diet (Kitagawa et al., 2004; Kawai et al., 2010). This may be due to the diminished activity of masticatory muscles resulting in a shift of fiber-type that caused conversion to type 2A fibers. Generally, type 1 fibers are optimally suited for sustained contraction force and type 2B fibers are suited for sudden and powerful contraction of large force (Grunheid et al., 2009). It is likely that the incremental shift in fiber-type may also be reflected in the stable jaw movements during stimulation, particularly in the late period.



Growth-Related Changes and Effects of Low Occlusal Loading on Muscular Work

In our study, only activity of the anterior digastric muscle, and not the masseter muscle, was observed. Further, the anterior digastric activity during stimulation comprised of clusters that were time-locked to each stimulus pulse. Previous studies have reported that the posterior part of the CMA might correspond to the unilateral RJMs with time-locked activity of the anterior digastric muscle in guinea pigs (Gerstner and Goldberg, 1991; Enomoto et al., 1995), and that stimulation of the rostral part of the somatosensory cortex can evoke sustained jaw-opening with elevated anterior digastric activity in rats (Uchino et al., 2015). However, low-frequency long-train stimulation of the deep part of the CMA evokes RJMs with alternating activities of the anterior digastric and masseter muscles (Isogai et al., 2012). This may be associated with site dependent differences in the cytoarchitecture of the cortical areas, and the connection patterns between the granular and agranular cortex and the thalamic nuclei (Haque et al., 2010; Isogai et al., 2012); RJMs with alternating activity of the masseter and anterior digastric muscles were induced from the rostral part of granular cortex, and vertical RJMs with only the anterior digastric activity were induced from the agranular cortex (Isogai et al., 2012). It is likely that the stimulation in our study mostly induced the agranular region of the cortex, which elicited activity in anterior digastric muscle, but not the masseter muscle.

The EMG activity showed that the onset latency of the anterior digastric muscle in the experimental group was significantly delayed than in the control group, but there was no significant difference among ages in either the control or the experimental group. Measuring the onset latency is the best way to assess the muscle fiber conduction velocity during stimulation (Beck, 2006). In stimulated muscle contractions in rats, the latency was delayed at 3 weeks of age, however, the delay in latency disappeared from 5 weeks of age onwards (Seki et al., 2002; Changsiripun et al., 2012). In addition, alterations of peripheral sensory regulation due to occlusal hypofunction affect the conduction velocity of muscle fibers (Seki et al., 2002; Changsiripun et al., 2009). Therefore, we may assume that low occlusal loading caused by consumption of a soft diet may reduce the conduction velocity of the muscle resulting in delayed maturation of muscle responses, but this is not a consequence of the experimental period.

The duration of the contractions of the anterior digastric muscle did not differ between groups. During stimulated muscle contractions, the duration of jaw muscle contraction is controlled by the masticatory CPG in response to repetitive electrical stimulation of CMA (Lund, 1991; Lund and Kolta, 2006; Morquette et al., 2012). Moreover, it has been reported that altering the masticatory load does not affect the duration of muscle contraction in studies of the rat (Changsiripun et al., 2009) and humans (Anderson et al., 2002). Stimulation of the CMA induces the excitatory activation of jaw muscles through corticobulbar projections to the masticatory CPG, suggesting that the masticatory CPG maintains muscle contraction duration resulting in a stable cycle of jaw movements with differing occlusal force.

The peak-to-peak amplitude was significantly larger in the control group than the experimental group at all ages. Greater muscle force produces greater excursion of the mandible throughout the jaw movement cycle (Anderson et al., 2002). Measuring the peak-to-peak amplitude is a way to assess voluntary contraction force determined by the number of muscle fibers and the proportional number of motor units activated by electrical stimulation (Keenan et al., 2005; Kamen and Gabriel, 2010). A corresponding reduction in motor unit activity had been found with occlusal hypofunction (Miyata et al., 1993). In addition, input-output properties of the motor unit can be altered by the alteration in the functional sensitivity of oral mechanoreceptors when the masticatory conditions change (Shi et al., 2006; Ishida et al., 2009). Oral receptors, including periodontal afferents and muscle fibers, are major input sources for the CPG, exciting neurons throughout the lateral brainstem during mastication. It has been suggested that their output can be influenced by hardness-related feedback. Most of the neurons that activate during jaw-opening are excited by periodontal feedback, and the neurons that activate during jaw-closing are excited by spindle afferents (Lund and Kolta, 2006). The periodontal receptors are sensitive to changing forces, and specific changes in the distribution and shape of nerve terminals were found in periodontal afferents after changes in occlusal force (Piancino et al., 2017). A previous study has suggested that abolishing the signal information from periodontal receptors and muscle spindle receptors can completely diminish the activity of muscles and reduce the build-up speed of the masticatory force during mastication (Trulsson, 2006). In our study, the peak to peak amplitude from the anterior digastric muscle was significantly decreased in rats fed a soft diet at all ages, although we could not obtain measurements from the masseter muscle. It is believed that long-term low occlusal loading may have differential effects on burst generating neurons, resulting in decreased EMG activity during stimulation of the CMA.

In this study, we also performed a power spectral analysis with a visual representation of the power spectrum in the EMG signal. A frequency analysis of how the EMG signal varies with the time has been used to monitor muscle fatigue during muscle contraction (Cifrek et al., 2009). In this analysis, the mean and median frequencies are generally measured as a gold standard for the assessment of muscle fatigue (Phinyomark et al., 2012). The mean frequency is used to determine changes in muscle fatigue over time, whereas the median frequency measures two equal halves of the spectrum during muscle contraction (Cifrek et al., 2009). The contribution of muscle fibers to the varying size of the EMG power spectrum is associated with variations in the proportion of muscle fiber diameter. In addition, the distribution of muscle fibers during activation also affects the EMG power spectrum (Gerdle et al., 2000). It is likely that the larger the muscle fibers with fast conduction velocities, the higher the frequency in the EMG spectrogram (Seven et al., 2013). In the anterior digastric muscle of the rat, a significant proportion of type 2B, fast contracting, fibers are found in peripheral regions, and a lower proportion of type 1, slow contracting, fibers are found in the central regions (Cobos et al., 2001). The transition from type 1 to type 2 fibers may occur during reduced masticatory loading, followed by a reduction in muscle fiber size (Tsai et al., 2012). In the present study, the higher mean/median EMG burst frequencies observed during early contraction reflect the activation of larger type 2B fast contraction fibers. The shift to lower frequencies in the late contraction period suggests that a larger muscle force was generated in the early contraction period during stimulation, and the muscle force tended to reduce in the late contraction period. On the other hand, the low occlusal loading by feeding a soft diet resulted in decreased force generation during contraction, due to altered muscle fiber size and conduction velocity, which causes muscle fatigue during dynamic muscle contraction.

In summary, the findings of our study provided further evidence that decreasing occlusal loading through consumption of a soft diet induces smaller patterns of cortically-evoked jaw movements. Changes in occlusal functions are associated with neuroplasticity in the jaw and tongue motor representations within the somatosensory cortex (Avivi-Arber et al., 2010b, 2015). Neural signals from the CMA induce projections to the brainstem reticular formation and trigeminal motor nuclei, which induces various trigeminal actions to orofacial regions (Morquette et al., 2012). Cortical inputs to motoneuron pools provide a direct pathway for voluntary control of jaw muscles and fine control of voluntary bite force (Nordstrom, 2007). The masticatory CPG mainly regulates the rhythmic trigeminal activity of masticatory movements, and peripheral sensory information may modulate the central motor command (Nakamura and Katakura, 1995). Our results suggest that consuming a soft diet during early development inhibits the motor performance of higher brain centers, and masticatory functions never reach the normal levels during the experimental period. In our study, we only investigated the RJM trajectories and EMG activities from 5 to 11 weeks of age in rats. The functional properties of oral mechanoreceptors (i.e., periodontal and temporomandibular joint mechanoreceptors) and trigeminal neurons in the brainstem are mature by an age of 5 weeks in rats (Nasution et al., 2002; Ishida et al., 2009; Hiranuma et al., 2013). In addition, the craniofacial growth maturation of the rats reaches a plateau in approximately 79 days (Abed et al., 2007). Thus, we believe that it is important to learn the masticatory function and associated neuromuscular control from the brain, particularly from the CMA, around these time periods. However, it remains controversial whether the low occlusal function actually affects the functional activity of the masticatory CPG since we found no significant changes in the duration and rhythm of jaw movements between the groups in our study. Therefore, further studies are needed to explore the effects of alterations in oral functions on the functional configuration of the masticatory CPG in rats fed with foods of different consistencies.



CONCLUSION

The present study shows that (1) the pattern of cortically-induced RJMs become stable after 9 weeks of age in rats; (2) changing the loading force alters the maturation and pattern of cortically induced RJMs during growth; (3) with decreased occlusal function, the masticatory CPG maintains the duration of jaw movement sequences during growth, in accordance with the stimulus interval that is applied to CMA; and (4) long-term low occlusal loading generates downward shifts in frequency with localized muscle fatigue. Collectively, the present findings suggest that alteration of occlusal loading force during the several weeks after weaning significantly modulates the regulation of cortically-induced RJMs and the neuromuscular response of jaw muscles during development. Therefore, an appropriate ingestion behavior during the growing period should be essential for the normal growth and development of the craniofacial complex, as well as for the maturation of masticatory functions.
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Disrupted development of oropharyngeal structures as well as cranial nerve and brainstem circuits may lead to feeding and swallowing difficulties in children with 22q11. 2 deletion syndrome (22q11DS). We previously demonstrated aspiration-based dysphagia during early postnatal life in the LgDel mouse model of 22q11DS along with disrupted oropharyngeal morphogenesis and divergent differentiation and function of cranial motor and sensory nerves. We now ask whether feeding and swallowing deficits persist in adult LgDel mice using methods analogous to those used in human patients to evaluate feeding and swallowing dysfunction. Compared to wild-type mice, videofluoroscopic swallow study revealed that LgDel mice have altered feeding and swallowing behaviors, including slower lick rates, longer inter-lick intervals, and longer pharyngeal transit times with liquid consistency. Transoral endoscopic assessment identified minor structural anomalies of the palate and larynx in one-third of the LgDel mice examined. Video surveillance of feeding-related behaviors showed that LgDel mice eat and drink more frequently. Furthermore, LgDel animals engage in another oromotor behavior, grooming, more frequently, implying that divergent craniofacial and cranial nerve structure and function result in altered oromotor coordination. Finally, LgDel mice have significantly increased lung inflammation, a potential sign of aspiration-based dysphagia, consistent with results from our previous studies of early postnatal animals showing aspiration-related lung inflammation. Thus, oromotor dysfunction, feeding, and swallowing difficulties and their consequences persist in the LgDel 22q11DS mouse model. Apparently, postnatal growth and/or neural plasticity does not fully resolve deficits due to anomalous hindbrain, craniofacial, and cranial nerve development that prefigure perinatal dysphagia in 22q11DS. This new recognition of persistent challenges with feeding and swallowing may provide opportunities for improved therapeutic intervention for adolescents and adults with 22q11DS, as well as others with a history of perinatal feeding and swallowing disorders.

Keywords: 22q11 deletion syndrome, DiGeorge syndrome, pediatric dysphagia, dysphagia, deglutition, feeding, mouse model


INTRODUCTION

Almost all infants with 22q11.2 Deletion Syndrome (22q11DS) have pediatric dysphagia—perinatal difficulties with suckling, feeding, and swallowing (1). As a consequence, many children with 22q11DS have recurrent naso-sinus and respiratory infections, impaired speech development, and failure to thrive (2, 3). Clinically significant dysphagia continues in approximately one-third of individuals with 22q11DS as they mature, and approximately half will require enteral feeding interventions (1). Our previous work demonstrates that newborn LgDel mice—a genomically accurate 22q11DS model that carries a heterozygous deletion of 28 contiguous genes on mouse chromosome 16, orthologous to the minimal 1.5 MB critical region on human chromosome 22 deleted in 22q11DS (4, 5)—exhibit multiple signs of pediatric dysphagia (6, 7). It is not clear, however, whether maturation or compensatory changes including neural circuit plasticity correct or at least diminish presumed developmental pathology. Thus, we asked whether dysphagic symptoms continue into maturity in adult LgDel mice using high resolution video and fluorographic analysis of oromotor function and feeding-related behaviors.

Several clinically significant 22q11DS phenotypes, including pediatric dysphagia, emerge during infancy and early life (2, 8–10). Many of these phenotypes reflect disruptions of the developmental program for embryonic pharyngeal morphogenesis (11). Nevertheless, feeding difficulties in 22q11DS are apparently independent of palatal and/or cardiac disruption and instead reflect poor coordination of the suck/swallow/breathing pattern (1), implicating altered neural circuit differentiation in this 22q11DS clinical complication. Disrupted patterning of the embryonic hindbrain, as well as divergent development of cranial nerves (CNs) V, IX, and X precede these anomalies (7). Despite these developmentally established differences, it remains unclear whether apparently related perinatal feeding and swallowing difficulties are mostly resolved subsequently, or whether they persist, introducing ongoing challenges for essential oromotor behaviors throughout life.

Accordingly, we characterized feeding and swallowing related behaviors as well as oropharyngeal and craniofacial morphology in adult LgDel mice and wild type (WT) controls and assessed additional signs of aspiration-related swallowing difficulties. We assessed functional phenotypes related to dysphagia using fluoroscopic and endoscopic approaches as well as automated video-based monitoring and computational analysis of baseline feeding behaviors. We found that LgDel adult mice have persistent oromotor control difficulties, disrupted feeding, and aspiration-related lung inflammation. These studies establish methods for continued analysis of the consequences of underlying developmental origins of dysphagia and a preclinical model so that rational strategies of treatment and prevention can be devised.



METHODS


Animals

All mice in this study were offspring from a Del(16Dgcr2-Hira)1Rak (LgDel) colony maintained at The George Washington University. Wild-type (WT) and LgDel littermates were obtained by crossbreeding heterozygous C57BL/6N LgDel males with adult C57BL/6N WT females. Following genotyping by PCR (12) at weaning, 32 colony offspring were allocated to this study: 16 LgDel (11 males and five females) and 16 WT (10 males and six females). Mice were subsequently ear punched for identification and group housed (based on sex and litter) without experimental testing until approximately 3 months of age. At that time, 22 mice (11 LgDel: six males and five females; 11 WT: five males and six females) were shipped to the University of Missouri and following a 2-week quarantine period, were processed for fluoroscopic (13–15) and endoscopic (16–19) assessments of deglutition-related structure and function. The remaining 10 mice (5 LgDel and 5 WT, all males) were retained at The George Washington University for video surveillance of feeding and grooming activity using automated behavioral analysis (HomeCageScan 3.0; CleverSys Inc., Reston, VA) and Capture Star software (Version 1; CleverSys Inc.). Mice were housed in accordance with NIH and Institutional Animal Care and Use Committee guidelines, under standard local light/dark cycle conditions at The George Washington University (14/10 h) and the University of Missouri (12/12 h).



Experimental Procedures

Mice underwent experimental procedures described below between 3 and 4 months of age, followed by euthanasia for post-mortem assessment of lung tissue and cranial bones. The genotypes of all mice were blinded until all data collection was completed; unblinding occurred following data entry for statistical analysis.


Fluoroscopic Assessment of Feeding and Swallowing

Mice (n = 11 WT, 11 LgDel, mixed sexes, 3–4 months of age) underwent videofluoroscopic swallow study testing (VFSS) at the University of Missouri using custom equipment and an established protocol (13–15). Following 2-week behavioral conditioning to optimize performance, VFSS testing was performed separately for drinking vs. eating, spaced 1 week apart. For each test (drinking vs. eating), mice were individually subjected to ~2 min of low dose radiation (~30 kV and ~0.2 mA) using our miniaturized fluoroscope (The LabScope, Glenbrook Technologies, Randolph, NJ). The night prior to testing, mice were weighed (grams) and then underwent either a water restriction (12 h) to motivate voluntary drinking or a food restriction (4–6 h) to motivate voluntary eating, both in the home cage. A VFSS test chamber with one endcap removed was placed in the home cage overnight for mice to voluntarily explore; this same test chamber was used during VFSS testing the following morning. During testing, mice were enclosed within the test chamber and positioned within the lateral plane of the fluoroscope (Figure 1). For drinking, our established thin liquid oral contrast agent (Omnipaque, GE Healthcare, 350 mg iodine/mL; diluted to a 25% solution with deionized water and 3% chocolate flavoring) was administered via a custom syringe delivery device into a custom bowl, secured to the test chamber end-cap closest to the radiation source. For eating, peanut butter flavored kibble (circular shape, ~10 mm diameter ×5 mm thick) extruded with barium (40% weight/volume, manufactured in collaboration with AFB International, St. Charles, MO), which retains a dry, crunchy consistency, was used for fluoroscopic assessment of mastication-related behaviors. For each mouse, a half piece of kibble (~10 × 5 × 5 mm) was placed in the chamber bowl. Throughout testing, the fluoroscope was activated via foot pedal only when the mouse was actively drinking or eating, visualized in real-time using a webcam (Logitech, HD Pro C920) positioned above the test chamber. A custom, remote-controlled platform was used to maintain the mouse's head and neck in the fluoroscopy field of view while drinking and eating.


[image: Figure 1]
FIGURE 1. Fluoroscopic assessment of feeding and swallowing. (A) A mouse confined within a test chamber (asterisk) positioned in lateral view within our miniature fluoroscope. Representative radiographic images of a mouse voluntarily drinking liquid contrast from a bowl (B) and eating barium extruded kibble held in the forepaws (C), with jaw tracking markers positioned on the upper (yellow) and lower (blue) jaw using our JawTrack™ software. Representative plots showing automated tracking of jaw open/close motion during drinking (D) and eating (E), with labeled events of interest. Green and red dots indicate when the jaw is maximally opened vs. closed, respectively. Pink shaded box indicates region of interest for analysis (2 s for drinking, 20 s for eating), starting with a swallow event (pink line). Gray dashed box distinguishes rotary chewing from incisive biting patterns during eating. ILI, inter-lick interval; ISI, inter-swallow interval; PTT, pharyngeal transit time. Radiographic calibration marker (black line) = 10 mm.


Approximately 30 s to 1 min of video was captured separately for drinking and eating episodes, digitally recorded at 30 frames per second (fps) and saved as AVI files. From these videos, five 2 s episodes of uninterrupted drinking and one 20 s episode of uninterrupted eating were identified; the start frame coincided with a swallow event, identified as abrupt movement of the bolus from the vallecular space (i.e., the stereotypical swallow trigger point in mice) to the esophagus. These “episodes” were spliced from the raw video using Pinnacle Studio (version 14; Pinnacle Systems, Inc., Mountain View, CA), with five frames added to each end to provide contextual information as needed during subsequent frame-by-frame analysis using our custom VFSS analysis software, JawTrack™. This software (© Copyright 2019 by The Curators of the University of Missouri) provides an interactive interface that permits automated tracking of jaw motion during drinking and eating in rodents based on the location of manually placed markers on the upper and lower jaw in the first frame of each video clip. The distance (in pixels) between the two markers is automatically converted into mm for each video frame, based on manual tracing of the 10 mm calibration marker at the top of the first video frame image displayed in the interface. Following jaw tracking, the interface displays a graph of cyclic jaw opening and closing motion (distance over time), synchronized with the video. Jaw tracking events (i.e., maximally opened or closed jaw) are manually reviewed and easily edited within the interface. Further, bolus flow events of interest (e.g., swallowing) can be manually added via makers within the jaw tracking graph. Once all events are edited/added, a set of VFSS metrics (Table 1) is automatically calculated and displayed in the interface as well as automatically exported into an Excel spreadsheet for subsequent use in statistical analysis. The only exception is mastication rate, which required manual identification of rotary chewing behaviors in the graphic display. Also of note, pharyngeal transit time was not included during eating, as bolus flow through the distal pharynx and proximal esophagus was typically obscured by the shoulders and arms while mice ate kibble from the forepaws.


Table 1. VFSS metrics and operational definitions.

[image: Table 1]



Endoscopic Assessment of Upper Airway Structure and Function

Within 1 week after completing VFSS testing, the same 22 mice underwent transoral endoscopy for gross assessment of craniofacial structure and function using our established protocol and custom equipment (16–19). The night prior to endoscopy, mice were food restricted for 4–6 h to prevent post-prandial retention of food in the pharynx that may interfere with testing. Mice were anesthetized with ketamine-xylazine (90 mg/kg ketamine,11.25 mg/kg xylazine, subcutaneous injection) followed by a single dose of ketamine (1/2 the original dose) to maintain light sedation (i.e., only local limb movement in response to toe pinch) while secured in ear bars in dorsal recumbency within our custom murine endoscopy suite. Core body temperature was maintained at 37 ± 0.2°C using a rectal thermocouple (DC Temperature Control System; FHC, Bowdoin, ME). Mice spontaneously breathed room air during the entire procedure, which lasted ~30 min.

Endoscopy was performed using a miniature endoscope (sialendoscope; R11573A; Karl Storz). A custom laryngoscope was used to secure the endoscope to a custom micromanipulator, which permitted precise manual control. The tongue was gently retracted as the endoscope was guided via micromanipulator into the oral cavity, then slowly advanced to visualize the pharynx and larynx. The larynx was maintained in the endoscope field of view for approximately 10 s to visualize spontaneous abduction and adduction motion during each inspiratory and expiratory phase of the respiratory cycle, respectively. Using our previously published methods (19), we then assessed the laryngeal adductor reflex (LAR) by delivering up to five air puffs per mouse, targeting the arytenoid mucosa near the dorsal commissure. Air pulses (4 mm Hg, 250 ms duration) were delivered via the sialendoscope working channel using our custom air pulse generating device, with stimuli spaced at least 10 s apart. Responses were scored as present or absent. A present response was identified by abrupt, brief glottic closure (i.e., bilateral arytenoid medialization) immediately following air pulse delivery. The entire endoscopic procedure was video recorded at 30 fps and saved as MPEG files.

At a later time, the videos were viewed via Pinnacle Studio (version 14; Pinnacle Systems) to identify gross structural and functional anomalies. LAR events were analyzed frame-by-frame to identify the start and end frame, which was used to calculate LAR duration (ms). From each video, a 10 s episode of uninterrupted vocal fold motion during spontaneous breathing was spliced from the raw video for objective analysis using our custom laryngeal motion analysis software, VFtrack™. This software (© Copyright 2017 by The Curators of the University of Missouri) provides an interactive interface that permits automated tracking of laryngeal motion during breathing, based on manually placed markers on the left and right glottal edge (near the vocal process) and dorsal commissure (midline between the arytenoids) in the first frame of each video clip. Using these three points, two separate lines are automatically drawn along the left and right glottal edge. The location of the left and right points is automatically adjusted to be equidistant from the dorsal commissure point, using the furthest left/right point as the reference. The adjusted points are then automatically tracked in all subsequent video frames and graphically displayed in the interface as a cyclic waveform representing the oscillatory motion of the larynx during breathing. Using the interface, glottal tracking events can be manually reviewed in synchrony with the video and edited as needed. Following manual review and editing, a set of laryngeal motion metrics (Table 2) is automatically calculated and displayed in the interface, as well as automatically exported into an Excel spreadsheet for subsequent use in statistical analysis. A summary of the entire endoscopic test and analysis process is shown in Figure 2.


Table 2. Laryngeal motion metrics and operational definitions.
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FIGURE 2. Endoscopic assessment of upper airway structure and function. (A) Modified sialendoscope with micromanipulator control for precise transoral insertion. Representative endoscopic images of a mouse pharynx (B) and larynx (C) with labeled structures. In mice, the glottal edge is formed predominantly by the arytenoids (black asterisks); the proportionately smaller vocal folds (red arrows) are nearly obscured by the epiglottis (yellow asterisk); red dots indicate the location of the arytenoid vocal process. (D) Air pulse stimulation of the arytenoid mucosa near the dorsal commissure evokes the glottic closure reflex (i.e., laryngeal adductor reflex, LAR), identified by brief, bilateral medialization of the arytenoids and vocal folds. (E) Tracking lines positioned along the left (blue) and right (red) glottal edge using our VFTrack™ software, based on the location of three manually placed markers within the software interface: blue (left arytenoid vocal process), red (right arytenoid vocal process), and green (dorsal commissure). (F) Representative plot showing automated tracking of glottal edge open/close motion during spontaneous breathing under light sedation. Green and red dots indicate when the glottis is maximally opened during inspiration vs. maximally closed during expiration, respectively.




Craniofacial Imaging

While still anesthetized from endoscopy, photographic (Apple iPhone 6 Plus) and radiographic (LabScope) images were obtained for gross assessment of craniofacial structures and features. Mice were photographed from the front, left lateral, and right lateral positions, followed by fluoroscopic imaging in the lateral and axial planes. Images of LgDel mice were compared side-by-side with WT mice to identify visibly obvious abnormalities in craniofacial structure and symmetry.



Post-mortem Assessment of Lung Tissue and Cranial Bones

Following imaging and while still anesthetized, mice were euthanized by pentobarbital overdose (390 mg/ml + sodium phenytoin 50 mg/ml, intraperitoneal injection), followed by cardiac perfusion with saline and then 4% paraformaldehyde (PFA). The lungs (with trachea attached) and skulls were collected and shipped to The George Washington University on dry ice for processing. Lungs were washed in phosphate-buffered saline, equilibrated in 30% sucrose, and then embedded in optimal cutting temperature (OCT) compound. Frozen lung tissue was sectioned at 20 microns via cryostat (Leica CM1950) and stained with Hematoxylin and Eosin (H&E). Images were acquired using an Olympus BX63 Upright Microscope equipped with a DP80 digital camera and cellSens imaging software using the 10X and 20X objectives. Hemorrhages were digitally quantified in Adobe Photoshop (20). Five images were taken for each sample, each adjusted in Adobe Photoshop using the following methods: (1) the Magic Wand tool was used to select and remove the background from the image; (2) under the Hue/Saturation tool, the red channel was selected and increased to +100; (3) the blue channel was selected and maximally decreased, and the lightness was increased to +100; and (4) the brightness and contrast were changed to 150 and 100, respectively. These color adjustments isolated the darker red/purple hues of blood vessels and clumps of neutrophils. The threshold was then set to 130 to completely isolate the inflamed pixels. An inflammation ratio for each image was calculated by comparing the number of pixels within the threshold and the total number of pixels before editing. The five inflammation ratios per sample were averaged together to obtain a representative inflammation ratio for each mouse.

For bone analysis, fixed cranial bones were isolated by multiple digestions (3–4 days each, until tissue was removed, over a period of ~3 weeks) with proteinase K (200 μg/ml) at 60°C in buffer (20 mM Tris, 10 mM CaCl2, 400 mM NaCl, 1% Sodium dodecyl sulfate, pH 8.0). Bones were imaged on a Leica M420 microscope with a 5MP digital camera. Mandibles were imaged laterally, and pixel measurements between cardinal points were made in Adobe Photoshop and converted to millimeter measurements by scaling to a micrometer imaged in the same imaging session.



Video Surveillance of Feeding and Grooming Activity

A separate cohort consisting of 10 male mice (5 WT, 5 LgDel, 3–4 months of age) collected from multiple litters, was assessed using an automated behavioral analysis system (HomeCageScan 3.0; CleverSys Inc., Reston, VA) and Capture Star software (Version 1; CleverSys Inc.) that permits real-time detection and analysis of a variety of unconstrained rodent behaviors (21). For this study, we focused on detection and analysis of drinking, eating, and grooming behaviors for comparison with non-oromotor-based behaviors (Figure 3). Testing entailed placing individual mice into a clean shoebox-style acrylic cage with a filter top. Within each cage, a wire top feeder provided free access to standard rodent pellets in a U-shaped hopper and water from a standard spout bottle. Each cage was placed into one of the four chambers (stacked 2 X 2) within the monitoring system, each equipped with one infrared camera positioned exterior to the right or left side of the cage, depending upon chamber assignment, for side-view recording. The position of all four cameras was adjusted within each chamber to maintain a consistent field of view within and between cages. To maximize visibility within the cage, enrichment material was limited to a thin layer of cobb bedding on the cage floor and half of a nestlet (i.e., nesting material). Mice were acclimated to the cage for 24 h, followed by 72 consecutive hours of video recording (30 fps, MPG file format) and real-time detection and analysis of drinking, eating, and grooming activity (frequency and duration; Table 3). Prior to recording, the following parameters were manually defined within the software: location of the food hopper and waterspout, and interior cage perimeter (i.e., free-space accessible to the mouse). It should be noted that all mice appeared healthy prior to and following the recording, with no evidence of barbering, hair loss, or skin lesions due to chewing. Additionally, eating and drinking occurred while the mice were rearing on hind legs due to the location of the food hopper and waterspout, as shown in Figure 3, which allowed the software to readily detect these behaviors for analysis. For each mouse, the automatically detected and analyzed drinking, eating, and grooming data (frequency and duration) from the 72 h of video recording were exported to Excel as three 24 h periods (bins), each including chronological event classification (drinking, eating, or grooming), along with the corresponding timestamp, frequency, and duration of each event. At a later time, the data were “spot checked” for accuracy at ~6 h intervals by manually comparing the automated event classification with the corresponding timestamp in the video recording. Data from the three 24 h bins were averaged for each mouse for statistical analysis.


[image: Figure 3]
FIGURE 3. Behavioral video surveillance of murine activity via HomeCageScan. (A) Schematic of CleverSys Inc. HomeCageScan chamber and camera set-up made up of four separate chambers, each with its own camera for behavioral recording. One mouse/cage was placed into each chamber, up to 4 animals at a time to be analyzed. (B) Enlarged image for detail of the cameras used to record all behaviors attached to each chamber. (C–E) Specific parameters for each standard size cage were manually defined prior to recording in order to ensure accurate analysis: yellow—area of the proximal lateral cage wall, pink—area of the distal lateral cage wall, dark blue—area of the front and back cage walls, light blue—area and height of the bedding, green—food container, red—drinking spout. All three images were taken from the same animal. (C) Still image of “drinking” behavior recorded and analyzed by the software. (D) Still image of “eating” behavior recorded and analyzed by the software. (E) Still image of “grooming” behavior recorded and analyzed by the software.



Table 3. HomeCageScan metrics and operational definitions.
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Statistical Analysis

After verifying a normal data distribution for each variable, independent samples t-tests were used to explore differences between the two genotypes (WT and LgDel), using averaged data when applicable. Outliers were identified but not removed from the dataset. Statistical analyses were performed using IBM SPSS Statistics 24. Variability within genotype was reported as the mean ± standard error of mean (SEM) for each variable, and two-sided p values of 0.05 or less were considered statistically significant. Mandibular measurements were assessed by 2-way ANOVA (genotype x side, GraphPad PRISM) to account for measurements of both left and right bones.





RESULTS


Fluoroscopic Assessment of Feeding and Swallowing

We first asked whether the oral or pharyngeal phases of feeding and swallowing in LgDel mice differed from their WT counterparts. All 22 mice subjected to VFSS testing voluntarily participated, resulting in 110 drinking-based video clips (2 s each) and 22 eating-based video clips (20 s each) for frame-by-frame analysis of VFSS metrics (Table 1) using JawTrack™. Body weight prior to VFSS testing was not significantly different between groups (p = 0.373; WT: 22.39 ± 0.55; LgDel: 21.83 ± 0.26). We analyzed both male and female mice; however, we have not separated the samples by sex for this study. Some behavioral sex differences have been described in individuals with 22q11DS: males tend to be more withdrawn, have more somatic complaints, and are more likely to have anxiety and depression than females (22). Nevertheless, the incidence of dysphagia and other airway abnormalities in 22q11DS does not differ between males and females (1, 10, 23–26). In addition, our previous research with adult C57BL/6J mice revealed no significant differences in swallowing function between sexes (13). Compared to WT mice, LgDel mice had altered swallowing behaviors during drinking (Table 4; Figure 4). Specifically, LgDel mice had significantly slower lick rates (p = 0.035; WT: 8.71 ± 0.18; LgDel: 8.07 ± 0.22; Figure 4A), longer inter-lick intervals (p = 0.046; WT: 114.43 ± 2.30; LgDel: 121.91 ± 2.65; Figure 4B), and longer pharyngeal transit times (p = 0.013; WT: 85.82 ± 1.91; LgDel: 94.36 ± 2.50; Figure 4C). All other drinking- and eating-based VFSS metrics were not statistically different between genotypes (p > 0.05; Table 4). Thus, there are significant differences in distinct, measurable aspects of the oral and pharyngeal phases of feeding and swallowing in adult LgDel mice.


Table 4. VFSS summary statistics.
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FIGURE 4. Fluoroscopic evidence of feeding and swallowing deficits in LgDel mice. Analysis of fluoroscopic videos using our JawTrack™ software revealed that three of the eight VFSS metrics investigated were statistically significant between LgDel mice (red) and WT controls (blue). Specifically, LgDel mice had (A) slower lick rates, (B) longer inter-lick intervals, and (C) longer pharyngeal transit times when voluntarily drinking thin liquid contrast.




Transoral Endoscopy

We next asked whether oropharyngeal dysmorphology accompanies these functional differences in LgDel adult feeding and swallowing. Minor structural anomalies of the palate and larynx were identified in four of the 11 LgDel mice (36%) that underwent transoral endoscopic assessment. All of the WT mice appeared structurally normal. Specifically, one LgDel mouse had an asymmetric soft palate, two had extraneous laryngeal mucosa along the medial edge of the glottis, and another had a narrowed larynx without any visible aryepiglottic folds (Figure 5). Laryngeal adductor reflex (LAR) testing was successful in only eight mice (4 WT and 4 LgDel), mainly attributed to the laryngoscope diameter (2.0 mm outer diameter) being slightly too large to pass through the laryngeal inlet for targeted air pulse delivery to the dorsal commissure of the larynx. The LAR was evoked in all 4 WT mice but only three of the four LgDel mice. For the seven mice with LAR responses, no difference in LAR duration was identified between WT and LgDel mice (p = 0.197). VFtrack™ analysis of the 10 s endoscopic video clips revealed that laryngeal motion metrics were not significantly different between WT and LgDel mice (p > 0.05), as summarized in Table 5. In other words, laryngeal motion in LgDel mice was bilaterally symmetric during spontaneous breathing under light anesthesia, without detectable aberrations in motion range or frequency. Thus, structural anomalies of the palate, glottis and larynx, at moderate penetrance, accompany functional disruption feeding and swallowing in LgDel mice. Nevertheless, the consequences of these anomalies for baseline laryngeal reflexes and function during breathing are uncertain; few differences were detected between LgDel and WT for these measures.


[image: Figure 5]
FIGURE 5. Endoscopic evidence of palatal and laryngeal anomalies in LgDel mice. Representative images showing advancement of the endoscope into the pharynx (A,B) and laryngeal inlet (C,D) to visualize the glottis (E,F). Compared to WT mice (A,C,E), LgDel mice displayed several minor structural anomalies, including soft palate asymmetry (red arrowheads), and in this mouse, strands of fur (white arrowheads) were found lodged within the laryngeal inlet (B); narrowed epiglottis with visibly absent aryepiglottic folds (D); and extraneous mucosa (red asterisk) along the medial edge of the arytenoids (F). Black asterisks, arytenoid mucosa; white arrows, aryepiglottic folds; red arrows, vocal folds; yellow arrow, laryngeal pouch. Images were adjusted for color, brightness, and contrast to enhance visualization of key features.



Table 5. Laryngeal motion summary statistics.
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Craniofacial Imaging

It seemed possible that partially penetrant, but significant, oropharyngeal functional and structural anomalies in LgDel adult mice might occur in concert with extrinsic craniofacial anomalies. Facial photography and skull radiographs revealed structural anomalies of the eyes, premaxilla, nasal spine, incisors, and/or snout in two of the 11 LgDel mice (18%; Table 6; Figure 6). One of these mice was previously identified via endoscopy as having soft palate asymmetry. This brings the final count to five of the 11 LgDel mice (45%) identified with anomalies based upon assessment of craniofacial structure and function. To confirm these in vivo assessments we isolated the mandible, nasal, frontal and zygomatic bones of the dorsal skull of one of these mice, and saw significant bone dysmorphology that parallels the live craniofacial malformations (Figure 6). Thus, in agreement with initial measures of quantitative changes in the size and structure of the mandible in juvenile LgDel mice (7), there is evidence of variable extrinsic craniofacial dysmorphology in LgDel adults.


Table 6. Individual LgDel mice with craniofacial structural and functional anomalies.
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FIGURE 6. Craniofacial anomalies in LgDel mice identified via facial photographs, skull radiographs, and bone morphology. Representative images of a WT mouse in dorsal and lateral view (A,G) and skull bones (C,E,I) showing symmetric facial features. Some LgDel mice had facial asymmetry involving the eyes and snout (B,H), and skull abnormalities involving the nasal spine, premaxilla, and incisors (D,F,J). The mouse depicted here displayed all of these abnormalities; however, this phenotype had low penetrance. Representative examples of right mandible from WT (K) and LgDel (L) mice showing difference in morphology of the coronoid process (blue arrow) and condyle (asterisk). (M) Quantification shows LgDel mice have a significantly shorter distance between the coronoid process and the head of the mandible than their WT counterparts (p < 0.005). Scale bar = 1 mm.


To assess whether the mandibles of the LgDel animals we analyzed were morphologically distinct from our WT sample for this study, we performed a multi-point morphometric assay, measuring the distance between cardinal points (7). The results of these measures that assess dorsal-ventral and anterior-posterior lengths in this relatively small sample of adult male mice of both genotypes were significantly more variable than in the much larger cohort of younger mice we analyzed previously (7), and did not reach statistical significance. On further inspection, there was one morphological distinction between LgDel and WT mandibles: the shape and size of the mandibular notch (i.e., the curved depression between the coronoid process and the head of the mandible) appeared altered. An additional measurement of the distance between the tip of the coronoid and the mandibular head confirmed this difference (p < 0.005 by two-way ANOVA; Figure 6).



Video Surveillance of Feeding and Grooming Activity

The evidence for selective disruption of feeding and swallowing mechanics, and related anatomical anomalies, suggested that ongoing feeding or other orofacial behaviors observed in mice housed in standard conditions without any manipulations or special modes of measurement might differ in LgDel vs. WT mice. We used an automated video recording and coding system (HomeCageScan; see Methods) to observe and quantify natural feeding-related behaviors with no additional intervention. We recorded several spontaneous behaviors in the home cage over a period of 72 h. Review of the quantitative data and corresponding video recording at ~6 h intervals for each mouse revealed that automated detection/classification of drinking, eating, and grooming behaviors via HomeCageScan was accurate. All three classes of behaviors were altered in LgDel compared to WT mice, based upon the reported mean and SEM values and corresponding statistical analysis (Table 7; Figure 7). The drinking frequency (events/bin) was 1.2 times higher for LgDel animals compared to WT mice (p = 0.0006; WT: 82.32 ± 4.8; LgDel: 102.72 ± 3.36; Figure 7A), with an associated 2-fold increase in drinking duration (seconds/24 h; p < 0.0001; WT: 107.40 ± 6.00; LgDel: 223.2 ± 4.80; Figure 7B). Similarly, the eating frequency was 2.3 times higher for LgDel animals compared to WT mice (p < 0.0001; WT: 456.00 ± 19.20; LgDel: 1,070.88 ± 30.72; Figure 7C), with an associated 2.8-fold increase in eating duration (p < 0.0001; WT: 442.20 ± 18.60; LgDel: 1,257.60 ± 30.60; Figure 7D). Disparities in grooming habits were also observed between the two groups of mice. While the grooming frequency was 1.2 times higher for LgDel animals compared to WT mice (p < 0.0001; WT: 386.64 ± 15.36; LgDel: 484.56 ± 5.52; Figure 7E), the grooming duration was not found to be significantly different between the two groups of animals (p = 0.6297; WT: 12,168.60 ± 427.80; LgDel: 11,948.40 ± 103.80; Figure 7F). We also evaluated non-oromotor behaviors including walking slowly, come down duration, and duration of hanging vertically from a cuddled position, which did not differ in the LgDel animals vs. WT mice (Figures 7G–I). It is apparent that the LgDel mice have ongoing challenges in drinking, eating, and grooming, all of which require oromotor coordination, in their standard environment.


Table 7. Feeding and grooming activity summary statistics.
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FIGURE 7. Feeding and grooming activity is altered in LgDel mice. Behavioral activity recorded via CleverSys Inc., HomeCageScan system. All animals were recorded for 72 consecutive hours and subsequently analyzed in 24-hour bins. Each bin was plotted for all animals along with SEM and mean values (WT, N = 5; LD, N = 5). Compared to WT mice, LgDel mice had a significantly higher drinking frequency (A), longer drinking duration (B), higher eating frequency (C), and longer eating duration (D). In addition, grooming frequency occurred at a significantly higher rate for LgDel mice compared to WT animals (E); however, grooming duration was not significantly different between groups (F). Non-oromotor behaviors, such as walking (G), come down duration (H), and duration of hanging vertically from a cuddled position (I), did not differ between the LgDel and WT mice.




Post-mortem Assessment of Lung Tissue and Cranial Bones

Our previous studies established increased inflammation and the presence of milk proteins in the lungs as a signal of aspiration-based dysphagia in neonatal LgDel mice (6, 7). In H&E stained sections, lung inflammation appears as increased blood vessel dilation with pooling of blood in the tissue (27). To evaluate inflammation in the lungs of mice previously evaluated by fluoroscopic assessment of feeding and swallowing, dissected lungs were assessed for histological evidence of inflammation (Figure 8). LgDel lungs showed significantly greater evidence of inflammation, including dilated blood vessels and cellular accumulations of eosin stained proteins and erythrocytes. We found a >4-fold increased lung inflammation in LgDel compared to control mice (p = 0.0016; WT: 0.78 ± 0.13%; LgDel: 3.93 ± 0.85%; Figure 8). There was no correlation between lick rate and lung inflammation as determined by plotting lick rate vs. lung inflammation, followed by linear regression. For example, the most affected LgDel mutant for lick rate was the most normal of the mutants in terms of inflammation but the second highest LgDel mouse for lick rate. The LgDel mouse with the most apparent craniofacial abnormalities had a lick rate of 7.2 Hz and was near the mean in terms of inflammation (3.34%).


[image: Figure 8]
FIGURE 8. Inflammation of lung tissue in LgDel mice. Representative image of H&E stained lung tissue from a WT (A) and LgDel (B) mouse taken with the 10X objective; scale bar = 100 microns. The LgDel sample shows evidence of inflammation, including pools of erythrocytes (red staining). (A',B') Processed images showing isolation of pixels with pools of erythrocytes in LgDel but not WT samples. (A”,B”) Magnification of boxed regions in (A,B) showing greater detail of inflammation found in the LgDel lungs. Images were taken with the 20X objective; scale bar = 50 microns. (C) Graph showing significantly increased lung inflammation in LgDel compared to WT littermates. **p < 0.01.


To assess the mandibles, we performed a multi-point morphometric assay to measure the distance between cardinal points, as performed previously (7), using the male cohort of tested mice. The results of these measures—designed to assess dorsal-ventral and rostral-caudal lengths—were significantly more variable than a previously tested younger cohort and did not reach statistical significance. On further inspection, it appeared that there was a morphological distinction between LgDel and WT mandibles, particularly in the shape of the sigmoid (i.e., mandibular) notch. An additional measurement of the distance between the tip of the coronoid process and the condyle revealed a significant difference between groups (p < 0.005). Images from isolated skull bones are included in Figure 6, which illustrate dysmorphology similar to our findings via facial photographs and skull radiographs.




DISCUSSION

We characterized functional, structural, and baseline behavioral correlates of feeding and swallowing in adult LgDel mice to determine if dysphagia recognized perinatally in LgDel pups is followed by sustained difficulties in feeding and swallowing in maturity. We found that lick rate is slower and the inter-lick interval is longer in LgDel adult mice, both of which are correlates of impaired feeding and oral stage dysphagia. The increase in pharyngeal transit time is an indicator of motility issues during the pharyngeal stage of swallowing. These functional changes are accompanied by variably penetrant oropharyngeal dysmorphology and extrinsic craniofacial anomalies in adult LgDel mice. These specific disruptions in feeding, swallowing, and related oropharyngeal and craniofacial structures were paralleled by altered homeostatic drinking, eating, and grooming, all of which require oromotor coordination. Finally, LgDel mice had far more frequent signs of lung inflammation consistent with food and/or liquid aspiration than WT counterparts. Together, these anomalies demonstrate that the developmental disruptions associated with perinatal feeding and swallowing difficulties in LgDel mouse pups are maintained, resulting in a high frequency of feeding and swallowing difficulties in adulthood.


Persistent Feeding Difficulties and Oropharyngeal Dysphagia

Deficits in lick rate, rhythm (inter-lick interval), and pharyngeal transit time in LgDel mice are indicative of tongue dysfunction, which corresponds with our previous finding of altered CN XII neurodevelopment in this model (28). Aside from the tongue, numerous pharyngeal muscles contribute to the pharyngeal stage of swallowing, with motor innervation supplied by CN IX and X, both of which have been shown to have divergent development from normal in LgDel mice (7). Prolonged pharyngeal transit times correspond to impaired pharyngeal constriction (i.e., pharyngeal squeeze) by the tongue and pharyngeal muscles during swallowing, which is associated with increased laryngeal penetration of liquids and aspiration pneumonia risk in dysphagic patients (29–31). Importantly, CN IX and X also provide sensory innervation to pharynx and larynx. Clinical evaluation of laryngeal sensory function entails delivering puffs of air to the laryngeal mucosa to evoke the laryngeal adductor reflex (LAR or glottic closure reflex). A normal response is abrupt, brief (< 1 s) adduction of the vocal folds to protect the airway (19, 32). Our finding of an absent LAR in one LgDel mouse suggests that laryngeal sensory impairment may exist in some cases; however, testing with a larger sample size is needed to rule out effects from anesthesia, which is essential for performing LAR testing in mice. Importantly, none of the mice in this study demonstrated laryngeal penetration or aspiration while voluntarily drinking and eating during videofluoroscopic testing. This finding was not unexpected, as the larynx in mice resides in the nasopharynx (similar to human infants), which inherently protects the larynx from the path of the bolus (13–15). Regardless, LgDel mice display other deficits in feeding and swallowing that can serve as robust outcome measures in future preclinical therapeutic studies with this model.

In addition to CN IX, X, and XII deficits, CN V develops anomalously in LgDel mice (7). CN V provides motor innervation to the muscles involved in opening and closing of the jaw during drinking (licking) and eating (mastication). Although lick rate and rhythm were impaired in LgDel mice, the velocity of jaw open/close motion during drinking was indistinguishable from controls. Further, the mastication rate of LgDel mice during rotary chewing was no different from controls. However, alterations in jaw opening/closing velocity during chewing cannot be ruled out at this time, as this measure was not quantifiable using our JawTrack™ software. To answer this question, machine learning approaches are currently being incorporated into our software to permit automated detection and quantification of various masticatory patterns (e.g., biting, rotary chewing) in future work with this mouse model.

People with 22q11DS commonly have hypocalcemia due to parathyroid hypoplasia, and as a result, may experience paresthesias, tetany, muscle weakness, dysphagia, and fatigue (33). Therefore, it is important to note that while parathyroid hypoplasia has been established in the LgDel mice (34), calcium homeostasis has not been fully evaluated in this model. Although past studies and this study clearly demonstrate craniofacial and neurological origins of dysphagia, hypocalcemia could exacerbate the dysphagic deficits seen in the LgDel mice and therefore warrants further investigation.



Variability in Oropharyngeal Anomalies in LgDel Mice Parallels That in 22q11DS

We found substantial, but in some cases variably, penetrant disruptions of several functional and anatomical measures of feeding and swallowing in adult LgDel mice. This variability accords with the variable penetrance of most 22q11 clinical phenotypes across individuals with 22q11DS, including variable penetrance and expressivity of features that may impact feeding and swallowing such as craniofacial abnormalities, congenital heart defects, and anomalies of the gastrointestinal tract (35). One limitation in the evaluation of craniofacial abnormalities associated with 22q11DS is the lack of established criteria for what is considered “normal” vs. “abnormal.” This is not helped by the fact that the identification of such anomalies is extremely subjective and limited by the quality of the photographs, radiographs, and recorded videos. Additional imaging and analytic approaches like those developed to assess cranial dysmorphology in mice with Down syndrome and other developmental disorders (36, 37) may be necessary to resolve this issue with appropriate quantitative and statistical precision. Though some progress has been made on digital diagnosis of 22q11DS (38).



Incomplete Compensation for Developmental Disruptions Due to 22q11 Deletion

Both the frequency and the duration of eating and drinking were increased in adult LgDel mice, suggesting that these mice require more time and effort to ingest an equal amount of sustenance compared to WT littermates. Similarly, the LgDel mice groomed more frequently, but for the same cumulative duration as WT mice. This may signify that in order for the LgDel animals to achieve the same amount of grooming, they have to groom more frequently for shorter periods of time throughout the day, possibly due to fatigue and dysregulated tongue movement. These outcomes are supported by the decrease in lick rate observed in LgDel mice during VFSS with liquid consistency. Thus, with a diminished lick rate, the LgDel mice spend more time eating and/or drinking in order to achieve sufficient nourishment throughout the day and to maintain body weight. Although the oromotor deficits detected via HomeCageScan testing of only male mice appear to be more pronounced compared to the VFSS data obtained from male and female mice, we expect this “discrepancy” may be explained by differences in the types of behaviors assessed by each test rather than sex differences. HomeCageScan assessed the presence/absence of spontaneous oromotor behaviors over time whereas VFSS assessed characteristics of specific oromotor behaviors, specifically drinking and eating. However, we intend to investigate this hypothesis using a larger sample size of males and females in our future investigations with this model.

Additionally, other examined parameters unrelated to feeding and swallowing showed insignificant differences between the LgDel and WT mice as determined via HomeCageScan analysis, including walking slowly, coming down, and hanging vertically from a hang cuddled position (see Table 3 for definitions). Significant defects in the behaviors involving oromotor coordination, such as drinking, eating, and grooming coincide with the observed structural and functional issues within the LgDel mice. At the same time, the lack of significant differentiation in unrelated oromotor behaviors (walk slowly, come down, hang vertical from hang cuddled) indicate specificity of dysfunction in drinking and eating, as those actions that were not different in LgDel and WT mice do not involve known impairments associated with dysphagia and/or 22q11DS.

LgDel mice eat and drink more frequently and for longer durations. They may do so because of an underlying disruption of neural circuitry to execute the behavior or as a compensatory mechanism to minimize discomfort. Lack of coordination, slower execution (i.e., diminished lick rate) and fatigue would support the former possibility, particularly if cranial motor neurons are compromised or circuit integrity is altered (28). Moreover, altered nociceptive or mechanoreceptive innervation may also contribute to discomfort, thus supporting the latter mechanism. Finally, it is not unimaginable that slower nutrient intake over a longer duration may help the animals ingest food with fewer issues. This work suggests that feeding and swallowing difficulties observed in pediatric dysphagia are likely not fully resolved as the child develops further, leading to possible weight loss, food avoidance, aspiration, as well as frequent or chronic lung, naso-sinus or middle ear infections. Many of the oropharyngeal structural and cranial sensory-motor issues associated with dysphagia are due to underlying neurodevelopmental abnormalities; however, some of these difficulties may be ameliorated with slower nutrient intake. Similarly, fatigue involving suboptimal oropharyngeal structures or motor innervation for feeding and swallowing may be addressed by eating or drinking smaller amounts more frequently throughout the day. It would be an advantage in future work to use the same cohort of mice for VFSS, endoscopy, and behavioral assessments in order to investigate relationships between variables within the same mice.

It should be noted that mice are social animals by nature; therefore, it is possible that isolating mice from one another for 4 days during HomeCageScan testing may cause anxiety-related behaviors such as pacing or increased movement (39). However, such behaviors did not greatly vary between bins for individual animals, suggesting that anxiety level was not a confounding variable in this study. In addition, mice were rearing while eating and drinking during HomeCageScan testing, which was a necessary condition for automated detection of these behaviors; drinking and eating near the cage floor is too non-distinctive from other behaviors (e.g., grooming) for accurate quantitative video analysis. This rearing posture likely results in a more complicated task involving both oromotor and gross axial coordination and balance. This may be a confounding factor, given that children with 22q11DS are known to have marked neuromotor deficits affecting static and dynamic balance (40, 41) associated with diminished cerebellar volume (42). However, upon careful review of the HomeCageScan videos, there was no obvious evidence of balance or coordination deficits in either group of mice. It may be of interest in future work to investigate potential coordination and balance deficits and associated etiologies in this mouse model.



Persistent Lung Inflammation in LgDel Mice

As pups, the LgDel mice showed evidence of aspiration and inflammation based on the presence of murine milk proteins, neutrophils, macrophages, and the accumulation of red blood cells within the lung tissue (7) The LgDel mice in this study also showed substantial lung inflammation, but it is not clear whether this was acute, chronic, or both. Thus, it is uncertain if the same degree of dysphagia seen in the LgDel pups, which appears to be acute during early life (6, 7), persists into adulthood or if the characteristics of feeding and swallowing difficulties change with growth, maturation, and behavioral compensation. People with 22q11DS can be immunocompromised, which may chronically impair their ability to clear aspiration-based infections (43). LgDel mice have not been evaluated immunologically, and they may also be immunocompromised to some degree, preventing them from adequately clearing aspirated milk and accompanying bacteria as pups. Like many other features of 22q11DS, the severity of immunological dysfunction is highly variable. Our finding that none of the mice in this study aspirated during videofluoroscopic testing may suggest that lung inflammation may be maintained from infancy rather than caused by ongoing aspiration during eating and drinking. In adults, however, aspiration may be more sporadic, thus not easily detected with a single episode of videofluorography. Thus, the lung inflammation may reflect a somewhat chronic state due to occasional aspiration events. In addition, videofluoroscopy lacks the visual resolution to permit detection of micro-aspiration associated with gastric reflux, which is the major pathogenetic mechanism of aspiration pneumonia (44). Typically developing mice cannot vomit or spontaneously reflux gastric contents, and therefore micro-aspiration is unlikely (45). Although unknown, it is possible that the major neurodevelopmental anomalies in LgDel mice may alter esophageal and gastric function, thus making gastric reflux and micro-aspiration possible. To address this knowledge gap, future studies should include histological assays of the lungs to detect the presence of proteins that are found in the adult mouse diet.



Anomalous Feeding and Swallowing Throughout Life

The retention of feeding and swallowing deficits beyond the perinatal period in individuals with syndromic or non-syndromic neurodevelopmental disorders has not been considered thoroughly. We suggest that these sometimes subtle, but nevertheless significant difficulties in managing food intake and deglutition may establish subclinical challenges or clinical signs of diminished nutrition and weight regulation and increased ongoing aspiration-related naso-sinus or respiratory infections throughout the lifespan. Further, individuals with 22q11DS may be more vulnerable to age-related feeding difficulties or in extreme cases, oropharyngeal dysphagia due to early onset Parkinson's disease for which 22q11DS is a genetic risk factor (46, 47). Finally, additional neurological complications like traumatic brain injury or stroke—causes for acute dysphagia after a lifetime of optimal feeding in non-syndromic individuals—may occur with similar, or even enhanced frequency in individuals with 22q11DS vs. typical adults, and exacerbate chronic, sub-clinical feeding and swallowing difficulties.

The relationship between perinatal dysphagia due to 22q11 deletion and continued oropharyngeal dysfunction and feeding and swallowing difficulties may extend to other syndromic and non-syndromic neurodevelopmental disorders. Indeed, later arising issues with food avoidance, food preferences, and diminished or disordered food intake in clinically diagnosed disorders like autistic spectrum disorder or attention deficit-hyperactivity disorder may reflect undiagnosed perinatal feeding difficulties that are never fully corrected, due either to lack of intervention during a critical period or the degree of developmental disruption that established anomalies in oropharyngeal and craniofacial structures as well as neural circuits critical for feeding and swallowing. Thus, additional attention to issues of oropharyngeal competence and related behaviors should be considered more carefully in the management of a broad range of neurodevelopmental disorders throughout the lifespan.

Our results allow us to begin to understand how the severity of this neurodevelopmental disease may change with compensation in maturity, both behaviorally and biologically. Our findings in mice suggest there may be slight improvements observed over time in individuals with 22q11DS. Nevertheless, it appears that the majority of the deficits that occur during development are either stable or not fully corrected. Significant oropharyngeal motor disruptions and continued evidence of partially penetrant craniofacial anomalies most likely are due to early hindbrain and craniofacial patterning disruption, which cannot be effectively or fully corrected by developmental or post-natal compensatory mechanisms. Lung inflammation, which may be persistent, or acute and recurring due to occasional aspiration, is a less definitive, although suggestive, observation. Abnormalities in lick rate/rhythm and pharyngeal transit time suggest that the consequences of pathological cranial nerve or brainstem development remain unresolved as the animals mature. Further, the increased frequency and duration at which the LgDel animals spent eating and drinking corroborates this supposition. This work has therefore provided a deeper understanding of developmental to behavioral dimensions of dysphagia associated with 22q11DS, and provides a foundation for future work to identify effective therapeutic interventions.
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Background: The cognitive effects of wearing a denture are not well understood. This study was conducted to clarify the effects of denture use on prefrontal and chewing muscle activities, occlusal state, and subjective chewing ability in partially edentulous elderly individuals.

Methods: A total of 16 partially edentulous patients were enrolled. Chewing-related prefrontal cortex and jaw muscle activities were simultaneously examined using a functional near-infrared spectroscopy (fNIRS) device and electromyography, under the conditions of unwearing, and wearing a denture. Occlusal state and masticatory score were also determined under both conditions. Using multiple linear regression analysis, associations between prefrontal and chewing activities with wearing were examined using change rates.

Results: Chewing rhythmicity was maintained under both conditions. As compared with unwearing, the wearing condition was associated with improved prefrontal cortex and chewing muscle activities, occlusal state in regard to force and area, and masticatory score. Also, prefrontal activities were positively associated with burst duration and peak amplitude in masseter (Mm) and temporal muscle activities, as well as masticatory scores. In contrast, prefrontal activities were negatively associated with occlusal force.

Conclusion: Wearing a denture induced a positive association between burst duration and peak amplitude in Mm and temporal muscle activities and prefrontal activity, which may indicate a parallel consolidation of prefrontal cortex and rhythmical chewing activities, as well as masticatory scores. On the other hand, denture use induced a negative association of occlusal force with prefrontal activities, which might suggest that prefrontal compensative associations for the physiocognitive acquisition depended on biomechanical efficacy gained by wearing a denture.

Keywords: prefrontal cortex, consolidation, compensation, chewing activity, denture wearing, elderly


INTRODUCTION

Epidemiologic studies have suggested associations between cognitive ability and oral conditions, such as number of teeth (Luo et al., 2015; Li et al., 2017; Oh et al., 2018) and dental occlusion (Ono et al., 2010; Franco et al., 2012; Takeuchi et al., 2015). Furthermore, occlusal force (Takeshita et al., 2016; Ikebe et al., 2018) and chewing ability have been shown to have effects on cognitive ability (Chen et al., 2015; Natalie et al., 2015; Seraj et al., 2017). Oral reconstruction by means of wearing a denture may induce cortical activation in prefrontal, sensorimotor, and sensory association cortices during chewing performance (Kimoto et al., 2011; Kamiya et al., 2016) and might also contribute to antiaging cognitive activation in the prefrontal cortex of elderly edentulous patients (Banu et al., 2016).

Denture use is considered to have effects on not only physical activity but also cognitive demands in aged individuals (Cerutti-Kopplin et al., 2015; Shin et al., 2019). Thus, a well-fitting denture may help to maintain cognitive ability and prevent its decline otherwise caused by tooth loss in elderly edentulous patients. On the other hand, in individuals with tooth loss who do not wear a denture, cognitive decline might be accelerated with age.

The association of a higher cognitive node with biomechanical state caused by wearing a denture remains unknown, though a functional association of prefrontal activity with chewing ability in elderly patients has been proposed (Lin et al., 2016). The present study was conducted to clarify the biomechanical efficacy of wearing a denture based on the associations of prefrontal cortex activities with physical chewing activities in partially edentulous elderly patients.

In addition to investigations of chewing-related prefrontal participation under wearing a denture and tooth loss conditions, studies that used a cognitive task demanding consolidation or compensation by prefrontal cortex activities during physical task performances have been presented (Bhambhani et al., 2006; Tsujii et al., 2013; Moriya et al., 2016; Mirelman et al., 2017; Hawkins et al., 2018). Thus, the elucidation of the relationships between consolidated or compensated prefrontal activities and physical chewing activities in partially edentulous elderly patients would help with evaluation of the efficacy and quality of wearing a denture in the process of oral neurorehabilitation. The present is the first known study to explore the possibility of neurorehabilitation by use of a denture in partially edentulous elderly subjects.

Functional near-infrared spectroscopy has been used to reveal the hemodynamic response to stimulus-induced cortical activation in order to evaluate the neurobiology in exercise and cognition (Bhambhani et al., 2006; Tsujii et al., 2013; Moriya et al., 2016), and chewing cognition was also examined by fNIRS in both young and aged subjects (Hasegawa et al., 2013; Kamiya et al., 2016; Yokoyama et al., 2017) as well as psychiatric patients with persistent occlusal dysesthesia (Narita et al., 2019). fNIRS was used in the present investigation, as it is considered suitable for examinations of prefrontal and chewing activities with and without wearing a denture in clinical situations.



MATERIALS AND METHODS


Participants

A total of 16 partially edentulous patients {nine males and seven females; mean age 64.0 ± 6.2 years [mean ± standard deviation (SD)]} undergoing treatments at the Prosthodontics Department of Nihon University School of Dentistry at Matsudo Hospital were enrolled in this study. The G∗Power 3 software package (non-commercial program downloaded from the University of Dusseldorf, Germany) (Faul et al., 2007) was used to determine the sample size, which established parameters with a significance level of 0.05, statistical power of 0.8, and effect size of 0.25 (medium effect). From those findings, the number of subjects needed to detect significant differences in this study was concluded to be 16. Statistical results were obtained with the power of the performed test at α = 0.050. The mean (±SD) numbers of the remaining, lost, and prosthetic teeth in the present patients were 17.9 ± 3.2, 10.2 ± 3.2, and 9.8 ± 3.4, respectively (Figure 1). Based on Eichner’s intermaxillary tooth contact classification (Eichner, 1955), we divided the subjects into three groups (B2, n = 8; B3, n = 4; and B4, n = 4), with B2 indicating two supporting zones, B3 indicating one supporting zone, and B4 indicating no supporting zones (Figure 1). None of the patients noted prosthesis conditions, such as discomfort or pain, or had difficulties with chewing performance and symptoms of temporomandibular joint or masticatory muscle dysfunction such as jaw pain or jaw movement difficulties. Individual patterns of tooth loss in each patient, as well as details of their tooth defects and partial denture-wearing condition, are presented in Figure 1. This study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee of Nihon University School of Dentistry at Matsudo (EC 14-13-010-1). Prior to beginning the examinations, all patients provided written informed consent for participation.
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FIGURE 1. Age, gender, and dental state in partially edentulous patients. Age, gender, and dental state for each of the 16 partially edentulous patients (A–P) are shown. Subjects A–H, I–L, and M–P were classified as B2, B3, and B4, respectively, according to Eichner’s intermaxillary tooth contact classification. The remaining teeth are indicated in black and prosthetic teeth in red.




Experimental Procedures

Each patient received sufficient prosthodontic treatment in the form of conventional removable partial denture prostheses during the 3 months prior to beginning the study. Masticatory score, occlusal state, and jaw muscle and prefrontal activities during chewing were determined to elucidate changes in chewing ability, occlusal force or occlusal area, jaw muscle activity, and prefrontal activity during chewing caused by wearing a denture. Measurements were conducted under the conditions of rest (Rest), without use of a denture (Unwearing), and while wearing a denture (Wearing). With the patient comfortably seated in a quiet room, masticatory muscle and prefrontal activities were recorded during gum chewing simultaneously using fNIRS and EMG devices under the Unwearing and Wearing conditions, while those were also recorded at Rest without gum chewing. Chewing ability and occlusal force and area were evaluated using the food intake questionnaire and the pressure-sensitive sheets under the Unwearing and Wearing conditions, respectively (Hirai et al., 1994; Miura et al., 1998).



Chewing Task

Chewing sessions consisted of four different chewing performances, as follows: (1) chewing on the left side under Unwearing, (2) chewing on the left side under Wearing, (3) chewing on the right side under Unwearing, and (4) chewing on the right side under Wearing. The four chewing sessions were performed randomly to avoid the influence of task sequence on the results. Each session included five chewing trials, with the trial conducted for 10 s with gum chewing and separated from the succeeding chewing trial by a 40-s rest phase. One piece of chewing gum (Freezone, Lotte Corporation, Japan) was used for the chewing task under both the Unwearing and Wearing conditions. The patients were instructed to be quiet until given a verbal cue (pre-task period), and then a verbal cue was given to start gum chewing for 10 s (task period) until a verbal cue to stop chewing was given, after which they were instructed to remain quiet for 20 s (post-task period). In addition, the patients performed a Rest session without a chewing task and were asked to remain quiet during that time.



Masticatory Score

Masticatory score, determined based on results of self-assessed chewing ability under the Unwearing and Wearing conditions, was used to evaluate subjective chewing ability (Hirai et al., 1994; Miura et al., 1998). Each patient rated their ability to chew 35 different food items according to the following scale: 2, can be eaten easily; 1, can be eaten with difficulty; 0, cannot be eaten (Hirai et al., 1994; Miura et al., 1998).



Occlusal State

In order to evaluate occlusal state, bilateral maximal occlusal force, occlusal area, average pressure, and maximum pressure were examined under the Unwearing and Wearing conditions using 97-μm-thick pressure-sensitive sheets (Dental Prescale 50H R-type, Fuji Film Co., Tokyo, Japan), with the patients asked to perform maximal clenching in an intercuspal position after placement of the sheet. Values for those parameters were obtained by use of analytic equipment (Occluzer FPD703, Fuji Film Co., Tokyo, Japan).



Masticatory Muscle EMG Activity

Masticatory muscle EMG activities from the left and right masseter (Mm, jaw closing), anterior temporal (Ta, jaw closing), and anterior digastric (AD, jaw opening) muscles were recorded using a multichannel EMG device (Polygraph Bioelectric Amplifier 1253A, San-ei MED, Tokyo, Japan) during chewing under the Unwearing and Wearing conditions. Electrodes were positioned bilaterally on the center of the muscle parallel with the direction of the muscle fibers and an interelectrode distance of 20 mm, with a ground electrode attached to the left earlobe. Amplified EMG signals were digitized with 16-bit resolution using an A/D converter [APA16-32/2(OB) F, CONTEC, Tokyo, Japan] and then downloaded to a personal computer at a sampling rate of 1 kHz.



Prefrontal fNIRS During Chewing Performance

A 22-channel fNIRS device (ETG-100, Hitachi Medical Co., Chiba, Japan), which utilizes near-infrared light at wavelengths of 780 and 830 nm (Strangman et al., 2002), was used to assess the activity of the prefrontal cortex during chewing performance. Each fNIRS probe was fitted with a 3 × 5 thermoplastic shell and placed in the prefrontal region, with the bottom lines of the probes set according to Fp1 and Fp2, with referral to the international 10–20 system (Klem et al., 1999). Change in oxygenated hemoglobin concentration [(oxy-Hb)] was used as an indicator of change of brain activity, as previously validated (Hoshi et al., 2001). Change in [oxy-Hb] has been shown to have a strong correlation with blood-oxygenation-level-dependent signals measured by fMRI (Toronov et al., 2001). The sampling interval was 0.1 s. During the measurements, the patients were instructed to open their eyes and gaze at a point in front of them. Each trial was repeated five times, and [oxy-Hb] was measured during chewing performance on the left and right sides under the Unwearing and Wearing conditions, as well as during Rest. The obtained [oxy-Hb] values were averaged using the “integral mode” of the ETG-100 software. Measurement baselines were corrected using linear fitting (Sawa et al., 2012), which was performed by connecting the pre-task baseline (mean of final 20 s of the pre-task period) with the post-task baseline (mean of final 20 s of the post-task period).



Anatomic Localization of fNIRS Channels

The coordinates for all probe and anatomical landmark (Nz, Iz, A1, A2, and Cz) positions were obtained using a three-dimensional digitizer (3SPACE ISOTRAK2, Polhemus, United States) and then transcribed into Montreal Neurological Institute standard brain space (Collins et al., 1994; Brett et al., 2002) using probabilistic registration (Okamoto and Dan, 2005; Singh et al., 2005). The probe positions were projected onto the cortical surface, with Platform for Optical Topography Analysis Tools (POTATo, Hitachi, Japan) used to identify the anatomic localization corresponding to each probe coordinate, with reference to the Brodmann area (Tzourio-Mazoyer et al., 2002; Okamoto and Dan, 2005; Singh et al., 2005; Figure 2). Representative anatomical identification of the fNIRS channels is shown in Figure 2. Those channels were localized in the dorsolateral prefrontal cortex (DLPFC, BA9 and BA46), frontopolar area (FPA, BA10), pars triangularis Broca’s area (BA, BA45), orbitofrontal cortex (OFC, BA11), and inferior prefrontal gyrus (IPG, BA47).
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FIGURE 2. Anatomical identification of near-infrared spectroscopy channels. The coordinates for all probe and anatomical landmark positions (Nz, Iz, A1, A2, and Cz) were obtained using a three-dimensional digitizer. Probabilistic registration was used to transcribe the measuring points for each subject according to the protocol of the Montreal Neurological Institute, and those points were projected onto the cortical surface. Anatomical localization was identified using the Platform for Optical Topography Analysis Tools, with reference to the Automated Anatomical Labeling system. Orange, red, yellow, green, blue, and purple represent DLPFC (BA9), DLPFC (BA46), FPA (BA10), BA (BA45), OFC (BA11), and IPG (BA47), respectively. Each circle corresponds to a channel, and the pie chart within each circle shows the percentages of areas in that channel.




Data and Statistical Analyses


Averaging of Masticatory Muscle and Prefrontal Cortex Activities During Chewing Performance

Masticatory muscle activities, such as number of chewing strokes, cycle duration, burst duration, inter-burst duration, area, mean amplitude, and peak amplitude, were averaged using data obtained for right- and left-side chewing. Those results showed no significant differences in regard to the number of remaining teeth, chewing muscle activities, or prefrontal [oxy-Hb] values between right- and left-side chewing under the Unwearing and Wearing conditions (Supplementary Material).



Comparing Masticatory Score, Masticatory Muscle Activities, Occlusal Force, Occlusal Area, Average Pressure, and Max Pressure Between Unwearing and Wearing Conditions

A paired t-test or Wilcoxon’s signed rank test was used for comparing masticatory score, masticatory muscle activities, occlusal force, occlusal area, average pressure, and max pressure between Unwearing and Wearing conditions, depending on normality test results.



Comparing Prefrontal [oxy-Hb] Values Between the Rest, Unwearing, and Wearing Conditions

Furthermore, averaged data for prefrontal [oxy-Hb] were accumulated during chewing periods (10 s) from all 22 channels under [oxy-Hb] values. One-way repeated-measures ANOVA and Tukey’s test or Friedman’s repeated-measures ANOVA on ranks and Dunn’s test were applied for analyzing prefrontal [oxy-Hb] values obtained during chewing periods in order to compare between the Rest, Unwearing, and Wearing conditions, depending on normality test results.



Multiple Linear Regression Analysis Dependent Variable (Prefrontal Activities) and Independent Variables (Occlusal States and Chewing Activities)

Change rate (difference between Wearing and Unwearing values, divided by the Unwearing value) was used to standardize the prefrontal [oxy-Hb] values as dependent variables and to standardize values for masticatory score, burst duration, peak amplitude, and occlusal force as independent variables.

Multiple linear regression was performed using a model corresponding to each variable, with the following equation:
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where Y is the dependent variable; x1, x2, x3, and x4 are independent variables; a1, a2, a3, and a4 are regression coefficients; and c is the error term with an N(0, σ2) distribution.

When performing multiple regression analysis, an important assumption is that the independent variables are truly independent of each other; i.e., there is no relationship among any of the independent variables used to estimate ordinary least squares. However, in some applications of regression, independent variables are in fact related to each other, which is termed a multicollinearity problem (Chatterjee and Hadi, 2006). For the present study, correlation analysis by Pearson’s correlation coefficient was used to check for a multicollinearity problem among the independent variables. Variables with a correlation coefficient (r) of ≥0.5 were considered to be strongly correlated with each other. To avoid multicollinearity, separate models were built using variables with lower levels of correlation with each other (r < 0.5). Evaluations of the multivariate models were conducted using coefficients of determination (r). Any intercorrelation between the four independent variables, change rates in the masticatory score, occlusal force, burst duration, and peak amplitude of Mm or Ta between the Unwearing and Wearing conditions, was subjected to bivariate correlation coefficient evaluation. In the present study, a correlation was found between the muscle activities of Mm or Ta; thus, they were considered separately in the model.

The statistical software package SigmaPlot 12.5 (Systat Software Inc., CA, United States) was used for all analyses, and p values less than 0.05 were considered to be statistically significant. Results are expressed as the Mean ± SD, p value, or power of the performed test.



RESULTS


Effects of Wearing a Denture on Masticatory Score, Occlusal State, and Masticatory Muscle EMG Activities


Masticatory Score

Masticatory score under the Wearing condition were significantly (p < 0.001, paired t-test, power of performed two-tailed test with α = 0.050: 1.000) increased as compared with those under the Unwearing condition (Table 1).


TABLE 1. Masticatory scores under Unwearing and Wearing conditions.
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Occlusal State

Occlusal force under the Wearing condition was significantly (p < 0.001, paired t-test, power of performed two-tailed test with α = 0.050: 1.000) increased as compared with that under the Unwearing condition (Table 2). Additionally, the occlusal contact area under the Wearing condition was significantly (p < 0.001, paired t-test, power of performed two-tailed test with α = 0.050: 1.000) increased as compared with that under the Unwearing condition (Table 2). Average and max pressure were not significantly (paired t-test and Wilcoxon’s signed rank test, respectively) different between these conditions (Table 2).


TABLE 2. Occlusal states under the Unwearing and Wearing conditions.
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Masticatory Muscle EMG Activities During Chewing Performance

The number of chewing strokes for Mm under the Wearing condition was not significantly (paired t-test) different as compared to that under the Unwearing condition, and cycle duration for AD EMG activity was also not significantly (paired t-test) different between the conditions (Table 3). Burst duration for Mm EMG activity under the Wearing was significantly (p = 0.010, paired t-test, power of performed two-tailed test with α = 0.050: 0.615) elongated as compared with that under the Unwearing condition. Under the Wearing condition, burst duration for Ta EMG activity was not significantly (paired t-test) different with that under Unwearing condition, and the inter-burst duration for Mm and Ta EMG activities was also not significantly (paired t-test) different between these conditions (Table 3). In contrast, the areas for Mm and Ta under the Wearing condition were significantly (p ≤ 0.001, Wilcoxon’s signed rank test) increased, and the mean amplitude for Mm EMG activity under the Wearing condition was also significantly (p = 0.001, Wilcoxon’s signed rank test) increased as compared with that under the Unwearing condition (Table 3). Also, the mean amplitude for Ta EMG activity under the Wearing condition was significantly (p = 0.044, paired t-test, power of performed two-tailed test with α = 0.050: 0.539) increased as compared with that under the Unwearing condition, while the peak amplitude for Mm EMG activity was not significantly (paired t-test) different between these conditions (Table 3). Finally, peak amplitude for Ta EMG activity under the Wearing condition was significantly (p = 0.012, paired t-test, power of performed two-tailed test with α = 0.050: 0.759) increased as compared with that under the Unwearing condition (Table 3).


TABLE 3. Masticatory muscle EMG activities under the Unwearing and Wearing conditions.
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Grand Average Waveforms for Changes in Prefrontal [oxy-Hb]

The grand averaged waveforms for changes in prefrontal [oxy-Hb] and prefrontal deoxygenated hemoglobin concentration [(deoxy-Hb)] under the Rest, Unwearing, and Wearing conditions are shown in Figures 3A–C, respectively. Unwearing resulted in slight changes in prefrontal [oxy-Hb] during the chewing period as compared with Rest (Figures 3A,B). In contrast, under the Wearing condition, marked and broad increases in prefrontal [oxy-Hb] were found during the task period, as compared to Rest and Unwearing conditions (Figures 3A–C).
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FIGURE 3. Grand average waveforms for oxygenated hemoglobin concentration [(oxy-Hb)] and deoxygenated hemoglobin concentration [(deoxy-Hb)] and topographical maps showing changes in [oxy-Hb] during Rest and chewing under Unwearing and Wearing conditions. On the left are grand average changes in [oxy-Hb] (red line) and [deoxy-Hb] (blue line) for each of the 22 measurement channels during the Rest condition (A), chewing under the Unwearing (B), and Wearing (C) conditions. The x-axis indicates time (s) and the y-axis hemodynamic change (mMmm). Vertical lines at 20 and 30 s indicate the start and end of the 10-s chewing period. On the right are 10-s topographical maps showing changes in [oxy-Hb] preceding (pre-task), during (task), and following (post-task) rest (A), chewing under the Unwearing (B), and Wearing (C) conditions. There was little change in [oxy-Hb] throughout the Rest session (A), while there was a slight increase during the chewing period under the Unwearing (B) condition and marked increases during chewing and post-chewing under the Wearing (C) condition.




Topographical Changes in Prefrontal [oxy-Hb] During 10-s Task Periods Under Rest, Unwearing, and Wearing Conditions

Topographical maps for changes in prefrontal [oxy-Hb] in the pre-task, task, and post-task periods under the Rest, Unwearing, and Wearing conditions are shown in Figures 3A–C, respectively. An equivocal change in prefrontal [oxy-Hb] throughout the Rest condition was noted (Figure 3A), while slight changes in prefrontal [oxy-Hb] presented during chewing under the Unwearing condition in the pre-task, task, and post-task periods, as compared with the Rest condition (Figures 3A,B). In contrast, a marked increase in prefrontal [oxy-Hb] during the chewing session under the Wearing condition in the task and post-task periods as compared to the Rest and Unwearing conditions was noted (Figures 3A–C).



Accumulated Prefrontal [oxy-Hb] During the Task Period

Prefrontal [oxy-Hb] in the task periods under the Rest, Unwearing, and Wearing conditions was analyzed using one-way repeated-measures ANOVA and Friedman’s repeated-measures ANOVA on ranks in R-DLPFC (CH 1, power of performed test with α = 0.050: 0.963), R-DLPFC (CH 2), L-DLPFC (CH 3 and CH 4), R-BA/DLPFC (CH 5, power of performed test with α = 0.050: 1.000), R-DLPFC/FPA (CH 6), RL-DLPFC/FPA (CH 7, power of performed test with α = 0.050: 0.760), L-DLPFC/FPA (CH 8, power of performed test with α = 0.050: 0.981), L-BA/DLPFC (CH 9, power of performed test with α = 0.050: 0.943), R-DLPFC/FPA (CH 10), R-FPA (CH 11), L-FPA (CH 12), L-DLPFC/FPA (CH 13, power of performed test with α = 0.050: 0.972), R-DLPFC (CH 14, power of performed test with α = 0.050: 0.893), R-FPA/OFC (CH 15), RL-FPA (CH 16), L-FPA/OFC (CH 17), L-DLPFC (CH 18), R-FPA/OFC/IPG (CH 19), R-OFC/FPA (CH 20), L-OFC/FPA (CH 21), and L-OFC/FPA/IPG (CH 22, power of performed test with α = 0.050: 0.717).



Unwearing as Compared With Rest

During the chewing session under the Unwearing condition, a significant (p < 0.01, one-way repeated-measures ANOVA and Tukey’s test, Friedman’s repeated-measures ANOVA on ranks, and Dunn’s test) increase in accumulated prefrontal [oxy-Hb] in RL-DLPFC/BA (CH 5, 9) was noted during the task period as compared with that under the Rest condition (Figure 4).
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FIGURE 4. Accumulated oxygenated hemoglobin concentration [(oxy-Hb)] under the Rest condition and during chewing under the Unwearing and Wearing conditions. Statistical analyses were performed using one-way repeated measures ANOVA and pairwise multiple comparison procedures of Tukey’s test, as well as Dunn’s test. **Significant difference between Rest and Unwearing, and between Unwearing and Wearing conditions (one-way repeated-measures ANOVA and Tukey’s test, p < 0.01). ††Significant difference between Rest and Unwearing, and between Unwearing and Wearing conditions (Friedman’s repeated-measures ANOVA on ranks and Dunn’s test, p < 0.01). Accumulated [oxy-Hb] under Unwearing significantly increased for BA/DLPFC (CH 5, 9) as compared to Rest condition. Accumulated [oxy-Hb] under Wearing also significantly increased for DLPFC (CH 1, 2, 14), BA/DLPFC (CH 5), DLPFC/FPA (CH 6, 8, 10), FPA (CH11, 12), and FPA/OFC (CH 20, 21) as compared to Unwearing condition.




Wearing as Compared With Rest

During the chewing session under the Wearing condition, significant (p < 0.05, one-way repeated-measures ANOVA and Tukey’s test and Dunn’s test) increases in accumulated prefrontal [oxy-Hb] in R-DLPFC (CH 1, 2, 14), L-DLPFC (CH 3, 4, 18), R-DLPFC/FPA (CH 6, 10), RL-DLPFC/FPA (CH 7), L-DLPFC/FPA (CH 8), L-DLPFC/FPA (CH 13), R-DLPFC/BA (CH 5), L-DLPFC/BA (CH 9), R-FPA (CH 11), L-FPA (CH 12), RL-FPA (CH 16), R-FPA/OFC (CH 15), L-FPA/OFC (CH 17), R-OFC/FPA (CH 20), R-OFC/FPA (CH 21), R-FPA/OFC/IPG (CH 19), and L-FPA/OFC/IPG (CH 22) were seen, as compared with that under the Rest condition (Figure 4).



Wearing as Compared With Unwearing

During the chewing session under the Wearing condition, significant (p < 0.01, one-way repeated-measures ANOVA and Tukey’s test and Dunn’s test) increases in accumulated prefrontal [oxy-Hb] in R-DLPFC (CH 1, 2), R-DLPFC/BA (CH 5), R-DLPFC/FPA (CH 6, 10), L-DLPFC/FPA (CH 8), R-FPA (CH 11), L-FPA (CH 12), R-OFC/FPA (CH 20), and L-OFC/FPA (CH 21) were seen, as compared with that under the Unwearing condition (Figure 4).



Inter-Correlations Among the Four Independent Variables Related to Increases in Masticatory Score, Burst Duration, and Peak Amplitude for Mm or Ta Between Wearing and Unwearing

Intercorrelations among the four independent variables related to change rates in masticatory score, burst duration, and peak amplitude for Mm or Ta in the Wearing condition, as well as occlusal force, were examined using a bivariate correlation coefficient between the independent variables, with no significant intercorrelations found between them (Tables 4, 5). After the desired variables were entered into the regression model, significant relationships were assessed between dependent variables related to change rates in prefrontal [oxy-Hb] and independent variables related to change rates in masticatory score, burst duration, and ratio of peak amplitudes for Mm or Ta in the Wearing condition, as well as increases in occlusal force.


TABLE 4. Bivariate Pearson’s correlation coefficients between independent variables of masticatory score, burst duration [masseter (Mm)], peak amplitude (Mm), and occlusal force in the regression analyses.
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TABLE 5. Bivariate Pearson’s correlation coefficients between independent variables of masticatory score, burst duration [anterior temporal (Ta)], peak amplitude (Ta), and occlusal force in the regression analyses.
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Multiple Linear Regression Analysis of Independent Variables Related to Masticatory Score, Burst Duration, and Peak Amplitude in Mm, as Well as Occlusal Force, and Dependent Variables Related to Prefrontal [oxy-Hb]

The change rate in burst duration in the Wearing condition was significantly and positively associated with a change rate in prefrontal [oxy-Hb] during the chewing task in R-FPA (CH 11) (p = 0.014, power of performed test with α = 0.050: 0.999), L-FPA (CH 12) (p = 0.002, power of performed test with α = 0.050: 0.983), and L-FPA/OFC (CH 17) (p = 0.005, power of performed test with α = 0.050: 0.967) (Table 6 and Figure 5A).


TABLE 6. Multiple linear regression for association of prefrontal oxygenated hemoglobin concentration [(oxy-Hb)] with masticatory score, burst duration [masseter (Mm)], and peak amplitude (Mm).
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FIGURE 5. Topographical maps showing standard coefficient and p values between independent variables of Mm muscle activities and occlusal force and prefrontal oxygenated hemoglobin concentration [(oxy-Hb)] of the dependent variable in the right and left sides, respectively. (A) The change rate in burst duration in the Wearing condition was significantly and positively associated with the change rate in prefrontal [oxy-Hb] during the chewing task in R-FPA (CH 11), L-FPA (CH 12), and L-FPA/OFC (CH 17). (B) The change rate in peak amplitude in the Wearing condition was also significantly and positively associated with the change rate in prefrontal [oxy-Hb] during the chewing task in R-FPA (CH 11). (C) The change rate in masticatory score in the Wearing condition was significantly and positively associated with the change rate in prefrontal [oxy-Hb] during the chewing task in R-FPA (CH 11).


The change rate in peak amplitude in the Wearing condition was significantly and positively associated with the change rate in prefrontal [oxy-Hb] during the chewing task in R-FPA (CH 11) (p = 0.003, power of performed test with α = 0.050: 0.999) (Table 6 and Figure 5B).

The change rate in masticatory score in the Wearing condition was significantly and positively associated with the change rate in prefrontal [oxy-Hb] during the chewing task in R-FPA (CH 11) (p = 0.001, power of performed test with α = 0.050: 0.999) (Table 6 and Figure 5C).



Multiple Linear Regression Analysis of Independent Variables Related to Burst Duration and Peak Amplitude in Ta, Occlusal Force, and Masticatory Score and Dependent Variables of Prefrontal [oxy-Hb]

The change rates in burst duration in the Wearing condition were significantly and positively associated with the change rates in prefrontal [oxy-Hb] during the chewing task in L-FPA (CH 12) (p = 0.003, power of performed test with α = 0.050: 0.985) (Table 7 and Figure 6A).


TABLE 7. Multiple linear regression for association of prefrontal oxygenated hemoglobin concentration [(oxy-Hb)] with burst duration [anterior temporal (Ta)], peak amplitude (Ta), and occlusal force.
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FIGURE 6. Topographical maps showing standard coefficient and p values between independent variables of Ta muscle activities and occlusal force and prefrontal oxygenation hemoglobin concentration [(oxy-Hb)] of the dependent variable in right and left sides, respectively. (A) The change rates in burst duration in the Wearing condition were significantly and positively associated with the change rates in prefrontal [oxy-Hb] in L-FPA (CH 12). (B) The change rates in peak amplitude in the Wearing condition were significantly and positively associated with the change rate in prefrontal [oxy-Hb] during the chewing task in L-FPA (CH 12). (C) The change rate in occlusal force in the Wearing condition was significantly negatively associated with change rate in prefrontal [ oxy-Hb ] during the chewing task in L-FPA (CH 12).


The change rates in peak amplitude in the Wearing condition were significantly and positively associated with the change rate in prefrontal [oxy-Hb] during the chewing task in L-FPA (CH 12) (p = 0.004, power of performed test with α = 0.050: 0.985) (Table 7 and Figure 6B).

The change rate in occlusal force in the Wearing condition was significantly negatively associated with the change rate in prefrontal [oxy-Hb] during the chewing task in L-FPA (CH 12) (p = 0.034, power of performed test with α = 0.050: 0.985) (Table 7 and Figure 6C).



DISCUSSION

This study primarily defined the consistent chewing rhythm formation under Unwearing and Wearing conditions. As compared to the Unwearing condition in our subjects, the Wearing condition resulted in improved masticatory score, occlusal state in regard to force and area, jaw muscle activities in regard to burst duration, area, mean amplitude, and prefrontal activities in DLPFC/FPA/OFC during chewing. In addition, a positive association of the burst duration and peak amplitude of Mm and temporal muscle activities with the prefrontal activities in the Wearing condition was noted as well as masticatory score, while a negative association of occlusal force with prefrontal activities was also noted in the Wearing condition.

Furthermore, the patients investigated in this study presented a masticatory score greater than 80 in subjective evaluations of chewing ability, as well as sufficient occlusal force and masticatory muscle activities under the Wearing condition (Tallgren and Tryde, 1991; Hirai et al., 1994; Miura et al., 1998; Aras et al., 2009). It is therefore conceivable that these positive and negative associations can be considered to reflect the physiological stomatognathic functioning in partially edentulous elderly patients.


Positive Associations Between Chewing and Prefrontal Activities by Wearing a Denture

The present study found that wearing a denture induces a positive association of burst duration and peak amplitude of jaw muscle activities and masticatory score with prefrontal activities in FPA/OFC. Considering the consistent chewing rhythmicity by the Wearing and Unwearing conditions, the elongated burst duration and increased peak amplitude seen with consistent rhythmical chewing may suggest the enhanced chewing automaticity based on central rhythm and pattern generation in partially edentulous elderly patients (Lund, 1991; Nakamura and Katakura, 1995; Clark, 2015) and associated sensory facilitation by wearing a denture (Morimoto et al., 1989; Hidaka et al., 1999; Grigoriadis and Trulsson, 2018). Furthermore, the prefrontal cortex associated with basal ganglia and sensorimotor cortices may be involved in automatic and habitual control (Takakusaki et al., 2004; Hikosaka and Isoda, 2010; Redgrave et al., 2010) in parallel with the top-down controlling in movement execution (Narayanan and Laubach, 2006; Kamigaki, 2019), sensory percepts (Gilbert and Sigman, 2007; Okamoto et al., 2011; Raos and Savaki, 2017), reward (Horst and Laubach, 2013), and attention (Small et al., 2003).

The prefrontal acceleration caused by wearing a denture may be also supported by the research results showing a positive correlation between chewing ability and jaw closing muscle activities in partially edentulous elderly patients in regard to increased burst duration and peak amplitude, when wearing a denture (Fueki et al., 2008; Kamiya et al., 2016), as well as the finding of chewing-related prefrontal activities (Kamiya et al., 2016; Lin et al., 2016).

Moreover, it has been reported that physical exercise promotes prefrontal physiological and cognitive activities in aged individuals (Bhambhani et al., 2006; Tsujii et al., 2013; Moriya et al., 2016). Such prefrontal positive activation may also be effective to retrieve cognitive activity in aged edentulous individuals by the consolidation of interplay between the hippocampus and prefrontal activities induced by wearing a denture (Preston and Eichenbaum, 2013; Chen et al., 2015; Weilbächer and Gluth, 2016).

Taken together, the finding of elongated burst duration and increased peak amplitude of Mm and temporal muscle activities with consistent chewing rhythmicity by wearing a denture, as well as masticatory score, may be associated with the cognitive prefrontal consolidation in partially edentulous elderly patients, which might occur under usage of good-fitting denture that does not cause unnecessary distraction (Schneider and Shiffrin, 1977; Shiffrin and Schneider, 1977).



Negative Association of Chewing With Prefrontal Activities Under the Wearing Condition

Our results in this study suggested that wearing a denture induced negative associations of the biomechanical factors in occlusal force with prefrontal activities in FPA.

Findings obtained in previous studies indicate that acceleration of prefrontal cortex activities during usual gait may be induced in older healthy individuals with poor gait speed and/or stride length, as compared with healthy young adults (Mirelman et al., 2017; Hawkins et al., 2018). It is therefore assumed that older adults with poor gait may rely on prefrontal cognition even when moving under a usual gait. Considering this compensative prefrontal participation in old adults, the poor acquisition of biomechanical structure in occlusal force by wearing a denture may be also interpreted as the association of compensative prefrontal recruitments involved in top-down generation of appropriate chewing force in partially edentulous elderly patients.



Standardization of Jaw Muscle Activities

Standardization of jaw muscle activities during chewing is essential for the critical evaluation of the effects of denture wearing. In the present study, change rates were applied for standardization of chewing-related jaw muscle activities between the Wearing and Unwearing conditions. In addition, in order to define the multiple prefrontal associations with chewing activities, comprehensive standardization was conducted using change rates for prefrontal fNIRS, occlusal force, and mastication score as subjective chewing ability, as well as burst duration and peak amplitude of jaw muscle activities. The results revealed specific prefrontal activation induced by wearing a denture in partially edentulous elderly patients associated with chewing activities.

Ferrario et al. (2004) reported a method for standardization of chewing muscle activities, referred to as jaw muscle EMG activity, under maximum voluntary teeth clenching and used that to compare the effects of two types of denture prostheses. There is no best way to normalize muscle activities, though Halaki and Ginn (2012) suggested obtaining reference values for normalization of EMG activities using the following: (1) maximum activation level during maximum contractions, (2) peak or mean activation level obtained during the task under investigation, (3) activation level during submaximal isometric contractions, and (4) peak-to-peak amplitude of maximum muscle activation. An additional examination may be needed with another method for standardization of jaw muscle activities during chewing performance.



Measuring fNIRS for Prefrontal Cortex Activities During Chewing Performance

Artifacts in fNIRS can be caused by contractions of temporal muscle blood flow during chewing performance (Schecklmann et al., 2017); thus, scrupulous attention is required to protect the interfusion of muscle artifacts during fNIRS measurements. In this regard, we consider it necessary to comment regarding possible artifact interfusion in the present fNIRS examinations. A previous report presented averaged recording data for masticatory muscle activities and fNIRS obtained during both right- and left-side chewing in order to exclude functional laterality (Kamiya et al., 2016), and the present study also averaged the bilateral fNIRS data. Recently, the dissociated prefrontal cortex activities were presented during chewing performance in patients complaining of oral dysesthesia as compared with healthy controls, even though jaw muscle activities were not different between those two groups (Narita et al., 2019).

In the present study, significant associations of prefrontal fNIRS with jaw muscle activities and occlusal force and masticatory score were noted. Specifically, prefrontal fNIRS was positively associated with burst duration and peak amplitude of the Mm and temporal muscles as well as masticatory score, whereas prefrontal fNIRS was negatively associated with occlusal force (Figures 5, 6). Notably, prefrontal fNIRS was positively associated with burst duration and peak amplitude of temporal muscle activity (Figures 6A,B) and negatively with occlusal force in the same prefrontal localization (Figure 6C). When prefrontal fNIRS data become contaminated by jaw muscle blood flow during chewing performance, these conflicting positive and negative associations cannot simultaneously occur in the same region of the prefrontal cortex and also may not be associated with the bilaterally averaged chewing activities examined in the present study.

The present results also demonstrated separable functional localizations in regard to the associations of prefrontal activities with the peak amplitude of Mm and temporal muscle activities. A prefrontal association of peak amplitude in the Mm muscle was presented in the right FPA, whereas that in temporal muscle was presented in the left FPA (Figures 5B, 6B). In consideration of possible involvement of multiple brain areas in rhythmical chewing, including prefrontal higher cognition, sensorimotor cortices, and subcortical areas (Quintero et al., 2013; Lin et al., 2016, 2017), an additional study that utilizes whole-brain network analysis may be necessary to more appropriately interpret functional laterality in regard to the association of the prefrontal cortex with chewing activities in partially edentulous elderly patients when wearing a denture.



CONCLUSION

This study was conducted to clarify the efficacy of wearing a denture in partially edentulous elderly patients from the viewpoint of associations between prefrontal and chewing activities in regard to chewing ability, occlusal force, and chewing muscle activities. Our results show that wearing a denture improves prefrontal activity, occlusal state, chewing muscle activities, and masticatory score, as compared with not wearing one. Additionally, the prefrontal activities were positively associated with burst duration and peak amplitude of Mm and temporal muscle activities and masticatory score by wearing a denture. In contrast, the prefrontal activities were negatively associated with occlusal force by wearing a denture.

In consideration of prefrontal cognitive activation caused by physical exercise (Bhambhani et al., 2006; Tsujii et al., 2013; Moriya et al., 2016), the positive relationships between the temporal burst duration and peak amplitude in Mm and temporal muscle activities, as well as masticatory score, and the associated prefrontal activation induced by wearing a denture may be considered as the prefrontal consolidation under the condition of the enhanced chewing automaticity in partially edentulous elderly patients. On the other hand, the negative relationships between the occlusal force and the prefrontal activations shown by wearing a denture could be interpreted as the prefrontal compensative participation in order to precisely generate the biomechanical occlusal force during chewing performance in partially edentulous elderly patients (Spraker et al., 2009; Derosière et al., 2014).

Findings obtained in this study warrant further investigations for the better understanding of oral neurorehabilitation based on Eichner’s intermaxillary tooth contact classification in the individual elderly patient.
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The cortical representations of orofacial pneumotactile stimulation involve complex neuronal networks, which are still unknown. This study aims to identify the characteristics of functional connectivity (FC) evoked by three different saltatory velocities over the perioral and buccal surface of the lower face using functional magnetic resonance imaging in twenty neurotypical adults. Our results showed a velocity of 25 cm/s evoked stronger connection strength between the right dorsolateral prefrontal cortex and the right thalamus than a velocity of 5 cm/s. The decreased FC between the right secondary somatosensory cortex and right posterior parietal cortex for 5-cm/s velocity versus all three velocities delivered simultaneously (“All ON”) and the increased FC between the right thalamus and bilateral secondary somatosensory cortex for 65 cm/s vs “All ON” indicated that the right secondary somatosensory cortex might play a role in the orofacial tactile perception of velocity. Our results have also shown different patterns of FC for each seed (bilateral primary and secondary somatosensory cortex) at various velocity contrasts (5 vs 25 cm/s, 5 vs 65 cm/s, and 25 vs 65 cm/s). The similarities and differences of FC among three velocities shed light on the neuronal networks encoding the orofacial tactile perception of velocity.

Keywords: functional connectivity, orofacial, pneumotactile stimulation, fMRI, saltatory velocity, cortical representation


INTRODUCTION

The human somatosensory system decodes tactile stimuli from peripheral sensory receptors through a complex process involving interactions between bottom-up thalamocortical and top-down corticocortical/cortico-thalamo-cortical pathways (Avivi-Arber et al., 2011; Lundblad et al., 2011; Zembrzycki et al., 2013; Hwang et al., 2017). Studies of cortical representations of tactile stimulation of different body parts have identified the primary (SI) and secondary (SII) somatosensory cortices, as well as the supplementary motor area responsible for sensory processing (Ibáñez et al., 1995; Backes et al., 2000; Grodd et al., 2001; Backlund et al., 2003; Paus et al., 2006; Backlund Wasling et al., 2008; Bjornsdotter et al., 2009; Ackerley et al., 2012; Zembrzycki et al., 2013; Akselrod et al., 2017; Custead et al., 2017; Oh et al., 2017; Yeon et al., 2017). SI, which is located in the postcentral gyrus, processes complex information about the location, velocity, and other characteristics of tactile stimulation from the thalamus through the thalamocortical axons. Damage to the SI (e.g., by stroke, traumatic brain injury, etc.) could result in orofacial sensory and motor deficits; the recovery of such damage to the sensorimotor system requires characterizing the neuronal connections (both structural and functional connectivity) (Nudo, 2013). Therefore, the neuronal connections among cortical regions are critical for understanding the cortical plasticity after injuries to the somatosensory system.

Tactile sensation is detected by cutaneous mechanoreceptors in the skin and is then projected to afferent neurons or sensory nerves, via the spinal cord, toward the central nervous system (Jenkins and Lumpkin, 2017). Pacinian corpuscles, a type of cutaneous mechanoreceptors that usually detect rapid vibrations (about 200–300 Hz) in both glabrous and hairy skin (e.g., palm and arm, respectively), were considered to be virtually absent from the facial skin based on psychophysical methods (Barlow, 1987), and the cutaneous mechanoreceptors in the facial skin have high densities and are slow adapting, with small receptive fields (Johansson and Olsson, 1976; Johansson et al., 1988).

Vibrotactile adaption has been observed in both the hands and face (Hollins et al., 1991). Individual mechanoreceptors in the facial skin responded differently to brush stimuli moving at different velocities (Edin et al., 1995). Nevertheless, it has been argued that the central nervous system might not be able to decode velocity of movement across the skin in humans (Edin et al., 1995). However, animal studies have suggested that rat SI neurons could process complex tactile stimuli such as direction and velocity of motion (Moore et al., 1999; Krupa et al., 2001; Ferezou et al., 2007; Tomita et al., 2012; Zembrzycki et al., 2013). Furthermore, neuroimaging studies also indicated that there are different cortical representations for different tactile stimuli in humans (e.g., location, type of motion, direction, velocity, etc.) (Reed et al., 2004; Miyamoto et al., 2006; Backlund Wasling et al., 2008; Eickhoff et al., 2008; Bjornsdotter et al., 2009; Moulton et al., 2009; Avivi-Arber et al., 2011; Grabski et al., 2012; Huang et al., 2012; Khoshnejad et al., 2014; Yang et al., 2014; Custead et al., 2015, 2017; Hwang et al., 2017; Oh et al., 2017; Yeon et al., 2017).

The cross-modality plasticity theory suggested that somatosensory stimuli could evoke neural responses to promote learning of new motor skills (Sanes and Donoghue, 2000; Nasir et al., 2013; Ladda et al., 2014) and performing motor tasks more accurately (Pearson, 2000). The integration of the orofacial sensory and motor system has been suggested to be critical for motor learning and motor control for sucking, swallowing, and producing speech sounds (Barlow and Bradford, 1996; Barlow, 1998; Sessle et al., 2005, 2007; Barlow and Estep, 2006; Barlow and Stumm, 2010; Smith, 2016). If passive pneumotactile stimulation could effectively evoke changes in the neuronal connections and positively impact motor learning, there may be a paradigm shift in early neurorehabilitation protocols to improve functional recovery after brain injury (e.g., due to stroke, traumatic brain injury, etc.).

The cortical representations of moving tactile stimulation have mostly been investigated on the hand. Brushing over the right thumb once every one and a half second and using electric stimuli to the median nerve in seven healthy participants, Lin et al. identified the different shapes of waveforms of somatosensory evoked fields in SI using magnetoencephalography (MEG) (Lin and Kajola, 2003). A functional magnetic resonance imaging (fMRI) study compared active touch, self-touch, and passive touch of both the glabrous palm and hairy arm, using a stroking velocity between 6 and 8 cm/s and demonstrated specialization of cortical regions for processing of somatosensory information (Ackerley et al., 2012). They found that moving tactile stimulation of the glabrous palm activated more extensive cortical areas of the right SI (subarea Brodmann area BA 3, contralateral) than that of the hairy arm. Moreover, active stroking evoked positive blood-oxygenation level dependent (BOLD) signals in the left SI (ipsilateral), whereas passive stroking evoked negative BOLD signals. More recently, a fMRI study identified the left SI, left superior temporal gyrus (STG), and the left precentral gyrus (preG) as being involved in encoding saltatory pneumotactile velocity stimulation of the glabrous hand, using stimuli at 5, 25, and 65 cm/s (Oh et al., 2017). The velocity of 25 cm/s evoked the most extensive BOLD signal among all velocity settings.

However, for the face, the cortical representations of moving tactile stimulation have not been well studied. Not knowing the neural subtracts of perceiving moving stimulation on the face has limited our understanding of velocity and directional encoding in the sensory domain. In our previous fMRI study, we identified a putative neural somatosensory velocity network with bilateral SI, bilateral cerebellum, bilateral middle occipital gyrus, left MI, right SII, right STG, and right SMG, right inferior frontal gyrus (IFG), which had not been reported previously (Custead et al., 2017). Custead et al. used a univariate generalized linear model (GLM) to determine brain regions with specific responses to the pneumotactile stimulation at each voxel. The univariate GLM approach assumes that each voxel in the brain is functionally specialized rather than functionally integrated (Stephan et al., 2006). However, this perspective limits our understanding of how different brain regions communicate with each other, which is essential for understanding complex neuronal networks (Tononi et al., 1998). Task-based functional connectivity (FC) measured by evaluating the correlation between time series of BOLD signals among brain regions does not measure structural connections (e.g., axonal projections), but represents the functional coupling between two or more spatially or anatomically distinct areas of the brain (Stevens, 2009; Hermundstad et al., 2013). To date, little is known about the functional connectivity (FC) evoked by the orofacial tactile perception of velocity.

The present study therefore aimed to identify the characteristics of FC evoked by pneumotactile stimuli, at three saltatory velocities (5, 25, and 65 cm/s), on the non-glabrous lower face, as an extension to our previous work, in order to enhance our understanding of the neural networks responsible for encoding the velocity of tactile stimulation (Custead et al., 2017). We hypothesized that there would be different patterns of FC corresponding to the three velocities.

The pneumotactile stimulator used in this study (GalileoTM) overcomes the technical challenges of automatically applying tactile stimulation to the face without eliciting pain sensation during fMRI (Custead et al., 2017). A single chambered tactile cell (TAC-Cell) or multiple TAC-Cells of the Galileo system can be placed on both glabrous and hairy skin through adhesive tape collars, and are compatible with many neuroimaging techniques, such as MRI, functional near-infrared spectroscopy (fNIRS), MEG, and electroencephalography (EEG). The in-house computer software allows the Galileo system to deliver saltatory tactile stimuli at a variety of settings (amplitude, velocity, etc.). Unlike other pneumotactile stimulators (Dresel et al., 2008; Huang et al., 2012), the Galileo with TAC-Cells is easy to set up and program for various applications. This pneumotactile stimulator has been used to examine the neural subtracts of the human somatosensory system and has effectively activated SI, SII, and the PPC (Popescu et al., 2013; Custead et al., 2017; Oh et al., 2017).

Based on our previous work and other studies in the literature (Blatow et al., 2007; Huang et al., 2012; Custead et al., 2017), we here chose 10 regions-of-interest (ROIs), including the bilateral SI, SII, PPC, dorsolateral prefrontal cortex, and thalamus for hypothesis-driven ROI-to-ROI FC analysis, to examine whether the FC of our hypothesized networks differ across the three stimulation velocities. Then, four ROIs, including the bilateral SI and SII, were chosen for data-driven Seed-to-Voxel FC analysis to examine which cortical areas are functionally connected to either SI or SII, and whether this differ across the three stimulation velocities.



MATERIALS AND METHODS


Participants

Twenty healthy, right-handed, native English-speaking adults (15 females), 18–30 years of age (mean ± SD: 22.3 ± 1.7), agreed to participate in the study after providing written informed consent. All participants reported the right hand as the preferred hand and had no history of neurological or psychiatric disorders, or any chronic illness or scheduled medications. The study was approved by the Institutional Review Board at the University of Nebraska-Lincoln.



Stimulus Device

Pneumotactile stimuli were delivered to the facial skin by a multichannel pneumatic amplifier and tactile array known as the Galileo SomatosensoryTM system (Epic Medical Concepts & Innovations, Inc., Mission, Kansas, KS, United States). The Galileo system utilizes TAC-Cells made from acetyl thermoplastic homopolymer, which uses tiny volumes of compressed air to deform the surface of the skin rapidly. The TAC-Cells are MRI-safe and incorporate a small capsule with a sealing flange. In Figure 1, the placement of seven TAC-Cells on a representative participant was shown from the upper and lower lips to the right lateral cheek of the face. Before using double-adhesive tape collars to secure each TAC-Cell, ten percent concentration of tincture of Benzoin was applied to the skin for improvement of adhesion. For each participant, the distances between each TAC-Cell were measured and taken into consideration for designing the velocity trains traversing in a repeating medial-to-lateral direction on the face. For all conditions, the Galileo system was programed to generate biphasic pulses with a duration of 60 ms, frequency of 1 Hz, 10 ms rise/fall, amplitude from −5 to 28 kPa (Custead et al., 2017; Oh et al., 2017). Our in-house software program generated air pressure pulses to five channels sequentially for 5, 25, 65 cm/s conditions and simultaneously for “All ON” condition. The Galileo system was located outside the MRI suite and delivered pneumotactile stimuli through polyurethane tubing into the MRI suite. Participants described the sensory experience as a moving sequence of discrete ‘taps’ or ‘raindrops’ on their lower face without any discomfort (Custead et al., 2017).


[image: image]

FIGURE 1. Shows the experimental configuration for the Galileo somatosensory stimulator with pneumatic velocity arrays aligned on the participant from the right philtral column to the right buccal face. White flanged surface of the TAC-Cell was adhered to skin surface with double adhesive colars and 7 TAC-Cells form 5 channels in five colors (red: channel 1 placed two TAC-Cells on the median upper and lower lips; orange: channel 2 placed two TAC-Cells next to the TAC-Cells of channel 1; yellow: channel 3 placed a TAC-Cells next to the channel 2; green: channel 4 placed a TAC-Cell next to channel 3; blue: channel 5 placed a TAC-Cell next to channel 4). The bottom four graphs show the time courses for each velocity and All ON.




Paradigms

We used a block design, and each twenty-second task block was followed by a twenty-second resting block (Custead et al., 2017; Oh et al., 2017) (see Figure 2). The twenty-second block of either 5 cm/s, or 25 cm/s, or 65 cm/s, or “All ON”, or “All OFF” was randomized. The different velocities represented the different speeds of the air pressure pulses traveling (saltation) through channels (see Figure 1). For instance, the 5 cm/s represented that the air pressure pulses went through all channels sequentially within approximately 5 s in total (starting at channel 1, about 1 s at channel 2, 2 s at channel 3, 3 s at channel 4, and about 5 s at channel 5). The 25 cm/s meant that the pressure pulses went through all channels sequentially within approximately 2 s in total. The 65 cm/s represented that the air pressure pulses went through all channels sequentially within about 1.5 s in total. The “All ON” indicated that the air pressure pulses went through all channels simultaneously. The “All OFF” meant that no air pressure pulse went through all channels, which is equivalent to the resting period. During the fMRI scan, visual countdown task was used to maintain the participants’ vigilance using E-Prime 2.0 software (Psychology Software Tools, Pittsburgh, PA, United States). The participants were directed to pay attention to the number shown on the screen for only 0.5 s to minimize brain activation in the primary visual cortex. A declining countdown from 20 to 1 represented the remaining time in seconds for the tactile stimulation.
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FIGURE 2. One run of the fMRI in-scan paradigm indicates a series of pneumotactile saltatory stimuli traversed the skin in a repeating medial-to-lateral direction. There are twenty 40 s long blocks in one run. Each block consisted of one 20 s block of task stimuli presentation and 20 s block of rest. There are five possible task blocks (5, 25, 65 cm/s, All ON, All OFF) randomly presented.




Data Acquisition

All images were acquired on a 3.0 T Siemens Skyra whole-body MRI system (Siemens Medical Solutions, Erlangen, Germany) with a 32-channel head coil. A high-resolution T1-weighted three-dimensional anatomical scan was acquired using magnetization-prepared rapid gradient-echo sequences (MPRAGE) with the following parameters: TR/TE/TA = 2.4 s/3.37 ms/5:35 min, flip angle = 7°, field of view = 256 × 256 mm, spatial resolution = 1 × 1 × 1 mm3, number of slices = 192. Following the MPRAGE anatomical scan, three sessions of functional MRI (fMRI) scans were recorded using a T2∗-weighted echo planar imaging (EPI) sequence with the following parameters: TR/TE/TA = 2.5 s/30 ms/800 s, voxel size = 2.5 × 2.5 × 2.5 mm3, flip angle = 83°, number of slices = 41, number of volumes = 320.

The first TR pulse from the MRI scanner during fMRI data acquisition went through a Berkeley Nucleonics pulse generator (Model 645), which was in charge of sending triggers to the Galileo system to produce a velocity sequence every 40 s. The Galileo system generated a velocity condition for 20 s, then wait for 20 s to initiate the next velocity sequence. To reduce the effect of fatigue, we did three runs separately and gave optional breaks between runs. Each run consisted of 20 blocks, and 20 blocks consisted of four sets of randomly presented five conditions (5, 25, 65 cm/s, “All ON”, “All OFF”) (see Figure 2). Each run includes four blocks of 5 cm/s (80 s and 52 TR), four blocks of 25 cm/s (80 s and 52 TR), four blocks of 65 cm/s (80 s and 52 TR), four blocks of “All ON” (80 s and 52 TR), four blocks of “All OFF” (80 s and 52 TR). In total, each condition block lasted 960 s with 480 s condition segment and 480 s rest segment. Nineteen participants completed all three runs, while one participant only completed two runs.



Data Analysis

The CONN toolbox (Whitfield-Gabrieli and Nieto-Castanon, 2012)1 was used for pre-processing all images and compute brain connectivity using both seed-based and region-of-interests (ROIs)-based approaches. The CONN toolbox used Statistical Parametric Mapping (SPM122) toolbox to pre-process all image volumes, including functional realignment, structural segmentation and normalization, ART-based scrubbing, and smoothing. First, the functional data were realigned to the first scan and to correct for interscan head movement. The functional realignment process in the CONN toolbox automatically generated the first-level covariate with six rigid-body parameters that quantified the estimated motion for each participant and each run. The functional realignment covariate can be used in the GLM to regress out the residual movement-related effects from the time series. Second, the structural image was segmented into gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF) in the individual participant’s space, and normalized to the Montreal Neurological Institute (MNI) space. The transformation matrix between the segmented MRI to MNI space was saved and used to coregister functional images to the normalized structural MRI. The Artifact Rejection Toolbox (ART3)-based scrubbing built-in CONN toolbox was applied to outlier detection and scrubbing to compute confound regressors using default parameters (global threshold: 9 stand-deviations above or below the mean, motion threshold: 2 mm translation and 2° rotation in any direction). The ART-based scrubbing technique detected an outlier if the largest voxel movement between volumes exceeded the thresholds. Only three outliners were identified and treated as nuisance regressors in the first-level GLM analysis. Finally, all coregistered fMRI data were smoothed with an isotropic Gaussian kernel of 8 mm full-width-at-half-maximum (FWHM).

The task-related functional connectivity was computed in the CONN toolbox. For each participant, CONN implemented CompCor to identify the top five principal components associated with segmented WM and CSF (Behzadi et al., 2007). These components were entered as confounds along with realignment parameters and nuisance regressors from ART-based scrubbing in the first-level GLM analysis. The residual time courses were linearly detrended (no despiking) and temporally filtered using a band-pass filter (0.008-0.09 Hz) during the denoising process in the CONN toolbox.

For the ROI-to-ROI analyses, we studied FC between ROIs for different velocities (5, 25, 65 cm/s, “All ON”). We computed the strength and significance of bivariate Pearson correlation among pairs of ten ROIs for each participant. Five bilateral ROIs (see Table 1) were created using MNI coordinates in the CONN toolbox and the MNI coordinates were based on our previous work (Custead et al., 2017; Oh et al., 2017). The ROI-to-ROI correlation coefficients were obtained by calculating all possible correlation coefficients between the time series of each pair of ROIs. For ROI-to-ROI connectivity, significant connections were identified by calculating the False Discovery Rate (FDR)-corrected two-sided p-value (q) at q < 0.05 thresholds for seed-level correction. The FDR seed-level correction applied FDR separately for each ROI and corrected across the multiple comparisons from having multiple target ROIs.


TABLE 1. Regions Of Interest.

[image: Table 1]For seed-based FC analyses, a whole-brain approach was used to identify cortical areas that were differentially connected with bilateral SI and SII among four conditions (5, 25, 65 cm/s, and “All ON”). The four seeds (see Table 1) were chosen based on the literature (Lin and Kajola, 2003; Pastor et al., 2004; Reed et al., 2004; Dresel et al., 2008; Ackerley et al., 2012; Popescu et al., 2013; Custead et al., 2017; Oh et al., 2017; Yeon et al., 2017) because bilateral SI and SII were most consistently identified across imaging studies with different parameters. We chose to compute all possible cross-correlation coefficients between the time series of the seeds and all residual voxels in the brain, and then convert them to Z-scores. At the second-level analysis in the CONN toolbox, we compared FC patterns among different tactile stimuli. To control for multiple comparison, the CONN toolbox implemented the Cluster Size Statistic (CSS) (Ing and Schwarzbauer, 2014). FC maps between all voxel pairs for all participants under all conditions were generated, and then T-statistics were calculated between connectivity values taken under different velocity conditions. A cluster-forming threshold was set at voxel-level p < 0.001 and CSS only counted those with cluster-level FDR-corrected p < 0.05 as significant, which is a multiple-comparison correction at the whole-brain level to control the false discoveries among significant clusters below 5% rate (Friston et al., 1994).



RESULTS


ROI-Based FC

In Figure 3, functional networks for each velocity (5, 25, and 65 cm/s) were overlaid onto three-dimensional rendered brain on the first row and task-related FC matrices for each velocity were plotted on the second row. Comparing 5 and 25 cm/s task conditions, increased FC was identified between the right DLPFC and the right thalamus (see Figure 4). There is no significant difference of FC between 5 and 65 cm/s and between 25 and 65 cm/s for all ROI-to-ROI pairs. The contrast of 5 cm/s vs “All ON” task condition showed significant decreased FC between the right SII and the right PPC and the contrast 65 cm/s vs “All ON” task condition revealed increased FC between the right thalamus and the left SII and between the right thalamus and the right SII (see Figure 5).
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FIGURE 3. Shows ROI-to-ROI based connectivity maps (first row) and connectivity adjacent matrices (second row) for three velocities (5, 25, 65 cm/s). Total six region of interests (ROIs) include bilateral primary somatosensory cortex (L_SI and R_SI), bilateral supplementary somatosensory cortex (L_SII and R_SII), bilateral Posterior Parietal Cortex (L_PPC and R_PPC), bilateral dorsolateral Prefrontal Cortex (L_DLPFC and R_DLPFC), and bilateral thalamus (L_Thalamus and R_Thalamus). The color bar ranges from –1 to 1 and indicates the connectivity strength measured by Pearson’s correlation coefficients. On the connectivity maps, the ROIs are in block dots and positive connections are in red and negative connections are in blue. The thickness of the line is determined by the connectivity strength.
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FIGURE 4. Shows significantly increased connectivity between the right thalamus and right DLPFC for 5 < 25 cm/s.
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FIGURE 5. Shows significantly increased connectivity between the right SII and the right PPC for 5 cm/s > “All ON” and significantly increased connectivity between the right thalamus and the bilateral SII for 65 cm/s > “All ON”.




Seed-Based FC

The seed-to-voxel analyses assessed FCs between four seed regions covering bilateral SI and SII and all other voxels in the brain (cluster size > 35, cluster size FDR-corrected). In Table 2 and Figure 6, for the left SI seed, results revealed increased FC in the left PostCG and left SMG for 5 > 25 cm/s, in the right pMTG, right cerebellum 6, and right AG for 5 > 65 cm/s, in the bilateral iLOC, right sLOC, right FG, right Cerebellum 6 for 25 > 65 cm/s. For the left SII seed, increased FCs were only in the left SPL and right sLOC for 25 > 65 cm/s. In Table 2 and Figure 7, for the right SI seed, increased FCs were shown in the left iLOC and right pMTG along with decreased FCs in the right IC for 5 > 65 cm/s, and increased FCs were also observed in the bilateral iLOC along with decreased FC in the left cerebellum crus II for 25 > 65 cm/s. For the right SII seed, decreased FC was present in the right SFG for both 5 > 65 cm/s and 25 > 65 cm/s. Additionally, increased FCs were shown in the left SPL and sLOC for 25 > 65 cm/s.


TABLE 2. Seed-to-voxel results of changes in functional connectivity related to each velocity.
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FIGURE 6. Shows the left SI (green sphere) and the left SII seeds (green sphere) overlaid on a standardized three-dimensional template and the significant seed-to-voxel results were presented on the right.
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FIGURE 7. Shows the right SI (green sphere) and the right SII seeds (green sphere) overlaid on a standardized three-dimensional template and the significant seed-to-voxel results were presented on the right.




DISCUSSION

The present study examined FC evoked by the orofacial tactile perception of velocity using fMRI in 20 neurotypical adults. This study attempted to identify FC evoked by novel saltatory pneumotactile stimuli using TAC-Cells with the Galileo system, which has not been reported previously. Our findings suggested that there were more similarities in ROI-to-ROI neuronal networks in the contralateral cortical areas (on the opposite side to the stimuli) and more differences in FC patterns in the ipsilateral cortical areas (on the same side as the stimuli). The 5 cm/s velocity evoked weaker FC between the right thalamus and the right DLPFC than did the 25 cm/s velocity, indicating that a velocity of 25 cm/s evoked stronger FC in the ipsilateral cortical regions. During the “All ON” condition, all TAC-Cells were stimulated simultaneously at 1 Hz, without varying velocity. The decreased FC between the right SII and right PPC for contrasting 5 cm/s with the “All ON” condition, and the increased FC between the right thalamus and bilateral SII for contrasting 65 cm/s with the “All ON” condition, demonstrated the FC pattern evoked by orofacial tactile perception of velocity. Our Seed-to-Voxel approach identified different cortical network patterns for each seed at various velocity contrasts (5 vs 25 cm/s, 5 vs 65 cm/s, and 25 vs 65 cm/s), suggesting that specialized FC patterns are responsible for discriminating different velocities of orofacial tactile stimuli.


Effects of Velocity

In this study, the right side of the lower face was passively stimulated with air pulses from a spatial array of TAC-Cells, which produced a 2–3 mm deflection of the skin surface. Unlike the glabrous hand, the facial skin is non-glabrous and lacks Pacinian afferents (Barlow, 1987). Hairy skin also lacks Meissner afferents and contains both slowly conducting unmyelinated C-tactile afferents and fast-conducting myelinated Aβ fibers (Nordin, 1990; Ackerley et al., 2014). The Merkel afferents, a population of slow-adapting type 1 (SA1) afferents, were stimulated in the right lower face, and then their first-order afferents produced action potentials, which were carried by the first-order Aβ axons into the ipsilateral main sensory trigeminal nucleus to release neurotransmitters to the second-order afferents. The second-order afferents generated action potentials that were conducted by their axons into the contralateral pons, to the ventral trigeminal lemniscus. The action potentials arrived at the contralateral thalamus and released neurotransmitters to the third-degree afferents in the core of the ventral posteromedial nucleus (VPM) of the thalamus. Finally, the third-degree VPM afferents released neurotransmitters to the cortical neurons in the SI and initiated the higher-order processing of the spatiotemporal information about the tactile stimuli delivered to the face (Norrsell and Olausson, 1994; Lundblad et al., 2011).

Our ROI-to-ROI results presented greater similarity of FC across the three velocities in the contralateral hemisphere. The only difference in connection strength was between the right DLPFC, and the right thalamus, and the 5 cm/s velocity evoked weaker FC than did the 25 cm/s. The right DLPFC has been associated with many high-level functions, such as alerting, cognitive control, emotional regulation, and working memory (Critchley et al., 2001; Mannarelli et al., 2015; Schaal et al., 2017; Wang et al., 2018; Yang et al., 2018). A case report has shown that a patient with a thalamic lesion in the region of the right intralaminar nuclei was conspicuously slow, inflexible, and lacked concentration, suggesting that the right thalamus is critical for healthy cognitive functions (Van Der Werf et al., 1999). Our paradigm used a fixed block length. Thus, there were more air pulses delivered for the 25 cm/s blocks than for the 5 cm/s blocks. The 5 cm/s velocity, which had the lowest temporal density of tactile stimulation, required little attention during the task, leading to weaker FC between the attention region (right DLPFC) and important hub region (right thalamus). Interestingly, there were no differences in the FC connection strength between the right DLPFC and the right thalamus for contrasts of 5 vs 65 cm/s, or 25 vs 65 cm/s. This result indicated that a 65 cm/s velocity, the highest velocity used in this study, exceeded the optimal range of velocity. The optimal velocity range for moving tactile stimuli was 3–30 cm/s for the hand and 3–25 cm/s for the face (Langford et al., 1973; Whitsel et al., 1978, 1986; Dreyer et al., 1979; Essick et al., 1987, 1988; Edin et al., 1995). Additionally, the results of our previous study indicated that a velocity of 5 cm/s evoked the most extensive brain activation (Custead et al., 2017), indicating that there were sufficient data from three runs for the lowest temporal density of pneumotactile stimulation (5 cm/s) to evoke cortical activation. For 25- and 65-cm/s velocities, the higher temporal density of air-pulse stimulation did not elicit more BOLD responses in the brain, suggesting that adaptation or repetition-suppressing processes may play a role (Hollins et al., 1991; Popescu et al., 2013; Yang et al., 2014; Custead et al., 2017). Additionally, the 65-cm/s velocity exceeded the optimal range of velocity for the face and was processed differently in higher-order cortical levels of cortex in an animal study (Darian-Smith et al., 1984). High velocities have high temporal density, but have low perception accuracy (Lamb, 1983; Custead et al., 2017), whereas the 5-cm/s velocity might be processed as discrete stimuli to the facial skin, rather than as a constant motion across the skin (Wacker et al., 2011; Depeault et al., 2013). A recent study evaluated tactile pleasantness by stroking a soft brush over the skin and concluded that middle velocities, from 1 to 10 cm/s, were the preferred velocities, based on the pleasantness ratings (Ackerley et al., 2014). No participant in this study reported discomfort or pain sensation. Thus, pain-related neuronal networks did not influence our results.

In the “All ON” condition, the multichannel TAC-Cells were stimulated simultaneously. The contrasts of each velocity with the “All ON” condition revealed differences in FC strengths caused by the effects of the velocities of the tactile stimuli. For 5 cm/s vs “All ON” conditions, there was reduced FC between the right SII and the right PPC. Our previous results showed bilateral activation patterns when comparing 5 cm/s vs “All ON” (Custead et al., 2017). Our previous GLM results were limited to the strength of BOLD signals and could not determine the FC between a pair of cortical areas, while the present FC analysis allowed us to understand FC by calculation of Pearson’s correlation coefficients using time courses from pairs of cortical areas. A previous fMRI study has reported the representations of six body parts (face, fingers, legs, shoulders, lips, and toes) in the superior PPC (Huang et al., 2012). The right SII is connected reciprocally with the right (ipsilateral) SI (Karhu and Tesche, 1999). The “All ON” condition contains the highest temporal density of pneumotactile stimuli, and the fast Aβ fibers were used to carry the sensory information. The 5-cm/s velocity contained the lowest temporal density, and the slow C-tactile fibers were probably used to pass the sensory information. Therefore, the faster conduction from the peripheral nervous system (PNS) for the “All ON” condition allowed faster information flow between the right PPC and the right SII and led to stronger FC than the 5-cm/s velocity. For the 65 cm/s vs “All ON” conditions, there was increased FC between the right thalamus and bilateral SII. The 65-cm/s velocity is not optimal for evoking functional networks in brain supporting velocity encoding, but the 65-cm/s velocity elicited increased FC in the right thalamus. Our results support the role of the thalamus as an integrative hub for functional brain networks (Hwang et al., 2017). An early animal study found that SII receives substantial inputs from topographically appropriate regions within the ipsilateral ventrobasal nucleus and from the ipsilateral posterior group (Carvell and Simons, 1987), which indicated that SII in mice may complement the function of SI by helping to define the overall sensory context in which detailed tactile discriminations are made. Our findings suggested that the right SII was involved in both low and high velocities and might play an important role in discriminating the velocity of orofacial tactile stimuli (Carvell and Simons, 1987; Tommerdahl et al., 2005a). Moreover, there was no statistically significant difference in connection strength for the 25 cm/s vs “All ON” conditions. This unexpected finding indicated that the three velocities were processed differently at the CNS-level, and that different processes at the PNS level might be the driving force. Determining how the three velocities were processed in the PNS was beyond the scope of the present study.

Our Seed-to-Voxel analyses were limited to four seeds only, since the bilateral SI and SII were most commonly activated during tactile stimulation (Karhu and Tesche, 1999; Simoes and Hari, 1999; Backes et al., 2000; Lin and Kajola, 2003; Simoes et al., 2003; Inui et al., 2004; Blatow et al., 2007; Dresel et al., 2008; Eickhoff et al., 2008; Garraghty et al., 2009; Tommerdahl et al., 2010; Hu et al., 2012; Popescu et al., 2013; Vahdat et al., 2014; Venkatesan et al., 2014; Avanzini et al., 2016). Although more seeds could be added, the power of this study would have been affected due to the relatively small number of participants. The changes in FC patterns for different velocities and four seeds (bilateral SI and SII) suggested that each velocity is unique, and might be used based on the sensitivity and spatial specificity needed for the specific neurotherapeutic applications.

The left (contralateral) SI seed had stronger FC with the left PostCG/aSMG in the comparison of 5 vs 25 cm/s. The left PostCG/aSMG were reported to demonstrate significant increases in BOLD signals for 5 cm/s vs “All OFF” condition in our previous fMRI study (Custead et al., 2017). More specificially, the low velocity (5 cm/s) evoked both stronger FC and BOLD signals in the left PostCG/aSMG than did the mid-range velocity (25 cm/s). Lamb et al. reported that increases in stimulus velocity could lead to sufficient loss of spatiotemporal information to decrease discrimination accuracy (Lamb, 1983). FC was increased between the left SI seed and the right AG, right pMTG, and right cerebellum 6 for 5-cm/s velocity vs 65-cm/s velocity. The right AG has been related to numerical representation (Gobel et al., 2001). Our visual paradigm was a visual number countdown task. During the 5 cm/s blocks, the number countdown task-evoked time courses in the right AG that correlated with the time courses of BOLD signals in the left SI. The stronger FC between the left SI and the right FG for 5-cm/s velocity vs 65-cm/s velocity indicated that temporal accuracy was higher for the slowest velocity. The right pMTG has been shown to be involved in the frontoparietal network, which positively modulated cognitive tasks (Jolles et al., 2013). The low velocity evoked the largest spatial extent of activation in the comparison of 5 cm/s with the “All OFF” condition (Custead et al., 2017), which corresponded with the stronger FC between the left SI and right pMTG for 5-cm/s velocity vs 65-cm/s velocity. FC was increased between the left SI seed with the right FG, right sLOC, bilateral iLOC, and right cerebellum 6 for 25-cm/s velocity as compared to 65-cm/s velocity. The right FG, right sLOC, and bilateral iLOC cover the spatial extent of the occipital lobe, suggesting more involvement of visual attention for 25-cm/s velocity than for 65-cm/s velocity. The right cerebellum 6 was activated for both 5 vs 65 cm/s and 25 vs 65 cm/s. The right cerebellum 6 region is located at the right lobule VI of the cerebellum and is involved in the sensorimotor network (Bellebaum and Daum, 2007; Habas et al., 2009; Stoodley et al., 2012; Picerni et al., 2013; Guo et al., 2015), in line with our findings.

The left SII showed significantly increased FC only between the left SPL and right sLOC for 25 cm/s as compared to 65 cm/s. There were clear differences in FC patterns between the left SI and SII, in agreement with other studies (Backes et al., 2000). There were more similarities in FC patterns between 5 and 25 cm/s conditions in the left SII than for the left SI. Both velocities were within the optimal velocity range. The differences in FC between 25 and 65 cm/s conditions is likely to be driven by the 25-cm/s velocity, since there was no difference in FC for 5 vs 65 cm/s or 5 vs 25 cm/s. The left SII has been suggested to participate in the high-order processing of somatosensory stimuli (Backes et al., 2000), which was supported by our results.

There was significantly increased FC between the right SI seed and the left iLOC and right pMTG, as well as decreased FC between the right SI seed and right IC for 5 cm/s as compared to 65 cm/s. The right IC has been shown to be involved in inhibiting sensorimotor responses as part of the attention network (Corbetta and Shulman, 2002; Custead et al., 2017). The fastest velocity with the highest temporal density led to more repetition and required more control over response suppression. FC between the right SI seed and the bilateral iLOC was significantly increased, and FC between the right SI and the left cerebellum crus II was significantly decreased, for 25 cm/s as compared to 65 cm/s. The cerebellar involvement is consistent with the putative role of the cerebellum in feedforward control of sensory-guided movements at 5 cm/s (Custead et al., 2017).

The right SII showed significantly weaker FC with the right SFG for both 5 vs 65 cm/s and 25 vs 65 cm/s, but there was no difference for 5 vs 25 cm/s conditions. Thus, the noted FC difference was driven by the highest velocity. The right SFG plays a role in executive function, supporting bottom-up attention (Jolles et al., 2013). The increases in velocity required more bottom-up attention or alertness. Moreover, the right SII showed significantly stronger FC with the left SPL and weaker FC with the right SFG for 25 cm/s as compared to 65 cm/s. Somatosensory stimuli are processed in the left SPL, which is also involved in sensorimotor integration (Ruben et al., 2001). Weaker FC with the left SPL for 25 than for 65 cm/s might be due to the higher temporal density of the highest velocity stimulation. In other words, there are more somatosensory stimuli delivered in 20 s for the 65 cm/s than for either 5 or 25 cm/s stimuli.



Laterality

Both contralateral and ipsilateral FC of both SI and SII during unilateral or bilateral activation have been reported in animal (Tommerdahl et al., 2005a, b) and human studies (Tommerdahl et al., 2006; Akselrod et al., 2017). Neurons in SII most often have bilateral receptive fields, unlike neurons in SI (Whitsel et al., 1969). Our ROI-to-ROI results showed stronger FC between the right thalamus and bilateral SII for 65 cm/s as compared to the “All ON” condition, supporting the view of the involvement of bilateral SII in unilateral stimulation. The present study demonstrated that FC was reduced between the right PPC and the right SII for 5 cm/s as compared to the “All ON” condition, suggesting that right SII activity evoked by the slow velocity is critical for neuronal encoding of orofacial tactile perception of velocity. We also observed changes in FC in both hemispheres, in alignment with our previous report on bilateral cortical responses (Custead et al., 2017). The different velocities evoked different brain connectivity patterns that were mostly noted in the right (contralateral) hemisphere, supporting the involvement of interhemispheric connections for complex pneumotactile stimulation.



Limitations

This study had several limitations. First, a major limitation was that the imaging modality measured relatively slow hemodynamic responses, in the order of seconds. FMRI data can provide some indirect measures to decode how the sensory system perceives stimuli with different velocities. However, humans can make sensory decisions in less than 200 ms, which relies primarily on rapid synaptic neurotransmission on a time scale of milliseconds (Kohn et al., 2002). Thus, electrophysiology-based imaging approaches (i.e., MEG, EEG) are more suitable for studying the dynamic information of this rapidly changing system (Puts et al., 2019). Second, the relatively small sample size and wider age range of our participants could have limited the power of this study. Third, the FC analyses in the present study could not allow conclusions about the causal relationships between cortical regions and about whether the cortical network supporting higher-order processing of the facial tactile stimuli involved serial or parallel processing. Lastly, no behavioral measures were collected to assess individual differences in perception ability.



CONCLUSION AND FUTURE DIRECTIONS

In this study, cortical connectivity patterns associated with various tactile stimulation velocities were studied using fMRI, which has not been reported previously. Our results demonstrated both similarities and differences in the neuronal networks across the three velocities. Animal and human studies have shown that passively evoked sensory stimulation can enhance neuronal activity after stroke (Whitaker et al., 2007). Therefore, the present study has implications for applying passive pneumotactile stimuli, with various velocities, to bolster functional recovery during sensorimotor rehabilitation. For instance, if this is combined with physical therapy for stroke patients or brain-injury survivors, it might induce more brain plasticity during sensorimotor rehabilitation (Small et al., 2002; Luft et al., 2005; da Guarda and Conforto, 2014). In future, a large cohort study should investigate age- and sex-effects on the perception of velocity (Venkatesan et al., 2015). Moreover, the effect of placement of TAC-Cells (right side vs left side, etc.) on the face should be investigated. Finally, stroke survivors could be included as a comparison group in future studies. Rehabilitation protocols for stroke survivors can be designed using the Galileo system, and the efficacy thereof could be assessed using fMRI, or MEG, or both.
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Cortical activity during jaw movement has been analyzed using various non-invasive brain imaging methods, but the contribution of orofacial sensory input to voluntary jaw movements remains unclear. In this study, we used functional magnetic resonance imaging (fMRI) to observe brain activities during a simple teeth tapping task in adult dentulous (AD), older dentulous (OD), and older edentulous subjects who wore dentures (OEd) or did not wear dentures (OE) to analyze their functional network connections. (1) To assess the effect of age on natural activation patterns during teeth tapping, a comparison of groups with natural dentition—AD and OD—was undertaken. A general linear model analysis indicated that the major activated site in the AD group was the primary sensory cortex (SI) and motor cortex (MI) (p < 0.05, family wise error corrected). In the OD group, teeth tapping induced brain activity at various foci (p < 0.05, family wise error corrected), including the SI, MI, insula cortex, supplementary motor cortex (SMC)/premotor cortex (PMA), cerebellum, thalamus, and basal ganglia in each group. (2) Group comparisons between the OD and OEd subjects showed decreased activity in the SI, MI, Brodmann’s area 6 (BA6), thalamus (ventral posteromedial nucleus, VPM), basal ganglia, and insular cortex (p ¡ 0.005, uncorrected). This suggested that the decreased S1/M1 activity in the OEd group was related to missing teeth, which led to reduced periodontal afferents. (3) A conjunction analysis in the OD and OEd/OE groups revealed that commonly activated areas were the MI, SI, cerebellum, BA6, thalamus (VPM), and basal ganglia (putamen; p < 0.05, FWE corrected). These areas have been associated with voluntary movements. (4) Psychophysiological interaction analysis (OEd vs OE) showed that subcortical and cortical structures, such as the MI, SI, DLPFC, SMC/PMA, insula cortex, basal ganglia, and cerebellum, likely function as hubs and form an integrated network that participates in the control of teeth tapping. These results suggest that oral sensory inputs are involved in the control of teeth tapping through feedforward control of intended movements, as well as feedback control of ongoing movements.

Keywords: fMRI, teeth tapping, denture, sensory input, voluntary movement


INTRODUCTION

Orofacial muscles are involved in several behaviors, including elemental (e.g., tongue protrusion and jaw opening) and semiautomatic (e.g., mastication and swallowing) movements. Many tasks demand complex refined control of the musculature. Animal studies have indicated that chewing involves interactions between sensory feedback and an intrinsic rhythmical neural pattern. Signals from cortical masticatory areas trigger the central pattern generator and execute a coordinated rhythmical jaw movements (for reviews, see Dubner et al., 1978; Lund and Kolta, 2006; Avivi-Arber et al., 2011; Morquette et al., 2012; Avivi-Arber and Sessle, 2018). Although subcortical and cortical motor regions play central roles in orofacial movements, the underlying brain circuitry that initiates and brings about jaw movements remains poorly understood.

Direct investigation of the human cerebral cortical areas involved in jaw movements is possible due to the advent of non-invasive visualizing techniques such as fMRI, PET, and MEG. Initial PET-based exploration of the cortical areas related to mastication showed that the sensorimotor areas of the cortex were strongly activated and this was followed by activation of the supplementary motor areas, insulae, striatum, and Cb (Momose et al., 1997). Using fMRI, patterns of brain activation associated with mandibular movements (Ishikawa, 2002) during teeth clenching (Tamura et al., 2002; Byrd et al., 2009; Iida et al., 2010) and chewing (Onozuka et al., 2002; Tamura et al., 2003) have been identified, and there is agreement that an experimental task evoked concurrent activity in multiple brain regions. Studies that relate a behavior to activity in a single area or to a specific connection have been faced with difficulties. Neither the interconnections of a network have been identified, nor is it known whether these areas comprise a cohesive functional network.

In elderly adults, reduced masticatory performance is thought to be associated with changes in brain structures and/or functions. The MRI methods have been providing important evidences on how the brain changes with age at various gross anatomical and functional levels (Grady, 2012): (1) Healthy aging is known to be associated with GMV reductions and functional alterations in several regions that are crucial for higher cognitive function, i.e., the prefrontal, medial temporal, and parietal cortices. (2) Diffusion MRI methods have shown age-related changes in white matter connectivity between prefrontal and posterior cortical regions and within posterior sensory cortices. Therefore, reduced activity in elderly adults can be assumed to reflect a reduced level of functioning (Grady, 2012). On the other hand, functional MRI studies have also shown that there are additional cortical activations (for reviews, see D’Esposito et al., 2003; Humbert et al., 2009; Grady, 2012). Because synchronized and coherent fluctuations of BOLD signals have been shown to be important for studying underlying neuronal networks of the human brain (Fox and Raichle, 2007), some recent investigations have begun to assess the brain networks and identify connections between these areas (Quintero et al., 2013; Lin et al., 2017; Michely et al., 2018).

The aim of this study was to understand the neural control mechanism of a complex behavior such as orofacial movement. While older human subjects performed a simple dental tapping task in an MRI environment, we examined how subcortical and cortical areas are activated and how they function together to produce behavior. In this study, we applied the PPI analysis for assessing the functional relevance of tapping task-activated areas. We predicted that the effect of denture wearing (peripheral sensory inputs) influences voluntary motor responses in the cortex during the teeth tapping task. fMRI allowed confirmation of the basic findings that have been characterized in non-human animal studies, and these findings have been extended to behaviors observed in humans.



MATERIALS AND METHODS


Subjects

Three groups of healthy subjects were included in this study: (1) an AD group (5 males and 4 females, mean age = 30.7 years, range: 26–40 years); (2) an OD group (6 males and 7 females, mean age = 81.8 years, range: 80–83 years); and (3) an OEd group (7 males and 8 females, mean age = 79.1, range: 71–88 years). To reduce unidentified variance between the subject groups, careful characterization and selection of the subjects was undertaken. All subjects (1) were right-handed; (2) cleared the International Classification of Impairments, Disabilities, and Handicaps test and the Active-Daily Living Score (ADI Score) test; (3) had no history of neurologic or psychiatric disease; and (4) had no history of oral surgery, dental implants, head and neck cancer, and temporomandibular joint disorders. The dentitional states of the subjects in the OD group were Eichner A-1 type. The subjects’ dentures were fabricated using traditional techniques, and all patients were satisfied with their daily denture use at the point of examinations (∼3 months). After a full de-briefing, written informed consent was obtained from each subject. The experimental protocol for the use of human subjects was approved by the Medical Ethics Committee of Iwate Medical University (approval # 01071 and 01254).



Task Paradigm

During scanning, participants lay on their backs in the scanner. They were instructed (1) to keep the lower jaw in a rest position during the rest stage and (2) to perform a teeth tapping task, i.e., light tapping of the upper and lower teeth together with self-paced timing (∼1 Hz). We employed a block design in this experiment (Figure 1A). The task comprised 30 s in a resting position (off) followed by 30 s of teeth tapping (on), i.e., continuous tapping throughout the entire 30 s block. This task was repeated three times in a run. Therefore, a total duration of each scan was 210 s (dummy 30 s + task 180 s). A single fMRI trial included two runs for the AD and OD groups. The OE group performed the task with and without dentures. Within these trials, the order was randomized yet equal for both conditions to counter ordering effects and to maintain comparability. During the tapping task without dentures (sham teeth tapping), the subjects were instructed to mimic the teeth tapping movements, but were told not to bring the gums into contact. For data analysis, the first 10 volumes were discarded because of unstable magnetization. To minimize motions during the measurements, the head of the examinee was fixed in a supine position. All data from subjects whose head moved >1 mm, which was determined by a motion correction procedure in SPM8 (Figure 1B), were rejected. Imaging data of four elderly subjects (two males and two females of OE/OEd group) were excluded from all analyses.
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FIGURE 1. (A) The task paradigm is represented by periods of teeth tapping. During the measurements, subjects alternated between 30 s of rest (off) and 30 s of tapping (on). The on–off cycle was repeated three times during each scanning run. (B) All data from subjects whose heads were evaluated to have moved >1 mm, as determined by a free software package (SPM8) that calculated head motion, were discarded. (C) Example BOLD signals sampled at the MI [56, −9, 24] from one participant. Changes in signal intensity with time on an image-by-image basis 60 successive images during three cycles of tapping. The vertical axis shows the BOLD signal intensity in arbitrary units.




Image Acquisition

Adults and two groups of elderly adult subjects (aged > 80 years); i.e., people with >20 teeth remaining (OD group) and the OE/OEd group, underwent fMRI during the teeth tapping task using EPI with a 3T MRI scanner. For each subject, functional images were acquired with a 3.0-T Signa HDxt system (GE Medical Systems, Milwaukee, WI, United States). The fMRI data were acquired using the gradient-EPI sequence (Bandettini et al., 1992) with the following BOLD imaging parameters: each volume comprised 24 oblique slices (in the axial orientation), each slice was 5 mm thick, and there was no gap. The TR was 3000 ms with a FA of 60° and 30 ms of TE. The FOV was 240 mm and the in-plane matrix size was 64 × 64 pixels (i.e., resolution 3.75 × 3.75 × 5 mm). T1-weighted images for anatomical details were obtained with the 3D-SPGR pulse sequence: TR 7.584 ms; TE 1.56 ms; FOV 240 mm; matrix 128 × 128; and 148 slices. The resolution of T1-weighted images was 1.875 × 1.875 × 1.4 mm.



Data Analysis

The MRI data were converted to an ANALYZE format and examined using MATLAB (R2007b, Mathworks, Natick, MA, United States) and SPM8 (Wellcome Department of Cognitive Neurology, London, United Kingdom, http://www.fil.ion.ucl.ac.uk/spm/).

First, 60 images from each trial were automatically realigned to the first image to correct for movements (Friston et al., 1994, 1995, 1998). Then, the images from two runs were co-registered with the T1-weighted anatomical image and normalized into a standard stereotaxic space that corresponded to the MNI template (provided by the MNI; Evans et al., 1994). To increase the signal-to-noise ratio, all functional images were smoothed with an 8-mm full-width at half-maximum isotropic Gaussian kernel filter.



General Linear Model

Statistical analyses were based on the GLM (Friston et al., 1995). Data were analyzed for each subject individually in the first level of analysis and individual contrast images were used for a random-effects analysis that assessed group effects. The statistical threshold for comparisons of the main effect of each condition was set (p < 0.05) using the FWE correction provided by SPM8. The cluster level was set at 10.

The resulting areas of activation were characterized regarding peak height and spatial extent (>10 voxels). Functional images were generated based on a two-tailed t-test that compared the resting and active conditions on a pixel-by-pixel basis. The results were considered significant at p < 0.05. The FWE rate corrected for the whole brain volume. Significant voxels were expressed with their coordinates in Talairach’s space transformed from MNI coordinates (Talairach Daemon client software version 1.1; Research Imaging Center, University of Texas Health Science Center). Anatomical maps were created using the Anatomy Toolbox to identify the location, intensity, and activated voxels in the anatomical regions. Images were first evaluated at the single-subject level and then group statistics were computed. The activation regions of the three groups were determined and compared using a one-way ANOVA. Conjunction analysis was performed to analyze the brain regions activated in all three groups.



PPI Analysis

To test the increase in sensory input induced by denture wearing on functional connectivity, PPI analyses were performed. PPI analysis provides a way to determine how neural activity from a seed region interacts with a psychological state to stimulate different levels of neural activity in other parts of the brain (Friston et al., 1997; Bingel et al., 2007; Kim and Horwitz, 2008). Subject-specific seed regions were determined by analyzing each OE individual subject’s contrasts for tapping with dentures (OEd) and no dentures (OE, sham tapping) displayed at p < 0.05 referring for a value of conjunction analysis. Seed regions were defined as 10-mm spheres around the peak voxel rate of the activated cluster. The psychological variable was defined as the contrast of denture wearing vs no-denture wearing. In the first-level analysis, the PPI regressor was extracted from each subject. The PPI regressor consisted of the convolution of two functions, i.e., hemodynamic function convolved task regressor (denture wearing vs no-denture wearing) and the BOLD time course extracted from the seed ROI. This regressor was used to identify the individual effect of sensory modulation on connectivity. The second-level analysis was a group-level analysis. PPI results are reported at a statistical threshold of p < 0.005 (uncorrected) with a cluster size threshold of five voxels.




RESULTS


Comparison of Teeth Tapping in Young and Elderly Adults

We compared the two groups with natural dentition—AD and OD—to assess the effect of age on natural activation patterns during teeth tapping. As shown in Figure 2A (upper), the major activated site in the AD group was the primary sensory cortex and motor cortex. Small sites of activation were found in the association cortex. In the OD group, additional areas were activated and then compared with the AD group [Figure 2A (lower)]. The activated areas that were found bilaterally were the motor/somatosensory cortices, temporal association cortex, and parietal association cortex.
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FIGURE 2. BOLD activation pattern. (A) Surface projection of statistical parametric maps superimposed onto a standard MNI template brain (p < 0.05, FWE corrected). Significant increases in signals associated with tapping in the AD group (upper section) and OD group (lower section). The color bar shows the t-values. (B) Surface projection of statistical parametric maps superimposed onto a standard MNI template brain (p < 0.0001, uncorrected). Significant increases in signals associated with tapping in the AD group (upper section) and OD group (lower section). The color bar shows the t-values. Activated regions from uncorrected results provide some additional cortical activations to FWE corrected results (A), suggesting that the vast number of statistical tests may lead to false positive results regardless of the analysis approach used.


As shown in the Figure 2B, activated regions from uncorrected results provided some additional cortical activations to FWE-corrected results, as has been seen in other fMRI studies (Onozuka et al., 2003; Fang et al., 2005). Since fMRI studies rely on the detection of a weak signal in the presence of substantial noise, many statistical tests may lead to false-positive results regardless of the analytical approach. However, it has also been pointed out that standard corrections, such as Bonferroni’s methods, are too strict and may eliminate true activation.



MRI Results During a Teeth Tapping Task in the OD and OE Groups

Statistical maps of brain regions with significant increases in BOLD contrast during a teeth tapping task in the OD and OE groups are shown in Figures 3, 4, respectively. Teeth tapping tasks in elderly adults recruited various subcortical and cortical foci, and the locations of the most significant foci of activation are summarized in Table 1, in which MNI coordinates of anatomical regions with maximum t-values are shown. Activated areas of the OD group were found bilaterally in the SI, MI, prefrontal cortex, temporal association area, and SMC. Activation foci were also revealed in cortical areas such as the insula (INS) and cingulate gyrus. Significant subcortical activation was present in the putamen and substantia nigra of the Bg, ventral posteromedial nucleus (VPM), and ventral lateral (VL) nucleus of the Th, amygdala, and cerebellar cortex. However, tapping tasks in the OE group recruited relatively smaller areas in the MI, SI, BA6, and prefrontal cortex than the OD group. The dorso-lateral area of the prefrontal cortex (DLPFC) was activated in the OD and OEd groups, but not in the OE groups.


TABLE 1. Significantly activated regions during tapping in the AD, OD, OE, and OEd groups.
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FIGURE 3. Teeth tapping induced activated regions on the cortex in the OD (top), OEd (middle), and OE (bottom) groups. Surface projection of statistical parametric maps (GLM analysis) superimposed onto a standard MNI template brain (p < 0.05, FWE corrected). The color bar shows the t-values. Teeth tapping activated various foci, including the sensorimotor cortex, BA6, and prefrontal cortex.



[image: image]

FIGURE 4. Teeth tapping activated foci in the cortical and subcortical areas in the OD (top), OEd (middle), and OE (bottom) groups. Results from GLM analysis were superimposed onto a standard MNI template brain (p < 0.05, FWE corrected). The color bar shows the t-values. Activated regions, the thalamus (VPM and VL), basal ganglia (putamen and substantia nigra, shown on the coronal planes), cerebellum (shown on the sagittal and coronal planes), cingulate, and insula (shown on the sagittal planes). The color bar shows the t-values.




Differences in Teeth Tapping in the OD and OEd Groups

We compared the brain activation patterns in the OEd to OD groups while they were performing the teeth tapping tasks. Group comparison analysis (OD > OEd) showed that activated areas were different in the SI, MI, SMC, Th (VPM), Bg (putamen and substantia nigra), and insula (Figures 5A,B; for coordinates and t-values, see Table 2).


TABLE 2. Significantly activated regions during tapping (OD > OEd).
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FIGURE 5. Comparison between OD and OEd groups. (A,B) Results from group comparisons between OD and OEd (OD > OEd) are shown. Activated areas were decreased in the MI, SI, thalamus (VPM), basal ganglia, and insula cortex (p < 0.005, uncorrected). The color bar shows the t-values. (C) The reduction of BOLD response strengths in the SI (*p < 0.05). The reduction of representation areas and BOLD response strengths can be related to missing teeth, which leads to reduced periodontal afferents.


The initial representation of oral somatosensory input is strictly somatotopically organized with the orofacial region (face SI) represented most laterally (Haggard and de Boer, 2014). In accord with the functional representation in the precentral gyrus, where the superior–inferior gradient was established by the sensory homunculus with the lips located dorsally to the teeth and the teeth dorsally to the tongue, the areas representing maximum tapping without dentures tended to be observed inferio-anterior to those while tapping with dentures. In addition, the mean percent signal changes also demonstrated significant between-group differences in the SI regions (Figure 5C). Thus, the reduction in brain map size and reduced response strength are best explained as that caused by reduced sensory inputs (Godde et al., 2002) and could be related to missing teeth, which leads to reduced periodontal afferents.



Identification of Common Activated Areas in the OD and OEd/OE Groups

To identify the brain regions that were activated during tapping tasks in the OD and OEd/OE groups, a conjunction analysis (Friston et al., 1999) was conducted. A conjunction analysis revealed that teeth tapping induced activation in the MI, SI, SMC/PMA, VPM in the Th, Cb, and putamen in the Bg (p < 0.05, FWE corrected), as shown in Figure 6 and Table 3 (for coordinates and t-values). These areas have been shown to be regions that are involved in voluntary movements of primates. MI and PMA/SMC have been suggested to be involved in motor planning and initiation (for reviews, see Hoshi and Tanji, 2007; Nachev et al., 2008), and the Bg and Cb are well-known subcortical centers that provide a loop that is essential to the smooth execution of skilled movements (Caligiore et al., 2017; Bostan and Strick, 2018). Furthermore, preparatory activity has been identified in the MI, premotor and supplemental motor cortex, parietal cortex, frontal eye field, striatum, motor-related Th, superior colliculus, and Cb in non-human primates (Svoboda and Li, 2018).


TABLE 3. Significantly activated regions during tapping (conjunction analysis).
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FIGURE 6. BOLD responses common to teeth tapping tasks among OD, OE, and OEd, as determined by a group conjunction analysis (p < 0.05, FWE corrected). Regions of significant activation are shown on cortical surface projections (A) and normalized coronal, axial, and sagittal brain slices (B). Areas include the sensorimotor cortex, BA6, cerebellum, thalamus (VPM and VL), and basal ganglia (putamen). The color bar shows the t-values.




Functional Connectivity Analysis During the Dental Tapping Task

To determine the functional relevance of tapping task-activated areas, we performed a PPI analysis. The effect of denture wearing on connectivity modulations was assessed; i.e., our prediction was that peripheral sensory inputs influence voluntary motor responses in the cortex during tapping tasks. Subject-specific seed regions were identified by searching for tapping contrasts for each OE individual subject with dentures in (OEd) and dentures out (OE, sham tapping), evaluated at p < 0.05 referring for a value of conjunction analysis. Seed regions included the MI, SI, PMA/SMC, putamen in the Bg, and cerebellar cortex (Figures 7, 8 and Table 4).


TABLE 4. Anatomical location and MNI coordinates of PPI analysis (OEd vs OE; p < 0.005 uncorrected on the cluster level).
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FIGURE 7. Results of the functional connectivity/PPI analysis. Tapping with denture wearing enhanced the effective connectivity from the SI to the thalamus (VPM), basal ganglia (putamen), SMC/PMA (=BA6), cerebellum, and DLPFC (p < 0.05, uncorrected). The location superimposed on a template of the seed region and the target regions shows a response that was significantly associated with stronger connectivity with the seed region under OE (red dots) vs OEd (black dots) conditions. The color bar shows t-values. Scatterplots show the regression of activity in the VPM, basal ganglia (putamen), BA6, cerebellum, and DLPFC on the activity in the seed region SI/MI during tapping in the OE vs OEd groups. For each condition, the correlation coefficient between the activity in the seed and target is indicated.
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FIGURE 8. Results of the functional connectivity/PPI analysis. The location superimposed on a template of the seed regions [basal ganglia (A) and cerebellum (B)] and the target regions shows neural responses that were significantly associated with stronger connectivity with the seed region under OE vs OEd conditions. For each condition, the correlation coefficient between the activity in the seed and targets is indicated. The color bar shows t-values. Co-activation plot in panel (A) shows the changes in coupling between dentures in vs dentures out; activity in the SI/MI, SMC/PMA, thalamus (VL), and cingulate cortex becomes more sensitive to inputs from the basal ganglia (putamen) with dentures. Co-activation plot in panel (B) shows that the activity in the cerebellum positively predicted activity in the VL, DLPFC, SMC/PMA (=BA6), SI/MI, and cingulate cortex with dentures.


First, we seeded the SI region for PPI analysis. The responses of the Th (VPM), Bg (putamen), and PMA/SMC showed a stronger connectivity with the SI under OE conditions versus OEd conditions. As shown in Figure 7, tapping with dentures enhanced the connectivity to the VPM nuclei in the Th, putamen in the Bg, SMC, Cb, and the DLPFC (p < 0.05). The correlation coefficient between the activity in a seed (SI) and targets was shown under OE (red dots) conditions versus OEd (black dots) conditions.

By seeding the VPM nucleus of the Th for PPI analysis, we confirmed that tapping while wearing dentures enhanced the connectivity to the S1 (p < 0.05, Table 4), which tells us that somatosensory afferent pathways that contribute to perception (i.e., trigeminal sensory nuclear complex–posteromedial ventral nucleus of the Th–SI pathway).

The increased functional connections from the SI were also detected in the Bg, Cb, PMA/SMC, and DLPFC, which are thought to be primarily involved in voluntary movements. Indeed, tapping with dentures enhanced connectivity from the putamen to the M1/S1, PMA/SMC, and the cingulate cortex, but it decreased connectivity to the VL nucleus in the Th (p < 0.05, Figure 8 and Table 4). The brain’s circuits for voluntary action are known to consist of loops rather than linear chains; thus, this may correspond to the cerebral cortex–Bg–cerebral cortex loop (Alexander et al., 1986; Middleton and Strick, 2002).

When we defined a seed on the cerebellar cortex, functional connections were observed in the VL nucleus in the Th, M1, S1, PMA/SMC, cingulate cortex, and DLPFC (p < 0.05, Figure 8 and Table 4). The major influence of the Cb on movement is known through its connections in the VL nuclei of the Th, which connects directly to the motor and premotor cortex (i.e., cerebellar loop).

When defining a seed on the MI, no effective connectivity sites were detected (p < 0.05 uncorrected). However, when defining a seed on the PMA/SMC (i.e., BA6), there was effective connectivity with BA5, the DLPFC, and Cb (p < 0.05 uncorrected, Table 4). This suggests that the MI receives, as in non-human primates, two broad classes of inputs: the Bg–pre-SMA pathway–MI pathway and the parietal–premotor–MI pathway (Picard and Strick, 1996).

Results of the functional connection analyses are summarized in Figure 9, which demonstrate that subcortical and cortical structures, such as the MI, SI, SMC/PMA, DLPFC, Bg, Cb, and insula cortex, probably function as hubs that form an integrated network and participate in generating and/or controlling teeth tapping.
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FIGURE 9. Summary of PPI analysis. Increases or decreases in functional connectivity for dentures in vs dentures out between seed regions within the distributed teeth tapping networks of the brains of elderly adult and areas related to representation, as indicated in the conjunction analysis. The sensory information used to control voluntary actions is processed in pathways that are distinct from the afferent pathways (that contribute to perception). Much oral sensory information may serve to allow for the planning and/or execution of motor acts (teeth tapping). Feedback via the cerebellar loop can be used to correct errors that arise during movement (i.e., essential smooth execution of tapping movements) and feedback via the basal ganglia loop can be used to promote sequential and rhythmical tapping.





DISCUSSION

Although teeth tapping appears to be a simple mechanical action, the neural machinery underlying it is surprisingly complex. Using fMRI methods, we demonstrated how elderly adults recruit various cortical and subcortical foci, including the MI, SI, prefrontal cortex, temporal association area, PFC/SMC, INS, the putamen and substantia nigra of the Bg, VPM and VL nucleus of the Th, cerebellar cortex, and amygdala, to produce tapping. When combining functional connection analyses to assess how representative foci of the cerebral cortex that are involved in the tapping task act together to execute tapping, we showed that subcortical and cortical structures, such as the MI, SI, SMC/PMA, DLPFC, Bg, Cb, and insula cortex, probably function as hubs that form an integrated network and participate in generating and/or controlling teeth tapping. All of these results support the idea that peripheral orofacial sensory inputs can notify the motor system about the current state of the body, such as its position, and movement of the teeth and jaw, and that they can allow the control of teeth tapping, for example, feedforward control of intended movements and feedback control of ongoing movements via the cerebello–cerebral loop, which can be used to correct errors that occur during movement, and feedback via the Bg–pre-SMA–MI circuit (the Bg loop), which can be used to promote smooth execution of tapping movements. This knowledge may help in explaining the increased recruitment of brain regions in the elderly compared with the young.


How the Brain Transforms Sensory Input Into Motor Output Through a Cascade of Sensorimotor Transformations


How Does the Cerebral Cortex Use Sensory Information From the External World to Organize Teeth Tapping Movements?

Neural processes by which the brain controls goal-oriented behaviors, such as tasks involving arm movements and eye movements in non-human primates (for reviews, see Schwartz, 2016; Gallivan et al., 2018), have been studied well and have been reported that (1) perceptual mechanisms generate a unified sensory representation of the external world and the individual within it; (2) cognitive processes use this internal replica of the world to decide on a course of action; and (3) the selected motor plan is relayed to action systems for implementation. Teeth tapping movements may share some of the motor–visual task pathways. However, there are crucial differences between the mouth and other body parts regarding neural machinery, in terms of repetitive movements, the target, the types of sensory information being processed, and the types of joints and muscle units involved (Iida et al., 2010).



How Does the Brain Construct an Internal Representation of External Physical Events During Teeth Tapping?

Here, we showed changes in the activation of specific regions in the brain in the “OD vs OEd” condition, as well as in the “denture in vs out” condition. Taking into account the topographic arrangements of the body, these areas correspond to the most lateral aspect of orofacial regions (face SI). What specific sensorimotor changes might create the brain regional activation? “OD vs OEd” condition provides changes in periodontal afferents. Iida et al. (2012) reported similar cortical activation patterns during teeth tapping tasks in young adults, but they did not detect any difference in “sham teeth tapping vs teeth tapping task.” Therefore, the relationship between periodontal sensation and the resulting changes in tapping under experimentally anesthetized conditions remains to be examined. “Denture in (OEd) vs out (OE)” condition provides the following: (1) a hard vertical stop during tooth tapping, (2) changes in afferent inputs from the joints and muscles, (3) cover/mask mechanoreceptor input from periodontal ligaments and/or the alveolar ridge, and (4) changes in mechanoreceptor input from the tongue, lips, and cheeks due to material bulk. In fact, some oral sensory inputs are generated by the active movement of oral tissues, such as the contact between different surfaces in the mouth, e.g., the palate and tongue or upper and lower teeth, is rich and constant. The somatosensory experience of the mouth itself comes from the perceived object sensed by the oral tissues (for a review, see Haggard and de Boer, 2014), even though the underlying processing mechanisms of the oral sensory information remain unclear.

From studies in unanesthetized monkeys, short-train intracortical microstimulation (ICMS) was shown to evoke elemental movements, such as jaw opening and tongue protrusion, when applied to the face MI or face SI (Huang et al., 1989). It suggests that the face SI has a role in sensorimotor integration as well as the generation and control of orofacial movements.



How Can Sensory Feedback Be Used During Teeth Tapping Movements?

To decide on a course of action, the motor system requires information about the target object as well as the current status of the body, including its motion, posture, and location relative to the target. During hand movements, vision and proprioception provide the most prominent sources of feedback, yet they have inherent temporal delays that limit their use during very rapid corrections. Prediction can compensate for such delays and thus increase the accuracy of sensory feedback with hand movements; i.e., motor commands are copied and conveyed internally to the Cb where they are used to generate rapid predictions of the sensory consequences of motor actions (forward models; for reviews, see Scott, 2004; Scott et al., 2015). Therefore, information about the environment encoded in the sensory cortices is sent to motor systems in a feedforward fashion (for reviews, see Azim and Alstermark, 2015; Schwartz, 2016; Gallivan et al., 2018), and these sensorimotor transformations are strongly shaped by feedback from the prefrontal and association cortices to early sensory cortices. Our results support the idea that feedforward signals and sensory feedback via the cerebellar loop can be used to correct errors that arise during movement (Dean et al., 2010; Caligiore et al., 2017; Sokolov et al., 2017) and that the Cb can influence movements not only at the level of MI but also through interactions with premotor cortical areas and sensorimotor regions of the Bg (Bostan and Strick, 2018). It is important to note that the spatial location of a target can often be provided by visual input rather than somatosensation with hand movements, but within the mouth, somatosensation is the most important and vision plays a minimal role. Some oral sensory inputs are often generated by the contact between different surfaces in the mouth, such as the palate and tongue or upper and lower teeth. The somatosensory experience of the mouth itself comes from the perceived object sensed by the oral tissues (for a review, see Haggard and de Boer, 2014). Considering that the planning and execution of voluntary movements rely on sensorimotor transformations, the nervous system may have several different modes of control that use prediction and sensory feedback to different extents.



How Can Voluntary Action Be Executed?

A key feature of voluntary motor behaviors is that voluntary action depends on sequencing elementary movements to form a purposeful action, and the sequence of elementary movements is thought to involve parallel computations in multiple cortical areas and subcortical nuclei. To produce movements, signals from the cortex must reach motor neurons in the limbs and trunk. In humans, 30–40% of the corticospinal tract axons originate from neurons in the MI, whereas the rest of the axons have origins mainly in the SMA and PMC and in the parietal areas lying posterior to the precentral sulcus (Chouinard and Paus, 2006; Verstynen et al., 2011). Based on the finding that patients with damage to the MI are unable to independently move their fingers and can only grasp a cup clumsily, the corticospinal system is considered to not only control all aspects of body and limb movement but also have a special role in the fractionated movements necessary for skilled motor acts (for a review, see Ebbesen and Brecht, 2017). The activity of the majority of pyramidal tract neurons in the motor cortex correlates positively with movement and force (Evarts, 1968; Georgopoulus et al., 1982), suggesting a role for the motor cortex in movement initiation (Georgopoulus et al., 1982). On the other hand, damage to certain premotor cortical areas results in neurological syndromes. Both non-human primate studies and observations in humans imply a major role of the SMA in movement inhibition, and lesions to this area evoke involuntary and strange movements (for a review, see Ebbesen and Brecht, 2017). In primates and rodents, most corticobulbar and corticospinal neurons have inhibitory connections with motor neurons (Bradbury and McMahon, 2006; Isa et al., 2013).

Interestingly, long-train ICMS from the face MI and the face SI of sub-primates and non-human primates can evoke semiautomatic movements such as mastication, swallowing, and facial whisking, whereas a single transcranial magnetic stimulation of the face MI can activate one or more orofacial muscles (for a review, see Avivi-Arber and Sessle, 2018). It is considered that these semiautomatic movements are mediated by a subcortical central pattern generator (Gao et al., 2001). Animal studies have shown an intrinsic rhythmical neural pattern such that signals from cortical masticatory areas trigger the central pattern generator and execute a coordinated rhythmical pattern of jaw movements (Masuda et al., 2002; Lund and Kolta, 2006; Morquette et al., 2012). During active behavior, it is possible that the motor cortex may initiate or suppress motor programs that were initiated reflexively from subcortical circuits, such as the Bg and brainstem (Ebbesen and Brecht, 2017).




Neural Plasticity in Oral Function

Reduced activity in elderly adults can reasonably be assumed to reflect a reduced level of functioning (Grady, 2012); however, fMRI studies have provided ample evidence for additional cortical activations in some brain areas of elderly adults (D’Esposito et al., 2003; Heuninckx et al., 2008; Grady, 2012; Samanez-Larkin and Knutson, 2015; Michely et al., 2018). During teeth tapping movements, we found an increased recruitment of brain regions in the elderly compared with young participants. An increased activity in elderly adults led to the suggestion that additional frontal activity can compensate for reduced activity elsewhere in the brain, which is beneficial to cognitive performance (for a review, see Cabeza et al., 2018). Can age-related increases in brain activity during tapping movements be interpreted as compensation for declines in oral sensory inputs to the brain? Alterations in oral structure and/or function (e.g., chewing and swallowing) have been shown to reshape the brain regions related to oral sensorimotor functions through a process known as neuroplasticity (Sessle et al., 2007; Avivi-Arber et al., 2011; Lin et al., 2016, 2017; Avivi-Arber and Sessle, 2018). Anatomically, connections from early sensory cortices were shown to be relayed to intermediate-level representations in the parietal lobe and then to the lateral part of the premotor cortex, which in turn projects to the MI (Rizzolatti et al., 1998). Functionally, the parietal lobe was shown to extract sensory information about the external sensory body, which is useful for the planning and guidance of movements (for reviews, see Romo et al., 2012; Azim and Alstermark, 2015; Svoboda and Li, 2018). Thus, the parietal–premotor circuit may guide teeth tapping using current oral sensory inputs.

Other interpretations of over-recruited activity in elderly adults are also possible. For example, a lack of efficiency in the use of neural resources or reduction in the selectivity of responses (which is known as dedifferentiation) can sometimes be observed with poorer performance (over-recruitment; for reviews, see Grady, 2012; Cabeza et al., 2018). Interestingly, studies employing animal models have revealed that the motor effects of motor cortical lesions greatly change over time; the acute effects of motor cortex lesions in primates and human patients are muscle weakness and slow or reduced movement. In contrast, the chronic effects are spastic hypertonia and clonus (Ebbesen and Brecht, 2017). These deficits are due to a lack of controlled movements and compromised inhibition of movement and are not due to the inability to generate movement. Indeed, numerous animal studies and classic neuropsychological studies have pointed to a major role for the frontal and prefrontal cortex in the inhibitory control of movement (for a review, see Ebbesen and Brecht, 2017). Detecting individual variations in masticatory function and/or long-term experience of mastication in the brain signatures may have a clue to understand neural mechanisms of age-related recruitment of brain regions in the elderly.



Limitation

Although the present network analysis shows strong task-based connections between many brain regions, including MI, SI, Cb, Bg, VPM, SMC/PMA, and DLPPFC, one may point out the absence of a model. In a sense, our analysis is descriptive in nature, which is similar to the functional connectivity analysis. PPI looks very similar to comparing correlations with a seed region; however, the crucial difference is that the summary statistic reports effective connectivity, but not functional connectivity (Stephan et al., 2007; Friston, 2011). Functional connectivity analyses, e.g., principal or independent component analysis (ICA), usually entail finding the predominant pattern of correlations, or establishing that a particular correlation between two areas is significant. In contrast, effective connectivity corresponds to the intuitive notion of coupling or directed causal influence. Thus, the results of PPI may be treated in a way to identify regions whose effective connectivity with the reference region differs significantly. One can then interpret the areas that are activated by a certain task component as the element of a distributed system, though one does not still characterize how the local computations are bound together by context-dependent interactions among these areas. Another effective connectivity analysis, direct causal model (DCM), could help model comparison or optimization, although the fluctuations in the fMRI measure are typically very slow (< 1 Hz), and connectivity does not necessarily reflect monosynaptic connections (Stephan et al., 2007; Michely et al., 2018).

Contemporary theories have emphasized on how interactions among distributed neuronal populations and brain areas enable flexible cognitive operations and complex behaviors (Sporns and Betzel, 2016). Thus, analytic advancements in network science and statistics can be beneficent to quantify and represent the structural and functional connectivity of the brain and to make a feasible model for deducing its organizational properties (Bullmore and Sporns, 2009; Bassett and Sporns, 2015; Petersen and Sporns, 2015; Avena-Koenigsberger et al., 2018; see also Arce-McShane et al., 2016), even though the underlying brain circuitry that initiates and executes jaw movements remains uncertain.
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The tongue performs movements in all directions to subserve its diverse functions in chewing, swallowing, and speech production. Using task-based functional MRI in a group of 17 healthy young participants, we studied (1) potential differences in the cerebral control of frontal (protrusion), horizontal (side to side), and vertical (elevation) tongue movements and (2) inter-individual differences in tongue motor control. To investigate differences between different tongue movements, we performed voxel-wise multiple linear regressions. To investigate inter-individual differences, we applied a novel approach, spatio-temporal filtering of independent components. For this approach, individual functional data were decomposed into spatially independent components and corresponding time courses using independent component analysis. A temporal filter (correlation with the expected brain response) was used to identify independent components time-locked to the tongue motor tasks. A spatial filter (cross-correlation with established neurofunctional systems) was used to identify brain activity not time-locked to the tasks. Our results confirm the importance of an extended bilateral cortical and subcortical network for the control of tongue movements. Frontal (protrusion) tongue movements, highly overlearned movements related to speech production, showed less activity in the frontal and parietal lobes compared to horizontal (side to side) and vertical (elevation) movements and greater activity in the left frontal and temporal lobes compared to vertical movements (cluster-forming threshold of Z > 3.1, cluster significance threshold of p < 0.01, corrected for multiple comparisons). The investigation of inter-individual differences revealed a component representing the tongue primary sensorimotor cortex time-locked to the task in all participants. Using the spatial filter, we found the default mode network in 16 of 17 participants, the left fronto-parietal network in 16, the right fronto-parietal network in 8, and the executive control network in four participants (Pearson's r > 0.4 between neurofunctional systems and individual components). These results demonstrate that spatio-temporal filtering of independent components allows to identify individual brain activity related to a specific task and also structured spatiotemporal processes representing known neurofunctional systems on an individual basis. This novel approach may be useful for the assessment of individual patients and results may be related to individual clinical, behavioral, and genetic information.

Keywords: tongue, motor control, cortex, cerebellum, speech production, swallowing, functional magnetic resonance imaging, independent component analysis


INTRODUCTION

The human tongue is a unique muscular and sensory organ with critical roles in several motor tasks, such as chewing, swallowing, respiration, and speech (Sawczuk and Mosier, 2001; Hiiemae and Palmer, 2003), in addition to its somatosensory (Pardo et al., 1997; Sakamoto et al., 2010) and gustatory functions (Kobayakawa et al., 2005; Hummel et al., 2010).

To subserve its distinct motor tasks, the tongue contains intrinsic and extrinsic muscle fibers (Schumacher, 1927; Abd-El-Malek, 1939), which are extensively interwoven (Gaige et al., 2007). Intrinsic fibers originate and insert within the tongue itself, while extrinsic fibers are attached to bony structures, such as the mandible, hyoid bone, or styloid process (Sanders and Mu, 2013). This complex biomechanical architecture is the basis for the tongue's ability to move and alter its shape in all three dimensions (Kier and Smith, 1985). Moreover, adult human tongues, compared to the tongues of other mammals, are characterized by a higher proportion of slow-twitch (type I) muscle fibers, which are associated with fine motor control (Sanders et al., 2013). Intrinsic and extrinsic tongue muscles are innervated by the lateral and medial divisions of the hypoglossal nerve (cranial nerve XII), with different components of the musculature being supplied by different hypoglossal branches (Mu and Sanders, 2010) and controlled by distinct hypoglossal subnuclei (McClung and Goldberg, 2002).

The cortical and subcortical control of tongue movements has been studied thoroughly in animals and humans using various invasive and non-invasive techniques. These electrophysiologic, neuroimaging, and lesion studies suggest that voluntary (e.g., speech-related) and semi-automatic (e.g., swallowing-related) tongue movements (Martin et al., 1997) are controlled by the lateral primary sensorimotor cortex (Takai et al., 2010), supplementary motor area, basal ganglia, and cerebellum (Corfield et al., 1999; Shinagawa et al., 2003; Martin et al., 2004; Watanabe et al., 2004).

Using functional magnetic resonance imaging (FMRI), researchers investigated (1) isolated voluntary tongue movements, such as frontal (protrusion) (Arima et al., 2011), horizontal (side to side) (Riecker et al., 2000), and vertical (elevation) tongue movements (Martin et al., 2004) and (2) tongue movements as part of speaking (Riecker et al., 2005; Sörös et al., 2006), singing (Ozdemir et al., 2006; Jungblut et al., 2012), and swallowing (Sörös et al., 2009; Lowell et al., 2012). A detailed comparison of the neural correlates of different tongue movements in all three directions has not been performed yet [but see the study by Watanabe et al. (2004), comparing tongue protrusions in different directions with tongue retraction]. Moreover, almost all FMRI studies on tongue movements present only group analyses [one notable exception is the study by Martin et al. (2004), Table 5, presenting individual brain activation in all studied participants]. Finally, almost all FMRI studies on tongue motor control have been performed on older scanner hardware and with relatively small sample sizes. Our literature review was based on a systematic search of the PubMed1 and Google Scholar2 databases with the search terms “tongue FMRI” or “tongue functional magnetic resonance imaging.” The detailed presentation of this systematic review is beyond the scope of the present study.

The first aim of the present study was to identify and compare brain activity associated with different tongue movements. Following previous research, we simplified the wide range of different tongue movements and shapes and only studied movements along the three main axes of the body: frontal (protrusion) tongue movements, horizontal (side to side) tongue movements, and vertical (elevation) tongue movements. These tongue movements are used in different tongue motor tasks, primarily during chewing, swallowing, and speaking (Sawczuk and Mosier, 2001; Hiiemae and Palmer, 2003; Ferrand, 2018). Frontal (protrusion) tongue movements are almost exclusively used in speech production and singing, e.g., during the production of dental consonants (Ladefoged and Maddieson, 1996). Horizontal (side to side) tongue movements are used during chewing to position the food in the oral cavity and to form the bolus in preparation for swallowing (Hiiemae and Palmer, 2003). Vertical (elevation) tongue movements, finally, are used in both speech production [e.g., during the production of high vowels (Ladefoged and Maddieson, 1996)] and the oral phase of swallowing (Hiiemae and Palmer, 2003).

The second aim of this study was to investigate inter-individual similarities and differences in tongue movement-related brain activity. The number of swallows (Rudney et al., 1995) and of words produced per day (Mehl et al., 2007) varies considerably between individuals. Moreover, the biomechanics of articulation (Weirich et al., 2013) and of swallowing (Kennedy et al., 2010) is characterized by substantial inter-individual variability. To investigate individual brain activity, we performed an independent component analysis (ICA) of individual task-based FMRI data sets. ICA decomposes four-dimensional data into spatial maps and associated time courses (Beckmann et al., 2006). Compared to a model-based analysis, an advantage of ICA is the ability to detect unknown, not necessarily time-locked brain activity in FMRI data. This is of particular importance for experimental designs, in which the exact timing of events cannot be recorded (McKeown et al., 1998a; Calhoun et al., 2002). Moreover, ICA is able to separate brain activity from noise, such as artifacts induced by head motion or physiological processes (McKeown et al., 1998b). With a novel approach, spatio-temporal filtering of independent components, we identified individual components whose time courses were highly correlated with the expected brain response and whose spatial patterns were highly correlated with one of the established neurofunctional networks described by Smith et al. (2009).

Investigating differences in tongue motor control between different movements and across individuals is expected to deepen our knowledge not only of physiological but also of pathological tongue movements. The ultimate goal of this line of research is to understand the disruption of the supranuclear control of speech- and swallowing-related tongue movements in diseases, such as amyotrophic lateral sclerosis (ALS, Kollewe et al., 2011; Shellikeri et al., 2016) and Parkinson's disease (Van Lieshout et al., 2011) on an individual, personalized basis.



METHODS


Participants

Twenty young healthy individuals have been investigated for the present study. Three participants were excluded from the data analysis (two because of excessive head motion, one because of widespread, most likely artifactual signal increase in the first-level analysis of the horizontal tongue movement condition). For the final data analysis, the MRI data of 17 participants (nine women, eight men) have been investigated. Mean age ± standard deviation (SD) of included participants was 25.9 ± 3.3 years (minimum: 20, maximum: 34 years). All participants met the following criteria: (1) no history of neurological disorders (such as dementia, movement disorder, stroke, epilepsy, multiple sclerosis, traumatic brain injury, migraine), psychiatric disorders (such as schizophrenia or major depression), or cancer, (2) no impaired kidney or liver function, (3) no use of psychotropic medication (in particular, antidepressants, antipsychotics, benzodiazepines, and opioids), (4) no substance abuse, (5) no excessive head motion (<1 mm relative mean displacement and <3 mm absolute mean displacement) during FMRI. Handedness was determined with the Edinburgh Handedness Inventory–Short Form (Veale, 2014). Right handedness was present in 13 individuals (handedness scores: 62.5–100), mixed handedness was found in four individuals (handedness scores: 33.3–50). Seven participants have had an MRI scan before for diagnostic or research purposes, 10 participants have never been within an MRI scanner. All data sets presented here have been acquired for this study and have not been analyzed or published previously. All participants were students of the University of Oldenburg and were recruited through an advertisement on the University's student portal or word-of-mouth communication, thus representing a convenience sample. All participants gave written informed consent for participation in the study. A compensation of 10 € per hour was provided. The study was approved by the Medical Research Ethics Board, University of Oldenburg, Germany (2017-072).



Experimental Paradigm and Tongue Movements

The data for the present study were collected as part of a larger project on oral and speech-language functions. Table 1 summarizes the order in which the four different tasks were performed. The total MRI measurement time was ~45 min.


Table 1. Structural and functional sequences used for the entire project (scan 4: tongue movements).

[image: Table 1]

For the investigation of the neural correlates of tongue movements, participants were visually cued to perform one of three different repetitive tongue movements (Figure 1): (1) frontal (protrusion) tongue movements; participants were instructed to push the tip of the tongue against the surface of the maxillary incisors and then retract the tongue to the rest position, similar to the English /th/ sound, (2) horizontal (side to side) tongue movements; participants were instructed to move the tongue against the right and left mandibular pre-molars, and (3) vertical (elevation) tongue movements; participants were instructed to elevate the tongue and to press it against the hard palate (the roof of the mouth), similar to the beginning of the oral phase of swallowing (Dodds, 1989).


[image: Figure 1]
FIGURE 1. The three pictograms used to cue frontal (protrusion), horizontal (side to side), and vertical (elevation) tongue movements. All symbols were simple and small to minimize eye movements and visual processing. During rest periods, a small fixation cross was shown.


Before the FMRI measurement, all participants underwent a short training outside the scanner to familiarize themselves with the different tongue movements and the visual cues. During the training, the participants were first shown a sheet of paper with the three visual cues (Figure 1) and were instructed how to perform the respective movement. The experimenter then demonstrated the required movements herself with open mouth and asked the participants to perform all movements with closed mouth, without performing head or jaw movements. The experimenter watched all participants closely and made sure that no visible head or jaw movements were produced. For all conditions, participants performed rhythmic and self-paced movements. Participants were asked to choose a relaxed and pleasant movement frequency. Our aim was to keep the movement effort comparable across participants. Finally, a short version of the FMRI paradigm (two blocks of 15 s duration for each tongue movement in pseudorandomized order) was presented on the screen of a PC to give the participants further opportunity to train the required tongue movements.

Visual cues were presented by the MATLAB toolbox Cogent Graphics (developed by John Romaya, Laboratory of Neurobiology, Wellcome Department of Imaging Neuroscience, London, UK)3 on a PC and projected through an LCD projector onto a screen mounted within the scanner bore behind the head coil. Participants were able to see the cues via a mirror attached to the head coil. Visual cues were shown in blocks of 15 s duration with a 15 s rest condition (during which a fixation cross was presented) after every third tongue movement block. The remaining tongue movement blocks were separated by a shorter rest condition of 3 s. Figure 2 visualizes the experimental paradigm. Behavioral performance during FMRI was not recorded.


[image: Figure 2]
FIGURE 2. Experimental paradigm and head motion. Blocks of tongue movement are shown in light blue; F: frontal (protrusion), H: horizontal (side to side), and V: vertical (elevation) movements; duration 15 s each. Mean relative displacement, the distance between one volume and the following volume, during all FMRI measurements is displayed with blue (17 included participants) and red lines (three excluded participants). Data from individual participants are superimposed.




MRI Data Acquisition

MR images of the entire brain were acquired at 3 Tesla on a Siemens MAGNETOM Prisma whole-body scanner (Siemens, Erlangen, Germany) with the XR gradient system (gradient strength: 80 mT/m, gradient rise time: 200 T/m/s on all three gradient axes simultaneously) and a 64-channel head/neck receive-array coil. This coil enhances the signal-to-noise ratio of the peripheral image, primarily corresponding to the cortex of the human brain. The scanner is located at the Neuroimaging Unit, School of Medicine and Health Sciences, University of Oldenburg, Germany4.

For structural brain imaging, Siemens' 3-dimensional T1-weighted magnetization prepared rapid gradient echo (MPRAGE) sequence (Brant-Zawadzki et al., 1992) was used (TR: 2,000 ms, TE: 2.07 ms, flip angle 9°, isotropic voxel size: 0.75 × 0.75 × 0.75 mm3, 224 axial slices, time of acquisition: 6:16 min). For functional imaging, Siemens' ep2d_bold T2*-weighted gradient-echo echo-planar sequence was used (TR: 1,800 ms, TE: 30 ms, flip angle 75°, isotropic voxel size: 3 × 3 × 3 mm3, 33 slices, time of acquisition: 9:21 min). Structural and functional measurements used in-plane acceleration (generalized autocalibrating partial parallel acquisition, GRAPPA) with an acceleration factor of 2 (Griswold et al., 2002). Before every functional sequence, extended 3-dimensional B0 shimming and true-form B1 shimming was applied. Siemens' pre-scan normalization filter was deactivated during functional sequences.



MRI Data Analysis
 
Pre-processing of Structural Images

Pre-processing of T1-weighted images was done with the antsBrainExtraction.sh script, part of Advanced Normalization Tools (ANTs, version 2.1)5 (Tustison et al., 2014). This script performs (1) bias field correction to minimize the effects of magnetic field inhomogeneity using the N4 algorithm (Tustison et al., 2010) and (2) brain extraction using a hybrid segmentation/template-based strategy (Tustison et al., 2014). The script was used together with brain templates derived from the OASIS-1 study6. For quality control, all brain extracted structural MR images were visually inspected after using ANTs.



Pre-processing of Functional Images

Pre-processing of FMRI data was carried out using FEAT (version 6.00), part of FMRIB's Software Library (FSL)7 (Smith et al., 2004; Woolrich et al., 2009; Jenkinson et al., 2012). Pre-processing included removal of the first four recorded volumes to allow for signal equilibration in addition to the two dummy volumes measured, but not recorded, as part of the ep2d_bold sequence (304 volumes were retained). Standard head motion correction was performed by volume-realignment to the middle volume using MCFLIRT (Jenkinson et al., 2002). Mean relative displacement (the distance between one volume and the following volume) of all participants is shown in Figure 2. Brain extraction of functional images was done with FSL's brain extraction tool, BET (Smith, 2002). Spatial smoothing with a Gaussian kernel of 5 mm full width at half maximum (FWHM) and grand-mean intensity normalization of the entire data set by a single multiplicative factor were also performed. Slice time correction was not conducted (as e.g., in Beckmann et al., 2006).

After completion of standard data pre-processing, but without temporal filtering, ICA-based automatic removal of motion artifacts (FSL's ICA-AROMA version 0.3 beta)8 was used to identify and remove motion-related ICA components from FMRI data (Pruim et al., 2015). Here, the non-aggressive option was used, performing a partial component regression. First, ICA-AROMA carries out probabilistic ICA of individual subjects' MRI data using FSL's MELODIC (Beckmann and Smith, 2004). Second, ICA-AROMA employs four theoretically motivated temporal and spatial criteria to select motion-related components from MELODIC's output. These criteria include (1) high-frequency content of the time courses of independent components, (2) correlation between the time courses of independent components and motion correction parameters, (3) representation of independent components at the edge of the brain, and (4) representation of independent components within cerebrospinal fluid (for a detailed description, see Pruim et al., 2015). Finally, ICA-AROMA removes these components from the initial data set through an ordinary least squares regression using FSL's fsl_regfilt command (Pruim et al., 2015). Decomposition of individual data sets created between 47 and 68 independent components (mean: 60 components). To determine the optimal number of components for every data set, MELODIC uses Bayesian principal component analysis (Beckmann and Smith, 2004). Of these components, between 18 and 39 (mean: 30) components were identified as noise and regressed out applying the aforementioned four temporal and spatial features. ICA-AROMA has been validated for resting state and task-based FMRI data, demonstrating that this approach effectively removes motion artifacts, while increasing sensitivity to the signal of interest (Pruim et al., 2015).

Following ICA-AROMA, data were high-pass filtered (Gaussian-weighted least-squares straight-line fitting, sigma = 45 s). Registration of functional to high-resolution structural images was carried out using FLIRT (Jenkinson et al., 2002). Registration from high-resolution structural to Montreal Neurological Institute (MNI152) standard space was further refined using 12-parameter affine transformation and non-linear registration with a warp resolution of 10 mm in FNIRT9.



Model-Based Individual and Group FMRI Analysis

For first-level model-based analysis, functional data sets were analyzed with a general linear model-based time-series analysis using voxel-wise multiple linear regressions (Friston et al., 1995; Monti, 2011) as implemented in FEAT. The time courses of the three movement conditions were convolved with a gamma hemodynamic response function (using the standard settings: phase: 0 s, standard deviation: 3 s, mean lag: 6 s) and served as regressors of interest. The temporal derivative of each primary regressor was included as a regressor of no interest to improve the model fit when the timing was not exactly correct (e.g., if tongue movements were started or stopped with a slight delay). Regressors of interest (experimental conditions) and regressors of no interest (temporal derivatives) formed the design matrix used for voxel-wise multiple linear regressions. Motion parameters derived from initial head motion correction via volume-realignment were not included in the design matrix because ICA-AROMA was used for additional head motion correction.

To remove temporal autocorrelations, time-series pre-whitening was used (Woolrich et al., 2001). After generating parameter estimates (PEs) for every primary regressor and every participant, the following contrasts of parameter estimates (COPEs) were calculated: (1) frontal > rest, (2) horizontal > rest, (3) vertical > rest, (4) horizontal > frontal, (5) vertical > frontal, (6) frontal > vertical, (7) horizontal > vertical, (8) frontal > horizontal, and (9) vertical > horizontal.

For higher-level analysis, mixed-effects group analysis maps were generated by FLAME (stages 1 and 2) for all contrasts. FLAME uses a fully Bayesian inference technique in a two-stage process: a fast approach using maximum a posteriori estimates and a slower, more accurate approach using Markov Chain Monte Carlo methods (Woolrich et al., 2004). Z statistic images were thresholded non-parametrically using a cluster-forming threshold of Z > 3.1 and a (corrected) cluster significance threshold of p < 0.01 assuming a Gaussian random field for the Z-statistics. No additional correction for multiple contrasts was performed. Local maxima (peaks of brain activation) were identified within the Z statistic images using FSL's cluster command (maximum number of local maxima: 100, minimum distance between local maxima: 20 mm). The anatomical location of each local maximum was determined with FSL's atlasquery command and the following probabilistic atlases:10 (1) Harvard-Oxford cortical structural atlas (48 cortical areas), (2) Harvard-Oxford subcortical structural atlas (21 subcortical areas), and (3) Probabilistic cerebellar atlas (28 regions) (Diedrichsen et al., 2009). Because we report local maxima of brain activation, the extent of activation cannot be determined.



Model-Free Individual FMRI Analysis

A single-session probabilistic ICA was conducted to decompose every pre-processed individual FMRI data set into 20 independent spatial components and corresponding time courses using MELODIC (version 3.14). The data sets fed into ICA were the pre-processed data sets used for first-level model-based analysis (i.e., after denoising with ICA-AROMA). Of note, these data sets contained brain activity associated with all three tongue movements. A low-dimensional decomposition into 20 components was chosen for later comparison with a well-established set of published networks. MELODIC performs linear decomposition (Comon, 1994) of the original FMRI signal using the FastICA technique (Hyvärinen, 1999) and variance-normalization of the associated timecourses. Spatial maps were thresholded using a Gaussian mixture model approach at a posterior probability level of p < 0.5 (Beckmann and Smith, 2004).



Spatio-Temporal Filtering of Independent Components

To identify spatial components whose activity was time-locked to tongue movements, FSL's GLM Setup program was used to convolve the time course of all three movement conditions with a gamma hemodynamic response function (as for model-based analysis). The resulting time course, representing the expected brain activity, was correlated with all ICA time courses of all participants. Similarly, Kokkonen et al. (2009) analyzed task-based FMRI activity associated with left and right finger tapping with ICA and correlated ICA time courses with motor task timing. In our study, a significant (p < 0.05) Pearson's correlation coefficient of r > 0.4 or r < −0.4 between time courses indicated temporal significance.

To identify relevant spatial components not time-locked to the tongue motor tasks, the spatial maps obtained for every participant were cross-correlated with ten established neural networks11 (Smith et al., 2009). These ten networks have been derived from resting state FMRI data of healthy adults after performing a low-dimensional decomposition with 20 components (ten components were identified as brain activity, ten components as potentially artifactual). Importantly, Smith et al. (2009) also analyzed the results of 1687 task-based FMRI studies available through the BrainMap database12. Both analyses resulted in a similar set of major brain networks, demonstrating a close correspondence between resting and task-based brain activation. A significant Pearson's correlation coefficient of r > 0.4 between components indicated spatial significance. The cross-correlation of study-specific spatial components with established networks (e.g., developed by Smith et al., 2009 or Yeo et al., 2011) has been performed previously for the analysis of resting-state FMRI data (e.g., by Reineberg et al., 2015 and Sörös et al., 2019).





RESULTS


Head Motion

Across all included participants, the average mean absolute displacement of the head (relative to the middle volume) was 0.7 mm (SD: 0.4 mm, min: 0.2 mm, max: 1.9 mm). The average mean relative displacement (compared to the following volume) was 0.3 mm (SD: 0.2 mm, min: 0.1 mm, max: 0.7 mm). The time course of the mean relative displacement of all participants is shown in Figure 2 (17 included participants in blue, three excluded participants in red). Comparing the time course of head displacement with the experimental paradigm, we did not find evidence for task-related head motion.



Model-Based Group FMRI Analysis

Compared to rest, the three tongue movements were associated with similar bilateral brain activity (Figure 3A). Major regions of cortical activation were the lateral pre- and post-central gyrus, supplementary motor cortex, anterior cingulate gyrus, and the frontal cortex of both hemispheres. Activation was also found in the bilateral insulae, basal ganglia, thalamus, amygdala, and cerebellum. For visualization of subcortical brain activity, Figure 4 shows axial slices for frontal (protrusion) tongue movements > rest. Table 2 lists the coordinates in MNI space and the corresponding Z value of significant local maxima of brain activation for the contrast frontal > rest.


[image: Figure 3]
FIGURE 3. Results of model-based group analysis. Brain activity associated with tongue movements averaged across 17 participants after cluster-based thresholding and correction for multiple comparisons (Z > 3.1, p < 0.01) is shown in red-yellow. Activated areas were projected onto the semi-inflated pial surface of the fsaverage brain, reconstructed by FreeSurfer (Fischl, 2012). (A) Tongue movements > rest, (B) contrasts between tongue movements.



[image: Figure 4]
FIGURE 4. Results of model-based group analysis. Brain activity associated with frontal tongue movements vs. rest averaged across 17 participants after cluster-based thresholding and correction for multiple comparisons (Z > 3.1, p < 0.01) is shown in red-yellow. Brain activity is projected onto axial slices of the MNI152 standard space template in radiological convention (the left hemisphere is seen on the right).



Table 2. Local maxima in brain activation: stereotaxic coordinates in MNI space, Z values, and corresponding brain regions for the contrast frontal tongue movement > rest.
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Contrasts between different tongue movements resulted in significant activation in several cortical areas (Figure 3B, Table 3). Horizontal tongue movements were associated with greater activation in the bilateral superior parietal lobule (vs. frontal movements) and in the bilateral pre- and post-central gyri as well as in the left inferior frontal gyrus (vs. vertical movements). The contrast vertical > frontal movements demonstrated greater activation in the bilateral precentral and the right post-central gyri, as well as the left supramarginal gyrus and the left superior parietal lobule. The reverse contrast, frontal > vertical movements, showed greater activation in the left frontal and temporal lobes. The contrasts frontal > horizontal and vertical > horizontal did not result in significant activation.


Table 3. Local maxima in brain activation: stereotaxic coordinates in MNI space, Z values, and corresponding brain regions for the contrasts horizontal > frontal, vertical > frontal, frontal > vertical, and horizontal > vertical tongue movements.
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Model-Free Individual FMRI Analysis

The individual brain activity of all 17 participants is presented in Figure 5. Temporally filtered (time-locked) independent components are shown on the left (Figure 5A), spatially filtered components on the right (Figure 5B). In all participants, the FMRI data set contained one bilateral sensorimotor component (Figure 5A, first column) positively correlated with the expected brain activity (graph in the first row), representing the tongue primary sensorimotor cortex. In four participants, another frontal or parietal component (Figure 5A, second column) was positively correlated with the expected brain activity. In seven participants, a bilateral occipital component (Figure 5A, third column) was negatively correlated with the expected brain activity.


[image: Figure 5]
FIGURE 5. Spatio-temporal filtering of individual ICA components. The results of the single-session independent component analyses of all 17 participants (one participant per row) are summarized. Brain images are shown in radiological convention (the left hemisphere is seen on the right) after registration to the MNI152 standard space template. (A) The three columns on the left display components whose time course is significantly correlated with the expected brain activity (first row). The first and second column show positively correlated (r > 0.4, p < 0.05), the third column negatively correlated components (blue, r < −0.4, p < 0.05). (B) The upper row illustrates 9 of 10 established brain networks identified in resting state FMRI data (Smith et al., 2009). For every single participant, independent components are displayed that are spatially correlated with one of the established networks. Network 5 from the study by Smith et al. (2009) (consisting of large parts of the cerebellum) is not shown because it was not significantly correlated with cerebellar activity in one of the present FMRI data sets.


Spatial filtering of independent components revealed inter-individually variable patterns of brain activity during tongue movements. Spatial cross-correlations with established neural networks (shown in the first row of Figure 5B) (Smith et al., 2009) identified between one and three visual networks in all participants (except P2, who showed a visual component after temporal filtering). In addition, the default mode network and the left fronto-parietal network were active in all but one participant. Of note, the default mode network was not negatively correlated with the expected brain activity associated with tongue movements. The right fronto-parietal network was active in eight participants and the executive control network in four participants. In four participants, a superior sensorimotor network, comprising the hand sensorimotor cortex and the supplementary motor area, was found.




DISCUSSION

Main results of the present task-based FMRI study on the neural correlates of tongue movements were: (1) All three tongue movements under investigation were controlled by the same neurofunctional system, consisting of the bilateral tongue primary sensorimotor cortex, supplementary motor cortex, anterior cingulate gyrus, basal ganglia, thalamus, and cerebellum. (2) Distinct tongue movements also involved more specialized regions, such as the prefrontal, posterior parietal, and temporal cortices. (3) Using a novel approach to characterize inter-individual differences in task-based FMRI data, spatio-temporal filtering of independent components, we found consistent activation of the tongue primary sensorimotor cortex in all participants, but also remarkable variability, e.g., in fronto-parietal and executive control networks.


Model-Based Group FMRI Analysis

The present study demonstrates the core cortical [lateral primary motor cortex (Fesl et al., 2003), supplementary motor area, cingulate motor area] and subcortical regions (basal ganglia, thalamus, cerebellum) of the tongue motor system, corroborating several previous FMRI studies (Corfield et al., 1999; Shinagawa et al., 2003; Martin et al., 2004; Watanabe et al., 2004; Brown et al., 2008; Malandraki et al., 2009). The tongue motor system was very similar for all three tongue movements under investigation (Figure 3). The local maxima of precentral activation (Table 2) correspond well to activation maxima reported in the literature, e.g., by Arima et al. (2011) for tongue protrusion and by Fesl et al. (2003) for horizontal tongue movements, supporting our interpretation that the precentral brain activation seen here represents the primary tongue motor cortex. Our results also demonstrate the involvement of the lateral primary somatosensory cortex, reflecting the extensive mechanosensory (Kaas et al., 2006) and proprioceptive innervation of the tongue (Adatia and Gehring, 1971).

Moreover, the bilateral insular cortex was active during all three tongue movements. The insulae are not regarded as motor areas per se, but as areas of polymodal sensory, motor, cognitive, and affective integration. The insular cortex is involved in processing somatosensory (Sörös et al., 2008; Pugnaghi et al., 2011), gustatory (Small, 2010), and nociceptive stimuli (Xu et al., 2019). In addition, insular activity is associated with voluntary and semi-voluntary oro-facial movements, such as jaw opening and closing (Wong et al., 2011), speech production (Simonyan and Fuertinger, 2015; Tourville et al., 2019), and swallowing (Sörös et al., 2009; Leopold and Daniels, 2010; Malandraki et al., 2011). Importantly, insular activity is not specific for oro-facial movements, but has been found in simple finger movements as well (Turesky et al., 2016).

Tongue motor control was also associated with activity in prefrontal areas, critical for motor planning (Svoboda and Li, 2018), and in posterior parietal areas, involved in processing and perception of action-related information (Culham and Valyear, 2006). Parietal activity has also been found in previous FMRI studies during frontal tongue movements (tapping of the tip of the tongue against the alveolar ridge) (Malandraki et al., 2009) and a series of spatially complex tongue movements (pressing the inside of a left or right, upper or lower incisor, canine, or molar tooth with the tip of the tongue) (Watanabe et al., 2004).

Comparing brain activity between different tongue movements resulted in complex patterns of activation differences (Table 3). Speech-related frontal (protrusion) tongue movements were associated with less activation in parts of the bilateral superior parietal lobule (vs. horizontal, side to side movements) and in parts of the bilateral precentral gyrus, right post-central gyrus, and the left posterior parietal cortex (vs. vertical, elevation movements). We may speculate that, in most humans, speech-related tongue movements are probably some of the most overlearned movements (Ziegler, 2003) and therefore are performed with less neural resources than less extensively trained tongue movements. Similarly, complex and relatively unfamiliar sequential finger movements are associated with increased FMRI activity compared with repetitive movements of the same fingers (Wexler et al., 1997). Remarkably, frontal (protrusion) tongue movements were associated with increased activity in parts of the left frontal and temporal lobes compared with vertical (elevation) movements. Again, we may speculate that frontal (protrusion) tongue movements, usually performed in the context of overt speech production, activate areas critical to speech-language production, such as the left inferior frontal gyrus (Flinker et al., 2015), even when performed in isolation.

Unexpectedly, we found increased brain activity in the occipital lobe in the contrasts frontal vs. vertical and horizontal vs. vertical movements (Figure 3, Table 3). Because previous FMRI studies do not report occipital activity, we are reluctant to attribute this activity to tongue movement. Still, it may be possible that frontal and horizontal tongue movements, exploring the oral cavity with the densely innervated tip of the tongue, contribute to the development of oral awareness (Haggard and de Boer, 2014) and activate not only somatosensory but also visual cortices. An alternative explanation would be that the different visual stimuli used to cue the three tongue movements (Figure 1) may have induced different activation patterns in visual areas.

Overall, the differences of brain activity during the three different tongue movement conditions need to be interpreted with caution. As we do not have EMG recordings of tongue activity during FMRI, we cannot be sure that tongue movements were produced with the same velocity and pressure. Differences in motion parameters could well explain the subtle differences of brain activity seen here (Wexler et al., 1997).



Model-Free Individual FMRI Analysis

Almost all task-based and resting-state FMRI studies only present group analyses of brain activity. Recently, individual differences in brain structure and function have attracted growing attention (Kanai and Rees, 2011; Finn et al., 2015; Dubois and Adolphs, 2016). The study of individual differences of the neural control of tongue movements is expected to improve our understanding of tongue motor impairment, e.g., in amyotrophic lateral sclerosis (Kollewe et al., 2011) or Parkinson's disease (Van Lieshout et al., 2011), and help in the assessment of the efficacy of treatment options, such as tongue motor training (Arima et al., 2011; Komoda et al., 2015).

To investigate inter-individual differences in tongue movement-related brain activity, we used a novel approach, spatio-temporal filtering of independent components. First, ICA was employed to perform a low-dimensional decomposition of every single FMRI data set of 9:21 min duration. ICA carried out a model-independent separation of the original data into components that are related to brain activity, physiological extra-cerebral processes (such as respiration or blood pulsation), and imaging artifacts (such as head motion or susceptibility artifacts). The primary advantage of a model-free ICA was the detection of previously unexpected patterns of brain activity (McKeown et al., 1998b). In the traditional general linear model-based analysis of FMRI time series, these patterns of activity would be considered as noise and discarded (Monti, 2011).

Second, we used a temporal filter to identify independent components whose time course was correlated with the expected brain response (for the use of correlation as a filter technique, see Mwangi et al., 2014). This approach demonstrated that the activation of the lateral primary sensorimotor cortex was found in all 17 participants. Tongue movement is, similar to e.g., finger tapping (Engström et al., 2004), a very robust sensorimotor paradigm.

Third, we applied a spatial filter, i.e., we cross-correlated the independent components obtained for our participants with a set of ten established components (interpreted as neural networks). These canonical networks were derived from resting state FMRI data (Smith et al., 2009). Of importance, an analysis of task-based brain activation performed for the same study identified similar networks, demonstrating a close correspondence between resting and task-based brain activation (Smith et al., 2009). A study by Calhoun et al. (2008) investigated neural networks in rest and during an auditory oddball task, finding the same 11 networks in both conditions with one additional network (anterior cingulate) only present during rest.

Nine of 10 canonical networks (Smith et al., 2009) were also found in our task-based data sets of tongue movement. In 16 participants, the default mode network was active, a large-scale neural network, including the posterior cingulate cortex, precuneus, medial prefrontal gyrus, and inferior parietal cortex (Greicius et al., 2003). In 16 participants, the left fronto-parietal network and in eight participants, the right fronto-parietal network was active. Fronto-parietal networks have been shown to subserve attentional mechanisms (Markett et al., 2014) and are probably involved in a wide variety of other tasks.

Results from spatio-temporal filtering of independent components suggest that large-scale neural networks are active during simple tongue movements. Activation of these networks is not time-locked to tongue movement and thus is not detectable in model-based FMRI analysis. Of major importance, not all established networks appear to be active in all individuals. At present, it is unclear if the pattern of neural networks seen here is specific for tongue movement or, more likely, reflecting motor control in general. Moreover, it is undetermined which factors contribute to the physiological activation or deactivation of specific networks in different individuals during tongue motor control. In addition, we do not know if the pattern of neural networks found in a single individual is stable over time or may change depending on internal states or external stimulation. Results from resting state FMRI suggest that at least the major heteromodal association networks, such as the default mode network and the fronto-parietal networks, are stable over time (Zuo and Xing, 2014).

Knowledge of the neural basis of pathological tongue movements is very limited (Mohammadi et al., 2009; Kollewe et al., 2011; Shen et al., 2015). We assume that spatio-temporal filtering of independent components may be able to determine individual patterns of brain activity related to functional impairment. Of importance, this approach may differentiate between impaired activation of the primary tongue motor cortex and disorders of large-scale association networks. For clinical use, this approach may assist in detecting disordered tongue motor control in an early stage of neurodegenerative disease and may help monitoring efficacy of pharmacological treatment, non-invasive brain stimulation, or training. Recently, resting state and task-based FMRI were used to predict a cognitive trait (fluid intelligence, reading comprehension) (Greene et al., 2018; Jiang et al., 2020). Both studies found that functional connectivity based on task-based FMRI has higher prediction performance than the results of resting state FMRI. Similarly, the results of spatio-temporal filtering of independent components may be used to predict clinical parameters and may be correlated with individual behavioral, clinical, and genetic information.



Limitations and Directions for Future Research

Our study has limitations that need to be addressed. The sample size of our study (17 participants included in final data analysis) is relatively small, at least compared to the recommendation of n = 30 for a typical task-based FMRI study (Turner et al., 2018). However, our literature search identified only one FMRI study of tongue motor control with a larger sample size (n = 24, Watanabe et al., 2004). Nevertheless, a larger sample size would have been helpful for the robust identification of differences between tongue movements in the model-based analysis and of inter-individual differences in the model-free analysis.

We did not record tongue motion during FMRI. Using surface EMG, it is possible to record electric activity of the suprahyoid muscles and then identify different tongue movements with high accuracy using a support vector machine algorithm for pattern recognition (Sasaki et al., 2016). To ensure that the behavioral performance was as similar as possible across participants, we gave detailed instructions and performed a training session before FMRI scanning. Of note, recording EMG activity would have been helpful to refine the time course of expected brain responses for model-based analysis on an individual basis. By contrast, EMG recordings would have not been used for model-free ICA (Calhoun and de Lacy, 2017). Moreover, we did not record potential jaw movements that may have been occurred during tongue movements. Recording the opening and closing of the jaw is possible with e.g., a fiber-optic sensor attached to the chin (Sörös et al., 2010).

Our experimental paradigm included regular rest periods of 15 s duration after every third tongue movement block (Figure 2). During this rest period, the hemodynamic response curve is supposed to reach the pre-movement baseline. To keep the entire duration of the tongue movement experiment shorter than 10 min (we also acquired data for three separate speech production experiments), while still recording eight blocks of 15 s length per movement condition, we chose shorter rest periods of 3 s each between the remaining tongue movement blocks. During this shorter rest period, the hemodynamic response curve has not reached the baseline. Thus, we cannot rule out the possibility that BOLD activity from one tongue block was carried over to the next block. This may have impaired our ability to detect differences between tongue movements in model-based analysis. Of note, model-free ICA does not require specific rest periods and ICA results should not be affected by shorter rest periods.

For future research on tongue motor control, we recommend to (1) replicate our investigation of different tongue movements with a larger sample size to increase statistical power and reproducibility, (2) use different stimuli (e.g., auditory instructions) to cue tongue movements in order to determine wether certain tongue movements are associated with activity in the visual cortex, (3) record surface EMG from the suprahyoid muscles during the pre-scan training session and during FMRI, (4) study tongue motor control in younger and older individuals because disorders of tongue movement are often related to diseases prevalent in the elderly and differences in brain activation between younger and older individuals have been shown for speech motor tasks (Sörös et al., 2011; Tremblay et al., 2017), (5) correlate inter-individual differences in brain activity determined with spatio-temporal filtering of independent components with age, sex, and behavioral parameters of tongue movement in a larger sample of healthy younger and older individuals, and (6) investigate the neural correlates of tongue movements in patients with neurogenic dysarthria and dysphagia on an individual basis and correlate FMRI results with etiology, disease severity, and behavioral performance.
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Background: Facial palsy is a frequent and debilitating sequela of stroke and brain injury, causing functional and aesthetic deficits as well as significant adverse effects on quality of life and well-being. Current literature reports many cases of acquired facial palsy that do not recover spontaneously, and more information is needed regarding the efficacy of physical therapies used in this population.

Methods: A systematic search of eight electronic databases was performed from database inception to December 2018. Gray literature searches were then performed to identify additional articles. Studies were included if they addressed physical rehabilitation interventions for adults with acquired facial palsy. Reasons for exclusion were documented. Independent data extraction, quality assessment, and risk of bias assessment followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines.

Results: Following abstract screening, a total of 13 full-text articles were identified for independent screening by two reviewers. This included four randomized control trials, two non-randomized control trials, one cohort study, and six prospective case series studies. Twelve out of the 13 included studies reported on facial palsy as a sequela of stroke. A total of 539 participants received intervention for facial palsy across the 13 included studies. Therapy design, length and frequency of intervention varied across the studies, and a wide range of outcome measures were used. Improvement on various outcome measures was reported across all 13 studies. The quality of the evidence was low overall, and most studies were found to have high risk of bias.

Conclusions: All the studies in this review report improvement of facial movement or function following application of various methods of physical rehabilitation for facial palsy. Methodological limitations and heterogeneity of design affect the strength of the evidence and prevent reliable comparison between intervention methods. Strong evidence supporting physical rehabilitation was not found; well-designed rigorous research is required.

Keywords: central facial palsy, rehabilitation, exercise, systematic review, therapy


INTRODUCTION

The facial nerve (CNVII) plays a critical role in multiple complex functions of human life including mastication, speech, and successful social communication through expression of mood and emotion (1–4). Central facial palsy (CFP) results from damage to the central segment of this nerve (facial nucleus in the pons, motor cortex, or connections between the two) (5) and manifests typically as a unilateral impairment of movement opposite to the side of the injury, with predominance in the lower face (6). In contrast, peripheral facial palsy (PFP) results from injury or damage to extratemporal segments of the facial nerve (7), for example in idiopathic “Bell's” palsy, surgery such as mastoidectomy, or inflammation such as herpes zoster (Ramsay Hunt syndrome) (8).

CFP is a frequent initial symptom in patients after stroke and other neurological injury. A study conducted by Cattaneo and Pavesi (9) found that 60% of patients with first-time ischemic cortical stroke (MCA and ACA territories) presented with CFP. Other studies of stroke populations have reported a prevalence of approximately 45% (6). It is evident from multiple searches of libraries and online evidence repositories during clinical management of CFP that most of the available literature relates to rehabilitation of peripheral facial palsy (PFP), and there is very little evidence available to guide therapists working with people suffering from CFP. Whilst systematic reviews have evaluated physical rehabilitation and other management for PFP (10–12), the different etiopathogenesis of CFP suggests that rehabilitation approaches should be specifically modified for this group (13).

Spontaneous recovery of CFP has been reported in two-thirds of people at 6 months post-stroke, with approximately one-third of patients after stroke continue to present with persisting facial palsy after 6 months (14). More recently, differing opinions are emerging in the literature regarding rates of spontaneous resolution of CFP (including associated functional and QOL deficits), with some authors noting that in the absence of rehabilitation, symptoms seem unlikely to improve (15). In their study, Volk et al. (6) reported that a high percentage of patients continued to present with CFP 3 weeks post-onset, and over 60% of these patients were discharged from sub-acute rehabilitation with deficits persisting for more than 41 days post-stroke. As the available literature suggests that CFP can persist past the initial acute phase of stroke and not resolve spontaneously, people with CFP may benefit from access to a specific rehabilitation program aimed at maximizing recovery of facial movement and function (6, 13, 16).

Facial palsy can be distressing and debilitating for those affected, causing both functional and aesthetic deficits (16). Functional deficits may be characterized by facial asymmetry and weakness of the lower half of the face, drooping of the corner of the mouth, dribbling from the corner of the mouth at rest or during oral intake, reduced masticatory force and efficiency, asymmetrical smile and dysarthria (slurring or reduced clarity of speech) (15). It is well-recognized in the literature that in addition to functional deficits, facial palsy has a negative effect on quality of life (QOL) and emotional well-being (7, 17–21). In their 2016 study comparing QOL between individuals with pure CFP post stroke vs. pure dysarthria, Chang et al. (21) found that the CFP group had significantly worse scores on QOL and depression scales. Interestingly, it has been found that the presence of facial palsy alone regardless of its severity has a detrimental effect on the psychological well-being of those who experience it (19).


Rationale

Currently, there is minimal evidence available to guide clinical decision-making in the rehabilitation of CFP (22, 23) and very little information available regarding the effectiveness of popular intervention techniques (21, 23). As mentioned above, CFP may not resolve spontaneously and the negative impacts of CFP on people who experience this disorder can be wide-ranging. Rehabilitation may maximize functional recovery and improve the quality of life and psychological well-being of people with CFP (6, 13, 16) however there is currently no comprehensive or systematic review of the literature specific to this disorder to inform therapy planning and provision. This has significant implications for patient management, as it is still not clear to health professionals whether physical rehabilitation techniques work, or which technique is most effective.



Objective

The purpose of this review is to identify and examine the available literature specifically relating to physical rehabilitation of CFP. This review aims to (1) identify the types of physical rehabilitation methods used in remediation of CFP, (2) review the effectiveness of various methods of physical rehabilitation, and (3) review the methodological quality of the studies retrieved. The findings will be pertinent to clinicians working with patients with CFP as this is the only review that the authors are aware of that systematically evaluates the evidence base for rehabilitation of this disorder.



Research Question

What is the effectiveness of physical rehabilitation for acquired central facial palsy in adults?




METHODS


Study Design and Search Strategy

This review follows the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement. The review protocol is registered on PROSPERO (CRD42018115303). A systematic search strategy was devised in conjunction with a senior librarian, using the core concepts of facial paralysis, central nervous system disease, and physical rehabilitation. The Medical Subject Headings (MeSH) database was used to obtain terms that were related to these concepts to ensure a comprehensive search of the literature was performed. The search strategy was designed and performed using Medline (Ovid) terminology (see Appendix 1). No limitations were used for year published, language, or publication type. The search strategy was then translated for searching the following databases: Embase (Elsevier), CINAHL (Ebsco), Cochrane Central Register of Controlled Trials, Proquest Dissertations and Theses Global, PEDro, Speechbite, and Web of Science (Clarivate).

Gray literature searches included searches of WHO ICTRP (3) and ANZCTR (0) using the terms central facial pa*, with no completed studies (3 currently registered trials) retrieved. ClinicalTrials.gov was searched using the heading facial palsy with 18 completed studies retrieved, however all retrieved studies either pertained to peripheral facial palsy or did not have results available and were therefore not included in this review. Clinical practice guidelines and best practice statements were searched for relevant literature/references, including Clinical Guidelines for Stroke Management 2017 (24), United Kingdom National Clinical Guideline for Stroke (25), and American Speech and Hearing Association Evidence Maps (https://www.asha.org/MapLanding.aspx?id=8589947062).

Further hand-searching of library and clinical databases were conducted. Specialists from facial therapy services in Australia and internationally were asked to provide any relevant literature which informs their current clinical practice. The reference lists of articles eligible for inclusion following full text screening were searched, and any titles that appeared to fit the criteria set were retrieved.



Participants, Interventions, Comparators

The inclusion and exclusion criteria for the review are presented in Table 1.


Table 1. Selection criteria.
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Systematic Review Protocol

The systematic search strategy is presented in Figure 1. A senior health service librarian performed database searching. Articles retrieved in the database searches were deduplicated using the Bond University CREB SRA deduplicating tool (http://crebp-sra.com) and then further screened to remove other duplicates. Abstracts of all articles remaining following deduplication were then collated into an Endnote library, which was then uploaded to Covidence (Veritas Health Innovation Ltd, Melbourne, Australia) for blind review by two independent reviewers (AV and DG). Titles and abstracts were screened against the predetermined inclusion/exclusion criteria and subsequently added to full text screening lists. Articles included by both independent reviewers and articles that were marked as “maybe” by one or both reviewers were considered eligible for further review. Full texts of eligible studies were then retrieved and independently assessed for inclusion/exclusion. Any conflicts that arose during eligibility assessment were resolved by (a) discussion between reviewers, or where agreement could not be reached, by (b) discussion with the review team and relevant experts in the field.


[image: Figure 1]
FIGURE 1. Preferred reporting items systematic reviews and meta-analyses (PRISMA) flow diagram detailing search strategy and selection criteria.




Data Extraction

For all included articles, a range of variables including study population/participant details, selection criteria, methodology, interventions (therapy approach, intensity, follow-up) and outcomes were extracted and are presented in a descriptive summary in Table 2. These variables were identified as most relevant to our clinical question. Data extraction was performed initially by the second author (DG), and then amended and expanded where necessary by the first author (AV) using Google Sheets (Google, CA, USA). Due to heterogeneity in the included studies a meta-analysis was not able to be performed.


Table 2. Extracted data.
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Quality Assessment

Risk of bias was assessed using tools appropriate to the study methodology determined during the data extraction process: case series reports were assessed using the JBI Critical Appraisal Checklist for Case Series (35), cohort studies were assessed using the JBI Critical Appraisal Checklist for Cohort Studies (35), and control trials were assessed using the Physiotherapy Evidence Database—Psychbite scale (PEDro-P) (36). No mixed-method studies were identified during the search, therefore the tools used to assess risk of bias were altered from the original PROSPERO protocol to be more appropriate to the various study designs retrieved (control trials, case series, cohort study). Risk of bias analyses were performed independently by two reviewers (AV and RW) and discrepancies were discussed by the two authors until consensus was achieved.



Data Analysis

Meta-analysis of the results was not indicated due to the clinical diversity of the studies retrieved, as recommended by the Cochrane Handbook for Systematic Reviews of Interventions (37). Each of the studies retrieved described differing experimental designs, treatment protocols, and methods of outcome measurement, and there was inadequate reporting of data and statistics necessary for appropriate and meaningful meta-analysis. Types of physical rehabilitation used in CFP have been broadly grouped as having used either an active approach (recipients actively move their own muscles or structures to perform exercises or volitional muscle movements), passive approach (movement is facilitated by external force, person or device e.g., massage/stretching, acupuncture, electrical stimulation), or a combination of the two. The effectiveness of physical rehabilitation has been determined by the examination of the reported results in those studies that provided sufficient data and is discussed in the context of the various grouped approaches. Rating of the overall quality of the evidence has been performed by applying relevant sections of the Grades of Recommendation, Assessment, Development, and Evaluation (GRADE) approach to individual studies (38).




RESULTS


Study Selection

The results from database searching and selection processes are shown in Figure 1.



Study Characteristics

Six case series (total no. of subjects = 108) one cohort study (total no. of subjects = 112), and six control trials (total no. of subjects = 133) were identified. Methodological details are outlined in Table 2. Of the four RCTs, two appeared to use identical participant populations and outcome data and are subsequently discussed as one study in parts of this review (n = 99 (13, 16). All the included studies used a pre-test post-test design.



Participant Demographics

Participant demographics for all included studies are reported in Table 2. Twelve out of the 13 included studies reported on facial palsy as a sequela of stroke, and one study reported facial palsy secondary to acquired brain injury. A total of 539 participants received intervention for facial palsy in the 13 studies included in this review (age range 48–88 yr old). There was a large range in time post-onset of facial palsy from acute (e.g., “days”) to chronic (e.g., 6–10 years) stages of recovery.



Types of Physical Rehabilitation for Facial Palsy

There was a high degree of heterogeneity in physical rehabilitation methods described for adults with CFP. Seven studies reported interventions aimed at remediation of facial palsy as their primary objective (6, 26–29, 31, 33), and six reported targeting lip function or movement in the context of post-stroke dysphagia therapy (13, 16, 23, 30, 32, 34). Four studies reported on active intervention methods for remediation of oromotor function or facial palsy (23, 26–28); two used muscle strengthening exercises alone (26, 27) and the other two used biofeedback (via mirror or device) while performing orofacial exercises (23, 28). Four studies reported on passive intervention techniques such as massage, stretching or electrical stimulation for the remediation of facial muscle strength or facial palsy (13, 16, 29, 30). Acupuncture is classified in this review as passive rehabilitation; one study (30) reported on the use of scalp acupuncture compared to a group that received “western medicine.” Five studies combined active and passive approaches in the rehabilitation of CFP (6, 31–34); therapy varied across these studies but all included elements of active exercise, massage, stretching or passive manipulation, or application of various devices (Table 2).



Dosage

Length and frequency of therapy varied across the studies, with participants receiving multiple therapy sessions per week for between 10 days and 9 weeks. Details relating to intensity of therapy (length, frequency, and duration of intervention) are presented in Table 2.



Outcome Measures

A wide range of outcome measures for muscle strength and facial movements were used including measures of muscle strength, facial movement, and symmetry; details are outlined in Table 2. No validated outcome measurement tools were used. The majority of studies did not provide detailed descriptions of grading scales; only three studies (6, 13, 16, 23) used well-known outcome measures specific to facial palsy. Facial palsy was often measured in conjunction with other deficits of speech, swallowing, emotional and psychological well-being.



Effectiveness of Physical Rehabilitation of Facial Palsy

Four RCTs and nine observational studies reported improvements in various measures of facial palsy or facial motor function, which are outlined below in the context of the rehabilitation approach used (active, passive or combination). Eight of the 13 studies included comments about the statistical significance of the results (p-values), however none performed calculations of effect size, and therefore none of the studies provided sufficient data to assess imprecision or inconsistency as outlined in the GRADE approach. There were also insufficient data reported to facilitate judgement of indirectness; the nine observational studies do not undertake comparison with an alternative therapy or control group, and none of the RCTs provided calculations of risk ratio or effect size that would enable meaningful direct comparison.


Active Therapy

Four studies reported on active therapy methods; one RCT (23), one nRCT (28), and two case series' (26, 27). All four studies reported improvements in treatment variables measured. Kang et al. (23) reported improvement in HBGS scores and functional measures (facial movement ratios) in both the control group and the experimental group (both groups performed the exercise protocol with the experimental group receiving mirror feedback as the experimental condition). Huffman (28) also reported improvement in all subjects on an unvalidated ‘muscle grade' rating scale mentioned but not detailed by the authors; as well as improvements three times greater for the subjects receiving EMG feedback compared to mirror feedback. Both the case series' implemented protocols of lip strengthening using instrument-based exercise. Hee-su et al. (27) reported improvements in orbicularis oris muscle strength and lip closure function during swallowing; no outcomes specific to facial palsy (e.g., measures of movement or symmetry) were used. Hagg and Anniko (26) also reported improvement in raw scores of lip force from baseline measures taken using a Lip Force Meter instrument however did not specifically report on outcomes for facial palsy.



Passive Therapy

Four studies reported on passive therapy methods, including a case series study (29) and three RCTs (13, 16, 30); two RCTs are discussed together (13, 16) for reasons mentioned previously. All four reported improvements in relevant measures. Choi (29) reported changes in facial muscle strength compared to baseline measures however did not explicitly report outcomes for facial palsy. Zhou and Zhang (30) reported a larger change in all outcome measures (including a facial movement grading scale not described in the study) for the group receiving acupuncture compared to those receiving “western medicine.” There was no detail provided regarding the method for administration of this grading scale. Konecny et al. (13, 16) reported improvements in formal facial nerve assessment measures (HBGS) as well as in a variety of other functional and quality-of-life scales.



Combination Therapy

Five studies reported on therapy protocols that combined passive and active methods (e.g., massage/manipulation with active exercise regime). These included three case series' (31, 33, 34), one non-randomized control trial (32) and one cohort study (6). One case series (33) reported improvements in spasticity of facial muscles; this was demonstrated by reporting the number of participants per scoring level (grade I–V) pre and post treatment on an unnamed grading tool. There were no individual assessment outcomes reported and there was an absence of statistical analysis of the data. One (31) reported improvements in raw scores of orofacial motility on an informal four-point scale as well as improvement in mean severity score of oral motor performance. The authors provided raw pre and post assessment data for each participant as rated by multiple assessors; there was an absence of further analysis of this data and overall outcomes were focused on dysphagia rather than facial palsy. The case series reported by Volk (6) reported improvements in three well-known tools to assess facial palsy [HBGS (39), Sunnybrook Grading Scale (40), and Stennert Index (41)], two validated quality of life instruments [FaCE Questionnaire (42) and FDI (43)], and a system of automated facial movement analysis described in the study.




Maintenance of Therapeutic Effects

Eleven of the 13 included studies did not report any follow up assessment, and therefore no evaluation of the maintenance of therapeutic effects was available. One study (32) reported maintenance of improved facial activity at follow-up assessment at least 1 year post treatment in both groups. Van Gelder et al. (34) reported on follow-up assessment 9 weeks post treatment in only one of the two participants. Their results showed a decline in function between completion of treatment and re-assessment, which the authors interpreted as showing treatment effects were not maintained.



Methodological Quality and Risk of Bias

A summary of the consensus ratings for methodological assessment is shown using modified harvest plots, which have been used previously in systematic reviews to present data that is not able to be graphed using traditional methods (44, 45). These modified harvest plots were created by grouping similar criteria together for each appraisal tool, as detailed in Table 3. As in previous studies where modified harvest plots have been used, methodological quality is represented by bar height (45). “Unclear” consensus ratings have been scored as zero when calculating scores for each criterion on the JBI tools.


Table 3. PEDro-P and JBI ratings.
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Control Trials

Across the control trials, scores on the PEDRO-P ranged from 3 to 9 with an average of 5.5 out of 11 (see Figure 2). Of the RCTs, 2 of the 4 specified eligibility criteria for inclusion in the study, and while the majority allocated subjects randomly to interventions only one concealed this allocation. Blinding was an area of significant risk across the RCTs, with 1 of 4 studies blinding subjects and assessors and no blinding of therapists in any study. The nRCTs showed similar shortcomings in allocation and blinding items. The intervention groups were similar at baseline regarding the most important prognostic indicators in >90% of the studies. Outcome measurement was an area of strength for all the control studies; 100% obtained measures of at least one key outcome from >85% of subjects and demonstrated that all subjects for whom outcome measures were available received the treatment or control condition. Overall the quality of the control trials is low due to the significant limitations present in the majority of studies.


[image: Figure 2]
FIGURE 2. Study identification number: 1. (32) 2. (28) 3. (23) 4. (16) 5. (13) 6. (30) Max. indicates the highest possible score that an article could receive in each category.




Case Series and Cohort Study

Scores on the JBI tool for case series evaluation ranged from 2 to 7 with an average of 3.8 out of 10 (see Figure 3). Four (27, 29, 33, 34) of the six case studies were judged to be at high risk of bias; 2 of the 6 of studies failed to outline clear criteria, only 30% used valid methods for identification of the condition, >80% did not report consecutive recruitment of subjects and failed to clearly report clinical information of the participants. Two case studies were judged to have an unclear risk of bias (26, 31); strengths of both these studies were found in reliable condition measurement and clear reporting of participant demographics. Limitations of the case series' judged as “unclear risk of bias” were varied—in one (31) it was not clear if the study included consecutive and complete inclusion and methods of statistical analysis were ambiguous; in the other (26) criteria were not clearly defined and it was not possible to determine if valid methods for identification of the condition were used.


[image: Figure 3]
FIGURE 3. Study identification number: 7. (29) 8. (28) 9. (26) 10. (27) 11. (33) 12. (34) 13. (6) Max. indicates the highest possible score that an article could receive in each category.






DISCUSSION

This review has shown that despite trends demonstrating improvement in CFP following various types of physical rehabilitation, there is a lack of high-quality evidence currently available to inform clinical practice. Many questions remain for clinicians planning and providing therapy for this population. Literature is emerging which recognizes CFP as an impairment in its own right (separate to its impact on speech or swallowing function), and therapies specifically targeting this disorder are being investigated with increasing frequency. All the studies in this review report improvement on various parameters of facial movement or function and, although lacking in rigor, indicate potential benefit from using physical rehabilitation approaches.


Effectiveness of Therapy

Improvement in facial muscle strength or movement was reported across all 13 studies, and positive changes in other outcome measures such as swallow function and quality of life were also shown (where measured). Only one study provided data for maintained effects of therapy at >1 year post intervention (32), and while this study had comparative strengths in methodology, its lack of overall rigor reduced the strength of the data. All 13 studies reported statistically significant improvements from baseline measures, however none performed calculations of optimal sample size or treatment effect measures. It is therefore unclear if the improvements reported can be attributed to the physical therapy provided or if other variables influenced the outcomes. Overall, the studies included in this review provide insufficient evidence to draw strong conclusions regarding the effectiveness of physical rehabilitation for CFP.

Comparison of the effectiveness of differing therapy approaches remains unclear following this review. Of the four studies that were found to be the most methodologically sound (as per risk of bias assessments), two provided active therapy (one involved strengthening exercises only) (23, 26), one provided passive therapy (16), and one described a combination of these two approaches (32). Active and passive approaches were explored by only a small number of methodologically weak RCTs, and there were no RCT designs that investigated a combination of approaches. As well as insufficient reporting of treatment effect size or precision, there was a large amount of variation in all aspects of the design of the studies—each study described different participant variables (e.g., time post onset), dosage and treatment duration. These factors restrict any meaningful comparison being made between outcomes, which leads to a lack of support for one method of rehabilitation over another.

This review highlights the need for further well-designed and rigorous research to examine the efficacy of physical rehabilitation of CFP. The trend of improvement across various outcome measures reported in all studies provides some indication that physical therapy may be of benefit, however overall there were significant limitations that impact on confident application of these findings to current clinical practice. These include a lack of comprehensive reporting and analysis of data in all studies, and methodological limitations (e.g., lack of RCT designs, lack of concealed allocation, minimal use of blinding, and lack of follow-up assessment). The majority of studies also failed to use standardized, reliable outcome measurements, which creates questions about the validity of findings and makes any comparison of outcomes difficult. Future studies should aim for more rigor in their design, for example by using RCTs to minimize risk of bias and strengthen the validity of findings and including follow-up assessment to measure maintenance of therapeutic effect.



Assessment

A major challenge for evaluation of methods of physical rehabilitation of CFP is the heterogeneity of assessment tools (and subsequently outcome measures) described. Only four of the 13 included studies utilized any standardized method of assessing facial palsy (6, 13, 16, 23, 32) and only three of these used widely-accepted quantitative outcome measures (6, 13, 16, 23). The remainder of the studies described a variety of informal clinical measures of muscle strength or facial movement and function. As such, comparison of findings between the studies in an effort to establish which methods were more effective is not able to be reliably performed.



Clinical Implications

Positive trends in favor of physical rehabilitation were found. All the studies retrieved by this review process do appear to show improvements in facial palsy with rehabilitation, which lends support to the rationale for continuation of therapy provision as well as ongoing research. The strength of the evidence is low overall, which should be considered when planning intervention for this population.



Future Directions

Future studies should aim to use objective and standardized assessment tools. Objective assessment of facial palsy is notoriously difficult (42, 46). Due to the lack of published, validated assessment tools available specific to CFP, further validation of tools designed for broader use (including peripheral types of facial palsy) may be indicated. Literature specific to PFP recommends use of the Sunnybrook Facial Grading System (40), and the House-Brackmann Grading Scale (39), and these tools have been used with some effectiveness to measure CFP in studies by Volk et al. (6), Kang et al. (23), and Konecny et al. (13, 16). There are limitations in both tools including subjective ordinal grading systems with limited items (47, 48). The Electronic Facial Paralysis Assessment (eFACE) was developed to provide clinicians with a tool that “has greater sensitivity and objectivity when assessing incomplete paralysis and post-interventional improvement…in cases of both acute peripheral nerve palsy and recovery” (49). This tool has been found to have high test-retest reliability (50), have high validity and reliability (49), and had positive feedback from a panel of international facial nerve experts (51). The tool needs further validation in a CFP population. In addition to measuring facial function, the inclusion of reliable outcome measures that evaluate the emotional and psychological impact of CFP would enable a broader assessment of the holistic impacts of rehabilitation. Two examples of validated patient-graded tools that are referenced in current CFP literature are the Facial Clinometric Evaluation (FaCE Scale) (42) and the Facial Disability Index (FDI) (43). Studies of CFP should include use of one of these tools, as non-motor impacts of facial palsy have been shown to be as important as motor function to people with this impairment (52).

It would be beneficial to have a comprehensive picture of current clinical practice to incorporate into future studies. Clinical physiotherapists and speech pathologists provide rehabilitation for CFP for using principles derived from peripheral nerve damage literature due to the lack of studies specific to CFP, despite these therapies also having low quality supporting evidence (12) and varying significantly in mechanism of impairment. A comprehensive survey of current practice would enable “expert opinion” to be integrated into the development of a gold standard of evidence-based physical rehabilitation, along with stronger evidence from well-designed clinical trials.

Exercise-based physical rehabilitation for facial palsy must be performed in a controlled and precise manner, and repeated sufficient times to induce long-term synaptic change (53). These exercises are often performed using some method of biofeedback (e.g., mirror); primarily relying on the visual system to obtain accurate proprioceptive information about position of facial muscles during slow, controlled movements that focus on symmetry (54). Without some form of external proprioceptive feedback, it is extremely difficult for patients to precisely and effectively judge and monitor the movements of facial structures (54). Exercise protocols can therefore be difficult for people to perform accurately if they have concomitant visual-perceptual, cognitive or behavioral changes secondary to stroke. Well-designed research which evaluates the effectiveness of interventions which are accessible to a wider clinical population would be of great benefit to people suffering from central facial palsy whose other impairments prevent them from engaging in strict exercise-based protocols. Regardless of the intervention strategy employed, clear and detailed reporting should be ensured to enable replicable therapeutic protocols.

Further investigation of physical rehabilitation methods for CFP is required to determine effective types and approaches for therapy and to guide clinical decision-making. There is a gap in services currently available for people wishing to access therapy for CFP and is not possible to base a strong case for clinical input on the current literature, even though trends have been identified that indicate potential benefit of physical rehabilitation.




LIMITATIONS

Although every effort was made to ensure database and other searches were comprehensive it is possible that some records were not retrieved via the search methods. Due to the difficulties and cost associated with obtaining verified and reliable document translation, this review was unable to include articles where the full text was not available in English. This may have resulted in some studies being missed; the authors are aware of at least one non-English study (14) which may have contributed toward this review. Our systematic review also had limitations relating to methodological quality and available data in the existing literature; only four RCTs were retrieved, which were of low quality, and the observational studies all lacked sufficient data to draw strong conclusions or perform calculation of treatment effect size. It is recognized that in many areas of health care, some interventions are supported by evidence from RCTs and others are not (55). It is also acknowledged in medical research literature that decision-making is often necessary even when there is imperfect evidence (56). As clinicians who provide assessment and therapy to patients with central facial palsy, we included the smaller observational studies due to a lack of larger or more well-designed trials—as per Balshem et al. “in the absence of high-quality evidence, clinicians must look to lower quality evidence to guide their decisions” (57). While we are aware that the limitations in methodology affect the reliability of these studies, and thus also affect the strength of recommendations that can be drawn from their findings, the reality is that there are not enough large well-designed RCTs available to rely solely on this level of evidence for clinical decision-making and intervention.



CONCLUSIONS

The studies in this review report improvement of facial movement or function following application of various methods of physical rehabilitation for CFP. Methodological limitations and heterogeneity of design affect the strength of the evidence and prevent reliable comparison between intervention methods. Strong conclusions regarding the effectiveness of intervention cannot be drawn using the studies identified by this review as good quality, robust evidence supporting physical rehabilitation of central facial palsy was not found.
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APPENDIX


Search Strategy (Example)

Database: Ovid MEDLINE(R) ALL <1946 to December 31, 2018>

— — — — — — — — — — — — — — — — — — — –

1. exp Facial Paralysis/ (11721)

2. ((facial or orofacial or oro-facial) adj3 (paralys* or paresis or droop* or palsy or asymmetr* or impair*)).tw. (14536)

3. ((facial or orofacial or oro-facial) adj3 (express* or nerve* or muscle* or move* or reanimat*)).tw. (26746)

4. or/1-3 (38981)

5. exp Physical Therapy Modalities/ (140199)

6. (exercis* or therap* or physiotherap* or rehabilit* or retrain* or train* or treat* or manag* or intervention*).tw. (7745138)

7. (mime* or miming or mirror* or tap* or massag* or stretch* or acupunctur* or needling* or biofeedback or neuromuscular* or kinesio* or cryo*).tw. (382977)

8. (electric* adj2 stimul*).tw. (62989)

9. (e-stim* or electromyograph* or semg).tw. (39537)

10. or/5-9 (8084566)

11. 4 and 10 (15595)

12. exp Central Nervous System Diseases/ (1342443)

13. (central nervous system adj2 (diseas* or injur* or infect*)).tw. (9406)

14. upper motor neuron.tw. (1424)

15. stroke*.tw. (218936)

16. brain injur*.tw. (57635)

17. tbi.tw. (21035)

18. (central adj3 (facial.tw. adj2 (paralys* or paresis or palsy or palsies))).tw. (144)

19. or/12-18 (1463675)

20. 11 and 19 (1970).
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This review deals with the frequent wide variability of masticatory capacity/incapacity. Neither researchers nor clinicians have taken sufficient account of this variability despite its implications for nutrition. Mastication in normal healthy oral conditions is first described, followed by a short presentation of the mechanisms of masticatory adaptation in the nervous system. Capacity, incapacity, and successful compensatory adaptation of mastication are then defined, along with the different methods used for their evaluation. Examples of adaptation needs are given, such as those concomitant with dental wear or occlusal changes. Finally, given its vital importance for deeply impaired mastication/deglutition function, the impact of masticatory adaptation processes on nutrition is examined.
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PHYSIOLOGY OF NORMAL MASTICATION

Ingestion starts with the choice and selection of a food and ends with its passage through the upper esophageal sphincter during deglutition. A first model, based on common observation, considers that ingestion is controlled at three checkpoints, each of which can cancel ingestion. The first checkpoint is food selection before ingestion. The second consists of sensory cues from food. The third is deglutition. A second model is the four-step sequence described by Hiiemae and Palmer (1999) for the fate of solid or semi-solid foods in the mouth.

Figure 1 relates these two models. At the first checkpoint, individuals express their personal choice when they shop for food, and when they accept or decline food they are proffered. After selection, solid or semi-solid foods are portioned into mouthfuls, typically with the front teeth or with eating utensils. This portion is then transported from the front teeth to the molars (Hiiemae and Palmer’s Stage I transport). During this phase, each mouthful is analyzed by taste, retro-nasal olfaction and oral receptors of the somatosensory system. If this second checkpoint is successfully crossed, then (i) the central pattern generators of mastication located in the cerebral cortex and in the brainstem are activated, and (ii) the required physiological responses are anticipated to prepare digestion of the food in the digestive tract post-esophagus (cephalic phase). This cephalic phase also occurs during mastication proper (Hiiemae and Palmer’s second step), when the food is transformed into a food bolus by the actions of the teeth through the exertion of lingual, facial and masticatory muscles and with the aid of saliva. In the third step, Hiiemae and Palmer’s Stage II transport, the chewed food moved rearward along the oropharyngeal tongue surface, crosses the fauces isthmus and collects in pharyngo-epiglottic folds. The fourth step, acting as a third checkpoint, is deglutition proper, with opening of the upper esophageal sphincter. Steps 2 and 3 often occur simultaneously, the bolus being moved cyclically upward and forward on the tongue surface, returning through the fauces isthmus into the oral cavity while the mastication proper is taking place. After passing through this third checkpoint, chewed food is irreversibly delivered to the gastro-intestinal tract, from which it can then be expelled only by vomiting. To cross this last checkpoint, a deglutition center’s “go-ahead” is needed, signaling that the bolus is sufficiently well prepared to be easily and safely swallowed. Many studies have shown that the particle size of the bolus just before swallowing is a determining factor (van der Bilt et al., 1993; Jalabert-Malbos et al., 2007; N’Gom et al., 2007). Particle size below a ceiling is one necessary condition for swallowing to be triggered. Particle size acts as a cofactor with saliva and food juice to reach the required rheological properties for the food bolus. To be safely swallowed, the bolus must possess certain physical and rheological properties. It must be slippery, cohesive and plastic (Prinz and Lucas, 1995). Plasticity allows the deformation of the bolus during its passage through the digestive tract. Slipperiness helps it slide along the mucous membranes and down the narrow alimentary canal to the stomach. Cohesiveness means that the bolus must behave like a unit (Hutchings and Lillford, 1988; Palmer and Hiiemae, 2003). This is essential to avoid aspiration, which can happen if food particles disperse and enter the airways when the bolus crosses the aerodigestive junction. It is noteworthy that subjects neither stop chewing nor trigger deglutition when the required mean particle size has been reached (Peyron et al., 2011). They masticate longer, increasing the number of cycles, to obtain all the necessary rheological conditions described above (Prinz and Lucas, 1995; Seo et al., 2007; Mishellany-Dutour et al., 2011) by mixing the solid particles with saliva and juice expelled from the crushed food. This probably accounts for the weak correlation between number of cycles and pre-swallow median particle size (van der Bilt et al., 1993; Fontijn-Tekamp et al., 2000; Mishellany-Dutour et al., 2011).
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FIGURE 1. Solid food from identification to first bite and mastication/deglutition. While it is transported, the solid food is in turn examined, bitten, masticated and finally swallowed. This process can be considered from the point of view of either food transport (Hiiemae and Palmer, 1999) (first column on the left), or controls at three checkpoints (last column on the right).


Hiiemae and Palmer’s Step 2 consists of a chewing sequence comprising a variable number of masticatory cycles (Fontijn-Tekamp et al., 2004; Peyron et al., 2004; Lund and Kolta, 2005). Food placed in the mouth acts as a stimulus for sensory receptors. This stimulation by food occurs both at the start and then throughout the masticatory sequence as the food is progressively transformed. Through this continuous sensory input, the mastication generating centers adjust several parameters, such as number of cycles before swallowing, muscular force exerted, and shape of the mandibular movement (see Table 1 in Woda et al., 2006). These parameters are adjusted to (i) continuously adapt to food properties inside the mouth and (ii) obtain required final food bolus properties. The need to reach a final state of the boluses, which is similar for all healthy individuals, is met using all the available means. This drive for adaptation produces strong inter-individual differences in the masticatory sequence. If the right bolus properties cannot be attained, subjects either swallow insufficiently comminuted foods, or avoid eating the food, which they deem difficult to chew. We note that only in experimental conditions can refusal of food types be assessed (Hennequin et al., 2015; Depeyre et al., 2019).



MECHANISMS OF MASTICATION ADAPTATION

Variation of the mastication parameters allows adaptation to several types of changes deriving from either the environment (extrinsic) or the individual (intrinsic). Four adaptation/variability situations can be distinguished: (i) the cycles of mastication vary during a single sequence to adapt to the changes in the food during its transformation into a food bolus, (ii) the programming of mastication varies to adapt to food types, (iii) mastication undergoes slow reprogramming to adapt to evolving conditions such as orthodontic movements, dental wear or aging, and (iv) mastication must also adapt to discontinuities such as tooth loss or prosthodontic occlusal rehabilitation. There is neuroscientific evidence for these different types of adaptation/variability.

All the forms taken by mastication adaptation have a common foundation, namely the rhythmicity and coordination of masticatory muscles, tongue, lips, and cheeks, which depend on a central pattern generator located in the brainstem (Lund and Kolta, 2005). Central to this rhythmicity is the presence of neurons with rhythmogenic properties in one area of the central pattern generator: the rostro-dorsal part of the trigeminal sensory complex. These neurons have intrinsic calcium- and voltage-dependent bursting abilities. The integration of peripheral and cortical inputs by these neurons could partly explain the first type of variability/adaptation, i.e., the instantaneous variations in cycles occurring while mastication proper is progressively transforming the food into a food bolus (see review in Morquette et al., 2012). Chewing patterns can also change suddenly in response to events caused during mastication, such as pain (temporo-mandibular joint, dental, or mucosal), or foods sticking to gums or teeth. Periodontal, muscle spindle, mucosal and other peripheral receptors all act to adapt to hardness and other rheological modifications of the food during mastication and to protect the apparatus from unexpected perturbations, which may be of a nociceptive nature. Responses reach the brainstem central pattern generator directly, but also through cortical areas, which form part of a feedback loop. That the cortex plays a role is indicated by the fact that if the masticatory area is suppressed, mastication, though still possible, becomes awkward and slowed (see Lund and Kolta, 2005; Avivi-Arber and Sessle, 2018; Kumar et al., 2018).

The second type of adaptation, i.e., adaptation of mastication to each food type, is probably programmed before the mastication sequence starts. Cortical inputs seem essential to activate, directly or indirectly, the brainstem central pattern generator with the program appropriate to a given type of food, as suggested by the representation, at specific locations within the cortex, of maps of the various patterns of mastication (Lin et al., 1998; Lund and Kolta, 2005). This pre-ingestive programming can also be inferred from the fact that cognitive, visual and olfactory information about food type reaches the cortex before the first bite, while somato-sensory, retronasal olfactory and taste information is collected during the initial transport of food in the mouth and before the beginning of mastication proper (see Lund and Kolta, 2005, 2006; Kumar et al., 2018).

Cortical plasticity seems to underlie the adaptation of mastication accompanying evolving conditions such as orthodontic movements, dental wear or aging, and more sudden events such as tooth loss or chance injuries of the orofacial area (see recent and complete reviews in Avivi-Arber and Sessle, 2018; Kumar et al., 2018). The plasticity of the central nervous system has long been known, but it is only recently that the role of this plasticity has been studied in detail for cortical areas devoted to orofacial function in the primary somato-sensory cortex and in the primary motor cortex. Among other techniques and experimental designs, intracortical micro-stimulation allows the observation of adaptive changes in some oral functional tasks in rats. Functional magnetic resonance imaging or transcranial magnetic stimulation have been used in humans for related purposes. Reorganization of sensory and motor representation and/or modification of the excitability of the orofacial cortical region have been shown following events such as occlusal grinding, tooth extraction and nerve injury (Avivi-Arber et al., 2011), but also after gradual changes such as orthodontic movements (Sood et al., 2015). This adaptive plasticity can be positive by helping mastication adapt to the new conditions, thereby limiting the dysfunction, but may also lead to new maladaptive motor habits, either postural or kinetic. Cortical plasticity is also involved when a subject is learning a new task or receiving a new complete denture. Adaptation to a new complete denture correlated with plasticity of cortical motor area in a time-dependent manner (Luraschi et al., 2013). Neuroplasticity induced by tooth extraction can be reversed by replacement with an implant-supported crown, although it does not return to its initial state before extraction (Avivi-Arber et al., 2015). As pointed out by Avivi-Arber and Sessle (2018) “Such information has clinical significance as cortical changes may underlie the mechanisms by which humans adapt (or not) to intra-oral manipulation.” Finally, these new scientific data reinforce the old insufficiently applied clinical concept that training of oral motor tasks or relearning of initial masticatory praxis after occlusal rehabilitation would help users adapt to their new dental prosthesis.

The swallowing function also adapts to the food bolus. The activation of the relevant oropharyngeal muscles occurs in an invariable order, but the intensity of muscle activities and the overall temporal aspects of muscle events are influenced by bolus characteristics such as volume (Kahrilas and Logemann, 1993; Lazarus et al., 1993), viscosity (Lazarus et al., 1993; Smith et al., 2006) and taste (Ding et al., 2003). In normal conditions, swallows frequently occur intermittently during the chewing sequence until the final food bolus is swallowed (Hiiemae et al., 1996; Okada et al., 2007).



CAPACITY WITH OR WITHOUT COMPENSATORY ADAPTATION, INCAPACITY

The main question when evaluating the masticatory function in a subject or group of subjects is whether this function achieves its purpose. In other words, whether subjects are able to make an acceptable food bolus or whether the food texture has to be changed. This tells us how well the mastication centers adapt to the characteristics of both the food and the eater. In some individuals, the mastication process may lie close to the border of normal healthy functioning. In these situations, adaptation may be difficult and costly, though still possible. It may be impossible in other situations. These three conditions: totally healthy, moderately impaired and totally impaired, determine masticatory capacity, compensatory adaptation, and masticatory incapacity (Feldman et al., 1980; Woda et al., 2010, 2011). Capacity means that chewing is perfectly achieved, and the masticatory capacity is fully intact. The food bolus meets all the requirements for deglutition as established with an indicator of normal food bolus such as MNI (see next section). Compensatory adaptation occurs when mastication is slightly disturbed, but the individual concerned can implement a physiological adaptation, mainly an increase in the number of cycles, that makes a normal bolus. Compensatory adaptation implies extra effort, but normal values of MNI are reached. Incapacity means the function is largely deficient, because the individual fails to make a proper food bolus or refuses it in some way. In such subjects, adaptability is overstretched; they are unable to masticate correctly as shown by the MNI value, which is above the ceiling. The subjects have to develop a strategy that enables them to feed themselves despite their incapacity. The main strategies are: changing diets, avoiding foods that are difficult to chew, and swallowing unchewed food. In all cases, negative nutritional consequences and/or excessive workload inflicted on the digestive tract are likely. The morbid outcomes of this situation are still under-researched but appear more and more probable and serious (El Osta et al., 2014). These three conditions are summarized in Figure 2. Compensatory adaptation or incapacity can be found in many settings such as craniofacial dysmorphia, neurological diseases, traumatic or surgical sequelae, temporomandibular disorders and other conditions leading to occlusal changes including partial or complete edentulousness.
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FIGURE 2. Capacity, compensatory adaptation, and incapacity. Evaluation of food boluses is proposed through particle size measurement and a masticatory normative indicator (MNI) made with raw carrot. Main physiological characteristics at work during adaptation are indicated. Basic consequences are shown.


Epidemiological evaluation of the prevalence of mastication incapacity in the general population is incomplete. Prevalence of mastication incapacity is almost totally lacking for persons with neuromotor and cognitive disorders such as Parkinson disease, stroke, congenital or acquired brain damage and other neurological disorders. It can, however, be inferred to be high since these conditions are common and concern both young and aged individuals. In addition, epidemiology of mastication inability in cognitive and neuromotor disorders has been hidden by the emphasis placed on dysphagia which showed very high values, up to 80% of stroke patients and 81% of Parkinson disease patients (Takizawa et al., 2016). It is worth noting that the major role of mastication incapacity in the dysphagia states was never considered. Epidemiology of mastication deficiency in the elderly is better known. However, the respective role of neurological disorders and of edentulousness in this aging population is difficult to determine because, in these studies, elderly with cognitive and neurological disorders had been either discarded (Cavalcante et al., 2019) or not reported.

Fifty-three percents of a Brazilian population made up of 5,124 elderly individuals (aged 65–74; 59.2% wearing complete denture) declared they had poor mastication (Dias-da-Costa et al., 2010). In a group of 3,134 Japanese community dwelling elderly persons with a median age of 71, 20.7% could not eat one of the five test foods proposed (Okamoto et al., 2019). As concluded by the authors the subjects’ difficulties were strongly correlated with the number of residual natural teeth. Indeed, a large proportion of them (786, 25%) had less than 10 teeth with a median of two teeth remaining. A similar value (21%) was reported in a cohort of Australian elderly persons aged over 78 years, who could not eat hard foods and reported both discomfort and meal interruption while eating. Only 14,6% wore complete denture but partial edentulousness was widespread. There was a 2.3 times greater likelihood that those with fewer than 21 natural teeth were not able to eat hard foods (Wright et al., 2019). These results are in line with the well-known fact that complete denture patients have mastication difficulties (van der Bilt, 2011; Peyron et al., 2017). In a cross-sectional study conducted in north-east Brazil with a random sample of 532 participants aged 20–59 years, the prevalence of declared chewing difficulties was 30.5% (Cavalcante et al., 2019) with 8.7% having less than nine remaining natural teeth.



TOOLS FOR MASTICATION EVALUATION

Maintaining or rehabilitating masticatory function is a dentist’s main goal. Achieving it often relies on reconstructing normal anatomy using various criteria, such as bilateral symmetry. However, the underlying assumption that good morphology implies good physiology is somewhat specious. Given the importance of masticatory function, it is essential to be able to assess and quantify it simply and reproducibly, like any other function. Various methods are available to practitioners.


Number of Posterior Functional Units

A posterior functional unit (PFU) can be defined as a pair of antagonist posterior natural (or fixed prosthodontic) teeth with at least one contact during chewing. A fully dentate subject has eight PFUs in the form of premolar-molar contacts between maxillary and mandibular natural teeth. The number of PFUs may reach ten if third molars are included. Many malocclusions are morphologically based, although they may allow perfect functioning. For this reason, PFUs must be recorded in vivo using a functional test with interposed articulating paper bitten during simulated chewing movements (Hennequin et al., 2015). The role of opposing teeth in mastication is straightforward. Many studies have shown that mastication performance is reduced by loss of posterior teeth, since these are the active tools in food comminution (Helkimo et al., 1978; Feldman et al., 1980; Kohyama et al., 2003; van der Bilt, 2011; Hennequin et al., 2015). The utility of recording PFUs is further illustrated by El Osta’s study conducted in 200 aged individuals characterized by their nutritional status with the Mini-Nutritional Assessment questionnaire. Variations in PFU number largely explained nutritional status (El Osta et al., 2014). The precision of this PFU method has been criticized (Yurkstas and Manly, 1949). This may be an issue for basic experimental research, but in clinical experiments, the method is simple and useful.



Self-Administered Questionnaires

Masticatory function can be subjectively evaluated by self-administered questionnaires. Such questionnaires are often used in epidemiological surveys. They can also be useful when evaluating a change induced by a therapeutic intervention in a specific population. For example, a questionnaire of this type usefully evaluated the benefit for edentulous populations of wearing implants (Feine and Lund, 2006). However, their use is generally restricted to particular pathological and/or experimental situations, and they have no general validity for the whole population (Allison and Hennequin, 2000; Feine and Lund, 2006). In addition, these questionnaires tend to give an overly favorable result for chewing, and their results show little correlation with those of the objective evaluation methods (Slagter et al., 1992; de Lucena et al., 2011; Cusson et al., 2015). They may be useful when considering the overall oral function including swallowing, salivation and other oral functions. The Oral Health Impact Profile (OHIP), the Geriatric Oral Health Assessment Index (GOHAI), and the International Classification of Functioning, Disability and Health (ICF) are examples of such frequently used questionnaires mostly related to oral quality of life or classification purposes (Atchinson and Dolan, 1990; Slade and Spencer, 1994; Faulks et al., 2013; Dougall et al., 2018).



Particle Size of the Food Bolus

The purpose of chewing is to reduce food to small particles and mix these with saliva. The size of the particles forming the food bolus just before swallowing is one deglutition triggering factor. Accordingly, measuring food bolus particle size is considered the “gold standard” for objective mastication evaluation. Test foods are most often carrots or peanuts as natural foods, and elastomeric compounds (Optosyl® or Optocal®). The median particle size (d50) is determined. The d50 corresponds to the mesh of a sieve that lets through one half of the mass of the particles and retains the other half. A chewing test, or chewing efficiency test, is based on determining the d50 at a predetermined number of cycles (usually 10 or 20 cycles). It gives an indication of chewing efficiency. We note the possibility of low efficiency in subjects with a healthy mastication made of long sequences composed of low power cycles. The chewing test must be differentiated from the mastication test, which gives a direct indication about the mastication capacity (Bonnet et al., 2019). In the mastication test, the d50 is evaluated from a bolus collected just before deglutition. A cut-off value for normality of 4 mm has been demonstrated with raw carrots (Woda et al., 2010) or artificial food (Witter et al., 2013). This value corresponds to the Masticatory Normative Indicator (MNI) beyond which the analyzed subject can adapt no further, the upper limit of capacitive adaptation being reached. Raw carrot was chosen as edible test food because it is hard to chew, and best reveals a subject’s deficiency or difficulty in adapting. It may be refused by patients, clear evidence of deficiency (Depeyre et al., 2019). However, it may hide partial improvements during a therapeutic trial. Clearly, because of their relative complexity, particle size evaluation and other measurements of the rheological properties of the pre-swallowing bolus belong to experimental research.



Physiologic Methods of Evaluation

Chewing can be evaluated by electromyography, kinematics, force sensors or video (Hennequin et al., 2005; Nicolas et al., 2007). Muscular strength, amplitude and trajectory of the masticatory cycles of the mandible, duration of a mastication cycle, and frequency of chewing cycles can thus be evaluated. Owing to their characteristically complex nature, these methods are used in an experimental context only. Many experiments have studied the role of rheological properties of food, hardness, plasticity, viscosity or elasticity, to observe the adaptation of mastication to these extrinsic stimuli. One related question concerns the choice of the test food. Natural foods are a first choice because subjects can accept and swallow them easily. However, for better control of the rheological properties, several groups of experimenters have introduced model foods whose homogeneous and reproducible structure, controlled physical properties, and controlled size and shape, make it possible to observe the impact of a variation in hardness on the masticatory parameters (Nicolas et al., 2007; van der Bilt, 2011). The first model foods were made from elastomers. More recently, edible model foods were introduced. They were made of gelatin, which offers the possibility of graduating hardness independently of the other rheological properties (Peyron et al., 2002).



Routine Clinical Evaluation of Masticatory Function

The color-mixing test could be used routinely to evaluate masticatory function. The advantage of this chewing test is that it can be easily used in daily dental practice to determine the masticatory capabilities of a subject before and after oral rehabilitation. The colorimetric test demonstrates the ability of an individual to homogenize an initially two-color support into a single monochrome phase, and thus to form a homogeneous bolus. Different materials have been used: two-tone chewing paste, two-tone wax and two-tone silicone (van der Bilt et al., 2010b). The most promising test material is a two-color chewing-gum that is chewed by the subject for a defined number of cycles and then spat out; the mixture of the two colors is evaluated either visually by direct observation or with analysis software (Schimmel et al., 2007, 2015; van der Bilt et al., 2012; Halazonetis et al., 2013). The method was validated by comparison with the results obtained by particle size measurement (van der Bilt et al., 2010b). This evaluation can also be visualized using a 5-stage color mixing reference scale (from Stage 1: unmixed chewing-gum, to Stage 5: perfectly mixed chewing-gum when the bolus color is uniform throughout). The simplicity in use of the colorimetric test lends it potential for clinical application (Elsig et al., 2015). Another attractive proposal relies simply on visual observation of food boluses immediately after they are produced. The bolus is compared with a chart composed of photographic pictures of 5 or 10 food boluses ranging from very well prepared to unprepared (Nokubi et al., 2013; Igarashi et al., 2019).



ADAPTATION OF MASTICATION TO DENTAL WEAR

The most obvious example of slowly occurring, directly visible changes of the dental arches is dental wear, which offers an example of a gradual, reciprocal adaptation of mastication and occlusion.


Normality of Dental Wear

Pioneer observations and more recent studies have amply shown that dental wear is normal. Dental wear is a general phenomenon found in all mammals, in every civilization, and at all ages (d’Incau et al., 2012). Its fullest extent is seen in ancient populations (d’Incau et al., 2012). It is also observed in populations who currently still have an “archaic” way of life and eat non-industrially processed natural foods (Campbell, 1925; Begg, 1954; Davies and Pedersen, 1955; Murphy, 1959b; Beyron, 1964). Examples of these populations include Australian Aboriginals, Inuit, and native North Americans. The severity and shape of the worn surfaces in ancient populations or modern ones with “archaic” ways of life are mainly related to diet, with abrasive foods, the individual’s natural environment, and food processing technology (Kaifu et al., 2003; d’Incau et al., 2012). Dental wear is also found in all individuals in populations of developed countries, where it occurs at a slower pace (Woda et al., 1987). The low level of dental wear in modern civilization is probably due to more industrially processed foods that need less forceful mastication and are less abrasive (d’Incau et al., 2012). Whatever the population observed, all the occlusal wear facets are formed during the different masticatory cycles. For the incisors, some wear facets are associated with protrusion/retrusion movements. However, at the premolar/molar level, they are associated with lateral/medial movements, creating two types of facet: working and non-working, which are equally functional (Woda et al., 1979). When they are multiple and evenly distributed, they are superimposable on the occlusal contacts during maximum intercuspation. Finally, dental wear reshapes and adapts the morphology of the dental arches. Dental wear appears as a correlate of masticatory function, since dental wear facets guide masticatory movements, which in turn are the cause of dental wear (Hildebrand, 1936; Anderson and Picton, 1957; Beyron, 1964; Pameijer et al., 1969; Woda et al., 1987; Kim et al., 2001).



Tooth Displacement and Dental Wear

Reciprocal relationships link dental wear to several other phenomena. Loss of dental material due to dental wear results in tooth displacement to keep the continuity of contact between upper versus lower teeth and between adjacent teeth. In the vertical direction, wear of the occlusal table is compensated for by continuous active dental growth (Compagnon and Woda, 1991), without which an increase in facial vertical dimension may result (Begg, 1954; Tallgreen, 1957; Berry and Poole, 1976). Cementum apposition near the apical part of the dental root increases root length. Mesial drift of the posterior teeth ensures contact between adjacent teeth and compensates for the proximal wear. Lingual tilt of the anterior teeth accompanies the change from initial psalidodontia (with overlap) to labidodontia (end-to-end) with advanced wear (Kaifu, 1996) helping to maintain occlusal equilibrium (Kaifu et al., 2003; d’Incau et al., 2012; Garot et al., 2016).

One interesting condition is when there is an intercalated posterior tooth loss in an otherwise healthy dentition. Study of this situation showed that after their initial eruption, teeth continued to evolve in the occlusal direction during adulthood, through two mechanisms: egression, through an addition of alveolar bone, and eruption, by the tooth growing out of its socket (Murphy, 1959a; Compagnon and Woda, 1991). This latter component increases the ratio of crown to root length, the negative impact of which on biomechanical equilibrium is counterbalanced by the apposition of cementum at the apex of the root. These two components of vertical dental movement interact with different degrees of dental wear in a complex equilibrium that depends on the amplitude of masticatory or other external applied forces and physiological or pathological variations of dental arches. Several situations are possible. Weak masticatory forces lead to discrete occlusal wear, resulting in an enhanced occlusal vertical dimension due to the continuous egression of all teeth (Tallgreen, 1957). Conversely, intense masticatory forces are frequent in archaic civilizations. This may enhance egression, resulting in the preservation of the occlusal vertical dimension despite abrasion of all dental crowns as observed in Inuit populations (Berry and Poole, 1976). Lack of antagonist teeth favors both permanent egression and permanent eruption, the latter phenomenon being preeminent in inflammatory conditions.

Balance between proximal wear and movements occurs between adjacent teeth. There is a migration of all teeth forward from the third molar toward the first incisor; this phenomenon is also called mesial migration. This movement maintains contact between adjacent teeth and reduces the frequency of malocclusion and crowding of anterior teeth by decreasing tooth size. More space is thus left for the eruption of the third molar (Begg, 1954).



Dental Wear Origin

The origin of dental wear evidences the relationship between mastication and dental wear. Several studies have shown that dental wear is due to abrasion caused by very small hard particles found in various parts of many plant species. These silicate particles are called phytolyths (Lanning and Eleuterius, 1985; Hart, 1988; Piperno, 1989). Other abrasive particles like sand grains or shed dental enamel may also serve as abrasive materials (Lewis and Dwyer-Joyce, 2005). The food itself may polish the pits and grooves made by these abrasive materials, whose mean half-life is very short, much less than 1 month (Morel et al., 1991).



Dental Wear May Be Abnormal

Although wear is less evident in modern civilization, it sometimes takes abnormal forms that can cause pain and alter function and/or esthetics. Marked occlusal wear can be due to parafunctional habits and/or dysfunctional behavior such as bruxism. When abrasion of occlusal surfaces is excessive, physiological egression may fail to compensate for loss of tooth height and may result in reduction of the facial vertical dimension and in accentuation of mandible closure in maximal intercuspal occlusion. With such excessive abrasion, anterior occlusion progresses toward an end-to-end anterior relationship and finally to mandible protrusion or prognathism, and sometimes a deep-bite face with advancement of the chin. This loss of vertical dimension has a progressive repercussion on soft tissue profile (Begg and Kesling, 1977; Richards, 1985; Planas, 1987; Kaifu et al., 2003; Kaidonis, 2008; d’Incau et al., 2012). Conversely, insufficient wearing, often found in modern populations, may have unwanted consequences: dental wear may be hidden or hindered by therapeutic reconstruction (Anderson and Myers, 1971; Woda et al., 1987). In addition, inconspicuous or insufficient occlusal dental wear, together with the continuing vertical egression of teeth, can result in an increase in the occlusal vertical dimension (Tallgreen, 1957). This may place periodontal tissues in an unfavorable condition. Also, a general decrease in occlusal wear explains the recourse to therapeutic occlusal management of interarch contacting surfaces (Planas, 1987; d’Incau et al., 2012), i.e., occlusal equilibration, in prosthetic cases and in cases of temporo-mandibular problems (Kurita et al., 2001; Pereira et al., 2009; van der Bilt, 2011). The disappearance of proximal tooth wear favors a tendency to crowding induced by physiological mesial migration. This effect was the basis of an orthodontic technique promoting tooth reduction in material and number (Begg and Kesling, 1977; Planas, 1987; Kaifu et al., 2003). It has also been suggested that less dental wear gives free rein to functional disorders encountered in modern populations such as temporo-mandibular problems (van der Bilt, 2011).



Dental Wear and Masticatory Capacity/Efficiency

Dental wear increases the interarch contact area and participates actively in interarch adjustment. This in turn increases the efficiency of mastication (Yurkstas, 1965). Inversely, the decrease in functional occlusal surface may reflect a decrease in masticatory efficiency (Yurkstas and Manly, 1949; Julien et al., 1996). Occlusal contact area of the postcanine teeth is correlated with the small median particle size obtained at the end of a mastication sequence (Wilding, 1993; Julien et al., 1996; English et al., 2002; Lepley et al., 2011). This relation was also observed when chewing side preference in individuals was examined (Wilding, 1993). Direct measurement of worn facet areas on the arch occlusal surfaces revealed left-to-right area differences in approximately half of a sample of young adults, suggesting that about one individual in two had a preferred side of mastication (Bourdiol and Mioche, 2000). Dental wear differences are also found for both age and sex (Bourdiol et al., 2007). Increase in the number of mastication cycles was found when masticating on the side with fewer wear facets, suggesting a more difficult adaptation of the masticatory process (Bourdiol and Mioche, 2000).

Finally, dental abrasion is correlated with better oral health, fewer carious lesions due to dental plaque removal by an active mastication, Knychalska-Darman et al. (1972) and Taylor (1975) healthier periodontal tissues, Ainamo (1972) and good occlusal masticatory function. Masticatory function adapts to such slow, life-long gradual changes probably by plastic modifications of patterns in the central nervous system. The dental wear process, when normally progressive and evenly distributed along the dental arch, is thus physiological, at least for as long as the teeth and their supporting structures remain functional (Brace, 1977; Kaidonis, 2008).



ADAPTATION OF MASTICATION TO CHANGES IN FUNCTIONAL OCCLUSION

Here we consider malocclusion exclusively from a functional point of view. The question is to what extent malocclusion impacts chewing. It is claimed that malocclusion has little impact on chewing (Mohlin and Kurol, 2003). This appraisal is based on casual clinical situations but does not take full account of the broad variety of situations covered by the ill-defined term malocclusion. There is a huge difference between morphological malocclusion such as limited anterior dental crowding in which the disorder is purely esthetic, and major malocclusions resulting from maxillofacial oncological surgery or sudden severe cerebral palsy. All shades are possible between these two extremes. How does masticatory function adapt completely, partially or unsuccessfully to the various possibilities across this broad malocclusion range? Whether patients have mastication characterized by compensatory adaptation or by incapacity has important clinical consequences that have still not been satisfactorily addressed. Mastication training could be proposed when compensatory adaptation is possible, and special food provision or a modified diet should be advised in cases of incapacity. A related question is the direction of the change: most often, spontaneous evolution, either gradual or sudden, tends toward a worsening of the occlusion conditions of mastication; a gradual or sudden change for the better is expected after therapeutic interventions. Apart from saliva, which must be of adequate quality and quantity, two factors seem to affect the extent of adaptation: (i) number of functional teeth and (ii) masticatory forces (Hatch et al., 2000; Kosaka et al., 2018). The presence of enough functional interarch posterior tooth-to-tooth contacts as indicated by the PFU concept is a determining factor (van der Bilt, 2011; Tanaka and Shiga, 2018). Below are two examples of the role of PFUs among many others. Firstly, shortened dental arches, i.e., dental arches with no more than one PFU in the molar area, have been proposed as a therapeutic solution (van der Bilt, 2011). Persons with shortened dental arches tend to be satisfied with their oral function. They are, however, in a situation of compensatory adaptation, since they need twice as many strokes to obtain the same bolus as they would with complete dental arches (Fontijn-Tekamp et al., 2000). Secondly, Decerle et al. (2013) studied young adults with multiple carious lesions causing a decrease in the number of PFUs. Maximum adaptive capacity was reached; they evidenced an impaired masticatory capacity with a d50 well above the MNI value of 4 mm. The presence of a healthy neuromuscular system is also a determining factor controlling mastication through changes in muscle strength and coordination. In Down syndrome, the neuro-muscular defect negatively impacts mastication, independently of a smaller number of PFUs (Hennequin et al., 1999). The mastication deficiency induced by Parkinson disease (Ribeiro et al., 2016) becomes more marked as the disease progresses (Bakke et al., 2011). Very advanced age is another possible factor in neuromuscular system decline (Osterberg et al., 1996). However, several studies have shown that outside extreme vital decline, elderly subjects were able to adapt to the age-induced changes provided there were not too many interfering problems (Peyron et al., 2017), and particularly if they had a sufficient number of PFUs (Kohyama et al., 2003; Kosaka et al., 2018). However, the effect of age is often one factor among many, where the specific role of any single one is difficult to specify. A good illustration is given by the effect of aging on mastication, as shown in Figure 3.
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FIGURE 3. Impact of aging on mastication-dependent nutrient bioavailability. Impaired mastication may cause decreased nutrient bioavailability through changes in diet. The diagram emphasizes that mastication deficiency is only one of the many factors that may induce a change in the diet. Similarly, mastication deficiency or digestion difficulties may have several causative factors. The multiplicity of factors liable to lead to decreased nutrient bioavailability rules out any fully convincing demonstration of an etiological relationship between masticatory deficiency and decreased nutrient availability (taken from Peyron et al., 2017, with permission).


The adaptation of mastication to occlusion can also be observed in the opposite direction, i.e., as adaptation not to a worsened occlusal state but to an upgraded one. Therapeutic rehabilitation offers opportunities to study this adaptation. Occlusal rehabilitation diversely improves mastication efficiency. This clearly depends on the method of rehabilitation. Complete dentures do not fully correct food comminution compared with a healthy dentate state. Longer mastication time and more masticatory cycles are necessary to obtain acceptable food bolus comminution. In the overwhelming majority of cases, complete denture wearers are unable to reach the performance of naturally dentate individuals (Helkimo et al., 1978; Wayler and Chauncey, 1983; Veyrune et al., 2007; van der Bilt, 2011). Many complete denture wearers are clearly in a state of mastication incapacity, while others manage a compensatory adaptation (Mishellany-Dutour et al., 2008). Again, compensatory adaptation or incapacity should be differentiated to offer appropriate therapeutic advice. The quality of prosthodontics is another factor. Some authors have described a strong improvement after complete denture renewal (Gunne, 1985; Berteretche et al., 2015) and others have reported more nuanced observations (Garrett et al., 1996; Veyrune et al., 2005). In every case, it seems that complete denture wearers have first to adapt to their new prosthetic device first to control their mastication behavior, and second to improve its result in terms of mastication efficiency (Yurkstas and Emerson, 1964; Fontijn-Tekamp et al., 2000; Veyrune et al., 2005). Up to 1 year has been reported as the time needed for maximal recovery of mastication after delivery of a new denture (Goiato et al., 2010). This long time might be shortened, and the recovery made more complete with a training program aimed at relearning a masticatory praxis adapted to the new dental prosthesis.

Removable partial dentures offer only a poor addition to efficient occlusal contacts. Even with removable partial dentures, the number of residual natural PFUs controls chewing. For most authors, improved comminution performance is obtained with removable partial dentures (Liang et al., 2015), but it never reaches normality (Bessadet et al., 2013; Liang et al., 2015; Tanaka and Shiga, 2018), with some authors describing no difference in comminution performance with or without removable partial dentures being worn (Liedberg et al., 1995). Subjective feelings of patients about mastication may, however, be improved by removable partial dentures (Gunne, 1985). Many parameters point to incomplete mastication with removable partial dentures. Mastication frequency remains low, a mark of abnormal mastication. The modest improvement brought about by removable partial dentures, and the dominant role of natural PFUs in mastication, is well demonstrated by no difference (Fueki et al., 2011) or only a slight difference (Liang et al., 2015) between mastication efficiency with shortened dental arch and with adjunction of a removable partial denture. The decreased number of natural PFUs also determines diminished biting forces (Helkimo et al., 1977; Ikebe et al., 2010). Subjects tend to compensate for decreased mastication efficiency by increasing the number of strokes, which is compensatory adaptation, and by selecting a soft diet (Liedberg et al., 2004). The exclusion of hard food and selection of soft diet can have a demonstrable (Inomata et al., 2015), a small impact (Wallace et al., 2018) or no impact (Liedberg et al., 2004) on nutrition and health. We can expect very different results depending on contrasting conditions. For example, the number and distribution of missing teeth, the type of food tested, and the tests used to assess the mastication deficiency/adaptation are powerful factors explaining differences in results. In summary, depending on the individual condition, mastication may be characterized by compensatory adaptation or by incapacity.

There is an unsubstantiated belief that implant-supported bridges allow complete recovery of masticatory function. Pioneer papers using pre/post-treatment design showed a clear improvement of mastication (Lindquist and Carlsson, 1985; Carlsson and Lindquist, 1994) especially when the initial oral state was so degraded that it needed major oral rehabilitation. Many of these pioneer papers also reported an adaptation process after these new conditions were set, with a progressive enhancement of mastication parameters in the subsequent months or years (Lindquist and Carlsson, 1985; Lundqvist and Haraldson, 1992; Akeel et al., 1993; Lundqvist, 1993). A strong subjective satisfaction with mastication accompanied the improvement in objective criteria (Lindquist and Carlsson, 1985; Lundqvist and Haraldson, 1992; Carlsson and Lindquist, 1994; Veyrune et al., 2013). However, comparison with healthy dentate subjects was seldom made (Carlsson and Lindquist, 1994). It was long after the initial pioneer period that a careful controlled study compared mastication function of subjects receiving implant-supported bridges with a healthy full dentate group (Grigoriadis et al., 2011). Implant-supported bridges involved one or both jaws. The evaluation was done at least 1 year after treatment. Electromyographic recording while chewing model foods with progressively increasing hardness revealed that jaw movements were affected in the group of subjects with dental implants. Unlike the control subjects, who increased muscle activity with hardness and decreased it near the end of the masticatory sequence with related changes in jaw movements, the participants with implants used similar muscle activities and jaw movements irrespective of both food type and time in the masticatory sequence. For the authors, this lack of adaptation probably relates to a lack of neural control due to the absence of periodontal receptors (see review in Avivi-Arber and Sessle, 2018). Implant-retained overdentures also strongly ameliorated masticatory efficiency and patient satisfaction, which remained high for a long time (Awad et al., 2000; Bakke et al., 2002; van der Bilt et al., 2012). Mastication parameters were observed to approach the values obtained in normal dentate subjects (Haraldson et al., 1988; Heckmann et al., 2009). This also applies to different type of implant-retained overdentures (Tang et al., 1999; Feine et al., 2002; Awad et al., 2003; van der Bilt et al., 2012), including mini-implants (Batisse et al., 2016; Goiato et al., 2018; Yao et al., 2018). The improvement with implant-retained overdentures was delayed for more than 6 months after rehabilitation treatment. This is because deeply anchored chewing habits corresponding to the previous oral conditions may be maintained despite conditions that are more favorable (Garrett et al., 1998; van der Bilt et al., 2010a; Okoński et al., 2011; Batisse et al., 2016). Maladaptive neuroplasticity may explain deeply anchored chewing habits (Avivi-Arber and Sessle, 2018), and positive plasticity might have been enhanced by a training program (Kumar et al., 2018).

Subjects with dento-facial deformities and orthodontic needs may present a deficient masticatory function (Tate et al., 1994; van den Braber et al., 2001; English et al., 2002; Iwase et al., 2006; N’Gom et al., 2007; Magãlhaes et al., 2010; Picinato-Pirola et al., 2012; Abrahamsson et al., 2013; Hennequin et al., 2015). These subjects often display an interarch discrepancy or inadequacy, as reflected by the significantly reduced functional area (Kobayashi et al., 1993; Henrikson et al., 1998; Magãlhaes et al., 2010; Bourdiol et al., 2017). However, dento-facial deformities may lead to two quite different endpoints: satisfactory masticatory function through successful compensatory adaptation, or strongly impaired mastication because adaptation proves impossible (incapacity) (Mishellany et al., 2006; Woda et al., 2011). The relation between severity of dento-facial deformities and extent of mastication deficiency has been assessed (Bourdiol et al., 2017) (Figure 4). Subjects needing only orthodontic treatment, i.e., presenting with a moderate dento-facial deformity, succeeded in making a normal food bolus. They might have a lowered masticatory efficiency as indicated by food bolus particle size measured after a limited number of cycles. It can be inferred that they adapted their masticatory function, mostly by increasing the number of chewing cycles and the duration of the masticatory sequence. Members of this group thus achieved a normal functional result. By contrast, subjects confronted with severe dento-facial deformities and needing combined orthodontics and surgery, failed to adapt. They swallowed insufficiently prepared food or selected their diet. Both orthodontic treatment alone (Henrikson et al., 2009) and orthodontics associated with orthognathic surgery (Shiratsuchi et al., 1991; Kikuta et al., 1994; Zarrinkelk et al., 1995; van der Braber et al., 2005) improved masticatory performance, at least partially. It must be noted that after orthognathic surgery, improvement of masticatory efficiency does not occur immediately. The functional benefit of a combined orthodontic and surgical approach appears progressively in the course of at least 1 year (Kikuta et al., 1994; Iwase et al., 2006; Magãlhaes et al., 2010), but may never reach complete normality (van der Braber et al., 2006). The delayed recovery is probably due, at least in part, to the time needed to learn a new masticatory praxis enabling the patient to master the new anatomic conditions.
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FIGURE 4. Correspondence between median particle size (d50) values and orthodontic/orthognathic treatment needs. d50 values (μm) of individuals in three groups of adults are given on the y-axis. NoDFD (no treatment needed), ModDFD (indication for orthodontic treatment alone), SevDFD (indication for surgical treatment). The horizontal dashed line corresponds to the Masticatory Normative Index (MNI). Individual subject values are positioned on the x-axis according to their corresponding group to facilitate reading (taken from Bourdiol et al., 2017, with permission).


Rehabilitating intervention in patients with Down syndrome led to an increased number of PFUs. This increase improved chewing, with a decreased occurrence of food rejections, and a smaller median size of bolus particles and fewer masticatory cycles before bolus swallowing (Hennequin et al., 2015).

The conditions that govern capacity, compensatory adaptation and incapacity are summarized in Figure 5.
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FIGURE 5. Schematic representation of the three states of adaptation in regard to different occlusal conditions. Neuromotor and cognitive disorders include Down Syndrome, stroke, Parkinson disease and other neuro-degenerative disorders, facial damage, mental illness, etc.




EFFECT OF ADAPTATION OF MASTICATION ON NUTRITION

One component of adaptation is behavioral adaptation through diet choice. When in a state of incapacity, subjects presenting with deficient mastication may exclude hard-to-chew food from their diet. For example, removable denture wearers reject hard foods and restrict themselves to those easy to chew (Liedberg et al., 2005). Others may shorten chewing time and swallow a coarse food bolus. In both cases, there may be negative health consequences, mostly on digestive function and nutrition as described below (see Peyron et al., 2017). There is overwhelming evidence of a correlation between masticatory deficiency and malnutrition (N’Gom and Woda, 2002; Hutton et al., 2002). However, a causal relationship remains to be demonstrated (Mioche et al., 2004; Rémond et al., 2015). Based on a systematic review with 11 studies using a multivariate approach, van Lancker et al. (2012) supported an independent association between oral health status and malnutrition. Changes in diet depended on masticatory function according to number of teeth. However, little modification was seen in nutrient concentrations in blood (Sheiham et al., 2001). A causal relationship between masticatory function and blood availability of nutrients was shown in a trial design comparing full dentures with and without supporting implants (Morais et al., 2003). Further research is needed to seek evidence for a causal relationship between mastication, oral health and malnutrition. Several points, however, must be clarified for this approach. The common assumption that the oral stage of eating is a minor function gainsays the obvious vital role of food. Eating is so important that evolution has engineered overlapping functions shared by several segments of the upper digestive tract. In this way, failure of any one organ will not mean starvation. Mouth and stomach may thus be considered as performing multiple mechanical activities with built-in functional redundancy. Hence mouth function may have been underestimated.



CONCLUSION

Increasing knowledge about the processes by which mastication adapts in response to food properties or oral status is challenging for researchers, clinicians and patients. This review describes the different adaptation processes for mastication that enable individuals to maintain healthy nutritional status. Any modification of dental status, saliva flow or neuromuscular apparatus can affect mastication and nutrition. Oral incapacities affect mastication for solid and semi-solid foods. Eating liquid foods or purées can facilitate deglutition but this bypasses the triggering of the cephalic phase and alters the digestive process. Dental professionals need to be alert to these concepts and to mastication evaluation.



AUTHOR CONTRIBUTIONS

PB, MH, M-AP, and AW contributed to the concepts and bibliographic analysis. AW and PB made first writing which was later corrected by the four authors.



FUNDING

We have received no funding except by our Clermont Auvergne University.



REFERENCES

Abrahamsson, C., Henrikson, T., Nilner, M., Sunzel, B., Bondemark, L., and Ekberg, E. C. (2013). TMD before and after correction of dentofacial deformities by orthodontic and orthognathic treatment. Int. J. Oral. Maxillofac. Surg. 42, 752–758. doi: 10.1016/j.ijom.2012.10.016

Ainamo, J. (1972). Relationship between occlusal wear of the teeth and periodontal health. Scand. J. Dent. Res. 80, 505–509. doi: 10.1111/j.1600-0722.1972.tb00320.x

Akeel, R., Fernandes, C. P., and Vassilakos, N. (1993). Masticatory efficiency of patients treated with implant retained fixed bridges in the upper jaw over a 2-year period. Eur. J. Prosthodont. Restor. Dent. 1, 131–133.

Allison, P. J., and Hennequin, M. (2000). The oral assessment in down syndrome questionnaire (OADS): development of an instrument to evaluate oral health problems in individuals with down syndrome. Community. Dent. Health. 17, 172–179.

Anderson, D. J., and Picton, D. C. (1957). Tooth contact during chewing. J. Dent. Res. 36, 21–26. doi: 10.1177/00220345570360011301

Anderson, J. R., and Myers, G. E. (1971). Nature of contacts in centric occlusion in 32 adults. J. Dent. Res. 50, 7–13. doi: 10.1177/00220345710500013201

Atchinson, K., and Dolan, T. A. (1990). Development of the geriatric oral health assessment index. J. Dent. Educ. 54, 680–687.

Avivi-Arber, L., Lee, J. C., and Sessle, B. J. (2011). Chapter 9-face sensorimotor cortex neuroplasticity associated with intraoral alterations. Prog. Brain Res. 188, 135–150. doi: 10.1016/B978-0-444-53825-3.00014-0

Avivi-Arber, L., Lee, J. C., Sood, M., Lakschevitz, F., Fung, M., Barashi-Gozal, M., et al. (2015). Long-term neuroplasticity of the face primary motor cortex and adjacent somatosensory cortex induced by tooth loss can be reversed following dental implant replacement in rats. J. Comp. Neurol. 1, 2372–2389. doi: 10.1002/cne.23793

Avivi-Arber, L., and Sessle, B. J. (2018). Jaw sensorimotor control in healthy adults and effects of ageing. J. Oral Rehabil. 45, 50–80. doi: 10.1111/joor.12554

Awad, M. A., Locker, D., Korner-Bitensky, N., and Feine, J. S. (2000). Measuring the effect of intra-oral implant rehabilitation on health-related quality of life in a randomized controlled clinical trial. J. Dent. Res 79, 1659–1663. doi: 10.1177/00220345000790090401

Awad, M. A., Lund, J. P., Dufresne, E., and Feine, J. S. (2003). Comparing the efficacy of mandibular implant-retained overdentures and conventional dentures among middle-aged edentulous patients: satisfaction and functional assessment. Int. J. Prosthodont. 16, 117–122.

Bakke, M., Holm, B., and Gotfredsen, K. (2002). Masticatory function and patient satisfaction with implant-supported mandibular overdentures: a prospective 5-year study. Int. J. Prosthodont. 15, 575–581.

Bakke, M., Larsen, S. L., Lautrup, C., and Karlsborg, M. (2011). Orofacial function and oral health in patients with Parkinson’s disease. Eur. J. Oral. Sci. 119, 7–32.

Batisse, C., Bonnet, G., Bessadet, M., Veyrune, J. L., Hennequin, M., Peyron, M., et al. (2016). Stabilization of mandibular complete dentures by four mini implants: Impact on masticatory function. J. Dent. 50, 43–50. doi: 10.1016/j.jdent.2016.04.012

Begg, P. R. (1954). Stone age man’s dentition. Am. J. Orthod. Dentofac. Orthop 40, 298–312. doi: 10.1016/0002-9416(54)90103-7

Begg, P. R., and Kesling, P. C. (1977). Begg Orthodontic-Theory and Technique. Philadelphia: Saunders.

Berry, D. C., and Poole, D. F. G. (1976). Attrition: possible mechanisms of compensation. J. Oral. Rehabil. 3, 201–206. doi: 10.1111/j.1365-2842.1976.tb00945.x

Berteretche, M. V., Frot, A., Woda, A., Pereira, B., and Hennequin, M. (2015). Different types of antagonists modify the outcome of complete denture renewal. Int. J. Prosthodont. 28, 270–278. doi: 10.11607/ijp.3916

Bessadet, M., Nicolas, E., Sochat, M., Hennequin, M., and Veyrune, J. L. (2013). Impact of removable partial denture prosthesis on chewing efficiency. J. Appl. Oral. Sci. 21, 392–396. doi: 10.1590/1679-775720130046

Beyron, H. (1964). Occlusal relations and mastication in Australian Aborigines. Acta. Odontol. Scand. 22, 597–678. doi: 10.3109/00016356409058580

Bonnet, G., Batisse, C., Peyron, M. A., Nicolas, E., and Hennequin, M. (2019). Which variables should be controlled when measuring the granulometry of a chewed bolus? A systematic review. J Texture Stud. 50, 194–216. doi: 10.1111/jtxs.12376

Bourdiol, P., Abou ElKaram, S., Martin, J. F., Nicolas, E., and Mioche, L. (2007). Age and gender-related differences in premolar and molar functional areas. J. Oral. Rehab. 34, 251–258. doi: 10.1111/j.1365-2842.2007.01666.x

Bourdiol, P., and Mioche, L. (2000). Correlations between functional and occlusal tooth-surface areas and food texture during natural chewing sequences in humans. Arch. Oral. Biol. 45, 691–699. doi: 10.1016/s0003-9969(00)00027-3

Bourdiol, P., Soulier-Peigue, D., Lachaze, P., Nicolas, E., Woda, A., and Hennequin, M. (2017). Only severe malocclusion correlates with mastication deficiency. Arch. Oral. Biol. 75, 14–20. doi: 10.1016/j.archoralbio.2016.12.002

Brace, C. L. (1977). “Occlusion to the anthropological eye,” in The Biology of Occlusal Development, Monograph no. 7, Craniofacial Growth Series, ed. J. A. McNamara Jr. (Ann Arbor, MI: The University of Michigan), 179–209.

Campbell, T. D. (1925). Dentition and Palate of the Australian Aboriginal. Adelaide: Hassell Press.

Carlsson, G. H., and Lindquist, L. W. (1994). Ten-year longitudinal study of masticatory function in edentulous patients treated with fixed complete dentures on osseointegrated implants. Int. J. Prosthodont. 7, 448–453.

Cavalcante, F. T., Moura, C., Perazzo, P. A. T., Cavalcante, F. T., and Cavalcante, M. T. (2019). Prevalence of chewing difficulty among adults and associated factors. Cien. Saude. Colet. 24, 1101–1110. doi: 10.1590/1413-81232018243.10122017

Compagnon, D., and Woda, A. (1991). Supraeruption of the unopposed maxillary first molar. J. Prosthet. Dent. 66, 29–34. doi: 10.1016/0022-3913(91)90347-y

Cusson, V., Caron, C., Gaudreau, P., Morais, J. A., Shatenstein, B., and Payette, H. (2015). Assessing older adults’ masticatory efficiency. J. Am. Geriatr. Soc. 63, 1192–1196. doi: 10.1111/jgs.13443

Davies, T. G., and Pedersen, P. O. (1955). The degree of attrition of the deciduous teeth and first permanent molars of primitive and urbanised Greenland natives. Br. Dent. J 99, 35–43.

de Lucena, S. C., Gomes, S. G., Da Silva, W. J., and Del Bel Cury, A. A. (2011). Patients’ satisfaction and functional assessment of existing complete dentures: correlation with objective masticatory function. J. Oral. Rehabil. 38, 440–446. doi: 10.1111/j.1365-2842.2010.02174.x

Decerle, N., Nicolas, E., and Hennequin, M. (2013). Chewing deficiencies in adults with multiple untreated carious lesions. Caries. Res. 47, 330–337. doi: 10.1159/000348397

Depeyre, A., Pereira, B., Pham-Dang, N., Barthélémy, I., and Hennequin, M. (2019). Impairments in food oral processing in patients treated for tongue cancer. Dysphagia. doi: 10.1007/s00455-019-10054-5

Dias-da-Costa, J. S., Galli, R., Oliveira, E. A., Backes, V., Vial, E. A., Canuto, R., et al. (2010). Prevalence of poor self-rated mastication and associated factors in Brazilian elderly. Cad. Saude. Publica 26, 79–88.

d’Incau, E., Couture, C., and Maureille, B. (2012). Human tooth wear in the past and the present: tribological mechanisms, scoring systems, dental and skeletal compensations. Arch. Oral. Biol. 57, 214–229. doi: 10.1016/j.archoralbio.2011.08.021

Ding, R., Logemann, J. A., Larson, C. R., and Rademaker, A. W. (2003). The effects of taste and consistency on swallow physiology in younger and older healthy individuals: a surface electromyography study. J. Speech. Lang. Hear. Res. 46, 977–989. doi: 10.1044/1092-4388(2003/076

Dougall, A., Martinez Pereira, F., Molina, G., Eschevins, C., Daly, B., and Faulks, D. (2018). Identifying common factors of functioning, participation and environment amongst adults requiring specialist oral health care using the International classification of functioning, disability and health. PLoS. One 3:13. doi: 10.1371/journal.pone.0199781

El Osta, N., Hennequin, M., Tubert-Jeannin, S., Abboud Naaman, N. B., El Osta, L., and Geahchan, N. (2014). The pertinence of oral health indicators in nutritional studies in the elderly. Clin. Nutr. 33, 316–321. doi: 10.1016/j.clnu.2013.05.012

Elsig, F., Schimmel, M., Duvernay, E., Giannelli, S. V., Graf, C. E., Carlier, S., et al. (2015). Tooth loss, chewing efficiency and cognitive impairment in geriatric patients. Gerodontology 32, 149–156. doi: 10.1111/ger.12079

English, J. D., Bushang, P. H., and Throckmorton, G. S. (2002). Does Malocclusion affect masticatory performance? Angle. Orthod. 72, 21–27.

Faulks, D., Norderyd, J., Molina, G., Macgiolla Phadraig, C., Scagnet, G., Eschevins, C., et al. (2013). Using the international classification of functioning, disability and health (ICF) to describe children referred to special care or paediatric dental services. PLoS. One 16:8. doi: 10.1371/journal.pone.0061993

Feine, J. S., Carlsson, G. E., Awad, M. A., Chehade, A., Duncan, W. J., Gizani, S., et al. (2002). The McGill consensus statement on overdentures. Mandibular two-implant overdentures as first choice standard of care for edentulous patients. Gerodontology 19, 3–4. doi: 10.1111/j.1741-2358.2002.00003.x

Feine, J. S., and Lund, J. P. (2006). Measuring chewing ability in randomized controlled trials with edentulous populations wearing implant prostheses. J. Oral. Rehabil. 33, 301–308. doi: 10.1111/j.1365-2842.2006.01614.x

Feldman, R. S., Kapur, K. K., Alman, J. E., and Chauncey, H. H. (1980). Aging and mastication: changes in performance and in swallowing threshold with natural dentition. J. Am. Geriatr. Soc. 28, 97–103. doi: 10.1111/j.1532-5415.1980.tb00240.x

Fontijn-Tekamp, F. A., Slagter, A. P., van der Bilt, A., van’T Hof, M. A., Witter, D. J., Kalk, W., et al. (2000). Biting and chewing in overdentures, full dentures, and natural dentitions. J. Dent. Res. 79, 1519–1524. doi: 10.1177/00220345000790071501

Fontijn-Tekamp, F. A., van der Bilt, A., Abbink, J. H., and Bosman, F. (2004). Swallowing threshold and masticatory performance in dentate adults. Physiol. Behav. 83, 431–436. doi: 10.1016/j.physbeh.2004.08.026

Fueki, K., Yoshida, E., and Igarashi, Y. (2011). A systematic review of prosthetic restoration in patients with shortened dental arches. Jpn. Dent. Sci. Rev. 47, 167–174. doi: 10.1016/j.jdsr.2011.03.003

Garot, E., Rouas, P., d’Incau, E., Lenoir, N., Manton, D., and Couture-Veschambre, C. (2016). Mineral density of hypomineralised and sound enamel. Bull. Group. Int. Rech. Sci. Stomatol. Odontol. 28:53.

Garrett, N. R., Kapur, K. K., Hamada, M. O., Roumanas, E. D., Freymiller, E., Han, T., et al. (1998). A randomized clinical trial comparing the efficacy of mandibular implant-supported overdentures and conventional dentures in diabetic patients. Part II. Comparisons of masticatory performance. J. Prosthet. Dent. 79, 632–640. doi: 10.1016/s0022-3913(98)70177-5

Garrett, N. R., Kapur, K. K., and Perez, P. (1996). Effects of improvements of poorly fitting dentures and new dentures on patient satisfaction. J. Prosthet. Dent. 76, 403–413. doi: 10.1016/s0022-3913(96)90483-7

Goiato, M. C., Garcia, A. R., Dos Santos, D. M., and Zuim, P. R. (2010). Analysis of masticatory efficiency in complete denture wearers. J. Prosthont. 19, 10–13. doi: 10.1111/j.1532-849X.2009.00520.x

Goiato, M. C., Sônego, M. V., Pellizzer, E. P., Gomes, J. M. L., da Silva, E. V. F., and Dos Santos, D. M. (2018). Clinical outcome of removable prostheses supported by mini dental implants. A systematic review. Acta. Odontol. Scand. 76, 628–637. doi: 10.1080/00016357.2018.1499958

Grigoriadis, A., Johansson, R. S., and Trulsson, M. (2011). Adaptability of mastication in people with implant-supported bridges. J. Clin. Periodontol. 38, 395–404. doi: 10.1111/j.1600-051X.2010.01697.x

Gunne, H. S. (1985). The effect of removable partial dentures on mastication and dietary intake. Acta. Odontol. Scand. 43, 269–278. doi: 10.3109/00016358509046507

Halazonetis, D. J., Schimmel, M., Antonarakis, G. S., and Christou, P. (2013). Novel software for quantitative evaluation and graphical representation of masticatory efficiency. J. Oral. Rehabil. 40, 329–335. doi: 10.1111/joor.12043

Haraldson, T., Jemt, T., Stälblad, P. A., and Lekholm, U. (1988). Oral function in subjects with Oral function in subjects with overdentures supported by osseointegrated implants. Scand. J. Dent. Res. 96, 235–242. doi: 10.1111/j.1600-0722.1988.tb01550.x

Hart, D. M. (1988). The plant opal content in the vegetation and sediment of a swamp at Oxford Falls, New South Wales, Australia. Aust. J. Bot. 36, 159–170. doi: 10.1071/BT9880159

Hatch, J. P., Shinkai, R. S. A., Sakai, S., Rugh, J. D., and Paunovich, E. D. (2000). Determinants of masticatory performance in dentate adults. Arch. Oral. Biol. 46, 641–648. doi: 10.1016/s0003-9969(01)00023-1

Heckmann, S. M., Heussinger, S., Linke, J. J., Graef, F., and Pröschel, P. (2009). Improvement and long-term stability of neuromuscular adaptation in implant-supported overdentures. Clin. Oral. Implants. Res. 20, 1200–1205. doi: 10.1111/j.1600-0501.2009.01722.x

Helkimo, E., Carlsson, G. E., and Helkimo, M. (1977). Bite force and state of dentition. Acta. Odontol. Scand. 35, 297–303. doi: 10.3109/00016357709064128

Helkimo, E., Carlsson, G. E., and Helkimo, M. (1978). Chewing efficiency and state of dentition. A methodologic study. Acta. Odontol. Scand. 36, 33–41. doi: 10.3109/00016357809026364

Hennequin, M., Allison, P. J., Veyrune, J. L., Faye, M., and Peyron, M. (2005). Clinical evaluation of mastication: validation of video versus electromyography. Clin. Nutr. 24, 314–320. doi: 10.1016/j.clnu.2004.11.010

Hennequin, M., Faulks, D., Veyrune, J. L., and Bourdiol, P. (1999). Significance of oral health in persons with Down syndrome: a literature review. Dev. Med. Child. Neurol. 41, 275–283. doi: 10.1111/j.1469-8749.1999.tb00599.x

Hennequin, M., Mazille, M. N., Cousson, P. Y., and Nicolas, E. (2015). Increasing the number of inter-arch contacts improves mastication in adults with Down syndrome: a prospective control trial. Physiol. Behav. 145, 14–21. doi: 10.1016/j.physbeh.2015.03.034

Henrikson, T., Ekberg, E., and Nilner, M. (1998). Masticatory efficiency and ability in relation to occlusion and mandibular dysfunction in girls. Int. J. Prosthodont. 11, 125–132.

Henrikson, T., Ekberg, E., and Nilner, M. (2009). Can orthodontic treatment improve mastication? A controlled, prospective and longitudinal study. Swed. Dent. J. 33, 59–65.

Hiiemae, K., Heath, M. R., Kazazoglu, E., Murray, J., Sapper, D., and Hamblet, K. (1996). Natural bites, food consistency and feeding behaviour in man. Arch. Oral. Biol. 41, 175–189. doi: 10.1016/0003-9969(95)00112-3

Hiiemae, K. M., and Palmer, J. B. (1999). Food transport and bolus formation during complete feeding sequences on foods of different initial consistency. Dysphagia 14, 31–42. doi: 10.1007/PL00009582

Hildebrand, G. Y. (1936). Studies in mandibular kinematics. Dent. Cosmos 78, 449–458.

Hutchings, J. B., and Lillford, P. J. (1988). The perception of food texture – The philosophy of the breakdown path. J. Texture. Stud. 19, 103–115. doi: 10.1111/j.1745-4603.1988.tb00928.x

Hutton, B., Feine, J., and Morais, J. (2002). Is there an associationbetween edentulism and nutritional state? J. Can. Dent. Assoc. 68, 182–187.

Igarashi, K., Watanabe, Y., Kugimiya, Y., Shirobe, M., Edahiro, A., Kaneda, K., et al. (2019). Validity of a visual scoring method using gummy jelly for evaluating chewing efficiency in a large-scale epidemiological survey. J. Oral. Rehabil. 46, 409–416. doi: 10.1111/joor.12761

Ikebe, K., Matsuda, K., Murai, S., Maeda, Y., and Nokubi, T. (2010). Validation of the Eichner index in relation to occlusal force and masticatory performance. Int. J. Prosthodont. 23, 521–524.

Inomata, C., Ikebe, K., Okada, T., Takeshita, H., and Maeda, Y. (2015). Impact on Dietary Intake of Removable Partial Dentures Replacing a Small Number of Teeth. Int. J. Prosthodont. 28, 583–585. doi: 10.11607/ijp.4306

Iwase, M., Ohashi, M., Tachibana, H., Toyoshima, T., and Nagumo, M. (2006). Bite force, occlusal contact area and mastication efficiency before and after orthognathic surgical correction of mandibular prognathism. Int. J. Oral. Maxillofac. Surg. 35, 1102–1107. doi: 10.1016/j.ijom.2006.08.014

Jalabert-Malbos, M. L., Mishellany-Dutour, A., Woda, A., and Peyron, M. A. (2007). Particle size distribution in the food bolus after mastication of natural foods. Food. Qual. Pref. 18, 803–812. doi: 10.1016/j.foodqual.2007.01.010

Julien, K. C., Bushang, P. H., Throckmorton, G. S., and Dechow, P. C. (1996). Normal masticatory performance in young adults and children. Arch. Oral. Biol. 41, 69–75. doi: 10.1016/0003-9969(95)00098-4

Kahrilas, P. J., and Logemann, J. A. (1993). Volume accommodation during swallowing. Dysphagia 8, 259–265. doi: 10.1007/bf01354548

Kaidonis, J. A. (2008). Tooth wear: the view of the anthropologist. Clin. Oral. Invest. 12(Suppl.1), 21–26. doi: 10.1007/s00784-007-0154-8

Kaifu, Y. (1996). Edge-to-edge bite and tooth wear. Bull. Natn. Sci. Mus. Tokyo. Ser. D 22, 45–54.

Kaifu, Y., Kasai, K., Townsend, G. C., and Richards, L. C. (2003). Tooth wear and the « design » of the human dentition: a perspective from evolutionary medicine. Am. J. Phys. Anthropol. 37, 47–61. doi: 10.1002/ajpa.10329

Kikuta, T., Hara, I., Seto, T., Yoshioka, I., Nakashima, T., and Yasumitsu, C. (1994). Evaluation of masticatory function after sagittal split ramus osteotomy for patients with mandibular prognathism. Int. J. Adult. Orthodon. Orthognath. Surg. 9, 9–17.

Kim, S. K., Kim, K. N., Chang, I. T., and Heo, S. J. (2001). A study of the effects of chewing patterns on occlusal wear. J. Oral. Rehabil. 28, 1048–1055. doi: 10.1111/j.1365-2842.2001.00761.x

Knychalska-Darman, Z., Laskowska, L., Pelcowa, M., Szafraniec, I., and Wedler, A. (1972). Carie et abrasion dentaire. Rev. Odontol. Stomatol. 19, 471–472.

Kobayashi, T., Honma, K., Nakajima, T., and Hanada, K. (1993). Masticatory function in patients with mandibular prognathism before and after orthognathic surgery. J. Oral. Maxillofac. Surg. 51, 997–1001. doi: 10.1016/s0278-2391(10)80043-6

Kohyama, K., Mioche, L., and Bourdiol, P. (2003). Influence of age and dental status on chewing behavior studied by EMG recordings during consumption of various food samples. Gerodontology. 20, 15–23. doi: 10.1111/j.1741-2358.2003.00015.x

Kosaka, T., Kida, M., Kikui, M., Hashimoto, S., Fujii, K., Yamamoto, M., et al. (2018). Factors Influencing the changes in masticatory performance: the suita study. J. D. R. Clin. Trans. Res. 3, 405–412. doi: 10.1177/2380084418785863

Kumar, A., Kothari, M., Grigoriadis, A., Trulsson, M., and Svensson, P. (2018). Bite or brain: Implication of sensorimotor regulation and neuroplasticity in oral rehabilitation procedures. J. Oral Rehabil. 45, 323–333. doi: 10.1111/joor.12603

Kurita, H., Ohtsuka, A., Kurashina, K., and Kopp, S. (2001). Chewing ability as a parameter for evaluating the disability of patients with temporomandibular disorders. J. Oral. Rehabil. 28, 463–465. doi: 10.1046/j.1365-2842.2001.00688.x

Lanning, F. C., and Eleuterius, L. N. (1985). Silica and Ash in Tissues of Some Plants Growing in the Coastal Area of Mississippi, USA. Ann. Bot. 56, 157–172. doi: 10.1093/oxfordjournals.aob.a087000

Lazarus, C. L., Logemann, J. A., Rademaker, A. W., Kahrilas, P. J., Lazar, T., and Halper, A. (1993). Effects of bolus volume, viscosity, and repeated swallows in nonstroke subjects and stroke patients. Arch. Phys. Med. Rehabil. 74, 1066–1070. doi: 10.1016/0003-9993(93)90063-g

Lepley, C. R., Throckmorton, G. C., Ceen, R. F., and Bushang, P. H. (2011). Relative contributions of occlusion, maximum bite force, and chewing cycle kinematics to masticatory performance. Am. J. Orthod. 139, 605–613. doi: 10.1016/j.ajodo.2009.07.025

Lewis, R., and Dwyer-Joyce, R. S. (2005). Wear of human teeth: a tribological perspective. Proc. Inst. Mech. Eng. 219, 1–18. doi: 10.1243/1350650053295394

Liang, S., Zhang, Q., Witter, D. J., Wang, Y., and Creugers, N. H. J. (2015). Effects of removable dental prostheses on masticatory performance of subjects with shortened dental arches: a systematic review. J. Dent. 43, 1185–1194. doi: 10.1016/j.jdent.2015.05.008

Liedberg, B., Norlén, P., Owall, B., and Stoltze, K. (2004). Masticatory and nutritional aspects on fixed and removable partial dentures. Clin. Oral. Investig. 8, 11–17. doi: 10.1007/s00784-003-0223-6

Liedberg, B., Spiechowicz, E., and Owall, B. (1995). Mastication with and without removable partial dentures: an intraindividual study. Dysphagia 10, 107–112. doi: 10.1007/bf00440080

Liedberg, B., Stoltze, K., and Owall, B. (2005). The masticatory handicap of wearing removable dentures in elderly men. Gerodontology 22, 10–16. doi: 10.1111/j.1741-2358.2004.00050.x

Lin, L. D., Murray, G. M., and Sessle, B. J. (1998). Effects on non-human primate mastication of reversible inactivation by cooling of the face primary somatosensory cortex. Arch. Oral Biol. 43, 1331–1341.

Lindquist, L. W., and Carlsson, G. E. (1985). Long-term effects on chewing with mandibular fixed prostheses on osteointegrated implants. Acta. Odonto. Scand. 43, 39–45. doi: 10.3109/00016358509064138

Lund, J. P., and Kolta, A. (2005). Adaption of the central masticatory pattern to the biomechanical properties of food. Int. Congr. Ser. 1284, 11–20. doi: 10.1016/j.ics.2005.07.007

Lund, J. P., and Kolta, A. (2006). Generation of the central masticatory pattern and its modification by sensory feedback. Dysphagia 21, 167–174. doi: 10.1007/s00455-006-9027-6

Lundqvist, S. (1993). Speech and other oral functions. Clinical and experimental studies with special reference to maxillary rehabilitation on osseointegrated implants. Swed. Dent. J. Suppl. 91, 1–39.

Lundqvist, S., and Haraldson, T. (1992). Oral function in patients wearing fixed prosthesis on osseointegrated implants in the maxilla:3-year follow-up study. Scand. J. Dent. Res. 100, 279–283. doi: 10.1111/j.1600-0722.1992.tb01071.x

Luraschi, J., Korgaonkar, M. S., Whittle, T., Schimmel, M., Müller, F., and Klineberg, I. (2013). Neuroplasticity in the adaptation to prosthodontic treatment. J. Orofac. Pain. 27, 206–216. doi: 10.11607/jop.1097

Magãlhaes, I. B., Pereira, L. J., and Marques, L. S. (2010). Gameiro, G.H. The influence of malocclusion on masticatory performance. A systematic review. Angle Orthod. 80, 981–987. doi: 10.2319/011910-33.1

Mioche, L., Bourdiol, P., and Peyron, M. A. (2004). Influence of age on mastication: effects on eating behaviour. Nutr. Res. Rev. 17, 43–54. doi: 10.1079/NRR200375

Mishellany, A., Woda, A., Labas, R., and Peyron, M. A. (2006). The challenge of mastication: preparing a bolus suitable for deglutition? Dysphagia 21, 87–94. doi: 10.1007/s00455-006-9014-y

Mishellany-Dutour, A., Peyron, A. M., Croze, J., François, O., Hartman, C., Alric, M., et al. (2011). Comparison of food boluses prepared in vivo and in vitro by the mastication simulator: AM2. Food. Quality. Preference. 22, 326–331. doi: 10.1016/j.foodqual.2010.12.003

Mishellany-Dutour, A., Renaud, J., Peyron, M. A., Rimek, F., and Woda, A. (2008). Is the goal of mastication reached in young dentates, aged dentates and age denture wearers? Br. J. Nutr. 99, 121–128. doi: 10.1017/S0007114507795284

Mohlin, B., and Kurol, J. (2003). To what extent do deviations from an ideal occlusion constitute a health risk? Swed. Dent. J. 27, 1–10.

Morais, J. A., Heydecke, G., Pawliuk, J., Lund, J. P., and Feine, J. S. (2003). The effects of mandibular two-implant overdentures on nutri-tion in elderly edentulous individuals. J. Dent. Res. 82, 53–58. doi: 10.1177/154405910308200112

Morel, A., Albuisson, E., and Woda, A. (1991). A study of human jaw movements deduced from scratches on occlusal wear facets. Archs. Oral. Biol. 36, 195–202. doi: 10.1016/0003-9969(91)90086-a

Morquette, P., Lavoie, R., Fhima, M. D., Lamoureux, X., Verdier, D., and Kolta, A. (2012). Generation of the masticatory central pattern and its modulation by sensory feedback. Prog. Neurobiol. 96, 340–355. doi: 10.1016/j.pneurobio

Murphy, T. (1959a). Compensatory mechanism in facial height adjustment to functional tooth attrition. Aust. Dent. J. 4, 312–323. doi: 10.1111/j.1834-7819.1959.tb03727.x

Murphy, T. (1959b). The changing pattern of dentine exposure in human tooth attrition. Am. J. Phys. Anthropol. 17, 167–178. doi: 10.1002/ajpa.1330170302

N’Gom, P. I., Diagne, F., Aïdara-Tamba, A. W., and Sene, A. (2007). Relationship between orthodontic anomalies and masticatory function in adults. Am. J. Orthod. Dentofacial. Orthop. 31, 216–222. doi: 10.1016/j.ajodo.2005.03.027

N’Gom, P. I., and Woda, A. (2002). Influence of impaired mastication onnutrition. J. Prosthet. Dent. 87, 667–673. doi: 10.1067/mpr.2002.123229

Nicolas, E., Veyrune, J. L., Lassauzay, C., Peyron, M. A., and Hennequin, M. (2007). Validation of video versus electromyography for chewing evaluation of the elderly wearing a complete denture. J. Oral. Rehabil 34, 566–571. doi: 10.1111/j.1365-2842.2007.01696.x

Nokubi, T., Yoshimuta, Y., Nokubi, F., Yasui, S., Kusunoki, C., Ono, T., et al. (2013). Validity and reliability of a visual scoring method for masticatory ability using test gummy jelly. Gerodontology 30, 76–82. doi: 10.1111/j.1741-2358.2012.00647.x

Okada, A., Honma, M., Nomura, S., and Yamada, Y. (2007). Oral behavior from food intake until terminal swallow. Physiol. Behav. 90, 172–179. doi: 10.1016/j.physbeh.2006.09.032

Okamoto, N., Amano, N., Nakamura, T., and Yanagi, M. (2019). Relationship between tooth loss, low masticatory ability, and nutritional indices in the elderly: a cross-sectional study. BMC Oral Health 13:110. doi: 10.1186/s12903-019-0778-5

Okoński, P., Mierzwiñska-Nastalska, E., and Janicka-Kostrzewa, J. (2011). Implant supported dentures: an estimation of chewing efficiency. Gerodontology 28, 58–61. doi: 10.1111/j.1741-2358.2009.00303.x

Osterberg, T., Carlsson, G. E., Tsuga, K., Sundh, V., and Steen, B. (1996). Associations between self-assessed masticatory ability and some general health factors in a Swedish population. Gerodontology 13, 110–117. doi: 10.1111/j.1741-2358.1996.tb00162.x

Palmer, J. B., and Hiiemae, K. M. (2003). Eating and breathing: interactions between respiration and feeding on solid food. Dysphagia 18, 169–178. doi: 10.1007/s00455-002-0097-9

Pameijer, J. H., Glickman, I., and Roeber, F. W. (1969). Intraoral occlusal telemetry. 3. Tooth contacts in chewing, swallowing and bruxism. J. Periodontol. 40, 253–258. doi: 10.1902/jop.1969.40.5.253

Pereira, T. C., Brasolotto, A. G., Conti, P. C., and Berretin-Felix, G. (2009). Temporomandibular disorders, voice and oral quality of life in women. J. Appl. Oral. Sci. 17(Suppl.), 50–56. doi: 10.1590/s1678-77572009000700009

Peyron, A., Lassauzay, C., and Woda, A. (2002). Effects of increased hardness on jaw movement and muscle activity during chewing of visco-elastic model foods. Exp. Brain. Res. 42, 41–51. doi: 10.1007/s00221-001-0916-5

Peyron, M., Mishellany, A., and Woda, A. (2004). Particle size distribution of food boluses after mastication of six natural foods. J. Dent. Res. 83, 578–582. doi: 10.1177/154405910408300713

Peyron, M. A., Gierczynski, I., Hartmann, C., Loret, C., Dardevet, D., Martin, N., et al. (2011). A likely role of physical bolus properties as sensory inputs in swallowing triggering. Plos One 6:e21167. doi: 10.1371/journal.pone.0021167

Peyron, M. A., Woda, A., Bourdiol, P., and Hennequin, M. (2017). Age-related changes in mastication. J. Oral. Rehabil. 44, 299–312. doi: 10.1111/joor.12478

Picinato-Pirola, M. N., Mestriner, W. Jr., Freitas, O., Mello-Filho, F. V., and Trawitzki, L. V. (2012). Masticatory efficiency in class II and class III dentofacial deformities. Int. J. Oral. Maxillofac. Surg. 41, 830–834. doi: 10.1016/j.ijom.2012.03.025

Piperno, D. R. (1989). The occurrence of phytoliths in the reproductive structures of selected tropical angiosperms and their significance in tropical paleoecology, paleoethnobotaniy and systematics. Rev. Paleobot. Palynol. 61, 147–173. doi: 10.1016/0034-6667(89)90067-5

Planas, P. (1987). Rehabilitación Neuro-Occlusal (RNO). Barcelona: Salvat.

Prinz, J. F., and Lucas, P. W. (1995). Swallow thresholds in human mastication. Arch. Oral. Biol. 40, 401–403. doi: 10.1016/0003-9969(94)00185-e

Rémond, D., Shahar, D. R., Gille, D., Pinto, P., Kachal, J., Peyron, M. A., et al. (2015). Understanding the gastrointestinal tract of theelderly to develop dietary solutions that prevent malnutri-tion. Oncotarget 10, 13858–13898. doi: 10.18632/oncotarget.4030

Ribeiro, G. R., Campos, C. H., and Rodrigues Garcia, R. C. M. (2016). Oral health in elders with Parkinson’s disease. Braz. Dent. J. 27, 340–344. doi: 10.1590/0103-6440201600881

Richards, L. C. (1985). Dental attrition and craniofacial morphology in two Australian aboriginal populations. J. Dent. Res. 64, 1311–1315. doi: 10.1177/00220345850640111201

Schimmel, M., Christou, P., Herrmann, F., and Müller, F. (2007). A two-colour chewing gum test for masticatory efficiency: development of different assessment methods. J. Oral. Rehabil. 34, 671–678. doi: 10.1111/j.1365-2842.2007.01773.x

Schimmel, M., Christou, P., Miyazaki, H., Halazonetis, D., Herrmann, F. R., and Müller, F. (2015). A novel colourimetric technique to assess chewing function using two-coloured specimens: Validation and application. J. Dent. 43, 955–964. doi: 10.1016/j.jdent.2015.06.003

Seo, H. S., Hwang, I. K., Han, T. R., and Kim, I. S. (2007). Sensory and instrumental analysis for slipperiness and compliance of food during swallowing. J. Food. Sci. 72, 707–712. doi: 10.1111/j.1750-3841.2007.00544.x

Sheiham, A., Steele, J. G., Marcenes, W., Lowe, C., Finch, S., Bates, C. J., et al. (2001). The relationship among dental status, nutrient intake, and nutritional status in older people. J.Dent. Res. 80, 408–413. doi: 10.1177/00220345010800020201

Shiratsuchi, Y., Kouno, K., and Tashiro, H. (1991). Evaluation of masticatory function following orthognathic surgical correction of mandibular prognathism. J. Craniomaxillofac. Surg. 19, 299–303. doi: 10.1016/S1010-5182(05)80336-1

Slade, G. D., and Spencer, A. J. (1994). Development and evaluation of the Oral Health Impact Profile. Community. Dent. Health 11, 3–11.

Slagter, A. P., Olthoff, L. W., Bosman, F., and Steen, W. H. (1992). Masticatory ability, denture quality, and oral conditions in edentulous subjects. J. Prosthet. Dent. 68, 299–307. doi: 10.1016/0022-3913(92)90334-7

Smith, C. H., Logemann, J. A., Wesley, R. B., Steven, G. Z., and Rademaker, A. W. (2006). Oral and oropharyngeal perceptions of fluid viscosity across the age span. Dysphagia 21, 209–217. doi: 10.1007/s00455-006-9045-4

Sood, M., Lee, J. C., Avivi-Arber, L., Bhatt, P., and Sessle, J. B. (2015). Neuroplastic changes in the sensorimotor cortex associated with orthodontic tooth movement in rats. J. Comp. Neurol. 523, 1548–1568. doi: 10.1002/cne.23753

Takizawa, C., Gemmell, E., Kenworthy, J., and Speyer, R. A. (2016). Systematic review of the prevalence of oropharyngeal dysphagia in stroke, Parkinson’s disease, Alzheimer’s disease, head injury, and pneumonia. Dysphagia 31, 434–441. doi: 10.1007/s00455-016-9695-9

Tallgreen, A. (1957). Changes in adult face height due to ageing, wear and loss of teeth, and prosthetic treatment. Helsinki: Acta. Odontol. Scand. 15(Suppl.):24.

Tanaka, Y., and Shiga, H. (2018). Masticatory performance of the elderly as seen from differences in occlusal support of residual teeth. J. Prosthodont. Res. 62, 375–378. doi: 10.1016/j.jpor.2018.01.007

Tang, L., Lund, J. P., Tache, R., Clockie, C. M. L., and Feine, J. S. (1999). A within-subject comparison of mandibular long-bar and hybrid implant-supported prostheses evaluation of masticatory function. J. Dent. Res. 78, 1544–1553. doi: 10.1177/00220345990780090901

Tate, G. S., Throckmorton, G. S., Ellis, E. III, and Sinn, D. P. (1994). Masticatory performance, muscle activity, and occlusal force in preorthognathic surgery patients. J. Oral. Maxillofac. Surg. 5, 476–481. doi: 10.1016/0278-2391(94)90344-1

Taylor, R. M. S. (1975). The significance of tooth wear in Polynesians. A review. J. Dental Assoc. South Afr. 30, 241–244.

van den Braber, W., van der Glas, H. W., van der Bilt, A., and Bosman, F. (2001). Chewing efficiency of pre-orthognathic surgery patients: selection and breakage of food particles. Eur. J. Oral. Sci. 109, 306–311. doi: 10.1034/j.1600-0722.2001.00092.x

van der Bilt, A. (2011). Assessment of mastication with implications for oral rehabilitation: a review. J. Oral. Rehabil. 38, 754–780. doi: 10.1111/j.1365-2842.2010.02197.x

van der Bilt, A., Abbink, J. H., Mowlana, F., and Heath, M. R. (1993). A comparison between data analysis methods concerning particle size distributions obtained by mastication in man. Arch. Oral. Biol. 38, 163–167. doi: 10.1016/0003-9969(93)90202-w

van der Bilt, A., Burgers, M., van Kampen, F. M., and Cune, M. S. (2010a). Mandibular implant-supported overdentures and oral function. Clin. Oral. Implants. Res. 21, 1209–1213. doi: 10.1111/j.1600-0501.2010.01915.x

van der Bilt, A., Mojet, J., Tekamp, F. A., and Abbink, J. H. (2010b). Comparing masticatory performance and mixing ability. J. Oral. Rehabil. 37, 79–84. doi: 10.1111/j.1365-2842.2009.02040.x

van der Bilt, A., Speksnijder, C. M., De Liz Pocztaruk, R., and Abbink, J. H. (2012). Digital image processing versus visual assessment of chewed two-colour wax in mixing ability tests. J. Oral. Rehabil. 39, 11–17. doi: 10.1111/j.1365-2842.2011.02229.x

van der Braber, W., van der Bilt, A., van der Glas, H., Bosman, F., Rosenberg, A., and Koole, R. (2005). The influence of orthognathic surgery on masticatory performance in retrognathic patients. J. Oral. Rehabil. 32, 237–241. doi: 10.1111/j.1365-2842.2004.01436.x

van der Braber, W., van der Bilt, A., van der Glas, H., Rosenberg, T., and Koole, R. (2006). The influence of mandibular advancement surgery on oral function in retrognathic patients: a 5-year follow-up study. J. Oral. Maxillofac. Surg. 64, 1237–1240. doi: 10.1016/j.joms.2006.04.019

van Lancker, A., Verhaeghe, S., van Hecke, A., Vanderwee, K., Goossens, J., and Beeckman, D. (2012). The association between malnutrition and oral health status in elderly in long-term care facilities: a systematic review. Int. J. Nurs. Stud. 49, 1568–1581. doi: 10.1016/j.ijnurstu.2012.04.001

Veyrune, J. L., Lassauzay, C., Nicolas, E., Peyron, M. A., and Woda, A. (2007). Mastication of model products in complete denture wearers. Arch. Oral. Biol. 52, 1180–1185. doi: 10.1016/j.archoralbio.2007.04.016

Veyrune, J. L., Opé, S., Nicolas, E., Woda, A., and Hennequin, M. (2013). Changes in mastication after an immediate loading implantation with complete fixed rehabilitation. Clin. Oral. Investig. 17, 1127–1134. doi: 10.1007/s00784-012-0787-0

Veyrune, J. L., Tubert-Jeannin, S., Dutheil, C., and Riordan, P. J. (2005). Impact of new prostheses on the oral health related quality of life of edentulous patients. Gerodontology 22, 3–9. doi: 10.1111/j.1741-2358.2004.00048.x

Wallace, S., Samietz, S., Abbas, M., McKenna, G., Woodside, J. V., and Schimmel, M. (2018). Impact of prosthodontic rehabilitation on the masticatory performance of partially dentate older patients: can it predict nutritional state? Results from a RCT. J. Dent. 68, 66–71. doi: 10.1016/j.jdent.2017.11.003

Wayler, A., and Chauncey, H. H. (1983). Impact of complete dentures and impaired natural dentition on masticatory performance and food choice in healthy aging men. J. Prosthet. Dent. 49, 427–433. doi: 10.1016/0022-3913(83)90289-5

Wilding, R. J. (1993). The association between chewing efficiency and occlusal contact area in man. Arch. Oral. Biol. 38, 589–596. doi: 10.1016/0003-9969(93)90124-5

Witter, D. J., Woda, A., Bronkhorst, E. M., and Creugers, N. H. J. (2013). Clinical interpretation of a masticatory normative indicator analysis of chewing function in subjects with different occlusal and prosthodontic status. J. Dent. 41, 443–448. doi: 10.1016/j.jdent.2013.02.004

Woda, A., Foster, K., Mishellany, A., and Peyron, M. A. (2006). Adaptation of healthy mastication to factors pertaining to the individual or to the food. Physiol. Behav. 89, 28–35. doi: 10.1016/j.physbeh.2006.02.013

Woda, A., Gourdon, A. M., and Faraj, M. (1987). Occlusal contacts and tooth wear. J. Prosthet. Dent. 57, 85–93. doi: 10.1016/0022-3913(87)90122-3

Woda, A., Hennequin, M., and Peyron, A. (2011). Mastication in humans: finding a rationale. J. Oral. Rehabil. 38, 781–784. doi: 10.1111/j.1365-2842.2011.02235.x

Woda, A., Nicolas, E., Mishellany-Dutour, A., Hennequin, M., Mazille, M.-N., Veyrune, J.-L., et al. (2010). The masticatory normative indicator. J. Dent. Res. 89, 281–285. doi: 10.1177/0022034509357022

Woda, A., Vigneron, P., and Kay, D. (1979). Nonfunctional and functional occlusal contacts: a review of the literature. J. Prosthet. Dent. 42, 335–341. doi: 10.1016/0022-3913(79)90226-9

Wright, F. A. C., Law, G. G., Milledge, K. L., Chu, S. K., Hsu, B., Valdez, E., et al. (2019). Chewing function, general health and the dentition of older Australian men: the concord health and ageing in men project. Commun.Dent. Oral Epidemiol. 47, 134–141. doi: 10.1111/cdoe.12435

Yao, C. J., Cao, C., Bornstein, M. M., and Mattheos, N. (2018). Patient-reported outcome measures of edentulous patients restored with implant-supported removable and fixed prostheses: a systematic review. Clin. Oral. Implants. Res. 16, 241–254. doi: 10.1111/clr.13286

Yurkstas, A., and Emerson, W. H. (1964). Decreased masticatory function in denture patients. J. Prosthet. Dent. 14, 931–934. doi: 10.1016/0022-3913(64)90021-6

Yurkstas, A., and Manly, R. S. (1949). Measurement of occlusal contact area effective in mastication. Am. J. Orthod. 35, 185–195. doi: 10.1016/0002-9416(49)90028-7

Yurkstas, A. S. (1965). The masticatory act a review. J. Prosthet. Dent. 15, 248–262. doi: 10.1016/0022-3913(65)90094-6

Zarrinkelk, H. M., Throckmorton, G. S., Ellis, E. III, and Sinn, D. P. (1995). A longitudinal study of changes in masticatory performance of patients undergoing orthognathic surgery. J. Oral. Maxillofac. Surg. 53, 777–782. doi: 10.1016/0278-2391(95)90331-3 discussion 782–783,


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Bourdiol, Hennequin, Peyron and Woda. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	
	ORIGINAL RESEARCH
published: 09 April 2020
doi: 10.3389/fneur.2020.00237






[image: image2]

The Effect of Granisetron on Sensory Detection and Pain Thresholds in Facial Skin of Healthy Young Males

Malin Ernberg, Anna Wieslander Fältmars, Milad Hajizadeh Kopayeh, Sofia Arzt Wallén, Therese Cankalp and Nikolaos Christidis*

Division of Oral Diagnostics and Rehabilitation, Department of Dental Medicine, Karolinska Institutet, and Scandinavian Center for Orofacial Neuroscience (SCON), Huddinge, Sweden

Edited by:
Limor Avivi-Arber, University of Toronto, Canada

Reviewed by:
Marcelo M. Valença, Federal University of Pernambuco, Brazil
 Bright Nii Okine, Independent Researcher, London, United Kingdom
 Parisa Gazerani, Aalborg University, Denmark

*Correspondence: Nikolaos Christidis, nikolaos.christidis@ki.se

Specialty section: This article was submitted to Headache Medicine and Facial Pain, a section of the journal Frontiers in Neurology

Received: 19 November 2019
 Accepted: 12 March 2020
 Published: 09 April 2020

Citation: Ernberg M, Wieslander Fältmars A, Hajizadeh Kopayeh M, Arzt Wallén S, Cankalp T and Christidis N (2020) The Effect of Granisetron on Sensory Detection and Pain Thresholds in Facial Skin of Healthy Young Males. Front. Neurol. 11:237. doi: 10.3389/fneur.2020.00237



Background: The specific serotonin type 3 (5-HT3)-receptor antagonist granisetron effectively reduces clinical as well as experimental muscle pain and hyperalgesia and with a duration that exceeds that of lidocaine. Hence, it may be an alternative to lidocaine as a local anesthetic. There are also some indications that granisetron in addition to 5-HT3 receptors blocks sodium channels. Thus, the local anesthetic effect by granisetron may resemble that of lidocaine, but this has not been tested. The aim of this study was therefore to compare the effect granisetron has on facial skin sensitivity to the effect of lidocaine and isotonic saline.

Methods: This was a randomized, controlled, and double-blind study, in which 1 ml of either granisetron (test-substance), lidocaine (positive control), or isotonic saline (negative control) was injected into the skin over the masseter muscle at three different occasions in 18 healthy males (27.2 ± 5.8 years old). Skin detection thresholds and pain thresholds for thermal stimuli as well as mechanical detection thresholds and sensitivity to a painful mechanical (pinprick) stimulus were assessed before (baseline) and 5, 20, 40, and 60 min after injection. The quality and area of subjective sensory change over the cheek were assessed 20 min after injection.

Results: All substances increased the mechanical detection threshold (granisetron: p = 0.011; lidocaine: p = 0.016; saline: p = 0.031). Both granisetron and lidocaine, but not isotonic saline, increased the heat detection thresholds (p < 0.001 and p < 0.02, respectively), but not the cold detection thresholds. Granisetron and lidocaine also reduced pinprick pain (p = 0.001 for each comparison). There were no significant differences between granisetron and lidocaine for any of these variables. There was no effect on thermal pain thresholds for any substance.

Conclusion: The similar analgesic patterns on mechanical sensory and pain thresholds as well as thermal sensory thresholds over the facial skin by subcutaneous injection of granisetron and lidocaine shown in this study and the absence of paresthesia, in combination with the reduced pain intensity and pressure pain sensitivity shown in previous studies, indicate that granisetron might be a novel candidate as a local anesthetic.

Keywords: granisetron, sodium channels, lidocaine, human, mechanical thresholds, thermal thresholds


INTRODUCTION

Serotonin (5-HT) is an important neurotransmitter involved in many diverse functions in the body, for example, sleep and awakening, appetite, aggression, and pain. 5-HT exerts its effect by activating different receptors, grouped into 5-HT1- to 5-HT7-receptors (1). The 5-HT3-receptor is widely distributed on neurons both in the brain and peripherally and participates in nociception supraspinally, spinally, and in the periphery (2–4).

5-HT3-antagonists, such as granisetron, ondansetron, and tropisetron, are commonly used treat radiotherapy- and chemotherapy-induced vomiting and nausea (5). In addition to this effect, several animal and human studies have shown that 5-HT3-antagonists reduce inflammatory and clinical pain, e.g., in fibromyalgia (6–9). In chronic orofacial myalgia, tender-point injections of granisetron were reported to be a safe and effective treatment (10). Further, systemic and local administration of granisetron increase the mechanical pain threshold over healthy human muscles (11–13).

It has been shown that granisetron has a higher affinity to the 5-HT3-receptor than ondansetron and tropisetron (1). However, there are also indications that granisetron and other 5-HT3-antagonists block sodium channels (14–18). Sodium channels play a key role in the activation of peripheral nociceptive sensory neurons involved in transmission of noxious stimuli (19, 20).

Local anesthetics, such as lidocaine, non-specifically block sodium channels, e.g., on nociceptors, mainly by inhibiting the sodium influx into the neuronal cell membrane, thus suppressing the cell excitability (21). Sodium channels on all types of sensory neurons are affected, but Aδ-fibers are most sensitive, followed by Aβ-fibers, and C-fibers (22, 23). This suppression leads to a transient loss of sensation in a circumscribed area of the body (24). In the orofacial region, local anesthetics are associated with paresthesia that lasts far beyond the duration of anesthesia (25). This paresthesia involves not just a perception of facial distortion (26) but also sensations of numbness, swelling, tingling, and itching (24). Based on this, a substance with local anesthetic effects, but without paresthesia would be desirable, especially for the orofacial region. Indeed, a previous in vitro and in vivo study showed that ondansetron blocked sodium channels in rat brain neurons, produced local analgesia in a dose-related manner, and caused numbness under the skin (16). Hence, 5-HT3 antagonists may perhaps be used as a new class of local anesthetics.

One way to investigate if granisetron produce local anesthetic-like effects in humans could be to record changes in skin sensitivity to mechanical stimuli (Aβ-fibers), heat stimuli (C-fibers), and cold stimuli (Aδ-fibers) after injection of the substance (16, 27–32). Hence, this study aimed to investigate the effect by granisetron on facial skin-sensitivity and comparing it to the effect of lidocaine and isotonic saline. We hypothesized that granisetron has a local-anesthetic like reduction of detection- and pain thresholds for mechanical and thermal stimuli.



MATERIALS AND METHODS

The present study was conducted at the Department of Dental Medicine, Karolinska Institutet, Huddinge, Sweden, between March 2014 and November 2018. It followed the present guidelines according to the Declaration of Helsinki and was approved by the Regional Ethical Review Board in Stockholm, Sweden (Dnr 2013/932-31/4) and the Swedish Medical Products Agency (EudoraCT-number 2008-000746-32). Verbal and written information of the study was given to all participants, and their written consent was obtained before the study start.


Participants

The study is composed of 18 healthy male participants with a mean (SD) age of 27.2 (5.8) years. They were recruited by flyers posted at the Department of Dental Medicine, Karolinska Institutet, and at the library of Södertörn University, both in Huddinge, Sweden. According to the power calculation, based on the outcome from a previous study (10), inclusion of 17 participants would be sufficient to detect a difference of 30% (SD 30%) between interventions in order to reach a significance level (α) of 0.05 and a power (β) of 80%. In order to compensate for dropouts, one additional person was included.

Inclusion criteria were as follows: (a) age between 18 and 40 years, (b) good general health, and (c) male sex. Exclusion criteria were as follows: (1) any current pain from the orofacial region; (2) a diagnosis of temporomandibular disorders (TMD) according to the Diagnostic Criteria for TMD (DC/TMD) (33); (3) any type of headache; (4) diagnosed systemic muscular or joint diseases, such as fibromyalgia and rheumatoid arthritis; (5) whiplash-associated disorders; (6) neuropathic pain or neurological disorders; (7) pregnancy or lactation; (8) severe psychiatric conditions, including depression; (9) use of any kind of medication except for contraceptives 48 h preceding the study day; (10) use of any kind of medications, balms, or lotions affecting skin sensitivity; and (11) previous negative or allergic reactions to either of the injected substances (e.g., lidocaine or granisetron).



Experimental Protocol

The study used a randomized, controlled, and double-blind design with each participant as his own control. The study consisted of three separate sessions, with at least 1 week of washout between. The sessions, in which granisetron (test-substance), lidocaine (positive control), and isotonic saline (negative control) were subcutaneously injected into the skin over the masseter muscle, were performed in a random order. The injections were placed subcutaneously in order just to affect the skin sensitivity and not the surrounding tissues. To randomize the order of injection, a randomization list was generated using a web-based randomization tool (www.randomization.com) by one of the researchers not participating in data collection (NC). With this randomization tool, not just the order of the sessions but also the side for injections were randomized in a balanced order. The injections were administered on the same side in each participant for all three substances.

The test substances were prepared in syringes prior to the experiment by the same researcher (NC). The syringes all appeared identical since all three substances were clear liquids, therefore making it impossible for the researchers collecting (SAW, TC) or registering (AW, MHK) the data, as well as for the participants to distinguish one substance from another.

The participants sat in a conventional dental chair in a quiet environment during the entire experiment. Before the experiment started, they underwent a clinical examination according to the DC/TMD in order to screen for trial suitability and inclusion (33). Subsequently, after inclusion as well as in the beginning of each session, baseline recordings of mechanical detection threshold (MDT), mechanical pain sensitivity (MPS) to a pinprick stimulus, and detection as well as pain thresholds to cold (CDT and CPT, respectively) and heat (HDT and HPT, respectively) were recorded in the same order for all participants and sessions. The participant had his eyes closed during the recordings and was asked to concentrate on the task. After the baseline registrations, an injection of the test substance followed. The recordings were then repeated in the same order (MDT, MPS, CDT, HDT, CPT, HPT) after 5, 20, 40, and 60 min. Twenty minutes after the injection, the participants were also asked to make a drawing of the area of subjective sensory change over the cheek at the site of injection. The experimental protocol is shown in Figure 1.
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FIGURE 1. Flowchart showing the experimental protocol, and showing the time points in minutes and the order for every registration: inclusion examination, baseline (BL) and experimental assessments of mechanical detection threshold (MDT), mechanical pain sensitivity (MPS), cold detection threshold (CDT), heat detection threshold (HDT), cold pain threshold (CPT), heat pain threshold (HPT), and drawing of sensory change as well, in 18 healthy males. Written consent to publish image was obtained.




Injections

A felt pen was used to mark out the area of injection overlying the masseter muscle using a plastic patch cut to a size equivalent to the size of the thermal probe (3 × 3 cm), which was used for assessment of thermal sensitivity. The plastic patch was placed in the midline of the masseter muscle and 1 cm above the lower border of the mandible. This location was used for all sessions in order to ensure that the injections were placed at the same sites all three times. The skin overlying the masseter muscle was chosen since it is an easily accessible orofacial area that has been used in previous experiments by our research group.

The substances used in the present study were as follows: (a) the active test substance granisetron (Kytril® 1 mg/ml, Roche, Stockholm, Sweden, pH ranging from 4.0 to 6.0); (b) the positive control substance (for the possible analgesic effect) was lidocaine (Xylocain® 20 mg/ml, AstraZeneca AB, Södertälje, Sweden, pH ranging from 5.0 to 7.0); and (c) the negative control substance isotonic saline (NaCl 9 mg/ml B Braun, Melsungen, Germany, pH ranging from 4.5 to 7.0). Isotonic saline was used as vehicle for both granisetron and lidocaine. One milliliter of the chosen substance was subcutaneously injected using a 19-mm needle (Neofly, BOC Ohmeda AB) with a 0.4-mm diameter from a 2-ml syringe. The solution was injected into four different sites, i.e., 0.25 ml in each site, 3 mm inside each corner of the marked area using the above-described plastic patch. This was done in order to allow the injected substance to diffuse into the entire area that was covered by the thermal probe. The spread of the substances caused an ischemic appearance and was homogeneous. One single bolus did not diffuse more than 1 × 1 cm, thus not covering the entire surface of the thermal probe. All substances had room temperature, i.e., 23°C.



Assessment of Mechanical Detection and Pain Level

The MDT was assessed using calibrated von Frey nylon monofilaments (Anesthesiometer, Somedic Sales AB, Hörby, Sweden) exerting bending forces ranging from 0.026 to 110 g according to the stepwise ascending–descending method in order to find the lowest detectable bending force. This means that the examiner started with the lightest monofilament by placing it perpendicular to the skin surface with a contact time of 1.5 s. If no sensation was reported, the examiner continued to apply filaments in ascending order in the same manner until the participant first reported a sensation. The weight of this filament was noted. The whole procedure was repeated twice and the mean value of the monofilament weight for the three assessments was calculated and used for statistical analysis. In order to assess MPS, the von Frey nylon monofilament 19 with a force of 110 g was used. The filament was applied three times during 1.5 s. Directly after each application, the intensity of the pinprick stimulus applied was assessed on a 0–100 numerical rating scale (NRS), where 0 means no sensation, 50 is just barely painful (pain threshold), and 100 represents the most painful sensation one can imagine (34). The mean value of the three ratings was used for further analysis.



Assessment of Thermal Detection and Pain Threshold

In order to assess the thermal detection as well as pain thresholds, an electronic thermo-test system was used (CHEPS thermo-test system, Medoc Ltd. Ramat Yishai, Israel). The measurements were done using an advanced thermal stimulator (ATS) with a contact area of 3 × 3 cm that was placed on the skin surface of the masseter. A preset automatic program was used in which the thermal stimulator had a baseline temperature of 32°C (skin temperature) and a minimum and maximum temperature of 0° and 55°C, in order not to cause frostbite or burn of the skin. The automatic program started with recording of the cold detection threshold (CDT), i.e., cooling of the skin. The participant was asked to press a stop button as soon as he experienced that the thermode started to get cold. The temperature then increased to 32°C to start a new cycle. This was done four times with an interstimulus interval (ISI) of 4 s and a decrease/increase rate of 1°C/s. The warmth detection threshold (WDT) was then immediately assessed in the same manner. Directly after assessments of thermal detection thresholds, the cold pain threshold (CPT) and heat pain threshold (HPT) were recorded, i.e., the cooling/heating continued until the cold or heat became minimally painful. The pain thresholds were assessed three times, with an ISI of 10 s, and a decrease/increase rate of 1.5°C/s. The average of the repeated recordings was used in the analyses.



Assessment of Sensory Change Drawings

Twenty minutes after the injections, each participant was asked to mark out the maximum perceived area of subjective change in sensory experience over the injected cheek. The participants were instructed to encircle the area(s) where they perceived any kind of sensory change with a felt pen on a printed paper sheet with two images, one image displaying a lateral view of the head for the side of injection and one image displaying an intra-oral lateral view of the head highlighting the teeth and jaws for the side of injection (Figures 1, 3). Finally, the participants were asked to describe any type of sensory change.

For the analysis of the subjective sensory change drawings, each picture was scanned separately using a network printer (Ricoh MP C6004ex) having a resolution of 300 dpi. The area of subjective change in sensory experience was then calculated with an area calculation function in a photo editing program (Adobe Photoshop CS4 Extended version 11.0.2, Adobe Systems Incorporated USA). The areas of the sensory change drawings are expressed in arbitrary units (au).



Data Analysis and Statistics

Data were analyzed using the SigmaPlot for Windows version 14.0 software (Systat Software Inc., San Jose, CA, USA). The normality of the data was tested using the Shapiro–Wilk's test. Parametric statistical methods were used for normally distributed data on a continuous scale, while non-parametric statistics were used for data that were not normally distributed or on an ordinal scale. All pain sensitivity variables (MPS, CPT, and HPT) were normally distributed, so parametric statistical methods were used to analyze these data. All detection thresholds (MDT, CDT, and HDT) were not normally distributed. An attempt to log transform the data did not result in normal distribution of data; this is why non-parametric methods were used. Means and standard deviations (SD) were used for descriptive statistics for pain variables, whereas medians and interquartile ranges (IQRs) were used for detection thresholds. The level of significance was set at p < 0.05.

Two-way ANOVA for repeated measures (RM ANOVA) with time and substance as factors analyzed group differences in MPS, CPT, and HPT. When a significant difference was indicated, Tukey test for multiple comparisons vs. a control group (baseline) was used as post hoc test to test for differences between substances and time points. Changes of CDT, HDT, and MDT across times were analyzed using Friedman ANOVA with Dunn's test for multiple comparison vs. a control group (baseline) as post hoc test. Friedman test was also used to analyze differences between the substances at the different time points. As there were in total five comparisons made for these variables, Bonferroni correction was done to compensate for multiple testing, giving a significance level of p < 0.01 in these analyses.




RESULTS

All 18 participants completed all three sessions, i.e., there were no dropouts.

There were no significant differences between the baseline values (means and medians) of MDT, MPS, CDT, HDT, CPT, or HPT across the three sessions, i.e., before injection of either granisetron, lidocaine, or isotonic saline (Table 1).


Table 1. Baseline values in mean (SD) and median (IQR) of cold detection threshold (CDT), heat detection threshold (HDT), and mechanical detection threshold (MDT), as well as cold pain threshold (CPT), heat pain threshold (HPT), and mechanical pain level (MPS) are presented.
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Mechanical Detection Threshold

Significant changes in MDT were recorded over time for all substances, as shown in Figure 2A.
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FIGURE 2. Graph showing the changes in skin sensitivity after subcutaneous injection of granisetron (test substance), lidocaine (positive control), or saline (negative control) into the skin overlying the masseter muscle in 18 healthy males. (A) Mechanical detection threshold (MDT), (B) mechanical pain sensitivity (MPS), (C) heat detection threshold (HDT), (D) heat pain threshold (HPT), (E) cold detection threshold (CDT), and (F) cold pain threshold (CPT). Mean (SEM) values are presented. In order to clarify, the time points for each substance are differentiated. The special characters indicate significant differences compared to baseline (p < 0.05) for *granisetron, ¤lidocaine, and §saline.


MDT for granisetron increased with time (p < 0.001; Friedman ANOVA). The post hoc test showed that the increase was significant compared to baseline at all time points during 40 min after injection (p < 0.011; Dunn's test). The increase of MDT was 458% at 5 min after injection, 304% at 20 min after injection, and 313% at 40 min after injection. The lidocaine injection increased the MDT (p < 0.001; Friedman ANOVA). The increase of MDT after injection with lidocaine followed the same pattern as granisetron and was significant during 40 min (p < 0.016; Dunn's test) and was 1088% at 5 min after injection, 616% at 20 min, and 652% after 40 min. Also, isotonic saline injection increased the MDT (p < 0.001; Friedman ANOVA). The increase was significant from 20 min up to 60 min after injection (p < 0.031; Dunn's test) and was 347% at 20 min after injection, 253% at 40 min, and 228% at 60 min after injection.

There were no significant differences in MDT between the substances at the different time points (p > 0.01; Friedman ANOVA).



Mechanical Pain Sensitivity

Lidocaine and granisetron, but not isotonic saline, reduced the MPS. The two-way RM ANOVA showed a time effect (df = 4; F = 23.03; p < 0.001), but no difference between substances (df = 2; F = 2.95; p = 0.066). However, there was an interaction between time and substance (df = 8; F = 5.06, p < 0.001). The post hoc test showed that granisetron reduced the MPS 5 and 20 min after injection by 23 and 20%, respectively (p = 0.001, Tukey test) compared to baseline, while lidocaine reduced the MPS 5 min after injection (p = 0.001, Tukey test). No significant changes were found over time for isotonic saline (Figure 2B).

There were no significant differences in changes of MPS between the substances at the different time points (p > 0.05; Tukey test).



Cold Detection Thresholds

There were no significant differences in CDT over time for granisetron (p = 0.065; Friedman ANOVA) or lidocaine (p = 0.839; Friedman ANOVA), as shown in Figure 2C. A significant decrease of CDT was recorded for isotonic saline when compared to baseline (p < 0.001; Friedman ANOVA). According to the post hoc test, the decrease was significant at 5, 40, and 60 min after injection (p < 0.005; Dunn's test). The decrease was 4% at 5 min after injection, 5% at 40 min, and 5% at 60 min after injection.

There were no significant differences in changes of CDT between the substances at the different time points (p > 0.059; Friedman ANOVA).



Cold Pain Threshold

Three of the participants reached the minimum preset temperature without reporting any pain; i.e., they did not reach the CPT. Their data were therefore regarded as missing data, so the CPT results are based on 15 participants. None of the injected substances affected the CPT. The two-way RM ANOVA did not show any significant time effect (df = 4; F = 0.28; p = 0.888) or any difference between substances (df = 2; F = 2.04; p = 0.146). Neither was there any interaction between time and substance (df = 8; F = 1.26, p = 0.269) (Figure 2D).



Heat Detection Threshold

A significant increase in HDT was recorded over time for all substances, as shown in Figure 2E. HDT for granisetron increased significantly when compared to baseline (p < 0.001; Friedman ANOVA). The post hoc test showed that the increase was significant at all time points after injection (p < 0.001; Friedman ANOVA) and was 4.0% at 5 min after injection, 2.8% at 20 min after injection, 4.0% at 40 min after injection, and 3.5% at 60 min after injection. The lidocaine injection significantly increased the HDT when compared to baseline (p < 0.001; Friedman ANOVA). The post hoc test showed that the increase was only significant at 40 min after injection (p < 0.001; Friedman ANOVA), and was 5.2%. There was a significant increase in HDT after injection of isotonic saline, when compared to baseline (p < 0.011; Friedman ANOVA). The post hoc test showed that the increase was significant at 20 and 60 min after injection (p < 0.031; Friedman ANOVA), and was 2.7% after 20 min and 2.6% after 60 min.

There were no significant differences in the magnitude of the changes of HDT between the substances (p > 0.01; Friedman ANOVA).



Heat Pain Threshold

None of the injected substances affected the HPT. The two-way RM ANOVA did not show any significant time effect (df = 4; F = 2.10; p = 0.090) or any difference between substances (df = 2; F = 1.80; p = 0.180). Likewise, there was no interaction between time and substance (df = 8; F = 1.18, p = 0.318), as shown in Figure 2F.



Area of Sensory Changes

All injected test substances induced an experience of sensory change over the skin surface. The sensory experience was described by the participants as (a) numbness (n = 15) and tingling (n = 10) for granisetron; (b) numbness (n = 18), swelling (n = 18), tingling (n = 16), and itching (n = 5) for lidocaine; and (c) numbness (n = 7) and tingling (n = 8) for isotonic saline. Several of the participants experienced more than one sensory change. The area of subjective change in sensory experience over the skin overlaying the injections was 107.4 au after injection of lidocaine, 73.8 au after injection of granisetron, and 62.8 au after the isotonic saline injection. The perceived affected area 20 min after lidocaine injection was 159% larger than after isotonic saline (p = 0.039; Friedman ANOVA) and 91% larger than after granisetron (NS). The perceived affected area 20 min after granisetron was 35% larger than after isotonic saline (NS). Superimposed illustrations of the areas of the sensory changes are presented in Figure 3.
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FIGURE 3. Superimposed illustrations of the areas of the changes in sensory experience after subcutaneous injections of (A) granisetron (blue; active test substance), (B) lidocaine (red; positive control substance), and (C) isotonic saline (green; negative control substance) in 18 healthy males. Note that 16 male participants marked out their change in sensory experience after injection of granisetron, while all 18 did so after injection of lidocaine and 14 did so after injection with isotonic saline. These are not missing data, but a sign of no change in sensory experience.





DISCUSSION

In this study, the effect on skin sensitivity by a subcutaneous injection of granisetron was compared to lidocaine and isotonic saline. The main finding was that the effect by granisetron on facial skin sensitivity resembles that of lidocaine. Both substances decreased the sensitivity to mechanical stimuli and increased the sensitivity to heat. The changes in sensitivity were greater for lidocaine, but granisetron showed a somewhat longer duration. Thus, granisetron could therefore be considered a novel candidate for local anesthetics, without the bothersome side effect of traditional local anesthetics, such as lidocaine, in terms of facial distortion, i.e., swelling lasting beyond the duration of the anesthesia.

All substances significantly increased the MDT and HDT, while only lidocaine and granisetron increased the MPS. All substances also induced an area of perceived sensory change over the skin surface with a significant difference between lidocaine and isotonic saline, but not between granisetron and saline or lidocaine. The increase for all outcomes was the greatest for lidocaine and more pronounced for mechanical stimuli than for heat. The increase in MDT for granisetron showed a similar pattern to lidocaine. The effect of lidocaine was expected based on results from numerous previous studies showing a local anesthetic effect by lidocaine (35–37). The increase in HDT regarding lidocaine is further supported by another study using a similar methodology to ours (30) and by recent studies using quantitative sensory testing in the facial area of healthy participants after topical lidocaine application (38, 39). However, although a pain-reducing effect by granisetron has been reported in many previous human studies (10, 12, 40), the finding that granisetron showed a similar effect to lidocaine on skin sensitivity, even if it was less pronounced, is a new and interesting finding. This differs from findings in 5-HT3 knock-out mice, where neither thermal, nor mechanical nociceptive thresholds were affected during physiologic conditions (41). An explanation to the difference could be additional blocking of other receptors and ion channels by granisetron (14–17). The fact that also isotonic saline showed weak effects on skin sensitivity could perhaps be explained by a change of sodium and chloride ions in the tissue that was sufficient to minorly change nerve conduction.

Another interesting finding was that the duration of the reduced skin sensitivity was longer for granisetron than for lidocaine, regarding MDT, MPS, and HDT. For example, the decrease in MPS by lidocaine peaked at 5 min after injection and thereafter rapidly declined and was non-significant already after 20 min. In comparison, after injection of granisetron, the decrease in MPS lasted beyond 20 min. Similar results, with a longer pain-reducing effect by granisetron than lidocaine, have been reported in patients with rheumatic diseases using tropisetron (40). The results are also in accordance with a previous study from our group where granisetron injected into the masseter muscle increased the pressure pain threshold of healthy volunteers (12). One possible explanation to this could be differences in elimination half-times between the substances where granisetron has a half time of ~9 h (42) and lidocaine only 90–110 min (43). Another possible explanation for the longer duration of granisetron than lidocaine can be the effect on 5-HT3-receptors, which reduces 5-HT-enhanced hyperalgesia to thermal stimuli (44). A third possible explanation is that calcium influx by granisetron, which causes longer-lasting phosphorylation of sodium channels promoting further activation (45).

Neither lidocaine nor granisetron significantly affected the CDT. We had expected an effect by lidocaine on CDT since this has been reported before (39). In that study, topical application of lidocaine reduced CDT with 8°C. However, in our study the changes were much smaller for all substances and both lidocaine and granisetron also showed minor changes with time, although not significant. Our findings are also consistent with findings by Krumova et al. where the change in CDT after lidocaine application, even if significant, were small (30). The reason for the diverging results regarding lidocaine could perhaps be methodological differences, such as selected dose and way of distribution. We used a single injection of lidocaine, while in the other studies, lidocaine cream was applied topically for 30 min and 6 h, respectively (30, 39). In contrast, isotonic saline reduced the CDT. This is an intriguing finding, since saline was used as negative control and thus not expected to evoke any changes in the variables. However, the changes of CDT were small for all substances, although the greatest for lidocaine. However, in comparison to isotonic saline, lidocaine showed much greater interindividual variation. Granisetron, on the other hand, showed a similar interindividual variation as isotonic saline and also a trend toward significance. This could therefore be a plausible explanation for the significant effect only for isotonic saline.

All substances had some effect on sensory thresholds and there were no significant differences between the substances at any time point. One explanation for this could be that the subcutaneous bolus of the injected substances increased the tissue pressure to such an extent that that the bolus itself affected nerve signaling (46, 47), which then disguised any difference between substances.

Based on the similarities in local anesthetic effect between granisetron and lidocaine, it is tempting to speculate about the mechanisms. Granisetron has a high affinity to the 5-HT3 receptor, but there are also indications that it blocks, e.g., voltage-gated sodium channels (14–17). Hence, the local anesthetic-like effect by granisetron could be due to a dual blockage of both 5-HT3-receptors and sodium channels. Lidocaine non-selectively blocks sodium channels, but it might be that granisetron in the periphery more selectively blocks sodium channels involved in pain transmission, i.e., Nav 1.8 and Nav 1.9. If so, this could hypothetically explain the lack of paresthesia. However, since the exact function of the different voltage-gated sodium channels is unknown, as well as the mechanisms behind paresthesia after lidocaine injection, these could be possible areas for future research. In addition, there are indications that 5-HT3 antagonists also block other ion channels, such as potassium, calcium, and acid-sensing ion channels (48, 49), so the local anesthetic effect may not be limited to 5-HT3 receptor and sodium channel blocking.


Study Strengths and Limitations

Some study strengths and limitations will be addressed. Firstly, there were two researchers performing the examinations and injections (SAW and TC), which could be considered as a limitation. However, in order to minimize any risk of bias, both investigators were trained by the same researcher (NC) and used the same plastic patch during all sessions to ensure that the injections were placed at the same spot. The bolus of an injected substance could increase the pressure in the tissue and affect the ability to mediate nerve signals (46, 47). Any such effect on the outcome in this study can be ruled out due to the study design since the same volume of all substances was injected and the injections were made in the same site and with the same (subcutaneous) depth. The latter also rules out any potential risk of activation of centrally mediated descending pain inhibitory pathways caused by tissue damage from the needle insertion (50–52), because it requires tissue damage of muscle fascia and tissue (53). Secondly, the present study only included young healthy males, which also could be seen as a limitation since the results cannot be extrapolated to females. Therefore, future studies including both genders are necessary. A third and final limitation was an observed difficulty regarding the methodology. Some of the participants found it difficult to identify the exact transition from non-painful to painful thermal sensation, especially regarding CPT. The consequence was that three of the participants reached the preset minimum temperature (0°C) for all of the three assessments and for all substances without reaching the CPT, why their data could not be included in the statistical analyses. One could argue that this would underpower the study leading to a type II error; however, this was not the case since power was checked for and reached over 90%. On the other hand, there were no significant changes of HPT either, although data were based on all participants. In addition, our results are in line with those of Krumova et al. (30), in which thermal pain thresholds did not even change significantly after application of a lidocaine patch for 6 h in 26 healthy participants. Finally, it would probably not affect the outcome regarding differences between substances.




CONCLUSION

In conclusion, the findings of this study suggest that a subcutaneous injection of granisetron into the facial skin decreases the sensory transmission, mainly concerning the painful mechanical and heat detection stimuli. The analgesic-like effects by granisetron lasted longer than for lidocaine and lacked the bothersome side effects in terms of numbness that outlasts the analgesic effect seen after lidocaine injection. Combined, these results strengthen the role of granisetron as a promising local anesthetic, especially for use in the orofacial area. However, further research with more subjects and with both sexes included is necessary for more profound conclusions.
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Swallow Motor Pattern Is Modulated by Fixed or Stochastic Alterations in Afferent Feedback
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Afferent feedback can appreciably alter the pharyngeal phase of swallow. In order to measure the stability of the swallow motor pattern during several types of alterations in afferent feedback, we assessed swallow during a conventional water challenge in four anesthetized cats, and compared that to swallows induced by fixed (20 Hz) and stochastic (1-20Hz) electrical stimulation applied to the superior laryngeal nerve. The swallow motor patterns were evaluated by electromyographic activity (EMG) of eight muscles, based on their functional significance: laryngeal elevators (mylohyoid, geniohyoid, and thyrohyoid); laryngeal adductor (thyroarytenoid); inferior pharyngeal constrictor (thyropharyngeus); upper esophageal sphincter (cricopharyngeus); and inspiratory activity (parasternal and costal diaphragm). Both the fixed and stochastic electrical stimulation paradigms increased activity of the laryngeal elevators, produced short-term facilitation evidenced by increasing swallow durations over the stimulus period, and conversely inhibited swallow-related diaphragm activity. Both the fixed and stochastic stimulus conditions also increased specific EMG amplitudes, which never occurred with the water challenges. Stochastic stimulation increased swallow excitability, as measured by an increase in the number of swallows produced. Consistent with our previous results, changes in the swallow motor pattern for pairs of muscles were only sometimes correlated with each other. We conclude that alterations in afferent feedback produced particular variations of the swallow motor pattern. We hypothesize that specific SLN feedback might modulate the swallow central pattern generator during aberrant feeding conditions (food/liquid entering the airway), which may protect the airway and serve as potentially important clinical diagnostic indicators.
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INTRODUCTION

During ingestion, the pharyngeal phase of swallow is initiated and regulated by a host of sensory afferents in the oral, pharyngeal, and laryngeal cavities (Pommerenke, 1928; Kahrilas and Logemann, 1993; Ertekin et al., 2000; Hiss et al., 2001; Humbert et al., 2009; Pitts et al., 2013; Spearman et al., 2014; Huff et al., 2018). Changes in temperature, food size and texture, or taste can significantly modulate the swallow motor pattern, and are used by speech-language pathologists as therapeutic options to treat swallowing disorders (dysphagia) (Bushmann et al., 1989; DePippo et al., 1992; Hiss et al., 2001; Kendall, 2002; Butler et al., 2004; Daniels et al., 2004, 2007; Clave et al., 2008; Troche et al., 2008; Humbert et al., 2009; Yamamura et al., 2010). While the clinical literature demonstrating these effects is robust, very little is understood about their mechanism of action. If these mechanisms are elucidated, specific sensory treatment parameters could be optimized for maximal therapeutic effect.

Historically, much of the basic investigation into the swallow pattern generator has been performed under fictive conditions (deafferented and paralyzed) using fixed-frequency electrical stimulation of the superior laryngeal nerve (SLN) (Gia, 1958; Doty, 1968; Miller, 1982; Dick et al., 1993). The SLN branches off the vagus nerve and provides both sensory and motor innervation to the larynx. While its stimulation can readily evoke a series of rhythmic swallows, it also strongly suppresses breathing, and there is limited information about how that pattern compares to a more natural stimulus condition. The key features of the swallow in an experimentally reduced preparation are a burst on the hypoglossal nerve followed by a burst on the vagus nerve (Gestreau et al., 1996, 2000; Roda et al., 2002; Bautista and Dutschmann, 2014; Bautista et al., 2014; Hashimoto et al., 2019). However, natural deglutition is complex and involves variable motor sequences produced by an array of muscles, and also includes inspiratory (e.g., diaphragm) muscle activation (“schluckatmung”) that is thought to produce negative intra-thoracic pressure to aid in propelling the bolus through the esophagus (Pitts et al., 2013, 2015a, 2015b; Spearman et al., 2014). During normal breathing and swallow, laryngeal afferents are stimulated, producing variable sensory frequency patterns with discharge rates from 10 – 184 Hz, which are transmitted by the SLN (Storey, 1968; Bradley et al., 1983). This corresponds to stochastic-like afferent nerve firing discharge which can stimulate multiple behavior responses including apnea, swallow, and cough. Recent work has also demonstrated short-term facilitation of swallow duration (Horton et al., 2018) in response to SLN stimulation, which contrasts with the classical view of swallow as a strictly stereotypical motor event (Miller and Scheeington, 1916; Doty and Bosma, 1956; Doty, 1968; Miller, 1982). Additionally, the SLN carries afferent fibers which, which stimulated, can ultimately evoke laryngeal closure during swallow (Jafari et al., 2003), however this activity is not essential for the onset of the normal swallow sequence (Kitagawa et al., 2002). The vallecular space near the epiglottis is also innervated by SLN afferents (except in humans), and when food/liquid accumulates in this space behind the tongue, reflexive swallow occurs. When swallow is induced by delivering milk to the vallecular space of decerebrate piglets (Thexton et al., 2007, 2009), the motor pattern is modified by the presence of other rhythmic oral movements (suckling). This indicates that afferent feedback from natural stimuli can influence pharyngeal swallow motor pattern, and that this is brainstem-mediated.

Previous work has defined characteristics of swallow motor pattern based on deterministic repetitive SLN stimulation, and suggests that repetitive swallows are produced by changes in excitability of the swallow central pattern generator (CPG) (Jean, 2001). Previous studies have not systematically compared swallows evoked by electrical SLN stimulation to those evoked by a natural stimulus (e.g., water in the oropharynx or vallecula). Thus, it remains uncertain if the repetitive swallow motor patterns produced in response to SLN stimulation are directly comparable to a natural stimulus, or if the addition of variability in the stimulation parameters can be used experimentally to produce motor patterns akin to a natural stimulus. We tested the hypothesis that swallow-related upper airway and inspiratory (diaphragm and parasternal: schluckatmung) muscle activity is modified by use of fixed frequency and stochastic SLN electrical stimulation versus oral water infusion.



MATERIALS AND METHODS

Experiments were performed on four spontaneously breathing adult cats. Ethical approval of the protocol was confirmed by the University of Florida and University of Louisville Institutional Animal Care and Use Committees (IACUCs). The animals were initially anesthetized with sevoflurane (3–5%) via inhalation and then transitioned to sodium pentobarbital (35–40 mg/kg i.v.); supplementary doses were administered as needed (1-3 mg/kg i.v.). A dose of atropine sulfate (0.1–0.2 mg/kg, i.v.) was given at the beginning of the experiment to reduce airway secretions. Cannulas were placed in the femoral artery, femoral vein, and trachea. An esophageal balloon was placed via an oral approach to measure pressure in the mid-thoracic esophagus. Arterial blood pressure and end-tidal CO2 were continuously monitored. Body temperature was monitored and maintained at 37.5 ± 0.5 °C using a pad. Arterial blood samples were periodically removed for blood gas analysis. PO2 was maintained using air mixtures with enriched oxygen (25-60%) to maintain values above 100 mm Hg if needed.

Muscle activity was recorded via electromyography (EMG) using bipolar insulated fine wire electrodes according to the technique of Basmajian and Stecko (1962). Eight muscles were used to evaluate swallow occurrence: mylohyoid, geniohyoid, thyrohyoid, thyropharyngeus, thyroarytenoid, cricopharyngeus, parasternal, and costal diaphragm. These muscles span the actions during the pharyngeal phase of swallow: (a) mylohyoid, geniohyoid and thyrohyoid for hyolaryngeal elevation; (b) thyropharyngeus for inferior pharyngeal constriction; (c) cricopharyngeus for upper esophageal sphincter regulation; (d) thyroarytenoid for laryngeal adduction; and (e) parasternal and costal diaphragm for inspiratory (schluckatmung) activity (Pitts et al., 2013, 2015a,b; Spearman et al., 2014). As in our previous publications, swallow duration was defined as onset of the mylohyoid burst to the end of the thyropharyngeus burst.

Surgical placement of EMGs proceeded as follows: the digastric muscles were blunt dissected away from the surface of the mylohyoid and electrodes were placed medially in the left mylohyoid. A small horizontal incision was made at the rostral end of the right mylohyoid followed by an incision down the midline for approximately 5 mm to reveal the geniohyoid muscle. Electrodes were placed 1 cm from the caudal insertion of the geniohyoid muscle. The thyroarytenoid muscle electrodes were inserted through the cricothyroid window into the anterior portion of the vocal folds, which were visually inspected post-mortem. Minor rotation of the larynx and pharynx counterclockwise revealed the superior laryngeal nerve, which facilitated placement of the thyropharyngeus muscle electrodes. The thyropharyngeus is a fan shaped muscle with the smallest portion attached to the thyroid cartilage; electrodes were placed in the ventral, caudal portion of the muscle overlaying thyroid cartilage within 5 mm of the rostral insertion of the muscle. To place electrodes within the cricopharyngeus muscle, the larynx and pharynx were rotated counterclockwise to reveal the posterior aspect of the larynx. The edge of the cricoid cartilage was located by palpation and electrodes were placed in the cricopharyngeus muscle just cranial to the edge of this structure. Thyrohyoid muscle electrodes were inserted approximately 5 mm rostral to the attachment to the thyroid cartilage; those for the parasternal muscle were placed in the third intercostal space, just adjacent to the sternum, and the costal diaphragm EMGs were placed transcutaneously just under the xiphoid process. The positions of all electrodes were confirmed by visual inspection (following electrode placement and post-mortem) and by EMG activity patterns during breathing and swallow, as we have previously published (Pitts et al., 2013, 2015b, 2018; Spearman et al., 2014).

The right SLN was unilaterally exposed and bipolar hook electrodes were placed on the intact nerve. Voltage thresholds for evoking swallow were determined at the beginning of the experiment using fixed frequency (20 Hz) stimulus, and for the experimental condition the voltage was set at 1.5 times higher than threshold necessary for producing at least one swallow (4.4 ± 0.7 V). Non-deterministic stimulation frequencies were produced by a custom MATLAB (MathWorks; Natick, MA) program that shuffled inter-pulse intervals instantaneously corresponding to 4-40 Hz. Pulse parameters were controlled from a host PC interfaced to a custom electrical stimulator through a commercial interface board (QPID terminal board, Quanser; Markham, ON, Canada).


Conditions

To initiate swallow via water, a bolus of approximately 3 ml was infused into the pharynx via a 1-inch long piece of polyethylene tubing (P.E. 90) (placed rostral to the faucial pillars) attached to 5 ml syringe. All water trials for each animal were performed by the same researcher to maintain stimulus consistency. Fixed frequency electrical stimulation was produced at 20 Hz, while the stochastic condition was produced across the range of 1-40 Hz (median of 20 Hz), each for 20 second series (see Figure 1). All stimuli were presented three times, separated by a minimum inter-stimulus interval of one minute; the presentation was randomized within each animal and across animals.
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FIGURE 1. Example trial of the stochastic electrical stimulation condition illustrating the stimulation artifact and plot of stimulation frequency in Hz. Activity on the thyrohyoid marks the occurrence of the eight swallows. Note the amplitude and duration facilitation on the thyrohyoid EMG and the duration facilitation on the thyroarytenoid EMG. The stimulus artifact is also present on the thyroarytenoid EMG.




Signal Analysis

Raw EMG signals were filtered (200-5000 Hz), rectified, and integrated with time constant of 20 ms. Swallow was identified by sequential bursts of the mylohyoid, geniohyoid, thyrohyoid, thyroarytenoid, and thyropharyngeus as well as a decline in tonic (followed by a burst) EMG activity of the cricopharyngeus (UES). Swallows that could not be differentiated from other behaviors (i.e., licking, cough, laryngeal elevation, laryngeal adductor reflex and aspiration reflex) were excluded from analysis. To avoid analyzing data from spontaneous swallow activity, the EMG activity was included in the analysis if the swallow occurred within 30 seconds of the initial water or within the stimulus duration. Reported maximum EMG values were calculated as a percentage of maximum for each muscle across the experiment for normalization across animals (i.e., the maximum EMG amplitude for each muscle was 100%).



Statistical Analysis

A mean ± standard deviation (SD) was calculated for each measure and animal including all induced swallows, and then averaged for each condition across animals (Table 1). For statistical analysis of group differences by condition, an ANOVA with Fisher’s least significant difference post hoc tests were performed as appropriate (Table 1). To assess short-term facilitation, a repeated-measures ANOVA was performed comparing the first swallow in the series to each subsequent swallow with Fisher’s least significant difference post hoc tests performed as appropriate, similar to procedures performed by Horton and colleagues (2018) (Table 1). A difference was considered significant if the p-value was less or equal to 0.05. To assess relationships between changes in EMG amplitude and duration during swallow, Pearson’s product moment correlations (r) were calculated comparing all amplitude measures across conditions (Table 2).


TABLE 1. Means and standard deviations (SD) for EMG amplitude (% maximum) and total swallow duration changes across the three conditions (ANOVA) and evidence of short-term facilitation (repeated-measures ANOVA).
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TABLE 2. Pearson correlations comparing EMG amplitudes (% maximum) and the total swallow duration (ms).
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RESULTS

All three stimulus conditions produced apnea and repetitive swallows: water (3.2 ± 0.5), fixed frequency (7.5 ± 2.6), and stochastic (9.2 ± 2.5) electrical stimulation. Of note, the stochastic stimulation produced significantly more swallows compared to the fixed frequency stimulation (p = 0.005), due to a difference in time from the initiation of the stimulation to the first swallow [fixed (4.2 ± 0.9 s), stochastic (2.7 ± 0.4 sec; p = 0.01)].

There was a significant effect of condition on the EMG amplitude (percent of maximum) of mylohyoid, geniohyoid, thyrohyoid, thyropharyngeus, parasternal, and costal diaphragm (Table 1). Electrical stimulation (fixed and stochastic) increased the mylohyoid (∼120%), geniohyoid (∼200%), and thyrohyoid (137%) amplitude compared to water (Figures 1–3). Stochastic stimulation also increased thyropharyngeus amplitude by 138% compared to water (Figures 1–3). Conversely, there was significant depression of the costal diaphragm EMG amplitude by electrical stimulation (fixed and stochastic; ∼75%) and of the parasternal by fixed electrical stimulation (41%) compared to water (Table 1 and Figures 2, 3). There was no significant effect of condition on swallow duration (Table 1 and Figure 3).
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FIGURE 2. Representative EMG examples of repetitive swallow during water infusion and with stochastic electrical stimulation of the SLN. This example demonstrates the effect of condition on EMG amplitude with a global increase in mylohyoid, geniohyoid, thyrohyoid and a decrease in the parasternal and costal diaphragm. Additionally, the gray arrows indicate the short-term facilitation across the swallow series on the thyrohyoid and thyropharyngeus. Note the differential response of the geniohyoid and thyrohyoid to the stimulation even though both are innervated by the same nerve. *Labels a laryngeal adductor reflex. All EMGs in this figure have been integrated, and the tonic activity on the thyroarytenoid EMG is stimulus artifact.
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FIGURE 3. (A) Example of changes in the swallow pattern produced by fixed and stochastic frequency stimulation with a water swallow for comparison. There are small changes in EMG initiation with the stimulation conditions. The vertical dotted line marks onset of the relaxation of the upper esophageal sphincter (UES), which allows the bolus to pass into the esophagus. Diaphragm activity (termed “schluckatmung”) is present during the water swallow. Short-term amplitude facilitation from the first to the ninth swallow is seen in EMGs of the mylohyoid with fixed frequency stimulation, and in the thyrohyoid and thyropharyngeus with stochastic stimulation. Artifact is present on EMGs with stimulation. (B) Box plots of swallow durations for bouts of repeated swallows, during different simulation conditions (box heights are standardized across all three conditions). *Represents significance p < 0.05.


There was evidence of short-term facilitation with fixed electrical stimulation (i.e., significant increase in EMG amplitude when compared to the first swallow in the series; see Figure 3 and Table 1) on the mylohyoid (p = 0.01) with significant increases starting at the second swallow (p = 0.004), continuing through the third (p = 0.006), fourth (p = 0.001), and fifth (p = 0.007) in the series (Table 1). During stochastic stimulation there was evidence of short-term facilitation on the thyrohyoid (p = 0.02) starting at the third swallow (p = 0.006), continuing through the fourth (p = 0.002), fifth (p = 0.01) and sixth (p = 0.01); and the thyropharyngeus (p = 0.05) starting at the fourth swallow (p = 0.05), continuing through the fifth (p = 0.008) and sixth (p = 0.02) in the series (Table 1).

For swallow duration there was evidence of short-term facilitation with fixed and stochastic stimulation (Figure 3; Table 1). Significant increases in swallow duration with fixed stimulation (p = 0.005) started at the third swallow (p = 0.02), continuing through the fourth (p = 0.02) and fifth (p = 0.005); stochastic stimulation facilitation (p = 0.03) started at the third swallow (p = 0.001), continuing through the fourth (p = 0.04), fifth (p = 0.04) and sixth (p = 0.01) swallow in the series.

Table 2 is a matrix showing all Pearson Product moment correlations for EMG amplitudes and swallow duration combined across all conditions. This analysis resulted in six moderate correlations: mylohyoid and geniohyoid (r = 0.48); mylohyoid and thyrohyoid (r = 0.54); UES (cricopharyngeus) and parasternal (r = 0.49); UES (cricopharyngeus) and costal diaphragm (r = 0.54); parasternal and costal diaphragm (r = 0.61); and geniohyoid to swallow duration (r = 0.57).



DISCUSSION

Modulation of afferent feedback is an important component in determining the stability of a reflexive motor pattern. This is the first study to demonstrate the differential effects of water infusion vs. electrical stimulation (stochastic or fixed) of the SLN on swallow production. The effects of electrical stimulation included significant increases in upper airway muscle (mylohyoid, geniohyoid, thyrohyoid, and thyropharyngeus) EMG amplitudes, and significant depression of the schluckatmung activity evidenced by the decreases in diaphragm (fixed and stochastic) and parasternal (fixed) EMG amplitudes. Additionally, there is evidence of short-term amplitude facilitation of the mylohyoid with fixed frequency stimulation, and of the thyrohyoid and thyropharyngeus with stochastic frequency stimulation.


Fixed Versus Stochastic Stimulation

Our observations suggest that the stochastic stimulation increased excitability in the swallow CPG as evidenced by a reduction in the time to the first swallow, increases in EMG amplitudes, and an increase in number of swallows produced. Beyak et al. (1997) demonstrated that an increase in fixed stimulation frequency shortened latency and increased swallow number. Our data suggest that adding variance to the electrical stimulation signal works similarly, and maintains the overall stimulation delivered. The variance (i.e., noise) in an electrical signal has been shown to both increase information content of a signal and increase detection of a weak signal in sensory systems (Moss et al., 2004). Potential applications that have been explored could include stabilizing breathing (Paydarfar et al., 1986, 2006) and the suck-swallow patterns (Finan and Barlow, 1998) in pre-term infants, and in decreasing tremor and bradykinesia in parkinsonian patients and rats using deep brain stimulation (Grill et al., 2001; Brocker et al., 2017). Historically, studies in deglutition have used only fixed frequency stimulation between 5 and 30 Hz, with a range of 20–30 Hz optimally evoking rapid continuous swallow with short latencies and low threshold periods (Bieger et al., 1977; Kessler and Jean, 1985; Ezure et al., 1993; Oku et al., 1994; Ootani et al., 1995; Sang and Goyal, 2001; Kitagawa et al., 2009). In the current study, we chose the parameters to stimulate at a 20 Hz fixed frequency or with a stochastic pattern where the average was around 20 Hz using a custom electrical stimulator which appeared to add a sufficient amount of “noise” to the signal without degrading the sensory input.

In clinical dysphagia therapy, surface electrical stimulation (i.e., NMES) uses an 80 Hz fixed frequency (Poorjavad et al., 2014), and has been successful in short term sessions (Humbert et al., 2006; Ludlow et al., 2007), but has been unsuccessful for long term therapeutic uses (Carnaby-Mann and Crary, 2007; Shaw et al., 2007; Bülow et al., 2008; Bogaardt et al., 2009; Christiaanse et al., 2011). While the voltage and intensity of the stimulus have been scrutinized, the frequency parameters have not. We believe that the current study is the first of many that are needed to begin testing and optimizing alterations in stimulation frequency for effective swallow manipulation.



Diaphragm Activity During Swallow

Our recent work has extended the hypothesis that the swallow pattern generator activates motoneuron pools in the spinal cord for contraction of diaphragm and parasternal muscles (Spearman et al., 2014; Pitts et al., 2015a, b). This component of the swallow pattern has been described by research groups since the 1800’s, however, there have been very few studies in the modern era. Rosenthal (1861) was the first to report on the diaphragm contractions during SLN stimulation, and Arloing (1874) was the first to provide substantial evidence that these contractions form an active part of the swallow pattern by creating a negative deflection. The field termed this activity schluckatmung: a German word meaning “swallow-breath”. While this may not be the optimal term to describe this activity, it has continued to be used in the ensuant literature, for example Marckwald (1888) and Bosma (1957), Forester and colleagues (Feroah et al., 2002a, b; Bonis et al., 2011). In recent years, inspiratory motor drive during swallow has been reported in humans (Wilson et al., 1981; Hardemark Cedborg et al., 2009) and animals (Gestreau et al., 1996; Bonis et al., 2011). Previous work by our group showed that parasternal activity could be modulated through varying swallow stimuli, and that mechanical stimulation of the oropharyngeal wall produced parasternal EMG contractions with increased amplitude and duration (Spearman et al., 2014).

Our hypothesis is that breathing and swallow both involve an aspiration pump: they use negative pressure to “suck” air/bolus into the thoracic cavity (swallow also has significant positive pressure from above the bolus). This is consistent with McConnel’s theory of the “hypopharyngeal suction pump” although we hypothesize this pressure is created by inspiratory muscle activation instead of laryngeal elevation (McConnel et al., 1987, 1988a,b,c,d; McConnel, 1988). Our current results demonstrating that electrical SLN stimulation depresses diaphragm activity during swallow reveal why this was previously regarded as a non-existent and/or un-remarkable portion of the swallow pattern, as it would not have been apparent to most investigators using those common experimental conditions. This effect also mirrors what has been observed in the field of respiratory control. Bellingham and colleagues (Bellingham et al., 1989) were the first to demonstrate that SLN stimulation induced central apnea via a chloride-dependent oligo-synaptic pathway which hyperpolarizes phrenic motoneurons. More recently, Pilowsky and colleagues (Sun et al., 2011) demonstrated further effects in the core respiratory CPG by activation of expiratory-decrementing neurons in the ventral respiratory group, which in turn inhibit initiation of inspiration. However, we have demonstrated that using water as a stimulus for swallow can result in swallow occurrence across all phases of respiration (Pitts et al., 2013, 2015b; Spearman et al., 2014). We also previously reported that, in a non-paralyzed freely breathing animal with water as the stimulus, 16 of 18 inspiratory cells in the NTS were active during swallow and 7 of these increased their firing frequency (Pitts et al., 2018). We theorize that, while SLN stimulation does produce repetitive swallow, it may also through a secondary mechanism produce apnea (or inhibition of inspiratory neuronal activity).



Facilitation of Upper Airway Muscles

Short-term plasticity of excitatory synapses has been extensively studied in both invertebrates and vertebrates (Atwood and Karunanithi, 2002; Pan and Zucker, 2009). It is characterized by an enhancement of synaptic transmission after a prolonged period of stimulation, and can affect the function of neural circuitry. Potential mechanisms of short-term synaptic enhancement in swallow were elegantly explained in the recent paper by Horton et al. (2018). They propose that, because of the importance of the nucleus tractus solitarius (NTS) in the swallow motor pathway, several mechanisms could be involved, including glutamatergic axon terminals (Fortin et al., 1992), activation of N-methyl-D-aspartate receptors within the NTS (England et al., 1992), and neurotransmitters such as nicotine (Kalappa et al., 2011), serotonin, and/or glutamate (Bieger, 1981; Hashim and Bieger, 1987). The results from the current study also suggest that facilitation is present or modulated downstream from the NTS. Our selection of EMGs allows analysis of muscles that are innervated by the same cranial nerve(s). For example, geniohyoid and thyrohyoid are both innervated by the hypoglossal nerve via the first cervical root. While both had significant increases in EMG amplitude during SLN stimulation compared to water (geniohyoid by ∼200% and thyrohyoid by 137%), the thyrohyoid also demonstrated short-term facilitation throughout the swallow series during variable stimulation (Figure 1). Of all the upper airway muscles measured, geniohyoid showed the greatest change in amplitude with SLN stimulation. Interestingly, in the decerebrate pig studies, geniohyoid was the only muscle that showed consistent modulation during swallow in the presence vs absence of natural background rhythmic oral feeding movements (Thexton et al., 2007, 2009).

Along with Horton et al. (2018), our current results contradict the classic view that SLN stimulus-induced swallows have a strictly stereotypical motor action, and instead suggest that swallow is strongly shaped by frequency and location-dependent afferent information. Many modern studies also report significant variance in swallow amplitude. Doty and Bosma (1956), observed intra-muscle and inter-animal electromyography (EMG) variability with swallow evoked by mechanical or electrical stimulation in dogs, cats, and monkeys. Although not directly indicated, irregular EMG activity was also reported in certain muscles when attempts were made to alter the temporal pattern of swallow (e.g., fixing hyoid, applying lingual traction, opening mouth, etc.). Studies by Thexton et al. (2007, 2009) demonstrated that contractions of certain swallow muscles are prone to increased variability due to the diversity of fiber types and the multiple functions they serve throughout different phases of swallow, and that a “switch” between activation of fiber types/functions can be provoked by a change in stimulus condition. In light of these findings, interpretation of swallow data obtained under SLN electrical stimulation conditions may need to be re-examined.

While electrical SLN stimulation does trigger swallow, those swallows are highly modified compared to those of a naturally induced behavior. From a clinical perspective, stimulation of the larynx is aberrant, as it would occur if food or liquid had entered the airway. Thus, the depression of diaphragm activity and increase in the upper airway muscle activation that we observed during SLN stimulation may act as protective mechanisms that would reduce negative pressure on the bolus, increase pharyngeal clearance, and therefore decrease further aspiration risk. This is important for interpretation of studies on swallow using reduced animal preparations.



Limitations of the Experimental Design

The greatest limitation of the experimental design was the use of anesthesia, and the consequent potential suppression of airway reflexes. This was chosen because, in anesthetized animals, continuous SLN stimulation inhibits breathing (Donnelly and Haddad, 1986). Our choice of experimental preparation allowed for a train of swallows to be produced without potential interference from the breathing central pattern generator. Although it is clear that conditional modulation of the swallow motor pattern is possible in decorticate animals (Thexton et al., 2007, 2009), the current results cannot be directly extrapolated to swallow function in awake animals, because anesthesia reduces cortical function. Additionally, we did not direct record from any muscles which are innervated by the hypoglossal motor nucleus, because the geniohyoid is innervated via a cervical root. While we do see pre-swallow oral behaviors in response to water infusion, we did not observe such behaviors with electrical SLN stimulation, and do not know how they would have influenced swallow under those conditions.



CONCLUSION

Electrical stimulation of the SLN produces trains of swallows with evidence of short-term facilitation of specific EMG amplitudes and swallow duration. When compared to the fixed frequency stimulus, stochastic stimulation increased the excitability of the swallow pattern generator without changing overall current delivered. SLN stimulation significantly depressed diaphragm and parasternal (inspiratory muscles) activity during swallow, implicating involvement of spinal pathways.
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The human masticatory system is a complex functional unit characterized by a multitude of skeletal components, muscles, soft tissues, and teeth. Muscle activation dynamics cannot be directly measured on live human subjects due to ethical, safety, and accessibility limitations. Therefore, estimation of muscle activations and their resultant forces is a longstanding and active area of research. Reinforcement learning (RL) is an adaptive learning strategy which is inspired by the behavioral psychology and enables an agent to learn the dynamics of an unknown system via policy-driven explorations. The RL framework is a well-formulated closed-loop system where high capacity neural networks are trained with the feedback mechanism of rewards to learn relatively complex actuation patterns. In this work, we are building on a deep RL algorithm, known as the Soft Actor-Critic, to learn the inverse dynamics of a simulated masticatory system, i.e., learn the activation patterns that drive the jaw to its desired location. The outcome of the proposed training procedure is a parametric neural model which acts as the brain of the biomechanical system. We demonstrate the model's ability to navigate the feasible three-dimensional (3D) envelope of motion with sub-millimeter accuracies. We also introduce a performance analysis platform consisting of a set of quantitative metrics to assess the functionalities of a given simulated masticatory system. This platform assesses the range of motion, metabolic efficiency, the agility of motion, the symmetry of activations, and the accuracy of reaching the desired target positions. We demonstrate how the model learns more metabolically efficient policies by integrating a force regularization term in the RL reward. We also demonstrate the inverse correlation between the metabolic efficiency of the models and their agility and range of motion. The presented masticatory model and the proposed RL training mechanism are valuable tools for the analysis of mastication and other biomechanical systems. We see this framework's potential in facilitating the functional analyses aspects of surgical treatment planning and predicting the rehabilitation performance in post-operative subjects.

Keywords: mastication modeling, reinforcement learning, soft actor-critic, inverse dynamics, jaw, motor control, musculoskeletal modeling, computational biomechanics


1. INTRODUCTION

The stomatognathic or masticatory system is one of the most complex functional units in the human body. It is characterized by a multitude of skeletal components, teeth, soft tissues, muscles, tendons, ligaments, and fibrous disks. The mandible is at the heart of this complex and is connected to the skull via the mandibular condyles. The condyles of the mandible are located inside the glenoid fossa of the temporal bone and the collective of them forms the temporomandibular joint (TMJ), hence the name. The TMJ is a ginglymoarthrodial joint and enables the mandible to exhibit rotational and translational movements constrained by the passive tensions of the ligaments, muscles, and other passive factors (Gallo et al., 2000). Two TMJs form a functional masticatory system which enables the mandible to rotate and translate with six degrees of freedom across its limited domain of motion (Drake et al., 2014). The TMJs are among the most utilized joints in the human body and play an essential role in chewing and speaking functions.

During mastication, like any other biomechanical routine, a set of time-varying neural and muscular activations work in unison to enable kinematics. Motor control is a highly complex process that involves the nervous and musculoskeletal systems. The peripheral neurons innervate the muscles. Upon excitation of the neural pathways, the skeletal muscles are activated which generate forces to actuate the joints. Neural excitation patterns and, in turn, the muscle activation trajectories are often unknown.

An electromyograph is a highly sensitive voltmeter that detects the electric potential from the transmembrane current of the muscle fibers and a common research tool in many disciplines. The intramuscular electromyography examination (iEMG), which requires placement of small needles into several muscles to record their electrical activity, is an invasive procedure and is known to cause discomfort for the subject. If a robust electrode contact with the skin is feasible, electrical activities of shallow muscles can be, to some extent, captured via the non-invasive and convenient method of surface EMG (sEMG). However, sEMG suffers from a higher rate of crosstalk, i.e., misleading signals coming from adjacent muscles (Farina et al., 2004). Clearly, not every muscle is accessible for neither sEMG nor iEMG examination. Moreover, there are many concerns regarding the applicability, reliability, sensitivity, and reproducibility of EMG measurements (Vigotsky et al., 2018). Different segments of the same muscle do not generate consistent electrical signals (Ahamed et al., 2014), and the relationship between the recorded EMG signals and the generated muscle forces is deemed complex (Al Harrach et al., 2017). Due to the safety, ethical, and technical limitations of in vivo studies and limited accessibility to deep muscles and peripheral neurons, muscle dynamics cannot be directly measured on live human subjects. Therefore, the estimation of muscle activations and the resultant forces is a longstanding and active area of research. Computational biomechanics is considered, to a limited extent, as one of the few possibilities to understand the neural and muscular activation patterns of humans (Erdemir et al., 2007).

Building controllers for musculoskeletal systems is a challenging task as they are inherently underdetermined due to the disparity between the degrees of freedom of the rigid bodies and the number of skeletal muscles (Lee et al., 2014). The masticatory system is also shown, in theory, to be mechanically redundant; therefore, multiple muscle activation patterns can generate similar motion trajectories and bite forces (Osborn, 1996). This redundancy often results in non-unique solutions for the inverse dynamics problem. In computational modeling and computer animation, the joint torques and muscle excitations are estimated so that the model follows a given motion trajectory while, possibly, considering external forces. In the prior works, the inverse dynamics challenge has been tackled with numerical solvers which have either a static or dynamic viewpoint to the optimization problem.

In the static approach, the problem is solved for each timestep with the most likely set of activations which drive the model closer to the desired trajectory (Otten, 2003). Static optimization has been a popular choice in biomechanics thanks to its simplicity (Seireg and Arvikar, 1975; Pedersen et al., 1997; Thelen et al., 2003). The low computational costs of static solvers have extended their application to complex three-dimensional many-muscle models (Lee et al., 2014). However, this formulation is sensitive to the given trajectory and often results in non-smooth outcomes. An extension to the static optimization is the forward-dynamics assisted tracking where consecutive steps are collectively considered for temporal consistency. This allows for the inclusion of muscle contraction dynamics as a regularization factor to reduce sensitivity to the input kinematics (Erdemir et al., 2007). Dynamic optimization stands on the other end of the spectrum and considers muscle forces, among other performance criteria, as time-dependent variables. It optimizes an integral cost function to address a subset of the mentioned challenges (Anderson and Pandy, 1999, 2001). Even though inverse dynamic solvers are fairly straightforward, they have certain limitations including the inconsistencies between the measured external forces and the body kinematics (Faber et al., 2018), the need to solve complex differential equations, and many more (Kuo, 1998; Hatze, 2002; Fluit et al., 2014). When it comes to choosing solvers, there is always the trade-off between the accuracy and the computational cost. More importantly, any inverse dynamics solution inherently relies on the availability of motion trajectories as inputs; however, kinematics are not often easy to obtain from human and animal subjects and are susceptible to the sensor noise.

Reinforcement learning (RL) is an adaptive control strategy inspired by behavioral psychology where organisms' actions are encouraged or averted through antecedent stimuli. The RL paradigm is very similar to the habit development processes in the basal ganglia of the brain and it is suggested that understanding the RL-based control strategies is helpful in the analysis of human behavior (Yin and Knowlton, 2006). With the rise of deep learning and its integration into the RL framework, unprecedented solutions for control and decision making problems were introduced (Mnih et al., 2013). A deep reinforcement learning (Deep RL) solution is essentially a well-formulated closed-loop system where high capacity neural networks are trained with the feedback mechanism of rewards to learn relatively complex actuation patterns. RL solutions are shown to scale well to high-dimensional state and action spaces for biomechanical control (Abdi et al., 2019a).

The main challenge when using RL solutions for motor control is to design a training algorithm, without much knowledge of the systems' dynamics, which teaches the agent to carry out complex musculoskeletal tasks and maximize a delayed reward signal. In computer graphics, where models are not muscle driven and their validity is not an issue, RL is used to teach agents to mimic locomotion tasks (Peng et al., 2018). In biomechanics, some RL-based solutions have been introduced for the motor control tasks either via muscle activations (Abdi et al., 2019b) or joint activations (Clegg et al., 2018). In human locomotion, most works have focused on arm movement (Golkhou et al., 2005; Jagodnik et al., 2016) and gait control (Peng et al., 2017; Kidziński et al., 2018; Jiang et al., 2019). Recent interdisciplinary collaborations have helped to bridge the gap between reinforcement learning and motor control in biomechanics using the OpenSim and ArtiSynth modeling environments (Kidziński et al., 2018; Abdi et al., 2019a). These efforts gained more traction after the “learning to run” challenge of NeurIPS 2017 where variants of the policy gradient family of controllers were implemented to generate gait patterns (Kidziński et al., 2018).

In this work, we are demonstrating our deep reinforcement learning approach toward learning the neural excitation patterns of mastication. We implemented the Soft Actor-Critic (SAC) reinforcement learning algorithm with a domain-engineered reward function to teach the RL policy how to move the jaw in its 3D Posselt envelope of motion. To address the underdetermined nature of the system, we encourage the agent to minimize the generated muscle forces to reduce the metabolic energy expenditure. The outcome of the proposed training process is a parametric model that acts as the brain of the biomechanical system. Our contributions are 4-fold. Firstly, we design a physiologically accurate jaw model, based on the works of Sagl et al. (2019b), with a new take on the TMJ modeling suited for the computationally demanding training process of reinforcement learning. Secondly, we demonstrate the feasibility of training a neural network to estimate the efficient excitation patterns to drive the jaw model in its domain of motion. Thirdly, we conduct experiments to show the sensitivity of the model to the coefficients of the reward function. We also demonstrate how the model's neural excitations match the expected physiological patterns during standard jaw movements. Lastly, we introduce an analytical framework consisting of a set of quantitative metrics to assess the functional performance of a given masticatory system and report on the performance of different models.



2. MATERIALS AND METHODS


2.1. Data Acquisition

The biomechanical model used in this study is constructed based on the clinical data of a healthy male 30-years-old volunteer at the Medical University of Vienna. A single full-skull CT scan was acquired from the participant in the closed-mouth position to model the bony structures (Siemens Sensation 4). The in-slice resolution of the scan was 0.3 × 0.3 mm with a slice thickness of 0.5 mm. A full-skull 3D MRI scan was also acquired to model the origin and insertion points of the masticatory muscles (Siemens Magnetom Prisma 3T with a 64-channel head coil). A coronal Double Echo Steady State T1-weighted sequence with water excitation was used for image acquisition, covering the maxillofacial region down to the shoulders. The resolution of the MRI scan was 0.3 × 0.3 mm with a slice thickness of 0.5 mm. Further details of the data acquisition process are discussed in a prior publication of our team (Sagl et al., 2019a).

Given the central role that teeth play in the masticatory system, and in order to obtain high-resolution dental surfaces, physical plaster models (dental casts) of the subject's dentition were created with Gypsum Stone IV. The dental casts were then digitized with an optical scanner (Ceramill map 400) with 3D accuracy of smaller than 20 μm. The dental segment of the upper and lower jaws obtained from the CT scan was then replaced with the high-resolution 3D optical scans of the dentitions.



2.2. Modeling

We used the open-source mechanical modeling platform, ArtiSynth1, to implement the 3D biomechanical model of the subject. The model used in this study is based on the validated model of Sagl et al. (2019b), with some alterations in the TMJs and the occlusal surfaces to lower the computational cost. This model consists of three rigid bodies: jaw, skull, and the hyoid bone. To speed up the training, the model is simplified with the fixed hyoid bone assumption. To make up for the loss in the range of mouth opening, the hyoid bone is moved about 10 mm inferoposteriorly according to the values reported by Muto and Kanazawa (1994). The forward simulation steps are computed with the semi-implicit backward Euler method. For stability reasons, small timesteps of 0.001 s are used by the integrator across experiments.

Teeth are assumed to be rigidly attached to the mandible and the collective of them is referred to as the jaw rigid body with an estimated mass of 200 g (Langenbach and Hannam, 1999). The moment of inertia of the jaw is calculated based on its 3D geometry with the uniform density assumption.


2.2.1. Masticatory Muscles

Muscles are modeled as point-to-point Hill-type springs which provide a practical formulation of the muscle contraction mechanism (Hill, 1953). Considering the challenges with the estimation of tissue's biomechanical properties (Blümel et al., 2012), here, muscles' cross-sectional areas, length-tension function, and velocity-tension function are based on the parameters reported in the literature (Langenbach and Hannam, 1999; Peck et al., 2000; Hannam et al., 2008). Each modeled point-to-point muscle resembles a spring that only applies forces along its main axis. While we acknowledge the over-simplifying assumptions with the Hill-type point-to-point muscles, the designed model competes with other masticatory models in complexity, details, and biomechanically relevant intricacies (Koolstra and van Eijden, 2005; Choy et al., 2017).

Large muscles (e.g., temporalis) and those with multiple heads (e.g., masseter and lateral pterygoid) are modeled with multiple actuators. One exciter is assigned to each point-to-point actuator. An exciter is the counterpart of the motor axons that innervate the skeletal muscle. In response to the neural excitation, the muscle contracts according to the Hill-type model's function along the muscle compartment's longitudinal axis. This process is referred to as the excitation-contraction coupling. All neural excitations are parameterized as the normalized ratios of their maximal activation in the 0 to 1 range.

The modeled masticatory system has 24 actuators and 24 associated exciters (12 on each side) associated with the following muscles: temporalis (3 actuators), lateral pterygoid (2 actuators), masseter (2 actuators), medial pterygoid, anterior digastric, geniohyoid, and mylohyoid (2 actuators on each side). All exciters are assumed to be disjoint, allowing for any excitation pattern to be deemed feasible. The muscle bundles and their exciters are demonstrated in Figures 1A,B.


[image: Figure 1]
FIGURE 1. The masticatory model. (A) Posterior view of the jaw and the masticatory muscles of the left (L) and right (R) side: anterior belly of digastric (LAD, RAD), posterior mylohyoid fibers (LPM, RPM), anterior mylohyoid fibers (LAM, RAM), geniohyoid (LGH, RGH), medial pterygoid (LMP, RMP), superior head of lateral pterygoid (LSLP, RSLP), and inferior head of lateral pterygoid (LILP, RILP). (B) Lateral view of the model and the masticatory muscles: posterior, middle, and anterior fibers of the right temporalis (RPT, RMT, RAT), superficial and deep heads of the right masseter (RSM, RDM). (C) The temporomandibular ligaments of the condylar capsule, and other connective tissues contributing to passive retraction of the condyle, are modeled with a multi-point spring which is directly attached to the medial and lateral ends of the condyle.




2.2.2. Temporomandibular Joint

The 3D shape of the condyles and the mandibular fossae (glenoid fossae) are obtained from the CT scan. Given the high computational cost of finite element methods, and in order to speed up the computationally demanding process of reinforcement training, the condylar disks are excluded from the current jaw model. The forward and downward movement of the condyle is guided by a curved bilateral planar constraint mimicking the articular eminence's role during jaw opening. In absence of the condylar disc, and following the original design (Sagl et al., 2019b), the articular cartilage is modeled as an elastic foundation contact model with a thickness of 0.45 mm (Hansson et al., 1977). Based on the available literature, the Young's modulus and Poisson ratio of the elastic foundation are set to 2.7 MPa and 0.49, respectively (Koolstra and van Eijden, 2005). For a fast and stable simulation, the elastic foundation is computed with the constraint regularization method of Servin et al. (2006).

The retrodiscal tissues, superior retrodiscal lamina, and the temporomandibular ligaments of the condylar capsule are modeled with a multi-point spring. This multi-point spring resembles a passive ligament which is wrapped around the condyle and connects its medial and lateral ends to the back of the mandibular fossa and the tympanic plate (Figure 1C). The ligaments grant passive stability to the TMJ. They are designed with a slack length of 7.5 mm longer than the closed jaw position. The Young's modulus of the ligaments is set to 2.45 MPa based on the recent work of Coombs et al. (2017) on the retrodiscal tissue. This design constrains the motion of the condyles inside the mandibular fossae, counters the forward pull of the superior head of the lateral pterygoid, and facilitates the posterior rotation of the condylar neck during jaw closure. It also allows the condyle to slightly reach beyond the summit of the articular eminence at its full stretch during mouth opening which matches that of a healthy subject (Muto et al., 1994).




2.3. 3D Envelope of Motion

The 3D envelope of motion was estimated through manual activation of the masticatory muscles in the simulation environment. To calculate the 3D envelope of the current model, a trained dentist used the graphical user interface of the simulation environment to set the excitation levels of the masticatory muscles and drive the jaw to the extremities. The excitations were slowly updated to move the jaw from one end-point to another and the 3D position of the lower mid-incisal point was tracked in between the boundary end-points.

The end-points of the envelope were decided based on the works of Posselt (1952) and Koolstra et al. (2001). The following jaw positions were used to form the 3D envelope of motion: maximum intercuspal position (ICP), edge-to-edge (E), maximum protrusion (PR), maximum left and right laterotrusion (LL and RL), retruded contact position (RCP), end of the pure rotational opening (R), and maximum mouth opening (MO). The trajectories of the boundary movements of the lower mid-incisal point are visualized in Figure 2.


[image: Figure 2]
FIGURE 2. The 3D envelope of motion of the lower mid-incisal point. The end-points of the envelope include: maximum protrusion (PR), edge-to-edge (E), maximum intercuspation position (ICP), retruded contact position (RCP), end of pure rotational opening (R), maximum mouth opening (MO), maximum left laterotrusion (LL), and maximum right laterotrusion (RP).


The 3D envelope of motion is important for this research in three capacities. Firstly, the fact that the simulated 3D envelope of motion resembles that of Posselt's attests the validity of the designed jaw model for the current application. Secondly, it defines the feasible space of motion for the jaw which is necessary for the RL training of the model. Lastly, it defines the optimum motion domain of the non-pathological jaw which acts as a reference for further evaluation of the learned control policies (see section 4).




3. MOTOR CONTROL WITH SOFT ACTOR-CRITIC

In reinforcement learning, we often seek to train a policy, π, which maximizes the expected sum of the future rewards (J). A policy is simply a mapping from the state space to the action space, i.e., it tells the agent what to do at each situation. This is analogous to the brain's functionality in live subjects. The policy can be a deterministic mapping function or a probabilistic distribution over the possible set of actions. The optimal policy (π*) is the one that achieves the maximum rewards and is defined as

[image: image]

[image: image]

where at and st denote the action and the state at time t, respectively. In the jaw model, actions are the changes in the neural excitations. Here, γ is the factor that discounts the value of future rewards, i.e., near future rewards are worth more than far future rewards. As mentioned earlier, J(π) is the expected sum of future rewards for the policy π, and r(.) is the reward function that determines the bonus or penalty associated with actions and state-transitions. The reward function to train the motor control of the jaw model is discussed in section 3.2.

The state-transitions (dynamics model), reward function, and the optimum trajectory to the desired goal are all unknown to the agent in the beginning. It is then the agent's responsibility to interact with the environment and gather information. In reinforcement learning, the agent switches between two strategies to learn about its space, namely, exploration and exploitation. When the agent keeps on pursuing what he believes to be the optimum solution, it is exploiting its learned policy. On the other hand, exploration is when the agent decides to try something new which is not in line with its learned policy. An RL algorithm should maintain a balance between its exploration and exploitation strategies for efficient training.

Different RL algorithms have different takes on how to search for the optimum policy. The Soft Actor-Critic (SAC) algorithm belongs to the family of model-free reinforcement learning. It is an off-policy solution that forms a bridge between stochastic policy optimization and deterministic policy gradient algorithms (Haarnoja et al., 2018a,b). Unlike its many alternatives, SAC is considered to be relatively insensitive to its hyper-parameters which makes it an intriguing option for our current biomechanical modeling setting.

The SAC algorithm contains an entropy term to improve the agent's exploration. The agent is rewarded with respect to the entropy ([image: image]) of its learned policy which discourages a premature convergence to sub-optimal deterministic policies (Mnih et al., 2016). The agent is rewarded for randomness (higher entropy) which is also a popular phenomenon in nature (Eysenbach and Levine, 2019). The higher entropy results in more exploration of the environment. It also works as a regularizer that stabilizes the training and is shown to accelerate learning. The SAC formulation for the optimal policy can be summarized as

[image: image]

[image: image]

which is similar to Equation (2), except for the added entropy term. Here, α is the temperature parameter that determines the relative strength of the entropy regularization term.

In our implementation of the deep SAC algorithm, two parametric models are trained simultaneously, each parameterized by a neural network: the policy function (π) and the action-value function (Q), parameterized by ϕ and θ, respectively. The policy function is the actor (brain) and the action-value function (Q) is its critic with the entropy softening the expectations, hence the name SAC. During training, at each simulation timestep t, the actor receives the current state of the environment st, processes it and takes the action at according to its parametric policy πϕ. As a result of this action, the agent will end up in the new state st+1.

In the biomechanical model of the jaw, the state is formed of the current and the desired orientation of the jaw as well as the excitation levels of all the masticatory muscles. Given the constrained motion of the jaw, its orientation is abstracted as the position of the mid-incisal point. The muscle excitations are normalized to the [0−1] range. During training, the history of interactions with the environment are stored in a random access memory ([image: image]), known as the replay buffer. Each sample in the replay buffer, (st, at, st+1, rt), is a tuple of the current state, executed action, next state, and the reward associated with the transition. The buffer allows for a higher sample efficiency as each sample can contribute to the training of the Q and π networks multiple times (Lin, 1992; Mnih et al., 2013).

The action-value function, Qθ(st, at), is the expected reward if, at timestep t, the agent takes the action at at the state st, and then continues acting according to the learned policy. In other words, the Q-function estimates the value of an action at a given state based on its prospective rewards. Due to the co-dependency of neighboring states, the Q-function of SAC can be computed recursively with the modified Bellman operator (Lagoudakis and Parr, 2003) as
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Here, V(.) is the regularized (soft) state-value function which is simply called the value function. The value function is the expected future reward of a state. In the SAC formulation, this is equal to the value of a state and the expected entropy of the state. In the context of masticatory motor control, the value function roughly indicates how likely it is for the agent to reach its desired position and achieve high rewards if it started from the current jaw orientation and followed its learned policy. Substituting V(.) into Equation (5) would result in the recursive Bellman equation for the Q-function. While it is possible to learn the state-value function separately using a neural network with independent parameters, in our formulation, the value function is estimated based on the Q-function defined in Equation (5).

As discussed earlier, all neural networks are trained based on the randomly drawn samples from the replay buffer ([image: image]). The parameters of the Q-function are updated with the stochastic gradient descent toward minimizing the mean squared error between the estimated Q values, calculated by the Qθ function as Qθ(st, at), and the assumed ground-truth Q value. The assumed ground-truth Q values are estimated based on the current reward (rt) and the discounted future reward of the next state (γVθ(st+1)). Accordingly, the mean squared error objective function of the Qθ network can be summarized as:

[image: image]

In Equation (6), and, consequently, in the nested expectation on the right-hand side of Equation (7), the parameters of the networks are denoted as [image: image]. This change in notation is to highlight a stabilizing practice where the critic is modeled with two neural networks with the exact same architecture but independent parameters (Mnih et al., 2015). The secondary network, referred to as the target network and denoted as [image: image], is the one that is used to calculate the assumed ground-truth value of the next state in Equations (6) and (7). The parameters of the target critic network ([image: image]) are iteratively updated with the exponential moving average of the parameters of the main critic network (Qθ). This constrains the parameters of the target network to update at a slower pace toward the parameters of the main critic, which has shown to stabilize the training. It also transforms the ill-posed problem of learning the Q-function through bootstrapping (learning estimates from estimates) into a supervised learning problem that can be solved via the gradient descent optimization (Lillicrap et al., 2016).

Another enhancement which played a substantial role in the success of the current motor control solution is the double Q-learning (Hasselt, 2010; Van Hasselt et al., 2016). In this approach, two Q networks for both of the main and the target critic functions are maintained. When estimating the current Q values or the discounted future rewards, the minimum of the outputs of the two Q networks is used:

[image: image]

This approach prohibits the estimated Q values to grow too large and is found to speed up the training and help achieve higher performing policies (Haarnoja et al., 2018a).

As for the optimal policy (Equation 3), the parameters of πϕ is updated to maximize the expected future return as well as the expected entropy. If the Q-function (critic) is assumed to be telling the truth, finding the optimal policy is the same as maximizing [image: image]. This can be expanded, based on Equation (6), as follows

[image: image]

The objective is optimized using the stochastic gradient ascent based on the random samples drawn from the replay buffer ([image: image]).


3.1. Neural Architectures and Space Definitions

The two functions, Qθ and πϕ, are parameterized with neural networks. In all our experiments, the Q-network is designed as a 3-layer fully-connected (dense) neural architecture (multi-layer perceptron with two hidden layers) with Rectifier Linear Unit (ReLU) activations after the first two layers. As shown in Figure 3, the sizes of the middle (hidden) layers are set to 256. The Qθ network estimates the action-value function denoted as Q(s, a); therefore, its input size is the sum of the dimensionalities of the action space and the state space and its output size is 1.


[image: Figure 3]
FIGURE 3. Definition of state and action spaces and the architectures of the neural networks. The action is defined as the increase/decrease in the excitation levels of the muscles. The state is formed of the current and the desired positions of the jaw as well as the current excitation levels of all the masticatory muscles. During training, the policy network (πϕ) predicts the parameters of the Gaussian distribution, [image: image]. The action is then randomly sampled from this distribution with the reparameterization trick. During testing, the action is deterministically chosen as the mode of the distribution. During training, the action-value network (Qθ) predicts the value of a given action-state tuple (s, a), which form the components of the objective function (see Equations 7 and 9).


The jaw model is formed of 24 masticatory muscles, hence, the action size of 24. In this context, an action is a command sent to the simulation environment to increase or decrease the excitations of a subset of muscles. Change in each muscle's excitation level is capped to the maximum 10% of its excitation range. The jaw orientation is abstracted and approximately represented as the 3D position of the mid-incisal point. The state of the RL agent is then defined as the union of the current neural excitations for the muscles (24 values), the orientation (3 values) and velocity (3 values) of the jaw, and its desired orientation (3 values). Therefore, the size of the state space sums up to 33. In our experiments, the velocity of the desired mid-incisal point is always zero, i.e., the model is trained to reach a static target state.

The policy network is a probability density function estimator that predicts the distribution of actions conditioned on the state. The policy network is formed of two linear hidden layers of size 256, each followed by a ReLU activation function. In our design, we are assuming the policy to have a Gaussian distribution. Therefore, the last layer of the policy network is formed of two parallel linear layers which encode the mean and standard deviation of the [image: image] distribution, respectively (Figure 3). During training, the estimated distribution is sampled with the reparameterization trick for the sampling to be differentiable (Kingma and Welling, 2014). During inference (testing), the mode of the distribution is used for the optimal action selection.



3.2. Reward Function

At each timestep, the agent receives a reward value from the environment based on the executed action and its state transition from st to st+1. The success of an RL experiment heavily relies on the design of the reward function. Reward functions are counterparts to the objective functions (loss functions) in the optimization domain; however, in the realm of RL, the agents are trained to maximize the expectation of future rewards. The reward function used in this study is formed of three terms, each of which encourages the agent to pursue a certain goal. If the current position of the mid-incisal point is denoted as Pt, and its desired position as [image: image], the designed reward function can be formulated as:

[image: image]

where [image: image] is the second norm of the vector, i.e., the Euclidean distance (in millimeters) of the current mid-incisal point to its desired location. The first term incentivizes the policy (brain) to drive the jaw toward its desired location. The logarithmic nature of this term mitigates the destructive growth of the penalty when the jaw is far away from its deemed target. On the other hand, when the jaw gets to the sub-millimeter distance of the target, the agent is highly positively rewarded. The ϵ value is to avoid the infinite reward in cases where P exactly resides at [image: image]. In the second term, f is the vector of the muscle tensions. The second term acts as a regularizer which minimizes the energy expenditure of the collective of the masticatory muscles. In the third term, el and er are the neural excitations of the left and right side muscles, respectively. Accordingly, the third term calculates the first norm of the differences between the bilateral muscle pairs; thus, it is the non-symmetric penalty that punishes the action if the bilateral muscle pairs are not similarly activated. Finally, wu, wr, and ws are coefficients that determine the relative weights of the target reaching, the force regularization, and the symmetry terms.



3.3. Training Details

The training process is partitioned into independent episodes. At each episode of training, the desired position of the mid-incisal point is randomly chosen from within the 3D envelope of motion (see section 2.3). The random target positioning alternates between two approaches. In 50% of the episodes, the target's position is set as the weighted linear combination of all of the envelope's end-points (Figure 2). The weights of this linear equation are randomly drawn for each episode. In the other 50% of episodes, two of the eight envelope end-points are randomly selected with replacement and the target's position is set as a random linear combination of the two points. This strategy asserts that the boundaries of the envelope are included in the training for the agent to learn the entire domain of motion. Moreover, since the end-point selection is done with replacement, in 0.5 × 0.125 = 6.25% of the episodes the desired jaw position is one of the end-points with the same point chosen in the random selection.

The training can continue for tens of thousands of episodes until no further improvement is noticed in the optimization of the objective functions. An episode runs for a maximum of T steps during which the agent interacts with the environment according to its learned policy. An episode ends with the jaw reaching the 100 μm proximity of the desired position or with the agent running out of its maximum T allowed steps for the episode.

The parameters of the neural networks are primarily initiated to random values based on the Xavier initialization function (Glorot and Bengio, 2010). Consequently, the agent will start by randomly exploring the space. As the agent interacts with the environment, it collects experiences that eventually get stored in the replay buffer. The weights of Qθ and the πϕ functions are updated at each timestep based on a batch of 256 samples randomly drawn from the replay buffer. As a result, the algorithm alternates between experiencing (filling the replay buffer) and updating the parameters of the Qθ and πϕ networks based on the randomly drawn buffer samples. The parameters of the networks are updated to minimize their respective objective functions (Equations 7 and 9). At the end of each timestep, the parameters of the target critic network, [image: image], are updated as the exponential moving average of the parameters of the Qθ network based on the target smoothing coefficient τ.

In all of the experiments, the learning rate starts at 0.001 and gradually decreased to 0.0004 at an exponential decay rate of 0.999995. The α value of the SAC algorithm and the reward discount value (γ) are consistently set to 0.3 and 0.99, respectively. The capacity of the replay buffer is generously set to include 1 million samples. The coefficient of the target reaching term, wu, is not updated in between experiments, instead wr and ws are tuned. The target smoothing coefficient (τ) is set to 0.005. The maximum number of steps in an episode (T) was set to 100.

The training is continued until the objective functions of the actor and the critic converge to a steady-state and stop improving. In our experiments, and with the non-distributed implementation of the training procedure, it took an RL model a few days up to a week to converge. During this time period, the agent went through 10–30k episodes of training, equal to 2–4 million interactions with the environment.

The SAC learning algorithm and the training procedure were implemented in Python and used the ArtiSynth-RL plugin to interact with the ArtiSynth modeling environment (Abdi et al., 2019a). Our implementations of the jaw model and the training algorithm along with the scripts to reproduce the experiments are open-sourced at https://github.com/amir-abdi/artisynth-rl.




4. PERFORMANCE ANALYSIS OF MASTICATION

The performance of mastication can be quantified based on the chewing rhythm, velocity, range of mandible displacements, and the masticatory forces (Xu et al., 2008). The chewing process can be divided into cyclic jaw movements or gape cycles which can be measured through lateral and vertical tracking of the jaw (Laird et al., 2020). According to the literature, a high performing masticatory system is one with a high frequency of cycles, high velocity of mandibular movements, high maximum bite force, and potential for large mandibular displacements. These quantities can be measured with respect to some reference points, such as the lower mid-incisor point and the condylar centers (Ow et al., 1998; Tsuruta et al., 2002). Many studies have focused on the patterns of occlusion and chewing cycle excursions with different bolus types (Anderson et al., 2002; Peyron et al., 2002; Foster et al., 2006). The EMG measurements of muscular activities, albeit variable between subjects, are also shown to have sufficient correlation within a subject across experiments and have been suggested as an efficiency metric (Tortopidis et al., 1998).

The masticatory cycle can be simplified as a tear-drop movement where the mid-incisal point moves downward, then laterally toward the working side, and finally retracted medially to crush the bolus (Murray, 2016). Considering these masticatory movements, we propose a framework for masticatory performance evaluation. This framework is designed to quantify the performance of a given masticatory system based on the following criteria.


4.1. Range of Motion (ROM)

To quantify the range of mandibular motion, the boundary envelope of the motion is approximated as a convex space and the volume of this assumed convex hull is calculated. The range of motion is then defined as the percentage of the feasible space achieved by the model. We rely on the reference (optimum) convex hull calculated in section 2.3 by setting the neural excitations.



4.2. Metabolic Efficiency (ME)

We are assuming a linear relationship between the muscle tensions and the amount of energy consumed by the muscle fibers. Accordingly, the metabolic efficiency is defined as the inverse of the average muscle tensions during a predefined set of masticatory movements, as follows

[image: image]

where T is the total number of steps in an episode, and [image: image] is the mean of the muscle tension vector at timestep t.



4.3. Agility (Ag)

Agility is defined as the inverse of the time it takes for the masticatory system to translate the jaw in between a predefined set of locations in the 3D space.



4.4. Accuracy (Ac)

The ability of the trained RL policy in driving the body of the mandible toward the desired position is counted as the accuracy of the system. This metric is evaluated as the inverse of the Euclidean distance of the lower mid-incisal point to its desired target position, averaged over multiple episodes, and formulated as

[image: image]

where PT is the location of the lower mid-incisal point after the very last iteration of the episode and [image: image] is its desired location.



4.5. Symmetry (Sym)

The biomechanical system in question is not fully symmetric; however, the current metric is designed to evaluate the extent of symmetric behavior in the trained RL agent. In this context, symmetry is defined as the inverse of the first norm of absolute differences between corresponding excitations of the left and right muscles, averaged over multiple episodes:

[image: image]




5. EXPERIMENTS AND RESULTS

After the reinforcement learning model is trained, the trained stochastic policy is queried with a state (as defined in Figure 3) and the agent executes the action associated with the mode of the returned distribution. Accordingly, the inference process is deterministic.


5.1. Force Regularization

In the first set of experiments, we investigate the impact of the regularization term in the reward function (Equation 10) in the metabolic efficiency of the trained agent. Here, we keep the wu coefficient consistent across experiments and evaluate the converged model with respect to the wr coefficient based on the performance metrics discussed in section 4. The non-symmetric coefficient, ws was set to zero during these experiments.

To test the trained model, a series of 21 target positions on the border and inside the envelope of movement were defined. The agent was then tested based on its ability to navigate the jaw model in between the predefined target locations. The position of the jaw, neural excitations, and muscle forces were tracked throughout the experiments.

The results of these experiments are summarized in Figure 4. As demonstrated, higher values of the regularization coefficient result in more metabolically efficient muscle activation trajectories according to the model's perception of metabolic efficiency, i.e., the muscular tensions (section 3.2). However, with the model thriving for the least amount of applied force, its agility slightly decays. For example, in highly regularized models, the agent delegates the responsibility of jaw elevation to the passive ligaments of the TMJ. Accordingly, mouth closing is carried out at a slower pace (see Supplementary Video 1).


[image: Figure 4]
FIGURE 4. Impact of the regularization coefficient (wr) on performance of the learned motor control based on (A) accuracy, (B) agility, (C) metabolic efficiency, and (D) range of motion. Given the under-determined nature of the masticatory system, it is expected of the reinforcement learning policies to act differently according to their respective reward functions and the randomness in their training process. For each sub-figure, seven models were independently trained with different wr parameters and their performances were quantified. As demonstrated, while increasing wr increases the metabolic efficiency (ME) of the experiment with a high correlation of 0.97, it has a degrading impact on the model's range of motion (ROM). Force regularization was shown to have no impact on the model's accuracy. The model's agility decreased on average in highly regularized models. As shown here, the model trained with wr = 0.5 (circled in all sub-plots) demonstrates a balanced performance across the metrics.


A high negative correlation (ρ = −0.87) was also observed between wr and the model's range of motion. It is our understanding that with an excessive force regularization, lowering the metabolic energy expenditure becomes a priority as the agent is highly penalized to activate its muscles. Since reaching the edges of the envelope of motion requires higher muscle activations, the agent decides not to reach the edges to save more energy.



5.2. Symmetric Behavior

Similar to live subjects, the masticatory model designed in ArtiSynth is not completely symmetric. Consequently, the RL agent as well does not learn symmetric excitation patterns for the left and right muscles. To explore the impact of the symmetry term of the reward function (Equation 10) in the RL training process and to understand the neuromuscular activation patterns, a set of models were trained with different ws coefficient values. The models were trained with wr = 0.5 as a balanced solution between speed, accuracy, range of motion, and the least neural excitations, based on the results presented in section 5.1. Given that the neural excitations have a value between 0 and 1, larger ws values were used to incentivize symmetric activations compared to the wr values. The values of the wu and wr coefficients were kept consistent in these sets of experiments.

The same series of target positions as the previous section were chosen and the trained models were tested based on the same performance criteria. As plotted in Figure 5, higher ws values encourage the model to learn symmetric activation patterns for the left and right muscles. However, with more symmetric behavior, the model becomes damper and fails to explore its feasible domain of motion. Moreover, the non-symmetric penalty is shown to have a regularization effect, similar to the force regularization, which decreases the overall neural excitations and increases the metabolic efficiency (ME) of the model.


[image: Figure 5]
FIGURE 5. Impact of the symmetry coefficient (ws) on the learned motor control based on (A) accuracy, (B) agility, (C) metabolic efficiency, (D) range of motion, and (E) symmetry. For each sub-figure, six models were independently trained with different ws parameters and their performances were quantified. As shown, bigger ws coefficient incentivizes the agent to learn more symmetric activation patterns. However, such model is less accurate, and is not able to explore as much of the state space. Moreover, the non-symmetric penalty (Equation 10) has a regularization effect which decreases the overall neural excitations and increases the metabolic efficiency (ME). Accordingly, the model trained with ws = 10 (circled in all sub-plots) demonstrates a balanced performance across the metrics.




5.3. Muscle Activation Patterns

To understand the learned dynamic patterns, a trained agent was set to navigate in the 3D space in between a predefined series of positions. The neural excitation patterns were recorded during these movement. Here, we used the model trained with wr = 0.5 and ws = 10 as it demonstrated the most balanced performance.

The neural excitation trajectories recorded in this experiment are visualized in Figure 6. As demonstrated, while some of the observations do not match perfectly with our expectations, they follow our knowledge of the masticatory system to a good extent. For example, in the right laterotrusion function (E to RL), the contralateral (left side) lateral pterygoid muscle (LILP) does the heavy lifting, assisted by the ipsilateral posterior temporalis muscle and slightly by the contralateral superficial masseter (Bakke, 2016). To return the jaw to the edge-to-edge position (RL to E), the left lateral pterygoid abruptly relaxes and the right lateral pterygoid (RILP) takes over. When the jaw arrives at the mid-sagittal position, RILP relaxes at a slower pace. This process is assisted by the ipsilateral masseter; consequently, to counterbalance the closing force of the left-side masseter, the posterior fibers of the right mylohyoid (RPM) are slightly (close to 3%) activated to keep the jaw in the edge-to-edge position. Similarly, the protrusive movement of the mandible (E to PR in Figure 6) is driven by the bilateral contraction of the lateral pterygoid muscles (Ho, 2017).


[image: Figure 6]
FIGURE 6. The learned neural excitation patterns for typical masticatory functions. Intercuspal position (ICP) to maximum mouth opening (MO) demonstrates the mouth opening function. Mouth closing is denoted as MO to E. Edge-to-edge position (E) to right laterotrusive (RL) simulates the right laterotrusion function, and RL to E is its opposite. The protrusive function is denoted as E to PR. (A) ICP to MO (opening). (B) MO to E (closing). (C) E to RL (right laterotrusion). (D) RL to E (invert right laterotrusion). (E) E to PR (protrusion).


Since smaller muscles tend to produce less force, and in turn, consume less energy, a metabolically efficient model (such as one trained with wr = 0.5) prioritizes activation of small muscles over large ones for certain tasks. From the visualized experiments, the mouth opening task (ICP to MO) is carried out by activating the bilateral posterior mylohyoid fibers, while other muscles, such as the anterior digastric and inferior head of the lateral pterygoid, remain inactive. While this observation is not in sync with our understanding of the masticatory system, the model's decision is optimal according to its own understanding of the metabolic efficiency. This experiment was conducted to highlight that the proposed approach to learning neural excitation patterns is a good tool for generating hypotheses. However, without subject-specific models and rigorous studies of the reward functions and fine-tuning of the learning coefficients, it is not possible to establish a learning paradigm that mimics the human neural system.

Another example is jaw elevation (MO to E) where the mylohyoid muscles suddenly relax and the closing muscles, namely the temporalis and masseter, are activated to bring the condyle back to the glenoid fossa. The passive force of the condylar ligaments, modeled with the multi-point springs, play an important role in the jaw closure; therefore, once the translational phase of jaw closure is over, all muscles temporarily relax and then get slightly activated to establish the edge-to-edge relationship. Accordingly, the agent exploits the passive force of the condylar ligaments to minimize its energy expenditure during mouth closing.

Supplementary Video 1 captures the dynamics of the jaw during the experiments described in this section.




6. DISCUSSION

We present a reinforcement learning (RL) approach to estimate the neural excitations of the masticatory muscles. The implemented RL algorithm in this research is based on the Soft Actor-Critic (SAC) formulation which promotes policies with higher entropies. The SAC has demonstrated results that outperform other off-policy and on-policy state-of-the-art RL algorithms, such as the Deep Deterministic Policy Gradient (Lillicrap et al., 2016), Trust Region Policy Optimization (Schulman et al., 2015), and the Proximal Policy Optimization (Schulman et al., 2017), both in terms of performance and sample efficiency (Haarnoja et al., 2018a). In our design, the actor and critic functions of SAC were parameterized by relatively shallow neural networks. We also leveraged double Q-learning and used a separate target critic network to stabilize the learning process.

As demonstrated in section 5.3, the muscle excitation trajectories during opening, closing, laterotrusive, and protrusive movements matches the known physiological patterns (Figure 6). Accordingly, the left and right pterygoid muscles play a substantial role in laterotrusive and protrusive movements. We would like to highlight that, similar to live subjects, the jaw model in question is not symmetric. This asymmetry is apparent in muscle insertion sites, the location of the curved bilateral planar constraints for the TMJ, and the shapes of the teeth. Accordingly, it is not expected to observe symmetric excitation patterns especially when the RL policy is mainly opting to minimize the metabolic cost of its actions. As a result, and as Figure 6 represents, muscles of the left side are more predominantly activated even during symmetric movements, such as jaw closing and protrusion. The non-symmetry penalty term in the reward function mitigates this issue to some extent (Figure 5); however, this gain in symmetry comes with the cost of a lower range of motion. A smarter reward function is deemed necessary to achieve higher performing results.

There have been quite a few metabolic analyses of gait that consider ground reaction forces, motion trajectories of limbs, and pulmonary gas exchanges to estimate the metabolic cost of walking and running. Based on these metrics, multiple metabolic models are introduced which demonstrate consistent results in estimating the relative metabolic cost of different gait tasks (Koelewijn et al., 2019). However, the question of what is being optimized in biomechanical systems during mechanical tasks remains unanswered. Should efficiency be defined as the minimum metabolic cost or should the mechanical work be also included as a second indicator of efficient movements (Fetters and Holt, 1990)? Moreover, whether the fidelity requirements of the task play a role in the metabolic efficiency trade-off requires further investigations. In the neural excitation trajectories presented in Figure 6, small muscles seem to get activated more often while large muscles are seldomly activated and merely used for balancing. This is certainly the case for mouth opening where the entire task is handled by the posterior fibers of the left and right mylohyoid muscles.

As discussed earlier, motor control of biomechanical systems is often an underdetermined problem as there are more muscles than the collective of degrees of freedom of the bodies (Lee et al., 2014). Consequently, the local maxima that the model's policy in the RL training framework converges to is not unique either. From the trained agent's perspective, at any state, there is a distribution of actions to choose from. The agent can be instructed to act based on either the mode of the distribution or a randomly drawn sample from the distribution. Regardless, an infinite number of policies can be trained, differing in their respective reward functions and other aspects of their RL formulation, each of which could converge to a different, but to some extent justified, local maxima. Both the force regularization and symmetric terms of the reward function (Equation 10) constrain the solution space of the model; however, these constraints are rather soft and do not guarantee a unique solution.

The RL training procedure is computationally intensive and can take a few hours to a few days depending on the training algorithm, hardware, the parallel efficiency of the implementation, and the dimensionality of the action and the space states. However, once the policy is trained, it is faster than any inverse dynamics solvers as it does not require an iterative numerical method to estimate the excitation and forces at every simulation time step (Abdi et al., 2019a). In deep RL, a trained policy is a feed-forward or recurrent neural network which has learned a deterministic or probabilistic mapping between the state space and the action space. Therefore, at a given state, the action can be inferred via a single feed-forward passing of the model which is quite fast for the shallow neural architectures used in the deep RL paradigm. In our experiments, the feed-forward pass of the policy network (see πϕ in Figure 3) took <1 ms running on a GeForce GTX 1080. This is one-tenth of the time needed for a single forward step of the jaw simulation in ArtiSynth, running on an Intel Core i7-8700K 3.70 GHz processor, without even taking into account the overhead of the iterative inverse dynamics solver.

Similar to other machine learning and RL settings, the hyper-parameter space was deemed bigger than what could be fully investigated with our limited computational resources. However, within the limitations of our study, we found the entropy coefficient (α in Equation 9) to play a substantial role in the rate of convergence. According to our findings, and due to the relatively high dimensional action space, an α value of <0.2 does not incentivize the agent to explore the environment with an adequate frequency which, in turn, slows down the learning process.

In a simulated mechanical system, it is possible to assess the feasibility of a hypothetical motion trajectory by estimating the motor control resulting in the given kinematics via forward or inverse dynamics solutions. Therefore, the proposed RL training framework along with the masticatory performance metrics can be a viable solution to predict the post-operative functionalities of a subject. Patients who come out of extensive jaw reconstructive surgeries suffer from impaired masticatory functions. The brain of a post-operative patient, who has just come to realize its altered masticatory system, is in the self-experimental phase, meaning that it interacts with the environment through experiments and makes predictions on the results of those interactions to decide the best trajectory. As the patient fails to predict the results of the sensorimotor predictions, it enters a self-repairing phase where it starts to adapt to new world dynamics and compensate for lost motor abilities by finding new paths and activation patterns. This brain is also self-growing as it rebuilds the dynamics model of the jaw via gathering new information through experiments (Corbacho, 2016). The reinforcement learning process designed in this study is in sync with the three qualities of the post-operative brain, namely, self-experience, self-repair, and self-grow. While the subject is going through rehabilitation, the clinical team is curious to know, in theory, the extent to which the subject is expected to regain masticatory performance. With the proposed approach, such questions can be answered through virtual surgical interventions in the simulation platform and retraining of the RL agent to evaluate its adaptation with the new environment. Moreover, if multiple surgical avenues are available at the time of treatment planning, the surgeon and, in turn, the patient would benefit from knowing if an alternative plan could result in a more optimal functional outcome. We see a future where the proposed training framework is coupled with subject-specific biomechanical models as a benchmarking platform and to answer the what-if questions which are often raised during treatment planning of surgeries.



7. LIMITATIONS AND FUTURE WORK

Although the main contribution of this work is not to present the most accurate and validated subject-specific jaw model, we acknowledge the simplifying assumptions made in the biomechanical modeling as well as the policy training procedure. We would like to elaborate on some of these limitations to highlight potential avenues for enhancement. We divide these details into two categories, namely, limitations of the biomechanical model and those of the reinforcement learning procedure.

In order to speed up the costly process of the RL training, no component was modeled as finite elements. Consequently, and in contrast to previous works of Sagl et al. (2019b), the condylar disks and other soft tissues associated with the stomatognathic system were excluded from the model. While we acknowledge that the condylar disks play a non-trivial role in the masticatory system, we compensated for the loss of accuracy by modeling the condylar capsule and the adjacent tissues as passive multi-point springs. The cartilages were also modeled with elastic foundations (Servin et al., 2006). Moreover, and similar to all the jaw models presented in the literature, teeth were assumed to be rigidly connected to the jaw bone with no periodontal ligaments (PDL). In a more favorable setting with an abundance of computational power and time, each tooth can be modeled separately with a PDL that enables a limited extent of physiological movement.

In the designed stomatognathic system, the hyoid bone was assumed to be static and was moved inferoposteriorly to compensate for the loss in the amount of jaw opening. Moreover, some ligaments which contribute to the passive retraction of the jaw were not modeled, such as the stylomandibular ligament and the sphenomandibular ligament.

Here, muscles were modeled as point-to-point axial springs and large muscles were represented with multiple actuators. This simplifying assumption matches the conventional wisdom of prior arts, yet is not in sync with reality. Moreover, the muscles are assumed homogeneous along their length and their force functions follow the well-known Hill-type model. As a result, the muscles ignore the impact of temporal dependency and the recent contractile conditions of the muscle on their generated force (Arslan et al., 2019).

Along the same lines, in the current formulation, the muscle activations were not delicately modeled. Firstly, no delays were considered between the neural stimulation and muscle contraction. Encoding such delay is deemed complex given the discrete temporal simulation with fixed timesteps of 0.001 s. Moreover, a monotonically increasing mapping was assumed between the excitation level and the muscle activation, i.e., higher neural excitation would always result in a higher muscular tension.

Last but not least, we would like to highlight that, similar to other biomechanical models, the current jaw model relies on the parameters reported in the literature, such as the mass of jaw, tissue materials, force-length properties of the muscles, properties of the condylar capsule, and many more. We cannot imagine this issue to be resolved in the near future with the current imaging and sensing technologies. This limitation has an adverse impact on the validity of any subject-specific models designed for treatment planning. Considering the open-source nature of our research, we invite other researchers to join hands in improving upon the model by including more details and alleviating the above limitations.

As for the limitations of the learning procedure, we should highlight the sample inefficiency of model-free approaches, such as the Soft Actor-Critic algorithm. Although the implemented process leverages a replay buffer memory which holds 1 million samples, it is our understanding that the current training process does not efficiently use the gathered samples. In our implementation, after each environment interaction, a batch of 256 samples are drawn from the replay buffer to apply a single update on the weights of the actor and critic networks. Therefore, a viable next-step would be to dynamically adjust the number of parameter updates per environment interaction over time to achieve a faster and more sample-efficient training. Another enhancement is to change the paradigm toward model-based or hybrid reinforcement learning solutions (Nagabandi et al., 2018). Given the stationary state of the masticatory simulation environment, model-based approaches are expected to achieve the same performance with fewer environment interactions.

In the designed motor control paradigm, the neural pathways are assumed to be completely disjoint. This enables the reinforcement learning actor to activate each muscle independently. This assumption is not well-aligned with the reality of biomechanical systems and the reality of muscular synergies where co-activation of muscles that share the descending or afferent neural pathways produce the kinematic trajectories (Bizzi and Cheung, 2013). In a similar work by Ruckert and d'Avella (2013), a movement primitive representation was proposed which employed parameterized basis functions to exploit the hypothesized muscle co-activations. Accordingly, the shared knowledge between muscles simplified the policy search in high-dimensional action spaces. Coupling the neural excitations limits the degrees of freedom and decreases the dimensionality of action space; thus, it results in a more efficient exploration of the smaller action space which makes the job of the RL agent easier. On the other hand, it raises the concern of the correctness of neural couplings. Since Kutch and Valero-Cuevas (2012) have debated the assumption of same neural origins for the muscle synergies and argued that constraints arising from the biomechanics could also result in certain couplings across the muscles, we kept the neural pathways independent in this research. However, this avenue needs further exploration.

An important unanswered question in the training is centered around the reward function. As shown in Figure 4, different muscle force regularization coefficients would result in substantially different policies (brains). One policy could be more agile while the other one generates the least amount of muscle tensions. Finding the right balance between the agent's incentives and validating the outcomes with in vivo studies or against the available literature will be a valuable and enlightening research project.

Lastly, a fascinating next step would be to include the occlusal forces in the process and design the reward function for the agent to learn a complete chewing cycle. Such rewarding mechanism should be taking the masticatory rhythm and interocclusal forces into account. However, some version of bolus modeling might be necessary to achieve reliable results.



8. CONCLUSION

In this work, we present a new perspective into estimating the neural excitations of the masticatory musculoskeletal system based on the paradigm of reinforcement learning. In this approach, an RL agent is trained to drive the mandible across the 3D envelope of motion in the simulation environment. The proposed method does not require dynamic clinical measurements, such as EMG, kinematics, or joint force trajectories; instead, the model explores the feasible domain of motion via environment interactions and learns the right excitation patterns from its own experiments. We demonstrate that the agent can be trained to optimize over three objectives: minimizing the distance to the target, maximizing the metabolic efficiency of the movement, and maximizing the symmetric behavior of the left and right neural excitations. The trained models demonstrate excitation trajectories that match the known physiological patterns. The proposed approach does not rely on the availability of the recorded kinematics, therefore, it is deemed as an intriguing alternative for the inverse dynamics problem.
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A Case of Recurrent Painful Ophthalmoplegic Neuropathy
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Ophthalmoplegic migraine (OM) is characterized by recurrent episodes of headache with unilateral ophthalmoplegia due to paresis of cranial nerve III, IV, or VI. The recent revision to the International Headache Classification has reclassified it as recurrent painful ophthalmoplegic neuropathy (RPON). However, it is of note that the presentation of oculomotor nerve tumors may mimic RPON. Here, we report the case of a patient presenting with recurrent migraine and oculomotor palsy with several specific magnetic resonance imaging (MRI) findings. The patient was initially diagnosed with migraine 15 years ago, but since 10 years ago, his symptoms had evolved to include repeated oculomotor paralyzes. Before this attack, the patient did eventually recover completely each time after the initial episode. MRI performed during this attack revealed a nodular enhancing lesion described as schwannoma of the left oculomotor nerve, and on diffusion-weighted imaging (DWI), the nerve was isointense to the midbrain. The nodular enhancement became weaker, and the nerve's signal on DWI disappeared 3 months later as the patient's symptoms resolved mostly. This is the first case of RPON demonstrating an obvious change in signal of the affected nerve on DWI during the attack and remission.

Keywords: migraine, repeated oculomotor paralyzes, diffusion weighted imaging (DWI), schwannoma, demyelination


INTRODUCTION

Ophthalmoplegic migraine (OM) was first reported by Charcot in 1890, described as migraine with oculomotor nerve palsy (1). More than 100 years later, OM was included as a migraine variant in the first edition of the International Headache Classification (IHCD- I) (2). Then, in 2004, the disorder was reclassified as one of the cranial neuralgias in ICHD-II due to the enhancement and thickening of the involved nerve in the brain as observed on magnetic resonance imaging (MRI) (3). In 2013, OM was replaced by recurrent painful ophthalmoplegic neuropathy (RPON) in IHCD-3 based on headache, subsequent cranial neuropathies, MRI features, and the fact that some cases showed response to corticosteroid treatment (4). However, the etiology remains controversial, but mainly involves schwannoma or recurrent bouts of demyelination of the affected nerve (5, 6).

Reduction or complete resolution of focal enhancement in the cisternal portion of the involved nerve is observed in most RPON patients and in rare patients with schwannoma (7–9). Instead, persistent nodular enhancement of the lesion is seen in most patients with schwannoma (10, 11). Here, we report a case of recurrent migraine and oculomotor palsy in which MRI showed enhancement of the oculomotor nerve with visible DWI signal at the midbrain exit while the patient was symptomatic. Follow-up MRIs more than 4 months after the resolution of the latest episode demonstrated reduced enhancement and resolution of the DWI signal.



CASE PRESENTATION

A 24-year-old man was admitted to our hospital with a complaint of diplopia. Before admission, he had been experiencing migraine and then concurrent oculomotor paralysis for 1 month. He was treated with prednisolone (40 mg/d) for 4 days but without any improvement. He denied a family history of migraine. General physical examination was normal. Neurological examination revealed a complete paralysis of the left third cranial nerve (Figure 1). Serologic and cerebrospinal fluid (CSF) studies were normal. MRI revealed focal enhancement of the cisternal segment of the left oculomotor nerve (Figure 2A). Meanwhile, the affected nerve was isointense to the midbrain on DWI and apparent diffusion coefficient (ADC) maps (Figures 2B,C). He received intravenous methylprednisolone (80 mg/d) for 8 days followed by prednisolone taper for 15 days but still experienced no immediate improvement. Gradually, over the course of the next 3 months, the patient's left-sided ptosis and diplopia showed complete resolution although the left pupil remained relatively dilated and poorly reactive to light (Figure 3). Repeated MRI revealed relatively weaker enhancement with no signal visible on DWI and ADC maps (Figures 2D–F).


[image: Figure 1]
FIGURE 1. A case of left ptosis, difficulty in seeing inward (A), and left pupil enlargement (C). The case had normal left abduction (B).



[image: Figure 2]
FIGURE 2. Axial T1 contrast-enhanced MRI (44 days after headache) and DWI (30 days after headache) through the point at which the oculomotor nerve emerges from the midbrain in this patient with left oculomotor ophthalmoplegic migraine. (A–C) Acute phase. The MRI shows a nodular, enhancing lesion in the cisternal segment of the left third nerve (arrow) in (A). In (B,C), a signal was demonstrated at the midbrain of the left-sided third cranial nerve on DWI and ADC. (D–F) Quiescent phase, taken 7 weeks after the left ptosis and diplopia had resolved. (D) Demonstrates the decreased enhancement. (E,F) Demonstrate that the signal had disappeared at this point on DWI and ADC.



[image: Figure 3]
FIGURE 3. Relatively dilated left pupil (C) with recovered extra-ocular movement (A,B).


Back to the patient's history, he had been suffering from monthly episodes of migraine for the past 15 years, lasting for 24 h each time. Then, 10-years ago, he started experiencing diplopia and a left-sided ptosis after resolution of the headache and nausea every 2 months, which persisted for 1 week each time. A review of a previous MRI performed at another hospital 9-years earlier, when the patient was aged 15, showed slight thickening of the left third cranial nerve at the site of exit from the midbrain, especially on T2 FLAIR (Figure 4B). At that time, the patient was able to prevent the development of oculomotor paralyzes by taking aminopyrine-caffeine tablets immediately when the headache occurred. However, the time to resolution of the oculomotor paralysis had begun to increase to usually 2–3 weeks, and the frequency of the attacks was reduced to 3–4 times a year. During the past 15-years, although the symptoms resolved completely each time except for this attack, the lesion had increased in size on T1 since his initial presentation (Figures 4A,C,D).


[image: Figure 4]
FIGURE 4. Unenhanced MRI from 9 years prior showing minor thickening of the distal cisternal portion of the left-sided third cranial nerve on T2 FLAIR. See arrow (B). The signal on T1 is obvious, during both the attack and remission. See arrow (C,D) although it is not visible on the T1 image from 9 years ago (A).




DISCUSSION

As Carlow have reported, enhancement of the cisternal segment of the third nerve was usually detected during an attack, resolving several weeks later when the patient's symptoms had also been relieved. Based on this observation, Carlow proposed that the diagnostic criteria for oculomotor OM should include the presence of post-contrast enhancement on MRI and thickening of the third nerve during an attack with less dramatic enhancement observable during remission (12). Here, we report a male adolescent who had been suffering from recurrent painful ophthalmoplegic neuropathy (RPON) for 10-years. Consistently, several other similar cases have been reported recently. The image feature of these patients on MRI with contrast was quite similar to that in the present study (6, 13). Additionally, our case also displayed an obvious signal change in the affected nerve on DWI and ADC maps during the episode compared to that during remission. To our knowledge, this is the first reported case accompanied by such neuroimaging documentation.

With respect to the pathophysiology of this disease entity, the underlying mechanism remains controversial because of lack of autopsy or surgical resection (14). However, some possible theories have been proved histopathologically, mainly including infectious neuritis, ischemia of the third cranial nerve, recurrent demyelination-remyelination, and schwannoma (15–18). As the cerebrospinal fluid and serum test was normal, there was no evidence to support an infectious process in the current case. And the lesion on MRI image did not favor the ischemia mechanism.

The repeated demyelinating theory has gained favor in recent years (6, 16, 18), which is supported by features such as the recurrent episodes; nearly complete remission every time; and transient, reversible MRI contrast enhancement of the oculomotor nerve. Our patient refused biopsy as the symptom could resolve every time. Therefore, histopathological evidence to support this hypothesis was not available.

As for the tumor pathogenesis, it has been reported that transient or recurrent oculomotor nerve deficits may be the primary manifestation in some cases of cranial nerve schwannoma (10). Recently, Petruzzelli et al. have reported a case of a 16-year-old boy with a diagnosis of OM initially but which turned out to have the presentation of a schwannoma after 7-year follow-up (5). In her review, three cases of schwannoma of the affected nerve had been reported, which included a long history of follow-up, and only one was histologically proven (17). It was reported that more than 60% of patients with oculomotor schwannoma treated by surgery developed more severe opthalmoplegia postoperatively (19). So few cases of RPON accept surgery (15–18). However, the increased thickening of the oculomotor nerve observed after 9 years of RPON attacks may serve as evidence in support of the tumor theory. This hypothesis extends the inflammatory theory, proposing that repeated bouts of inflammation may lead to cycles of demyelination and remyelination of the affected nerve, and such a process may encourage the transformation of Schwann cells to schwannoma (5). Yet, as Kim et al., Akimoto et al., and Shin et al., have proposed, follow-up surveillance via MRI is required to exclude tumors, especially in patients with suspected RPON with persistent post-contrast enhancement during times of remission (10, 11, 20). However, the enhancement in this case that we describe is weaker during remission than that during the acute episode, which is similar to what was observed in another reported case in which a nodular enhancing lesion was already visible and of similar size (8). As such, whether the nodular lesion in fact represented a schwannoma remains controversial.

In conclusion, the exact underlying nature of the findings in this patient remains unknown due to the lack of histopathological evidence. Further imaging studies incorporating DWI sequence analysis and serial MRI follow-up of a greater number of cases are required to clarify whether RPON may be a risk factor for the development of schwannoma over an extended period.
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Although orthodontic treatment is common, orthodontic force often induced pain. Low-level laser therapy (LLLT) has been investigated to improve therapeutic comfort. In dentistry, LLLT is mainly applied using two types of lasers, CO2 and diode lasers, whose biological actions are thought to be associated with wavelength (CO2: 10,600 nm; diode: 808 nm). The analgesic effect of LLLT on orthodontic treatment-related pain is widely reported but inconsistent. This study aimed to (1) determine whether irradiation with a CO2 or diode laser attenuates orthodontic treatment-related pain using the jaw-opening reflex model, (2) elucidate the optimal irradiation protocol for both lasers to obtain the maximal analgesic effect, (3) evaluate the effects of laser irradiation on other biological features [e.g., tooth movement, glial fibrillary acidic protein (GFAP) expression, and temperature alterations] and (4) investigate the mechanism underlying the analgesic effect of laser irradiation. In this animal model, orthodontic treatment-induced pain manifested as a significantly reduced the threshold for inducing the jaw-opening reflex on the orthodontically treated side compared with the contralateral side. GFAP expression in the bilateral trigeminal ganglia (TGs) was significantly increased by the application of orthodontic force. CO2 laser irradiation of the orthodontically treated region significantly increased the threshold for inducing the jaw-opening reflex and the peripheral temperature. Similar reductions in jaw-opening reflex excitability were induced by surface anesthesia and thermal stimulation but not, the diode laser. Neither CO2 nor diode laser irradiation altered GFAP expression in the TGs. Infiltration anesthesia also significantly increased the threshold for inducing the jaw-opening reflex on each anesthetized side. Irradiation (30 s) by either laser immediately after orthodontic force application (preirradiation) significantly decreased jaw-opening reflex excitability and GFAP expression in the bilateral TGs the next day. However, thermal stimulation immediately after orthodontic force application failed to alter jaw-opening reflex excitability the next day. Laser irradiation did not alter tooth movement; however, an optimized irradiation protocol for aiding tooth movement is suggested. In conclusion, both CO2 and diode lasers are able to prevent orthodontic treatment-related pain. Furthermore, the involvement of temperature alterations and surface anesthesia in the analgesic effect induced by CO2 laser irradiation is suggested.

Keywords: jaw-opening reflex, orthodontic pain, low-level laser therapy, CO2 laser, diode laser


INTRODUCTION

Orthodontic force-induced pain, which appears within a day and lasts up to a week after the placement or reactivation of orthodontic force, is frequently observed in patients (1–4). Although inflammation in the periodontium is required to achieve accurate tooth movement (5, 6), pain sensation is an adverse effect for patients (1). In dentistry, acidic non-steroidal anti-inflammatory drugs (NSAIDs) are frequently used for severe orofacial pain (e.g., trauma caused by tooth extraction); however, acidic NSAIDs are not recommended for orthodontic patients because prostaglandin E2, the eicosanoid that is inhibited by acidic NSAIDs, mediates the maturation of osteoclasts (7–10). To protect patients from this disadvantage of orthodontic therapy, alternative analgesic methods have been investigated, and low-level laser therapy (LLLT) is one of these approaches (11–15). Several types of lasers are available for therapeutic purposes and are classified based on wavelength (16, 17). Lasers in the near-infrared (700–1,200 nm) range (e.g., diode and Nd:YAG lasers) are able to penetrate surface tissue and reach deep tissue. On the other hand, lasers in the far-infrared (>1,200 nm) range (e.g., CO2 lasers) are absorbed in the surface tissue and increase the tissue temperature. Despite these differences, both types of lasers have a photodynamic effect (e.g., photons activate mitochondria) (16, 17), which has been thought to be the basis of the therapeutic effect of laser irradiation. LLLT has been applied to treat temporomandibular disorder (18) and endodontic and periodontal diseases (17) in dentistry, and an analgesic effect of LLLT on orthodontic force-induced pain has been reported, although not consistently (11, 12, 19, 20). To evaluate the analgesic effect quantitatively and to elucidate the appropriate CO2 or diode laser irradiation strategy for orthodontic force-induced pain, the changes in jaw-opening reflex excitability caused by laser irradiation were measured in the experimental tooth movement (ETM) animal model. In this animal model, the application of orthodontic force increases jaw-opening reflex excitability, which is inhibited by the repetitive administration of acidic NSAIDs (e.g., aspirin) (21). This result indicates that orthodontic force induces peripheral inflammation. Recently, a relationship between the presence of peripheral inflammation and morphological alterations in satellite glial cells (SGCs) was reported (22). In the trigeminal ganglia (TGs), SGCs surround the somata of neurons (23) and are excited by peripheral injury (22, 24) and/or inflammation (23, 25). Since the excitation of SGCs was evaluated by an increase in the expression of glial fibrillary acidic protein (GFAP) in those reports, the effect of laser irradiation on GFAP expression in the TGs was examined. Moreover, the distance of ETM was measured to evaluate the effects (adverse or beneficial) of laser irradiation on the maturation of osteoclasts indirectly. Finally, the mechanism underlying the analgesic effect of laser irradiation was investigated by applying thermal stimulation and local anesthesia.



MATERIALS AND METHODS


Animals and Experimental Design

The experimental procedure in this study was approved by the Animal Experimentation Committee of Meikai University School of Dentistry. The animal treatments were performed in accordance with the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines and the institutional guidelines for the care and use of experimental animals described in the US National Institutes of Health's Guide for the Care and Use of Laboratory Animals. One hundred seventy-six 10-week-old male Wistar rats (273 ± 2.7 g, Sankyo Laboratory Service, Tokyo, Japan) were used in this study. The rats were maintained in a temperature-controlled (23 ± 1°C) environment under a 12 h light-dark cycle with free access to food and water. After the application of orthodontic force, the food was replaced with ground chow (MF, Oriental Yeast Co., Tokyo). The rats were divided into the intact and ETM groups (n = 8 each). Jaw-opening reflex excitability in the intact group was evaluated as an acute experiment, whereas jaw-opening reflex excitability in the ETM group was assessed at one (D1), three (D3), or seven (D7) days after the application of orthodontic force. Thirty or 600 s of CO2 or diode laser irradiation was applied in the intact and D1 groups. Additional D1 animals received 15 s of CO2 laser irradiation or 30 s of guide laser irradiation, local anesthesia (infiltration or surface) or thermal stimulation before the evaluation of jaw-opening reflex excitability. Thirty seconds of CO2 or diode laser irradiation was applied immediately after the application of orthodontic force (preirradiation: PI) in another set of animals, and jaw-opening reflex excitability was evaluated one (PI-D1), three (PI-D3), or seven (PI-D7) days after the application of orthodontic force for comparison with that in the D1, D3, and D7 groups. Thermal stimulation was also applied in another set of animals immediately after the application of orthodontic force (preheating: PH), and jaw-opening reflex excitability was evaluated the next day.



Application of Experimental Orthodontic Force and Evaluation of Jaw-Opening Reflex Excitability

An orthodontic apparatus was applied in every group except the intact group. After anesthetization with isoflurane (3.0%, 1.0 L/min), a closed-coil titanium-nickel spring (855–180; American Orthodontics, WI, USA) was placed between the maxillary incisors and the right first molar for continuous application of orthodontic force (Figure 1A). The right first molar was ligated by a wire (0.08 in. 506-01, Tommy, Tokyo, Japan), and the incisors were bonded to a mesh sheet (110-00, Tommy) by light-cured dental adhesive resin cement (Optiband Ultra 740-0293 KaVo Dental Systems Japan Co., Ltd., Tokyo, Japan). The force magnitude was confirmed by a tension gauge (DTN-150, Teclock, Tokyo, Japan), and the spring elongation was ~6 mm to obtain continuous orthodontic force (50 g) (21). For the evaluation of jaw-opening reflex excitability, the animals were anesthetized with isoflurane and underwent tracheal intubation. During surgery, the concentration of isoflurane was maintained at 2.0% (1.0 L/min) to eliminate expression of the nocifensive reflex. Pairs of Teflon®-insulated stainless-steel wires (40 gauge; Cooner wire, Chatsworth, CA, USA) were implanted to record the heart rate and the activity of the bilateral anterior digastric muscles by electromyography (EMG). Another pair of electrodes was placed in the buccal and palatal gingiva of the bilateral maxillary first molars for local electrical stimulation (21, 26). After surgery, the concentration of isoflurane was reduced (<1.25%, 1.0 L/min) until the toe-pinch reflex was detected. The animal's body temperature and heart rate were maintained at physiological levels of ~37°C and 330–430 beats/min, respectively. Passing currents (200 μs) were ascendingly applied to the right and then to the left maxillary first molar region to evoke anterior digastric muscle activity, which was defined as the jaw-opening reflex when it exceeded the baseline muscle activity (mean amplitude of 100-ms duration before stimulation + 5 SD) with constant latency. The current stimulation intensity that induced anterior digastric muscle activity in more than three out of five trials was defined as the jaw-opening reflex threshold. Then, suprathreshold (×1.5, ×2, and ×3) stimulation was applied. The data were stored (6 kHz; CED 1401 Plus; Cambridge Electronic Design, Cambridge, UK) to analyze the latency, duration, and area under the curve (AUC) of the jaw-opening reflex (Spike2 ver. 7; Cambridge Electronic Design). In all experimental groups, excluding the preirradiation groups, jaw-opening reflex excitability was repetitively evaluated for 60 min at 30 min intervals.


[image: Figure 1]
FIGURE 1. Application of experimental orthodontic force and recording of the jaw-opening reflex (A) and the oral region targeted for laser irradiation (B). (A) Schematic drawing of the application of experimental orthodontic force to the right maxillary first molar by the placement of a nickel-titanium closed-coil spring between the incisors. Electrodes were placed for recording the bilateral anterior digastric (AD) muscles by electromyography (EMG) as well as for electrical stimulation of the gingiva of the bilateral maxillary first molars. (B) The region targeted for laser irradiation is indicated by a shaded circle (ϕ14.6 mm, 1.67 cm2). The left molars and gingiva were covered with a silicone rubber impression material to avoid laser irradiation (blue square). Arrows: electrode insertion regions for EMG recording of AD muscles. Arrowheads: electrode insertion regions for electrical stimulation.




Application of Laser Irradiation, Local Anesthesia and Thermal Stimulation

Laser irradiation was applied to the palatal mucosa of the maxillary right first molar region (Figure 1B). To exclude the spread of laser irradiation, a silicon rubber plate made of impression paste (682864, YOSHIDA, Tokyo, Japan) was used to cover the contralateral periodontium. CO2 (OPELASER PRO, YOSHIDA, Tokyo, Japan) and diode (OPELASER Filio, YOSHIDA, Tokyo, Japan) lasers were used as described in Table 1 to obtain a consistent laser output range. The distance between the tip of the laser fiber and the tissue surface and the irradiation time were determined using the following formula:

[image: image]

where t is the duration of irradiation (sec), A is the energy density (J/mm2), B is the diameter of the output fiber tip (mm), C is the angle (radians) of the laser, and P is the heat capacity (J/sec). Laser irradiation was carried out immediately after the first jaw-opening reflex evaluation in the intact and D1 groups (Figure 4A). In the preirradiation groups, laser irradiation was applied immediately after the application of orthodontic force, and then jaw-opening reflex excitability was measured after one (PI-D1), three (PI-D3), or seven (PI-D7) days C (Figure 6A).


Table 1. Laser irradiation parameters.

[image: Table 1]

Local anesthesia was applied to the palatal side of the maxillary first molar mucosa. Ethyl aminobenzoate (0.02 g; Benzocaine Dental Jelly 20%, Bee Brand Medico Dental Co., Ltd., Osaka, Japan) was applied to the mucosal surface for surface anesthesia, and lidocaine (0.10 ml; xylocaine injection 2% with epinephrine, AstraZeneca, Osaka Japan) was injected into the mucosa for infiltration anesthesia. After 5 min, jaw-opening reflex excitability was evaluated (Figure 11A).

Thermal stimulation was applied using a custom-made heat probe (diameter: 3.5 mm; screw and copper wire). A constant current (1.2 A at 2 V) was supplied to the copper wire to warm the probe tip to 45°C. The probe was brought into contact with the palatal surface mucosa of the right maxillary first molar for 30 s (Figures 9A, 10A).



Temperature Measurement of the Mucosal Surface and Gingival Sulcus

The surface temperature of the laser-irradiated oral mucosa was measured with an infrared thermometer (IT-545 NH, HORIBA, Kyoto, Japan) in intact animals before and after each 30 s of laser irradiation. The temperature of the gingival sulcus was continuously measured by using a digital thermometer (BWT-100A00A, Bio Research Center, Aichi, Japan) with a temperature microprobe (diameter: 0.14 mm; IT-23, Physitemp, NJ, USA) and was stored with the EMG data (CED 1401 Plus) for offline analysis. The temperature microprobe was inserted into the palatal side of the gingival sulcus (2.0 mm).



GFAP Immunostaining and Measurement of Neurons Encircled by GFAP-Immunoreactive (IR) Cells in the TGs

After the evaluation of jaw-opening reflex excitability, rats were administered an overdose of anesthetic and fixed via transcardial perfusion of isotonic saline followed by buffered 4% paraformaldehyde. The bilateral TG were removed from the animals in the intact, D1 (30 s of CO2 or diode laser irradiation) and PI-D1 (30 s of CO2 or diode laser irradiation) groups (n = 5 each). The removed tissue was kept in the same fixative solution for one additional day at 4°C and then kept in 0.01 M phosphate-buffered saline (PBS) containing 20% sucrose (w/v) for 12 h for cryoprotection. For cryosectioning, the specimens were embedded in Tissue Tek (Sakura Finetek Japan, Tokyo, Japan) and stored at −20°C. Ten-micron horizontal TG sections were obtained along the long axis. Every 15th section was thaw-mounted on MAS-GP glass microscope slides (Mastunami, Osaka, Japan) and dried overnight at room temperature. Four sections were chosen from each TG in each rat to be processed for GFAP immunohistochemistry. The sections were incubated with a mouse anti-GFAP monoclonal antibody (Millipore, Billerica, MA, USA) after dilution at a concentration of 1:800 in 0.01 M PBS containing 4% normal goat serum (NGS) and 0.3% Triton X-100 (Millipore, Sigma, St. Louis, MO, USA) overnight at 4°C. After rinsing with 0.01 M PBS, the sections were incubated in Alexa Fluor 568 anti-mouse IgG (1:200 in 0.01 M PBS; Invitrogen, Paisley, U.K.) for 2 h at room temperature. After rinsing with 0.01 M PBS, the sections were coverslipped in mounting medium (Thermo Fisher Scientific, Fremont, CA, USA), examined under a fluorescence microscope and analyzed with MIPAR Base (MIPAR, Worthington, OH, USA). No specific labeling was observed in the absence of the primary antibody. TG neurons with more than 2/3 of the perimeter surrounded by GFAP-IR cells were defined as TG neurons encircled with GFAP-IR cells. The number of TG neurons encircled with GFAP-IR cells was counted in each rat, and the relative number was calculated by the following formula: 100 × number of neurons encircled with GFAP-IR cells/total number of neurons (22).



Measurement of ETM

In each animal in the PI (PI-D1, PI-D3, and PI-D7) and nonirradiated (D1, D3, and D7) groups, an impression of the maxillary dental arch was obtained with silicone impression paste before spring application (pre-cast) and after jaw-opening reflex evaluation (post-cast) to obtain dental casts. In both casts, the distance between the mesial surface of the maxillary first molar and the distal surface of the seconds molar was measured by a Vernier caliper (resolution: 0.01 mm; model AD-10AX; Mitutoyo Corporation, Kanagawa, Japan), and the difference was defined as the amount of tooth movement (Figure 8A). The measurement was carried out by two blinded investigators (3 times each) for each cast, and the mean value was calculated (21).



Data Analysis and Expression

The right-side threshold for inducing the jaw-opening reflex and related EMG parameters were standardized to those obtained from left-side stimulation. For example, each threshold (%) is expressed as the threshold for inducing the jaw-opening reflex on the left and right sides (μA)/threshold for inducing the jaw-opening reflex on the left side that was obtained before treatment (e.g., irradiation, thermal stimulation and local anesthesia) (μA). Because the AUC was variable across animals, the suprathreshold intensity-induced AUC was standardized to that obtained by threshold stimulation in each animal. Data are expressed as the mean ± SE. One-way ANOVA or two-way ANOVA was performed, followed by the Bonferroni post hoc test or Dunnett's post hoc test. Student's t-test or paired t-test was used for comparisons between two groups, as appropriate. A p < 0.05 was considered to be significant. OriginPro 2018 (OriginLab, Northampton, MA, USA) was used for all statistical analyses.




RESULTS


Influence of Laser Irradiation on Jaw-Opening Reflex Excitability and Mucosal Temperature in Intact Animals

The threshold intensity for inducing the jaw-opening reflex varied among intact animals; however, the threshold intensity was quite stable within each animal, and there were no significant differences between left- and right-side stimulation (Figures 2A–D: BI). After CO2 laser irradiation of the right maxillary first molar region, the threshold slightly increased (30 s: left: <9.7 ± 9.0%, right: <11.1 ± 6.3%; 600 s: left: <11.9 ± 5.8%, right: <13.8 ± 6.8%) for 60 min, and there were no significant differences between left- and right-side stimulation (Figures 2A,B, 0–60 min). Similar alterations were observed in the animals treated with diode laser irradiation (30 s: left: <12.5 ± 8.4%, right: <11.4 ± 7.9%; 600 s: left: <24.7 ± 7.4%, right: <23.5 ± 9.4%) (Figures 2C,D: 0–60 min). After 30 s of irradiation, the CO2 laser significantly (p < 0.05) increased the temperature of the right maxillary mucosa (Figure 2E), while the diode laser did not alter the temperature significantly; there was a significant (p < 0.05) difference between CO2 and diode laser irradiation. Significant alterations in jaw-opening reflex-related EMG parameters were observed as stimulation-dependent reductions in latency and increases in duration and AUC (Figure 3). These alterations of EMG parameters were similarly observed on left- and right-side stimulation in all experimental groups, including the ETM groups (not shown). Figure 3 shows the alterations observed in intact animals that received 30 s of CO2 laser irradiation.


[image: Figure 2]
FIGURE 2. Stability of jaw-opening reflex excitability and temperature alterations after laser irradiation in rats without application of orthodontic force. (A–D) There were no significant differences between the left- and right-side thresholds for inducing the jaw-opening reflex (BI). The application of CO2 (A: 30 s, B: 600 s) or diode (C: 30 s, D: 600 s) laser irradiation did not alter jaw-opening reflex excitability. (E) CO2 laser irradiation significantly increased the surface temperature of the right maxillary first molar gingiva. BI: before laser irradiation. Arrow: laser irradiation. Before: before irradiation. After: after irradiation. Paired t-test, *p < 0.05, Student's t-test, #p < 0.05.
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FIGURE 3. Representative data of EMG features induced by threshold and suprathreshold stimulation in the intact group after 30 s of CO2 laser irradiation to elucidate the less invasive effects of laser irradiation on the jaw-opening reflex system. (A–C) The excitability of all three EMG parameters was increased in a stimulation intensity-dependent manner and was observed as a significant decrease in latency and a significant increase in duration and AUC. The application of orthodontic force or laser irradiation did not alter the relationship between stimulation intensity and EMG excitability. Th, threshold; AUC, area under the curve. One-way ANOVA, p < 0.05. Dunnett's post hoc test, *p < 0.05 vs. “threshold”.




Influence of Laser Irradiation on Jaw-Opening Reflex Excitability in the ETM Groups

Because both the CO2 and diode lasers were equipped with a guide laser (Table 1) to indicate the approximate range of irradiation, the effect of guide laser irradiation on jaw-opening reflex excitability was evaluated in D1 animals. One day of orthodontic force application to the right maxillary first molar significantly (p < 0.05) reduced the threshold for inducing the jaw-opening reflex on right-side stimulation compared with left-side stimulation (Figure 4B: BI). Thirty seconds of guide laser irradiation did not alter the significant reduction in the right-side threshold until 60 min after irradiation (Figure 4B: 0–60 min). Both 30 and 600 s of CO2 laser irradiation significantly (p < 0.05) increased the right-side threshold at 30 min after irradiation. The analgesic effect lasted for 60 min (Figures 5B,C: 30–60 min); however, 15 s of CO2 laser irradiation failed to alter the right-side threshold. The threshold for inducing the jaw-opening reflex on left-side stimulation was not altered by 15–600 s of CO2 laser irradiation (Figures 5A–C). Thirty and 600 s of diode laser irradiation did not alter the threshold for inducing the jaw-opening reflex on either left- and right-side stimulation (Figures 5D,E). Prolonged application of orthodontic force induced temporal alterations in jaw-opening reflex excitability. The reduction in the right-side threshold for inducing the jaw-opening reflex was almost recovered on D3, and the threshold exceeded that on the left side on D7 (Figures 6B,C). The effects of laser irradiation immediately after orthodontic force application on the temporal alterations in jaw-opening reflex excitability were investigated in the preirradiated groups. Compared with the nonirradiated D1 group, preirradiation (30 s of CO2 laser) significantly (p < 0.05) increased the threshold for inducing the jaw-opening reflex on right-side stimulation (Figure 6B) on D1. On D3 and D7, the threshold for inducing the jaw-opening reflex was not significantly different from that in the non-irradiated groups. Interestingly, preirradiation prohibited the increase in the threshold for inducing the jaw-opening reflex on D7. Similar effects were observed in animals irradiated by a diode laser for 30 s immediately after the application of orthodontic force (Figure 6C). Compared with that in the non-irradiated D1 group, the threshold for inducing the jaw-opening reflex was significantly (p < 0.05) increased in the preirradiated group, and subsequent temporal alterations in jaw-opening reflex excitability were almost the same as those observed after preirradiation by a CO2 laser (Figures 6B,C).


[image: Figure 4]
FIGURE 4. Effect of guide laser irradiation on orthodontic treatment-induced excitation of the jaw-opening reflex. (A) Experimental procedure for the application of orthodontic force, guide laser irradiation and the evaluation of jaw-opening reflex excitability. (B) One day of orthodontic force application significantly reduced the right-side threshold for inducing the jaw-opening reflex, and guide laser irradiation of the maxillary first molar region for 30 s failed to alter the reduction in the threshold for 60 min. BI: before laser irradiation. Arrow: laser irradiation. Left vs. right: two-way ANOVA, side: p < 0.05, time: p < 0.05, side × time: p < 0.05; Bonferroni post hoc test, *p < 0.05 vs. “BI of left”.
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FIGURE 5. Effects of CO2 or diode laser irradiation on orthodontic treatment-induced excitation of the jaw-opening reflex. (A–C) One day of orthodontic force application significantly reduced the right-side threshold for inducing the jaw-opening reflex before irradiation. CO2 laser irradiation of the maxillary first molar region for 15 s (A) failed to alter jaw-opening reflex excitability. However, 30 (B) and 600 (C) s of CO2 laser irradiation significantly increased the right-side threshold for inducing the jaw-opening reflex. (D,E) Thirty seconds (D) or 600 s (E) of diode laser irradiation failed to increase the right-side threshold for inducing the jaw-opening reflex. BI: before irradiation. Arrow: laser irradiation. Two-way ANOVA, side: p < 0.05, time: p < 0.05, side × time: p < 0.05; Dunnett's post hoc test, *p < 0.05: vs. “BI of left”.
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FIGURE 6. Effects of CO2 or diode laser irradiation immediately after the application of orthodontic force (preirradiation) on the development of orthodontic treatment-induced excitation of the jaw-opening reflex. (A) Experimental procedure for the application of orthodontic force, laser irradiation and the evaluation of jaw-opening reflex excitability. (B) Thirty seconds of CO2 laser irradiation significantly increased the right-side threshold for inducing the jaw-opening reflex on D1, but this effect was not observed at three or seven days after PI (D3 and D7). (C) Thirty seconds of diode laser irradiation significantly increased the right-side threshold for inducing the jaw-opening reflex on D1, but this effect was not observed at 3 or 7 days after PI (D3 and D7). NI, non-irradiation; PI, preirradiation; JOR, evaluation of jaw-opening reflex excitability. Student's t-test, *p < 0.05: NI vs. PI. Paired t-test, #p < 0.05: left vs. right in the same group.




Alterations in GFAP-IR Cells Expression Induced by Orthodontic Force Application and Laser Irradiation

In comparison with the intact control, 1-day of orthodontic force application significantly (p < 0.01) increased the number of neurons encircled with GFAP-IR cells in the V1 and V2 branch regions of the bilateral TGs (Figures 7A,B). On the left but not the right side, the expression of GFAP-IR cells in the TG was also significantly (p < 0.01) increased in the V3 branch region. Irradiation by a CO2 or diode laser at 1 day after the application of orthodontic force failed to alter the number of TG neurons encircled with GFAP-IR cells (Figures 7C,D). On the other hand, preirradiation by either laser significantly reduced the number of neurons encircled with GFAP-IR cells in the V1 (P < 0.01) and V2 (p < 0.05) branch regions of the right TG. In addition, preirradiation with a diode laser significantly (p < 0.05) reduced the expression of GFAP-IR cells in the V1 branch region of the left TG (Figures 7E,F).


[image: Figure 7]
FIGURE 7. Alterations in GFAP-IR cells expression in the TG induced by orthodontic treatment and laser irradiation. (A) Immunohistochemical photomicrographs of TG neurons in the V2 branch region encircled with GFAP-IR cells in intact (left) and D1 (right) animals. Scale bar: 50 mm. (B) Comparison of the number of TG neurons encircled with GFAP-IR cells in the V1, V2, and V3 branch regions between intact and D1 animals. (C,D) Thirty seconds of CO2 (C) or diode (D) laser irradiation on D1 failed to alter the number of TG neurons encircled with GFAP-IR cells in the V1, V2, and V3 branch regions. (E,F) Thirty seconds of CO2 (E) or diode (F) laser irradiation immediately after orthodontic force application (preirradiation) significantly altered the number of TG neurons encircled with GFAP-IR cells in the V1, V2, and V3 branch regions. PI, preirradiation. Student's t-test, **p < 0.01, *p < 0.05.




Effect of Laser Irradiation on the Distance of ETM

Without laser irradiation, the application of orthodontic force induced a temporal increase in the distance of tooth movement, as previously described (21). Thirty s of irradiation by a CO2 or diode laser did not alter the distance of tooth movement at any of the observation timepoints (D1, D3, or D7) (Figure 8B).


[image: Figure 8]
FIGURE 8. Effects of laser irradiation on orthodontic force-induced ETM. (A) Representative photomicrograph of tooth movement measurement in the plaster model (post-cast) (top) and schematic drawing of the lateral view of the pre- and post-casts of the molars (bottom). (B) The distance of tooth movement at one (D1), three (D3) and seven (D7) days after the application of orthodontic force in each experimental group. Arrowheads: contact point between the molars of the plaster model and the Vernier caliper.




Effect of Thermal Stimulation on Jaw-Opening Reflex Excitability in the ETM Groups

Thermal stimulation (30 s, 45°C) of the palatal mucosa of the right maxillary first molar significantly (p < 0.05) increased the right-side threshold for inducing the jaw-opening reflex immediately after thermal stimulation, and the increase in the threshold was sustained until the termination of observation (Figure 9B). Thermal stimulation of the right molar region also increased the left-side threshold for inducing the jaw-opening reflex 30 min later. One day of orthodontic force application significantly (p < 0.05) increased the temperature of the gingival sulcus of the right maxillary first molar compared with that of the contralateral molar (Figure 9C: BH). Thermal stimulation of the right-side molar region significantly (p < 0.05) and promptly increased the temperature of the gingival sulcus of the right molar, and it returned to the previous level immediately after the termination of stimulation. Similarly, but to a much lesser extent, temporal alterations in the temperature of the gingival sulcus of the left molar were observed. Thermal stimulation immediately after the application of orthodontic force failed to alter the right-side threshold for inducing the jaw-opening reflex on D1 (Figure 10B). In those animals, a significant (p < 0.05) difference in the temperature of the gingival sulcus was observed between the left and right molars (Figure 10C).


[image: Figure 9]
FIGURE 9. Effect of thermal stimulation on orthodontic treatment-induced excitation of the jaw-opening reflex. (A) Experimental procedure for the application of orthodontic force, thermal stimulation and the evaluation of jaw-opening reflex excitability. (B) Thermal stimulation (30 s, 45°C) significantly increased the right-side threshold for inducing the jaw-opening reflex. (C) Thermal stimulation (30 s, 45°C) significantly increased the gingival sulcus temperature on both sides. BH, before heating (thermal stimulation). Arrow & Heating: thermal stimulation. Two-way ANOVA, side: p < 0.05, time: p < 0.05, side × time: p < 0.05; Dunnett's post hoc test, *p < 0.05: vs. “BH of left,” #p < 0.05: vs. “BH of right”.



[image: Figure 10]
FIGURE 10. Effect of thermal stimulation immediately after the application of orthodontic force on the development of orthodontic treatment-induced excitation of the jaw-opening reflex. (A) Experimental procedure for the application of orthodontic force, thermal stimulation, and the evaluation of jaw-opening reflex excitability. (B) Thermal stimulation (30 s, 45°C) did not alter the right-side threshold for inducing the jaw-opening reflex on D1. (C) Thermal stimulation (30 s, 45°C) did not alter the temperature of the right molar gingival sulcus on D1. Heating: thermal stimulation. JOR, evaluation of jaw-opening reflex excitability. Paired t-test, *p < 0.05.




Effect of Local Anesthesia on Jaw-Opening Reflex Excitability in the ETM Groups

Both surface and infiltration anesthesia of the palatal mucosa of the right maxillary first molar significantly (p < 0.05) increased the right-side threshold for inducing the jaw-opening reflex, and the increase in the threshold was sustained until the termination of observation (Figures 11B,C). Although surface anesthesia of the left molar region did not alter the left-side threshold for inducing the jaw-opening reflex, infiltration anesthesia of the left molar region significantly (p < 0.05) increased the left-side threshold for inducing the jaw-opening reflex. The intensity of the left- and right-side thresholds after infiltration anesthesia were similar.


[image: Figure 11]
FIGURE 11. Effect of local anesthesia on orthodontic treatment-induced excitation of the jaw-opening reflex. (A) Experimental procedure for the application of orthodontic force, local anesthesia, and the evaluation of jaw-opening reflex excitability. (B) Surface anesthesia applied to the right maxillary first molar region significantly increased the right-side threshold for inducing the jaw-opening reflex. (C) Infiltration anesthesia applied to the right maxillary first molar region increased the right-side threshold for inducing the jaw-opening reflex. LA, local anesthesia; BT, before treatment (local anesthesia). Arrow: local anesthesia. Two-way ANOVA, side: p < 0.05, time: p < 0.05, side × time: p < 0.05; Dunnett's post hoc test, *p < 0.05: vs. “BT of left”.





DISCUSSION

In this study, the beneficial effects of laser irradiation by common dental lasers using different light sources on the orthodontic pain-related reflex and ETM were examined. In this animal model, the threshold for inducing the jaw-opening reflex was significantly reduced on the right side, which was subjected to orthodontic force, compared to the left side, which remained intact. These findings are consistent with those of previous studies reporting that trigeminal (e.g., pulp and temporomandibular joint) noxious stimulation increases jaw-opening reflex excitability (27–29) and that orthodontic force-induced inflammation in the periodontium (e.g., the periodontal ligaments and alveolar bone) plays a crucial role in the excitability of the jaw-opening reflex (21). In addition, it has been confirmed previously that the application of an orthodontic apparatus without spring elongation did not alter the excitability of the jaw-opening reflex (21).

Two types of lasers are available for therapeutic usage: one is characterized by long wavelengths (1,064–10,600 nm) and is absorbed in surface tissue (e.g., CO2 and Nd:YAG lasers); the other is characterized by short wavelengths (633–890 nm) and penetrates tissue (e.g., diode lasers) (16). The analgesic effect of laser irradiation has been investigated in humans and animals; however, the results of those investigations are not consistent. In humans, sufficient and insufficient effects of LLLT by either CO2 (11, 15, 19) or diode laser (12, 20) irradiation have been reported. In animals, although CO2 lasers have been used for noxious stimulation (30), analgesic effects of other lasers with long wavelengths have been reported (13, 31). To exclude invasive effects and to evaluate the beneficial effects of CO2 laser irradiation, an appropriate irradiation distance between the tip of the laser fiber and the tissue surface had to be determined. We set the irradiation distance for the CO2 laser as 20 cm away from the tissue surface because irradiation at this distance did not induce a pain sensation in human skin. Based on the irradiation distance of the CO2 laser, the distance for the diode laser was calculated as 3.2 cm to obtain a consistent irradiation range. Under these conditions, neither CO2 nor diode laser irradiation altered jaw-opening reflex excitability in intact animals, and a stimulation intensity-dependent increase in EMG parameters was observed, as reported in a previous study (21). These observations indicated that laser irradiation by neither laser induced invasive effects on trigeminal sensation or muscle (e.g., anterior digastric and masseter) function under the current conditions. The wavelength of the CO2 laser is in the far-infrared range (>1,200 nm). It has been reported that such lasers penetrate tissue only 20 μm (14) and are then absorbed by the moisture of the tissue, increasing the temperature (17). On the other hand, the wavelength of the diode laser is in the near-infrared range (700–1,200 nm) (14), and these lasers penetrate tissue 4 mm and are not absorbed by tissue moisture (17). Differences in the thermal effects of CO2 and diode lasers may play a critical role in the acute analgesic effect in this model because the diode-sourced guide laser did not show an analgesic effect. Indeed, an increase in the local circulation of the CO2 laser-irradiated area has been reported (11, 32), which may increase the clearance of inflammatory mediators in inflamed tissue. In humans, similar acute analgesic effects of CO2 laser irradiation on tissue with mucosal disease (e.g., pemphigus vulgaris and aphthous stomatitis) have been reported (15, 33). Zand et al. applied a CO2 laser through a thick layer of transparent, high-water-content gel, and there were no significant alterations in the mucosal temperature after irradiation (33). This result suggests the importance of evaluating the local anesthetic effect of CO2 laser irradiation. In the present study, CO2 but not diode laser irradiation, thermal stimulation and surface anesthesia increased the right-side threshold for inducing the jaw-opening reflex similarly on D1. From these results, the involvement of both temperature alterations and surface anesthetic effects in the acute analgesic effect of CO2 laser irradiation was evident. Since infiltration anesthesia increased the threshold for inducing the jaw-opening reflex to a much higher level (400% of BI) on both sides, the surface anesthetic effect of the CO2 laser might be related to the absorption rate of the longer laser wavelength. Moreover, the involvement of transient receptor potential vanilloid 1 (TRPV1) and transient receptor potential ankyrin 1 (TRPA1) in the acute analgesic effect of CO2 laser irradiation has been suggested (34, 35). TRPV1V is a highly temperature-sensitive (>42°C) non-selective cation ion channel (36, 37); however, it is rapidly (on the ms-to-s time scale) desensitized, and the molecular basis of the heat desensitization of TRPV1 has recently been reported (38). Moreover, the inhibition of acid-sensing ion channels by TRPV1 activation has also been reported (39). On the other hand, TRPA1 is a lower temperature-sensitive (<20°C) non-selective cation ion channel and is also involved in pain sensation (37). Although the activating temperature of TRPA1 is different from that of TRPV1, agonist-activated TRPA1 is suppressed by warmth (>40°C) (35). Since both CO2 laser irradiation and thermal stimulation rapidly increased the peripheral temperature in the present study in the range of the heat desensitization of TRPV1 and TRPA1, further investigation of the crucial role of TRPV1 and TRPA1 in orthodontic force-induced pain is emphasized. Nevertheless, effects other than those described above are likely involved in the preventive effects of both lasers on orthodontic force-induced excitation of the jaw-opening reflex in the preirradiation groups. Indeed, thermal stimulation immediately after orthodontic force application failed to alter jaw-opening reflex excitability on D1. Diode laser irradiation has been used for photodynamic therapy (17), and biologically relevant photochemical reactions are dependent on the generation of reactive oxygen species (ROS) (40, 41) and singlet oxygen (1O2) (42). One potential cause of the preventive effects of the diode laser on orthodontic force-induced excitation of the jaw-opening reflex in this study is ROS because laser irradiation at a wavelength <800 nm is required to produce a therapeutic concentration of 1O2 (17). Moreover, a recent report on the enhancement of ROS generation by CO2 laser irradiation (43) suggested that ROS were also involved in the preventive effects of the CO2 laser irradiation on orthodontic force-induced excitation of the jaw-opening reflex. ROS are involved in two different aspects of biological function: redox biology and oxidative stress (44). To elucidate whether ROS have beneficial effects on orthodontic force-induced pain, further investigation into the functional relationship between laser irradiation-induced ROS generation and the production of inflammatory chemical mediators is required. Although the molecular basis of the preventive effects of both lasers on orthodontic force-induced excitation of the jaw-opening reflex is still unclear, the modulation of inflammation might play an important role. The increases in the gingival sulcus temperature and the number of TG neurons encircled with GFAP-IR cells induced by the application of orthodontic force on D1 indicated the presence of inflammation around the treated molar. An inhibitory effect of anti-inflammatory drugs, such as aspirin, on orthodontic treatment-induced excitation of the jaw-opening reflex has been reported (21). In the present study, the significant reduction in the number of TG neurons encircled with GFAP-IR cells was associated with a significant decrease in jaw-opening reflex excitability. These results suggest that the preventive effects of both lasers on orthodontic force-induced excitation of the jaw-opening reflex are associated with the attenuation of inflammation but do not alter tooth movement (see below). Nerve injury induces the expression of GFAP in dorsal root ganglionic SGCs within 4 h, and this effect is reduced in 3 weeks (45). This temporal pattern of GFAP expression is consistent with our results, such as the slight increase in the number of TG neurons encircled with GFAP-IR cells in intact animals compared with the results of a previous study (22), because those animals underwent the orofacial surgical procedure and the evaluation of jaw-opening reflex excitability before the histochemical procedure (e.g., perfusion). Furthermore, an attenuating effect of irradiation with either laser on GFAP expression is hypothesized to occur because preirradiation inhibits the increase in the threshold for inducing the jaw-opening reflex on D7. The alterations in GFAP-IR cell expression in the TG are related to the expression of referred pain (46). The application of orthodontic force significantly increased the number of neurons encircled with GFAP-IR cells in not only the V2 but also the V1 and V3 branch regions in the bilateral TGs. SGCs are connected by gap junctions; thus, excitatory information might spread from the V2 branch region to other regions in the unilateral TG. It has been documented that unilateral noxious stimulation of the orofacial region increased neural activity in the bilateral trigeminal spinal subnucleus caudalis (Vc), upper cervical spinal cord (C1/C2), and paratrigeminal nucleus (Pa5) (26), which are thought to organize somatotopical information related to orofacial pain. This result suggests the contribution of those nuclei to the increase in GFAP-IR cells in the contralateral TG.

The ETM was measured to assess another effect of laser irradiation. Recently, a significant increase in tooth movement mediated by irradiation with 660 or 830 nm lasers was reported (47). Laser irradiation also significantly increased the expression of interleukin-1β (IL-1β), receptor activator of nuclear factor κ-B ligand (RANKL), and osteoprotegerin (OPG) and the activity of osteoclasts in a wavelength-dependent manner. Yang et al. applied laser irradiation almost every day for 1 week, and a significant increase in ETM was observed after 14 days. In the present study, neither CO2 laser nor diode laser irradiation increased ETM. This inconsistency may be related to the irradiation procedure (e.g., frequency and period) and the observation period. However, this difference raises the possibility that the biological effect of short-wavelength lasers on the synthesis of IL-1β, RANKL and OPG appears rapidly but does not last long enough to influence tooth movement.
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Differentiation of Feeding Behaviors Based on Masseter and Supra-Hyoid Muscle Activity
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Older adults with disorders of mastication and swallowing are often fed soft foods such as jelly or puree. The texture of such semi-solid foods allows them to be squeezed between the tongue and palate rather than being chewed. However, it is difficult to visually identify such strategies for the oral processing of food. This study aimed to test the hypothesis that there is a difference in the sequential coordination between the masseter and supra-hyoid muscles, and to identify feeding behaviors such as chewing and squeezing using electromyography. Seventeen male subjects (mean age: 30.8 years) were recruited. Four kinds of gels were prepared (two kinds of fracture force and fracture strain) as test samples. Subjects were instructed to consume the gels in three ways: squeezing with the tongue, chewing with the teeth and eating freely until swallowing. The amount of squeezing/chewing and the consumption time was unlimited. The masseter and supra-hyoid muscle activity were recorded during the entire consumption time and videofluorography was simultaneously recorded during each ingestion. Lissajous figures were made from the electromyographic activity of the two groups of muscles during the first stroke, and a regression line was made to determine the gradient of each figure to compare squeezing and chewing using the Mann–Whitney U-test. The masseter and supra-hyoid muscles were active simultaneously during squeezing with the tongue. However, the masseter was active after the supra-hyoid during chewing. The gradient of the regression line from the Lissajous figures between the masseter and supra-hyoid muscle activity was positive during squeezing, but negative during chewing. Analysis of the ROC curve showed that the cutoff value of the gradient for differentiating feeding behaviors was 0.097, with a sensitivity of 95.3% and specificity of 98.4%. When we allocated 68 free intakes into squeezing and chewing according to this cutoff value, we could distinguish with good precision, and the accuracy, sensitivity, and specificity were 86.8, 91.1, and 66.7% respectively. These results suggest that certain aspects of muscle activity differed among oral processing methods. Lissajous analysis of muscle activity was useful for identifying ingestion behaviors.

Keywords: muscle activity, tongue, mastication, squeezing, Lissajous figure


INTRODUCTION

Accidental suffocation is the most common form of accidental death in older adults, and in Japan, half of these deaths are caused by respiratory obstruction resulting from food aspiration (Kiyohara et al., 2018; Cabinet Office Government of Japan, 2019). Therefore, providing meals for older adults that can be consumed safely without suffocation is an urgent issue. Risk factors related to suffocation in older adults can be divided into human factors and factors related to the physical properties of food. The cross-sectional area of the lower end of the oropharyngeal cavity is significantly smaller in older adults than in younger people (Ariyoshi et al., 2013) possibly as a result of changes in the shape of the pharyngeal cavity caused by age-related drooping of the larynx. Another study reported age-related weakness in muscles and deterioration of the swallowing reflex (Nishikubo et al., 2015). Risk factors for suffocation in aged care facility residents are related to cognitive function, the presence of meal independence, and the presence of molar occlusion (Ariyoshi et al., 2013). Swallowing without chewing and food thrusting are often seen in older adults with cognitive impairment even when they are capable of eating meals independently (Samuels and Chadwick, 2006). To prevent suffocation of older adults who need long-term care, it is necessary to assess their masticatory and swallowing function and provide appropriate assistance with meal planning, such as selecting the food type and adjusting the size and texture according to their masticatory ability.

Semi-solid food such as jelly tends to be squeezed between the tongue and palate rather than being chewed (Ishihara et al., 2014). However, it is difficult to identify such strategies for oral processing of food by visual observation. Additionally, self-reporting by older adults with cognitive decline may not match the actual feeding behaviors. Appropriate bolus formation is important for swallowing, and it is necessary to match the meal form with the feeding behavior. Mastication is defined as the process of chewing food for swallowing and digestion (Ferro et al., 2017) or the process of food ingestion, crushing, mixing with saliva, and finally forming a bolus. In the process mode developed by Palmer et al. (1992) the processes associated with mastication consist of food intake, transfer to the molars (stage I transport), food processing, and bolus transport to the oropharynx before swallowing (stage II transport) (Hiiemae and Palmer, 1999). If one of these processes fails, the most important masticatory purpose of forming a swallowable bolus cannot be achieved. There are many kinds of research on muscle activity during mastication, where the main research subjects were the masseter and temporal muscles with solid foods either natural or no edible as test foods (Foster et al., 2006; Iguchi et al., 2015; Révérend et al., 2016; Bilt and Abbink, 2017). However, few studies have investigated mastication of semi-solid foods (Kohyama et al., 2016).

Older adults with disorders in mastication and swallowing are often fed soft foods, such as jelly or puree, rather than solid foods. Compensatory strategies for oral processing of food, such as squeezing the food with the tongue and palate, have been observed in patients with reduced masticatory function due to tooth loss (Ohta et al., 2017). Additionally, even healthy adults eating semi-solid foods can be observed to process the food by squeezing it with their tongue (Arai et al., 1992). In previous studies using electromyography (EMG), the activity of the suprahyoid muscles was observed when squeezing jelly with the tongue and elevating the tongue to the palate (Ishihara et al., 2011, 2013) and the activity of the suprahyoid muscles changed depending on the physical properties of the jelly.

A Lissajous figure expresses vector-synthesis on the Brownian X-axis and Y-axis. This method was able to describe the dynamic aspect of the muscle activity of two different muscles better than the level of myoelectric potential, and has been applied to express the sequential relationship between the two different muscles, for example the masseter and temporal muscles or bilateral muscles (Ferrario and Sforza, 1996; Ferrario et al., 1999, 2014). Moreover, the phase difference was obtained from Lissajous figure. We hypothesized that the Lissajous analysis should be able to clarify the differences in the sequential state of activity of the masseter and suprahyoid muscles caused by different feeding behaviors. This study aimed to test the hypothesis that there is a difference in sequential coordination between the masseter and suprahyoid muscles, and that feeding behaviors such as chewing and squeezing can be identified using EMG.



MATERIALS AND METHODS


Subjects

The subjects were 17 healthy adult males (average age = 30.8 ± 4.2 years). We recruited them from university staff and students as volunteers after we presented the details of the experiment. All subjects provided written consent after receiving full written and verbal explanations of the purpose and details of the experiment. Exclusion criteria included any history of eating or swallowing difficulties, dysphagia, neurological disorders, dental pain, periodontal problems, or temporomandibular joint syndromes. Regarding the exclusion criteria, we did an oral interview about their medical history and confirmed that they had no subjective symptoms nor abnormal findings. We set the target number at 20 subjects because this study is an observational study, and there is a risk of exposure due to VF. However, only 17 eligible volunteers who applied for recruitment, therefore we adopted the largest possible number of subjects. This experiment was approved by the ethics committee of the Faculty of Dentistry of Niigata University (28-R2-4-14).



Test Samples

As test samples, gels were prepared using a mixture of KELCOGELTM (low-acylated gellan gum) and KELCOGEL LT-100TM (high-acylated gellan gum) (both from San-Ei Gen F.F.I., Inc., Osaka, Japan) (Ishihara et al., 2014; Table 1). Low-acylated gellan gum forms less deformable and more brittle gels than high-acylated gellan gum, and diverse textures can be obtained through blending of the two gums (Sworn, 2000). To mask the subtle flavor from these polysaccharides, which may have affected the results of sensory evaluation, sucrose was added at 10% (w/w) to all gel samples.


TABLE 1. Physical properties of samples.

[image: Table 1]
The mechanical characteristics of the gellan gels were measured using a TA. XTplus texture analyzer (Stable Micro Systems, Surrey, United Kingdom) through instrumental compression of the gel samples. We set the breaking load and strain of each gel samples. Breaking load and breaking strain were determined from the first peak (breaking point) of the compression curve as shown in Supplementary Figure 1. Breaking strain was calculated as the ratio of the deformation at breaking point to the initial height of gel. Breaking load and strain were measured by compressing these gels on a hard metal stage using a cylindrical aluminum plate 50 mm in diameter at a crosshead speed of 10 mm/s at 20°C. The gel sample was 20 mm in diameter and 10 mm in height. Compression rate was 90%. The average of the five samples was taken as the physical properties of each sample.

In this study, four kinds of prepared gel samples were used (A10, A30, C10, and C30). The breaking load was set to 30 N for A30 and C30, and 10 N for A10 and C10. The breaking strain was set to 45% for A10 and A30, and 75% for C10 and C30 (Table 1). In other words, A30 and C30 were formulated to have the same breaking load, and A10 and A30 to have the same breaking strain. The mechanical properties of the four test samples used in this experiment were as follows: A10 was soft and brittle, A30 was hard and brittle, C10 was soft and elastic, and C30 was hard and elastic. These gels were contrasted for videofluorography (VF) by 8.2 w/v% iopamiron 370® (Bracco Imaging, Milan, Italy) and the taste was corrected with granulated sucrose. Additionally, subjects were provided with the test samples with all the conditions coordinated, such as the form (semi-spherical), size, color, and smell, so that each test sample could not be distinguished from other test samples except for the oral sensation when eating.



Measurement Device

The EMG activity of the right masseter and supra-hyoid muscles was recorded during using a wired bipolar surface EMG system (NT-212u, Nihon Kohden, Tokyo, Japan). The two couples of electrodes were attached non-invasively to the skin surface over the part of corresponding to the masseter and supra-hyoid muscles at an inter-electrode distance of 20 mm so as not to restrict the subjects’ movements, while a ground electrode was applied to the right ear. The same operator performed the work of attaching the electrodes so that there was no variation among the subjects. After placing the electrodes, each subject waited for a certain period until the potential stabilized. The subjects were asked to perform occlusal movement, tongue elevation, and swallowing, and we confirmed that the EMG was recorded normally. All muscle activity was recorded from the intake of the test food to the initial swallowing at a sampling frequency of 1000 Hz. All signals were amplified with an amplifier (AB611-J, Nihon Kohden, Tokyo, Japan) and recorded on the computer through an analog to digital converter (Power Lab ML880, AD Instruments, Bella Vista, Australia). The EMG signals were then filtered (30–1000 Hz). The recorded EMG signals were analyzed after full-wave rectification waveform processing. To assess the feeding behavior during free ingestion, videofluorography (VF) was recorded at 30 frames/s (ARCADIS Avantic Gen2, Siemens, Germany) from the sagittal plane, and recorded on the computer through Power Lab ML880 simultaneously.



Data Collection and Feeding Behavior

A semi-spherical gel sample was put on each subject’s tongue by the assistant in the same manner. The subjects sat on the examination chair and the headrest position was adjusted so that the subject’s Frankfurt plane was parallel to the floor.

The subjects were instructed to consume the test products in one of three ways: squeezing, chewing, or eating freely. For squeezing, the subject was instructed “Don’t chew but squeeze with your tongue.” The instruction for chewing was “chew with your teeth,” and the instruction for eating freely was simply “eat freely,” with no specific instructions. Squeezing with the tongue and chewing were performed twice for each sample (8 times in total), and eating freely was performed once for each sample (4 times in total). For each method, the subject consumed the sample until swallowing, with no limit on the amount and time of chewing or squeezing, and the order of implementation was randomized using online random number generator (Research Randomizer)1. The EMG activity was recorded when the test sample was ingested, and the VF was recorded from the sagittal plane at the same time.



Data Analysis

After recording the entire EMG activity of the masseter and suprahyoid muscles during chewing and squeezing with the tongue, only the first stroke of chewing or the first squeezing with the tongue were extracted as the target and analyzed. The first stroke of chewing or squeezing with the tongue was defined as the lowest value including one peak value to the next lowest value.

The Lissajous figures (scatter charts) were created by plotting the values of the EMG activity of the suprahyoid muscles on the X-axis and the values of the masseter muscle on the Y-axis. Then, a regression line was made on these Lissajous figures to determine the gradients (Supplementary Figure 2). Then the gradient of regression line of the EMG activity of the masseter and supra-hyoid muscles during the first stroke was calculated and compared between squeezing with the tongue and chewing using the Mann–Whitney U-test. Additionally, using the gradient values of regression line of squeezing and chewing data, the receiver operating characteristic (ROC) curve for distinguishing feeding behaviors was drawn. The optimum cutoff value for these behaviors was established using the receiver operating characteristic (ROC) curve.

The free intake was analyzed in the same manner. The free intake feeding behaviors were determined according to the cutoff value we obtained; in other words, the same analysis was performed during free intake, and the gradient of the regression line of the Lissajous figure was calculated and the feeding behaviors of squeezing with the tongue and chewing were compared. The consistency of the results was determined by observing the VF images. For the VF images, we focused on the gel’s first movement after it had been placed on the tongue. Chewing was determined to start when the gel was moved by the tongue onto the dental arch at the start of consumption and squeezing with the tongue was determined to start when it was raised and squeezed between the palate and the tongue.

The analysis software used was SPSS Statistics (ver. 25 IBM Japan, Tokyo, Japan) with the significance defined at P < 0.05.



RESULTS

The masseter and supra-hyoid muscles were active almost simultaneously during squeezing (Figures 1A,B), whereas during chewing, the supra-hyoid and masseter muscles were active in turn during mastication (Figures 1C,D).


[image: image]

FIGURE 1. Example of muscle activity during squeezing (A) and the first cycle from the muscle activity data of the masseter and suprahyoid muscles (B). Example of muscle activity during chewing (C) and the first cycle from the muscle activity data of the masseter and suprahyoid muscles (D).


Analysis using the Lissajous figures of muscle activity showed that the gradient of the regression line was negative for chewing (Figure 2A), but positive for squeezing (Figure 2B). This tendency was common in all gel samples, and the value of inclination for squeezing was significantly greater than that for chewing (Figure 3). Examination of the cutoff value for the gradient of the regression line estimating the differences in feeding behavior using the ROC curve indicated that when the gradient was 0.097, the best sensitivity was 95.3% and the specificity was 98.4% (Figure 4).


[image: image]

FIGURE 2. Example of the Lissajous figures for squeezing (A) and chewing (B). The arrow indicates the regression line. The formulas in figures are the regression formula of regression line. The coefficient of x (underlined part) is the gradient value of regression line.
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FIGURE 3. Comparison of gradient for each sample between chewing and squeezing (n = 136). The figure shows the median and interquartile range for each sample and the horizontal dashed line shows the cutoff value of 0.097.



[image: image]

FIGURE 4. ROC-curve. The cutoff value of the gradient for differentiating feeding behaviors was 0.097. At point X, the best sensitivity was 95.3% and the specificity was 98.4%.


Based on the cutoff value obtained, 68 free intakes were estimated and compared with the results of the VF determination (Table 2). The accuracy was 86.8%, the sensitivity was 91.1%, and the specificity was 66.7%. Additionally, only 2 out of 17 subjects performed squeezing with the tongue in more than half of the trials during free eating, and most subjects chewed when they ingested freely with all four test samples.


TABLE 2. Differentiation of feeding behavior based on videofluorography (VF) and the cutoff value.

[image: Table 2]


DISCUSSION

In this study, we were able to distinguish two types of feeding behaviors, squeezing with the tongue and chewing, by using a new method of analyzing Lissajous figures of the phase differences of the masseter and suprahyoid muscles. This method was a way to allow distinguishing between two gradients of regression lines, one for chewing and the other for squeezing. The regression line was obtained from the Lissajous figure, i.e., putting an EMG of supra hyoid muscles on the X-axis and the EMG of masseter on the Y-axis and determining the regression lines (Supplementary Figure 3). The results of this study show the feasibility of using a non-invasive method for differentiating feeding behaviors. This method could be used at facilities such as nursing homes where there is no professional who can evaluate chewing and swallowing function, and where determination of the feeding behavior relies on self-reporting by the patient. Objective and quantitative assessment of feeding behavior could be helpful in determining the most appropriate food for patients, thus reducing the risk of suffocation during meals in disabled older adults.


Differences in Muscle Activity Between Chewing and Squeezing

During chewing, the masseter muscle was active during jaw-closing and the suprahyoid muscle was active during jaw-opening. As a result, masseter muscle activity was observed after suprahyoid muscle activity, and the Lissajous figure suggested the phase difference in the activity of the masseter and sura-hyoid muscles. In contrast, when squeezing with tongue, not only the supra-hyoid muscles were working, but also the masseters were active asynchronously. Therefore, it can be deduced that the tongue was raised while the mouth was closed and the food was being compressed during squeezing. In most subjects, the EMG data for the masseter tended to be smaller during squeezing with the tongue than when chewing (data not shown). During chewing, the masseter muscle contracts until the upper and lower teeth are firmly engaged, but when squeezing with the tongue, there is no need to bite deeply as is required during chewing. Thus, it can be deduced that the main role of the masseter muscle during squeezing with the tongue is to work in cooperation with the supra-hyoid muscle to close the mouth and fix the lower jaw in place.

In this study, we measured the masseter and suprahyoid muscles of the right side only. The jaw movement represented by mastication is an activity resulting from the cooperation of the paired left and right temporomandibular joints and the masticatory muscles. It is known that there is a slight left–right difference in that the muscle activity on the mastication side occurs first. In this study, the main purpose was to analyze the difference in cooperative EMG activity between different muscles related to feeding behavior. Therefore, we only analyzed the masseter and suprahyoid muscles on the right side, to determine their different roles in chewing and squeezing with the tongue.



Analysis of Free Intake

In the free ingestion task of the present study, only 2 out of 17 subjects performed squeezing with the tongue for more than half of the four types of samples, and most subjects performed chewing with most of the samples. All the test samples were classified as “food for people who have problems with chewing” according to the Smile Care Food classification, which is one of the standards for the classification of nursing home foods established by the Ministry of Agriculture, Forestry and Fisheries. A30 was a food that can be easily chewed (Smile Care Food 5), A10 and C30 were foods that can be crushed by the gums (Smile Care Food 4), and C10 was a food that can be crushed by the tongue (Smile Care Food 3). These four kinds of test foods were selected because we expected that the feeding behavior would change depending on the physical properties of the food. However, in reality, many subjects chewed all the test foods when they were ingested freely. These outcomes suggest that “food that can be eaten by squeezing with the tongue” was not necessarily “food that you want to eat by squeezing with the tongue” for all subjects. The following factors were considered to have greatly affected the results: (1) all subjects were healthy dentulous adults; (2) there were no extreme differences in the physical properties of the four test samples; and (3) gel sample had a slight bitterness due to contrast agents. Furthermore, these food were developed for elderly patients of the patients with dysphagia. Therefore, verification for the elderly is needed in the future.

It is speculated that these results might be due to the fact that the subjects were adults with healthy teeth and that there were no extreme differences in the physical properties of the four test samples used in this study. Past studies on mastication suggested that factors that affect masticatory movement include food size, food hardness, and the condition of the subject (Mizumori et al., 1985). In this study, all subjects were fed gel samples of the same size (volume) by the operator. According to a study by Arai et al. (1992) which investigated the effect of food shape on mastication, the most important factor for differentiating feeding behaviors when ingesting semi-solid foods such as agar gels was the size, rather than the physical properties of the gel. Additionally, when the test food was 15 × 15 × 15 mm or less, all subjects ingested the sample by squeezing with the tongue and their hard palate, but when the test food was 20 × 20 × 15 mm or more, the main ingestion pattern changed from squeezing to chewing. They also reported that the food size threshold for changing feeding behavior was 20 × 20 × 15 mm (Arai et al., 1992; Fueki et al., 2008). The test samples we used in this study were equivalent to one teaspoon (5 ml), with a diameter of 25 mm and height of 15 mm. This is slightly larger than the threshold of 20 × 20 × 15 mm, as suggested by Arai et al. (1992) which may have increased the percentage of subjects who performed chewing during free eating.

Bellisle et al. found that the chewing time became shorter when subjects ate something delicious and enjoyed rolling the food on the tongue (Bellisle et al., 2000; Johansson et al., 2013). It is thought that the preferences and experience of each subject are key determinants in choosing whether to chew or squeeze a food with the tongue. However, although the test samples used in this study were flavored with granulated sugar, the characteristic bitter flavor of the iopamiron370® remained, and the food was never thought to be delicious. The effect of the bitter flavor of the test sample could be the reason why fewer subjects ingested by squeezing with the tongue.



Limitations and Clinical Significance

In this study, the number of subjects and experimental tasks was limited to minimize the radiation exposure. Because we analyzed only the first cycle of each feeding behavior in this study, we were able to discern the trend of the beginning of each feeding behavior. In this report we focused on developing and testing the methodology for using Lissajous figures to distinguish tongue squeeze and chew behaviors. We think that it is important to be able to objectively quantify the feeding behavior. To identify changes in the characteristics of each feeding behavior over time and to evaluate the strategy of oral processing of food, we should conduct an analysis using Lissajous figures with the EMG data from the masseter and suprahyoid muscles from the start of feeding to swallowing. Further analysis of these data might provide important insights in the future.

It is reported that cognitive function, occlusal support including dentures, and oral function are important for preventing choking (Ariyoshi et al., 2013). Some elderly people, even if they retain a complete dentition, eat with tongue squeezing instead of chewing. Preventing choking or aspiration and providing safe meals involving both behaviors are important goals for monitoring feeding by elderly patients (Jayatilake et al., 2015). In order to assess what kinds of foods might best be eaten by specific individuals, reliable discrimination of chewing and tongue squeezing is important. However, reliable discrimination by experienced observers might be difficult and error prone in a busy clinical environment. The methods proposed in this study for rapid and reliable assessment of food oral processing behavior would ideally be validated in elderly people, but it is difficult to measure VF and EMG synchronously in elderly people. Future research should compare the results of our experiment with those of a similar experiment with older adults with missing teeth. It would be expected that the ratio of chewing in free eating would be different from that of young subjects with healthy teeth.

A lot of work is needed to develop a clinical application of Lissajous figures to determine feeding behavior. However, a small electromyograph has been released recently (Yamaguchi et al., 2018) and the data analysis method used in this report was not very complicated. It is important to be able to evaluate feeding behavior by objective numerical values, regardless of the caregiver’s experience, in the care of the elderly. We consider this report to be the first step. Moreover, this method might also be applied in food engineering for designing food for the elderly requiring care.



CONCLUSION

By analyzing the muscle activity of the masseter and suprahyoid muscles using Lissajous figures, the cutoff value 0.097 was determined for the eating pattern of tongue crushing and mastication. These results suggest that this method may be a new means for non-invasive assessment of solid food consumption.
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Toll-Like Receptor 4 in the Rat Caudal Medulla Mediates Tooth Pulp Inflammatory Pain
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The aims of this study were to investigate if Toll-like receptor 4 (TLR4) is expressed in the medullary dorsal horn (MDH) and if medullary application of a TLR4 antagonist (lipopolysaccharides from Rhodobacter sphaeroides, LPS-RS) can attenuate changes in nociceptive sensorimotor responses or TLR4 expression that might be evoked by mustard oil (MO) application to the right maxillary first molar tooth pulp. Of 41 adult male Sprague-Dawley rats used in the study, 23 received intrathecal application of the TLR4 antagonist LPS-RS (25 μg/10 μl; LPS-RS group) or isotonic saline (10 μl; vehicle control group) 10 min before pulpal application of MO (95%; 0.2 μl). Bilateral electromyographic (EMG) activities of the anterior digastric and masseter muscles were recorded continuously before and until 15 min after the MO application to the pulp. In 6 of these 23 rats and an additional 18 rats, the caudal medulla containing the ipsilateral and contralateral MDH was removed after euthanasia for subsequent Western Blot analysis of TLR4 expression in LPS-RS (n = 8) and vehicle (n = 8) groups and a naïve group (n = 8). The % change from baseline in the MO-evoked EMG activities within the anterior digastric muscles were significantly smaller in the LPS-RS group than the control group (two-way ANOVA, post hoc Bonferroni, P < 0.0001). Western Blot analysis revealed similar levels of TLR4 expression in the caudal medulla of the naïve, vehicle and LPS-RS groups. These novel findings suggest that TLR4 signaling in the caudal medulla may mediate MO-induced acute dental inflammatory pain in rats.
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INTRODUCTION

Tooth inflammatory pain is a common and debilitating condition with negative social and economic consequences that may result in an impaired quality of life if not appropriately treated. Regrettably, its underlying mechanisms are still not fully understood (Sessle, 2014; FDI World Dental Federation, 2015), and so studies aimed at enhancing understanding of its mechanisms are important for providing fundamental knowledge that could lead to improved management approaches to tooth inflammatory pain.

Several studies have shown that the medullary dorsal horn (MDH), which is often referred to as the trigeminal subnucleus caudalis, is an important caudal medullary site related to the processing and relaying of nociceptive information from the teeth and other orofacial structures to higher brain centers (for review, see Sessle, 1986, 2000, 2014; Byers and Närhi, 1999; Iwata et al., 1999, 2011; Chiang et al., 2011; Chichorro et al., 2017). For example, tooth pulp application of mustard oil (MO), an inflammatory irritant and transient receptor potential ankyrin 1 (TRPA1) agonist, can markedly enhance activity of MDH nociceptive neurons accompanied by nociceptive sensorimotor responses in jaw muscles reflected in MO-induced increases in electromyographic (EMG) activities (e.g., Chiang et al., 1998, 2007, 2011; Sunakawa et al., 1999; Narita et al., 2012). In addition, the MDH has been shown to be a critical interneuronal relay site in these reflex responses to MO and other noxious orofacial stimuli (Cairns et al., 1998, 2001; Tsai et al., 1999).

The neuronal hyperexcitability that can be induced in the MDH by MO or other noxious orofacial stimuli is considered to reflect a so-called central sensitization which involves the induction of neuroplastic changes in nociceptive processes in the central nervous system (CNS). In the trigeminal system, central sensitization has been documented to be an integral mechanism underlying acute and chronic pain states and to be dependent on the functional integrity of MDH microglia (Chiang et al., 2007, 2011; Iwata et al., 2011; Sessle, 2014; Chichorro et al., 2017). Microglial activation in pain states has been shown to involve the toll-like receptor 4 (TLR4) (Lehnardt et al., 2002; Olson and Miller, 2004; Guo and Schluesener, 2007; Kashima and Grueter, 2017; Bruno et al., 2018). TLR4 is a subtype of toll-like receptors involved in the recognition of lipopolysaccharides (LPS) present in the cell wall of gram-negative bacteria (Bryant et al., 2015; Gao and Li, 2016; Bruno et al., 2018). The stimulation of TLR4 results in the activation of two major intracellular signaling pathways: the myeloid differentiation primary response 88 (MyD88) dependent pathway and the TIR-domain-containing adapter-inducing interferon-b (TRIF) pathway. The first one induces nuclear factor-kB (NF-kB) translocation and expression of inflammatory cytokines as well as type I interferon genes, whereas the TRIF pathway activates type 1 interferon genes and delayed NF-kB translocation and expression of inflammatory cytokines via interferon regulatory factor 3 (IRF-3) (Vaure and Liu, 2014; Bruno et al., 2018).

TLR4 has been shown to be expressed in the spinal dorsal horn, the spinal analog of the MDH (Sun et al., 2015; Yan et al., 2015b; Hu et al., 2018). There is evidence that TLR4 may play a critical link between the innate and adaptive immune response as well as the induction, conversion, and maintenance of chronic pain states (Takeda et al., 2003; Bruno et al., 2018). Previous studies have documented the involvement of TLR4 processes in several pain models (Tanga et al., 2005; Christianson et al., 2011; Ohara et al., 2013; Tramullas et al., 2014; Sun et al., 2015; Bruno et al., 2018). Some of these studies have included investigations showing that TLR4 is involved in the induction phase of behavioral hypersensitivity in rodent pain models (Tanga et al., 2005) and that TLR4 antagonists such as LPS from Rhodobacter sphaeroides (LPS-RS) can attenuate nociceptive processes (Christianson et al., 2011; Sun et al., 2015). LPS-RS is a potent antagonist of toxic LPS in both human and murine cells, and also is effective in antagonizing effects attributed to TLR4 (Christianson et al., 2011; Sorge et al., 2011; Li et al., 2015; Sun et al., 2015). TLR4 expressed on microglia has been shown to contribute to spinal cord microglial activation and central sensitization (Lehnardt et al., 2002; Olson and Miller, 2004; Guo and Schluesener, 2007; Kashima and Grueter, 2017; Bruno et al., 2018). Microglial activation involving TLR4 processes leads to an increase of spinal inflammatory cytokines that maintain the proinflammatory environment within the spinal dorsal horn and thereby sustain central sensitization (Lehnardt et al., 2003; Tanga et al., 2005; Buchanan et al., 2010; Nicotra et al., 2012; Yan et al., 2015a; Bruno et al., 2018).

While the role of TLR4 in immune function, inflammation and spinal nociceptive mechanisms has been well established, knowledge of the role of this receptor in orofacial nociceptive processes is limited. It has been suggested that expression of TLR4 and its co-receptor CD14 in trigeminal sensory neurons may be related to the inflammatory pain resulting from tooth pulp infection (Wadachi and Hargreaves, 2006). LPS from gram-negative bacteria is the main exogenous TRL4 agonist during infection-associated dental pain and likely sensitizes the transient receptor potential vanilloid 1 (TRPV1) via TRL4 activation in the trigeminal sensory neurons (Diogenes et al., 2011; Green et al., 2016). There is also evidence that TRPV1 is co-expressed with TRPA1 in many sensory neurons, including those in tooth pulp, associated with small-diameter C-fibers in the trigeminal ganglion as well as in the dorsal root ganglion (Kobayashi et al., 2005; Sadofsky et al., 2014; Hargreaves and Ruparel, 2016; Gouin et al., 2017; Lee et al., 2019). This co-expression might lead to functional interactions between these two subtypes of TRP receptors (Fischer et al., 2014). However, although some studies (Ohara et al., 2013; Lin et al., 2015) have suggested the importance of TLR4 in orofacial pain states, the role of TLR4 in central mechanisms of dental pain is still unclear.

Some studies using pain models have shown increased expression of TLR4 in the spinal dorsal horn (Sun et al., 2015; Yan et al., 2015b; Hu et al., 2018). As noted above, the spinal dorsal horn is the spinal analog of the MDH, and earlier findings indicate that the MDH is a critical element in the neural circuitry underlying the reflex EMG activity that can be evoked in the jaw muscles by noxious orofacial stimuli. Therefore, the present study was initiated to use electrophysiological, pharmacological and molecular approaches to determine if TLR4 is expressed in the MDH and if medullary application of the TLR4 antagonist LPS-RS can attenuate these nociceptive sensorimotor responses or the increased TLR4 expression that might be evoked by MO stimulation of the rat tooth pulp.



MATERIALS AND METHODS


Animals

A total of 41 adult male Sprague-Dawley rats (250–350 g) were obtained from Charles River (Montreal, QC, Canada). Social interaction and appropriate environmental conditions are important factors reducing anxiety and other emotions that can influence pain. Therefore, the rats were kept in their home cages (3 animals/cage) at the Department of Comparative Medicine (University of Toronto) under standard conditions of temperature (22 ± 2°C), light (12 h light-dark cycle) and humidity (50–70%) and provided with food and water ad libitum. The animals had an acclimatization time of 7 days before any experiment. All experimental procedures were carried out between 8:00 a.m. and 5:00 p.m. Twenty-three rats were used in the EMG experiments (6 of them were used in both the EMG and Western Blot experiments) and another 18 were used only in the Western Blot experiments described below. The sample sizes for the EMG experiments (n = 10–13 per group) and for Western Blot experiments (n = 3–5 per group) were established based on our previous studies documenting statistically significant findings in analogous experiments (Chiang et al., 1998, 2007; Sunakawa et al., 1999; Narita et al., 2012; Figure 1). All the procedures were approved by the Animal Care Committee of the University of Toronto (protocol number #20011420) and were accomplished in accordance with the regulations of the Ontario Animal Research Act (Canada).
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FIGURE 1. Schematic showing distribution of rats according to experimental groups. Note that some rats were solely used for the EMG experiments, some solely for the Western Blotting experiments, and some for both types of experiments. The EMG experiments included LPS-RS and vehicle groups of animals in which MO was applied to the tooth pulp after i.t. application of LPS-RS or vehicle, and the Western Blotting experiments involved LPS-RS and vehicle groups of animals euthanized at 2 and 15 min after MO application to the tooth pulp, as well as naïve animals.




Drugs and Reagents

The inflammatory irritant and TRPA1 agonist mustard oil (MO – Allyl isothiocyanate, 95%; 0.2 μl, Aldrich-Sigma, CA, United States) was applied to the pulp of the right maxillary first molar to evoke EMG activities in the jaw muscles as previously described in detail (Chiang et al., 1998, 2007; Sunakawa et al., 1999; Narita et al., 2012). LPS from Rhodobacter sphaeroides (LPS-RS, InvivoGen, United States) was used as a TLR4 antagonist, as noted below. LPS-RS was dissolved in isotonic saline and it (or its vehicle – isotonic saline) was delivered by intrathecal (i.t.) administration to the caudal medulla overlying the MDH at a dose of 25 μg in a total volume of 10 μl, this dose of LPS-RS has been previously reported to be effective in attenuating mechanical allodynia when applied i.t. to L5/L6 in a spinal pain model (Sun et al., 2015). In preliminary experiments, Lipopolysaccharides (LPS) from P. aeruginosa (1 mg/ml and 5 mg/ml; Sigma, United States) (Shrestha et al., 2015) or from E. coli (10 mg/ml; Sigma, United States) (Renard et al., 2016) were applied to the pulp as a TLR4 agonist but were ineffective compared to MO in evoking EMG activities. Thus, the present study focused on the effects of the MO application to the pulp which has been well documented to induce jaw muscle EMG activity in rats (Sunakawa et al., 1999; Narita et al., 2012).



General Experimental Protocols

Procedures followed our previously published standardized protocols (Avivi-Arber et al., 2010, 2015; Awamleh et al., 2015; Pun et al., 2016). For femoral vein cannulation, rats were anesthetized with intramuscular (i.m.) administration of ketamine (175 mg/kg) and xylazine (25 mg/kg), and then placed in a supine position. After cannulation, general anesthesia was maintained by intravenous (i.v.) administration of ketamine (75 mg/kg/h) for pulp exposure, insertion of EMG electrodes, neck dissection, and exposure of the caudal medulla. Subsequently, for EMG recordings, ketamine dosage was set at 25–50 mg/kg/h, and noxious pressure was periodically applied to the hind paw to ensure that it could induce a weak flexion reflex, indicating that an adequate and stable level of general anesthesia was obtained throughout the experimental sessions. Consistent with earlier electrophysiological recording and/or stimulation studies by ourselves and others, we used ketamine as a general anesthetic since, as compared with other general anesthetics (e.g., isoflurane), it does not suppress muscle tone (Nudo et al., 2003; Tennant et al., 2011, 2012; Avivi-Arber et al., 2015; Awamleh et al., 2015; Pun et al., 2016). A heating blanket (Model 73A, YSI, OH, United States) regulated by a rectal thermometer was used to maintain the animal’s body temperature (37–38°C), and a pulse oximeter monitored heart rate (333–430 beats/min) and oxygen saturation (90–100%).



Pulp Exposure

The right maxillary first molar pulp was exposed using a low-speed dental drill with a round tungsten carbide bur (#1) under water cooling, as previously described (Chiang et al., 1998; Sunakawa et al., 1999; Narita et al., 2012). The pulp surface was covered with a piece of cotton wool soaked with isotone saline until the MO was applied to the pulp.



EMG Electrode Insertion and Exposure of Medulla

EMG electrodes were made with 40-gauge, single-stranded, Teflon-insulated stainless- steel wires each with its final ∼5 mm end formed into a hook and a ∼1 mm exposed tip produced by stripping off its insulation (Cooner Wire, Chatsworth, CA, United States). After the pulp exposure, a pair of EMG electrodes (interpolar distance: ∼5 mm) was inserted into each of the left and right masseter muscles (LM; RM) and left and right anterior digastric muscles (LAD; RAD). Then the animal was turned and placed in a stereotaxic apparatus and the dorsal surface of the caudal medulla overlying the MDH was surgically exposed at the obex level for medullary application of drug or vehicle, as described below. The hooked end of each electrode provided a stable position of the electrodes in the muscle before, during and after the re-positioning of the animal. Furthermore, we confirmed the placement of EMG electrodes in each muscle and ensured that the muscle preparation had not deteriorated during the experiment. As previously described (Awamleh et al., 2015), this was achieved by delivering a constant-current stimulus (33.2 ms, 12 × 0.2 ms pulses, 333 Hz) to the muscle via the EMG electrodes and observing muscle twitches evoked in the muscle at a threshold stimulation intensity of ≤200 μA. This procedure was carried out immediately after EMG electrode placement, after positioning of the rat in the stereotaxic apparatus, and at the termination of the experiment.



EMG Recordings

A rest period of 30 min was allowed after the surgery to ensure stable EMG recordings. A baseline level of EMG activities was then recorded for 15 min in all four jaw muscles (LM, RM, LAD, and RAD), and then continuously from baseline until 15 min after MO application to the pulp; 15 min was chosen since previous studies have shown the duration of EMG activity evoked by MO application to the tooth pulp is <20 min (e.g., Sunakawa et al., 1999; Narita et al., 2012). The EMG activity of each muscle was amplified (gain: 1000–5000; bandwidth: 30–3000 Hz) by an AC amplifier (A-M system, Washington, DC, United States, model 1700) and displayed on an oscilloscope, and was directly processed (i.e., rectified and integrated) by a computer interface 1401/program Spike 2 (CED, Cambridge, United Kingdom). In accordance with previous studies (Sunakawa et al., 1999; Narita et al., 2012), increases in EMG activity evoked by the application of MO were regarded as significant if one or more EMG area bins (mV/min) increased at least two standard deviations (SD) above the mean baseline level. To conserve on animal numbers, no naïve group or group with vehicle control applied to the tooth pulp or with tooth pulp exposure alone were used since we have previously shown that naïve animals or animals with vehicle (mineral oil) application to the pulp do not show evoked EMG (or MDH neuronal) activities (Chiang et al., 1998, 2007; Sunakawa et al., 1999; Narita et al., 2012). All EMG activities during the experimental session were measured and transformed into percentage values, by the division of the averaged baseline activity (mV/min) for the first 5 min of the 15 min baseline (Narita et al., 2012).



Protocols of Treatment

LPS from Rhodobacter sphaeroides (LPS-RS) was selected based on previous studies of its effectiveness in antagonizing effects attributed to TLR4 (Christianson et al., 2011; Sorge et al., 2011; Li et al., 2015; Sun et al., 2015). The rats were divided into three groups (vehicle; LPS-RS; naive) (see Figure 1). To address LPS-RS effects on MO-evoked EMG activities, the LPS-RS group was pre-treated by i.t. application of LPS-RS (25 μg/10 μl) to the caudal medulla at 10 min before the pulpal application of MO. The vehicle group received the vehicle (isotonic saline) by the same i.t. application procedures as for the LPS-RS group. All i.t. injections were carried out under i.v. ketamine general anesthesia, as described above. The dura overlying the ipsilateral MDH (obex +0.5 mm, lateral 0.5 mm) was punctured with a 30-gauge needle attached to a Hamilton syringe positioned on the stereotaxic apparatus to permit the precise injection into the subdural space overlying MDH (Chiang et al., 1998; Narita et al., 2012; Takeda et al., 2013). Ten minutes after the pre-treatment with vehicle or LPS-RS, MO was applied to the exposed pulp. For this purpose, a small piece of dental paper point (diameter, 0.3 mm; length 0.5 mm) was soaked with MO (0.2 μl; 95%). The pulp cavity was then immediately sealed with temporary dental filling (Cavit, ESPE, Germany) to prevent any possible leakage of the chemical into other oral tissues.



Blotting to Detect TLR4 Expression

For the Western Blotting experiments, we used LPS/RS, vehicle, and naïve groups of animals. A goal was to test if MO caused any change in TLR4 expression in MDH during and soon after the period of any MO-evoked EMG activity changes. We also wanted to determine if any suppressive effects of LPS-RS that might be demonstrated on MO-evoked jaw EMG activity was associated with any change in TLR4 expression in MDH, the site of the interneuronal relay of nociceptive inputs to trigeminal motoneurons (Cairns et al., 1998, 2001; Tsai et al., 1999). Since we found that the increased EMG activity persisted for a few minutes after MO application to the tooth pulp before returning to baseline levels (see section “Results”), the Western Blot analyses included LPS-RS group and vehicle group animals euthanized at either 2 min (LPS-RS group, n = 5; vehicle group, n = 5) or at 15 min (LPS-RS group, n = 3; vehicle group, n = 3) after application of MO to the pulp; naïve animals (n = 8) were also euthanized for the Western Blotting analysis (see Figure 1). The caudal medulla containing the ipsilateral and contralateral MDH was removed immediately after euthanasia for subsequent evaluation of TLR4 expression. The samples were homogenized on ice in 15 mmol/l Tris buffer containing a cocktail of proteinase and phosphatase inhibitors. The protein samples were separated via sodium dodecyl polyacrylamide gel electrophoresis (SDS–PAGE) and transferred onto polyvinylidene difluoride (PVDF) membranes. The membranes were placed in blocking buffer for 1 h at room temperature and incubated with a primary antibody against TLR4 (1:1000, Abcam, CA, United States) or Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:10,000, Cell Signaling, United States) overnight at 4°C. Then, the membranes were incubated in horseradish peroxidase-conjugated IgG (1:2000, Cell Signaling, United States). An enhanced chemiluminescence (ECL) solution (PierceTM Protein Biology, United States) was used to detect the immunocomplexes. Anti -GAPDH (Sigma-Aldrich, CA, United States) was used as loading control. The levels of TLR4 expression were quantified using GAPDH as an internal control as previously described (Sun et al., 2015).



Statistical Analyses

The data are expressed as the mean ± the standard error. All EMG activities during the experimental session were measured and transformed into percentage values by the division of the averaged baseline activity (mV/min) recorded for the 5 min period prior to MO application in the experimental sessions. The data were normally distributed for RAD, LAD, RM, and LM in vehicle and LPS-RS groups, according to Agostino and Shapiro test or Kolmogorov-Smirnov test using GraphPad 8 software. A two-way analysis of variance (ANOVA), followed by Bonferroni test was used to test whether the independent variables (i.e., treatment with LPS-RS vs. vehicle and 1, 2, and 3 min time points after treatment) had any effect on the dependent variable (i.e., changes in EMG activities). For the Western Blotting analysis, data were evaluated by one-way ANOVA. P-values less than 0.05 were considered to indicate statistical significance.



RESULTS

EMG recordings in the control (vehicle) group revealed that MO application to the right maxillary molar tooth pulp resulted, within 2 s, in an increased EMG activity that was especially apparent in the LAD and RAD. The increased EMG activity persisted for up to 3 min before returning to baseline levels (Figures 2A, 3A,B). In contrast, in the LPS-RS group, i.t. application of LPS-RS 10 min prior to MO application to the tooth pulp, could attenuate the MO-evoked EMG responses (Figure 2B).


[image: image]

FIGURE 2. Examples of electromyographic (EMG) traces before and following mustard oil (MO) application to the first maxillary molar tooth pulp of rats treated 10 min earlier with i.t. application of either vehicle (A) or LPS-RS (B). The four traces show the EMG activities (Volts, “V”) of the left masseter (LMA), right masseter (RMA), right anterior digastric (RAD), and left anterior digastric (LAD) muscles.
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FIGURE 3. Effects of i.t. application of LPS-RS on the MO-evoked EMG activity expressed as % change from baseline, following the application of MO to the pulp of the right maxillary first molar. Data show the relative EMG activity changes (%) in (A) right anterior digastric (RAD), (B) left anterior digastric (LAD), (C) left masseter (LM), (D) right masseter (RM). The circles indicate data obtained in vehicle-treated animals, and the squares show the effects of LPS-RS (that was applied at 10 min before the MO application). Each point represents the mean ± standard error mean of 10–13 animals per group. ∗∗P < 0.0001 (two-way ANOVA followed by Bonferroni test).


Statistical analysis revealed that there were statistically significant differences (p < 0.0001, 2-way ANOVA and post hoc Bonferroni) between the right and left masseter responses [vehicle group: p < 0.0001; F(7, 161) = 9.88; LPS-RS group: p < 0.0001; F(7, 126) = 5.93] and between right masseter and right anterior digastric responses, for both groups [vehicle group: p < 0.001; F(7, 154) = 13.89; LPS-RS group: p < 0.0001; F(7, 133) = 11.68]. In comparison with i.t. vehicle application, i.t. administration of LPS-RS could significantly attenuate the MO-evoked EMG responses only in the ipsilateral (RAD) and contralateral (LAD) anterior digastric muscles. In the RAD, decreased EMG activities were observed 1, 2, and 3 min following MO application to the tooth pulp [p < 0.0001; F(7, 119) = 6.27] (Figure 3A). In the LAD, decreased EMG responses were observed only 2 and 3 min following MO application to the tooth pulp [p = 0.0002; F(7, 147) = 23] (Figure 3B). No significant effects of LPS-RS were found in the masseter muscles (Figures 3C,D).

Western Blot analysis showed expression of TLR4 in the right (ipsilateral) and left (contralateral) MDH of naïve rats and at 2 and 15 min following MO application to the tooth pulp in the LPS-RS and vehicle groups. There were no significant differences (p > 0.05) in the levels of TLR4 expression between the naïve, vehicle and LPS-RS groups (Figures 4A–C).
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FIGURE 4. Representative Western Blot; TLR4 expression calculated in arbitrary units, considering GAPDH expression and naïve rats (A). Western Blot analysis for TLR4 expression in the caudal medulla (right and left sides; n = 5 per LPS-RS group or vehicle group) at 2 min after MO application to the pulp (B); Western Blot analysis for TLR4 expression in the caudal medulla (right and left sides; n = 3 per LPS-RS group or vehicle group) at 15 min after MO application to the pulp (C). Western Blot analysis for TLR4 expression was also carried out in a total of 8 naïve animals. For (A), NR, Naïve right side; NL, Naïve left side; VR, Vehicle right side; VL, Vehicle left side; DR, Drug (LPS-RS) right side; DL, Drug (LPS-RS) left side. For Western Blot analysis, the optical density values of each sample were used and evaluated by one-way ANOVA (P > 0.05).




DISCUSSION

The present investigation has provided the first documentation that medullary (i.t.) pre-treatment with the TLR4 antagonist LPS-RS attenuates nociceptive sensorimotor responses in a rat model of acute dental inflammatory pain. The findings that the application of MO to the tooth pulp of the maxillary first molar in the vehicle group evoked a marked increase of jaw muscle EMG activities are consistent with previous studies reporting that MO application to the rat maxillary tooth pulp induces sensorimotor responses reflected in increased EMG activities in the jaw muscles (Sunakawa et al., 1999; Narita et al., 2012). It has been shown that naïve animals or animals receiving application of vehicle to the tooth pulp do not show increased jaw EMG activity or central sensitization in the MDH (e.g., Chiang et al., 1998; Sunakawa et al., 1999; Narita et al., 2012). Therefore, to conserve on animal numbers, we did not include control groups with tooth pulp exposure alone, or with vehicle (i.e., mineral oil) application to the tooth pulp. These earlier studies, as well as others (Hu et al., 1993; Lam et al., 2005), have also shown a differential magnitude of evoked responses between anterior digastric and masseter muscles or left and right muscles, and significant differences were noted in the present study between the right and left masseter responses and right masseter and right anterior digastric responses. Like the authors of the earlier studies, we cannot give any clear explanation for some of these differential patterns of EMG activity; future studies monitoring jaw movements together with EMG recordings in anesthetized as well as unanesthetized preparations may help in clarifying the basis for these EMG patterns and the movement patterns with which they are associated.

In addition, it has previously been shown that the increased jaw muscle EMG activities evoked by application of MO or other noxious stimuli to the pulp (or other orofacial tissues) have a reflex basis involving the activation of trigeminal pulp afferents and a relay via the MDH to the trigeminal motor nucleus where the trigeminal motoneurons supplying the jaw muscles are located (Yu et al., 1994; Cairns et al., 1998, 2001; Tsai et al., 1999; Sunakawa et al., 1999; Narita et al., 2012). Moreover, the short latency of the evoked EMG responses found in the present and previous studies suggest that they are initiated by direct excitatory action of MO on pulp afferents and a pauci-synaptic relay in brainstem (Sunakawa et al., 1999; Narita et al., 2012). The finding of increased EMG activities observed in the contralateral as well as ipsilateral anterior digastric muscles in the present study is in accordance with the findings of Cairns et al. (1998, 2001) and Tsai et al. (1999). These authors also revealed that the MDH plays an important role in the activation of contralateral as well as ipsilateral trigeminal motoneurons following the application of MO or other noxious stimuli to orofacial tissues.

Because the MDH is a critical element in neural pathways underlying the MO-evoked reflex responses (Cairns et al., 1998, 2001; Tsai et al., 1999), and TLR4 has been shown to be expressed in the spinal dorsal horn (Sun et al., 2015; Yan et al., 2015b) which is the spinal analog of MDH, the MDH was selected for i.t. administration of the TLR4 antagonist and for western blotting analysis. Our novel findings suggesting that TLR4 receptor processes in the rat caudal medulla may mediate nociceptive responses evoked by the TRPA1 agonist MO, which is a well-documented inflammatory irritant (Woolf and Wall, 1986; Hu et al., 1993; Yu et al., 1994; Cairns et al., 1998; Chiang et al., 1998), are consistent with previous studies documenting the presence of TRPA1 in the tooth pulp (Hargreaves and Ruparel, 2016; Lee et al., 2019) and the involvement of TLR4 and TRPA1 processes in several other pain models (Kobayashi et al., 2005; Christianson et al., 2011; Ohara et al., 2013; Fischer et al., 2014; Tramullas et al., 2014; Sun et al., 2015; Bruno et al., 2018). Some of these studies have included investigations showing that TLR4 antagonists such as LPS-RS can attenuate nociceptive processes (Christianson et al., 2011; Sun et al., 2015). LPS-RS is a potent LPS antagonist in murine and human cells and prevents inflammation mediated by TLR4. LPS-RS has two distinct mechanisms to block LPS/TLR4 signaling. One mechanism involves direct competition between acylated lipid A and hexa-acylated lipid A for binding on Myeloid differentiation-2 (MD-2) and the other mechanism involves the ability of penta-acylated lipid A: MD-2 complexes to inhibit hexa-acylated endotoxin: MD-2 complexes and TLR4 functions (Saitoh et al., 2004; Coats et al., 2005; Teghanemt et al., 2005; Visintin et al., 2005; Brubaker et al., 2015). Additional studies including those incorporating molecular approaches are needed to determine which of these TLR4-related mechanisms may be involved in the findings documented in the present study.

The present study showed that LPS-RS (but not its vehicle) when applied to the caudal medullary surface overlying the MDH can attenuate for several minutes the jaw muscle EMG activities evoked by MO application to the tooth pulp. These novel findings suggest that TLR4 processes in the MDH, the major brainstem relay site for orofacial nociceptive afferent inputs (for review, see Byers and Närhi, 1999; Iwata et al., 1999, 2011; Sessle, 2000, 2014; Chiang et al., 2011; Chichorro et al., 2017), contribute to nociceptive mechanisms related to the development of dental pain and its modulation. The present study provided additional novel findings that TLR4 is expressed in the caudal medulla as evidenced by Western Blot analysis. Interestingly, although the LPS-RS group that received the TLR4 antagonist showed reduced MO-evoked EMG activities, the expression of this receptor did not differ significantly between the naïve, LPS-RS and vehicle groups when evaluated at 2 and 15 min after MO application to the tooth pulp. There have been no previous studies in an acute pain model assessing TLR4 expression in the caudal medulla by Western Blot to allow for comparison with these findings. Thus, it is possible that the MO-evoked increase in EMG activity could be associated with TLR4 activation without increased expression, or that the time interval (15 and 2 min) after MO application to the tooth pulp for assessment of TLR4 expression may have been too short to allow for a sufficient change in expression to be detected as a significant alteration by Western Blot analysis.

While there have been no studies of TLR4 expression in the MDH, there are some relevant studies evaluating TLR4 expression elsewhere in the brainstem and in the spinal nociceptive system. A study by Ogawa et al. (2013) shows data from brainstem, but the anatomical region evaluated appears to be the rostral ventrolateral medulla and did not include the MDH. In spinal cord studies, Yan et al. (2015b) have reported that i.t. administration of Paclitaxel, a powerful anti-neoplastic drug, induces acute pain within 2 h via directly activating TLR4 and producing increased of tyrosine phosphorylation (p-TLR4) expression in the spinal dorsal horn within 1 h of its administration. At the same time, total TLR4 remained unchanged 4 h after i.v. injection of Paclitaxel (2 mg/kg). In addition, Sun et al. (2015) have evaluated TLR4 expression, albeit at a longer timeline, in the spinal dorsal horn, and reported upregulation of TLR4 expression in glial cells in the ipsilateral spinal dorsal horn in a skin/muscle incision retraction (SMIR) model; this upregulation occurred on day 5 after SMIR and was maintained until the end of the experimental period (day 20) used in their study. However, a mouse visceral pain model has been reported to be associated with no significant change in TLR4 expression in the lumbar region of the spinal cord, although there was changed TLR4 expression in the prefrontal cortex and hippocampus (Tramullas et al., 2014). Hu et al. (2018) evaluated TLR4 expression in the medulla as well as L4/L5 spinal cord at 3, 7, 11, and 14 days after nerve surgery in neuropathic models of pain (partial infraorbital nerve transection; partial sciatic ligation). These chronic pain models are quite different from our dental pain model in which we evaluated TLR4 expression at 2 and 15 min after MO application to the tooth pulp. Furthermore, the medullary region examined is not clear in the study by Hu et al. in which they found no marked changes in TLR4 expression after partial infraorbital nerve transection. Thus, the present study appears to be the first to check, by Western Blot analysis, for TLR4 expression in the region of the MDH at short time periods after noxious stimulation of peripheral tissues. Furthermore, this demonstration of TLR4 expression represents an important first step for understanding receptor signaling in MDH nociceptive processes related to TLR4 expression. It is also noteworthy that the LPS-RS dose (25 μg/10 μl) used in the LPS-RS group in the present study, although sufficient to attenuate the MO-evoked increased EMG activity, may have been too low a dose to produce significant differences between the experimental groups in TLR4 expression, or that it lacked sufficient specificity and sensitivity, as Nicotra et al. (2012) have suggested for TLR4 antibodies. The specificity and sensitivity of antibodies are important in biomarker research, and the lack of quality control tests may result in equivocal results (Signore et al., 2017). Sun et al. (2015) also used LPS-RS as a TLR4 antagonist in their SMR study, but they did not report if this antagonist had any effect on TLR4 expression. While LPS-RS is considered an LPS antagonist, its mechanism of action may not be related to TLR4 expression, but rather to the prevention of TLR4 signaling, which could also involve other molecules such as heat shock proteins (Cognasse et al., 2015; Gao and Li, 2016; Yadav and Surolia, 2019). Further studies in orofacial pain models are needed to address these possibilities. The cell types (neurons, glia) expressing TLR4 in the MDH are also worthy of future investigation since previous studies have shown that pulpal application of MO can lead to trigeminal central sensitization of MDH nociceptive neurons that is dependent on MDH microglia (Chiang et al., 2011) and that TLR4 expressed on microglia contribute to spinal cord microglial activation and central sensitization (Lehnardt et al., 2002; Olson and Miller, 2004; Guo and Schluesener, 2007; Kashima and Grueter, 2017; Bruno et al., 2018).

The present results provide evidence that tooth pulp stimulation by the TRPA1 agonist and inflammatory irritant MO induces TLR4 activation in the caudal medulla. We show for the first time that central activation of TLR4 may contribute to the mechanisms in the CNS that underlie dental nociceptive transmission. While these mechanisms likely contribute to tooth inflammatory pain in humans, additional molecular and pharmacological studies are needed to define the central role of TLR4 in dental pain and its translation to humans. An enhanced knowledge of TLR4 signaling pathways and interactions between TLR4 and other receptors promises to help guide future research aimed at developing effective drugs for controlling dental and other types of orofacial pain.



CONCLUSION

This study has shown that the application of the inflammatory irritant MO to the tooth pulp can evoke a marked bilateral increase of EMG activity in the anterior digastric muscles, consistent with earlier studies. The study has also provided novel findings that TLR4 is expressed in the caudal medulla and that the application of a TLR4 antagonist to the caudal medulla can significantly attenuate the MO-evoked EMG activities but not the expression levels of TLR4 within the rat MDH. The findings suggest that TLR4 may be an important pharmacological target for the control of acute inflammatory pain involving the teeth.
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The present study shows new evidence of functional connectivity between the trigeminal main sensory (NVsnpr) and motor (NVmt) nuclei in rats and mice. NVsnpr neurons projecting to NVmt are most highly concentrated in its dorsal half. Their electrical stimulation induced multiphasic excitatory synaptic responses in trigeminal MNs and evoked calcium responses mainly in the jaw-closing region of NVmt. Induction of rhythmic bursting in NVsnpr neurons by local applications of BAPTA also elicited rhythmic firing or clustering of postsynaptic potentials in trigeminal motoneurons, further emphasizing the functional relationship between these two nuclei in terms of rhythm transmission. Biocytin injections in both nuclei and calcium-imaging in one of the two nuclei during electrical stimulation of the other revealed a specific pattern of connectivity between the two nuclei, which organization seemed to critically depend on the dorsoventral location of the stimulation site within NVsnpr with the most dorsal areas of NVsnpr projecting to the dorsolateral region of NVmt and intermediate areas projecting to ventromedial NVmt. This study confirms and develops earlier experiments by exploring the physiological nature and functional topography of the connectivity between NVsnpr and NVmt that was demonstrated in the past with neuroanatomical techniques.
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INTRODUCTION

Mastication is a vital behavior that allows the preparation of food for swallowing during feeding. This rhythmic movement can be initiated by repetitive stimulation of either the cortical masticatory area (CMA) or the trigeminal sensory afferents while its pattern of activity is shaped by a neuronal network in the brainstem known as the masticatory central pattern generator (CPG; Bremer, 1923; Dellow and Lund, 1971). Combined evidence from several in vitro studies suggests that the CPG is located in the pons near the trigeminal motor nucleus (NVmt; Kogo et al., 1996; Nakamura et al., 1999; Tanaka et al., 1999).

In rodents, motoneurons (MNs) innervating masticatory muscles are clustered in two distinct divisions in the NVmt, a large dorsolateral (DL) and a much smaller ventromedial (VM) containing respectively the jaw-closing and jaw opening MNs (Mizuno et al., 1975; Limwongse and DeSantis, 1977; Sasamoto, 1979; Jacquin et al., 1983; Lynch, 1985; Rokx and van Willigen, 1985). The DL division extends throughout the entire rostrocaudal length of the NVmt, while the VM division is limited to its caudal two thirds. Masticatory muscles are often categorized as jaw opening and jaw-closing muscles, but many of them are subdivided in neuromuscular compartments allowing for the production of complex movements. These compartments represent the smallest anatomical muscular division which activation generates a unique movement (Widmer and Morris-Wiman, 2010). They are innervated independently and can be recruited either individually or in a group by the CPG. For instance, the rabbit masseter muscle was shown to be composed of at least 23 different neuromuscular compartments each innervated by axons of a single motor unit (English et al., 1999; Widmer et al., 2003). Thus, the differential recruitment of these compartments by the trigeminal pre-MNs would allow the production of diverse and precise jaw movements. This implies a much more complex myotopic organization of the NVmt paralleled by a functional topographical organization of the projections from the masticatory CPG.

Several lines of evidence suggest that the trigeminal main sensory nucleus (NVsnpr), one of the regions near NVmt, is likely to play a crucial role in either pattern and/or rhythm generation, placing it at the very heart of the masticatory CPG.

NVsnpr receives inputs from the CMA in the rat and trigeminal sensory afferents in rats and cats which allow respectively the initiation and adaptation of masticatory movements (Yasui et al., 1985; Shigenaga et al., 1986a,b, 1988; Yoshida et al., 2009). Bouts of masticatory movements increase blood flow to the NVsnpr nucleus in humans (Viggiano et al., 2015) and even bouts of fictive mastication in rabbits are associated to increased neural activity, as detected by C-Fos in its dorsal part (Athanassiadis et al., 2005a), and rhythmic firing of many of its neurons in phase with either the closing or opening motoneurons (Tsuboi et al., 2003). Furthermore, these dorsal neurons were shown to have intrinsic bursting properties in gerbils (Sandler et al., 1998) and rats (Brocard et al., 2006). In rats, this intrinsic bursting relies on a sodium persistent current (INaP) whose appearance coincides with the emergence of the first masticatory movements (Brocard et al., 2006). This voltage-dependent current is also sensitive to variations in extracellular Ca2+-concentration (Li and Hatton, 1996; Su et al., 2001; Brocard et al., 2006, 2013; Tsuruyama et al., 2013; Morquette et al., 2015), and we have shown that small local extracellular applications of the Ca2+-chelator BAPTA can trigger rhythmic firing in rats NVsnpr neurons.

Anatomical evidence in mice, rats, cats, and rabbits suggest that direct projections from NVsnpr to trigeminal MNs exist (Mizuno et al., 1983; Landgren et al., 1986; Li et al., 1993; Kolta et al., 2000) and in rats, these seem topographically organized with the dorsal and intermediate regions projecting respectively to the DL and VM regions of NVmt (Li et al., 1995). However, the size of tracer injections and the presence of fibers passing through the NVmt limit interpretation of the results of these anatomical studies. Besides these anatomical studies of connectivity, and an electrophysiological investigation led in newborn rats (Nonaka et al., 2012) little is known about the functional relationship between NVsnpr neurons and trigeminal MNs. Therefore, the purpose of this study was to investigate electrophysiologically functional connectivity between NVsnpr and NVmt in more mature rats and to verify whether similar anatomical and electrophysiological findings can be obtained in mice to validate the use of transgenic mice expressing a genetically encoded Ca2+-indicator (GECI) in motoneurons and NVsnpr neurons for mapping purposes.

Our results suggest that NVsnpr and NVmt are topographically connected in both rats and mice and that rhythmic firing in NVsnpr neurons can drive rhythmic activation of trigeminal MNs.



MATERIALS AND METHODS

All experiments were conducted according to the Canadian Institutes of Health Research rules and were approved by the Animal Care and Use Committee of Université de Montréal. Thirty-five Sprague–Dawley rats (Charles River, Montreal, QC, Canada) and 90 Thy1-GCaMP6f transgenic mice (C57BL/6J-Tg(Thy1-GCaMP6f)GP5.17Dkim/J, stock 025393, The Jackson Laboratory, Sacramento, CA, USA) were used in this study. The transgenic mice express a genetically encoded green fluorescent calcium indicator (GCaMP6f) used for imaging-based monitoring of neuronal activity in individual neurons (Chen et al., 2013).


Retrograde Labeling of Trigeminal Motoneurons in Rats

Pups (2–5 days old) were first injected with 5–10 μl of the retrograde tracer Cholera Toxin conjugated with Alexa Fluor 488 (Molecular Probes, Eugene, OR, USA) into their digastric muscles under hypothermic anesthesia. Crystals of the carbocyanine dye 1.1′-dioctadecyl-3, 3,3′,3′-tetra-methylindocarbocyanine perchlorate DiI [DiIC18 (3), Molecular Probes, Eugene, OR, USA] were then inserted within their masseter muscles using the tip of a needle. The tracers were allowed several days to diffuse (9–28 days) before the animals were used for experiments.



Brainstem Slice Preparations in Rats and Mice

Experiments were conducted on slices obtained from either the rats (aged P12–27) previously injected with the retrograde tracers or from Thy1-GCaMP6f mice (aged P8–26). The animals were anesthetized with isoflurane (Pharmaceutical Partners of Canada Inc., Richmond Hill, ON, Canada) before decapitation. Their brain was quickly extracted from the cranium and immersed in an ice-cold (4°C) sucrose-based artificial cerebrospinal fluid (ACSF) solution saturated with 95% O2 and 5% CO2 containing (in mM): 5, 3 KCl, 1.25 KH2PO4, 4 MgSO4, 20, 26 NaHCO3, 10 dextrose, 0.2 CaCl2 and 225, 219 sucrose, pH 7.3–7.4, 300–320 mosmol/kg. Coronal sections (350–400 μm thick) were performed in the same medium with a vibratome (Leica, Model VT 100S).

The rat brainstem slices were transferred to an interface-type chamber saturated with a humidified mixture of 95% O2–5% CO2. They were then perfused successively for 20 min with sucrose ACSF, then with a mixture (50–50%) of sucrose ACSF and normal ACSF (composition in mM: 124 NaCl, 5, 3 KCl, 1.25 KH2PO4, 1.3 MgSO4, 26 NaHCO3, 25, 10 dextrose and 2.4, 1.6 CaCl2, pH 7.3–7.4, 290–300 mosmol/kg) for 20 more minutes and finally, only with normal ACSF at 29–31°C (1 ml/min). The experiments were performed under an epifluorescence microscope (Eclipse E600FN, Nikon) where the slices were viewed at low magnification (5×) and the pools of labeled motoneurons (either with cholera-toxin or DiI) were targeted for recording.

The mice brainstem slices containing both the trigeminal main sensory nucleus (NVsnpr) and the trigeminal motor nucleus (NVmt) were transferred at room temperature to a continuously perfused holding chamber filled with normal ACSF bubbled with a mix of 95% O2 and 5% CO2. Slices were allowed to recover for at least 1 h when used to record from NVsnpr neurons, otherwise, they were directly transferred to a recording chamber perfused with ACSF (1.5 ml/min) when used to record from MNs due to their rapid deterioration.

Experiments using the Thy1-GCamp mice were performed under an epifluorescence microscope (Olympus BX50WI) equipped with an optiMOSTM Scientific CMOS camera (QImaging) and a 10×-air objective for visualization and precise positioning of the pipettes in either the NVsnpr or the NVmt.



Electroporation and Biocytin Labeling

Slices (350 μm) used for these experiments were acquired from 17 Thy1-GCaMP6f mice aged between 14 and 26 days. Electrophoresis pipettes were pulled from borosilicate glass capillaries (1.5 mm outside diameter, 1.12 mm inside diameter; World Precision Instruments, Sarasota, FL, USA) using the P-97 puller model (Sutter Instruments, Novato, CA, USA) and back-loaded with a solution of biocytin (Sigma; 1.5% in 0.5 M NaCl). A silver wire inserted inside the injection pipette was used to perform the electrophoresis. Positive pressure was applied before the descent to maintain the patency of the injection electrodes which were then guided on the surface of either the NVsnpr or the NVmt until a depression was formed. Biocytin was ejected from the pipette tip with positive rectangular pulses of current (1 μA, 7 s on, 7 s off) for 15 min. After electrophoresis, slices were kept in the chamber to recover for 2 h and then fixed for 24 h in 4% paraformaldehyde. Biocytin was revealed with streptavidin-Alexa 594 (Molecular Probes, no. S11227). The clearing was performed on the slices using the ClearT2 protocol (Kuwajima et al., 2013) to increase the imaging depth and resolution. Imaging was performed under an Olympus FluoView FV 1000 confocal microscope equipped with a 4× air and 20× water-immersion objectives (Olympus). Acquired images were processed and analyzed offline with FIJI ImageJ (NIH) and Illustrator CS4.



Electrophysiology

Intracellular recordings were performed with brainstem slices from 35 Sprague–Dawley rats using glass microelectrodes (1.0 mm OD, 80–200 MΩ) filled with potassium acetate (3 M). Synaptic responses were evoked by electrical stimulation of the medial part of three different regions (dorsal, intermediate and ventral) of the NVsnpr using bipolar nichrome electrodes (25 μm diam) insulated except at the tip. The intensity (0.01–7 mA) and duration (0.05–0.3 ms) of the stimulus were varied to obtain optimal responses. Data were recorded using an Axoclamp 2B amplifier (Axon Instruments, Foster City, CA, USA) or a BVC-700 amplifier (Cornerstone by Dagan) through a bridge circuit and sampled at 20 kHz. Data were stored on a standard computer hard drive and analyzed using pClamp 6–8 software (Axon Instruments).

Whole-cell experiments were performed with brainstem slices from 31 Thy1-GCaMP6f mice aged between 8 and 26 days and were acquired at room temperature in a submerged recording chamber perfused with normal aCSF. Recordings of neurons from the NVsnpr and the NVmt were performed with microelectrodes pulled from borosilicate glass capillaries (1.5 mm outside diameter, 1.12 mm inside diameter; World Precision Instruments, Sarasota, FL, USA) using the P-97 puller model (Sutter Instruments, Novato, CA, USA). The microelectrodes had resistances of 5–10 MΩ and were filled with an internal solution containing (in mM) 140 potassium gluconate, 5 NaCl, 10 HEPES, 0.5 EGTA, 2 Tris ATP salt, 0.4 Tris GTP salt, pH 7.2–7.3, 280–300 mosmol/kg. Recordings were acquired in current-clamp mode using the pClamp8 software (Molecular Devices). Electrophysiological signals were amplified with the Axopatch 200B and digitized with the Digidata 1322A (Axon Instruments, Downingtown, PA, USA) and later on analyzed offline with Clampfit10.3 (Molecular Devices). Input resistance was measured using current-clamp recordings of the voltage in response to hyperpolarizing steps. Neuron viability was constantly monitored throughout the experiments with a step current-voltage protocol and only the recordings from neurons with stable resting membrane potential (RMP) of at least −45 mV and overshooting action potentials were analyzed.

Synaptic responses in trigeminal MNs were evoked by electrical stimulation (single pulse) of the NVsnpr using tungsten bipolar electrodes controlled by an Isostim A320 stimulator (WPI, Sarasota, FL, USA). Stimulation parameters were adapted for each cell to attain optimal responses except for pulse width that was kept at 0.2 ms to prevent any risk of direct stimulation of the recorded neuron. BAPTA (10 mM) was also applied locally in the dorsal NVsnpr to synaptically activate trigeminal MNs. As previously defined, we considered rhythmic bursting as a recurrent depolarization plateau over-ridden by at least three action potentials occurring at high frequency and separated by silent periods (Morquette et al., 2015). Based on the pattern and shape of both the plateau and their spikes, the bursts were classified as three different types (Ferraz-Pereira et al., 2015). Plateau potentials occurring regularly were classified as regular bursts (RB) when the spikes occurring within them are regular and perceived throughout all their extent and as adaptative bursts (AB) when the intraburst spiking is subject to an adaptation which leads to the progressive disappearance of the spikes. Finally, long-lasting plateaus occurring irregularly and with irregular spiking defined by the existence of smaller spike over-ridden plateaus were classified as irregular bursts (IB).



Calcium Imaging

Calcium imaging in slices from 47 transgenic mice (P8–23; five of which had also served for whole-cell recordings experiments) expressing GCaMP6f under the neuronal promoter Thy1 was performed using an epifluorescence microscope (Olympus BX50WI) equipped with air (10×) and water-immersion (20× and 40×) objectives (Olympus) and an optiMOSTM Scientific CMOS camera (QImaging) controlled by the open-source acquisition software Micro-Manager v1.41. Acute brain slices were prepared and observed the same as for electrophysiology experiments. Excitation of GCaMP6f (470 nm) was carried out with a mercury light source (Olympus U-HGLGPS) and emission was detected through a bandpass filter (535 nm). Slices were under continuous light exposure during the recordings and images were acquired at frequencies of 5–7 Hz with no interval delay between each frame. To assess the specific topographical connectivity, we recorded calcium response of trigeminal MNs responding to electrical or pharmacological (BAPTA at 10 mM for 20 s) stimulations delivered in NVsnpr at four different and equal regions in the dorsoventral orientation. Four electrical trains (500–900 ms at 40 Hz; every 5–10 s) were delivered at the center of each location using tungsten bipolar electrodes controlled by an Isostim A320 stimulator (WPI, Sarasota, FL, USA). A blue dye that can be seen in the acquired time-lapse images was added to the BAPTA solution as a control for any possible spread of the drug outside the desired region of application in the NVsnpr.



Drug Application

BAPTA tetrasodium salt (10 mM; Invitrogen) was locally applied with a glass pipette using the pressure pulses ejection system (Picospritzer III; Parker, Mayfield Heights, OH, USA) to induce bursting in NVsnpr neurons. In some experiments, a cocktail of blockers of excitatory and inhibitory amino-acid receptors was bath-applied with a Harvard 22 syringe pump at the following concentrations: 6-Cyano-7-nitroquinoxaline-2, 3-dione (CNQX; 10 μM; TOCRIS), D, L-2-amino-5-phosphonovaleric acid (APV; 26 μM; Sigma), GABAA Receptor Antagonist (Gabazine; 20 μM; TOCRIS).



Imaging Analysis

Time-lapse images obtained under either the 10× air lens (0.3 N.A.) or the 20× (0.5 N.A.) and 40× (0.80 N.A.) water immersion objectives were processed and analyzed offline with FIJI ImageJ (NIH) and Excel (Microsoft). Photo-bleaching was compensated using the Bleach Correction plugin in FIJI. Changes in fluorescence intensity of responsive cells were determined by measuring for each frame the average pixel values of defined regions of interest (ROIs) traced over the cell bodies using the freehand selection tool in FIJI. The dFoverFmovie FIJI plugin was also used to help to localize lower calcium responses that may have been concealed by higher background fluorescence. An extracellular ROI was also traced near each responsive neuron for background subtraction. Calcium responses were quantified for each cell as relative changes in fluorescence intensity (ΔF) from the baseline fluorescence and were calculated in % as ΔF/F0 = (Ft − F0)/F0 where Ft is the fluorescence at a time t and F0 is the fluorescence intensity averaged over a baseline period of 1 s before the start of the stimulations. Only the neurons with changes of at least 20% and which responded either at the same delay or in synchronization with the stimulation onset were considered as “responsive cells” and included in our analysis.



Mapping Analysis

Images acquired at 20× and 40× with traced ROIs of the responsive cells were saved in ImageJ and transferred to Adobe Illustrator to be resized and aligned over the 10× image of the nucleus of interest. For uniformity purposes, all the resulting 10× images were rotated in ImageJ so that the nuclei are vertically orientated with their dorsal and ventral poles positioned respectively at the top and bottom of the image. To produce our heatmaps, x- and y-coordinates were attributed for each responsive cell and their position was displayed in a referential normalized nucleus. To do so, the Polygon tool combined with the Bounding Rectangle option was used to trace an ROI over each nucleus to measure the size of the smallest rectangle surrounding their boundaries as well as their referential point coordinates defined as xBR and yBR. The mean width and height of rectangles measured for all the experiments were used to normalize the size of each nucleus (NVsnpr and NVmt). Afterward, we traced new ROIs over all the previously identified cells to obtain their coordinates with the 10X referential. The referential translation was used to express these coordinates in the nucleus referential using the following formula:

[image: image]

where (xR, yR) are the coordinates of the cell in the bounding rectangle referential; (x10X, y10X) are the coordinates of the cell in the 10× referential; and (xBR, yBR) are the coordinates of the bounding rectangle referential in the 10× image. These coordinates were then transferred in OriginPro 2019 (OriginLab) to create 2D Density plots and transform them into heatmaps using the Kernel Density estimation function.



Statistics

Data are expressed as mean ± standard error (SEM) throughout the text. In all the experimental results, “N” represents the number of animals used while “n” represents the number of neurons tested unless otherwise specified. Statistical analysis was performed using the program Graphpad Sigma Stat 3.5. Paired Student’s t-tests were used for comparison of PSPs amplitude and frequency before and after electrical stimulation or BAPTA application. Fisher Exact tests were used for comparison of the distribution of retrogradely labeled cells or responsive neurons within NVsnpr or NVmt subdivisions. Statistical significance was defined as P < 0.05 in all cases.




RESULTS


Electrophysiological Evidence of Connectivity Between NVsnpr and NVmt


Intracellular Recordings of Trigeminal MNs in Rats

To investigate functional connections from NVsnpr to NVmt in rats, we recorded intracellularly, from different motoneuronal pools, responses elicited by stimulation of different portions of NVsnpr (as schematized in Figure 1A). In these initial studies, the emphasis was placed on the most dorsal third of NVsnpr because of earlier findings of Tsuboi et al. (2003) in the rabbit showing that NVsnpr neurons firing in phase with trigeminal MNs during fictive mastication were mostly confined to the most dorsal and medial third. Eighty recordings were made from the retrogradely labeled pool of cells (Figures 1B,C) in NVmt; 32 dorsally from masseteric MNs (MMNs) and 48 ventrally from digastric MNs (DMNs). The basic electrophysiological characteristics of MNs from the two pools did not differ remarkably from each other (RMP and input resistance = −61 ± 1 mV and 45 ± 2 MΩ and −65 ± 1 mV and 43 ± 2 MΩ for MMNs and DMNs, respectively). Electrical stimulation of dorsal NVsnpr evoked postsynaptic potentials (PSPs) in the majority of cases (19/30 of MMNs; latency 5.3 ± 2 ms and 26/35 of DMNs; latency 3.9 ± 0.3 ms) or direct activation (Figure 1E, right) in a few cases (n = 6 in MMNs; latency 0.6 ± 0.02 ms) presumably by current spread to their dendritic arbors which sometimes reach as far as NVsnpr. Most of these PSPs were excitatory as the ones shown in the left panel of Figure 1E (EPSPs; 15 in MMNs at a latency of 3.3 ± 0.3 ms and 21 in DMNs at a latency of 3.7 ± 1.3 ms) and many (3/16 in MMNs and 12/21 DMNs) had multiple peaks (Figure 1E, left, bottom trace) indicating either activation of other premotor neurons or perhaps responses to bursts of activity in NVsnpr. The remaining PSPs were either inhibitory, like the example shown in the middle panel (top trace) of Figure 1E (IPSPs, n = 3 in MMNs; latency 7.3 ± 0.8 ms) or biphasic, as illustrated in the middle panel (bottom trace) of Figure 1E (n = 5 in DMNs; latency 3.5 ± 0.7 ms). Stimulation of the middle portion of NVsnpr was slightly less efficient than that of the dorsal portion to elicit responses in MNs (roughly 50% success rate vs. about 66%) and evoked almost only excitatory responses (five EPSPs/9 MMNs at a latency of 3.7 ± 1.3 ms; 14 EPSPs occurring at a latency of 3.9 ± 0.6 ms and 1 biphasic PSP/31 DMNs at a latency of 3.2 ms). As was the case with EPSPs elicited by dorsal stimulation, many of these EPSPs had multiple peaks (three in MMNs and six in DMNs). Lastly, stimulation of the most ventral 3rd of NVsnpr did not elicit any response in eight MMNs and evoked nine EPSPs (at a latency of 3.4 ± 0.7 ms) in DMNs; seven of which had multiple peaks. The percentage of digastric and masseteric MNs responding to stimulation of each division of NVsnpr is depicted in Figure 1C and their number, types, and latencies are shown in Figure 1D.


[image: image]

FIGURE 1. Responses elicited in trigeminal motoneurons upon stimulation of different NVsnpr divisions in rats. (A) Schematic illustration of the recording and stimulation (in 3 NVsnpr divisions) arrangements. (B) Low (left) and high (right) magnification images of MNs retrogradely labeled in NVmt after injection of Dil (red) in masseter muscles and of Cholera toxin conjugated to Alexa Fluor 488 (green) in digastric muscles. (C) Histograms showing the success rate of stimuli applied to each of the NVsnpr divisions for MMNs and DMNs. (D) Number (left) and latency (right; mean ± SEM) of each type of response elicited in the two motoneuronal pools by stimuli applied to each of the NVsnpr divisions shown in panel (A). (E) Examples of monophasic (top) and multiphasic (bottom) EPSPs (left) and IPSPs (middle). Right: shows a typical, short latency, all or none response that results from direct activation of the recorded cell. (F) Long-lasting increase in the frequency of spontaneous mini EPSPs elicited by single-pulse stimulation in NVsnpr (four trials from the same stimulation site in one MN). (G) Top Rasters of PSPs detected in raw (bottom) traces showing clustering of PSPs that could potentially lead to burst firing in MNs after train stimulation in NVsnpr. Abbreviations: Stim, stimulation; NVsnpr, trigeminal main sensory nucleus; NVmt, trigeminal motor nucleus; NVmt-mass, masseter motoneuronal pool; NVmt-dig, digastric motoneuronal pool; MMNs, masseter motoneurons; DMNs, digastric motoneurons; EPSPs, excitatory postsynaptic potentials; IPSPs, inhibitory postsynaptic potentials; PSPs, post-synaptic potentials.



In several cases (29 altogether), single-pulse stimulation in NVsnpr elicited a synaptically evoked EPSP followed by several mini EPSPs appearing at variable latencies (Figure 1F; four trials for the same stimulation). This was observed in the two populations of MNs with all stimulation sites but more frequently with dorsal stimulation (23 cases vs. 5 for the middle part and 1 for the ventral part). Repetitive stimulation (trains of 250-300 ms, 20-80 Hz) causes long lasting (from 800 ms to up to 10 s tested) occurrence of these “randomly” occurring mini EPSPs (mean frequency of 18.5 ± 2.3 Hz) that were sometimes organized into recurrent repetitive clusters (Figure 1G).



Whole-Cell Recordings of Trigeminal MNs in Mice

To investigate whether similar evidence of functional connectivity between NVsnpr and NVmt exist in mice, we performed whole-cell recordings of responses of trigeminal MNs (n = 32 from 22 mice) to electrical stimulation of NVsnpr. Trigeminal MNs had a mean input resistance of 67 ± 12 MΩ and resting membrane potentials (RMP) ranging from −45 to –74 mV (mean of −56 ± 1 mV). Nearly half of the recorded MNs (44%, n = 14) exhibited spontaneous tonic firing at frequencies ranging from 1 to 41 Hz with a mean of  7.5 ± 2.1 Hz. Electrophysiological characteristics of trigeminal MNs are summarized in Table 1.

TABLE 1. Electrophysiological characteristics of trigeminal MNs and NVsnpr neurons in mice. Values are mean ± SEM.

[image: image]

Electrical stimulation of dorsal NVsnpr evoked excitatory responses in 17 of the 32 MNs recorded. In 7 of the 17 cases (from 12 mice), these were EPSPs that occurred at a mean latency of 2.5 ± 0.2 ms and could follow frequency stimulations of 20–40 Hz suggesting that they resulted from mono- to di-synaptic connections. Their mean amplitude and duration were respectively 4.2 ± 0.7 mV and 40 ± 1 ms, and in five of these seven cases, they appeared as multiphasic and were composed of multiple overlapping synaptic events (see example in Figures 2A–C). In 5 MNs, high-frequency stimulation (40 Hz) of dorsal NVsnpr increased the frequency of spontaneous EPSPs (6.5 ± 2.3 Hz; Figure 2D). In three cases, the high-frequency stimulation also caused a sustained depolarization (6.5 ± 1.9 mV lasting 9.4 ± 3.2 s) at a mean latency of 1.0 ± 0.5 s that led (in two cases) to low frequency firing at a mean latency of 1.2 ± 0.6 s (Figure 2E). In the remaining 10 MNs, eight responded to the electrical stimulation with short-latency (1.0 ± 0.1 ms) action potentials (amplitude: 89 ± 7 mV; duration: 1.6 ± 0.3 ms; AHP amplitude: 10.6 ± 1.7 mV) that did not emerge from an underlying EPSP (Figure 2F) and display variable latency and amplitude with repetitive high-frequency stimulation (Figure 2G) indicating that they may result from direct activation of MNs through their dendrites which are known to extend far beyond the boundaries of NVmt, reaching NVsnpr (white arrows, Figure 2H), among other regions (Mong et al., 1988; Lingenhohl and Friauf, 1991).
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FIGURE 2. Responses elicited in trigeminal motoneurons upon stimulation of dorsal NVsnpr in mice. (A) top: schematic drawing of the brainstem slice preparation and the experimental conditions used. Bottom: example of a multiphasic EPSP recorded in the NVmt following electrical stimulation in the dorsal NVsnpr. Responses to 10 single pulses are shown. Inset: average trace of 10 EPSPs still shows the multiphasic component. (B) Depolarization does not reveal a reversal of the response. With depolarization, the stimulation elicited an action potential (Top trace, truncated). (C) This EPSP followed stimulation of 40 Hz. (D) Train of repetitive stimulations (500 ms 40 Hz) in the dorsal NVsnpr causes a long-lasting increase in the frequency of spontaneous PSPs in the recorded motoneuron. (E) Train of repetitive stimulations (500 ms 40 Hz) in the dorsal NVsnpr causes action potentials firing in the recorded motoneuron that seems to emerge from the summation of the increased spontaneous PSPs. (F) Example of a short-latency action potential (middle) elicited in the motoneuron by electrical stimulation in the dorsal NVsnpr. Hyperpolarization does not reveal an underlying postsynaptic potential (PSP; bottom) and firing preceding the stimulation causes failure (top). (G) High-frequency stimulation (166 Hz) reveals an inconsistency in latency and amplitude of the spike suggesting direct activation of the recorded motoneuron. (H) Extracellular injection of biocytin in NVmt reveals the dendritic processes of MNs extending into dorsal NVsnpr. Abbreviations: Stim, stimulation; NVsnpr, trigeminal main sensory nucleus; NVmt, trigeminal motor nucleus.




Anatomical Evidence of Connectivity Between NVsnpr and NVmt in Mice

To document direct projections from NVsnpr to NVmt in mice, and to examine if these projections follow a topographic organization, we made injections of biocytin into the dorsal (NVmt-D) and ventral (NVmt-V) divisions of NVmt for retrograde labeling of NVsnpr neurons (Figures 3A,B) or into the dorsal and ventral divisions of NVsnpr for anterograde labeling to NVmt (Figures 3D,E). NVsnpr was arbitrarily divided into four regions (R1, R2, R3, and R4; see Figure 3B) to count retrogradely labeled neurons as shown in insets of Figures 3A,B. Both injections sites in NVmt yielded roughly similar numbers (injections in NVmt-D yielded a total of 207 cells in five slices from five mice, and injections in NVmt-V labeled a total of 196 cells in three slices from three mice) and distribution patterns of retrogradely labeled cells among NVsnpr divisions (injection in NVmt-D vs. NVmt-V: R1/75 vs. 78 cells, R2/109 vs. 96 cells, R3/21 vs. 21 cells and R4/2 vs. 1 cell; Figure 3C; Fisher Exact Test, P = 1, R1+R2 vs. R3+R4). Thus, projections to both dorsal and ventral NVmt originated almost exclusively from the dorsal [image: image] of NVsnpr, with the highest number of retrogradely labeled neurons in R1 and R2, much fewer in R3 and nearly none in R4 (Figure 3C).
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FIGURE 3. Retrograde and anterograde labeling of projections from divisions of NVsnpr to dorsal and ventral divisions of NVmt. (A) Left: photomicrograph showing retrogradely labeled cell bodies in the NVsnpr following extracellular injection of biocytin in the dorsal part of the NVmt. Right: enlargement of the white square in left. Calibration bars 100 μm. (B) Left: photomicrograph showing retrogradely labeled cell bodies in the NVsnpr following extracellular injection of biocytin in the ventral part of the NVmt. Right: enlargement of the white square in left. Calibration bars 100 μm. (C) Vertical bars chart reporting the distribution of retrogradely labeled cells bodies within the four subdivisions of the NVsnpr. (D) Left: photomicrograph showing the presence of several fibers (white arrows) in the NVmt following extracellular injection of biocytin in the dorsal part of the NVsnpr. Right: enlargement of the white square in left (*fibers pointed by the arrows in right). Calibration bars 100 μm. (E) Left: photomicrograph revealing the absence of fibers in the NVmt following extracellular injection of biocytin in the ventral part of the NVsnpr. Several fibers (white arrows) could be seen coursing ventrally to the nucleus. Right: enlargement of the white square in left (*fibers pointed by the arrows in right). Calibration bars 100 μm. Abbreviations: NVsnpr, trigeminal main sensory nucleus; NVmt, trigeminal motor nucleus.



To further support these results, we injected biocytin into the dorsal (R1+R2, six slices from six mice) and ventral (R3+R4, four slices from three mice) divisions of NVsnpr to assess the direction of their axonal projections to NVmt. In three of the six slices tested, injections of biocytin in dorsal NVsnpr resulted in labeling of thin fibers projecting to or terminating in NVmt (white arrows and asterisks in Figure 3D), whereas injections in ventral NVsnpr resulted in labeling of thin fibers mostly in a region ventral to NVmt (white arrows and asterisks in Figure 3E) also known as the parvocellular reticular formation (PCRt).

However, retrograde and anterograde labeling can always result from the uptake of the tracer from passing by fibers. Thus, to further document direct connectivity between the two nuclei, we recorded Ca2+ and electrophysiological changes elicited in neurons of one of the two nuclei upon electrical stimulation of the other (as schematized in Figures 4A, 5A).


[image: image]

FIGURE 4. Distribution of NVsnpr neurons activated by stimulation of NVmt. (A) Schematic drawing of the brainstem slice preparation and the experimental conditions used. (B) Photomicrograph showing the position of responsive cells in NVsnpr following electrical stimulation of dorsal NVmt and their synchronous Ca2+ responses. Gray vertical line indicates the length of the train of stimulation. The bottom trace shows a stimulus artifact. (C) Distribution of cells responding to stimulation of both NVmt-D and NVmt-V throughout NVsnpr (Left) and count of the number of cells per division in NVsnpr (Right). (D) Heatmap representing the density of responsive neurons in NVsnpr following stimulation of NVmt-D and NVmt-V pooled together. Abbreviations: Stim, stimulation; NVsnpr, trigeminal main sensory nucleus; NVmt, trigeminal motor nucleus.
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FIGURE 5. Distribution of motoneurons activated by stimulation of different divisions of NVsnpr. (A) Schematic drawing of the brainstem slice preparation and the experimental conditions used. (B) Photomicrograph showing the position of the responsive cells in NVmt following electrical stimulation of the dorsal NVsnpr and their Ca2+-responses in panel (C). Some showed a transient response at every stimulation pulse (e.g., trace 7), while others had persistent responses (e.g., trace 5) or only one large transient response with or without a few much smaller ones afterward. Gray vertical line indicates the length of the train of stimulation. (D) Percentage of NVsnpr cells presenting transient vs. persistent responses. (E) Left: distribution of all responsive motoneurons according to the site of electrical stimulation in NVsnpr. Right: vertical bars chart reporting the number of responsive motoneurons according to the site of electrical stimulation in the NVsnpr. (F) Vertical bars chart reporting the number of responsive motoneurons per trial according to the site of electrical stimulation in the NVsnpr. (G) Heatmaps illustrating the location of responsive motoneurons within the NVmt according to the site of electrical stimulation in the NVsnpr. Abbreviations: Stim, stimulation; NVsnpr, trigeminal main sensory nucleus; NVmt, trigeminal motor nucleus.





Functional Evidence of Connectivity Between NVsnpr and NVmt Revealed by Calcium Imaging

Electrical stimulation (500–900 ms train, 40 Hz) in either NVmt-D (N = 15) or NVmt-V (N = 13) elicited synchronized transient calcium responses (261 ± 20%ΔF/F0 lasting 2.2 ± 0.1 s; Figure 4B) in 161 NVsnpr neurons (in 23 slices from 12 of 14 mice tested). These neurons were distributed essentially throughout the dorsal [image: image] of the nucleus (Figure 4C) with the highest density located mainly in its dorsomedial area (Figure 4D). Stimulation of NVmt-D elicited a higher number of responses in the most dorsal part of NVsnpr (R1) relative to stimulation of NVmt-V and both divisions elicited a comparable number of responses in R2 and R3. However, the distributions of the responsive NVsnpr neurons within R1 vs. R2+R3 in response to both stimulation sites in NVmt were not statistically different (Fisher Exact Test, P = 1).

Electrical stimulation (500–900 ms train, 40 Hz) in four different regions of the NVsnpr elicited a monophasic increase of intracellular calcium (as in Figure 5C) in 118 MNs (in a total of 60 slices from 35 mice. R1: 54 MNs in 18 of 30 mice, R2: 49 MNs in 10 of 15 mice, R3: 13 MNs in three of five mice and R4: 2 MNs in two of five mice; see Figure 5E), throughout the dorsal and ventral NVmt. These were mostly (68% of cases) transient responses (160 ± 15% ΔF/F0 lasting 3.4 ± 0.3 s; n = 80/118) characterized by a fast rise and a slow decay that out lasted the stimulation train (Figures 5C,D). The remaining 32% (38 out of 118 MNs) exhibited persistent calcium responses (87 ± 16% ΔF/F0) with a minimum duration ranging between 3 and 55 s (Figures 5C,D). To ensure that responses observed in NVmt did not result from direct activation of motoneuronal dendrites that sometimes reach NVsnpr, a cocktail was used in three animals to block glutamatergic and GABAergic receptors [6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX) 10 μM; D, L-2-amino-5-phosphonovaleric acid (APV) 26 μM; Gabazine; 20 μM]. Bath-application of these blockers abolished calcium responses in four out of six (67%) responding MNs (not shown). In general, each (trial) electrical stimulation performed in NVsnpr elicited few responses in the NVmt (mean cells/trial: 2.29 for R1, 2.25 for R2, 2.00 for R3 and 1.00 for R4; Figure 5F). The highest number of responsive cells per stimulation was obtained with R1 which in one case activated a cluster of 11 MNs in the dorsolateral quadrant (see MNs positions in Figure 5B) of NVmt (an example is shown in Figure 5C). This region also holds the highest concentration and density of responsive cells which may reflect the highest level of connectivity with NVsnpr (Figures 5E,G). Stimulation of the first three regions (R1–R3, black, blue, and red circles in Figure 5E) of the NVsnpr generated nearly all the calcium responses elicited in trigeminal MNs. In five mice, only two MNs located in the dorsolateral quadrant responded to the stimulation of R4 (R4, green circles in Figures 5E,G, right panel).

In general, activated MNs were observed throughout NVmt but were more concentrated in certain areas depending on the stimulated site. Stimulation of the dorsal NVsnpr resulted mainly in the activation of MNs located dorsally [R1: 44 of 54 MNs (82%) and R2: 35 of 49 MNs (71%)]. However, there was a slight lateral and ventral shift of the cell clusters when R2 was stimulated compared to R1 where the clusters were mostly located dorsally (Figure 5G, 2 left panels). Of the four NVsnpr areas, stimulation of R2, which is also the area with the highest connectivity to NVmt (Figures 3C, 4D), produced the highest ratio (67% of tested mice) and number (4.9/animal) of calcium responses in NVmt. Fewer stimulation attempts were made in R3, but the number of elicited responses/trial was similar to that obtained with stimulation of more dorsal areas (Figure 5F). However, these tended to be located more ventrally in NVmt (red circles in Figures 5E,G, 2nd from right). A slight trend of connectivity pattern emerges from a comparison of the heatmaps of R1, R2 and R3 with the position of regions of the higher density of activated neurons in NVmt shifting in the same direction in the dorsoventral axis as the displacement of the stimulation in NVsnpr (Figure 5G). However, despite the obvious trend of connectivity between both nuclei, the distributions of the responsive MNs in response to stimulation of the dorsal vs. the ventral part of NVsnpr were not statistically different (Fisher Exact Test, P = 1).

We then questioned the pattern of activity elicited in MNs when NVsnpr neurons fire rhythmically.



Induction of Rhythmic Firing in NVsnpr Neurons and Transmission to MNs


BAPTA-Induced Bursting in NVsnpr Neurons

To induce rhythmic firing in NVsnpr we used local extracellular applications of BAPTA (10 mM) in NVsnpr of Thy1-GCaMP6f mice (N = 9, P10–19) as previously done in rats (Morquette et al., 2015). The basic electrophysiological characteristics of 12 dorsal NVsnpr neurons recorded for this purpose are summarized in Table 1. Ten of these had spontaneous activity as in Figure 6A (right, top trace) and a depolarizing sag upon hyperpolarization (Figure 6A, left, top traces) with nine of them displaying rebound spiking upon the termination of the current injection (see Figure 6A, right, bottom trace).
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FIGURE 6. Local applications of BAPTA induce rhythmic burst firing in NVsnpr neurons. (A) Left: membrane responses of an NVsnpr neuron (top traces) to injections of depolarizing and hyperpolarizing current pulses (bottom traces). Right top: spontaneous activity recorded in an NVsnpr neuron (inset bottom enlargement showing the biphasic after hyperpolarization (AHP). Right bottom: example of the rebound firing observed at the offset of membrane hyperpolarization. (B) Top: scatter plot of the inter-spike interval prior, along with and after local application of BAPTA at the NVsnpr neuron resting potential. The pattern of firing gradually progresses from tonic to bursting along the course of BAPTA application (Bottom traces). (C) Upon membrane hyperpolarization, the BAPTA application directly causes burst firing (inset) in the NVsnpr neuron. (D) Percentage of NVsnpr cells in which bursting was induced by local BAPTA applications at their RMP or upon imposed hyperpolarization. Abbreviations: NVsnpr, trigeminal main sensory nucleus; APs, action potentials; RMP, resting membrane potential.



In 8 of the 12 neurons recorded, BAPTA applications at the RMP induced rhythmic bursting (Figures 6B,D, bottom traces), but in seven of these, there was first a depolarization (6.1 ± 1.6 mV) and/or an increase in firing frequency for those that were spontaneously active, before the switch in firing pattern indicated by the abrupt drop of the inter-spike interval (ISI; occurring at a latency of 2.4 ± 0.8 s in the example shown in Figure 6B (top) and its oscillation between two levels; one reflecting the intra-burst frequency and one the inter-burst frequency. Recurrent bursting produced a hyperpolarization (7.2 ± 1.6 mV) in five cases lowering the neurons membrane potential to approximately −62 ± 3 mV. When tested at more hyperpolarized potentials (−61 ± 2 mV), BAPTA induced a depolarization (n = 4; 5.4 ± 1.7 mV at a latency of 2.8 ± 1.0 s) followed by a tonic firing (n = 2; 9 ± 4 Hz at a latency of 10.1 ± 1.2 s) or bursting (n = 6; at a latency of 7.0 ± 2.3 s) in 8 out of 11 tested NVsnpr neurons (see Figures 6C,D). The bursts elicited at the RMP consisted of three different types, the regular bursts (RB; n = 4; 50%), the adaptative bursts (AB; n = 1) and the irregular bursts (IB; n = 3; 38%). RB appeared at −60 ± 2 mV and were represented by recurrent short plateaus (10.3 ± 2.6 mV, lasting 384 ± 137 ms, 0.9 ± 0.4 Hz) with over-riding action potentials occurring regularly at a frequency of 69.3 ± 15.9 Hz. AB was elicited in only one neuron and was characterized by recurrent plateaus (0.4 Hz) of larger amplitudes (30.8 mV) and durations (1,200 ms) that set off at a potential of −62 mV. Finally, the three remaining neurons displayed IB characterized by an irregular occurrence (0.9 ± 0.4 Hz) of plateaus that set-off at an average potential of −48 ± 6 mV and that could be further subdivided into smaller plateaus. The bursts elicited upon membrane hyperpolarisation (occurring at −59 ± 2 mV with a mean latency of 7.0 ± 2.3 s) were mainly RB (n = 3; plateaus of 9.4 ± 1.6 mV lasting 86 ± 22 ms, at 1.0 ± 0.2 Hz) with two IB (1.0 ± 0.1 Hz) and only one AB (plateaus of 30.9 mV lasting 1,700 ms, at 0.3 Hz). Interestingly, the majority of the bursts with irregular intra-burst spiking (two AB and three of five IB) were elicited in mice younger than P12 (P10 and P11) which coincides with the age of emergence of the first masticatory movements in the rat (Westneat and Hall, 1992).



Calcium Imaging of NVsnpr Neurons

Whole-cell recordings in the current-clamp configuration allow for real-time monitoring of electrophysiological activity and manipulation of the membrane potential of the recorded cell but do not provide information about the number, synchrony, and distribution of activated cells. Calcium imaging of NVsnpr neurons in Thy1-GCaMP6f mice was used for that purpose. Local BAPTA (10 mM, in two mice) applications in two slices from these mice elicited mainly transient calcium responses in 19 NVsnpr neurons located near the site of application with a maximum radius of activation of approximately 420 μm (distance between the tip of the BAPTA pipette and the farthest responsive NVsnpr neuron). Responses occurred at variable latencies (mean of 17.3 ± 4.0 s) depending on the distance from the pipette tip. NVsnpr neurons responded with either single or repetitive Ca2+ increases to single BAPTA applications. Single Ca2+ responses (187 ± 87% ΔF/F0) most often (n = 6) consisted of an initial fast rising phase followed by a slow decay period (Figure 7A, trace 1, and Figure 7B top trace) and lasted 8.6 ± 2.8 s. In two additional cases, the Ca2+-response (396 ± 10 5% ΔF/F0) did not decay after the initial rise and persisted as a long-lasting plateau until the end of the BAPTA application (as in Figure 7B middle trace). In the 11 other neurons (58%; Figure 7C), repetitive Ca2+ transients peaks (110 ± 12% ΔF/F0 lasting 4.2 ± 1.6 s) were observed (Figure 7A, traces 4–7) occurring at a mean frequency of 0.38 ± 0.04 Hz. In five of these cases, the repetitive Ca2+ transients peaks overrode a plateau-like calcium transient as in the examples shown in Figure 7A, trace 3, and Figure 7B (left, bottom trace). Very interestingly, many of these recurrent events occurred synchronously in several adjacent cells (see gray lines in Figure 7A).
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FIGURE 7. BAPTA applications near NVsnpr neurons induce transient and recurrent Ca2+-responses that can sometimes occur synchronously in nearby neurons. (A) Right top: schematic drawing of the brainstem slice preparation and the experimental conditions used. Left top: photomicrograph showing the position of the responsive cells in the NVsnpr following local BAPTA application. Bottom: calcium responses of several NVsnpr neurons following the BAPTA application. Gray lines crossing several traces emphasize synchronicity between recurrent events occurring in different cells. (B) Illustration of the three main types of calcium responses observed in NVsnpr neurons following local application of BAPTA. (C) Vertical bars chart reporting the percentage (and number) of types of calcium responses observed in NVsnpr neurons following local applications of BAPTA. Abbreviation: NVsnpr, trigeminal main sensory nucleus.





Trigeminal MNs Respond to BAPTA-Induced Bursting in NVsnpr


Whole-Cell Recordings of MNs

Responses of trigeminal MNs to BAPTA applications in dorsal NVsnpr were first assessed electrophysiologically with recordings from 20 MNs distributed across the NVmt (as schematized in Figures 8A, 9A). No discernible effects were seen in 6 of the 20 recorded neurons following BAPTA applications in the NVsnpr. In the remaining 14, a clear effect was seen on the MNs spiking ability (n = 7) or its subthreshold activity (n = 7). In the former seven cases, BAPTA in NVsnpr induced firing in previously silent neurons (n = 6) and reduced the firing frequency in a single spontaneously active neuron (from 8.8 to 3.7 Hz as evidenced by the increased inter-spike interval upon BAPTA (bottom scatter plot; Figure 8G). Firing induced in the six other MNs upon BAPTA application in the NVsnpr occurred at a mean latency of 7.1 ± 0.8 s and is shown as raster plots aligned to the start of BAPTA application in Figure 8B. This spiking was preceded by depolarization (2.8 ± 1.6 mV occurring at a latency of 5.8 ± 2.2 s) that lead to either tonic firing of single-action potentials (Figure 8C; n = 2), doublets (Figure 8D; n = 1) of action potentials or rhythmic bursts at a frequency of 0.9 ± 0.4 Hz (Figure 8E; n = 3).
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FIGURE 8. Effects of local BAPTA applications in NVsnpr on motoneuronal firing. (A) Schematic drawing of the brainstem slice preparation and the experimental conditions used. (B) Raster plots of firing induced in six MNs that were silent before applications of BAPTA in NVsnpr. Traces are aligned on the BAPTA application. The firing patterns elicited in the MNs were single spikes as in panel (C), that sometimes emerged from the summation of subthreshold PSPs (left inset in panel D), and progressed to doublets as in panel (D) (right inset). (E) BAPTA application in the dorsal NVsnpr also sometimes caused burst firing (left, inset) in the recorded motoneuron as in this case. (F) Long-lasting hyperpolarization or decrease in firing frequency (G) as indicated by the raw trace (top) or raster plot (bottom) of the inter-spike intervals were observed at a mean latency of 5.2 ± 2.8 s in two MNs. Abbreviations: NVsnpr, trigeminal main sensory nucleus; NVmt, trigeminal motor nucleus; APs, action potentials; RMP, resting membrane potential.
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FIGURE 9. Effects of local BAPTA applications in NVsnpr on subthreshold motoneuronal activity. (A) Schematic drawing of the brainstem slice preparation and the experimental conditions used. (B) Raster plots of detected PSPs in six MNs before and after the application of BAPTA in NVsnpr. Traces are aligned on the BAPTA application. (C) Effect of the BAPTA application on the amplitude (left) and frequency (right) of these PSPs. Data are mean ± SEM; *P < 0.05, paired Student’s t-test. (D) Example of a case where spontaneous PSPs recorded in the MN were of greater amplitude after BAPTA application in NVsnpr. (E) Example of a case where BAPTA application in NVsnpr induced rhythmic (right) clusters of PSPs (right inset) in the recorded MN. (F) BAPTA application in the dorsal NVsnpr elicited repetitive depolarizations caused by the summation of spontaneous PSPs (inset) in the recorded motoneuron. The raster plot above the raw trace shows a decrease of the inter-PSP intervals a few seconds before these large summation events. Abbreviations: NVsnpr, trigeminal main sensory nucleus; NVmt, trigeminal motor nucleus; PSPs, post-synaptic potentials.



In the seven cases, where BAPTA applications in NVsnpr appeared to affect the MNs subthreshold activity, six were excitatory and one was inhibitory as above. The latter appeared as a long-lasting hyperpolarization (as in Figure 8F; 3.8 mV, lasting 49 s). The excitatory effects on the six other MNs are presented as raster plots of detected PSPs, aligned to the start of the BAPTA application in Figure 9B. BAPTA seemed to cause an increase in the amplitude of the spontaneous PSPs, as in the example shown in Figure 9D, but this effect was not significant when all the neurons were pooled (Figure 9C; 1.1 ± 0.5 mV vs. 1.2 ± 0.5 mV, paired t-test, P = 0.09). However, BAPTA application in the NVsnpr significantly increased the frequency of the spontaneous EPSPs (Figure 9C; 1.5 ± 0.5 Hz vs. 4.4 ± 2 Hz, paired Student’s t-test, P = 0.02) and caused in many cases (n = 4) appearance of rhythmic clusters of PSPs (as in Figure 9E), that may be indicative of a direct rhythmic input that does not reach firing threshold. BAPTA also caused the appearance of recurrent depolarizations (as in Figure 9F; see arrows; 4.6 ± 0.9 mV lasting 1.0 ± 0.3 s) characterized by synchronized groups of high amplitude spontaneous EPSPs (n = 4). This type of response appeared at a mean latency of 11.5 ± 6.9 s with an average frequency of 1.1 ± 0.2 Hz and lasted for approximately 43 ± 10 s. In one MN, the appearance of spontaneous EPSPs combined with an increase of their frequency (0–40 Hz) following BAPTA application can be observed preceding the occurrence of such repetitive depolarizations (see Figure 9F inset). In two out of four MNs, these repetitive depolarizations summated and lead to a transient depolarization of longer duration (4.5 ± 2.6 s) and greater amplitude (7.1 ± 2.5 mV). In the two remaining MNs, the repetitive depolarizations were overridden by APs (singlets or duplets as in the inset of Figure 8D) suggesting that each one of them may have resulted from bursting NVsnpr neurons near the BAPTA pipette.

These excitatory effects of BAPTA applied in the NVsnpr were more frequent in MNs at hyperpolarized holding potentials (n = 7, −65 ± 1 mV) compared to when it was tested at RMP (n = 4, −60 ± 3 mV). For instance, 4 out of 11 MNs exhibited rhythmic bursts or doublets (RB type as in Figure 8E) when tested at hyperpolarized potentials, with only two of them occurring when tested at their RMP.



Calcium Imaging of MNs

In calcium imaging experiments (as schematized in Figure 10A), local BAPTA application in the four regions of NVsnpr (R1, R2, R3, and R4) elicited calcium responses (as the examples shown in Figure 10C; see MNs positions in Figure 10B) in 27 MNs (in 12 of 25 mice) located mainly in the dorsal NVmt (n = 21) with only six cells responding ventrally (see Figures 10E–G). Dorsal BAPTA applications in NVsnpr induced more calcium responses in NVmt (1.4/animal) than ventral applications (0.6/animal; Figure 10F) with the highest ratio obtained by R2 (1.8/animal). Although, no clear distribution pattern of the responding MNs in NVmt was observed across stimulation sites in NVsnpr, there is no overlap between regions activated by R1 and R2 (Figure 10G).
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FIGURE 10. Distribution and types of Ca2+-responses elicited in NVmt by local applications of BAPTA in NVsnpr. (A) Schematic drawing of the brainstem slice preparation and the experimental conditions used. (B) Photomicrograph showing the position of the responsive cells in the NVmt following BAPTA application in the dorsal NVsnpr. (C) Types of Ca2+-responses recorded in three different MNs after BAPTA applications in the dorsal NVsnpr. (D) Vertical bars chart representing the percentage of cells displaying each type of Ca2+-response. (E) Left: distribution of all the responsive motoneurons according to the site of BAPTA application in the dorsal NVsnpr. Right: vertical bars chart reporting the number of responsive MNs according to the site of BAPTA application in the dorsal NVsnpr. (F) Vertical bars chart reporting the number of responsive motoneurons per trial according to the site of BAPTA application in the dorsal NVsnpr. (G) Heatmaps illustrating the location of the responsive motoneurons within the NVmt according to the site of BAPTA application in NVsnpr. Abbreviations: NVsnpr, trigeminal main sensory nucleus; NVmt, trigeminal motor nucleus.



The Ca2+-responses elicited by BAPTA applications were either single or repetitive increases that occurred at a mean latency of 13.9 ± 2.2 s (Figures 10C,D). Single events were either transient (n = 2; 66 ± 16%ΔF/F0 for 22.4 ± 9.0 s) or persistent and lasted as long (n = 5; 106 ± 23%ΔF/F0) or longer than the BAPTA application (n = 3; 210 ± 70%ΔF/F0). In the 17 remaining cases, BAPTA applications in NVsnpr produced repeated calcium transients in MNs (83 ± 27%ΔF/F0 for 2.9 ± 0.5 s, see trace 3 in Figure 10C) at a mean frequency of 0.4 ± 0.1 Hz and in 11 of these, the repetitive calcium transients overrode long plateaus calcium transients of 11.3 ± 2.9 s.








DISCUSSION

The present results provide new evidence of functional connectivity between the NVmt and the NVsnpr, thought to form the rhythmogenic core of the masticatory CPG (Athanassiadis et al., 2005a,b; Brocard et al., 2006; Kolta et al., 2007, 2010; Morquette et al., 2015). Our results indicate that neurons projecting to different parts of the NVmt are located in the dorsal [image: image] region of NVsnpr (R1, R2, and R3). Electrical stimulation of the dorsal NVsnpr induced multiphasic excitatory synaptic responses in trigeminal MNs while BAPTA applications induced rhythmic firing in NVsnpr that translated in rhythmic activities in NVmt, further supporting the hypothesis that NVsnpr may drive the masticatory rhythmic motor pattern. Anatomical and functional mapping of projections from NVsnpr to NVmt suggests that dorsal NVsnpr projects preferentially to dorsal NVmt whereas intermediate parts of NVsnpr project more ventro-medially in NVmt. However, the most ventral part of NVsnpr does not project to NVmt. This study confirms and expands earlier findings (Li et al., 1995, 1996; Stanek et al., 2014) by exploring the physiological nature and functional topography of the connectivity between NVsnpr and NVmt that was demonstrated in the past with neuroanatomical techniques.


Connectivity


Anatomical Evidence

Our anatomical experiments suggest that NVsnpr neurons projecting to both the dorsal or ventral NVmt emanate mostly from the dorsal three-quarter region (R1, R2, and R3) of NVsnpr. In both cases, the highest number and density of retrogradely labeled NVsnpr neurons were found constricted within the dorsal half (R1 and R2) with very few observed in R3. Moreover, injections of biocytin within NVsnpr resulted in labeled fibers originating exclusively from the dorsal region and terminating both in the DL and VM divisions of NVmt further supporting this connectivity evidence. This is consistent with previous anatomical studies demonstrating in both rats (Li et al., 1995, 1996) and mice (Stanek et al., 2014) that the majority of NVsnpr projections to NVmt arises from neurons located in the dorsal division.

Although labeled fibers originating from the ventral NVsnpr did not project to the NVmt, we observed multiple fibers terminating into PCRt, the region directly ventral to it. PCRt, a nucleus recently associated with hunger-driven mastication and feeding modulation (Nakamura and Nakamura, 2018), is also known to form direct synaptic contact with both jaw-closing and jaw-opening MNs (Mogoseanu et al., 1993; Kolta et al., 2000; McDavid et al., 2006; Yoshida et al., 2009). In the same region but closer to the ventral division of the NVsnpr is the group k nucleus formed by small neurons organized in a column (Mukerji et al., 2009). This nucleus contains the tensor tympani MNs and is believed to be responsible for the attenuation of sounds generated during the mastication process (Mukerji et al., 2010). Furthermore, there is additional evidence showing in the rabbit that masticatory muscles receive direct innervation from the group k nucleus (Donga et al., 1992; Saad et al., 1997, 1999). However caution should be used in the interpretation of these results since retrograde labeling may partly result from the uptake by fibers of passage inside NVmt, and because of the small size of the VM division and its proximity to the DL, the specific labeling of jaw-opening pre-MNs becomes even more challenging.



Electrophysiological Evidence

In the present study, nearly half of the trigeminal MNs evoked short-latency EPSPs following electrical stimulation of the dorsal NVsnpr suggesting a monosynaptic connection with NVmt. Moreover, these synaptic responses were for the majority multiphasic in nature which may have resulted from a convergence of monosynaptic glutamatergic inputs from multiple pre-MNs stimulated in NVsnpr or possibly from activation of polysynaptic pathways. Many anatomical studies demonstrated that the region in the lateral reticular formation surrounding NVmt [peritrigeminal area (PeriV) and PCRt] is home of the largest population of trigeminal pre-MNs (Mizuno et al., 1983; Landgren et al., 1986; Chandler et al., 1990; Stanek et al., 2014) which are known to form a complex network of interconnected excitatory and inhibitory neurons that could shape the final masticatory motor output (Kolta, 1997; Bourque and Kolta, 2001). NVsnpr has been shown to share reciprocal connectivity with both PeriV and PCRt, further supporting the implication of polysynaptic pathways originating from NVsnpr (Shammah-Lagnado et al., 1992; Kolta, 1997; Yoshida et al., 1998; Kolta et al., 2000; Athanassiadis et al., 2005b). An alternative explanation of such responses would be the convergence of multiple synaptic inputs received through the extensive dendritic arborization of trigeminal jaw-closing MNs known to extend beyond the boundaries of NVmt and even reaching inside the NVsnpr (Mong et al., 1988; Lingenhohl and Friauf, 1991). This type of connectivity is not unusual for trigeminal MNs where it was demonstrated in earlier electron microscopic studies that axon terminals of most trigeminal pre-MNs surrounding the NVmt make synaptic contact more often with the dendrites than with the soma of MNs (Mizuno et al., 1978, 1983; Mogoseanu et al., 1993).


Motoneurons Respond to High-Frequency Stimulation in NVsnpr

Stimulation of the dorsal NVsnpr at 40 Hz, a frequency close to the natural output of the sensory afferents during mastication (Trulsson and Johansson, 2002), evoked intracellular calcium transients in MNs located mainly in the DL division of NVmt. The persistence of these responses beyond the stimulation trains could be partially reflecting the slow calcium dissociation kinetics of GCaMP but is likely to also reflect real slow decay of the intracellular calcium concentration (Yoshida et al., 2001; Chen et al., 2013). In some cases, a long-lasting response was evoked in MNs following several electrical trains. In calcium imaging, these responses were characterized by a slow and persistent rise of calcium which could probably represent a gradual and slow increase of the spike frequency while in whole-cell recordings the response represented a depolarization leading to an increasing spike discharge. This interpretation is based on evidence showing that GCaMP is mainly sensitive to spike discharge and not to smaller membrane potential changes (Grienberger and Konnerth, 2012; Chen et al., 2013; Badura et al., 2014; Helmchen and Tank, 2015). The slope and duration of the rising phase of the recorded calcium transients would then correspond to the spike frequency and firing duration, respectively (Yoshida et al., 2001). This comes from the fact that calcium transients from internal stores are not necessarily correlated with changes in membrane potential (Nakajima and Baker, 2018). Moreover, an increase in the frequency of spontaneous EPSPs was also induced, indicating a possible synaptic facilitation effect caused by the high-frequency stimulations. Alternately, the long-lasting responses and putative facilitation effects may also result from activation of the polysynaptic pathways referred to above which have been described as forming strong redundant connections (Bourque and Kolta, 2001) or from activation of astrocytic networks. Our previous work has shown that 40 Hz stimulation of inputs to NVsnpr activates NVsnpr astrocytes that release a Ca2+-binding protein (S100β) that decreases extracellular Ca2+ concentration (Morquette et al., 2015). This in turn potentiates a Na+ persistent current leading to burst-firing in NVsnpr neurons. This process occurs over hundreds to thousands of milliseconds and may explain the longer latency and duration of some of the responses elicited in MNs.



Topography

Biocytin injections and calcium imaging, used to investigate the specific organization of the projections from NVsnpr to the NVmt, revealed that the dorsal part of NVsnpr projects mostly to the DL division containing the jaw-closing MNs. The electrical stimulation of NVmt revealed that the dorsomedial part of NVsnpr, which coincides with the region known to innervate the masseter MNs, is the main region projecting to trigeminal MNs (Appenteng and Girdlestone, 1987). Interestingly, this region is also known to arbor the majority of neurons with intrinsic bursting properties (Athanassiadis et al., 2005b). Previous retrograde HRP labeling studies performed in rats and mice revealed the myotopical arrangement of jaw-closing and jaw-opening MNs within NVmt: (1) those innervating the masseter muscle are located in the lateral part of the DL division; (2) those innervating the temporal muscle are located in the dorsomedial part of the DL division; (3) those innervating the medial and lateral pterygoid muscles are located in the most ventral part of the NVmt; and (4) those innervating the mylohyoid and the anterior belly of the digastric muscle are located in the VM division of NVmt (Chen et al., 1988; Terashima et al., 1994; Setsu et al., 2001).

In our experiments, the masseter region was activated by the dorsal NVsnpr with R2 resulting in a larger activated region in the lateral part of NVmt. On the other hand, the temporal region was innervated most exclusively by R1 suggesting a smaller and more distinct representation of the temporal pre-MNs within NVsnpr compared to those of the masseter which cover the whole dorsal region. Interestingly, the jaw-closing representations within NVmt are known to be proportional to the innervated muscle size (Maeda et al., 1993; Watson et al., 2012) and this seems to be also preserved within the NVsnpr. Although most NVsnpr regions (R1, R2, and R3) evoked responses in the ventral NVmt, our results revealed a dorso-ventral tendency where the activation ratio in the ventral NVmt was increasing and the recruited regions were shifting ventrally through NVmt. R3 was the only region exhibiting an exclusive ventral innervation of NVmt and activated the highest density of MNs within VM which suggests that it might preferentially innervate the lateral and medial pterygoid and the jaw-opening MNs. These observations are in line with an anterograde study conducted on the rat reporting that trigeminal pre-MNs located in the dorsal NVsnpr make axon contact preferentially to jaw-closing MNs while those located in the intermediate part of NVsnpr make axon contact primarily to jaw-opening MNs (Li et al., 1995).



BAPTA-Induced Rhythmic Activity in NVsnpr

We showed in previous studies performed in rats that bursting could be elicited in NVsnpr neurons with local BAPTA application and that this rhythmic discharge is INaP-dependent as it can be abolished by pharmacological blockade of the current (Brocard et al., 2006; Morquette et al., 2015). Therefore, BAPTA could be used as a burst-inducing stimulus in NVsnpr to experiment rhythm transmission toward NVmt. However, despite being currently the most commonly used animal model for fundamental research, there are still no reports investigating this mechanism in mice. We successfully evoked bursting with BAPTA in 67% of the recorded NVsnpr neurons at a membrane potential within the activation range of INaP (between −65 and −50 mV; Crill, 1996). In most cases, a depolarization followed by spiking preceded the bursts which occurred at frequencies ranging from 0.4 to 0.9 Hz.

The spatiotemporal activity pattern induced within the BAPTA application site in NVsnpr appeared as a circular wave with sequential activation of NVsnpr neurons. Not only NVsnpr neurons responded at variable latencies, but also the patterns evoked were not always rhythmic as expected. Indeed, BAPTA evoked single Ca2+ events in 42% and repetitive calcium transients in 58% of neurons which correspond approximately to the proportion of bursting response at RMP (67%) obtained in whole-cell recordings. Thus, it might suggest that those who responded with only one transient could be too depolarized to activate INaP knowing that BAPTA caused a depolarization in 60% of the recorded NVsnpr. Recurrent transients occurred at frequencies comparable to the bursts recorded electrophysiologically in whole-cell patch configuration but the duration of the peak was longer in calcium imaging which could be due to the slow calcium decay phase of GCaMP6f (Chen et al., 2013; Li et al., 2019). Earlier reports have demonstrated that neural rhythmic patterns are detectable with calcium imaging techniques and that their sensitivity highly depends on the decay kinetics of the calcium indicator (Yoshida et al., 2001; Lin et al., 2007; Chen et al., 2013). If the calcium decay phase is longer than the inter-spike interval, a summation would occur and therefore, multiple action potentials would be represented by a long-lasting calcium transient. Thus, the long-lasting singular transients evoked in NVsnpr neurons with BAPTA could perhaps result from trains of action potentials while repetitive calcium transients would represent rhythmic bursting.



Motoneurons Respond to BAPTA-Induced Bursting in NVsnpr

BAPTA application in NVsnpr successfully induced rhythmic bursting in MNs at a membrane potential within the INaP activation range. Another rhythmic activity characterized by recurrent plateau potentials was evoked in MNs. It was shown in guinea pigs that trigeminal motoneurons have bistable membrane properties mediated by INaP and L-type Ca2+ currents required for the production of such plateau potentials (Hsiao et al., 1998). In our study, these plateau potentials occurred at frequencies resembling those evoked in NVsnpr in patch-clamp and were, in 50% of the cases, overridden by action potentials. Therefore, we think that these recurrent depolarizations might represent the bursts evoked in NVsnpr neurons with BAPTA.

In calcium imaging, BAPTA evoked rhythmic calcium transients occurring at similar frequencies than those obtained in NVsnpr neurons. Moreover, responding MNs upon BAPTA application were found mainly within the DL division of NVmt. These MNs responded mostly when BAPTA was applied within the dorsal NVsnpr. This result is consistent with our findings stipulating that the jaw-closing MNs receive most of their inputs from the dorsal NVsnpr where both the masseter and temporal pre-MNs are localized.






CONCLUSION

Mastication is the first step of nutrition, but has also been linked to many other functions including systemic health and cognitive performance (Yamamoto and Hirayama, 2001; Kamiya et al., 2016; Lin, 2018). In animal studies (reviewed in Weijenberg et al., 2019) factors impacting mastication, such as molar loss or abrasion or soft food diets have been associated with poorer spatial memory and learning ability as well as decreased proliferation and differentiation of newborn neurons in the hippocampus. Both measures increase when molars are restored with crowns or when hard food is given back. In humans, mastication is compromised in several pathologies [e.g., Down syndrome (Faulks et al., 2008), Parkinson’s (Ribeiro et al., 2017), Alzheimer’s (Campos et al., 2017) and Huntington’s diseases (Trejo et al., 2004)], and in the elderly where masticatory dysfunction is increasingly considered as an unrecognized risk factor contributing to the development of cognitive impairment (Tada and Miura, 2017). Thus, a better understanding of the circuitry and mechanisms responsible for mastication is important to help elaborate strategies to modify masticatory efficiency to slow the rate of cognitive decline and improve cognitive health during aging. Although the pattern of masticatory movements may vary across species, the mechanisms and general organization of the circuits generating them are likely to be similar. Human studies report an increase in blood flow in NVsnpr during mastication (Viggiano et al., 2015), but cannot further address how the activity is triggered in this nucleus and how it is relayed to the motoneurons controlling the masticatory muscles. The results reported here suggest that projections from NVsnpr to NVmt are similarly organized in rats and mice with the dorsolateral region of NVmt receiving inputs from the dorsal NVsnpr (R1 and R2), and the ventromedial region receiving mostly inputs from R2 and R3. Knowing that different areas of NVsnpr receive topographically organized sensory inputs may help devise intervention strategies for reeducation. From a functional perspective, NVsnpr neurons were also shown to have the capacity to drive rhythmic activity in trigeminal MNs, thus reinforcing their potential role in masticatory rhythmogenesis (Athanassiadis et al., 2005a,b; Brocard et al., 2006; Kolta et al., 2007, 2010; Kadala et al., 2015; Morquette et al., 2015).
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Anterior open bite (AOB) is related to functional alterations of the stomatognathic system. There are no studies concerning brain activation of the cortex comparing children with and without AOB during rest and activities such as deglutition and phonation. The aim of this study was to determine the activity of the brain cortex of children with AOB at rest and during phonation and deglutition and to evaluate the association of intelligence quotient (IQ), attention (Test of Variables of Attention, known as TOVA), beats per minute (BPM), and oxygen saturation measurement (SpO2) with brain activity in subjects with AOB. Fourteen children (seven with AOB and seven without AOB) with mixed dentition, aged 10–13 years, underwent an IQ test, TOVA, SpO2, and quantitative electroencephalography (QEEG). Electrodes were set in the scalp, according to the 10–20 protocol. Data were analyzed using statistical tests to assess comparisons between children with and without AOB. The results showed that IQ, TOVA, SpO2, or BPM did not show any statistically significant differences between the groups, except for the response time (contained in TOVA) (p = 0.03). Significant differences were found for the brain activity during rest (Condition 1) of the tongue, between children with and without AOB (p < 0.05 for alpha/theta and alpha peaks), whereas there were no differences during function (Condition 2). The findings of this investigation provide insights about the cortex activity of the brain while the tongue is in the resting position in children with AOB. This may imply an altered activity of the brain cortex, which should be considered when diagnosing and treating AOB. Other diagnostic techniques derived from investigations based on neuroscience could develop new diagnostic and therapeutic techniques to give better solutions to children with malocclusions. Treatments should be focused not only on the teeth but also on the brain cortex.
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INTRODUCTION

Anterior open bite (AOB) is defined as the absence of vertical overlap between the maxillary and mandibular incisors (Subtelny and Sakuda, 1964). Its prevalence is about 2.7% in children between 8 and 16 years of age (Ocampo-Parra et al., 2015). It has a multifactorial etiology. The improper posture of the tongue at rest (Knösel et al., 2015) and its size and function (Zhou et al., 2016), as well as oral habits (Chen et al., 2015), neurological disturbances (Martinez-Mihi et al., 2014), and airway obstruction (Cazzolla et al., 2010), play a significant role in the origin of AOB.

It is well established that many functions of the tongue, such as deglutition and phonation (Ludlow, 2015; Xiao et al., 2017), depend on brain cortex regulation. Brain cortical representation of these functions has previously been investigated (Kober et al., 2015). It is well established that the central sulcus area, in which the ventral half of the sensorimotor cortex is located, is related to the tongue’s functions of deglutition, movement, and coordinated movements of phonation (Breshears et al., 2015). These processes are influenced by cognitive performance (Burgaleta et al., 2014) and oxygen saturation (Rodriguez Moreno et al., 2015).

Previous investigations indicate that AOB is present in around 13% of mouth breathers (Pacheco et al., 2015). Electroencephalography (EEG) signals in mouth breathers present a brain activity involving lower theta and alpha powers at rest when compared with that of nose breathers. This activity comprises cognitive regions and involves decreased oxygen saturation during mouth breathing. This issue suggests that when cognition is required, mouth breathing can act as one of the variables that could cause alteration in brain function, especially in memory tasks (Lee et al., 2019).

Studies concerning brain activation when the tongue is at rest and during deglutition and phonation in children with AOB are not available and could be the answer to why orthodontic treatments of AOB are so unstable (Bondemark et al., 2007). To avoid a relapse of AOB treatments, changing the motor response must be permanently imprinted in the brain (trained) (Svensson et al., 2003). The learning process occurs because a movement that has been elicited repeatedly by successive stimuli may, after a while, be evoked without the need of the conditioning stimulus, because it has been imprinted in the cerebral cortex (Svensson et al., 2003). Based on this concept, other diagnostic techniques derived from neuroscience investigations could develop new diagnostic and therapeutic techniques to give better solutions to children with malocclusions. The approach from neuroscience in the case of AOB could give support as to why treatments relapse is less when myofunctional therapy is used than when only orthodontics is performed (Smithpeter and Covell, 2010).

According to the above statements, the aims of this study were to (1) determine the activity of the brain cortex of children with AOB at rest and during phonation and deglutition and (2) to evaluate the association of intelligence quotient (IQ), attention [Test of Variables of Attention (TOVA)], and oxygen saturation with brain activity in subjects with AOB.



MATERIALS AND METHODS


Approval and Design

This investigation was approved by the ethics committee of Universidad CES (file number 60-225). The children and their parents gave their written informed consent and assent to participate in the study.

The study was performed according to an exploratory design. Sequence and measurement procedures are shown in Figure 1.
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FIGURE 1. Measurement sequence and procedures.




Population and Sample

Children (10–13 years of age) with mixed dentition with fully erupted maxillary and mandibular incisors and with complete posterior occlusion, with either primary or permanent molars or bicuspids, were included. Mixed dentition is defined as the transition stage between primary and permanent dentition, when the first molars erupt and the primary teeth are replaced by permanent teeth (Louly et al., 2011). The sample size was calculated based on the formula by Viechtbauer et al. (2015), assuming the highest difference between brain cortex activity of children with and without AOB. Data collection was performed from June 2015 to December 2015.

Children were selected from a previous study of 264 students, recruited from public schools of Envigado, Colombia (Ocampo-Parra et al., 2015). Subjects in this study were included on the basis of having normal facial morphology (no anatomical abnormalities, such as cleft lip); absence of neurological and/or psychiatric disorders previously diagnosed by a physician and known by the parents (including reading disorders or disabilities); absence of mouth breathing, related by parents and previously diagnosed by a physician; amelogenesis or dentinogenesis imperfecta, present in dental records and/or diagnosed by a pediatric dentist; history of anterior dentoalveolar trauma during the permanent dentition; absence of pretreatment and/or current speech therapy; and absence of previous and/or current preventive or corrective orthodontics or orthopedics. All children were required to present with a Nolla (1960) dental development stage of 10 (apical end of root completed) in permanent incisors and permanent first molars. Finally, 14 children were selected (seven with and seven without AOB).



Clinical Evaluation of Anterior Open Bite

Subjects included in the study underwent a clinical examination to assess the presence of AOB, sitting in a dental chair, with the same conditions of light. The anterior bite was measured from the upper right central incisor to the lower right central incisor. AOB was considered present, when there was a vertical space >0.1 mm between the maxillary and mandibular teeth, whereas posterior teeth were in occlusion and absent when the vertical space between the maxillary and mandibular incisors was 0 or there was no AOB present (Subtelny and Sakuda, 1964).



Intelligence Quotient

A Fast IQ test was performed using the K-BIT, which is a Brief Intelligence Kaufman Test® (Kaufman and Kaufman, 2004), which assesses intellectual ability for ages 4–89 years. It evaluates verbal ability (vocabulary and definitions) and non-verbal reasoning ability (matrices). The K-BIT presents internal consistency reliability of 0.90 for verbal scale and 0.86 for non-verbal scale in children aged 4–18 years (Kaufman and Kaufman, 2004; Mervis et al., 2012). Its application takes 15–30 min, and it consists of two subtests:


1. Vocabulary and definitions: A measure of verbal skill that requires oral responses, language development, the formation of verbal concepts, and information flow.

2. Matrices: Measures non-verbal skills and the ability to solve new problems. Evaluates the ability to solve problems of reasoning through visual stimuli both figurative and abstract.





Test of Variables of Attention

The TOVA is a five-item, self-rated tool that assesses errors of omission (inattention), errors of commission (impulsivity rate), response time, the variability of response time, and double-clicks (error committed when differentiating two simple geometric figures, one of those determined as the target of attention). TOVA was designed for subjects between 8 and 80 years of age, with different scales for each age group. The evaluation takes approximately 22 min (Lawrence et al., 1993).

Attention was measured while responding to a geometric stimulus, which was considered the target of attention. For this investigation “target frequent” was considered when the child focused on the geometric stimuli and “target infrequent” when attention was not paid to the stimuli. The incorrect response to the target was called an “error of commission” or impulsivity, whereas the failure to respond to the designated target was measured as an “error of omission” or inattention. The mean time to respond correctly to the target stimulus and the variability of the response time was considered as “attentional variability.” The multiple and anticipatory responses to the target were designated as double-clicks. TOVA precisely measures reaction times (±1 ms). Its reliability coefficient is 0.84 (Llorente et al., 2001).



Oxygen Saturation and Beats per Minute

Measurements of oxygen saturation (SpO2) and beats per minute (BPM) of the children were performed with a pulse oximeter (Safe Heart FPO40, Beijing Safe Heart Technology, China). SpO2 was considered as the measure of the percentage of hemoglobin binding sites in the bloodstream occupied by oxygen (normal SpO2 should be between 96 and 99%), whereas BPM was the number of times that the heart beats per minute while it is at rest. Its mean value ranges from 60 to 80.



Quantitative Electroencephalography

Each child underwent a quantitative EEG (QEEG) at Instituto Psicotecnológico in Medellin, Colombia. QEEG is a validated technique for brain mapping (Thatcher, 2010), which allows highly accurate measurement of the electrical activity of the brain cortex, at rest, and during the execution of specific tasks. The electrical activity was measured with a 2EB Hardware Clinical Brain Master® of Brainmaster System Technologies, Inc. (Ohio, OH, United States). Data were collected using the BioExplorer version 1.6® and BioReview 1.3® software (Cyber Evolution Inc., United States).

Each QEEG examination was performed with the child seated in a right position. Electrodes were set in specific points in the scalp. For that purpose, the scalp was cleaned with Nuprep® skin prepping gel (Weaver and Company, Colorado, CO, United States) to minimize interference with the electrical signals. Afterward, conductive paste (Ten20®, Weaver and Company, Colorado, CO, United States) was applied to each electrode. Surface electrodes were positioned on the scalp, following the international 10/20 system and set between the skull points nasion, inion, and preauricular, according to a validated technique (Jurkac et al., 2007).

The central sulcus (referred to herein as the letter C) divides the frontal and parietal lobes of the left and right cerebral hemispheres. The signal from this electrode aimed to measure the primary sensory cortex. The electrode with the even number 4 was positioned in the right hemisphere and the one with the odd number 3, in the left hemisphere (Mervis et al., 2012). In this investigation, only the central sulcus area of the left (C3; Zone 1) and right (C4; Zone 2) hemispheres were analyzed, which are the ones in the brain cortex related to the tongue at rest (Condition 1) and during function (Condition 2) involving deglutition and phonation.

Quantitative electroencephalography recordings were performed in three cases: (1) The children were asked to breathe softly and to close their eyes for 1 min (measurement at rest), and then they were asked to open their eyes for another minute; (2) children were asked to execute a phonation task for 50 s (reading the same text for every child). The reading included dental and alveolar consonants to evaluate the tongue function during phonation. Dental consonants are articulated in the Spanish language with the tongue against the upper teeth, such as /d/, /n/, /t/, and/l/, whereas the alveolars contact the tongue with the gum ridge. (3) Finally, deglutition was recorded for 10 s. Each child was given a glass of water and asked to drink it continuously for 10 s. The test was done with water, to avoid any extrinsic stimulation of salvation.

The QEEG applies mathematical algorithms to transform the data obtained into the following frequency bands: theta/beta, alpha/theta, alpha, beta, and wavelength of 2–38 Hz. The magnitude corresponds to the amount of energy that the original QEEG possesses at each frequency, and it is measured in hertz.

An expert investigator read and analyzed the data and gave a diagnosis based on the guidelines given by the Othmer protocol (Oostenveld and Praamstra, 2001).



Control Parameters

Both the clinical classification (AOB/No AOB) and the QEEG examination were performed by expert trained investigators. In the previous study from which children were selected for this investigation (Ocampo-Parra et al., 2015), AOB was assessed by two researchers. The consensus was gathered in order to avoid evaluation bias. Kappa index and intraclass correlation coefficient (ICC) were obtained, and the results were 0.95 and 0.99, respectively. For this investigation, the presence or absence of AOB was confirmed before assessing the IQ, attention, oxygen saturation, and QEEG.

Acquiring a QEEG signal properly means avoiding errors and affecting the subject and the biosignal measurements. The goal is to obtain measurements secure for the individual and with high signal-to-noise ratio (SNR) and no data loss. The points that were considered in this investigation were as follows (Usakli, 2010):


1. Subject safety: Leakage currents were avoided by maintaining subjects and front-end circuitry and earth grounds as separate.

2. Electromagnetic interference protection: QEEG signals are distorted, and the signal is corrupted with noise when electrical or electronic devices are near the recording setup. Therefore, operation of those devices closed to the recording setup was prohibited. Additionally, the instrumentation amplifier was used.

3. Subject muscular movements: Muscular movements, different from the ones that were purposed for the investigation, could affect the QEEG signals. Therefore, children were encouraged to avoid those types of muscle activities.

4. Electrostatic discharge (ESD) protection: No ESD protection may cause damage of electronic components and QEEG signals and serious problem for subjects. Thus, active electronic components had greater than 2,000 V of ESD protection.

5. Efficient grounding: The lab where measurements were made had proper grounding techniques to help reduce noise, therefore increasing SNR.

6. Electrodes: Electrodes were dried before setting, and the position was controlled by locating the surface electrodes in a previously calibrated and validated position.

7. Electrode contact impedance: Less than 1 kΩ of contact impedance indicates probable shortcut between the electrodes, and greater than 10 kΩ avoids acquiring EEG signals. Thus, the contact impedance value for electrodes was between 1 and 10 kΩ.

8. Digitization: Sufficient and optimal digital resolution was provided for analog-to-digital conversion in order to impede an increase in the quantization error.

9. Sampling instants: In a multichannel system, the time delay between channels could be a problem. This problem was controlled by using a digital multiplier.



All the QEEG interpretations were made by the same investigator who was blind to the AOB classification.



Statistical Analysis

A comparison of variables between the anterior AOB and No AOB group was performed, using Mann–Whitney U test or T-test, depending on the distribution of the variables.

Statistical analysis was performed using STATA version 14.0 (StataCorp LP, Texas, TX, United States).



RESULTS

This study included 14 child subjects (seven females and seven males; mean age 11.9 years; range 10–13 years old). The children with AOB presented with an open bite with a mean of 3.3 mm (SD 1.3). The distribution of children, according to vertical space (mm) between the maxillary and mandibular incisors, is presented in Figure 2.
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FIGURE 2. Distribution of children according to vertical space (mm) between the maxillary and mandibular incisors.


When analyzing IQ, TOVA (response time, variability, inattention, commission, double-click), SpO2 (mean 97%, SD 1.0), and BPM (mean 73, SD 2.8), no statistically significant differences were found between the groups with and without AOB, except for response time, which presents statistically significant differences when comparing both groups (Table 1).


TABLE 1. Comparison of IQ, TOVA, SpO2, and BPM between children with and without anterior open bite (AOB).

[image: Table 1]
When evaluating the brain activity, there are statistically significant differences in the variables frequency alpha/theta during rest in the central sulcus area of the left hemisphere (C3; Condition 1/Zone 1) (p = 0.047) and frequency alpha peak during rest in the central sulcus area of the left hemisphere (C3; Condition 1/Zone 1) (p = 0.018). The brain activity is higher in subjects with AOB than in subjects without AOB (Table 2). Comparing the frequency alpha/theta with alpha peak during rest in the central sulcus area of the left hemisphere (C3) within the groups, there are no differences between the AOB and control groups (Table 2).


TABLE 2. Comparison of cortex activity between children with and without anterior open bite during rest (Condition 1).

[image: Table 2]
When comparing the data of children with and without AOB, no statistically significant differences are found for any variable in C2 (function) (Table 3).


TABLE 3. Comparison of cortex activity between children with and without anterior open bite during function (Condition 2).
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DISCUSSION

AOB is a complex malocclusion, often associated with functional alterations in the stomatognathic system. An improper tongue rest posture has been suggested as one of the primary contributing factors to AOB (Knösel et al., 2015). It is well established that the brain cortex, specifically the primary sensorimotor cortex, plays an important functional role in the regulation of tongue functions, such as deglutition and phonation (Kober et al., 2015; Ludlow, 2015). However, thus far, there have been no studies considering brain activation when the tongue is at rest or in function (deglutition and phonation) in children with AOB.

This exploratory investigation assessed the activation of the brain cortex activity of children with AOB at rest and during phonation and deglutition and evaluated the influence of the IQ, attention, and oxygen saturation on brain activity during those functions.

Efforts were made to use validated instruments and calibrated devices to assess IQ, attention, oxygen saturation, and brain activity and to test the influence of these variables on the brain cortex. Overall, the results of this investigation suggest that (1) IQ, attention, and oxygen saturation are not different between subjects with and without AOB and thus are not considered as confounding variables for the activity of the brain cortex in this study; (2) the activity of the brain cortex during rest was higher in subjects with AOB than with those with no AOB; and (3) the activity of the brain cortex during deglutition and phonation was not different between children with and without AOB.

Breathing disorders influence the cognitive and behavioral performance of children, including IQ and attention (Cazzolla et al., 2010; Lal et al., 2012). The present study did not demonstrate differences in oxygen saturation and TOVA between children with and without AOB. These findings disagree with the results of previous investigations (Blunden et al., 2000; Lal et al., 2012). Two major reasons for this disagreement must be analyzed. Firstly, children with mouth breathing or other breathing disorders were excluded from this exploratory study, in order to reduce the confounding variables that could affect the brain cortex activity as was previously demonstrated by other authors (Lee et al., 2019); and secondly, the results of the present investigation should be interpreted with caution, owing to the few subjects included in the sample, which could be considered a limitation of the study.

This was a study testing an original technique to evaluate brain activity in children with an AOB. As there are no data of previous investigations on the topic, it was recommended by the ethics committee of Universidad CES to test the new research hypothesis in a study with a pilot design in the first instance. The results of this hypothesis-generating study showed differences between the activity of brain cortex during rest, of children with and without AOB. Thus, obtained results are to be confirmed in a larger confirmatory study.

Differences in IQ and TOVA were not found between children with and without AOB. However, looking at the results yielded by the QEEG, higher alpha/theta activity was found, as well as a higher alpha peak during rest in children with AOB. These findings suggest possible differences in the brain cortex activity during cognitive demands (Usakli, 2010; Rodriguez-Larios and Alaerts, 2019), such as arithmetic tasks that were not measured with QEEG in this study. The correlation between the measurements of QEEG and clinical cognitive measurements in children with AOB deserves further attention for future investigations.

Regarding the effects of the tongue function on the anterior bite of children, several studies have measured forces of the tongue against the maxillary incisors and palate during rest and normal deglutition. The conclusions validated the hypothesis that the resting position of the tongue has a more significant role in the etiology of AOB than had deglutition and phonation functions (Shenoy et al., 2015). Furthermore, the cortical plasticity of individuals with incorrect tongue position during rest is different from the cortical plasticity of individuals whose tongue is in the palate during rest (Arima et al., 2011). The results of Arima et al. (2011) agree with those of this investigation, where an alteration in the sensorimotor cortex of subjects with AOB was found. In this context, therapies to establish correct rest position of the tongue, such as orofacial myofunctional therapy (OMT) (Van Dyck et al., 2016), could also influence the brain cortex plasticity, necessary to avoid relapse in orthodontic treatments of AOB. However, the quality of the evidence on this topic is still questionable (Koletsi et al., 2018).

When the function is analyzed, previous results demonstrated that during deglutition or phonation, incorrect position of the tongue can be observed in subjects with AOB. The reason could be a disturbed function of one or several afferent neurons (Maezawa et al., 2016). According to the results of the present study, there is no difference in brain activity during phonation and deglutition, between subjects with and without AOB (Shenoy et al., 2015).

Even when evaluating the activity of the left and right hemispheres during rest, deglutition, and phonation was not an objective of this investigation, it is interesting to mention the findings regarding this topic. Differences were found between the left and right hemispheres in both Condition 1 (rest) and Condition 2 (function). For most brain functions, the two hemispheres are a “mirror” of each other. However, there is evidence that shows that speech production is one of the most important lateralized features of the brain (Raemaekers et al., 2018). In the case of this pilot study, it was observed (even when not statistically compared) that differences were present at rest and in deglutition and phonation. This issue requires further exploration in other studies.

To our knowledge, this is the first study using brain mapping, which demonstrates that the brain activity in subjects with AOB is higher than in subjects without AOB at rest. A possible explanation could be the altered tongue posture during rest in AOB children. Future studies to test this hypothesis are suggested in larger samples, where the classification of the severity of the AOB could be assessed.



CONCLUSION

The findings of this investigation provide insights about the cortex activity of the brain during the rest position of the tongue in children with AOB. This may mean an altered function, not only in the orofacial system but also in the central nervous system, that should be considered when diagnosing and treating AOB. Diagnosis of AOB should be focused not only on the teeth but also on the brain cortex.
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The effect of deep brain stimulation (DBS) on swallowing function in movement disorders is unclear. Here, we systematically reviewed this topic by searching keywords following PICOS strategy of problem (swallowing or swallow or dysphagia or aspiration) and intervention (deep brain stimulation, or DBS) in the PubMed and Web of Science in English in April 2020, with comparators [subthalamic nucleus (STN), globus pallidus interna (GPi), ventralis intermedius, (ViM), post-subthalamic area, or caudal zona incerta (PSA/cZi); ON/OFF DBS state/settings, ON/OFF medication state, Parkinson's disease (PD), dystonia, tremor], outcomes (swallowing function measures, subjective/objective) and study types (good quality original studies) in mind. We found that STN DBS at usual high-frequency stimulation could have beneficial effect (more so on subjective measures and/or OFF medication), no effect, or detrimental effect (more so on objective measures and/or ON medication) on swallowing function in patients with PD, while low-frequency stimulation (LFS) could have beneficial effect on swallowing function in patients with freezing of gait. GPi DBS could have a beneficial effect (regardless of medication state and outcome measures) or no effect, but no detrimental effect, on swallowing function in PD. GPi DBS also has beneficial effects on swallowing function in majority of the studies on Meige syndrome but not in other diseases with dystonia. PSA/cZi DBS rarely has detrimental effect on swallowing functions in patients with PD or tremor. There is limited information on ViM to assess. Information on swallowing function by DBS remains limited. Well-designed studies and direct comparison of targets are further needed.

Keywords: deep brain stimulation (DBS), dysphagia, swallowing function, subthalamic nucleus (STN), globus pallidus interna (GPi), post-subthalamic area (PSA), Parkinson's disease, movement disorders


INTRODUCTION

Dysphagia, or impaired swallow function, is one of the two major causes of mortalities in Parkinson's disease (PD) (along with falls related to the loss of balance). Dysphagia usually does not respond well to dopaminergic medication treatment (1, 2). Although deep brain stimulation (DBS) has significant beneficial effects in PD patients with motor fluctuation, dyskinesia, or medication refractory tremor (3–7), it has less benefits in axial symptoms of balance, speech, and swallowing function. Some studies even raise concerns about worsening of the axial symptom after DBS, particularly with long-term DBS at the usual high-frequency stimulation (HFS) (8–13), while axial symptoms have been found to predict the mortality of PD patients with STN DBS (14). Low-frequency stimulation (LFS) has been reported to have beneficial effect on axial symptoms in patients with freezing of gait (FOG) at usual HFS (15–18). Most common DBS targets to treat PD are STN (subthalamic nucleus) or GPi (globus pallidus interna) (3–7). They both have a similar effect on motor function of PD, but different effects in non-motor symptoms, such as cognitive function and depression, with different extents in medication reduction after the surgery as well (5, 19). GPi also seems to have a better outcome on axial symptoms, particularly after more than 2-year stimulation compared to STN (12).

The effect of DBS on swallowing function has not been well-studied across various movement disorders and targets. There was a retrospective study on the effect of unilateral STN vs. unilateral GPi on swallowing function in PD patients, which demonstrated a better swallowing function in penetration–aspiration (PA) scores on the videofluoroscopic swallow study (VFSS) in GPi compared to STN at medication OFF status, although there was a difference in baseline swallowing function between these two groups (20). LFS of STN was found to have beneficial effect on dysphagia compared to HFS in patients with FOG refractory to usual HFS of STN (16, 17). DBS targeting the post-subthalamic area and caudal zona incerta (PSA/cZi) was thought to be associated with fewer side effects compared to ventralis intermedius (ViM) or STN (21), including the swallowing function (22–24). GPi DBS has also been used to treat various dystonia (25–28), including Meige syndrome (29–32), and its effect on the swallowing function is also of interest to review compared to that in PD.

Besides diseases and targets, ON/OFF DBS state and stimulation frequencies, ON/OFF medication state, outcome measures for swallowing function (subjective questionnaires or scales vs. objective assessments, such as VFSS), and study designs (randomized double blind vs. open label retrospective or prospective) could also affect the swallowing function.

There was only one review article specifically focusing on the effect of DBS on swallowing function comparing different targets in the literature, mainly on unilateral GPi to STN DBS in patients with PD (33), which was published about 7 years ago. Therefore, it is necessary to have a comprehensive review with updated information on the effect of DBS on swallowing function covering various targets and movement disorders to reflect recent advances in the field, which will help guide our clinical practice in applying DBS for movement disorders.



METHODS

We systematically searched the PubMed and the Web of Science in April 2020 for all available publications in English by keywords following PICOS concepts: problem = (dysphagia or swallowing or swallow or aspiration) and intervention = (DBS or deep brain stimulation) to include all pertinent articles, with comparators [subthalamic nucleus (STN), globus pallidus interna (GPi), ventralis intermedius (ViM), post-subthalamic area or caudal zona incerta (PSA/cZi), ON/OFF DBS state/settings (ON/OFF) medication state; Parkinson's disease (PD), dystonia, tremor], outcomes (swallowing function measures, subjective/objective) and study types (good quality original studies) in mind during the search. We followed PRISMA guideline for systematic review, and the flow chart of the literature search and selection process of the review is depicted in Figure 1 (34, 35). A total of 145 publications were found from PubMed and 169 from Web of Science. After removing the duplicate entries, screening was performed to narrow down to 177 articles by excluding reviews, comments, viewpoints, author responses, letters, book chapters, single case reports with insufficient information, and meeting abstracts. Then the full texts were assessed, and we removed studies without clear outcome measures on swallowing function by DBS. We finally identified 32 unique articles. We included DBS studies targeting STN, GPi, ViM, or PSA/cZi on patients with PD, various dystonia (including Meige syndrome), and essential tremor (ET), and compared swallowing function measures (subjective vs. objective) at ON/OFF DBS state under different settings (including stimulation frequencies), or post-operative to pre-operative baseline, at ON/OFF medication state. Basic demographics and types of study designs (retrospective vs. prospective, open vs. blind) were also taken into consideration in assessments.
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FIGURE 1. PRISMA flow diagram: literature search and selection with numbers of articles at each stage.




RESULTS

Each pertinent publication is listed in detail in Table 1, with information on references, diseases, DBS targets, basic demographics, study designs (randomized double blind vs. open label retrospective or prospective), outcome measures (subjective vs. objective measures) on swallowing functions at ON/OFF DBS or post-operational vs. pre-operational state under different DBS settings (if available) and ON/OFF medication state, and major conclusions. Among the 32 articles identified, 22 articles were on PD patients, with 19 targeting STN, 3 targeting GPi, and 3 targeting PSA/cZi, as some studies were targeting more than one target. There were six articles on Meige syndrome and five on non-Meige dystonia or dyskinesia (including primary generalized dystonia, segmental dystonia, and cerebral palsy), all targeting GPi. There was only one article on ET targeting PSA and none on ET targeting ViM on swallowing function. The majority of the studies used HFS of 125–210 Hz, but two studies used LFS of 60 Hz (16, 17). The assessments included subjective measures, such as swallowing questionnaires or scales, and objective measures, such as VFSS and fiberoptic endoscopic evaluation of swallowing (FEES).


Table 1. The effect of DBS on swallowing functions.
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We summarized the result as below, based on the diseases and targets.


PD With STN DBS

STN DBS in patients with PD can have no effects (36–38). Kitashima et al. reported no improvement in swallowing function in 18 PD patients assessed by VFSS at ON medication state 6 months after the bilateral STN DBS (37). Olchik et al. found no change in swallowing function 6 months after bilateral STN DBS in 10 PD patients assessed by anamnesis, functional oral intake scale, and clinical swallowing function (38).

STN DBS in patients with PD can also have detrimental effects on the swallowing function. STN DBS impaired the jaw opening and closing velocities by scales 6 months after DBS compared to baseline regardless of ON/OFF medication state in a randomized double blind study in 14 patients with bilateral STN DBS (39). Xu et al. did not find any improvement on swallowing function based on the item on Unified Parkinson's Disease Rating Scale (UPDRS) Part II in 85 PD patients assessed on an average of 4.9 years after STN DBS (mixed unilateral and bilateral STN DBS) at ON/OFF medication state (and the swallowing function was even worse ON DBS) (40). Troche et al. reported significantly worse in the PA score of VFSS in 14 PD 6 months after unilateral STN DBS at ON medication state (20). Kraus reported that at least three patients developed worsening dysphagia or new dysphagia after bilateral STN DBS in a group of 27 PD patients during a mean of 30 months follow-up, based on the assessment for adverse effect, with unclear medication state though (8). Add-on stimulation of substantia nigra reticular (SNr) to STN did not have beneficial effect (41). Worsening of the dysphagia could be related to the suboptimal placement of the DBS electrodes or suboptimal programming in some cases, as turning off or reprogramming of the DBS made the swallowing symptoms better or go away in these cases (42, 43).

Some studies even reported beneficial effects on the swallowing function but mostly at OFF medication status, on subjective measures, or at LFS. Ciucci et al. reported significantly improved pharyngeal composite score and transit time by VFSS in ON DBS compared to OFF DBS at OFF medication status in 14 PD patients assessed at least 3 months after STN DBS (44). Kulnef et al. reported a subjective improvement in a self-assessment of swallowing function, but not on objective FEES, at ON DBS compared to OFF DBS at ON medication state in 11 PD patients 6 and 12 months after STB DBS (a mixed bilateral and unilateral DBS) (36). A similar result was also reported by Silbergleit et al. in 14 PD patients 3 and 12 months after bilateral STN DBS assessed by VFSS who found subjective but not objective improvement in swallowing function at ON/OFF medication state (45). Zibetti et al. found improved salivation and swallowing function in 36 patients with PD and bilateral STN DBS at 12 and 24 months after DBS at OFF medication state but no difference at ON medication compared to the pre-operational state (although the levodopa dosage was also reduced then) (46). Lengerer et al. reported no clinically relevant influence of DBS on swallowing function using qualitative parameters in 18 PD patients with bilateral STN DBS, but quantitative parameters found improved pharyngeal parameters with ON DBS compared to preoperative condition or OFF DBS, mostly with fluid consistency (47). Krygowska-Wajs et al. reported a 50% improvement on dysphagia on the gastrointestinal dysfunction questionnaire in 20 PD patients, assessed 3 months after bilateral STN DBS at ON DBS but OFF medication state (48). Wolz et al. studied 34 PD patients at a median of 13 months after the bilateral STN DBS and found improved dysphagia in subjective visual analog (VA) scale at ON DBS compared to OFF DBS and OFF medication state (49). Xie et al. reported acute and short-term improvement of objective and subjective swallowing function on PD patients with bilateral STN DBS in randomized double blind crossover studies under LFS (60 Hz) compared to those under HFS (130 Hz) in patients with HFS and medication refractory FOG at ON medication state (16, 17). However, the long-term (more than a year) benefit of LFS on the swallowing function was not demonstrated (17).



PD With GPi DBS, and Compared to STN as Well

Troche et al. performed a retrospective chart review in 33 PD patients, with unilateral GPi DBS in 19 and unilateral STN DBS in 14 patients, looking at PA score of VFSS and patient-reported swallowing-related quality of life (SWAL-QOL) before and 6 months after DBS (20). PA scores significantly worsened in STN but not in GPi DBS assessed at ON medication state. No change in SWAL-QOL score was found before and after the DBS in either group of patients. The GPi group patients had worse swallowing function than the STN group at baseline. Robertson et al. randomized the PD patients to STN or GPi in double-blind study in 14 PD with bilateral STN and 13 PD with bilateral GPi, assessed before (OFF medication vs. ON) and 6 months after DBS (OFF medication vs. ON medication and OFF DBS vs. ON DBS) on self-scaled and externally scaled jaw peak velocity (39). At OFF medication state, DBS in STN worsened, while GPi improved the jaw velocities after DBS compared to baseline. At ON medication state, the velocities in STN were worse than the baseline, but no difference in GPi. The authors concluded that there was no benefit of STN or GPi on jaw velocity in PD compared to the best medication therapy, and that STN could even be harmful.



PD With PSA/cZi DBS

The swallowing function of eight PD patients with bilateral cZi DBS was assessed before and after DBS by FEES and questionnaire (22). There was no clear-cut effect of DBS at 6 and 12 months on any of the swallowing parameters except for the pre-swallow spillage, which was slightly worse in the ON stimulation state 12 months after DBS, although the medication was cut down by one-third post-operatively. Sundstedt et al. found no significant difference in SWAL-QOL score and VA scale score 12 months after the DBS at ON medication state in nine PD patients with bilateral cZi (23). Sundstedt et al. also did a prospective longitudinal study on 14 PD patients with bilateral cZi, extending their previous report on swallowing function, before and after DBS at ON medications and ON DBS vs. OFF DBS state by FEES (24). They found that cZi DBS did not have a negative impact on swallowing function, with no changes on PA scores, pharyngeal residual or premature spillage, although the medication was cut down by one-third post-operatively.



Dystonia and Meige Syndrome With GPi DBS

Bilateral GPi DBS has been shown to improve the swallowing function in majority of the studies in patients with Meige syndrome, as demonstrated by improved Burke–Fahn–Masden Dystonia Rating Scale (BFMDRS) speech and swallowing scores in 12 patients who followed up to 38 months on average (29), in 11 patients who followed up for 23 months on average (30), in 6 patients who followed up to 60 months (31), and in 40 patients who followed up at 6, 12, and 24 months after surgery (32). There was one study by Limotai et al. in six patients with Meige syndrome, with one unilateral and five bilateral GPi, evaluated 6 and 12 months after DSB for Unified Dystonia Rating Scale (UDRS) and BFMDR speech and swallowing function, but they did not find improvement in speech and swallowing function in this cohort (50). Bilateral GPi also has been used in patients with 11 non-Meige dystonia patients and 9 Meige syndrome patients (51), with significantly improved swallowing and speech scores in BFMDR up to 36 months after the DBS. Bilateral GPi also has been used in primary generalized dystonia and segmental dystonia patients (25–27), and dyskinetic cerebral palsy patients (28), but no changes or just slightly worsening in speech and swallowing function after DBS compared to baseline were reported.



ET With ViM or PSA/cZi DBS

There is no specifically designed study on the evaluation of dysphagia in ET by ViM or PSA/cZi DBS, although transient mild dysphagia after the DBS implantation surgery was reported, which usually resolved within several weeks (21, 52).




DISCUSSIONS

The majority of the studies were open label, retrospective or prospective, small-size studies, with subjective and/or objective assessments of swallowing function, at ON DBS compared to OFF DBS and ON/OFF dopaminergic medication state. There were only a few prospective randomized double blind studies (16, 17, 39), a few on comparing different targets (20, 39), and a few on comparing different frequency stimulations (16, 17). Most studies used bilateral targets although some were unilateral or mixed targets, as bilateral DBS is more likely to affect the axial symptoms, including dysphagia. Some of them were not fairly compared, as there were reduced dopaminergic medications post-operatively. Although the medications probably would not have a major impact on the objective swallowing functions (1, 2), beneficial effect of dopaminergic medication was also reported in a small proportion of patients (53). Taking dopaminergic medications could also affect the subjective measure with overall improvement of the parkinsonism. Therefore, it probably could explain why some studies showed improved swallowing function at subjective measures but not objective measures at ON medication state, and why the beneficial effect of DBS is more appreciated at OFF medication state or less appreciated at ON medication state.

We found that STN DBS at usual HFS could have beneficial effect (more so on subjective measures of scales, questionnaires, or swallowing item in UPDRS-II, and/or OFF medication state), no effect, or detrimental effect (more so on objective measures of VFSS or FEES, and/or ON medication state) on swallowing function in patients with PD. The effect of LFS stimulation on FOG has been consistently reported positively by many studies, as summarized in a review article (18). However, there have been only a few studies addressing its effect on dysphagia. Two studies of randomized double blinded crossover prospective studies in the short- and long- term effects did find significant benefit of LFS on acute and short-term studies (16, 17), but not the long-term benefits (17), although the long-term effect remains unclear given the small sample size and sub-clinical dysphagia in participants, which could limit the power to detect the potential difference. These studies were conducted at ON medication state in bilateral STN DBS patients with refractory FOG to HFS; hence, the beneficial effect should not necessarily be generalized to the whole PD population.

GPi DBS seems more likely to improve the swallowing function or process compared to the STN DBS, more so at OFF medication state (20, 39). In contrast to STN DBS, GPi DBS does not have detrimental effect on swallowing function or process at ON medication state (20, 39). Even though the non-matched baseline swallowing function in the two groups, and the retrospective and non-randomized design in assigning the targets could all affect the interpretation of the favorable PA scores in unilateral GPi compared to STN DBS (20), similar results were also obtained in a randomized, double-blind study comparing the effect of bilateral GPi to bilateral STN DBS on jaw velocity (39), suggesting that GPi DBS is probably more favorable than STN DBS in overall swallowing function for PD patients, particularly at OFF medication state. Although there is no benefit of STN or GPi DBS on swallowing function in PD compared to the best medication therapy (at ON medication state), STN DBS could even be harmful at ON medication state, based on limited studies available so far.

Targeting GPi seemed to have positive results on Meige syndrome in the majority of the studies (29–32). One of the possibilities behind the benefit is the direct effect on the pharyngeal and laryngeal dystonia by GPi, which could help to improve dysphagia symptoms. There was no study on using STN in Meige syndrome and other dystonia on dysphagia. Hence, it is not certain if targeting STN would have similar benefit, as STN has also been found to be beneficial to dystonia in PD (54). There is no beneficial effect of GPi DBS on dysphagia in patients with primary generalized dystonia, segmental dystonia, and dyskinesic cerebral palsy patients, and there rarely is worsening effect either (25–28).

The PSA and cZi are relatively new targets. They have the potential to provide more efficient stimulations but fewer side effects due to their anatomic characteristics, with the fibers from both the basal ganglia and cerebellar merging together at the PSA/cZi area, and studies so far found that PSA/cZi DBS rarely has a detrimental effect on swallowing functions in patients with PD or tremor (21, 55). There has been limited information on the effect of ViM DBS on swallowing function to assess so far.

In summary, we found that STN DBS at usual HFS could have beneficial effect (more so on subjective measures and/or OFF medication state), no effect, or detrimental effect (more so on objective measures and/or ON medication state) on swallowing function in patients with PD, while LFS of STN could have beneficial effect on swallowing functions in PD patients with FOG refractory to HFS. GPi DBS could have a beneficial effect (regardless of medication state, and subjective or objective measures), or no effect (more so at ON medication state), but no detrimental effect (in contrast to STN DBS, even at ON medication state) on swallowing function in PD, suggesting that GPi DBS could be probably more favorable than STN DBS in overall swallowing function for PD patients, particularly at OFF medication state. GPi DBS also has beneficial effects on swallowing function in the majority of the studies on Meige syndrome but no beneficial effect on swallowing function in other dystonia. Stimulation of PSA/cZi rarely has detrimental effect on swallowing functions. The effect of ViM on swallowing function in ET patients is too limited to assess. Overall, most of them are retrospective, open label, small-size studies, with medication reduction post-operatively. There are only a few randomized, double blind studies, a few on direct comparisons among targets or between stimulation frequencies. The overall evidence levels of these studies are low, ranging from IV to III. Information on swallowing function by DBS remains limited. Well-designed studies and direct comparison of targets and stimulating parameters are further needed to gain more insights on the effect of DBS on swallowing function in movement disorders.
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Introduction: Jaw movement during chewing and speech is facilitated by neural activation patterns for opening and closing movements of the mandible. This study investigated anatomic- and task-dependent differences in intermuscular coherence (IMC) and their association with the parameters of jaw muscle activity using surface electromyography (sEMG).

Methods: We recorded sEMG activation from bilateral and ipsilateral jaw-closing muscle pairs during non-nutritive and nutritive chewing, and during a syllable repetition task. IMC and cross-correlational analyses between bilateral and ipsilateral muscle pairs were performed.

Results: Intermuscular coherence in the beta band was statistically significant between agonist jaw-closing muscle pairs, with beta IMC weaker for rapid syllable repetition compared to chewing tasks. Cross-correlational analysis of muscle co-activation, as well as sEMG burst amplitude, was positively associated with beta IMC strength.

Discussion: Beta IMC was influenced heavily by task-dependent behavioral goals and physiologic demands, which was interpreted as evidence of shared neural drive among jaw-closing muscles.

Keywords: intermuscular coherence, sensorimotor integration, beta band, mandible, chewing


INTRODUCTION

Learning to speak and chew involves the gradual tuning of the complex muscle group that control mandibular movements (Green et al., 1997; Simione et al., 2018). Although jaw closing is an integral component of both speech and chewing, the coordination of jaw-closing muscles varies significantly across these behaviors to accommodate their divergent behavioral goals and physiologic demands (Moore, 1993; Simione and Green, 2018). During speech, jaw-closing movements transport the lower lip and tongue toward the palate through low-amplitude and relatively tonic muscle activation patterns (Barlow and Rath, 1985; Moore, 1993). During chewing, the jaw-closing muscles are activated in phasic bursts that alternate with those of the jaw-opening muscle. Task differences have not only been observed in the temporal coordination of jaw muscle activation patterns, but also in the intermuscular coherence (IMC) between jaw muscles (Smith and Denny, 1990; Steeve and Price, 2010).

Intermuscular coherence is a correlation of electromyographic activation in the frequency domain between two muscles. The strength of IMC is an indicator of common neural drive to motor neuron pools, which is hypothesized to be generated by shared or synchronized inputs from descending motor pathways (Farmer et al., 1993). In studies of limb muscle coordination, IMC specific to the beta band (∼15–35 Hz) has been reported to be an indicator of coordinated neural drive across functionally linked muscles originating from the motor cortex (Reyes et al., 2017). In a large sample of typical adults (Jaiser et al., 2016), the strength of beta IMC was found to be consistent across adulthood and to be associated with motor performance. Stronger beta IMC may reflect greater synchrony in neural oscillations that are transmitted to motor neuron pools (Flood et al., 2019), resulting in motor unit synchronization driving the coordination of jaw muscles. According to Kerkman et al. (2018), beta IMC distribution patterns across the body indicate functional connectivity across muscles and are strongly shaped by (1) anatomical constraints such as muscle distance and homology, and (2) physical and cognitive demands of the task. Similar anatomical constraints and task-dependent effects on IMC may be evident between jaw muscles during mandibular movement.

Prior works on jaw muscle activation patterns have demonstrated task-dependent effects on IMC. Smith and Denny (1990), for example, found strong IMC between the bilateral masseter muscles of adults during various mandibular behaviors, with IMC between 20 and 60 Hz stronger during chewing than during speech or jaw clenching. Steeve and Price (2010) similarly reported stronger IMC in bilateral masseter and temporalis pairs in an infant and an adult for chewing compared to vocalization, suggesting chewing was facilitated by stronger IMC compared to speech-like behavior. Given that task- and muscle-related differences in the coordinative organization across jaw muscles has also been found in cross-correlational analyses of the degree of muscle co-activation, the strength of IMC during oromotor tasks may be an indicator of common drive to motor neuron pools from “a central command system” involving input from a central pattern generator (Lund, 1991) or reflex pathways (Moore et al., 1988; Moore, 1993; Steeve and Moore, 2009).

Beta IMC has been reported to be modulated by the extent to which a motor task engages afferent feedback, with coherence becoming weaker when afferent sensory feedback is restricted (Fisher et al., 2002). The contribution of afferent feedback to IMC strength suggests a role for sensorimotor integration between afferent sensory information and the efferent neural control of oromotor tasks. In regard to speech, the role of auditory and somatosensory feedback and feedforward mechanisms has been well established (Guenther, 2016). It remains unclear if beta IMC is sensitive to task- and muscle-related differences in the reliance on sensory feedback underlying movement of the jaw. Compared to mandibular control during speech, the coordination of jaw muscles for the manipulation of an object or bolus (such as during chewing) arguably involves a greater reliance on somatosensory feedback (Lund and Kolta, 2006) and thus may be facilitated by strong IMC between synergistic jaw-closing muscles. IMC is also modulated by extramotor factors such as task-dependent cognitive demands. Kristeva-Feige et al. (2002) found beta corticomuscular coherence to weaken when attention is divided and motor precision is decreased during an isometric constant force task. During speech, Stepp et al. (2011) found beta IMC between anterior neck muscles to weaken when participants’ attention was divided (counting backward) compared to a normal speaking condition. Tasks that tax cognitive and motoric resources necessary for mandibular control, such as those characteristic of speech production, may weaken IMC relative to less demanding non-speech tasks such as chewing.

Our understanding of IMC in the beta band as an indicator of common neural input driving functional connectivity between jaw muscles will be strengthened by additional information about the influence of (1) anatomic relations (e.g., bilateral versus ipsilateral muscle pairs), and (2) task-dependent demands in sensorimotor integration and extramotor factors (e.g., chewing versus speech). We recorded muscle activation during non-nutritive (i.e., gum) and nutritive chewing (i.e., food) using sEMG from bilateral and ipsilateral jaw muscle pairs. IMC was also examined during a rhythmic speech-like behavior—a rapid syllable repetition task. Combined, these behaviors elicit a wide range of behavioral demands on agonist jaw muscles that likely result in across-task and within-task differences in beta IMC.

Given the likely influence of sensory input and cognitive demands on beta IMC strength mentioned above, we hypothesized that beta IMC would be stronger for chewing compared to speech-like rapid syllable repetition. We also hypothesized that differences in anatomical function would contribute to task-dependent differences in beta IMC. For example, gum chewing (which was restricted to the right working side) was expected to exhibit a strong beta IMC between right ipsilateral muscles (temporalis and masseter) compared to bilateral pairs. We also hypothesized that beta IMC strength between jaw muscles during these tasks would be correlated with cross-correlational measures of muscle co-activation (peak cross-correlation coefficient and temporal lag) underlying mandibular control. Lastly, as an exploratory analysis without an a priori hypothesis, we investigated the potential relationship between beta IMC and sEMG burst amplitude, to determine if this parameter contributed to beta IMC strength.



MATERIALS AND METHODS


Participants

Ten healthy volunteer participants (aged 18–45 years) including seven females and three males were recruited for this study. All participants had a negative history of speech, language, or hearing disorders. All participants also had no history of neurological/musculoskeletal disease or dysfunction that would affect oromotor behavior. All procedures were approved by the Institutional Review Board of Spaulding Rehabilitation Hospital, and all participants gave informed consent. Two additional participants initially participated in the study; however, significant movement artifact during the repetition task resulted in the removal of their data from further analysis.



Surface Electromyography Recordings

Electromyography recordings were obtained from jaw-closing muscles including right and left masseter and the right and left temporalis. Electrode placement was similar to previous studies (e.g., Green et al., 1997) and determined by palpation of participants’ muscle during jaw clenching. Electrodes were spaced approximately 0.5 cm apart and aligned parallel to muscle fiber orientation. A single ground electrode was placed on the mastoid process. Using the BIOPAC M150 system (BIOPAC Systems, Inc., Goleta, CA, United States), sEMG signals were digitized at a 7792 Hz sampling rate and amplified at a factor of 1000 (gain) with hardware high-pass (10 Hz) and low-pass (5000 Hz) filtering. Simultaneous video and audio signals from the sEMG samples were recorded and reviewed to aid in the removal of artifact and other non-chewing motor behaviors, such as swallowing.



Tasks

In one experimental session, participants conducted three jaw movement tasks: chewing gum, chewing food, and a rapid syllable repetition task. The ordering of these tasks was consistent across participants to accommodate other experimental conditions beyond the scope of the current study. This acknowledged limitation is discussed further in the Limitations section. Gum chewing was a self-paced and ipsilateral task (chewing only on the right side). A piece of gum was placed on the right molar, and participants were instructed to chew normally. The gum was softened before the task began to ensure consistency during chewing. Food chewing was a self-paced and adaptive bilateral task—three Cheerios (General Mills) were offered twice and participants voluntarily chewed the Cheerios at their own pace until they were ready to swallow. Cheerios were selected as the representative food because it was universally recognized and edible for our participants. Obtaining sEMG parameters for the chewing of Cheerios in typical adults is also important for future studies by our laboratory involving the safe consumption of this food by populations with motor speech and feeding disorders. For the rapid syllable repetition task, participants repeated the syllable/ba/as clearly and quickly as possible on one breath. All the tasks were conducted without any visual or augmented auditory feedback. Each sEMG recording was seven seconds in length, regardless of the task (except for the repetition task for Participant #4 and gum chewing for Participant #3, whose recordings were less than seven seconds). This length of time allowed for a number of chewing cycles (i.e., sEMG bursts) is typical for the breakdown of soft solid foods (e.g., Fontijn-Tekamp et al., 2004). All recordings exhibited at least 10 chewing cycles (see Figure 1A), with the exception of gum chewing by Participants #3 and #8 who produced less than 10 cycles. There was an approximately 3-min interval between each task.
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FIGURE 1. Sample data from Participant #1 during gum chewing (food chewing and syllable repetition tasks not shown), including sEMG bursts across muscles (A), cross-correlogram between right and left masseters (B), power spectral density for each muscle (C), and intermuscular coherence between muscle pairs (D). RM, right masseter; LM, left masseter; RT, right temporalis; LT, left temporalis.




Data Analysis


Intermuscular Coherence Analysis

The continuous sEMG recordings from each task were trimmed according to the reference video and analyzed using MATLAB (MathWorks, Inc., 2009). Audio recordings were used to aid in trimming the sEMG recordings for the rapid syllable repetition task. sEMG activity during vocalization, visible bolus positioning, and swallow movements were excluded from the dataset. The first and last sEMG burst of each recording was also removed from further analysis to remove any potential movement artifact not associated with the chewing cycles. IMC was calculated from continuous and non-rectified sEMG recordings for each task. sEMG recordings were low-pass filtered with an eighth-order Butterworth filter and linearly detrended and amplitude normalized to prevent any slow non-stationarity artifacts to influence calculation of IMC (Boonstra et al., 2009). For each muscle pair, an IMC estimate was calculated using a 2048-point fast Fourier transform and 1948-point Hamming window with 50% overlap. Muscle pairs were yielded, including bilateral agonists: right masseter x left masseter (RMxLM) and right temporalis x left temporalis (RTxLT), and ipsilateral agonists: right masseter x right temporalis (RMxRT) and left masseter x left temporalis (LMxLT). Auto-power and cross-power spectra were calculated using a cross power density (“d”) function in MATLAB. IMC in the beta frequencies (15–35 Hz) was computed as the cross-spectra of the muscle pair normalized by the product of their autospectra (Halliday and Rosenberg, 1999; see Figures 1C,D). Visual inspection of raw sEMG recordings during data collection and analysis was done to ensure signal quality. For example, it was determined that none of the sEMG recordings from our participants exhibited significant noise or sEMG crosstalk (i.e., high degree of IMC across all frequencies).



sEMG Parameters and Cross-Correlational Analyses

Cross-correlational analyses—peak cross-correlation and temporal lag to peak cross-correlation coefficient—were also employed as measurements of co-activation between paired jaw muscles (e.g., Green et al., 1997). Participant data were analyzed using a custom MATLAB program (SMASH), which has been described in a previous study (Green et al., 2013). All raw sEMG signals were full-wave rectified, detrended, and low-pass filtered with cutoff of 30 Hz to generate an amplitude envelope for visualization of burst pattern. Pairwise cross-correlations were performed for each muscle pair in a spatiotemporal coupling window in SMASH (see Figure 1B). The peak cross-correlation coefficient was considered an estimate of the strength of activation coupling between the two muscles. Lag to the peak cross-correlation coefficient provided an indication of the temporal synchrony of related activity between the muscle pair. For each participant, burst amplitude of the muscle pairs were also calculated in SMASH as the average root mean square (RMS) across the rectified sEMG waveform. RMS values were normalized using standard z-scores for each participant prior to conducting statistical comparisons.



Statistical Analysis

Beta IMC, cross-correlational measures, and sEMG burst amplitude were all computed for the four muscle pairs of each participant. The IMC confidence limit (CL) was calculated based on the formula: CL = 1-0.051/(L–1) by Rosenberg et al. (1989). The IMC confidence limit (CL) was calculated using the formula: CL = 1-0.051/(L–1) by Rosenberg et al. (1989) that was modified by Terry and Griffin (2008) to account for the use of overlapping segments (L) in calculation of the auto- and cross-power spectra. Because the values of IMC and peak cross-correlation coefficient are both on a scale of 0 to 1, a Fisher’s z transformation was used to normalize these data prior to conducting statistical comparisons across participants and across tasks, n represents the number of segments, Coh(f) represents the coherence of corresponding frequency:
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Linear mixed models using restricted maximum likelihood fit were applied to determine the fixed effects of “task” and “muscle pair” on the dependent variable “beta IMC” (“lmer” function in R 3.5.2; R Core Team, 2013). “Participant” was entered as the random effect. These analyses were followed by Tukey’s honest significant difference multiple comparisons using the multcomp package (“ghlt” function; Hothorn et al., 2008). In addition, linear mixed model analyses were conducted to determine potential differences in cross-correlational measures (peak coefficient and associated lag) and sEMG burst amplitude. Lastly, Pearson correlation coefficients were computed to determine if beta IMC strength was associated with cross-correlational measures and sEMG parameters. Statistical significance was determined using an alpha level of p < 0.05.



RESULTS


Intermuscular Coherence


Comparisons Between Tasks

As illustrated in Figure 2A, the strength of beta IMC differed between tasks for the muscle pairs, with the exception of RMxLM. Overall, beta IMC differed between tasks, F(2,108) = 35.35, p < 0.001, and pairwise comparisons revealed beta IMC was weaker for rapid syllable repetition compared to chewing food (p < 0.001) and chewing gum (p < 0.001). The strength of beta IMC did not differ between chewing food and gum (p = 0.18). Beta IMC strength was significantly greater during chewing compared to rapid syllable repetition across the muscle pairs, except for RMxLM. Although the chewing of food appeared to exhibit a stronger beta IMC compared to chewing gum across most of the pairs, this difference was not statistically significant.
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FIGURE 2. Differences in intermuscular coherence between tasks (A) and muscle pairs (B). RMxLM, right masseter x left masseter; RTxLT, right temporalis x left temporalis; RMxRT, right masseter x right temporalis; LMxLT, left masseter x left temporalis.




Comparisons Between Muscle Pairs

As illustrated in Figure 2B, beta IMC across muscle pairs was observed in each of the three tasks. Overall, beta IMC differed between muscle pairs for gum chewing, F(3,27) = 10.37, p < 0.001, and rapid syllable repetition, F(3,27) = 3.28, p = 0.04, but not for food chewing, F(3,27) = 1.77, p = 0.18. For gum chewing, pairwise comparisons revealed beta IMC to be stronger for the right ipsilateral muscle pair (RMxRT) compared to left ipsilateral pair (LMxLT; p < 0.001) and bilateral masseter pair (RMxLM; p < 0.001). The bilateral temporalis pair (RTxLT) was also strong in beta IMC compared to the LMxLT (p = 0.003) and RMxLM (p = 0.006). For rapid syllable repetition, beta IMC was strong in the RMxLM pair compared to the left ipsilateral (LMxLT) pair (p = 0.01), which was relatively low for this task.



sEMG Parameters

Cross-correlational analyses revealed sEMG activation to be tightly coupled across muscle pairs during the chewing tasks (reflected by peak cross-correlation coefficients, rs > 0.75), but less so for rapid syllable repetition (rs < 0.70). As shown in Figure 3A, peak cross-correlation coefficients differed between tasks, F(2,108) = 172.83, p < 0.001, and were larger overall for the chewing of gum and food compared to repetition (ps < 0.001). Peak cross-correlation coefficients did not differ between the two chewing tasks (p = 0.12). Peak cross-correlation coefficients also did not differ between muscle pairs, F(3,116) = 0.26, p = 0.86. As illustrated in Figure 3B, the lag (or temporal synchrony) of muscle co-activation differed significantly between tasks, F(2,111) = 3.33, p = 0.86 (p = 0.04), but not between muscle pairs, F(3,110) = 1.51, p = 0.22. Pairwise comparisons between tasks revealed greater asynchrony (i.e., increased lag) for chewing food compared to chewing gum (p = 0.03). Lag during repetition did not differ significantly from that during food chewing (p = 0.23) and gum chewing (p = 0.67). sEMG burst amplitude of the muscle pairs (Figure 3C) differed significantly across tasks, F(2,117) = 231.23, p < 0.001), but not muscle pairs F(3,116) = 1.71, p = 0.17). Pairwise comparisons revealed burst amplitude to be lower for rapid syllable repetition compared to the chewing tasks (ps < 0.001). Amplitude did not differ between the chewing of food and gum (p = 0.99).
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FIGURE 3. sEMG parameters including peak cross-correlation coefficient (A), associated lag (in seconds) (B), and burst amplitude (z-score root mean square) (C). Error bars represent standard error.


An exploratory analysis of potential associations between beta IMC and sEMG parameters was performed. Linear regression lines in Figure 4 highlight task differences in the relationship between beta IMC and values of peak cross-correlation coefficient and sEMG burst amplitude. Overall, peak cross-correlation coefficients were positively correlated with beta IMC across the muscle pairs (rs > 0.36, ps ≤ 0.05). Beta IMC was also positively correlated with RMS amplitude across the muscle pairs (rs > 0.29, ps ≤ 0.10).
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FIGURE 4. Scatterplots across muscle pairs between beta intermuscular coherence (z-score) and peak cross-correlation coefficient (Top) and sEMG burst amplitude (z-score; Bottom).




DISCUSSION

In this study, we recorded sEMG activation from bilateral and ipsilateral jaw-closing muscle pairs to examine differences in beta IMC between non-nutritive (i.e., gum) and nutritive chewing (i.e., food), as well as during rapid syllable repetition. The three tasks elicited differences in beta IMC, cross-correlational measures of muscle co-activation, and sEMG burst amplitude. Across the muscle pairs, beta IMC was moderately positively correlated with the peak cross-correlation coefficient and burst amplitude. These associations between IMC and sEMG activation allowed us to speculate about the functional significance of IMC on mandibular control. Beta IMC in jaw-closing muscles was influenced heavily by task-dependent behavioral goals and physiologic demands. The observed task-dependency is consistent with prior findings on the task-dependency of jaw-muscle activation coupling (Moore, 1993; Steeve and Moore, 2009). Our findings on beta IMC extend this previous work by identifying the task demands that are driving these changes, which include the level of muscle activation, the synergistic and anatomic relation between muscles, and possibly, the engagement levels of afferent feedback and cognition.


Differences in Jaw-Closing IMC Across Tasks and Muscles Within Tasks

Task- and muscle-dependent differences in coordinative organization were evident in the strength of beta IMC across muscle pairs. The most salient task-related difference observed in this study, consistent with our hypothesis, was the considerably weaker beta IMC across all muscle pairs for rapid syllable repetition compared to the two chewing tasks. During rapid syllable repetition, beta IMC was strongest between the left and right masseters, which are the prime movers of the mandible during speech (Moore, 1993). As expected, during right-lateralized gum chewing, beta IMC was strong between the right temporalis and masseter muscle (the working side) compared to the left. Beta IMC was also particularly strong between the temporalis muscles during gum chewing. This is not surprising because the resistance of gum during chewing required activation of temporalis muscles for additional muscle force for jaw closing (Farella et al., 1999). This finding also corresponds with the high muscle coupling and burst amplitudes observed between the temporalis muscles during chewing gum. Beta IMC was similar in strength between the two chewing tasks and mandibular control during the two chewing tasks was characterized by similar jaw-muscle activation patterns (i.e., strong co-activation and high burst amplitude) compared to rapid syllable repetition. In contrast to gum chewing, food chewing was not restricted to the right working side, and as a result, beta IMC is more similar across all the muscle pairs. The chewing of food, relative to gum, was also reduced in muscle co-activation and synchrony. The more vertical and rhythmic cycles that characterized gum chewing (Simione and Green, 2018) was likely aided by a masticatory central pattern generator in the brainstem that may be relatively isolated from the cortical motor drive associated with beta IMC.

The weaker beta IMC during rapid syllable repetition is congruent with previous findings of stronger IMC between masseter muscles during chewing compared to speech-like behavior (Smith and Denny, 1990; Steeve and Price, 2010). The co-activation of muscles (revealed by the peak cross-correlation coefficient) for chewing could be strong even with a relatively low beta IMC. Although speculative, the strong beta IMC characterizing the chewing tasks may be an indicator that jaw movement during chewing may be, at least in part, controlled by a brainstem central pattern generator (Smith and Denny, 1990). Unlike the chewing tasks, muscle activation during rapid syllable repetition was characterized by relatively weak muscle co-activation and reduced burst amplitude, all of which are characteristic of muscle activation during speech (Moore, 1993). Also characteristic of speech is the primary role of the bilateral masseters, evidenced by the strong beta IMC between these muscles during the repetition task compared to the other muscle pairs.

The moderate correlations observed between beta IMC and the parameters of sEMG co-activation and amplitude across the tasks provides evidence that task-dependent differences in sEMG co-activation and amplitude may be associated with beta IMC. More specifically, the sEMG activation patterns characteristic of chewing likely contributed to the relatively strong beta IMC that was observed, and vice versa for the relatively weak beta IMC during rapid syllable repetition. As indicated by higher sEMG amplitudes, chewing required more force generation than speech (Barlow and Rath, 1985). Given that greater force generation is associated with stronger corticomuscular coherence in the beta frequency (Witte et al., 2007), the relatively greater force generation characteristic of chewing may have contributed to the task-dependent differences in beta IMC.

In addition, the weaker beta IMC observed during rapid syllable repetition compared to the chewing tasks may also have also been influenced by differences in cognitive demands (Simione and Green, 2018). The current findings raise the possibility that beta IMC may be stronger for tasks that are highly practiced, such as chewing, than for are motorically and cognitively demanding such as the rapid syllable repetition task, a task that is designed to elicit maximum performance. In sum, differences in neuromuscular activation, task dynamics, anatomical relations, and cognitive demands all likely contribute to differences in beta IMC, revealing varieties in the neural control of different mandibular behaviors.



Limitations and Future Research Considerations

The current study was limited by the consistent ordering of the tasks, which was done in order to accommodate other experimental conditions beyond the scope of the current study. However, the evidence provided of task-related effects in beta IMC between muscle pairs, which were not likely affected by any potential order effects, is suggestive that the observed differences in beta IMC were likely due to the task itself and not the order of their production. Still, future studies should randomize these tasks to prevent any order effects. The limited number of trials in the current study was necessary because (1) chewing of a simple food substance, such as Cheerios, prevented a large amount of chewing cycles, and (2) this was a preliminary study to determine the appropriateness of such a paradigm with populations with bulbar motor dysfunction who are not able to provide large numbers of chewing cycles without fatigue. Given that coherence values have been shown to either increase or remain stable with the use of increasing segments for coherence calculation (van Asseldonk et al., 2014), future studies consisting of jaw movement tasks with a feasibly greater number of trials are necessary to determine the reliability of IMC as a marker of neural control of mandibular behavior.
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Introduction: Previous studies suggest an association between poor mastication and cognitive impairment. The role of chewing efficiency and dentition in this relation is unclear. The aim was to examine global cognitive functioning and dentition as predictors for chewing efficiency, in older people with mild cognitive impairment (MCI) or dementia.

Methods: In this observational cross-sectional study, 136 people with MCI or dementia were included. The chewing efficiency was assessed with a two-colored chewing gum and analyzed with the Chewing Efficiency Analysis software. The level of global cognitive functioning was measured with the Mini Mental State Examination (MMSE) by trained clinical staff. An oral examination was performed by a dentist and included the number of present teeth, the number of occluding pairs, and the presence of prostheses. Age, gender, and educational years were derived from the medical records. Univariate and multivariate backward stepwise linear regression analyses were used to evaluate global cognitive functioning and dentition as predictors for chewing efficiency.

Results: The mean age of the participants was 82.1 (SD 5.8) years, and 74 (54.4%) were female. The participants had a median MMSE score of 22.4 (IQR 18.0–26.0) and a median Chewing Efficiency Analysis score of 0.46 (IQR 0.14–0.59). The median number of teeth was 13.0 (IQR 0.0–23.0), and the median number of occluding pairs was 0.0 (IQR 0.0–7.0). Sixty-four (47.4%) of the participants wore full prosthesis in the upper jaw. In univariate linear regression analyses, predictive factors for the Chewing Efficiency Analysis score were age, MMSE score, full prosthesis in the upper jaw, number of present teeth, and number of occluding pairs. In the multivariate model, full prosthesis in the upper jaw and number of occluding pairs were significant predictors for the Chewing Efficiency Analysis score. Participants with full prosthesis in the upper jaw had a lower Chewing Efficiency Analysis score than participants with natural dentition in the upper jaw.

Conclusion: Better mastication is associated with a higher number of occluding pairs. Full prosthesis in the upper jaw is related to a lower chewing efficiency. Global cognitive functioning is not associated with mastication in older people with MCI or mild-to-moderate dementia. This might be explained by sufficient capacity for compensation of reduced mastication in this group.

Keywords: mastication, chewing, cognitive impairment, cognitive dysfunction, dementia, aged, geriatric dentistry, gerodontology


INTRODUCTION

Worldwide, around 48 million people have dementia, and this number is estimated to increase to 1.25 billion by 2050 (Prince et al., 2013). Dementia is a clinical syndrome, characterized by memory loss and impairment in language (aphasia or dysphasia), motor function (apraxia), visual recognition (agnosia), and executive functioning, resulting in difficulties during activities in daily life (Kester and Scheltens, 2009). Mild cognitive impairment (MCI) is characterized by a mild impairment of cognition, more than can be expected from age alone, at which daily functioning is largely unaffected (Petersen et al., 2014). The prevalence of MCI increases with age and varies between 6.7% in people aged 60–64 years and 25.2% for 80–84 years (Petersen et al., 2018). Older people with MCI are at higher risk for developing dementia, among which Alzheimer’s disease (AD; Petersen et al., 2018).

At the same time, currently aging individuals maintain their natural dentition until a higher age as a result of better prevention of oral disease and improved professional dental care (Petersen, 2003). However, throughout an individual’s life, teeth are lost, mainly as a result of caries and periodontitis (Tonetti et al., 2017), especially in people with dementia, who show a decrease in oral hygiene self-care and professional dental care utilization (Fereshtehnejad et al., 2017). Interestingly, several studies examined the relation between periodontitis, tooth loss, and cognitive impairment (Wu et al., 2016; Delwel et al., 2017, 2018; Tonsekar et al., 2017). Although some of these studies indicate such a relation, the combined results are inconclusive (Wu et al., 2016; Tonsekar et al., 2017). Most of the studies concerning cognition and mastication used the number of present teeth as a measure for mastication (Tada and Miura, 2017). Only a few studies included an objective assessment of chewing efficiency for mastication, such as a mixing ability test (Kimura et al., 2013; Elsig et al., 2015; Weijenberg et al., 2015).

The aim of the current study was to examine global cognitive functioning and dentition as predictors for chewing efficiency, in older people with MCI or dementia. Dentition was represented by the number of teeth, occluding pairs, and the presence of prosthesis.



MATERIALS AND METHODS


Study Design, Setting, and Participants

In this cross-sectional study, the relation between chewing efficiency, global cognitive functioning, and dentition was examined in participants with MCI or dementia. The participants were recruited at the geriatric outpatient clinics of the Amsterdam UMC and the Amstelland Hospital in Amstelveen and the psychogeriatric wards of ten nursing homes in Amsterdam and the surrounding area, as part of the Pain in Dementia Amsterdam, or PainDemiA study. The study protocol was approved by the Medical Ethics Review Committee of the Amsterdam UMC (approval number NL 43861.029.13) and was described elsewhere (van Kooten et al., 2015). The study protocol article describes the inclusion and exclusion criteria, power calculation, and procedure to establish the dementia diagnosis. Participants who met the following criteria included: aged 60 or older; diagnosis of MCI or dementia, i.e., AD, vascular dementia (VaD), frontotemporal dementia (FTD), and dementia with Lewy bodies (DLB); and a signed informed consent by the participant or legal representative. In the outpatient memory clinics at the hospitals, the MCI or dementia diagnosis was established by a multidisciplinary team of medical doctors, nurses, neuropsychologists, and neurologists, based on the National Institute of Neurological and Communicative Disorders and Stroke (NINCDS) and the AD and Related Disorders Association (ADRDA) criteria for Alzheimer dementia (McKhann et al., 2011), the National Institute of Neurological Disorders and Stroke Association (NINDS) and Association Internationale pour la Recherché et l’Enseignement en Neurosciences (AIREN) criteria for vascular dementia (Román et al., 1993), the revised criteria for FTD (Rascovsky et al., 2011), the revised criteria for DLB (McKeith et al., 2005), and the revised criteria for MCI (Petersen et al., 2014). At the nursing homes, the formal dementia diagnosis in the medical chart was used, which was usually based on the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) criteria for dementia (American Psychiatric Association, 2000). Participants without a MCI or dementia diagnosis were excluded. The data was collected between April 2014 and December 2015, in accordance with the STrengthening the Reporting of OBservational Studies in Epidemiology (STROBE) statement (Sanderson et al., 2007). The demographic characteristics, gender, date of birth, and educational status were derived from the medical records of the participants.



Global Cognitive Functioning

The global cognitive functioning of the participants was measured with the Mini Mental State Examination (MMSE) by trained clinical staff at the outpatient clinics of the hospitals and a neuropsychologist at the nursing homes (Folstein et al., 1975). The MMSE screens different cognitive domains: orientation in time and place (10 points), immediate recall (3 points), attention and calculation (5 points), delayed recall (3 points), language (8 points), and visual construction (1 point). The minimum score is 0, and the maximum total score is 30. Participants with an MMSE score of lower than 14 points were excluded, because understanding of the instructions could not be assumed (Hadjistavropoulos et al., 2010).



Chewing Efficiency

The chewing efficiency was tested with a two-colored chewing gum, consisting of blue and pink Bubblicious® bubble gum (Cadbury Nederland B.V., Breda, Netherlands). The participants were instructed to chew on the two-colored chewing gum as normally as possible for 1 min. After 60 s, the dentist asked the participants to return the chewing gum, after which it was placed between two clear cellophane sheets to be flattened between two connected acrylic plates. Thereafter, the flattened chewing gum was photographed in a standard setting with a digital Canon 450D® camera (Canon Inc., Tokyo, Japan; Weijenberg et al., 2013).

The chewing gum photos were analyzed with the Chewing Efficiency Analysis software, according to the algorithm described in Table 1. The minimum Chewing Efficiency Analysis score was 0.00, and the maximum possible score was 1.00. The mixture of the two colors was ~25% for score 0.25, ~50% for score 0.50, and ~75% for score 0.75.

TABLE 1. Algorithm of the chewing efficiency analysis.
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Dentition

All oral examinations took place by one dentist, experienced in gerodontology, who was blind to the MMSE score at the moment of the examination. The standardized examination took place at the outpatient clinics and nursing homes, with a mouth mirror and head light (Black Diamond, UT, USA). The oral examination included counting of the number of present teeth and the number of occluding pairs (Käyser, 1990). For the number of occluding pairs, a natural premolar contact between the upper and lower jaw counted as one occluding pair and a full natural molar contact as two occluding pairs, resulting in a minimum of 0 occluding pairs and a maximum of 14 occluding pairs. Furthermore, the presence of prosthesis was recorded. At least three occluding pairs or the presence of replacing prosthesis were considered acceptable for chewing ability (Gerritsen et al., 2013).



Statistical Analysis

The data were analyzed with IBM Statistics SPSS 26 (SPSS Inc., Chicago, IL, USA). The continuous variables were expressed as means and standard deviations (SD) for parametric data and as medians and interquartile ranges (IQR) for nonparametric data. The categorical variables were presented as numbers and percentages. Normality of distribution was assessed with the Shapiro–Wilk test. The means of two continuous dependent variables of two categorical independent variables were compared with the independent t-test for parametric data and the Mann–Whitney U test for nonparametric data. The means of two categorical variables were compared with the Pearson chi-square test.

Univariate and multivariate linear regression analyses were performed to identify predictors for Chewing Efficiency Analysis score. Variables with p < 0.10 in the univariate regression were included in the multivariate backward stepwise analysis to identify the predictors. p < 0.05 was considered statistically significant. Multicollinearity was identified with the correlation matrix (r < 0.90), variance inflation factor (>10), and tolerance statistics (<0.10).




RESULTS


Participants

Of the individuals visiting the hospitals, 264 were approached for participation, 203 signed the informed consent letter, and 117 were included in this study (Figure 1). The main reason for refusal was the expected burden for the participants, and the main reasons for exclusion were the absence of an MCI or dementia diagnosis or an MMSE score lower than 14. For 679 nursing home residents, an informed consent letter was sent to the legal representatives. Following this, 252 did not respond and 208 refused participation. The main reason for refusal was the expected burden for the participants, and the main reason for exclusion was an MMSE score lower than 14. Nineteen nursing home residents remained. In total, 136 persons were included in this study.


[image: image]

FIGURE 1. Flow chart of participant inclusion.





Descriptive Data

Table 2 shows the descriptive data of the 136 participants. The mean age of the participants was 82.1 (SD 5.8) years, and 74 (=54.4%) were female. The median number of educational years was 11.0 (IQR 9.0–12.0). The majority of the participants were home-dwelling: 117 (86.0%).

TABLE 2. Descriptive data.

[image: image]

The participants had a median MMSE score of 23.0 (IQR 18.0–26.0) and a median Chewing Efficiency Analysis score of 0.46 (IQR 0.14–0.59). The median number of teeth was 13.0 (IQR 0.0–23.0), and the median number of occluding pairs was 0.0 (IQR 0.0–7.0). Sixty-four (47.4%) of the participants wore full prosthesis in the upper jaw. Seventy-one (52.2%) of the participants had 0–2 occluding pairs and wore full or partial prostheses. Thirty-eight (27.9%) participants had six or more occluding pairs.

On average, the group with full prosthesis in the upper jaw (FPU) was significantly older (mean 84.1, SD 5.6) than the group without FPU, or a dentate upper jaw (mean 80.4, SD 5.5), T-test (df 134) = −3.93, p = 0.000. The groups were not significantly different concerning gender, [image: image] = 2.08, p = 0.150. In addition, the group with FPU included significantly more nursing-home residents than the group without FPU did, [image: image] = 9.0, p = 0.003.

The group with FPU had no occluding pairs and less present teeth than the group without FPU. The MMSE score was not significantly different for the group with FPU (median 22.0, IQR 18.0–26.0) and the group without FPU (median 23.0, IQR 19.0–27.0). The group with FPU had a significantly lower chewing analysis score (median 0.15, IQR 0.09–0.38) than the group without FPU (median 0.57, IQR 0.46–0.68), U = 532.0, p = 0.000.



Main Results

Table 3 shows the predictors of Chewing Efficiency Analysis score in univariate linear regression analysis. The variables age, gender, cognition, full prosthesis upper jaw, number of present teeth, and number of occluding pairs were eligible for the multivariate regression model (p < 0.10). The covariate education was excluded (p = 0.134).

TABLE 3. Predictors of the Chewing Efficiency Analysis score in univariate linear regression analysis.

[image: image]

The correlation matrix (Table 4) indicates a very strong, negative correlation between the number of present teeth and the presence of full prosthesis in the upper jaw (r = −0.89) and a very strong, positive correlation between the number of present teeth and the number of occluding pairs (r = 0.83). To avoid multicollinearity, the number of present teeth was excluded from the multivariate regression model.

TABLE 4. Correlation matrix of the Chewing Efficiency Analysis (CEA) score and the predictors.

[image: image]

In multivariate linear backward regression analysis (Table 5), significant predictors for Chewing Efficiency Analysis score were full prosthesis in the upper jaw (p < 0.000) and the number of occluding pairs (p < 0.003). The final model explained 52% (R2 = 0.52) of the variance in Chewing Efficiency Analysis score, F(3,131) = 47.23, p < 0.000.

TABLE 5. Predictors of the Chewing Efficiency Analysis score in multivariate linear backward regression analysis.

[image: image]




DISCUSSION

The aim of this cross-sectional observational study was to examine global cognitive functioning and dentition as predictors for chewing efficiency in older people with MCI or dementia. One of the main findings was that full prosthesis in the upper jaw and number of occluding pairs were significant predictors for Chewing Efficiency Analysis score. After adjusting for these two predictors and age, the MMSE score was not a significant predictor.

In the current study, a strong, positive correlation was found between the chewing efficiency and the number of teeth present. In a study of Ikebe et al. (2011), a comparable correlation (r = 0.57) was found between masticatory performance and the number of residual teeth in a sample of 1,288 community-dwelling, independently living people over the age of 60 years. Furthermore, there was a moderate, negative correlation between age and chewing efficiency in the current study, while there was a weak, negative correlation between age and masticatory performance in the study by Ikebe et al. (2011). In the latter study, gummy jellies were used to measure masticatory performance. Previous research showed a decline in masticatory performance with age, although this decline was not gradual, but stronger in older age (Lin et al., 2017). With aging, the integrity of the white matter of the brain might show a decline, resulting in a lower signal transmission between brain regions (Malykhin et al., 2011). Consequently, neural systems, including the frontal lobe, the striatum, and the cerebellum, involved in mastication among others, may show an age effect (Sesay et al., 2000). Therefore, a reduced masticatory function as part of general aging effect can be expected (Taubert et al., 2020). Additionally, the study by Ikebe et al. (2011) showed that masticatory performance was significantly associated with occlusal bite force and stimulated salivary flow rate. However, the level of global cognitive functioning was not reported.

A study by Kim et al. (2017) involved the level of cognitive impairment, measured with the MMSE of Dementia Screening (MMSE-DS), and found a significant association with chewing efficiency, measured with a color-changing gum. Furthermore, the study by Kim et al. (2017) reported that participants with a lower chewing efficiency had poorer nutritional status. At the same time, no oral health examination could be done and no correlation could be determined with dentition.

Lexomboon et al. (2012) examined chewing efficiency and tooth loss and the association with cognitive impairment in older people. The study found a significant relation between self-reported chewing efficiency and cognitive function, after adjusting for age, gender, and level of education. The association between tooth loss and cognition was mainly explained by age and education. Both the study by Lexomboon et al. (2012) and the current study found that global cognition had a stronger correlation with age than with the number of teeth present. The difference in chewing efficiency could be explained by the measuring methods of both studies: the study by Lexomboon et al. (2012) used self-reported dental status and chewing difficulty, while the current study included a dental examination by a dentist and a standardized chewing efficiency test. Another explanation might be that people with mild to moderate cognitive impairment still have sufficient capacity for compensation of impairments, such as a reduction in mastication, while this might not be the case in people with severe dementia (Henskens et al., 2018).

People with FPU had a lower chewing efficiency score than people without FPU in the present study, which might be explained by an actual lower chewing efficiency or, alternatively, by the sticking of the chewing gum to the prosthesis. Furthermore, people with prosthesis might also take more time and chewing cycles to achieve the same chewing result (Gonçalves et al., 2014). In addition, people with full prosthesis make smaller vertical and lateral chewing movements than people with natural dentition do (Gonçalves et al., 2014).

Although it is known that age is a risk factor for cognitive decline and tooth loss (Beydoun et al., 2014; Kossioni et al., 2018; Müller et al., 2017), it could also be a risk factor for deterioration in chewing efficiency (Lin et al., 2017; Avivi-Arber and Sessle, 2018).


Strengths and Limitations

One of the major limitations of this study was that the chewing gum stuck to the prosthesis. Therefore, it was decided to split the data into a group with full prosthesis in the upper jaw and a group without full prosthesis in the upper jaw, or a dentate upper jaw.

Furthermore, the MMSE does not specifically test loss of spatial memory and learning capacity, although these cognitive functions might be reduced in relation to reduced masticatory activity (Weijenberg et al., 2011). However, the MMSE tests memory (among other cognitive functions), which is related to the hippocampus as part of a complex memory network. The hippocampus showed degeneration in animal studies after reduced masticatory activity (Yamamoto and Hirayama, 2001; Watanabe et al., 2002; Tsutsui et al., 2007). Another limitation of this study was the MMSE cutoff score of 14. Consequently, people with severe cognitive impairment were excluded, while it could be hypothesized that the chewing efficiency in this group could be affected the most.

At the same time, the MMSE cutoff score of 14 can be seen as a strength, because the participants could be expected to understand the instructions (Hadjistavropoulos et al., 2010). The MMSE is a widely used instrument to screen global cognitive functioning, which makes comparison with other studies and interpretation easier (Folstein et al., 1975). In addition, the non-response rate of the current study was clearly described.

Another strength was that all participants were examined by the same dentist, who had experience in geriatric dentistry and was not informed about the MMSE score of the participants during the dental examination. A structured dental examination took place, instead of using questionnaires to assess the number of teeth present, the number of occluding pairs, and the presence of prostheses. Moreover, the chewing efficiency was measured objectively with a standardized two-colored gum and analyzed with an algorithm programmed specifically for this purpose.



Generalizability

The current study included a sample of participants with mild to moderate cognitive impairment or mild to moderate dementia, living in the community (86%) or nursing homes (14%) in the Netherlands. Following the inclusion criteria of MCI or dementia and the MMSE cutoff score of 14 or higher, it did not include people without cognitive impairment or people with severe cognitive impairment.



Clinical Relevance

This study showed a strong, positive correlation between the chewing efficiency and the number of teeth present and the number of occluding pairs, indicating that their maintenance is important to maintaining a good chewing efficiency. Tooth loss can lead to chewing difficulties and food deficiencies, affecting general health (Kossioni et al., 2018). The oral health-related quality of life (OHRQoL) and chewing efficiency might be restored partially with removable prostheses in people with cognitive impairment or dementia (Campos et al., 2018).

Oral health is important in maintaining food intake, general health, and quality of life (Niesten et al., 2012; Furuta et al., 2013; Peres et al., 2019; van de Rijt et al., 2019). The maintenance of oral health in older people with cognitive impairment requires specialized care (Janssens et al., 2018b; Marchini et al., 2019), including oral health-care assistance by formal and informal caregivers, knowledge about oral health, general health, and cognitive impairment, as well as a multidisciplinary collaboration (Delwel et al., 2018; Jablonski et al., 2018; Janssens et al., 2018a).



Future Research

For future studies, it is recommended to use an objective measurement for the assessment of chewing efficiency (Weijenberg et al., 2011). For this purpose, a two-colored chewing gum could be used, which is a validated method to evaluate chewing efficiency (Weijenberg et al., 2013). An advantage of the chewing gum is the sweet taste, which could encourage cooperation of study participants. Our clinical observation was that the chewing gum could stick to full prosthesis in the upper jaw. At the same time, Silva et al. specifically studied the reliability of chewing gum in participants with full prosthesis in the upper and lower jaw and concluded that it can be used reliably to assess mastication in this group (Silva et al., 2018). An alternative method to evaluate chewing efficiency in participants with prosthesis is the use of red and blue wax (Speksnijder et al., 2009) or gummy jellies (Ikebe et al., 2011). The Chewing Efficiency Analysis software that was used in the current study is also suitable for the analysis of other materials with contrasting colors (see algorithm in Table 1). In addition to a mixing ability test, the evaluation of maximum voluntary bite force is important to assess the level of functioning of the masticatory system (Speksnijder et al., 2009; Ikebe et al., 2011; Weijenberg et al., 2011).

For the screening of global cognitive functioning, the MMSE is suitable and widely used (Nilsson et al., 2014). In order to study the relation between chewing and cognitive functioning, more specific cognitive tests seem interesting, such as tests for spatial memory and learning capacity (Teixeira et al., 2014; Weijenberg et al., 2018). Moreover, a multifactorial approach is needed, including age, socioeconomic status, cognition, dentition, general health, nutrition, chewing efficiency, inflammatory factors, and stress levels (Azuma et al., 2017; Weijenberg et al., 2018).




CONCLUSION

Better mastication is associated with a higher number of occluding pairs. Moreover, full prosthesis in the upper jaw is related to a lower chewing efficiency, compared to natural dentition in the upper jaw. Furthermore, global cognitive functioning is not associated with mastication in older people with MCI or mild to moderate dementia, after adjusting for age and dentition. This might be explained by sufficient capacity for compensation of reduced mastication in this group.



DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to the corresponding author.



ETHICS STATEMENT

The study protocol was reviewed and approved by the Medical Ethics Review Committee of the Amsterdam UMC (approval number NL 43861.029.13). The participants or their legal representatives provided written informed consent for participation in this study.



AUTHOR CONTRIBUTIONS

ES, FL, and SD designed the study. JM developed the Chewing Efficiency Analysis software. SD collected and analyzed the data. SD and DP drafted the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by grants from Alzheimer Nederland (WE.09-2012-02), Amstelring (RVB U-9107-2013/HM/wb), Arnold Oosterbaan Hersenstichting, Fonds NutsOhra (1130-046), Roomsch Catholijk Oude Armen Kantoor (U-9128-2012 HM/lw), Stichting Beroepsopleiding Huisartsen (SBOH), and Stichting Henriëtte Hofje. FL reports grants from Sunstar Suisse, SomnoMed, Goedegebuure, and Airway Management, outside the submitted work.



ACKNOWLEDGMENTS

We thank the participants and their care providers for their cooperation with the study. Furthermore, we thank the staff of the outpatient clinics at the VU Medical Center and the Amstelland Hospital, the staff at the 10 participating nursing homes of Amstelring, Cordaan, and Zonnehuisgroep Amstelland for their cooperation. Moreover, we thank Tarik Binnekade of the Department of Clinical Neuropsychology, Vrije Universiteit Amsterdam, and Janine van Kooten of the Department of General Practice and Elderly Care Medicine, VU University Medical Center, for their help with the acquisition of the participants and the demographic and neuropsychological data collection. Furthermore, we thank the students of the Department of Clinical Neuropsychology, Vrije Universiteit Amsterdam, and the Department of Orofacial Pain and Dysfunction, Academic Centre for Dentistry Amsterdam (ACTA), for their assistance. In addition, we thank Irene Aartman of the Department of Social Dentistry and Maurits van Selms of the Department for Orofacial Pain and Dysfunction, Academic Centre for Dentistry Amsterdam (ACTA), for their statistical support.



REFERENCES


American Psychiatric Association. (2000). Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision (DSM-IV-TR). 3rd Edn. Arlington, VA: American Psychiatric Association.


Avivi-Arber, L., and Sessle, B. J. (2018). Jaw sensorimotor control in healthy adults and effects of ageing. J. Oral Rehabil. 45, 50–80. doi: 10.1111/joor.12554

Azuma, K., Zhou, Q., Niwa, M., and ya Kubo, K. (2017). Association between mastication, the hippocampus and the HPA axis: a comprehensive review. Int. J. Mol. Sci. 18:1687. doi: 10.3390/ijms18081687

Beydoun, M. A., Beydoun, H. A., Gamaldo, A. A., Teel, A., Zonderman, A. B., and Wang, Y. (2014). Epidemiologic studies of modifiable factors associated with cognition and dementia: systematic review and meta-analysis. BMC Public Health 14:643. doi: 10.1186/1471-2458-14-643

Campos, C. H., Ribeiro, G. R., and Rodrigues Garcia, R. C. M. M. (2018). Mastication and oral health-related quality of life in removable denture wearers with Alzheimer disease. J. Prosthet. Dent. 119, 764–768. doi: 10.1016/j.prosdent.2017.07.010

Delwel, S., Binnekade, T. T., Perez, R. S. G. M., Hertogh, C. M. P. M., Scherder, E. J. A., and Lobbezoo, F. (2017). Oral health and orofacial pain in older people with dementia: a systematic review with focus on dental hard tissues. Clin. Oral Investig. 21, 17–32. doi: 10.1007/s00784-016-1934-9

Delwel, S., Binnekade, T. T., Perez, R. S. G. M., Hertogh, C. M. P. M., Scherder, E. J. A., and Lobbezoo, F. (2018). Oral hygiene and oral health in older people with dementia: a comprehensive review with focus on oral soft tissues. Clin. Oral Investig. 22, 93–108. doi: 10.1007/s00784-017-2264-2

Elsig, F., Schimmel, M., Duvernay, E., Giannelli, S. V., Graf, C. E., Carlier, S., et al. (2015). Tooth loss, chewing efficiency and cognitive impairment in geriatric patients. Gerodontology 32, 149–156. doi: 10.1111/ger.12079

Fereshtehnejad, S.-M., Garcia-Ptacek, S., Religa, D., Holmer, J., Buhlin, K., Eriksdotter, M., et al. (2017). Dental care utilization in patients with different types of dementia: a longitudinal nationwide study of 58,037 individuals. Alzheimers Dement. 14, 10–19. doi: 10.1016/j.jalz.2017.05.004

Folstein, M. F., Folstein, S. E., and McHugh, P. R. (1975). “Mini-mental state”. A practical method for grading the cognitive state of patients for the clinician. J. Psychiatr. Res. 12, 189–198. doi: 10.1016/0022-3956(75)90026-6

Furuta, M., Komiya-Nonaka, M., Akifusa, S., Shimazaki, Y., Adachi, M., Kinoshita, T., et al. (2013). Interrelationship of oral health status, swallowing function, nutritional status and cognitive ability with activities of daily living in Japanese elderly people receiving home care services due to physical disabilities. Community Dent. Oral Epidemiol. 41, 173–181. doi: 10.1111/cdoe.12000

Gerritsen, A. E., Witter, D. J., Bronkhorst, E. M., and Creugers, N. H. J. (2013). An observational cohort study on shortened dental arches-clinical course during a period of 27–35 years. Clin. Oral Investig. 17, 859–866. doi: 10.1007/s00784-012-0765-6

Gonçalves, T. M. S. V., Vilanova, L. S. R., Gonçalves, L. M., and Rodrigues Garcia, R. C. M. (2014). Effect of complete and partial removable dentures on chewing movements. J. Oral Rehabil. 41, 177–183. doi: 10.1111/joor.12125

Hadjistavropoulos, T., Fitzgerald, T. D., and Marchildon, G. P. (2010). Practice guidelines for assessing pain in older persons with dementia residing in long-term care facilities. Physiother. Can. 62, 104–113. doi: 10.3138/physio.62.2.104

Henskens, M., Nauta, I. M., Drost, K. T., and Scherder, E. J. A. (2018). The effects of movement stimulation on activities of daily living performance and quality of life in nursing home residents with dementia: a randomized controlled trial. Clin. Interv. Aging 13, 805–817. doi: 10.2147/cia.s160031

Ikebe, K., Matsuda, K., Kagawa, R., Enoki, K., Yoshida, M., Maeda, Y., et al. (2011). Association of masticatory performance with age, gender, number of teeth, occlusal force and salivary flow in Japanese older adults: is ageing a risk factor for masticatory dysfunction? Arch. Oral Biol. 56, 991–996. doi: 10.1016/j.archoralbio.2011.03.019

Jablonski, R. A., Kolanowski, A. M., Azuero, A., Winstead, V., Jones-Townsend, C., and Geisinger, M. L. (2018). Randomised clinical trial: efficacy of strategies to provide oral hygiene activities to nursing home residents with dementia who resist mouth care. Gerodontology 35, 365–375. doi: 10.1111/ger.12357

Janssens, B., Vanobbergen, J., Lambert, M., Schols, J. M. G. A., and De Visschere, L. (2018a). Effect of an oral healthcare programme on care staff knowledge and attitude regarding oral health: a non-randomised intervention trial. Clin. Oral Investig. 22, 281–292. doi: 10.1007/s00784-017-2110-6

Janssens, B., Vanobbergen, J., Petrovic, M., Jacquet, W., Schols, J. M., and De Visschere, L. (2018b). The impact of a preventive and curative oral healthcare program on the prevalence and incidence of oral health problems in nursing home residents. PLoS One 13:e0198910. doi: 10.1371/journal.pone.0198910


Käyser, A. F. (1990). How much reduction of the dental arch is functionally acceptable for the ageing patient? Int. Dent. J. 40, 183–188.


Kester, M. I., and Scheltens, P. (2009). Dementia: the bare essentials. Pract. Neurol. 9, 241–251. doi: 10.1136/jnnp.2009.182477

Kim, E.-K., Lee, S. K., Choi, Y.-H., Tanaka, M., Hirotsu, K., Kim, H. C., et al. (2017). Relationship between chewing ability and cognitive impairment in the rural elderly. Arch. Gerontol. Geriatr. 70, 209–213. doi: 10.1016/j.archger.2017.02.006

Kimura, Y., Ogawa, H., Yoshihara, A., Yamaga, T., Takiguchi, T., Wada, T., et al. (2013). Evaluation of chewing ability and its relationship with activities of daily living, depression, cognitive status and food intake in the community-dwelling elderly. Geriatr. Gerontol. Int. 13, 718–725. doi: 10.1111/ggi.12006

Kossioni, A. E., Hajto-Bryk, J., Janssens, B., Maggi, S., Marchini, L., McKenna, G., et al. (2018). Practical guidelines for physicians in promoting oral health in frail older adults. J. Am. Med. Dir. Assoc. 19, 1039–1046. doi: 10.1016/j.jamda.2018.10.007

Kossioni, A. E., Hajto-Bryk, J., Maggi, S., McKenna, G., Petrovic, M., Roller-Wirnsberger, R. E., et al. (2018). An expert opinion from the european college of gerodontology and the european geriatric medicine society: european policy recommendations on oral health in older adults. J. Am. Geriatr. Soc. 66, 609–613. doi: 10.1111/jgs.15191

Lexomboon, D., Trulsson, M., Wãrdh, I., and Parker, M. G. (2012). Chewing ability and tooth loss: Association with cognitive impairment in an elderly population study. J. Am. Geriatr. Soc. 60, 1951–1956. doi: 10.1111/j.1532-5415.2012.04154.x

Lin, C., Wu, C., Wu, S., Lin, H.-H., Cheng, D., and Lo, W. (2017). Age-related difference in functional brain connectivity of mastication. Front. Aging Neurosci. 9:82. doi: 10.3389/fnagi.2017.00082

Malykhin, N., Vahidy, S., Michielse, S., Coupland, N., Camicioli, R., Seres, P., et al. (2011). Structural organization of the prefrontal white matter pathways in the adult and aging brain measured by diffusion tensor imaging. Brain Struct. Funct. 216, 417–431. doi: 10.1007/s00429-011-0321-1

Marchini, L., Ettinger, R., Caprio, T., and Jucan, A. (2019). Oral health care for patients with Alzheimer’s disease: an update. Spec. Care Dent. 39, 262–273. doi: 10.1111/scd.12375

McKeith, I. G., Dickson, D. W., Lowe, J., Emre, M., O’Brien, J. T., Feldman, H., et al. (2005). Diagnosis and management of dementia with lewy bodies: third report of the DLB consortium. Neurology 65, 1863–1872. doi: 10.1212/wnl.65.12.1992-a

McKhann, G. M., Knopman, D. S., Chertkow, H., Hyman, B. T., Jack, C. R., Kawas, C. H., et al. (2011). The diagnosis of dementia due to Alzheimer’s disease: recommendations from the National Institute on Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement. 7, 263–269. doi: 10.1016/j.jalz.2011.03.005

Müller, F., Shimazaki, Y., Kahabuka, F., and Schimmel, M. (2017). Oral health for an ageing population: the importance of a natural dentition in older adults. Int. Dent. J. 67, 7–13. doi: 10.1111/idj.12329

Niesten, D., Van Mourik, K., and Van Der Sanden, W. (2012). The impact of having natural teeth on the QoL of frail dentulous older people. A qualitative study. BMC Public Health 12:1. doi: 10.1186/1471-2458-12-839

Nilsson, H., Berglund, J., and Renvert, S. (2014). Tooth loss and cognitive functions among older adults. Acta Odontol. Scand. 72, 639–644. doi: 10.3109/00016357.2014.882983

Peres, M. A., Macpherson, L. M. D., Weyant, R. J., Daly, B., Venturelli, R., Mathur, M. R., et al. (2019). Oral diseases: a global public health challenge. Lancet 394, 249–260. doi: 10.1016/S0140-6736(19)31146-8

Petersen, P. E. (2003). The World Oral Health Report 2003: continuous improvement of oral health in the 21st century–the approach of the WHO global oral health programme. Community Dent. Oral Epidemiol. 31, 3–23. doi: 10.1046/j.2003.com122.x

Petersen, R. C., Caracciolo, B., Brayne, C., Gauthier, S., Jelic, V., and Fratiglioni, L. (2014). Mild cognitive impairment: a concept in evolution. J. Intern. Med. 275, 214–228. doi: 10.1111/joim.12190

Petersen, R. C., Lopez, O., Armstrong, M. J., Getchius, T. S. D., Ganguli, M., Gloss, D., et al. (2018). Practice guideline update summary: mild cognitive impairment. Neurology 90, 126–135. doi: 10.1212/WNL.0000000000006038

Prince, M., Bryce, R., Albanese, E., Wimo, A., Ribeiro, W., and Ferri, C. P. (2013). The global prevalence of dementia: a systematic review and metaanalysis. Alzheimers Dement. 9, 63–75.e2. doi: 10.1016/j.jalz.2012.11.007

Rascovsky, K., Hodges, J. R., Knopman, D., Mendez, M. F., Kramer, J. H., Neuhaus, J., et al. (2011). Sensitivity of revised diagnostic criteria for the behavioural variant of frontotemporal dementia. Brain 134, 2456–2477. doi: 10.1093/brain/awr179

Román, G. C., Tatemichi, T. K., Erkinjuntti, T., Cummings, J. L., Masdeu, J. C., Garcia, J. H., et al. (1993). Vascular dementia: diagnostic criteria for research studies. Report of the NINDS-AIREN International Workshop. Neurology 43, 250–260. doi: 10.1212/wnl.43.2.250

Sanderson, S., Tatt, I. D., and Higgins, J. P. T. (2007). Tools for assessing quality and susceptibility to bias in observational studies in epidemiology: a systematic review and annotated bibliography. Int. J. Epidemiol. 36, 666–676. doi: 10.1093/ije/dym018


Sesay, M., Tanaka, A., Ueno, Y., Lecaroz, P., and De Beaufort, D. G. (2000). Assessment of regional cerebral blood flow by xenon-enhanced computed tomography during mastication in humans. Keio J. Med. 49, A125–A128.


Silva, L. C., Nogueira, T. E., Rios, L. F., Schimmel, M., and Leles, C. R. (2018). Reliability of a two-colour chewing gum test to assess masticatory performance in complete denture wearers. J. Oral Rehabil. 45, 301–307. doi: 10.1111/joor.12609

Speksnijder, C. M., Abbink, J. H., Van Der Glas, H. W., Janssen, N. G., and Van Der Bilt, A. (2009). Mixing ability test compared with a comminution test in persons with normal and compromised masticatory performance. Eur. J. Oral Sci. 117, 580–586. doi: 10.1111/j.1600-0722.2009.00675.x

Tada, A., and Miura, H. (2017). Association between mastication and cognitive status: a systematic review. Arch. Gerontol. Geriatr. 70, 44–53. doi: 10.1016/j.archger.2016.12.006

Taubert, M., Roggenhofer, E., Melie-Garcia, L., Muller, S., Lehmann, N., Preisig, M., et al. (2020). Converging patterns of aging-associated brain volume loss and tissue microstructure differences. Neurobiol. Aging 88, 108–118. doi: 10.1016/j.neurobiolaging.2020.01.006

Teixeira, F. B., Pereira Fernandes, L. M., Noronha, P. A. T., dos Santos, M. A. R., Gomes-Leal, W., Ferraz Maia, C. S., et al. (2014). Masticatory deficiency as a risk factor for cognitive dysfunction. Int. J. Med. Sci. 11, 209–214. doi: 10.7150/ijms.6801

Tonetti, M. S., Bottenberg, P., Conrads, G., Eickholz, P., Heasman, P., Huysmans, M.-C., et al. (2017). Dental caries and periodontal diseases in the ageing population: call to action to protect and enhance oral health and well-being as an essential component of healthy ageing - Consensus report of group 4 of the joint EFP/ORCA workshop on the boundaries be. J. Clin. Periodontol. 44, S135–S144. doi: 10.1111/jcpe.12681

Tonsekar, P. P., Jiang, S. S., and Yue, G. (2017). Periodontal disease, tooth loss and dementia: is there a link? A systematic review. Gerodontology 34, 151–163. doi: 10.1111/ger.12261

Tsutsui, K., Kaku, M., Motokawa, M., Tohma, Y., Kawata, T., Fujita, T., et al. (2007). Influences of reduced masticatory sensory input from soft-diet feeding upon spatial memory/learning ability in mice. Biomed. Res. 28, 1–7. doi: 10.2220/biomedres.28.1

van de Rijt, L. J. M., Stoop, C. C., Weijenberg, R. A. F., de Vries, R., Feast, A. R., Sampson, E. L., et al. (2019). The influence of oral health factors on the quality of life in older people: a systematic review. Gerontologist XX, 1–17. doi: 10.1093/geront/gnz105

van Kooten, J., Delwel, S., Binnekade, T. T., Smalbrugge, M., Van Der Wouden, J. C., Perez, R. S. G. M., et al. (2015). Pain in dementia: prevalence and associated factors: protocol of a multidisciplinary study. BMC Geriatr. 15:29. doi: 10.1186/s12877-015-0025-0

Watanabe, K., Ozono, S., Nishiyama, K., Saito, S., Tonosaki, K., Fujita, M., et al. (2002). The molarless condition in aged SAMP8 mice attenuates hippocampal Fos induction linked to water maze performance. Behav. Brain Res. 128, 19–25. doi: 10.1016/s0166-4328(01)00268-6

Weijenberg, R. A. F., Delwel, S., Ho, B., Van van der Maarel-Wierink, C. D., and Lobbezoo, F. (2018). Mind your teeth—The relationship between mastication and cognition. Gerodontology 36, 2–7. doi: 10.1353/book.49273

Weijenberg, R. A. F., Lobbezoo, F., Visscher, C. M., and Scherder, E. J. A. (2015). Oral mixing ability and cognition in elderly persons with dementia: a cross-sectional study. J. Oral Rehabil. 42, 481–486. doi: 10.1111/joor.12283

Weijenberg, R. A. F., Scherder, E. J. A., and Lobbezoo, F. (2011). Mastication for the mind—The relationship between mastication and cognition in ageing and dementia. Neurosci. Biobehav. Rev. 35, 483–497. doi: 10.1016/j.neubiorev.2010.06.002

Weijenberg, R. A. F., Scherder, E. J. A., Visscher, C. M., Gorissen, T., Yoshida, E., and Lobbezoo, F. (2013). Two-colour chewing gum mixing ability: digitalisation and spatial heterogeneity analysis. J. Oral Rehabil. 40, 737–743. doi: 10.1111/joor.12090

Wu, B., Fillenbaum, G. G., Plassman, B. L., and Guo, L. (2016). Association between oral health and cognitive status: a systematic review. J. Am. Geriatr. Soc. 64, 739–751. doi: 10.1111/jgs.14572

Yamamoto, T., and Hirayama, A. (2001). Effects of soft-diet feeding on synaptic density in the hippocampus and parietal cortex of senescence-accelerated mice. Brain Res. 902, 255–263. doi: 10.1016/s0006-8993(01)02410-6

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Delwel, Maier, Parvaneh, Meijers, Scherder and Lobbezoo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 15 October 2020
doi: 10.3389/fneur.2020.573239






[image: image2]

Small Posterior Cranial Fossa and Cerebellopontine Cistern Volumes Are Associated With Bilateral Trigeminal Neuralgia
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Objective: To investigate whether small volumes of the posterior cranial fossa and cerebellopontine cisterns are associated with bilateral trigeminal neuralgia (BTN) and to provide further knowledge regarding the etiology and treatment of this rare disease.

Methods: We retrospectively analyzed clinical data and imaging examination results for 30 BTN patients between January 2009 and December 2019. Thirty age- and sex-matched healthy individuals and 30 patients with unilateral trigeminal neuralgia (UTN) were selected as two control groups. The volume of the posterior cranial fossa (VPCF) and volumes of the cerebellopontine cisterns were measured using ITK-SNAP 3.0, which considers the cerebrospinal fluid (CSF) volume based on the region of interest (ROI). Preoperative and postoperative statuses were based on visual analog scale (VAS) pain scores and Barrow Neurological Institute (BNI) scores.

Results: A total of 30 patients (11 males; 19 females) were included, and the age of the BTN participants ranged from 41 to 77 (59.93 ± 9.89) years. The duration of TN ranged from 1 to 20 (5.36 ± 3.92) years, and the interval between the two sides ranged from 0 to 3 (1.10 ± 0.79) years. Three patients (10%) in the BTN group had familial trigeminal neuralgia, with no other hereditary history of neurological disorders. In BTN patients, with 25 (83.3%) cases on the left side and 26 (86.7%) on the right side, veins were identified in the operative field and regarded as the individual or offending vessel. The mean VPCF was significantly lower in the patients with BTN than in the healthy controls (4,813 ± 1,155 mm3 vs. 5,127 ± 1,129 mm3, p = 0.008). The volumes of the cerebellopontine cisterns on both sides were significantly smaller in the BTN patients than in the healthy controls (477 ± 115 mm3 vs. 515 ± 112 mm3 on the left side, p = 0.001; and 481 ± 114 mm3 vs. 515 ± 110 mm3 on the right side, p = 0.007). There was no significant difference between the BTN group and the UTN group in terms of the VPCF (4,843 ± 1,184 mm3 vs. 4,813 ± 1,155 mm3, p = 0.402), and there was also no significant difference between the two groups in terms of preoperative VAS pain scores or BNI scores.

Conclusion: Overcrowding in the posterior fossa will lead to closer neurovascular relations and, a higher incidence of NVC, and ultimately may be more likely to lead to TN. Veins are the common offending vessels that cause BTN; they might be associated with abnormal vascular development leading to NVC. Microsurgical vascular decompression (MVD) is a safe and effective method for the treatment of BTN, similar to UTN.

Keywords: bilateral trigeminal neuralgia, posterior cranial fossa, cerebellopontine cisterns, microvascular decompression, neurovascular conflict


INTRODUCTION

Trigeminal neuralgia (TN) is recurrent and intense pain in the region of the trigeminal nerve innervation (1). The pathogenesis of TN is believed to comprise neurovascular conflict (NVC) between the trigeminal nerve and adjacent blood vessels (2). By eliminating NVC, microsurgical vascular decompression (MVD) can successfully relieve pain. Several studies have shown that the small space of the posterior cranial fossa is associated with NVC, suggesting a correlation between overcrowding of the posterior cranial fossa and TN (3, 4).

In general, bilateral trigeminal neuralgia (BTN) is rare in clinical practice (5), though its occurrence has been reported as early as the 18th century (6). The pathogenesis remains controversial. Some scholars believe that the pathogenesis of this disease is different from that of UTN (7), but most consider that it is the same type of disease. Although one study showed that the mean MRI volumetry of the posterior cranial fossa was smaller in a BTN group than in a unilateral trigeminal neuralgia (UTN) (8), volume measurement does not fully consider individual differences. Indeed, this measurement is susceptible to the influence of head circumference and body shape. Moreover, as a limitation, the number of cases was small in that study. Cerebrospinal fluid volume (CSFV) is an effective space for the posterior cranial fossa. The CSFV in the posterior cranial fossa can be used to evaluate the effective space in this region, and can accurately reflect the degree of crowding. In this study, we measured and compared the degree of posterior cranial fossa crowding in Chinese patients with BTN and investigated whether small volumes of the posterior cranial fossa and cerebellopontine cisterns are associated with BTN. Additionally, clinical data for patients with BTN were analyzed to provide further knowledge regarding the etiology and treatment of this rare disease.



METHODS


Patients

Clinical data for 30 patients with bilateral trigeminal neuralgia who received MVD were collected between January 2009 and December 2019 at the Department of Neurosurgery, Peking University People's Hospital, the Seventh Medical Center of PLA General Hospital and Characteristic Medical Center of Strategic Support Force. Patients with secondary or atypical TN and incomplete clinical data were excluded. Operations were carried out by the corresponding author Ruen Liu.

Age- and sex-matched healthy individuals and patients with UTN were selected as two control groups. Written informed consent was obtained from each participant, and the study was approved by the institutional review board of the hospitals.



Magnetic Resonance Imaging

A preoperative MRI examination was performed in all cases, including 3D T1- and T2-weighted high-resolution sequences, for clear visualization of the trigeminal nerve and all vascular structures. The use of 3D time-of-flight magnetic resonance angiography (MRA) allowed the visualization of only vessels with high flow, which are principally arteries.

Imaging was conducted using a Discovery 750 3.0T (GE Healthcare, Waukesha, WI) MRI scanner. T1-weighted anatomical images in the sagittal plane were collected with a 3D fast spoiled gradient-echo sequence: repetition time (TR) = 4.9 ms, echo time (TE) = 2 ms, flip angle = 15°, field of view (FOV) = 240 mm, in-plane resolution = 1 * 1 mm2, slice thickness = 1 mm, and 170 slices. All scans were performed by the same imaging physician.



Image Data Analysis

VPCF was measured using ITK-SNAP 3.0 (Cognitica, Philadelphia, PA, USA, http://www.itksnap.org) that considered the cerebrospinal fluid (CSF) volume, as based on the region of interest (ROI), as well as the thickness and number of the individual layers. The measurement was limited to the region from the root entry zone (REZ) of the trigeminal nerve to that of the vagus nerve of the medulla oblongata and included only the fluid space of the precerebellar cistern, prespinal cistern and cerebellopontine cisterns (Figure 1). To minimize the influence of cerebellar atrophy, the CSF volume from behind the pontocerebellar cisterns, laterally, and from behind the cerebellar hemisphere as well as in the fourth ventricle were not considered for the determination of VPCF. The ROI was automatically marked on each layer in the 3D sequences and corrected manually by the radiologist, if necessary.


[image: Figure 1]
FIGURE 1. An example of ROI views on MRI. (A) cerebellopontine cisterns, (B) precerebellar cistern, (C) prespinal cistern.




Operative Technique

After the induction of general anesthesia, the patient was placed in the lateral park bench position with three-point fixation, and a retrosigmoid craniotomy was performed. The rostral edge of the craniotomy was extended until the caudal edge of the transverse sinus was visible and the junction between the transverse and posterior edges of the sigmoid sinus was adequately exposed. After opening the dura mater, the cerebellar horizontal fissure was carefully dissected to minimize retraction of the acoustic nerve. With maximum protection of the petrosal veins, the trigeminal nerve was observed, and we inserted a Teflon prosthesis between the offending vessels and the affected nerve to separate the neurovascular conflict. If the arcuate eminence of the petrosal bone was found to compress the trigeminal nerve during the operation, the abnormal bone was removed.

If no neurovascular conflict was observed during the operation, the patient underwent microvascular decompression with nerve combing. For nerve combing, the trigeminal nerve itself was then longitudinally divided along its fibers using a special nerve combing knife with a cutting edge of 0.90 mm into 4–5 bundles from the REZ to the petrous bone (9). For concomitant patients, we believe that the side with more severe symptoms should be treated first. Contralateral surgery should be performed if the contralateral side still has pain or aggravation after the first surgery (At least 3 months).



Data Collection

Baseline and medical history data were obtained from medical records. The baseline data included age, sex, and preoperative and postoperative pain status according to visual analog scale (VAS) pain scores. VAS pain scores were recorded on a 11-point scale, with zero indicating no pain and 10 indicating maximal pain. Postoperative outcomes of TN were assessed by the Barrow Neurological Institute (BNI) pain intensity score and the BNI facial numbness score, and the total of both scores was considered for further analysis (10) (Table 1).


Table 1. Barrow Neurological Institute (BNI) pain intensity score, facial numbness score, and total evaluation of the results.

[image: Table 1]



Statistical Analysis

SPSS statistical software 19.0 (IBM Corp., Armonk, NY, USA) was used for data analysis. Numerical variables are expressed as the mean ± SD. Qualitative variables are described as the absolute value of cases in the distinctive group. Statistical significance between quantitative variables was assessed by the χ2 test, with Yates's or Fisher's correction, if necessary. Student's t-test was performed to evaluate the data and to follow a normal distribution. Bonferroni correction was applied for multiple comparisons. Significant differences between groups were indicated at p < 0.05.




RESULTS


Baseline Characteristics

A total of 30 patients (11 males; 19 females) were included, and the age of the BTN participants ranged from 41 to 77 (59.93 ± 9.89) years. Thirty age- and sex-matched healthy individuals and 30 patients with UTN were selected as two control groups. In the BTN group, 14 patients were initially affected on the left side and 16 on the right side. The duration of TN ranged from 1 to 20 (5.36 ± 3.92) years, and the interval between the two sides ranged from 0 to 3 (1.10 ± 0.79) years. Three patients (10%) in the BTN group had familial trigeminal neuralgia, but there was no other hereditary history of neurological disorders.

Preoperative VAS scores were 9.17 ± 0.99 for the left side and 9.33 ± 0.76 for the right side. Among the BTN patients, 25 (83.3%) cases for the left side and 26 (86.7%) for the right side, veins were identified in the operative field and were regarded as the individual or offending vessel (Figure 2). In the other patients, the offending vessels were the anterior inferior cerebellar artery (AICA), superior cerebellar artery (SCA), SCA and AICA or none of these. The offending vessels in all three familial patients were veins. The follow-up period ranged from 6 to 110 months. For left-side cases, postoperative BNI scores were excellent (T = 2) in 25 patients (83%) and good (T = 3) in 5 (17%). For right-side cases, 24 (80%) patients had excellent outcomes, and 6 (20%) had good outcomes (Table 2). All the offending vessels in this study corresponded to TN on the same side. There is no case with bilateral neuralgia that improved bilaterally only with unilateral decompression.


[image: Figure 2]
FIGURE 2. Intraoperative findings of retrosigmoid craniotomy (Left) and corresponding schematic diagram (Right). Black arrow, the petrosal vein; Asterisk, superior cerebellar artery; V, trigeminal nerve; VIII, vestibulocochlear nerve.



Table 2. Clinical characteristics of the groups.

[image: Table 2]

No mortality, complete facial paralysis, intracranial haematoma, or postoperative hearing loss occurred, and there were no other serious complications. Two patients had scalp tingling, five had facial numbness, and one had transient vertigo, all of whom were cured by symptomatic and supportive treatment. In the follow-up period, no recurrence or any dysfunction of cranial nerves was found on either side. Furthermore, there was no significant difference between the two sides in terms of preoperative VAS pain scores (p = 0.316), offending vessels (p = 0.960) or BNI scores (p = 0.739).



Volumes of the Posterior Cranial Fossa and Cerebellopontine Cisterns

VPCF was defined as the volumes of the precerebellar cistern, prespinal cistern and cerebellopontine cisterns on both sides in BTN patients. The mean VPCF was significantly lower in the patients with BTN than in the healthy controls (4,813 ± 1,155 mm3 vs. 5,127 ± 1,129 mm3, p = 0.008). Additionally, the volumes of the cerebellopontine cisterns on both sides were significantly smaller in the BTN patients than in the healthy controls (477 ± 115 mm3 vs. 515 ± 112 mm3 on the left side, p = 0.001; and 481 ± 114 mm3 vs. 515 ± 110 mm3 on the right side, p = 0.007). In contrast, there was no significant difference between the BTN and control groups in terms of the precerebellin cistern volume (3,084 ± 743 mm3 vs. 3,148 ± 721 mm3, t = −0.9, p = 0.370) or the prespinal cistern volume (771 ± 185 mm3 vs. 787 ± 180 mm3, t = −1.0, p = 0.400) (Table 3).


Table 3. Comparison of the volumes of the posterior cranial fossa and cerebellopontine cisterns between the BTN and healthy control groups.
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In the UTN group, the mean VPCF was significantly lower than that in the healthy control group (4,843 ± 1,184 mm3 vs. 5,127 ± 1,129 mm3, t = −2.61, p = 0.014). Moreover, the volumes of the cerebellopontine cisterns on the affected side were significantly smaller than those on the healthy side (472 ± 116 mm3 vs. 482 ± 121 mm3, t = −2.46, p = 0.020). However, there was no significant difference between the BTN group and the UTN group in terms of VPCF (t = −0.85, p = 0.402). There was also no significant difference between the BTN group and the UTN group in terms of the precerebellin cistern volume (3,084 ± 743 mm3 vs. 3,087 ± 759 mm3, t = −0.119, p = 0.906) or the prespinal cistern volume (771 ± 185 mm3 vs. 772 ± 190 mm3, t = −0.120, p = 0.900).



Comparison Between the Bilateral TN and UTN Groups

For the 30 age- and sex-matched UTN patients, the preoperative VAS score was 9.23 ± 1.04. The superior cerebellar artery (SCA) was identified in the operative field in 26 (87%) patients, though veins were identified in only 3 (10%) patients. Postoperative BNI scores were excellent (T = 2) in 26 patients (87%) and good (T = 3) in 4 (13%) (Table 2). Conversely, there was no significant difference between the two groups in terms of preoperative VAS pain scores (p = 0.698 on the left side, p = 0.237 on the right side) or BNI scores (p = 0.718 on the left side, p = 0.488 on the right side).




DISCUSSION

Trigeminal neuralgia (TN), also known as painful convulsion, is mainly characterized by paroxysmal tearing and acute pain that occurs repeatedly in the trigeminal nerve distribution area on one side of the face (11), with an incidence of 8/100,000 (12). Currently, the theory of peripheral lesions has been accepted by most scholars (13). Regarding the pathogenesis of TN, it is believed that the trigeminal nerve becomes chronically compressed by abnormal twisted microvessels in the REZ area, resulting in inflammation and demyelination changes in the root of the trigeminal nerve and thus in a “short circuit” of membrane potential and neuropathic pain in the trigeminal nerve distribution area (14). One study (4) showed that the size, shape, and structure of the skull varies according to race and sex. Asians, especially women, have a higher incidence of TN and more crowding in the posterior fossa. The space occupied by tissues of the posterior fossa is small, resulting in NVC of the trigeminal nerve and clinical symptoms. However, for people with a large posterior fossa volume, there will be no symptoms of compression, clinical pain or other discomfort, even if the blood vessels are in contact with the nerve (15). In our study, the mean VPCF in the UTN group was significantly lower than that in the healthy control group (p < 0.05). The volumes of the cerebellopontine cisterns on the affected side were also significantly smaller than those on the healthy side (p < 0.05), similar to the results obtained by Rasche et al. (16) and Park et al. (17) based on two-dimensional measurement of the coronal plane and cross-section.

Bilateral TN is rare in clinical practice, and the proportion of BTN in TN patients is reported to be 0.6–5.3% (5). In the present study, patients with BTN often presented with paroxysmal needling, knife cutting or radiating excruciating pain on both sides, and the pain symptoms were similar to those of UTN. Furthermore, there was no significant difference between the two groups in terms of preoperative VAS pain scores (p > 0.05). BTN is often characterized by simultaneous or alternating attacks on both sides, and in our study, the interval between the two sides ranged from 0 to 3 years.

The pathogenesis of BTN is not clear, but several studies have suggested that BTN is significantly related to microvascular compression of the trigeminal nerve, which is consistent with unilateral pathogenesis (5–7). In this study, neurovascular conflict during surgery was recorded for 93% (28/30) of the patients (Table 2). The offending vessels observed were the AICA, SCA and veins. Some studies to date have linked BTN to multiple sclerosis (MS). For example, research by Brisman et al. reported the presence of MS in 4–10% of BTN patients (18), and Gale et al. found that ~8% of 210 patients with multiple sclerosis have trigeminal neuralgia (19). However, no patients in this study were found to have MS, which is consistent with the findings of another study of patients with BTN in the Chinese population (8). We also observed that the mean MRI volumetry of the posterior cranial fossa was smaller in the BTN group than in the UTN group, though with no significant difference between the groups for VPCF (p > 0.05). We believe that the reason for this conflicting outcome is that the measurement of volume did not fully consider individual differences. This measurement is susceptible to the influence of head circumference and body shape, and the number of cases was small, which is a limitation. As one study showed, the mean posterior fossa volume in ipsilateral TN patients was not different from that in controls, even though smaller cisterns were found in these patients (20). In contrast to our study, the method of measuring posterior fossae volume in the study by Park and Ha involved manual measurement by invasive image-guided surgery technology. In our study, the CSFV was used to evaluate the effective space of the posterior cranial fossa, accurately reflecting the degree of crowding. According to our results, the mean VPCF was significantly lower in the patients with BTN than in healthy controls, and the volumes of the cerebellopontine cisterns on both sides in BTN patients were significantly smaller (Table 3). Although previous studies have demonstrated that reduced posterior fossa volume is associated with UTN, our study is the first to find that small volumes of the posterior cranial fossa and cerebellopontine cisterns are associated with BTN. This finding strengthens the theory that BTN, similar to UTN, is the cause of neurovascular conflict. As mentioned above, trigeminal nerve compressed by vessels, resulting in inflammation and demyelination changes in the root of the trigeminal nerve and thus in a “short circuit” of membrane potential and neuropathic pain in the trigeminal nerve distribution area. Furthermore, 3 (10%) patients in the BTN group in our study had familial trigeminal neuralgia. Previous studies (5, 21) have shown that familial trigeminal neuralgia accounts for 7–17% of patients with BTN, which is consistent with the present results. In fact, anatomical abnormalities of the skull base may explain the familial incidence of TN (22). Takada et al. (23) reported 1 case of achondroplasia with TN, an autosomal inherited disease. The disease in this patient was due to skull dysplasia, which led to crowding of the posterior fossa and the production of NVC. Ugur et al. (24) described a case of Dandy Walker malformation with TN. Dandy Walker malformation is a congenital central nervous system malformation characterized by posterior fossa cysts and cerebellar vermis dysplasia, and it is considered a multifactorial genetic disease. This suggests that TN may have been caused by a small posterior fossa volume due to genetic factors in this patient. Although further study of familial BTN is needed, the results of this study suggest that a small posterior fossa volume is an important factor in the pathogenesis of BTN.

Although few patients have small pontine arteries or veins near the trigeminal nerve REZ that cause NVC, most cases of TN are caused by the SCA (25). UTN patients, 26 (87%) patients, the SCA was identified in the operative field in our study, which is consistent with the above finding. It is worth mentioning that in 25 (83.3%) left-side cases and 26 (86.7%) right-side cases, veins were identified in the operative field and were regarded as the individual or offending vessel. Moreover, the offending vessels in all three familial patients were veins. Smyth et al. (26) purported that familial TN is related to autosomal inherited vascular variant diseases. This study showed that the vascular variation of familial TN is different from known autosomal inherited vascular malformations, which might be related to variation of the vascular system in the posterior cranial fossa (26). Combined with the results of this study, BTN may also be associated with abnormal vascular development leading to NVC. However, further research is needed to address this possibility.

The significance of exploring the pathogenesis of BTN is to determine the surgical treatment strategy. Current studies suggest that MVD and radiofrequency thermocoagulation (RFT) are the most effective treatments (5–7). However, RFT of the bilateral trigeminal nerves inevitably results in a series of complications, particularly numbness in the bilateral trigeminal nerve distribution and decreases in masticatory function, which are often concerning to surgeons and patients. As NVC due to the small volume of the posterior fossa is the cause of BTN, we believe that MVD is the preferred effective treatment for patients who can tolerate craniotomy. Takada et al. (23) found that in patients with familial TN, MVD could achieve a better therapeutic effect in those with a small CPA caused by abnormal skull development. Additionally, MVD can preserve the function of the trigeminal nerve and reduce permanent dysfunction. Regardless, the disadvantage is the high recurrence rate. Combining the trigeminal nerve root in MVD is helpful to cure TN and reduce recurrence. In this study, microvascular decompression and nerve combing were used, and the clinical efficacy was satisfactory (9). Although some patients experienced mild facial numbness, they recovered within half a year. In addition, postoperative BNI scores were excellent (T = 2) in 25 patients (83%) with BTN on the left side and in 24 (80%) with BTN on the right side. Therefore, we believe that MVD is a safe and effective method for the treatment of BTN, similar to UTN. It is worth noting that as shown by our study, patients with BTN tend to have smaller cerebellopontine cisterns. The region of the cerebellopontine angle is the MVD operation area. When the posterior cranial fossa is crowded, the space decreases, and the operation becomes more difficult. Excessive traction of the cerebellar exposure field may damage nerves and blood vessels and increase postoperative complications. Venous compression is characterized by the fact that veins often adhere closely to nerves. Complete separation may cause blood vessel rupture, massive hemorrhage or, after cutting off blood vessels, cerebellar stem vein infarct hemorrhage; it may also injure nerves. Therefore, adhesion release should not be performed during the process, but removing the NVC is necessary. To better assess the difficulty of surgery and to help neurosurgeons develop the best treatment plan, it is recommended that the degree of posterior fossa crowding be evaluated before MVD.

In summary, overcrowding in the posterior fossa will lead to closer neurovascular relations and a higher incidence of NVC and ultimately may be more likely to lead to TN. The purpose of MVD is to separate the NVC by the surgical method and use Teflon for decompression. Therefore, we believe that MVD is an effective treatment for BTN compared with other treatment methods. However, the difficulty of surgery and postoperative complications will increase when the posterior fossa space, as the operating area of MVD, is crowded. Therefore, we recommend that the degree of posterior cranial fossa crowding should be evaluated before MVD to help the neurosurgeon determine the optimal surgical procedure. As described above, all patients in this study achieved satisfactory surgical results. Nonetheless, although this is the largest clinical study of this rare disease, BTN, to date, we must admit that the sample size was too small to enable comparison of the safety and availability of different treatments. In the future, multi-center large-sample studies or meta-analyzes are necessary to obtain effective conclusions.



CONCLUSION

TN is a common and frequently occurring disease in neurosurgery, but BTN is rare in clinical practice. The etiology and treatment of BTN are still controversial. Although cases of bilateral trigeminal neuralgia have been reported, clinical studies on the etiology, diagnosis and treatment of BTN are currently lacking. Our study is the first to retrospectively analyze the clinical data, imaging examination results, surgical methods, and treatment efficacy for 30 Chinese patients. First, we found small volumes of the posterior cranial fossa and cerebellopontine cisterns to be associated with BTN. This finding strengthens the theory that BTN is the cause of neurovascular conflict. Second, veins were commonly the offending vessels that caused BTN, which might be associated with abnormal vascular development leading to NVC. Finally, our results show that MVD is a safe and effective method for the treatment of BTN.
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Introduction: The presence of a temporomandibular disorder is one of the most frequent causes of orofacial pain (OFP). When pain continues beyond tissue healing time, it becomes chronic and may be caused, among other factors, by the sensitization of higher-order neurons. The aim of this study is to describe psychological characteristics of patients with chronic OFP, their peripheral pain threshold, and electroencephalography (EEG) recording, looking for possible signs of central sensitization (CS).

Materials and methods: Twenty-four subjects with chronic OFP caused by temporomandibular disorder were evaluated using the Research Diagnostic Criteria for Temporomandibular Disorders Axis I and Axis II. Pain intensity, catastrophizing, and presence of CS were assessed through self-reported questionnaires. Pressure pain threshold (PPT) was recorded in facial and peripheral sites; EEG activity was recorded during open and closed eyes resting state and also during the pain threshold assessment. Pain thresholds and EEG recordings were compared with a cohort of pain-free age- and sex-matched healthy subjects.

Results: Patients with chronic OFP showed a significant reduction in their pain threshold compared to healthy subjects in all sites assessed. Greater reduction in pain threshold was recorded in patients with more severe psychological symptoms. Decreased alpha and increased gamma activity was recorded in central and frontal regions of all subjects, although no significant differences were observed between groups.

Discussion: A general reduction in PPT was recorded in people who suffer from chronic OFP. This result may be explained by sensitization of the central nervous system due to chronic pain conditions. Abnormal EEG activity was recorded during painful stimulation compared to the relaxed condition in both chronic OFP subjects and healthy controls.

Keywords: chronic pain, orofacial pain, central sensitization, pain threshold, EEG


INTRODUCTION

Chronic pain is defined as pain that lasts for more than 3 months beyond the normal healing time (Treede et al., 2015). Chronic pain impacts working life, somatic, emotional and social well-being, and quality of life of the affected individuals and is recognized as a major health care problem in Europe (Breivik et al., 2006). Involvement of cerebral circuits in chronic pain development has been broadly documented (Apkarian et al., 2004; Kim et al., 2013; Ferdek et al., 2019). Chronic pain seems to be associated with pain related to central networks, and neuroplastic changes in these circuits may change perception of pain independent of peripheral neural activation (Camfferman et al., 2017). The thalamus appears to play a key role in several chronic pain conditions, and its connection with cerebral cortex seems imputable to maintenance of pain (Llinás et al., 1999; Stern et al., 2006). Many studies have tried to identify an electroencephalography (EEG) pattern related to pain development and maintenance beyond physiological tissue healing time (Prichep et al., 2011; Jensen et al., 2013; Pinheiro et al., 2016). Despite the lack of certainty around cortical markers of chronic pain, a reduction in alpha activity in frontal lobes and increased theta activity in the posterior parietal cortex have been recorded in subjects who experience chronic pain in various conditions (Sarnthein et al., 2006; Sarnthein and Jeanmonod, 2008; Jensen et al., 2013; Camfferman et al., 2017). Recently, the International Association for the Study of Pain (IASP) distinguished between “chronic primary pain” and “chronic secondary pain.” In the first category, chronic pain is conceived as a disease in its own right; in the second, pain is a consequence of an underlying disease and may be initially conceived as a symptom (Treede et al., 2019). Orofacial pain (OFP) is usually classified as chronic secondary pain because, in most cases, it can be attributed to an underlying cause (Benoliel et al., 2019). Frequently, the pain starts from a problem with the temporomandibular joint (TMJ), outlasts the initiating event, and becomes the leading cause for ongoing treatment (Benoliel et al., 2019). Patients, following temporomandibular disease (TMD) resolution, no longer exhibit peripheral tissue damage but continue to feel pain, suggesting an abnormal functioning of the somatosensory system (Sarlani and Greenspan, 2005). This process may be due to an induced sensitization of higher-order neurons, a phenomenon well described by the central sensitization (CS) process (Campi et al., 2017). According to the IASP definition, CS is characterized by an increased responsiveness of nociceptive neurons in the central nervous system (CNS) to their normal or subthreshold afferent input (Loeser and Treede, 2008). With the introduction of the CS concept, pain starts to reflect a functional state of circuits in the CNS instead of being exclusively peripherally driven (Woolf, 2011). Injury or inflammation in peripheral tissue can alter the properties of somatic sensory pathways. This induced peripheral sensitization could trigger CS, leading to pathological pain states (Harte et al., 2018). Evidence for CS has been described in patients with TMD by Dworkin (1995), who found no correlation between physical signs of jaw dysfunction and levels of pain in a 3-year follow-up study. Quantitative sensory testing, such as pressure pain threshold (PPT), can be used to document the patient’s somatosensory profile (Svensson et al., 2011). A generalized state of pain sensitivity can justify low PPT, linked to altered sensory processing, dysregulated endocrine function, hyperinflammatory states, or psychological processes (Lautenbacher et al., 1994). In a large prospective study, the OPPERA (Orofacial Pain: Prospective Evaluation and Risk Assessment) study, Slade et al. (2014) observed that PPT fluctuated in synchrony with the course of painful TMD. Further, a reduction of PPT in sites related to the TMJ has been identified as sign of peripheral sensitization (Campi et al., 2017). In case of sensitization due to supraspinal pathways, the local threshold is further reduced at the local site, but it is also reduced in more distant body sites not related to TMD. The comparison of a TMD cohort with a healthy and pain-free sample may be the only way to evaluate the degree of localized and spreading sensitization (Arendt-Nielsen et al., 2018). We can assume that changes in EEG activity and signs of sensitization can be recorded in people who suffer from long-lasting pain due to TMD. The objective of this study is therefore to describe features of chronic OFP through the analysis of patients’ psychological profile, peripheral pain threshold, and EEG recordings, looking for possible signs of CS.



MATERIALS AND METHODS

This cross-sectional observational study describes factors related to chronic OFP and characteristics of patients in a cohort of 24 subjects with OFP due to TMD. This study has been reviewed by the Ferrara University Hospital Ethics Committees. All the procedures described have been carried out in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki) for experiments involving humans. Written informed consent was obtained before all procedures. The study meets the STROBE Guidelines for observational studies (von Elm et al., 2014).

Patients who underwent rehabilitation for TMD at Ferrara Rehabilitation Hospital between January 2018 and January 2019 were assessed for eligibility. Age, sex, occupation, side and duration of TMD, past treatment for the TMJ, comorbidities, and medications were recorded. All subjects with a Numeric Pain Rating Scale (NPRS) of less than 3 in the 2 weeks prior to assessment or who took pain relief medication were excluded from the study (Jensen et al., 2013). The other exclusion criteria were impaired cognitive functioning (score < 24 on the Mini-Mental Status Examination), neurological or psychiatric disorders, or pregnancy.

A medical doctor with an expertise in temporomandibular rehabilitation evaluated all subjects included in the study, following the Research Diagnostic Criteria for Temporomandibular Disorders (RDC/TMD) Axis I (Schiffman et al., 2014).

The RDC/TMD Axis II was used to assess psychological distress and pain-related disability (Schiffman et al., 2014). For the purpose of this analysis, depression, anxiety, and non-specific physical symptoms (NSPS) were treated as dichotomous variables, and patients were classified as minimal/mild if their total score was lower than 10; patients with a higher score were classified as moderate/severe (Campi et al., 2017). All subjects included were evaluated using a self-reported questionnaires for subjective description of pain and PPT for objective assessment of pain perception (Dworkin et al., 2005). Neural activity linked to pain sensation was recorded using EEG. PPT and EEG were also evaluated in a sample of age- and sex-matched healthy controls.


Self-Reported Questionnaire

Catastrophizing has been defined as “an exaggerated negative orientation toward actual or anticipated pain experiences” and reflects a tendency to misinterpret or exaggerate apparently threatening situations (Sullivan et al., 1995). The Pain Catastrophizing Scale (PCS) was used to assess the tendency to magnify the threat value of pain stimulus and to feel helpless in the context of pain (Quartana et al., 2009). A PCS score ≥30 was used to detect the presence of catastrophizing (Sullivan et al., 1995).

Central sensitization was assessed using the Italian version of the Central Sensitization Inventory (CSI-I) (Chiarotto et al., 2018). A CSI score ≥40 has been suggested as the cutoff score to determine if patients display CS (Neblett et al., 2013, 2015; Nijs et al., 2014).



Pressure Pain Threshold

Pressure pain threshold is defined as the minimum pressure applied to anatomical regions that can induce pain (Fischer, 1987). PPT measurement was performed with a handled digital dynamometer (Commander Algometer, JTECH Medical, United States), consisting of a device with a 1-cm2 flat circular tip used to apply pressure on subjects’ skin. A researcher was trained to apply increasing pressure of approximately 1 lb/cm2/s perpendicular to the skin using the dynamometer, following a protocol well described in literature (Campi et al., 2017). The stimulus intensity increased from zero, and the subject was instructed to stop the stimulation at the first perception of pain by pushing a button. At that moment, the pressure was removed, and the value of pressure applied was recorded. The sites of the stimulation were the muscle belly of the temporal and masseter muscles, the surface of the mandibular condyle, the middle part of the upper trapezius, and the center of the thenar eminence (Figure 1). During examinations subjects were in a comfortable sitting position with muscles relaxed. The researcher stabilized the subject’s head gently applying manual resistance contralateral to the point of pressure application. This procedure was repeated three times for every site, on both sides, with an interstimulus interval of 30 s (Nie et al., 2009). The PPT value of the painful side was used for the analysis. When symptoms were present bilaterally, the value of the more affected side was used. This side was matched in measuring PPT in healthy subjects.


[image: image]

FIGURE 1. Sites for pressure pain threshold assessment (right body sites for illustrative purposes only).




EEG Recording

Electroencephalography assessment was performed using an electrode montage of 32 Ag/AgCl pellet pin electrodes (Easy Cap GmbH, Herrsching, Germany) placed according to the 10–20 International System on a Fast’n Easy cap. A BrainAmp amplifier (Brain Products, Munich, Germany) was used to record EEG activity. All scalp electrodes were referenced to nasion and grounded at AFz during recordings. Horizontal and vertical eye movements were detected, respectively, with electrodes placed at the left and right outer canthi at Fp1 and below the eye at the non-painful side. The impedance of all the electrodes was kept below 10 kΩ. The EEG signals were recorded with a 1,000-Hz sampling rate with a low cutoff frequency of 0.1 Hz and a high cut-off of 1,000 Hz.

Electroencephalography data were recorded during a 5-min resting state task with open eyes and a 5-min resting state task with closed eyes. Participants were instructed to stay relaxed and keep their eyes fixed on a cross in front of them during open-eyes recording. EEG was also recorded during the PPT assessment at the thenar eminence following the aforementioned protocol.



EEG Preprocessing

The EEG data were preprocessed in MATLAB, using the EEGlab toolbox (Delorme and Makeig, 2004). A notch filter centered around 50 Hz was applied in post-processing for eliminating the power noise. Then, data were re-referenced to the average reference. Eye movement artifacts were removed by means of an independent component analysis (ICA) procedure. ICA was used to determine the independent components. A visual analysis was used to discard components that were characterized by high-amplitude fluctuations and were mostly located at or close to the eye electrodes.



EEG Spectral Analysis

The spectral power in the different EEG bands (delta 1–4 Hz, theta 4–7 Hz, alpha 7–13 Hz, beta 13–30 Hz, gamma 30–60 Hz) was calculated, during both resting state tasks, in the middle minute of the 5 min of each recording. The power spectral density (PSD) was calculated using Welch’s method, using 1-s windows and 80% of overlap over successive windows (Welch, 1967). The PSDs of all subjects during each trial were then transformed into z-scores to improve comparability of PSD values across subjects and conditions. For the pain stimulus trials, the PSD was calculated from the 3-s window before reaching the sensory threshold. The z-score of the PSD was calculated for each electrode of each subject during each condition by subtracting by each PSD spectrum its mean and dividing by its standard deviation. For the statistical analyses, in order to minimize the number of comparisons, we calculated the average PSD in the different bands for clusters of electrodes centered around locations F3, C3, P3, and their homologous on the right side of the scalp. For each location, the PSD in each band was calculated as the average PSD in the band among the central and directly adjacent electrodes. To visually assess for relative differences in EEG activity due to the pain, the z-score PSD calculated during the pain stimulus trials was expressed as a percentage of the average PSD calculated from the resting state trials with the eyes open of all subjects. This choice for normalization was dictated by the fact that subjects had their eyes open during the pain stimulus trials. These data were then plotted for both groups for visual comparison.



Statistical Analysis

Descriptive statistics were used for characterizing the sample. Continuous variables are reported as means and standard deviations, non-continuous variables as counts and percentages. Differences in PPT between patients with OFP and healthy subjects were assessed using the Wilcoxon rank-sum test due to non-normal data distribution. Patients with OFP were also divided according to intensity of pain, presence of psychological disorders, catastrophizing, and CS, and differences between groups were analyzed. Spearman rank correlation coefficient was used to measure strength and direction of association between psychological scores and self-reported questionnaires.

This statistical analysis was performed using STATA 13.1 software with significance set at ?? < 0.05. Statistical analysis was also performed on the clustered EEG data. In this analysis, we compared the z-score PSD of the OFP and the healthy subjects in the eyes open and pain stimulus conditions for each band and electrode cluster. This analysis was based on a two-way analysis of variance (ANOVA) test. The significance level was set to 0.05. All the statistical analysis on the EEG data was performed in MATLAB using custom-made scripts.



RESULTS

The sample consisted of 19 women and 5 men. The mean age was 49.8 years, with a minimum of 23 and a maximum of 77 years. Detailed demographic and clinical features of the sample are summarized in Table 1. Most of the sample was classified as myofascial pain with spreading following the Axis 1 of DC/TMD. The mean pain intensity during the 24 h before at the NPRS was 6.42 (1.72 SD), with a minimum of 3 and a maximum of 9. Twenty-four age- and sex-matched healthy subjects were recruited. The assessment of PPT revealed a reduction in pain threshold in subjects with OFP in all the sites of assessment compared to healthy subjects. Differences between groups were statistically significant (Figure 2). Reduction in PPT in subjects with OFP compared to healthy subjects was observed even after removing people with fibromyalgia from the analysis (p < 0.05 for all the sites of assessment). Stratifying patients according to psychological assessment performed with RDC/TMD Axis II, we observed differences in PPT between groups of subjects with moderate or severe symptoms compared to those with low or mild; significant differences were recorded only for pain-related disability and depression (p = 0.045 and p = 0.023, respectively) (Table 2). No significant differences in pain threshold were identified in patients with CS signs. Positive correlations were found between CS and psychological disorders for every class of impairment ρ = 0.331 for depression, ρ = 0.575 for NSPS, ρ = 0.365 for catastrophizing), without reaching significant level.


TABLE 1. Descriptive data for the sample.
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FIGURE 2. Mean pressure pain threshold of the two samples. PPT, pressure pain threshold; lb, libre; OFP, orofacial pain; *p < 0.01; **p < 0.001.



TABLE 2. Pressure pain threshold for classes of impairment.
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EEG Results

The average PSD z-score values for OFP and healthy individuals for both conditions are presented in Table 3. We did not notice specific qualitative trends in the PSD values between OFP and healthy controls, which translated in the absence of statistically significant differences in the ANOVA in the PSD calculated from all electrode clusters in all frequency bands among the two groups (Table 4). However, we observed a marked decrease in PSD values for both groups between the two conditions in the alpha and beta bands. This observed decrease in PSD translated in statistically significant differences in the ANOVA between the two conditions for all clusters in the alpha band and for clusters F3 and C3 in the beta band. In the gamma band, we observed a general qualitative trend of increased PSD values in both groups in most clusters. This trend translated in statistically significant differences in the ANOVA for all clusters (with the exception of P4) in the gamma band. The interaction analysis (Table 4) suggests that the differences observed in the gamma band are group-specific. We then analyzed the group-specific relative changes in PSD values due to the pain stimulus. This was done by expressing the z-score PSD values extracted during the PS trial and expressed as percentage changes with respect to the same values extracted during the EO trial. We observed a qualitative increase in the relative PSD values (with respect to the eyes open trial) in the gamma band in the controls that were localized mostly in the occipital region. In the patients, differently than the controls, increased values of PSD in the gamma band were instead observed in the central and frontal regions (C3/C4 F3/F4 electrodes) (Figure 3).


TABLE 3. PSD values, expressed as mean (standard deviation) of the z-scores, for the different clusters, across all frequency bands, for the orofacial pain (OFP) patients and the healthy controls (HC) for the eyes open (top table) and pain stimulus (bottom table) conditions.
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TABLE 4. Results of the ANOVA two-way analysis performed between groups [orofacial pain (OFP) and healthy controls (HC)], conditions [eyes open (EO) and pain stimulation (PS)], and the interaction between group and condition, expressed as p-value and the relative F statistic in parenthesis.
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FIGURE 3. Electrode-level maps of the percentage changes in the z-values of the power spectral density in the different bands between the open eyes resting task and the pain stimulus task. The top row represents the healthy controls; the bottom row, the orofacial pain (OFP) patients.




DISCUSSION

In this observational study, we tried to describe features and clinical signs of people with chronic OFP due to TMD by comparing them with healthy controls. Our main finding revealed that people who suffer from this debilitating condition present a generalized reduction in PPT. This reduction in pain threshold was observed not only in facial sites but also in areas not involved by pathology, such as the upper trapezius and the thenar eminence. The phenomenon we observed may be due to CS, an increased responsiveness of nociceptive neurons to subthreshold input (Loeser and Treede, 2008). Fillingim et al. (2018) in their longitudinal study found that individuals who transitioned from being TMD-free to a TMD state tended to show reduction in PPT limited to the orofacial region and not to other body sites. The discrepancy between these and our results may be explained by the difference in time elapsed between OFP onset and PPT assessment in the two studies.

Fillingim et al.’s (2018) research did, in fact, involve a long-term follow-up, in which years separated original and follow-up assessments.

Again from the OPPERA study, Greenspan et al. (2011) found that people with chronic TMD were more pain-sensitive than controls to many mechanical and thermal stimuli, with particular sensitivity to pressure stimulation, applied to symptomatic and asymptomatic body sites.

In our study, PPT was assessed in patients with OFP from a median time of 33 months. Chronic pain, critical in development of CS, has to last for more than 3 months to be defined as such (Treede et al., 2015). Pain lasting for a shorter time may not contribute to hyperexcitability of the CNS, one of the main features of sensitization process (den Boer et al., 2019). In our study, we included patients with fibromyalgia, and this may represent a confounding factor in PPT assessment (Maquet et al., 2004). However, the analysis performed on the sample after exclusion of fibromyalgia patients showed no differences compared with the whole sample. Stratification of people with OFP based on psychological disorder severity revealed that subjects with moderate or severe depression and high level of pain-related disability showed generalized reduction in PPT. A large systematic review on pain sensitivity and depression found uncertain results about mechanisms underlying their relationship (Thompson et al., 2016). However depression and pain sensitivity frequently occur together (Von Knorring et al., 1983; Von Korff et al., 1988; Bair et al., 2003; Lépine and Briley, 2004; Agüera-Ortiz et al., 2011), probably due to dysfunction at the level of the serotonergic and noradrenergic neurons that affects not only psychological and somatic symptoms of depression but also physical painful symptoms (Stahl and Briley, 2004). Another possible explanation of the aforementioned results is that depressed people react negatively to painful stimulation with stronger emotional involvement. A reduction in PPT as sign of CS may explain the link between sensitization of the CNS and emotional comorbidities. Smart et al. (2012) in their study on patients with low back pain reported significantly greater levels of pain-related disability, depression, and anxiety in people with signs of CS compared to those with nociceptive or neuropathic pain. Strong relationship between CS and psychological symptoms is confirmed by our analysis. What needs to be clarified is the causal link between them, establishing if psychological disorders are involved in causing sensitization or whether they are a consequence of a sensitized system.

To our knowledge, the current study is the first investigating EEG PSD during PPT assessment in people with OFP vs. healthy control subjects. In this study, we found no differences between patients and control subjects during resting and pain stimulus trials. Our results about the reduction in the EEG alpha power during pain stimulation, which we observed in both cohorts, had already been observed in literature, without distinction between phasic or tonic pain (Chang et al., 2002; Peng et al., 2015). We observed also an increase in gamma band activity across all the electrodes between the two conditions. This translated, in the OFP patients, in a qualitative relative (with respect to the resting condition) increase in the central and prefrontal activity in the gamma band during peripheral stimulation just before stimulus was perceived as painful. Other studies investigating resting state EEG in people with chronic pain described significant overactivation of regions involved in the pain network. Prichep et al. (2018) recorded overactivity in insula areas, parietal lobule, thalamus, and the dorsolateral prefrontal cortex; significant differences between normal and pain patients were found in mid and posterior cingulate. Generalized overactivity was described in all areas belonging to the “pain matrix.” Our findings of an increase in gamma activity in the prefrontal areas may further support the model proposed by Baliki and Apkarian (2015) on dissociation in processing of longer lasting pain and nociceptive information. The authors described a dissociation of prefrontal component of the default mode network (DMN) in different types of chronic pain (Baliki and Apkarian, 2015). In fMRI studies, the DMN was described as one of the three brain systems that, with their dynamic interactions, are involved in spontaneous attentional fluctuations toward and away from pain (Kucyi and Davis, 2015). The DMN is activated when subject attention is not engaged by sensations from the external world (Andrews-Hanna et al., 2014). In opposition to the DMN, a system known as the salience network (SN) works to track how external stimuli capture attention (Downar et al., 2000, 2001, 2002, 2003; Mouraux et al., 2011; Uddin, 2015). Prefrontal areas, in particular dorsolateral prefrontal cortex, are part of the SN (Seeley et al., 2007; Kucyi et al., 2012). Although in our study we did not observe statistically significant differences between patients and controls, an overactivity of the prefrontal cortex recorded in patients with OFP due to TMD may be representative of an exaggerated engagement of SN in people with long-lasting pain and a general tendency to focus attention on external stimuli that could generate pain. Similar results of increased prefrontal gamma activity were reported in chronic back pain patients (May et al., 2019) and patients with postherpetic neuralgia and fibromyalgia (Lim et al., 2016; Zhou et al., 2018). The association between gamma oscillations and involuntary attentional effects of pain has been well described in literature (Hauck et al., 2007; Tiemann et al., 2010; Schulz et al., 2015; Hansen et al., 2017) and has great relevance in cortical networks for behavioral and cognitive phenomena (Uhlhaas et al., 2009).

Increased activity of the primary motor cortex (M1) area in people with chronic pain has been previously described in literature in various musculoskeletal conditions (Di Pietro et al., 2013; Schabrun et al., 2015, 2017; Te et al., 2017). A recent systematic review found inconclusive results with regard to abnormal M1 activation in pain conditions due to the heterogeneity of studies and assessment tools (Chang et al., 2018). Our results seem to underlie abnormal brain activity recorded by C3/C4 electrodes just before the peripheral stimulus became painful. Increased gamma activity may indicate increased muscle activity during pain, which contaminates EEG signal during pain stimulation. However, we did not record muscular activity during pain threshold assessment (Whitham et al., 2007; Dowman et al., 2008). Furthermore, muscular activation would also be highlighted by altered EEG signal during the recording.

Movement dysfunction such as unnecessary protective behavior may justify our findings, when patients received a stimulus perceived as threatening. The primary motor cortex has already been target of brain stimulation treatment, with a positive impact on pain relief (Fregni et al., 2006; Straudi et al., 2018). Abnormal function of motor and prefrontal cortex during stimulus perception may be due to neuroplastic changes that occur in the human brain subjected to long-lasting pain. Neurophysiological adaptations occur and seem to persist over peripheral tissue healing time in presence of emotional and behavioral aspects of pain that cause maladaptive changes in areas not normally involved in pain perception (Mansour et al., 2014). Structural as well as functional changes have been described in frontal and motor areas of patients with chronic pain due to coxarthrosis (Rodriguez-Raecke et al., 2013).

Interpretation of our findings is subject to several limitations. First, the small sample size does not allow us to confirm our results on PPT and EEG recordings. Even though CS may be hypothesized looking at our results, we cannot draw any definitive conclusion on the mechanism underlying sensitization of CNS. Second, interpretation of our results must consider the inclusion in our sample of fibromyalgia patients whose sensitivity to pain may influence their PPT.



CONCLUSION

In a convenience sample of patients with OFP due to TMD we observed generalized reduction in PPT compared to age- and sex-matched healthy controls, not limited to facial sites. Generalized decrease of pain threshold seems to be linked to the severity of psychological symptoms such as depression and perceived health-related disability. Abnormal EEG activity was recorded during painful stimulation of non-painful sites of patients with OFP due to TMD. This observational study tried to identify potential signs of CS through the analysis of patients’ sensory and psychological profiles and brain activity. Our results can open doors to new strategies for the assessment and treatment of patients with CS due to chronic pain conditions.
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Introduction: Orofacial pain features may negatively influence a person's well-being and vice versa. Some aspects of well-being can be measured with axis II instruments that assess patients' psychosocial and behavioral status. The aim of this study was to investigate associations between pain features and psychosocial variables as indicators of well-being.

Materials and Methods: Seven hundred ninety-nine anonymized datasets collected using the Web-based Interdisciplinary Symptom Evaluation (WISE) of patients reporting to the Interdisciplinary Orofacial Pain Unit, University of Zurich, between March 19, 2017 and May 19, 2019, were analyzed. Pain features including intensity, number of locations, impact, and duration were evaluated. Psychometric measures assessed pain-related catastrophizing and disability, illness perception, distress, anxiety, depression, injustice experience, dysmorphic concerns, and insomnia.

Results: Most patients were between 30 and 59 years old (58.3%), female (69.8%), working (66.0%), and experienced pain for more than 6 months (68.5%). Pain intensities were higher in women than men and higher in disabled than working patients. Scores indicating elevated stress and depression were also observed in disabled patients. The sample prevalence rates of clinically relevant axis II instrument scores were as follows: Graded Chronic Pain Scale for the Head (GCPS-H), 27%; Patient Health Questionnaire 4 (PHQ4), 21%; PHQ9, 21%; Pain Catastrophizing Scale (PCS), 20%; General Anxiety Disorder 7 (GAD7), 15%; Insomnia Severity Index (ISI), 15%; Injustice Experience Questionnaire (IEQ), 14%; GCPS for the Body (GCPS-B), 13%; PHQ for Stress (PHQstr), 6%; and Dysmorphic Concern Questionnaire (DCQ), 2%. Noteworthy results of correlation analysis of the clinically relevant axis II scores and pain measures were as follows: the PHQstr had moderate associations (0.34–0.43) with the sum of pain intensity at rest and during function, number of pain locations, and typical pain intensity. The IEQ scores were moderately associated with typical pain intensity at 0.39. The DCQ scores were moderately associated with pain extension at 0.41.

Conclusions: Moderate correlations of certain pain and well-being measures were found in patients reporting clinically relevant stress, injustice experience, and dysmorphic concern, all of which reflect impaired well-being. PHQ4 is suitable for routine distress screening in the clinical setting.
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INTRODUCTION

Pain is a complex, multidimensional construct that includes features such as intensity (at rest and during movements), spread, symmetry, chronicity, and impact of pain. Analogous to pain in any other body region, orofacial pain (OFP) negatively influences well-being and vice versa (1). Well-being can be conceptualized as a spectrum, with happiness, minimal distress, and high well-being at one end and elevated depression, anxiety, and low well-being at the other (2). Diverse psychometric instruments exist for indirectly measuring well-being, e.g., the Hospital Depression and Anxiety Scale, the General Health Questionnaire, the Perceived Stress Scale, and the Positive and Negative Affect Schedule (3). Accordingly, a well-being proxy measure may consist of a diverse set of psychometric instruments that offer information on a patient's psychological and behavioral status. From a pain management perspective, well-being proxy measures, such as anxiety, depression, catastrophizing, and others, are all relevant in influencing treatment outcomes in patients experiencing OFP and temporomandibular disorders (TMDs) (4–7). Another important negative influence on well-being is unemployment, resulting in feelings of worry, insecurity, and stress due to changes in the patient's financial situation (8, 9).

Pain and well-being are interrelated. Hence, a dual-axis diagnostic system has been proposed for evaluating patients experiencing OFP and TMD (10). This system differentiates physical diagnoses (which can be grouped into axis I) from the patients' psychosocial and behavioral status (known as axis II) reflecting their well-being. Notably, axis I diagnoses are categorical in nature, such as temporomandibular joint disc displacement or arthritis, while axis II construct measures have ordinal values. According to an international expert panel, axis II instruments aim at assessing the psychosocial and behavioral status (including pain-related disability) (11). For the purpose of this paper, we refer to pain as a symptom and not as a diagnosis or psychological status per se. Sleep has been proposed as an additional axis II construct because a strong relationship between self-assessed sleep disturbances, OFP, and TMD has been observed (12, 13). Perceived injustice, anger, illness perception, catastrophization, and dysmorphophobia are additional potential moderators of the pain–to–well-being relationship (14–17).

The Web-based Interdisciplinary Symptom Evaluation (WISE) is an online tool based on self-reports that assists clinicians in the comprehensive assessment of patients with OFP or TMD (18). WISE records sex, age, and employment status. This evaluation further combines a description of pain features with widely available in-depth psychometric measures. The automatically generated summary report supports clinicians in identifying case complexity and disability levels. WISE thus facilitates resource planning for the initial consultation, such as allocation of time and appropriate healthcare specialists. Anonymized WISE data can be extracted for research purposes.

Using anonymous data collected by the WISE tool, the aim of this study was to correlate pain features with other axis II construct measures reflecting well-being in patients experiencing OFP of mixed etiologies. Further, we analyzed whether known confounders such as sex, age, employment status, and pain duration influenced psychometric scores and pain features.



MATERIALS AND METHODS


Subjects

This study included 799 anonymized WISE datasets of patients reporting to the Interdisciplinary Orofacial Pain Unit, Center of Dental Medicine, University of Zurich, Switzerland, between March 19, 2017 and May 19, 2019. The spectrum of axis I diagnoses encountered in this unit has been reported elsewhere (16). Patients completed the WISE questionnaire prior to their first clinical appointment. Anonymized data were retrieved from a server located at Hof University of Applied Science, Germany, and exported in csv format for statistical analysis. According to Swiss law, researchers can use strictly anonymized data and do not require approval by an ethics committee. Only fully completed WISE datasets of patients reporting OFP were analyzed, given that the subjects consented to the use of their anonymized data for research. Data related to non-painful symptom reports were excluded.



Web-Based Interdisciplinary Symptom Evaluation Datasets

The WISE system is a Web-based instrument for interdisciplinary subject-tailored symptom evaluation in patients experiencing OFP and TMD (18). WISE combines a symptom-oriented checklist with validated in-depth questionnaires, also referred to as case finding instruments. The questionnaires are presented when the checklist scores exceed threshold values and thus indicate a burden related to the screening item. Graphical maps offer patients the opportunity to indicate their pain location, intensity, and duration in various defined oral and cranial tissues as well as other body regions. In addition to pain measures, several other psychometric instruments are integrated. Only German and English versions of the WISE were completed. German versions of the applied measures are available. The following variables from the WISE datasets were used in this study.


Pain Features

Pain features were captured by detailed interactive pain maps of the head and neck and front/back view maps of the rest of the body. Pain locations were differentiated by 93 selectable anatomical areas across the entire body and 72 areas across the head and neck region (Figure 1). Patients marked painful areas by clicking on a defined area and reported the typical pain intensity at rest and upon movement. Both were reported for the last 4 weeks on an 11-point numeric rating scale (NRS) for pain. Different pain intensities at rest were represented by gradients of red, and different pain intensities upon movement were captured by graded widths of anatomical green borders.


[image: Figure 1]
FIGURE 1. Example of a pain diagram with marked pain locations. The most intense red hue signifies the highest pain intensity in the sternocleidomastoid muscle. The broadest green border reflects the highest pain intensity upon jaw movement in the masseter area.


Using the same NRS, typical (PI-typ) and maximum (PI-max) pain intensities of the chief complaint were additionally reported. Pain extension for the body (P-ext-B) was defined as the total number of pain locations across the entire body and pain extension for the head (P-ext-H) was defined as the number of pain locations across the head and neck region (left part of Figure 1). Pain impact at rest and pain impact upon movement were calculated as the sum scores of pain intensities across the head and neck region at rest (∑-PI-rest-H) and upon movement (∑-PI-move-H), respectively. The duration of OFP (P-dur) as a measure of chronicity was grouped by intervals: <3 months, 3–6 months, 6 months−2 years, 2–5 years, >5 years.



Axis II Psychometric Measures


Brief Illness Perception Questionnaire

The Brief Illness Perception Questionnaire (B-IPQ) (19–21) assesses cognitive and emotional representations of illness and health threat. Eight questions covering different aspects of illness perception were rated on an NRS ranging from 0 to 10. The maximum score is 80. No cutoff score has been reported for this questionnaire. Test–retest reliability of the single items of the B-IPQ ranged from 0.48 to 0.70; a coefficient alpha value was not reported.



Dysmorphic Concern Questionnaire

The Dysmorphic Concern Questionnaire (DCQ) (22, 23) assesses excessive preoccupation with an imagined or a real minimal defect in appearance that is associated with a significant impact on psychosocial functioning. The questionnaire consists of seven items that cover different aspects of dysmorphic concern. Each item is rated on an ordinal scale ranging from 0 to 3, resulting in a maximum sum score of 21. A cutoff score of nine indicates a possible body dysmorphic disorder. The following coefficient alpha for the DCQ has been reported: 0.85; test–retest reliability was not reported.



Graded Chronic Pain Scale Version 2.0 for the Head or for the Body

The Graded Chronic Pain Scale (GCPS) (24) consists of three pain intensity scales ranging from “no pain” (=0) to “pain as bad as it could be” (=10) assessing current, worst, and average pain intensity for the last 30 days. The disability days report the number of days being kept from daily activities by pain for the last 3 months. The number of days determines a disability score ranging from 0 to 3. Three additional scales measure the interference by pain during (1) daily activities, (2) recreational, social, and family activities, and (3) working ability on a scale from “no interference” (=0) to “unable to carry on any activities” (=10) for the last 30 days. The average value of these three disability scales yields a disability score ranging from 0 to 3. Combining the pain activity interference score with the disability day score results in a disability sum score ranging from 0 to 6. Two separate disability scores due to pain in the head (GCPS-H) or the body (GCPS-B) were calculated. Scores ≥3 are considered as high disability and severely limiting. The following coefficient alpha has been reported: 0.71 for TMD pain; test–retest reliability has not been reported.



General Anxiety Disorder 7

The General Anxiety Disorder 7 (GAD7) (25) assesses general anxiety in primary care patients. Seven items cover different aspects of general anxiety. For the question “Over the last 2 weeks, how often have you been bothered by the following problems? “items are scored on a four-point scale from not at all” (=0), “several days” (=1), “half of the days” (=2), and “nearly every day” (=3). Summary scores range from 0 to 21 and indicate anxiety levels of “none/minimal” (0–4), “mild” (5–9), “moderate” (10–14), or “severe” (>14). The following coefficient alpha has been reported: 0.92; for test–retest reliability: 0.83.



Injustice Experience Questionnaire

The Injustice Experience Questionnaire (IEQ) (26–28) assesses injustice experienced due to accidents, injuries, or maltreatment. Twelve items reflect the frequency of thoughts, beliefs, and emotions associated with injury. They are rated on a scale with the following response options: “never” (=0), “rarely” (=1), “sometimes” (=2), “often” (=3), to “all the time” (=4). The maximum score is 48. Scores ≥18 indicate the need for professional evaluation. The following coefficient alpha has been reported: 0.92; for test–retest reliability: 0.90.



Insomnia Severity Index

The Insomnia Severity Index (ISI) (29, 30) screens for sleep disorders by measuring the severity of insomnia problems, sleep-related satisfaction, and interference on a scale of “none” (=0), “mild” (=1), “moderate” (=2), “severe” (=3), and “very severe” (=4) for the items falling asleep, staying asleep, and waking up too early over the past 2 weeks. On a scale from “very satisfied” (=0), “satisfied” (=1), “moderately satisfied” (=2), “dissatisfied” (=3), to “very dissatisfied” (=4), the patient indicates how satisfied/dissatisfied he/she perceives his/her current sleep pattern. On three additional scales from “not at all” (=0), “a little” (=1), “somewhat” (=2), “much” (=3), to “very much” (=4), the patient is asked how much he/she considers his/her sleep problem to interfere with daily activities, how noticeable the interference by his/her sleep problem is to others, and how worried/distressed the patient is because of his/her sleep problem. The maximum score is 28, with scales of “none” (0–7), “subthreshold” (8–14), “moderate” (15–21), or “severe” (>21). The following coefficient alpha has been reported: 0.74; test–retest reliability was not reported.



Pain Catastrophizing Scale

The Pain Catastrophizing Scale (PCS) (31, 32) assesses catastrophizing thoughts and corresponding behavior. The questionnaire has 13 items that are scored on a five-point ordinal scale [“not at all” (=0), “to a slight degree” (=1), “to a moderate degree” (=2), “to a great degree” (=3), or “all the time” (=4)]. Scores can also be calculated for three subscales of helplessness, maximizing, and ruminating. The maximum value is 52 for the entire questionnaire. The corresponding cutoff values are 13 for helplessness, five for maximizing, 13 for ruminating, and 30 for the entire questionnaire. These cutoff values correspond to the 75th percentile. The following coefficient alpha has been reported: 0.87; for test–retest reliability: 0.75.



Patient Health Questionnaire 4

The Patient Health Questionnaire 4 (PHQ4) (33) screens for anxiety and depression. This questionnaire consists of two subscales, GAD2 (items one and two of the GAD7) and PHQ2 (items one and two of the PHQ9). Items are scored on an ordinal scale ranging from 0 to 3 using the same labels as the GAD7. Scores can be calculated for the two subscales (maximum score = 6) and overall (maximum score = 12). Scores ≥6 for the total score and three for the sub-scores indicate expert evaluation referral. The following coefficient alpha has been reported: 0.87; for test–retest reliability: 0.81.



Patient Health Questionnaire 9

The PHQ9 (34, 35) assesses the severity of depression. Nine items covering different aspects of depression are scored on an ordinal scale ranging from 0 to 3 using the same labels as the GAD7. Summary scores range from 0 to 27, indicating depression levels of “none/minimal” (0–4), “mild” (5–9), “moderate” (10–14), “moderately severe” (15–19), or “severe” (>19). A cutoff score range of 8–11 has been recommended for expert evaluation referral. The following coefficient alpha has been reported: 0.89; for test–retest reliability: 0.84.



Patient Health Questionnaire for Stress

The Patient Health Questionnaire for Stress (PHQstr) (34, 36) is a 10-item subscale of the Primary Care Evaluation of Mental Disorders (PRIME-MD) Patient Health Questionnaire that addresses psychosocial stress burden. Items are scored on an ordinal scale ranging from “not at all” (=0), “a little” (=1), to “a lot” (=2). Summary scores range from 0 to 20 indicating the degree of psychosocial stress burden by the following levels: “none/minimal” (0–4), “mild” (5–9), “medium” (10–14), or “severe” (>14). No coefficient alpha nor test–retest reliability was reported.





Statistical Analysis

The data were analyzed using SPSS (Version 22, Armonk, New York). Descriptive statistics were used to characterize the datasets. Spearman rank correlation was used for correlation analysis. To determine the effect size, small (0.1 < r < 0.3), moderate (0.3 < r < 0.5), and strong (r ≥ 0.5) were used for the different association levels (37). Analysis of variance was used with a Bonferroni or Tamhane correction for post hoc testing depending on whether the variances were equal or not. A significance level of ≤0.05 was considered statistically significant.




RESULTS

Most patients were female (N = 558; 69.8%), with a female-to-male ratio of 2.3:1. Among the patients, 73.6% (N = 588) were 20–59 years old, 66.0% were working (N = 527), and 84.4% suffered from pain for more than 3 months (N = 675) (Table 1).


Table 1. Sample characteristics (N = 799).

[image: Table 1]

The descriptive statistics of various pain measures are shown in Table 2. On average, patients had 8.69 pain sites across the entire body and 5.54 pain sites across the head region. The mean typical pain intensity was 4.91, and the mean maximum pain intensity was 7.10. With an average of 33.4, the intensity sum score at rest was lower compared with upon movement (38.2).


Table 2. Descriptive statistics of pain measures used in the study (N = 799).

[image: Table 2]

We determined the influence of patient characteristics (sex, age, employment status, and pain duration) on the mean of the assessed pain features. Sex had a significant influence on PI-typ, PI-max (Figure 2), and ∑-PI-rest-H, with women reporting higher mean values. Effects of age were found for P-ext; patients aged 30–39 years indicated more pain locations compared with older patients (>60 years old). Employment status demonstrated significant effects on all pain-related measures. Disabled patients significantly indicated more pain locations compared to employed patients, patients in training, or retired patients. Working patients presented more pain locations compared to retired patients. The highest typical and maximum pain intensities were reported by patients without a job and by disabled patients (Figure 2). The ∑-PI-rest-H was highest in disabled patients. Pain duration had significant effects on all pain-related measures, except for PI-typ and PI-max. The number of pain locations, ∑-PI-rest-H, and ∑-PI-move-H increased with the duration of pain.


[image: Figure 2]
FIGURE 2. Analysis of variance between selected patient characteristics (sex, employment status) and selected pain features (P-ext-H, number of pain locations across the head and neck region; PI-typ, typical pain intensity; PI-max, maximum pain intensity); Post hoc tests with Bonferroni correction or Tamhane correction (*P ≤ 0.05 **P ≤ 0.01 ***P ≤ 0.001).


The number of patients who completed one of the case finding questionnaires ranged from 216 (GAD7) to 799 (PCS, PHQ4, and PHQstr). The percentage of patients reaching a clinically relevant score (cutoff) ranged from 5.1% (DCQ) to 73.7% (PHQ9) (Table 3).


Table 3. Scores of the axis II psychometric measures [Note that ≥ cutoff score (CO) indicates clinical relevance].

[image: Table 3]

The analysis of variance of the selected mean axis II domain scores grouped by selected patient characteristics (age group and employment status) is shown in Figure 3. There were no significant effects of age on axis II measures, except that older patients (>60 years) had lower PHQstr scores than those aged 30–59 years, and patients in the middle age groups had a higher PHQ4 score than those in the younger age groups and in older patients. Employment status had a significant effect on several measures. GCPS-H scores were higher among disabled patients or patients with no job than among trainees, working, or retired patients; GCPS-B scores were higher in disabled patients than in trainees, working, or retired patients. PCS and PHQ4 values were higher in disabled patients or patients with no job compared with trainees, working, or retired patients. PHQ9 scores were higher in disabled than in retired or working patients, and PHQstr scores were higher in disabled patients than in trainees, working, or retired patients. Pain duration had no significant effect on psychosocial variables except for PHQ4 and PHQstr, where patients experiencing pain longer than 5 years had higher mean values compared with patients with a pain duration of <3 months.


[image: Figure 3]
FIGURE 3. Analysis of variance between selected patient characteristics (age group, employment status) and selected axis II measures [Patient Health Questionnaire 4 (PHQ4), Patient Health Questionnaire Stress (PHQstr), General Anxiety Disorder 7 (GAD7), Graded Chronic Pain Scale-Head (GCPS-H), Graded Chronic Pain Scale-Body (GCPS-B), Pain Catastrophizing Scale (PCS), Patient Health Questionnaire 9 (PHQ9)]; Post hoc tests with Bonferroni correction or Tamhane correction (*P ≤ 0.05 **P ≤ 0.01 ***P ≤ 0.001). Maximum scores are listed in Table 3. Black bars indicated cutoff scores of the respective psychometric instrument.


For the correlations between various pain features and axis II measures (Figure 4A), the following five pain features showed moderate correlation effects (r ≥ 0.30; P < 0.50) with other axis II measures: (1) ∑-PI-rest-H with PCS, PHQ4, PHQstr, GAD7, IPQ, GCPS-H, and GCPS-B; (2) ∑-PI-move-H with PCS, PHQ4, GCPS-H, and GCPS-B; (3) PI-max with PCS, IPQ, and GCPS-H; (4) PI-typ with PCS and GCPS-H; and (5) P-ext-B with PHQ4 and PHQstr. Pain duration showed only weak or no correlations with all pain measures. All other axis II measures (IEQ, ISI, and DCQ) only had weak or no correlations with pain features.


[image: Figure 4]
FIGURE 4. Correlations between scores of pain measures and scores of axis II measures as proxies for well-being [Pain measures number of pain locations across the entire body (P-ext-B), number of pain locations across the head and neck region (P-ext-H), summary score of pain intensity at rest across the head and neck region (∑-PI-res-H), summary score of pain intensity upon movement across the head and neck region (∑-PI-move-H), maximum pain intensity (PI-max), typical pain intensity (PI-typ), and pain duration (P-dur) and axis II measures Graded Chronic Pain Scale-Head (GCPS-H), Graded Chronic Pain Scale-Body (GCPS-B), Pain Catastrophizing Scale (PCS), Patient Health Questionnaire 4 (PHQ4), Patient Health Questionnaire 9 (PHQ9), General Anxiety Disorder 7 (GAD7), Patient Health Questionnaire Stress (PHQstr), Illness Perception Questionnaire (IPQ), Injustice Experience Questionnaire (IEQ), Dysmorphic Concern Questionnaire (DCQ), and Insomnia Severity Index (ISI); Spearman rank correlation was used for the analysis (P = 0.05), and darker blue shades represent higher correlations]. (A) Correlations between scores of pain measures and all scores of axis II measures. (B) Correlations between scores of pain measures and scores above clinical relevance of axis II measures.


From Figure 4B, when correlation analyses were performed after dichotomizing questionnaire scores into above and below cutoff values, we found that PHQstr scores above nine (N = 46) significantly correlated with levels of P-ext, PI-typ, ∑-PI-rest-H, and ∑-PI-move-H (r = 0.34–0.47; P < 0.05). GCPS-B scores above cutoff level (N = 107) significantly correlated with P-ext-B and ∑-PI-move-H (r = 0.30 and 0.31, respectively; P < 0.001). DCQ scores above cutoff level (N = 22) moderately correlated (r = 0.32–0.41) with P-ext, PI-max, ∑-PI-rest-H, and ∑-PI-move-H. IEQ scores above cutoff level (N = 93) significantly correlated with PI-typ (r = 0.39; P < 0.001). ISI scores above 14 (N = 121) significantly correlated with PI-typ (r = 0.31; P < 0.001).



DISCUSSION

The aim of this study was to further understand the pain–to–well-being relationship in patients experiencing OFP. Thus, the relationships between various pain features and other psychometric measures as indicators of well-being were analyzed. Furthermore, pain features and psychometric scores were analyzed with regard to patient characteristics, such as gender, age group, employment status, and pain duration.



Data Origin and Sample Characteristics

Anonymized data were derived from a large clinical cohort of 799 patients who completed the WISE between March 19, 2017 and May 19, 2019. This comprehensive evaluation tool is routinely used in the Orofacial Pain Unit of the Center of Dental Medicine, University of Zurich, to plan the resources for the initial consultation, such as allocation of time and appropriate healthcare specialists. Table 1 indicates that the gender proportion and age distribution matched those reported in other studies on patients seeking care for OFP (16, 38–40). Three quarters of our sample were in training or working, while 6.5% of patients were disabled. Most patients were considered chronic pain sufferers since more than 80% of them experienced pain longer than 3 months (41).



Pain Scores and Relation to Patient Characteristics

On average, patients reported pain in ~9 of possible 93 locations as defined in the diagrams in Figure 1, indicating that the majority experienced locoregional pain. On the 11-point numerical pain scale, the reported mean pain intensity was moderate (4.9), with a mean maximum intensity of 7.1. As expected, pain was more intense upon movement compared to at rest (Table 2). Pain intensities were higher in women than men and higher in disabled than working patients (Figure 2). As was previously reported, pain is generally more prevalent in females in the head and neck areas (42, 43). Somewhat counterintuitively, pain extension decreased from middle to old age as was reported in fibromyalgia patients (44). This may be due to the observation that OFP origins shift across age from myogenic to neurogenic (e.g., trigeminal neuralgia) and the latter being typically a localized pain (45, 46). This may also explain why working subjects indicated more pain locations than those retired. Recent findings do not indicate that OFP mediates the relationship between socioeconomic inequalities (linked to disability) and the impacts of oral conditions on daily life (47).



Well-Being Scores

Table 3 summarizes the axis II questionnaire scores serving as proxies for well-being. The PHQ4 is part of the WISE checklist and was therefore completed by all patients. All patients were also asked to complete the PCS due to relevant associations of pain catastrophizing with pain-related disability, number of painful body sites, and pain-related impact (7). The sample prevalence rates of clinically relevant axis II instrument scores (above cutoff) in descending order were as follows: GCPS-H, 27%; PHQ4 and PHQ9, 21%; PCS, 20%; GAD7, 15%; ISI, 15%; IEQ, 14%; GCPS-B, 13%; PHQstr, 6%; and DC, 3%. No cutoff value has been reported for the IPQ. The GCPS can predict the healthcare utilization cost for chronic OFP patients (48). Approximately one in four patients experienced moderate or severe impairment due to craniofacial pain (and 13% due to bodily pain). Almost as many had PHQ scores that warrant further evaluation for depression, whereas 15% experienced symptoms characteristic of a GAD. The 20% of patients reporting pain catastrophizing scores above 29 might have an elevated risk of delayed pain recovery (49). Pain catastrophizing was demonstrated to mediate the effects of distress in OFP patients, which was attributed to the helplessness component of the PCS (50). Due to the sample overlap, the prevalence of moderate and severe grades of insomnia (15%) confirms the 16% we previously reported (13). A novel finding of this study is that approximately one in seven patients (14%) perceived injustice of a clinically relevant level. It is noteworthy that patients concerned about injustices in the treatment they receive are vulnerable to greater emotional distress, prolonged work disability, invalidating or stigmatizing reactions of others, and poor pain-related outcomes (51–53). According to Sullivan (54), blame cognitions may have an impact on feelings of anger and revenge motives that warrant interventions to alter the individual's perceptions of the offender. Although perceived stress has been reported to predict the incidence of painful TMDs, the number of patients (6%) reporting medium to severe stress on the PHQstr was rather low in this sample, likely due to the broad variety of pain origins (16, 18, 29). And only 2% reached clinically relevant DCQ scores. Health anxiety questionnaire was reported to have good association with OFP and other related syndromes (55) and was found to be a strong predictor of chronic OFP (56). However, we only observed moderate correlation between GAD7 score and ∑-PI-rest-H in our subjects. The inclusion of patients experiencing various types of disorders in this study is justified by the pain associations with axis II psychological and psychosocial variables independent of pain origin (57).



Well-Being Scores in Relation to Patient Characteristics

Women not only experienced significantly more intense pain than men (Figure 2) but also suffered significantly severer impairment (data not shown). A multitude of mechanisms has been proposed to explain sex differences in pain and emotional processing, including the effects of sex hormones, differences in endogenous opioid function, cognitive/affective influences, coping patterns, and contributions of social factors such as stereotypic gender roles (58, 59). In our sample, PHQ4 and PHQstr scores were highest in 50–59-year-old subjects, which is consistent with a Japanese study reporting PHQ scores being low in young adulthood, increasing in middle age (peaking during age 50–59), and then decreasing again in older age (60). The relationship between employment-related factors and chronic pain lacks adequate research (61). Our findings that being disabled and/or unemployed was negatively associated with various axis II instrument scores emphasize the need for routine collection of information on employment status to optimize clinical care and future research (62). It is noteworthy that daily activities are negatively influenced not only by pain itself but also by pain-related fear (63).



Correlations Between Pain and Well-Being Scores

As the structure of the WISE instrument is modular, not all 799 patients completed each axis II instrument or each pain-related questionnaire. However, everyone was requested to complete questions related to pain locations, intensities, and duration. None of the calculated correlations was strong (r ≥ 0.5). The fact that the PCS, PHQ4, and PHQstr were completed by all patients and the GCPS-H by nearly 90% of them largely explains their highest correlation levels with pain intensity variables and pain extension for the entire sample (Figure 4A). Such effects reversed when only cases with clinically relevant scores (above cutoff) were analyzed (Figure 4B). Our data thus support the routine use of PHQ4 as a screener for anxiety and depression in the clinical setting, as recommended by international expert panels (11). PEG, a three-item scale measuring pain intensity (P), interference with enjoyment of life (E), and interference with general activity (G), is another tool available for initial pain patient evaluation (64). Psychological comorbidity has been shown to influence patients' illness perceptions by means of pain ratings, treatment-seeking behavior, and treatment adherence, as well as recovery after surgical procedures (65–67).

The well-being of patients is more likely compromised when we defined compromised well-being by axis II scores at or above cutoff values. Figure 4B reveals that patients experiencing widespread pain and high sum intensity scores suffered high distress levels (PHQstr scores ≥10; N = 46; r = 0.34–0.47; all P-values <0.05). This confirms previous findings that self-reported stress independent of its origin (pain or non-pain-related) can initiate or exacerbate the impact of TMDs, chronic pain, and disability (68, 69). However, further research is needed to clarify the amount, timing, severity, and type of stress that is needed to contribute, maintain, and exacerbate persistent pain (70). While stress is often comorbid with anxiety, depression, as well as pain catastrophizing and persistence, clinically relevant scores of these domains did not significantly correlate with any pain measure in our study (6, 71–73). The low number of patients experiencing dysmorphic features (DCQ scores ≥9; N = 22) makes it difficult to interpret correlations with pain features. Still, this may be an interesting topic for further exploration.

A new and highly significant finding was that typical pain intensity moderately correlated with high scores on the IEQ (scores >17; N = 93). The IEQ has proven to be a good predictor for delayed healing in patients experiencing pain and post-traumatic stress (6, 74, 75). However, we are unaware of the use of this questionnaire in the OFP domain, except for its German-language validation (28). Notably, patients perceiving injustice also had pain for a longer duration compared to subjects with lower IEQ scores (r = 0.27; P < 0.001).

Although patients with OFP report sleep disturbances disproportionately more often compared with the general population (13), clinically relevant insomnia only associated with typical pain intensity at a moderate level, which is in line with previous observations (ISI scores >15; N = 121) (76). This finding indicates that other psychosocial variables likely contribute more to insomnia than the selected pain features, and it supports the notion that sleep impairment is more likely a predictor of OFP than pain is of sleep impairment (77). Surprisingly to us, pain duration did not correlate with any of the axis II measures employed in our study, except for a weak correlation with perceived injustice.

A key difference of this study as compared to the OPPERA studies (78) is that our sample is a pure clinical sample and therefore more likely represents a clinical population that most dentists encounter in their practices. Taken together, our results support Schiffman et al. (11) for the use of GCPS and PHQ4 as screening tools in clinical practice; however, for comprehensive assessments of orofacial patients' well-being, not only PHQ9 and GAD7 but also PHQstr, DCQ, IEQ, and ISI should be utilized by specialists to obtain a more in-depth evaluation of these patients.

Although it was not the main objective of this study, we also explored the correlations between various axis II instruments (data not shown) and, interestingly, found that IPQ and IEQ strongly correlated with PCS and PHQ4 (r = 0.55–0.61; P < 0.001).



Study Limitations

Since this is a cross-sectional study, we cannot draw definite causal conclusions regarding the relationship between pain and well-being. The WISE pain drawing allows patients to report on pain intensities in every region marked on the body diagram. When a person experienced pain in multiple locations, the limitation to a single numeric value for the typical (PI-typ) and maximum (PI-max) pain intensity characteristic of his/her chief complaint may have made the choice difficult. We did not attempt to capture psychological factors that influence pain intensity and distribution on pain drawings (79, 80), although we are aware of their importance in understanding the somatic awareness present in chronic pain conditions (81). Since the DC/TMD axis II measures currently do not cover some of the biopsychosocial aspects of interest in this study, which included a broad variety of OFP complaints beyond TMDs, we have incorporated several additional psychometric instruments in our data analyses. Most patients in this study had moderate pain intensities, which may explain why no strong correlation levels were detected in our analyses. The low prevalence of DCQ likely explains the lack of correlation between the DCQ and the assessed pain dimensions. Nevertheless, the fact that the correlation between dysmorphic concern and pain has not previously been reported warrants further investigations. This study did not examine the presence of additional painful comorbidities, although patients experiencing prolonged painful TMDs are at increased risk of suffering from other painful conditions (82). Furthermore, we did not employ a specific instrument for measuring well-being, such as the Warwick–Edinburgh Mental Well-Being Scale (83). Rather, our well-being proxy measures included the set of axis II constructs listed in the Materials and Methods section.



CONCLUSIONS

Due to the modular structure of the WISE that questions patients according to their symptom burden, a variable number of the 799 patients completed the axis II instruments. Pain intensities were higher in women than men and highest in patients with disabilities or no job. The latter group also had the highest scores for pain-related disability, pain catastrophizing, stress, and depression. Older patients (60+ years) had significantly lower stress scores and were less likely to report symptoms of anxiety or depression. When correlating pain and well-being measures, moderate associations were observed in patients reporting clinically relevant stress, insomnia severity, injustice experience, and dysmorphic concern. Surprisingly, compromised well-being in the form of anxiety, depression, and pain catastrophizing (clinically relevant scores of GAD7, PHQ9, and PCS) did not correlate with any of the pain measures. The results of this study support the clinical usefulness of the DC/TMD core assessment instruments, but also suggest measuring of sleep, catastrophizing, injustice experience, and dysmorphic concern as important dimensions for patients suffering from OFP symptoms. Further studies are needed to determine how pain and well-being influence each other, i.e., to clarify whether there are direct causal influences or influences mediated by other variables not investigated in this study. Preferably this would be related to a theoretical framework about relations between OFP, well-being, psychiatric disorders, and socioeconomic status.
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Numerous studies have analyzed the relationship between psychological factors and bruxism. However, the data are often obscured by the lack of precise diagnostic criteria and the variety of the psychological questionnaires used. The purpose of this study is to determine the association between awake bruxism and psychological factors (anxiety, depression, sociability, stress coping, and personality traits). With this aim, 68 participants (13 males) completed a battery of psychological questionnaires, a self-reported bruxism questionnaire, and a clinical examination. Based on their scores on the bruxism questionnaire and the clinical examination, subjects were divided into two groups. Subjects who met the criteria for “probable awake bruxism” were assigned to the case group (n = 29, five males). The control group (n = 39, nine males) was composed of subjects who showed no signs or symptoms of bruxism in the examination nor in the questionnaire. The probable awake bruxism group presented significantly higher levels of trait and state anxiety, symptoms of somatization, and neuroticism than the control group. Despite this, and when their problem coping strategies were considered, awake bruxers showed higher levels in Positive Reappraisal (p < 0.05), a strategy generally considered as adaptive. In conclusion, although awake bruxers in our study showed larger levels of anxiety, somatization, and neuroticism, they also displayed more adapted coping strategies, while according to previous data TMD patients (which generally also present high levels of anxiety, somatization and neuroticism) might tend to present less adaptive coping styles. Thus, awake bruxism may play a positive role in stress coping, which would be compatible with the hypothesis of mastication as a means of relieving psychological tension. This finding should be further confirmed by future research comparing TMD patients with definitive awake bruxers and controls and using larger and more representative samples.

Keywords: bruxism, anxiety, temporomandibular disorder (TMD), psichological factors, neuroticism, stress coping


INTRODUCTION

Awake bruxism is a masticatory muscle activity during wakefulness that is characterized by repetitive or sustained tooth contact and/or by bracing or thrusting of the mandible. Sleep bruxism is a masticatory muscle activity during sleep that is characterized as either rhythmic (phasic) or non-rhythmic (tonic) (1). Mixed episodes are formed by awake and sleep bruxism. Recent studies found a prevalence of 5.0% for awake bruxism and of 16.5% for sleep bruxism (2). However, its prevalence among the young college population is much higher, reaching 37.9% for awake bruxism and 31.8% for sleep bruxism (3). Recently, it has been argued that the mere presence of awake or sleep bruxism should not be considered pathological on its own in otherwise healthy individuals, but rather as a risk for other negative health consequences. Moreover, in some individuals, it could even have positive consequences for the bruxer (e.g., mediating the recovery from respiratory arousals or reducing teeth wear due to gastro-esophageal reflux by increasing salivation) (1).

Patients with awake bruxism are more likely to experience jaw pain and/or limitations of movement than patients with sleep bruxism, which highlights the importance of considering this distinction (4, 5). Furthermore, the etiology of bruxism is not completely clear. While it is thought that morphological and pathophysiological factors may be related to bruxism, the importance of psychosocial factors in its etiology is becoming clearer, particularly in the case of awake bruxism (6, 7). Indeed, psychological and social factors appear to be critical in the transition from non-symptomatic bruxism or teeth clenching to a painful disorder (8). Thus, traditional approaches centered on occlusal interventions are being replaced by more comprehensive approaches which place special emphasis on psychosocial factors which are considered by some authors to be the most important etiopathological factor in bruxism (8–10).

Among the psychological factors influencing bruxism, a recent exhaustive review singles out anxiety, sensitivity to stress, depression, and some personality characteristics while pointing out that the impact of these factors has been clearly demonstrated for awake bruxism, whereas evidence linking psychosocial factors and sleep bruxism is less clear (7). Thus, an accurate diagnosis of bruxism, along with a clear distinction between awake and sleep bruxism, appears of paramount importance. In addition, more detailed investigations underline the importance of perceived stress in relation to bruxism (1, 11). Furthermore, perceived stress is strongly related to poor stress coping strategies (12). Generally, stress-related coping can be defined as the predictable cognitive and behavioral efforts to manage environmental and internal demands or conflicts (13), and data point out that stress coping influences perceived stress, anxiety and depression, among other factors (14, 15). Maladaptive coping strategies have, in turn, been linked to negative pain experiences in TMD (10). However, there is a lack of studies exploring the role of different stress coping strategies in bruxism.

Therefore, the objective of this study was to investigate the role of coping in awake bruxism by studying the following psychological factors: depression, anxiety, stress, coping styles, and personality traits.



MATERIALS AND METHODS


Subjects

A total of 68 students (14 males, 54 females) were selected from a pool of 109 students who volunteered to participate in this study at the faculty of Dentistry, Complutense University of Madrid. The age of participants ranged between 17 and 31 (mean age = 19.6 years, SD = 2.6). All subjects underwent a clinical exploration and completed a self-assessed bruxism questionnaire. The case group (n = 29, 5 males, mean age = 20.0, SD =3.4), was composed of participants classified as awake bruxers in the clinical examination and the bruxism questionnaire (see materials section), but did not fulfill TMD criteria. Taken together, the case group met criteria for diagnosis of probable awake bruxism, according to the recent international consensus (16). The control group (n = 39, nine males, mean age = 19.2, SD =1.8) was composed of participants who did not present symptoms either signs of awake bruxism nor sleep bruxism in the clinical examination, and who showed no self-reported bruxism in the questionnaire. Student t analyses did not detect significant differences in the mean age between awake bruxism and control groups [t(66) = 1.23, p = 0.22]. The number of males and females in the two groups could not be exactly matched (23 and 17.2% of males for control and case groups, respectively). However, a gender proportion analyses did not produce significant differences when comparing the ratio of males to females per group between the case and control groups (χ2 = 0.34, p = 0.76). Participants suffering from TMD and/or showing inconsistent results in the clinical exploration and self-assessment questionnaire were excluded. Among participants in the awake bruxism group, 16 (three males) presented probable sleep bruxism according to bruxism questionnaire and 15 participants (three males) presented mild tenderness to palpation (1 kg) but did not meet DC/TMD local myalgia criteria.

All participants were duly informed and gave their consent, the study has the approval of the ethics committee of the “Hospital Clínico Universitario,” UCM, Madrid, Spain (Reference: 12/043-E).



Materials
 
Psychological Questionnaires

The battery of selected questionnaires included: the State and Trait Anxiety Inventory (STAI), the State and Trait Depression Inventory (ST-DEP), the Brief Symptom Inventory: Anxiety, Depression and Somatization (BSI-18), the Coping Response Inventory—Adult form (CRI-A), and the NEO Personality Inventory (NEO-FFI). All used questionnaires have high levels of reliability and validity in all their scales (>0.8) (17–21) and have been largely used in research [e.g., (22–24)].

Anxiety was measured using the STAI (17). It is composed of 10 items assessing state anxiety STAI-E (transient emotional state) and another 10 items for trait anxiety STAI-R (anxious, relatively stable propensity of the participant in general). The ST-DEP was used to assess depression (18). This 20-items questionnaire has a construction similar to the STAI, includes depression scales for state and trait depression, and within each one includes two euthymia and dysthymia subscales.

In addition, to further assess symptoms of depression, anxiety and somatization we included the BSI-18 questionnaire (19), which is a short questionnaire consisting of 18 items. Stress coping was assessed using the CRI-A (20). This questionnaire contains 48 items and provides eight scales assessing different coping strategies: logical analysis, positive reappraisal, seeking guidance and support, problem solving, cognitive avoidance, acceptance or resignation, seeking alternative rewards, and emotional discharge. Lastly, personality variables were assessed using the NEO-FFI questionnaire (21); which includes 60 items abbreviated as five major dimensions of personality: neuroticism, extraversion, openness, agreeableness, and conscientiousness.



Self-Reported Bruxism Questionnaire

To evaluate bruxism, we used the Pintado et al. questionnaire (25), which consists of six items: (1) Has anyone heard you grinding your teeth at night? (2) Is your jaw ever fatigued or sore on awakening in the morning? (3) Are your teeth or gums ever sore on awakening in the morning? (4) Do you ever experience temporal headaches on awakening in the morning? (5) Are you ever aware of grinding your teeth during the day? (6) Are you ever aware of clenching your teeth during the day?

In addition, three questions were added to assess the sensations of tension or stiffness in the jaw muscles, thereby increasing diagnosis certainty: (1) How would you rate your jaw muscle stiffness or tension at the present time? (2) What was the greatest jaw muscle tension or stiffness felt in the last 6 months? (3) What was the average jaw muscle intensity or stiffness felt during the last 6 months? The questions included a scale similar to the visual analog scale, ranging from 0 to 10 points, where 0 would indicate the “absence of tension” and 10 would mean “the highest possible tension.” Patients were classified as probable awake bruxers when they answered “Yes” to items 5 or 6 in the Pintado questionnaire, which both refer to the awareness of clenching or grinding teeth during wakefulness, and showed a score equal or >4 regarding to the intensity of the tension and stiffness experienced in the last 6 months. Probable sleep bruxers were evaluated based on items 1–4 of Pintado questionnaire, which refer to sleep bruxism.




Clinical Examinations

Following the questionnaires, the participants underwent clinical examinations. Firstly, we assessed the potential bruxism in each participant by asking about grinding, clenching, presence of headaches, discomfort and/or jaw tension when waking up and during the day. Likewise, for exclusion and control purposes a clinical examination of the temporomandibular joint (TMJ) was also conducted, following DC/TMD axis I criteria (26). Thus, the clinical examination included pain location, incisal relationships, opening pattern, opening movements, lateral and protrusive movements, TMJ noises, joint locking, muscle and TMJ palpation, and supplementary muscles palpation (posterior mandibular area, submandibular region, lateral pterygoid, and temporal tendon).



Procedure

All participants were dentistry students. After receiving instructions, they filled out the questionnaires at the same time in a quiet environment. Although no time limit was set, it took participants around 60 min on average to complete all the questionnaires. The questionnaires were scheduled so that they were administered outside of university exam periods, which might increase stress levels. Due to space and trained personal limitations that could not be avoided at that moment, the clinical exploration took place 2 months later. They were carried out in the dentistry room of the faculty by 4th year dentistry students under the supervision of three calibrated Odontology faculty teachers of Craniomandibular Dysfunction and Orofacial Pain subjects. Therefore, three calibrated dentists in DC/TMD protocol (co-authors of this study), supervised and validated the adequacy of the students' explorations. It was a double-blind design, since dentists in charge of the clinical examination were not aware of the psychological assessment results and psychologists and participants did not know to which group each participant belonged.



Statistical Analysis

Since a multivariate study was conducted, sample size was calculated with the method described in Naing, et al. (27), assuming an awake bruxism prevalence of 5% in the general population (2), a level of confidence of 0.95 and a precision of 0.07. Sample size calculation resulted in 19 subjects per group, that is a total of 38 participants. The statistical analyses were calculated using SPSS 24 Statistics Software (IBM) and R, including the package MVN for Mardia's multivariate analysis (28). Items multivariate normality was assessed via Mardia's multivariate kurtosis and skewness coefficients (29). In order to compare the psychological variables between bruxers and control groups, a one-way MANOVA was carried out including direct scores from all the scales of each questionnaire. The response to the three questions included in the self-reported bruxism questionnaire on mandibular tension or stiffness (see detailed description above) was also included in the data analysis.




RESULTS

The estimates of Mardia's multivariate kurtosis and skewness coefficients were statistically non-significant (949.7, p = 0.66 and −1.31, p = 0.18, respectively), indicating that normality can be assumed for MANOVA analyses calculations.

State anxiety levels (transient emotional state) were significantly greater (p < 0.05) in the awake bruxism group (M = 17.8, SD = 6.8) than in the control group (M = 13.7, SD = 6.8). Additionally, trait anxiety levels (general propensity to anxiety) were also higher in the awake bruxism group (M = 22.6, SD = 7.4) than in the control group (M = 18.1, SD = 9.2) (p < 0.05). Accordingly, anxiety symptoms, as assessed with the BSI-18 questionnaire, were significantly higher (p < 0.01) in the awake bruxism group (M = 9.1, SD = 3.9) than in the control group (M = 5.8, SD = 4.1). In regard to the somatization scale, significant differences were also present between groups (p < 0.05), with higher scores appearing among the awake bruxers participants (M = 8.5, SD = 4.8) with in comparison to the healthy ones (M = 5.9, SD = 3.9). However, despite the fact that the awake bruxer's group displayed higher depression scores than the control group, (M = 7.5, M = 5.6 and SD = 4.4, SD = 3.9, respectively) the statistical analysis revealed that this difference was statistically non-significant, showing only a weak trend (p = 0.09) (Figure 1). Furthermore, the ST-DEP depression questionnaire failed to show significant differences between the two groups in any of the scales or subscales. For detailed analyses see Table 1.


[image: Figure 1]
FIGURE 1. Averages and standard errors of STAI (State and Trait Anxiety Inventory); BSI-18 (Brief Symptom Inventory), CRI-A (Coping Responses Inventory—Adult form), and NEO-FFI (NEO Personality Inventory) scales for control and bruxers groups. Graphics for ST-DEP (State and Trait Depression Inventory) are not included due to the lack of significant results, however, means and statistical analyses can be seen in Table 1. LA, logical análisis; PR, positive reappraisal; SG, seeking guidance and support; PS, problem solving; AV, cognitive avoidance; A/R, acceptance and resignation; AR, seeking alternative rewards; ED, emotional discharge. *p < 0.05; **p < 0.001. Bars represent the standard error of the mean.



Table 1. STAI (State and Trait Anxiety Inventory), ST-DEP (State and Trait Depression Inventory), BSI-18 (Brief Symptom Inventory), CRI-A (Coping Responses Inventory—Adult form), and NEO—FFI (NEO Personality Inventory) multiple analyses of variances (MANOVAs).
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Regarding the coping questionnaire (CRI-A), of eight scales analyses revealed significant differences between the groups in positive reappraisal (p < 0.05) and a tendency toward logical analysis (p = 0.08), suggesting that awake bruxer participants used more positive reappraisal strategies (RP) and logical analysis (AL) than healthy control participants (RP: M = 8.1, M = 10.5, and SD = 2.3, SD = 2.5, respectively; AL: M = 11.9, M = 10.6, and SD = 2.6 SD = 2.8, respectively). The remaining coping scales did not show any significant difference (Table 1, Figure 1).

The analysis of the Personality Questionnaire (NEO) yielded statistically significant results for neuroticism (p < 0.05), specifically indicating that the level of neuroticism was higher for the awake bruxism group (M = 23.3, SD = 7.3) than for the control group (M = 19.1, SD = 6.9). Other personality dimensions failed to yield significant differences between the two groups.

Finally, in the self-reported bruxism questionnaire, there were significant differences on all the items regarding stiffness intensity and muscular tension, affirming that the awake bruxers scored significantly higher in these variables: At the questionnaire moment (p < 0.01) (Case group: M = 4.7, SD = 2.2; Control group: M = 2.0, SD = 1.9), maximum in the last 6 months (p < 0.01) (Case group: M = 7.2, SD = 1.6; Control group: M = 4.0, SD = 2.7), and average over the last 6 months (p < 0.01) (Case group: M = 5.0, SD = 1.6; Control group: M = 2.6, SD = 2.3).



DISCUSSION

The awake bruxer group showed significantly higher levels of state and trait anxiety, symptoms of anxiety, symptoms of somatization and neuroticism than the control group. With respect to coping strategies, the awake bruxer participants used positive reappraisal to a greater extent (Figure 1).

The data are consistent with previous studies that found an association between awake bruxism and anxiety, sensitivity to stress, and various personality factors (30, 31). As in the present study, most of these investigations adopted a clinical or self-reported diagnosis of bruxism. According to Loobezoo et al. (16), the fact that bruxism is significantly associated with some psychological conditions such as stress and anxiety (both assessed using validated methods) as well as muscle and joint pain, makes self-reported bruxism worthy of further exploration. Nonetheless, in the present study we tried to add self-reports by including three questions about tension or stiffness in the jaw muscles on a 0–10 scale. In addition, during clinical inspection participants were assessed again in order to improve the reliability and validity of the probable bruxism diagnosis as much as possible. Nonetheless electromyographic assessment would have helped to increase diagnosis certainty.

Although anxiety appears to be the most consistent psychological factor involved in awake bruxism, questionnaires that differentiate between state (transient) and trait (general propensity) anxiety are seldom used. The significant relationship between state anxiety and awake bruxism might reflect a very common observation in everyday clinical practice, which is noted when patients are questioned about the presence of mandibular tension or tightening: they often answer that it is not always present, but it is frequent in stressful situations. This observation indirectly supports the notion of bruxism as a continuum without a clear cut-off point between neutral or beneficial and pathological behavior (1). In addition to the suggested beneficial function of bruxist behavior during sleep, for example, in mediating the recovery from respiratory arousals or reducing teeth wear due to gastro-oesophageal reflux by increasing salivation, bruxism during the day seems to be inherently related to facial emotional displays. Darwin in the book “The Expression of the Emotions in Man and Animals” already stated that “the grinding of the teeth, and the uttering of piercing shrieks, all give relief under an agony of pain” (32). More recently, animal models pointed out that chewing might reduce stress response, since biting on a wooden stick during a restraint situation reduced blood pressure, core temperature, suppression of hippocampal long-term potentiation, and serum chemical mediators of stress (33–36). Additionally, evidence in humans also supports the notion that mastication might reduce negative mood, cortisol release, and the production of salivary chromogranin, a marker of mental stress that reflects sympathetic activity (37–39). As a result, it has been hypothesized that bruxism might play a role in stress reduction (40, 41). It is well-known that emotional expression, including face expression, are preferable to their repression in relation to stress, particularly acute and chronic pain severity is related to anger inhibition (42). In fact, many stress reduction programs use techniques favoring emotional expression (43).

In our study we find significantly elevated levels of trait anxiety in our awake bruxer sample, as opposed to other authors (44), who failed to find such significant differences although their patients did show higher levels than the controls in this variable. This difference may be explained by the use of different cut-off points for the selection of participants. Thus, it is possible that our subjects, who were selected based on both the clinical exploration and the self-reported questionnaire, comprised a more constricted sample, avoiding the inclusion of doubtful or milder cases. Whatever the case, it has been shown that people with elevated trait anxiety tend to perceive situations as more threatening or stressful, therefore favoring the more frequent presence of awake bruxism. The higher levels of neuroticism found in the personality questionnaire and in previous research (45), could be interpreted in a similar manner as the neuroticism personality trait is characterized by emotional instability, including tendency for anxiety and excessive preoccupation over daily situations, which could, in turn, relate to the presence of awake bruxism. Thus, more research is needed which takes into account the different degrees of bruxism and their relation to psychosocial factors.

Previous studies have found high levels of depression and somatization in awake bruxer patients while our data showed only a weak tendency for higher depression in these patients. The depression variable is not always included in studies on bruxism and, when specific questionnaires are used, as in our case, higher levels of depression do not always appear (46). As in the case of anxiety, the strict inclusion criteria, a different study population and other sample characteristic such as age may explain the divergent data.

Finally, the awake bruxer participants showed higher levels of adaptive coping strategies like positive reappraisal. Positive reappraisal is a strategy used to cope with negative events by attempting to see a problem in a positive way while still accepting the reality of the situation (20). This strategy is generally considered as an adaptive cognitive strategy in stress coping models. However, TMD patients tend to show negative stress coping strategies (47, 48). While awake bruxers displayed higher levels of positive coping strategies, TMD patients would use more negative ones. On the one hand, it is possible that awake bruxism may be playing a positive psychological role in those patients, allowing them to partly discharge some of the psychological tension (40, 41), which would enable them to display more adaptive coping strategies. On the other hand, recent investigations demonstrate that arousal reappraisal (encouraging individuals to interpret heightened physiological arousal as a tool that can help maximize performance) benefits cardiovascular and cognitive responses to stress (49, 50). Furthermore, short-term stress responses can enhance immune function (51). Therefore, larger levels of positive reappraisal in awake bruxism might indeed prevent the adverse effects of stress on health. It is possible that awake bruxism could constitute a risk factor for TMD only when accompanied by maladaptive coping strategies and/or the lack of adaptive ones (positive reappraisal) that might increase perceived stress, which, in turn, has been described as the strongest psychological predictor of TMD (52). Logical Analysis showed a trend toward significance, so it is possible that in larger samples, other adaptive strategies besides positive reappraisal could emerge. Therefore, more research in awake bruxist and TMD patients is needed in order to clarify the validity of this hypothesis and to allow for an adequate understanding and treatment of both conditions.

The awake bruxism group showed significantly higher scores in anxiety (state and trait), somatization and neuroticism than the control group. Our data are in line with the majority of previous studies. In relation to stress coping, the awake bruxism group showed higher levels of positive reappraisal (adaptive coping strategy), which might prevent negative effects of stress on health, such as the onset or worsening of TMD. Furthermore, when adaptive coping strategies are present, awake bruxism may be playing a positive psychological role, allowing for a partial discharge of some of the psychological tension, as some authors hypothesize (40, 41). In this line, chewing gum alleviates negative mood and reduces cortisol during acute laboratory psychological stress (37). Furthermore, according to Ono's review (2010) mastication during stress conditions in animal models, might increase stress-induced hippocampal neurogenesis, synaptic plasticity, and cognitive function by attenuating stress hormones and their receptors by activating serotonin neurons in the dorsal raphe nucleus (41).

Although, data support the implication of psychological factors in bruxism, more research is needed acknowledging the dimensional nature of bruxism, distinguishing between definitive sleep and awake subtypes, and relating them to the various psycho-sociological factors, including coping strategies. In addition, the sample selection (a cohort of university students) favored the homogeneity of the samples in terms of age, sociological, cultural and environmental variables. However, further research including a larger and more representative sample of participants (not only students), selected also using electromyographic assessment could enhance the generalizability of the results and increase diagnosis certainty. Additionally, clinical and psychological explorations should be done at the same time. Finally, it should be noticed that the proportion of males and females per group did not match exactly. Although, a proportion analyses did not find significant differences in the ratio of males to females between cases and controls, further research may benefit from using paired samples with an equal number of males and females, since gender is an important variable that should be controlled in psychological assessment.

In conclusion, despite the limitations of the study, the findings may have clinical significance. It was observed that bruxers showed larger levels of anxiety, somatization, and neuroticism, similarly to previous studies on TMD patients. Nonetheless, they also displayed more adapted coping strategies while, frequently, TMD patients tend to present less adaptive coping styles. Thus, awake bruxism might play a positive role in stress coping, which would be compatible with the hypothesis of mastication as a means of relieving psychological tension. This hypothesis should be further validated by future research comparing TMD patients with definitive awake bruxers and controls using larger and more representative samples.
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Despite signs of facial nerve recovery within a few months following face transplantation, speech deficits persist for years. Behavioral speech modifications (e.g., slower-than-normal speaking rate and increased loudness) have shown promising potential to enhance speech intelligibility in populations with dysarthric speech. However, such evidence-based practice approach is lacking in clinical management of speech in individuals with facial transplantation. Because facial transplantation involves complex craniofacial reconstruction and facial nerve coaptation, it is unknown to what extent individuals with face transplant are capable of adapting their motor system to task-specific articulatory demands. The purpose of this study was to identify the underlying articulatory mechanisms employed by individuals with face transplantation in response to speech modification cues at early and late stages of neuromotor recovery. In addition, we aimed to identify speech modifications that conferred improved speech clarity. Participants were seven individuals who underwent full or partial facial vascularized composite allografts that included lips and muscles of facial animation and were in early (~2 months) or late (~42 months) stages of recovery. Participants produced repetitions of the sentence “Buy Bobby a puppy” in normal, fast, loud, and slow speech modifications. Articulatory movement traces were recorded using a 3D optical motion capture system. Kinematic measures of average speed (mm/s) and range of movement (mm3) were extracted from the lower lip (± jaw) marker. Two speech language pathologists rated speech clarity for each speaker using a visual analog scale (VAS) approach. Results demonstrated that facial motor capacity increased from early to late stages of recovery. While individuals in the early group exhibited restricted capabilities to adjust their motor system based on the articulatory demands of each speech modification, individuals in the late group demonstrated faster speed and larger-than-normal range of movement for loud speech, and slower speed and larger-than-normal range of movement for slow speech. In addition, subjects in both groups showed overreliance on jaw rather than lip articulatory function across all speech modifications, perhaps as a compensatory strategy to optimize articulatory stability and maximize speech function. Finally, improved speech clarity was associated with loud speech in both stages of recovery.

Keywords: facial transplantaion, speech modifications, kinematics, neural recovery, speed of movement, range of movement


INTRODUCTION

With over 40 facial transplantation surgeries completed worldwide, this procedure is now considered an effective reconstructive option for restoring a patient's facial appearance and oromotor functions after a traumatic injury. Despite evidence of facial nerve recovery within a few months post-surgery (1–3), speech deficits persist for years (4, 5). Although the existing literature on long-term outcomes is sparse, improvement of neuromotor function following facial transplantation has been documented in at least three studies (2, 6, 7). Recently, Tasigiorgos et al. (6) conducted a 5-year follow-up of motor recovery in six patients with full and partial facial transplants using Daniels and Worthingham Muscle Testing. Findings of their study revealed that motor function showed rapid improvement during the 1st year after transplantation and continued to improve at a slower rate after the 1st year. At 5 years of follow-up, motor recovery had reached a mean of 60% of maximal motor function. Similarly, De Letter and colleges (2) reported that facial motor function improved over 38 months post-surgery as indicated by gains in lip motor function scores and increased muscle activation levels based on electromyography (EMG) during a speech task (i.e., a sentence completion task). In addition to these longitudinal studies, a case study conducted by Grigos et al. (7) reported increases in vertical jaw and lip movements during speech and non-speech (e.g., lip opening, closure, retraction, and protrusion) tasks over 13 months post-transplant. The same study also reported several negative findings such that the same gains were not seen for lip spreading, and jaw and lip movement variability were greater than the controls, which may in part explain continued mild functional speech impairments in this population.

One untested hypothesis is that the impact of these residual facial motor impairments on speech may be minimized using speech modification techniques that are commonly used in speech treatment, such as decreasing rate, increasing loudness, or intentionally speaking as clearly as possible. These modifications have been demonstrated to enhance speech intelligibility in a wide-variety of speech impairments (8–17). Each speech modification differs in the demands they place on the speech motor system. As compared to the normal (habitual) speech, increasing the rate of speech (i.e., fast speech) tends to elicit greater movement speeds but smaller articulatory displacements (18–23). During fast speech, speakers typically truncate articulatory displacement rather than alter the speed of movement as a strategy to economize effort (21, 24, 25). Slow speech, in contrast, tends to elicit larger articulatory displacement, slower movement speed, and longer movement duration (26, 27). Some research suggests that the longer duration associated with slow speech enhances articulatory precision (28, 29) or phoneme distinctiveness (9, 30–32) and improves speech intelligibility (33, 34); however, findings are mixed. Several studies have found that slow speech did not promote more precise articulation, but rather clear speech allowed speakers to maintain control over jaw opening movements and improved speech intelligibility (10, 35).

Much of the research on loud speech interventions has been focused on testing the efficacy of the Lee Silverman Voice Treatment (LSVTR) program (36, 37), which was initially developed to improve speech in individuals with Parkinson disease (PD). Loud speech, in comparison to normal speech, elicits global gains across the speech system such as larger articulator displacements and faster movement speeds (9, 17, 38–41), greater respiratory drive (42, 43), greater subglottal air pressure (44), and improved vocal fold function (45). These physiologic changes can have the overall effect of enhancing speech accuracy, speech clarity, and speech intelligibility (12, 44, 46–48).

To our knowledge, the efficacy of speech modification techniques for improving speech following facial transplantation has not been evaluated. Although research exploring the impact of facial nerve repair on speech motor control is sparse (7), impairments in motor control for facial expression have been reported for populations undergoing unilateral facial nerve coaptation (49). A recent systematic review and meta-analysis exploring recovery of facial movement following masseteric facial nerve transfer in patients with facial paralysis found that the mean time to initial movement of smile excursion was 4.95 months (49). Additionally, differences in recovery of purposeful vs. spontaneous facial expressions have been documented, with spontaneous smiles found to be present in only 25/108 (23%) patients (49). Therefore, as a result of facial nerve coaptation during surgery, individuals after face transplant may exhibit limited ability to perform different motoric demands of fast, loud, and slow speech modifications, particularly in the early stages of recovery. As such, examining the efficacy of behavioral speech modifications in deriving articulatory functional gain in individuals with facial transplants at different time points in recovery to improve speech clarity and intelligibility is warranted.

The purpose of this study was to determine (1) the extent to which patients recovering from facial transplantation surgery can adapt their motor system to various articulatory demands of different speech modifications using measures of facial biomechanics, and (2) the comparative effects of these adaptations on speech clarity. Based on limited available literature, we hypothesized that motor adaptation to articulatory demands of speech modifications will be restricted during the early stages of neural recovery and that loud speech would confer improved speech clarity. This information is needed to identify optimal articulatory strategies to promote oromotor functional gain throughout the course of neural recovery and to provide an assessment technique to monitor the rate of neural recovery following facial transplant surgery.



METHOD


Participants

Seven participants who had undergone full or partial facial vascularized composite allografts were included in this study. Participants were at varying phases of recovery. Three (three males) participants were between 0 and 3 months post-surgery (mean = 2 months, SD = 1.73) and were grouped as the early post-surgery group, whereas, four participants (two females, two males) were between 41 and 43 months post-surgery (mean = 42 months, SD = 10.12) and were grouped as the late post-surgery group. Surgeries were performed at Brigham and Women's Hospital. Subjects in the early post-surgery group received osteomyocutaneous transplantations of the mid-face which included facial tissue and musculature, the nose, mandible, upper and lower lips. Bilateral buccal and marginal mandibular branches of the facial nerve coaptations were completed for this group. In the late post-surgery group, three of the subjects received myocutaneous full facial transplantations which included facial tissue and musculature including the upper and lower lips. One subject in the late post-surgery group received an osteomyocutaneous full transplantation which included facial tissue and musculature, the nose, maxilla, upper and lower lips. One of these subjects received bilateral frontal, zygomatic, buccal, and marginal mandibular branches of facial nerve coaptation. One received unilateral frontal, zygomatic, buccal, and marginal mandibular branches of facial nerve coaptation and unilateral temporal and cervical branch coaptation. Two received bilateral buccal and marginal mandibular branch of facial nerve coaptation. Patients in the early group were seen by the speech-language pathologist following surgery for the management of speech and swallowing deficits, including diet modifications and communication strategies (repetition, writing, text to speech) as necessary. For various reasons, including patient proximity to the hospital, social support systems and patient preference, at the time of these assessments, no patient had received consistent speech therapy targeting speech deficits. The study was approved by the Institutional Review Board of Partners HealthCare and all subjects provided written informed consent to participate in the study. Table 1 summarizes each participant's demographic and clinical information.


Table 1. Participants' demographic and clinical information.
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Speech Samples

Participants were instructed to produce a total of 19 repetitions of the sentence “Buy Bobby a puppy” in four different speech modifications that varied in the degree of loudness (intensity) or rate. Because the utterance was produced on one breath, the likelihood of pauses occurring was low. Ten of the repetitions were produced at a normal rate and loudness, and three repetitions were produced at each of the three speech modifications loud, fast, and slow. The production of speech samples in the four speech modifications were blocked by task (each speech modification) and were presented in a fixed order. Audio recordings were collected using a lapel microphone (Model Countryman B3P4FF05B) with a sampling frequency of 44,100 Hz located approximately 15 cm from the participant's mouth. The duration of each task was measured to validate task performance (i.e., presumably, a slow task should take a longer time to complete and a fast task should take shorter time to complete).



Speech Severity of the Participants

Audio recordings of five subjects were used to assess speech severity by two expert listeners (i.e., speech language pathologists) using the visual analog scale ranged from 0 (normal) to 100 (profoundly severe). Subjects showed varying levels of speech severity based on the perceptual ratings of the two listeners. The perceptual paradigm for clinical rating of speech severity will be discussed in Section Clinician Ratings of Speech Severity and Clarity. Two subjects in the early post-surgery group, P01, and P02, exhibited speech severity ratings of 84 and 57. Three subjects in the late post-surgery group, P04, P05, and P06 demonstrated speech severity of 14, 17, and 11, respectively. The quality of audio recordings obtained from participants P03 and P07 was poor, thereby, perceptual assessment of speech severity was not feasible for these participnats. The poor quality of the audio recordings was due to the ambient noise and assessor cross-talk, which can be avoided if audio samples are recorded in a laboratory setting, rather than clinical setting.



Biomechanical Assessment

Movement traces were recorded using an eight-camera 3D optical motion capture system (Motion Analysis, Rohnert Park, CA). An array of 17 retroreflective facial markers were positioned on different locations of participants' faces following a standard procedure (Figure 1). We limited our kinematic analyses to data obtained from the jaw and lips because these structures are primer movers during speech–unlike the cheeks, which are more active during facial expressions.


[image: Figure 1]
FIGURE 1. Placement of retroreflective markers on a participant's face.


Kinematic measures were extracted from three markers: the NTC marker which stands for “nose top center” and refers to the marker at the top of the nose dorsal bridge; the CLL marker which stands for “center lower lip” and refers to the midline lower lip marker; and the VJC marker which stands for “virtual jaw center” and refers to the virtual midline jaw marker. The NTC, CLL, and VJC acronyms were created by our lab to label the corresponding markers on the face. To distinguish the contribution of jaw-driven lower lip movement from lower lip autonomous movement during production of speech tasks, movement of CLL was represented in two ways: one that included movements of the underlying jaw (lower lip + jaw) and one that was independent from the movements of the jaw (lower lip - jaw). In the first approach, the Euclidean distance between NTC to CLL markers was measured to calculate kinematic properties of the combined movement of the lip and jaw lip movement (i.e., lower lip + jaw). In the second approach (i.e., lower lip - jaw), a virtual marker for the center of the jaw was calculated in CORTEX (Motion Analysis, Rohnert Park, CA) as the linear distance between the right and left jaw markers protruded 30% perpendicular to the line that connects left and right lower lip markers. The VJC was consistently used for all participants because some patients with facial transplantation had facial hair on the chin which did not allow for the placement of a marker on the underside of the body of the mandible. Subsequently, the Euclidean distance between the VJC and the center of lower lip was measured to calculate the kinematic measures of the lip movement independent of the jaw (Figure 2).


[image: Figure 2]
FIGURE 2. Left and right panels show 3D reconstruction of marker array in frontal and sagittal planes, respectively. Middle panel shows approximate anatomic location of the targeted markers used in this study, lower lip (CLL) and center chin (VJC). Virtual marker located midline chin is denoted with blue box.


A four-sensor head marker was used to subtract head movement (translation and rotation) from the facial markers. Motion capture recordings were cut and labeled using the CORTEX Motion Analysis software (Motion Analysis, Rohnert Park, CA). To extract kinematic measures, the initial segmentation landmark was placed on the first trough associated with the lip closure for /b/ in /baI/ and the final landmark was placed on the last trough associated with the second /p/ in /papi/. The outcome kinematic measures, thus, included all bilabial closures and vowels averaged together between the two segmentation landmarks. Subsequently, the data were transferred to SMASH, a customized MATLAB-based software program (50), to calculate two kinematic measures of average speed of movement (mm/s) and range of movement (mm3) from the movement time series of the lower lip independent of the jaw. Each 3D positional time series was represented as the 3D Euclidean distance between the markers. Average speed was calculated as the average value in the first derivative of the 3D Euclidean distance movement time history. Range of motion was measured by the change in distance in mm between the maximum opening and maximum closing positions during speech. Values obtained across the repetitions of the “Buy Bobby a puppy” in each speech modifications were averaged.



Clinician Ratings of Speech Severity and Clarity

Two speech-language pathologists rated the speech severity and speech clarity of five participants (two from the early post-surgery group and three from the late post-surgery group) who had good quality audio recordings. The speech stimuli were the same samples (i.e., “Buy Bobby a puppy”) from which the kinematic measures were extracted. Perceptual evaluation of speech severity and speech clarity were conducted separately. Two different listening paradigms were designed for the perceptual judgment of speech severity and speech clarity using a computerized continuous visual analog scale (VAS). Written instructions were provided for each paradigm and each speaker completed the perceptual tasks blindly and independently.



Ratings of Speech Severity

Clinical ratings were performed to index the overall severity of speech impairment in individuals at early and late stages of neural recovery. These measures are important for documenting the range of impairment in our cohort and provide a metric for evaluating the potential effects of baseline severity and response to speech modifications. For speech severity, listeners were instructed to rate the overall speech naturalness and prosody, resonance and voice qualities, and articulatory precision. The speech severity paradigm consisted of five blocks (one block for each subject) presented to each listener in a random order. Each block included three repetitions of the sentence “Buy Bobby a puppy” in normal speech produced by a study participant, and the same sentence produced by a normal speaker of the participant's same sex as the reference sample. Speech stimuli in each block were also presented to the listeners in a random order. Listeners were asked to listen to the reference sample prior to the rating of each stimulus and using the computer mouse, drag the corresponding slider vertically anywhere along a continuous 100 mm scale (0 for normal severity and 100 profound severe) to indicate their responses. Each listener was able to listen to each stimulus up to five times. Upon the completion of the listening tasks for speech severity, the program converted responses to numerical values ranging from 0 (normal) to 100 (profoundly severe).

The average intraclass correlation coefficient (ICC) between the ratings of the listeners was 0.99 (p = 0.0001) and the single measures ICC was 0.98 (p = 0.0001), indicating excellent interrater reliability. The Pearson product correlation coefficients of ratings of speech severity ranged from 0.96 to 0.99 for the Listener 1, with a mean of 0.97 (SD = 0.015). For Listener 2, correlations ranged from 0.96 to 0.99 with a mean of 0.98 (SD = 0.015).



Ratings of Speech Clarity

Clinical ratings of speech clarity were conducted to compare the effectiveness of different behavioral speech modifications in deriving a clearer-than-normal speech (aim 2 of the study). Speech clarity refers to how well and clear speech samples are enunciated and can be assessed in both connected and isolated speech utterances. Speech intelligibility, on the other hand, is defined as how well-speech samples are understood and is usually assessed in connected speech. Because our participants did not have severe speech impairments and had high baseline intelligibility, speech clarity is the preferred metric of functional speech as ceiling effects would render intelligibility data unusable.

For speech clarity, listeners were instructed to rate how clear and well-enunciated the speech sample in a given speech modification is relative to the same sample produced in a normal speech. The listening paradigm for speech clarity also consisted of five blocks (one for each subject) that were randomly presented to the listeners. Each block included 10 speech stimuli: three repetitions of the sentence “Buy Bobby a puppy” in each of the fast, loud, and slow speech modifications and the same sentence in normal speech as the reference sample. The scale for VAS was a 100 mm continuum ranged from −50 to 50. The speech clarity of the reference sample was set as 0 (baseline). Listeners were instructed to replay the reference sample prior to the rating of each stimulus and drag the corresponding slider vertically anywhere above the baseline 0 if they judged that the speech clarity of the stimulus in a given speech modification is improved relative to the reference or drag the slider below the baseline 0 if the clarity decreased relative to the reference stimulus. Similar to the speech severity paradigm, listeners were able to listen to each stimulus up to 5 times. If listeners needed to replay a sample to make perceptual judgement, they were instructed to replay the reference sample prior to the rating of the stimulus in each repetition. Therefore, in each repetition, they basically compare the clarity of the sample to the reference sample rather than replaying the sample multiple times. The combined presentation of the reference (auditory anchor) and the speech sample has been implemented in the previous perceptual studies and have been shown to significantly increase the effectiveness and reliability of the perceptual judgment (51–53). Although we did not keep track of the number of listening attempts, listeners rarely listened to the samples five times. Upon the completion of the listening tasks for speech clarity, the program converted responses to numerical values ranging from −50 to 50.



Statistical Analysis

Separate one-way analysis of variance (ANOVA) with Tukey post hoc tests were used for early and late post-surgery groups to compare the duration of speech samples in the four speech modifications. Mann-Whitney U tests were used to compare the average speed and range of lower lip movement in the early and late post-surgery groups across the four speech modifications (between-group comparisons). Additionally, to compare the lip articulatory performance across speech modifications, Mann-Whitney U tests were performed separately for each pair of speech modifications in each group (within-group comparisons). Finally, descriptive statistics for listeners' ratings of the speech severity and clarity of the “Buy Bobby a puppy” sentence produced by five subjects were calculated to perceptually identify (1) the speech modification with potential to derive articulatory precision and clear speech and (2) the degree to which participants were able to adapt their motor system to various articulatory demands of speech modifications. The intraclass correlation coefficient (ICC) test was applied to assess the consistency between speech clarity ratings of the two listeners, using a two-way mixed effects. Intrarater reliability was examined using Pearson correlation product. All statistical analyses were performed in SPSS statistical software version 25 and the α-level of 0.05 was set as the level of significance. Bonferroni corrections were applied to manage family-wise multiple comparisons.




RESULTS


Task Effects on Speech Duration

Among the four speech modifications, speech samples produced in the slow speech modification were the longest in duration compared to the other speech modifications in both early and late post-surgery groups. In addition, speech productions in the fast speech modification were the shortest in duration as expected in individuals in the late post-surgery group. Individuals in the early post-surgery group, however, were observed to produce speech productions in the loud speech modification in the shortest duration of time (Figure 3). Results of one-way ANOVA indicated significant differences across the duration of speech samples produced by individuals in the early post-surgery group (p = 0.03) as well as individuals in the late post-surgery group (p = 0.0001). Tukey post hoc tests revealed that individuals in the late post-surgery group produced samples in the slow speech modification significantly longer than samples in normal, fast, and loud speech modifications (p = 0.0001). Individuals in the early post-surgery group, exhibited significant differences between the duration of samples produced in slow and normal speech modifications (p = 0.03) and between the duration of samples produced in slow and loud speech modifications (p = 0.04).


[image: Figure 3]
FIGURE 3. Duration (s) of speech samples produced in normal, fast, loud, and slow speech modifications in early and late post-surgery groups (error bars represent the standard error (SE) of the mean).




Between-Group Comparisons (Early vs. Late Post-surgery)

For kinematic measures extracted from the lower lip + jaw movement, the late post-surgery group had a significantly (adjusted p-value = 0.0125) faster speed and larger range of movement compared to those in the early post-surgery group across all speech modifications except slow (Table 2, Figure 4).


Table 2. Comparison of average speed (mm/s) and range (mm3) of lower lip+ jaw movement in early and late post-surgery groups.
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FIGURE 4. Bar plots representing the average speed (mm/s) and range (mm3) of lower lip + jaw movement in early and late post-surgery groups (error bars represent the standard error (SE) of the mean).


For kinematic measures extracted from the lower lip – jaw movement, Mann-Whitney U tests revealed a significantly greater average speed of movement in the late post-surgery group compared to the early post-surgery group (adjusted p-value = 0.0125). The observed between-group difference was during the normal speech only (Table 3, Figure 5).


Table 3. Comparison of average speed (mm/s) and range (mm3) of lower lip - jaw movement in early and late post-surgery groups.
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[image: Figure 5]
FIGURE 5. Bar plots representing the average speed (mm/s) and range (mm3) of lower lip - jaw movement in early and late post-surgery groups (error bars represent the standard error (SE) of the mean).




Within-Group Comparisons (Task Effect)

In the early post-surgery group, no significant differences were observed across the speech modifications using kinematic measures extracted from the lower lip ± jaw movement. In the late post-surgery group, however, significant between-task differences were observed using kinematic measures extracted from both the lower lip + jaw movement and lower lip - jaw movement (Table 4).


Table 4. Pairwise comparisons of speech modifications in terms of kinematic measures extracted from lower lip ± jaw movement in the late post-surgery group.
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Speech Clarity

Qualitative analyses of listener's judgment of speech clarity indicated that among fast, loud, and slow speech modifications, speech loudness consistently improved speech clarity compared to the baseline (speech clarity of normal speech) in the five subjects incorporated in the perceptual component of the study (Figure 6). In this figure, P01 and P02 belong to the early post-surgery group and the three other participants (P04, P05, and P06) belong to the late post-surgery group. The baseline 0 was assigned to the clarity of speech stimuli produced in the normal speech (i.e., reference). Accordingly, scale values above baseline 0 indicate relatively better speech clarity, whereas values below the baseline 0 represent relatively poorer speech clarity. Slowed speech improved speech clarity in participants in the late post-surgery group but decreased speech clarity in participants in the early post-surgery group. Rating of speech clarity across the three speech modifications (fast, loud, and slow) indicated that participants in the early post-surgery group (P01 and P02) showed improvement in speech clarity about eight units on the scale for the loud speech modification. In this group, the speech clarity decreased about five and nine units on the scale for the fast and slow speech modifications, respectively. In the late post-surgery group (P04, P05, and P06), the average rating of speech clarity across the three speech modifications (fast, loud, and slow) indicated improved speech clarity (17 units on the scale) for the loud and slow speaking modes and decreased speech clarity (eight units on the scale) for the fast speaking mode.


[image: Figure 6]
FIGURE 6. Perceptual ratings of speech clarity in fast, loud, and slow conditions relative to the normal speech in five participants. P01 and P02 participants belong to the early post-surgery group and the three other participants (P04, P05, and P06) belong to the late post-surgery group.


For the observed perceptual ratings of speech clarity, the average intraclass correlation coefficient (ICC) was 0.75 (p < 0.05) and the single measures ICC was 0.74 (p < 0.05), indicating fair interrater reliability. The average Pearson product correlation coefficients of ratings of speech clarity across fast, loud, and slow speech modifications for listener 1 and 2 were 0.88 (p < 0.05) and 0.70 (p < 0.05) respectively. Table 5 summarizes the average of speech clarity ratings performed by each listener for fast, loud, and slow speech modifications in reference to the normal speech (baseline 0).


Table 5. The average of speech clarity ratings by listeners 1 and 2 for participants in early (P01 and P02) and late (P04, P05, and P06) post-surgery groups during fast, loud, and slow speech modifications.
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DISCUSSION

The purpose of this study was to determine (1) the extent to which patients recovering from facial transplantation surgery can adapt their motor system to various articulatory demands of different speech modification using measures of facial biomechanics, and (2) the comparative effects of these adaptations on speech clarity. Results from our study suggest that (1) motor adaptation to articulatory demands of speech modifications increased from 2 to 42 months post-surgery as an indication of neural recovery; (2) across the four speech modifications, loud speech modification most consistently improved speech clarity during early and late stages of neuromotor recovery; and (3) individuals in early and late stages of neuromotor recovery over-rely on jaw for the lip articulatory function across all speech modifications. These findings help improve our understanding of underlying mechanisms of motor speech recovery following facial transplantation and offer a speech modification strategy that may help improve speech intelligibility in this patient population particularly in the early stages of recovery.


Facial Motor Capacity for Speech Demands Increased From 2 to 42 Months Post-surgery

Our participants' ability to accommodate the varying motoric demands required by the speech modifications significantly improved from early (~2 months) to late (~42 months) post-surgery. Restricted facial motor capacity in the early post-surgery group was demonstrated by (1) the lack of difference in the duration of speech samples produced by this group in normal, fast, and loud speech modifications, and (2) no differences between speed and range of lower lip movement during these various speech modifications. In contrast, individuals in the late post-surgery group were able to make modification-specific articulatory adjustments in speed and range of lip movement, as the magnitude of speed and range of lip movement during production of all speech modifications were significantly larger in the late post-surgery group compared to values of their corresponding modification in the early post-surgery group. Improvement in facial motor function in the later stage of neural recovery supports findings reported by Grigos et al. (7), who observed significant increase in jaw displacement and lip aperture in the vertical plane over a 13-month period for nonspeech and speech tasks produced by a single facial transplant patient. These findings are also consistent with the prior longitudinal case study conducted by De Letter et al. (2) in which improved functional neuromotor recovery were observed up to 38 months post-surgery in a patient who underwent facial allotransplantation.



Loud Speech Modification Consistently Improved Speech Clarity During Early and Late Stages of Neuromotor Recovery

Perceptual evaluations of speech produced during normal, fast, loud, and slow speech modifications in our study demonstrated that relative to normal speech, increased speech loudness resulted in enhanced speech clarity across the recovery spectrum. Additionally, for those is the late-recovery group, slow speech resulted in improved speech clarity. These findings are supported by prominent gains in range of lip movements observed during the loud and slow speech modifications in our study. Consistent gain in speech clarity during loud speech support previous findings as well as the LSVTR program that advocate loud speech intervention to improve speech motor system and overall intelligibility in populations with dysarthria (8, 9, 12, 37, 54). These findings provided empirical evidence for potential benefits of implementing loud speech modification as an intervention technique to enhance clarity and most possibly intelligibility in individuals with facial transplantation. More studies with interventional research design are warranted to test the efficacy of loud speech on speech intelligibility in individuals post facial transplant surgery.



Individuals in Early and Late Stages of Neuromotor Recovery Over-Rely on Jaw for the Lip Articulatory Function Across All Speech Modifications

Although all subjects in the early-post surgery group and one subject in the late post-surgery group underwent osteomyocutaneous transplantations, jaw-dependent lip movements outperformed jaw-independent lip movements in deriving articulatory distinctions between groups and across speech modifications, as kinematic measures extracted from lip + jaw movement showed greater differences between speech modifications than the ones obtained from the lip – jaw movement. In addition, greater between-group differences were captured using kinematic measures extracted from lip + jaw movement, rather than the lip – jaw movement.

Unlike the lip + jaw movement, which demonstrated significant improvement in speed and range of movement across all speech modifications over the course of neuromotor recovery, lip movements that were decoupled from those of the jaw (lip - jaw) were similar regardless of the type of speech modification in both early and late post-surgery groups. For the purposes of functional speech, it appears that neuromotor recovery of the lips is limited, at least for the participants who participated in this study. In the absence of recovery of lip motor control, individuals with face transplant may depend on the jaw as an articulatory strategy to enhance speech function. These findings provide value when considering functional outcomes for potential surgical candidates, as patients requiring surgical techniques that impede jaw movement may experience worse functional speech outcomes than those who do not. Similar findings have been reported in populations with impaired speech motor control such as multiple sclerosis (55) and amyotrophic lateral sclerosis (56, 57) or during normal speech motor development in neurotypical children (58).




CONCLUSION

Our findings suggest that the articulatory kinematic adaptations to speech modifications are significantly restricted in individuals at the early stage of neuromotor recovery post facial transplant surgery but improve over time. In addition, our findings provide empirical evidence for the overreliance of the jaw to support lip articulatory functions during speech over the course of neural recovery. Despite speech motor restrictions on speech modifications and jaw reliance during speech, loud speech may result in increased lip and jaw movement and increased speech clarity as early as 2-months post-surgery, and therefore, may be beneficial as a behavioral speech modification to improve functional speech in this population.

Two limitations of this study need to be acknowledged. First, the sample size in each group was small. Second, the elicitation procedure for speech modification tasks was not in a random order. Future studies with larger sample size and longitudinal design are warranted to further substantiate the findings of this study. It should be noted that the current study examined the effect of speech modifications on articulatory movements over one session, and results cannot be over-interpreted as treatment outcomes of loud or slow speech modifications. Further work is required to understand the effect of these approaches when applied during intervention and to identify speech kinematic profiles of speakers who benefit from different speech treatment approaches. In addition, in this study, speech samples were not produced in clear speech modification (i.e., hyperarticulated speech). Given that several perceptual studies have shown significant improvement to speech intelligibility during clear speech compared to normal speech (10, 59–62), future studies are encouraged to implement cues for clear speech and compare the effectiveness of that to those of loud and slow speech modifications.
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The future of awake bruxism assessment will incorporate physiological data, possibly electromyography (EMG) of the temporal muscles. But up to now, temporal muscle contraction patterns in awake bruxism have not been characterized to demonstrate clinical utility. The present study aimed to perform surface EMG evaluations of people assessed for awake bruxism to identify possible different subtypes. A 2-year active search for people with awake bruxism in three regions of the country resulted in a total of 303 participants (223 women, 38 ± 13 years, mean and SD). Their inclusion was confirmed through non-instrumental approaches for awake bruxism: self-reported questionnaire and clinical exam, performed by three experienced and calibrated dentists (Kappa = 0.75). Also, 77 age- and sex-matched healthy controls were recruited (49 women, 36 ± 14 years). Temporalis surface EMG was performed with a portable device (Myobox; NeuroUp, Brazil). EMG signals were sent to a computer via Bluetooth 4.0 at a sampling rate of 1,000 Hz. Digital signal processing was performed using the commercial neuroUP software, transformed in RMS and then normalized for peak detection (EMG peaks/min), in a 10 min session. Cluster analysis revealed three distinct subtypes of awake bruxism: phasic, tonic, and intermediate. Individuals with a predominance of EMG peaks/min were classified as the “phasic” subtype (16.8%). Those with the highest EMG rest power were classified as the “tonic” subtype (32.3%). There was also an “intermediate” subtype (50.8%), when both variables remained low. Characterization of awake bruxism physiology is important for future establishment of instrumental assessment protocols and treatment strategies.

Keywords: awake bruxism, electromyography, temporal muscle, cluster analysis, tonic contraction, phasic contractions


INTRODUCTION

Bruxism is an umbrella term for different motor phenomena/behaviors of the masticatory muscles. An international consensus defined awake bruxism as a masticatory muscle activity behavior during wakefulness that is characterized by repetitive or sustained tooth contact and/or by bracing or thrusting of the mandible (Lobbezoo et al., 2018). Awake bruxism is not defined as a disease by the current consensus (Lobbezoo et al., 2018) and does not necessarily present with pain at the time it is identified. But it is important to study this phenomenon because it is known that people with awake bruxism have a greater probability of suffering from temporomandibular pain and diseases in the future (Maltarollo et al., 2020; Wetselaar et al., 2020).

The prevalence of awake bruxism in the general population is high (8–31%), and is influenced by psychological factors, such as stress and anxiety, a quite common situation in the post COVID-19 pandemy (Manfredini et al., 2013a, 2015; Lobbezoo et al., 2018; Winocur et al., 2019). The new consensus in bruxism (Lobbezoo et al., 2018) states that assessment of this condition in the future will need to go beyond clinical evaluation. Physiological parameters are needed, and electromyography (EMG) was identified as an alternative, despite the fact that no protocols have been suggested yet. Also, a recent review of literature (Yamaguchi et al., 2020) stated that masticatory muscle EMG can be easily and precisely recorded during the daytime by using a wearable EMG device that improves the assessment of awake bruxism. However, there are no studies regarding the physiology of awake bruxism using EMG. This knowledge is necessary to advance the field and for future long-term follow-up studies of awake bruxism based on physiological data.

Surface EMG is a widely used non-invasive technique capable of amplifying electrical signals captured on the skin above superficial muscles. The signals, which are conducted through the tissues and captured by electrodes, represent the temporal and spatial summation of a population of nearby motor units (Rainoldi et al., 2004). Therefore, the present study aimed to perform EMG evaluations of people included in the assessment of awake bruxism. Our hypothesis is that there are different patterns of activation of the masticatory muscles in awake bruxism and that these profiles can be unveiled by EMG assessment. We also hypothesized that pain intensity levels would be different among the EMG-based profiles for awake bruxism, such that participants with tonic temporal muscle contractions would report the highest pain intensity levels.



METHODS

An observational, analytic, and cross-sectional study was conducted. The participants were recruited by convenience from private healthcare services over 2 years (2017–2019) in the northeastern, central-western, and southeastern regions of Brazil. An active search was conducted in all centers to recruit subjects with a high probability of awake bruxism. The clinical signs of awake bruxism were disclosed. Possible candidates to the research study came spontaneously or were recruited by clinicians for an evaluation by a specialist. Only those volunteers compatible with the international consensus (Lobbezoo et al., 2018) were included in the awake bruxism group (n = 303, 38 ± 14 years, mean, and standard deviation, both sexes). A control group consisted of 77 healthy, age-matched volunteers (36 ± 14 years, both sexes) who were evaluated by the same specialists. All volunteers signed a statement of informed consent in compliance with Resolution n° 466/12 of the National Board of Health, and this study received approval from the human research ethics committee of the Center of Health Sciences of the Federal University of Pernambuco (process 65515417.1.0000.5208).

The inclusion criteria for the awake bruxism group was clinical and followed the international consensus (1): presence of self-reported jaw movements with or without associated pain symptoms, and (2) orofacial clinical signs identified by a dentist. The study exclusion criteria were: history of head trauma, presence of degenerative neurological diseases, stroke, open lesions in the region of the anterior temporal muscle, severe visual or hearing impairment, previous botulinum toxin injection in the masticatory muscles (masseter and temporal), or having undergone other concomitant rehabilitation treatments in the previous month.

All subjects completed a self-reported questionnaire on oral history and masticatory muscle activity, jaw/teeth clenching and bracing/thrusting, and teeth touching during non-swallowing behaviors. Also, a clinical exam was performed by 3 dentists with at least 5 years of experience in clinical assessment of awake bruxism to visually identify masticatory muscle hypertrophy, indentations on the tongue or lip and/or a linea alba on the inner cheek, damage to the dental hard tissues, failures of restorative work/prosthodontic constructions, or mechanical wear of the teeth. The Tooth Wear Evaluation System (TWES), recommended by Wetselaar and Lobbezoo (2016), was used as reference. Despite all three specialists being experienced, a calibration procedure was executed as a guarantee that all evaluations would be compatible. The consensus (Lobbezoo et al., 2018), examination criteria, sequence of the examination, and the written specifications were reviewed again. Then, a pre-calibration session included a visual data bank with 30 images of oral alterations of awake bruxism or healthy controls obtained from previous work of the group (Ximenes et al., 2010). After that, a clinical practice calibration session was performed in patients assessed for awake bruxism and controls (n = 30 in each group). The three dentists examined the same patients. The data were analyzed, reviewed, and discussed; discrepancies in the data were re-examined. Finally, a reliability session was conducted, and the kappa index was calculated. The calibration procedure continued until a kappa index of 0.75 was reached, indicating an excellent agreement among the three dentists (Landis and Koch, 1997).

Surface EMG was performed using the Myobox device (neuroUP, Brazil). EMG signals were sent to a computer via Bluetooth 4.0 at a sampling rate of 1,000 Hz. Digital signal processing was performed using commercial software (neuroUP, Brazil), with a 60-Hz Notch filter to avoid electrical artifacts and a Butterworth bandpass filter (30–500 Hz) to reduce low frequencies artifacts (e.g., cardiac activity) and to guarantee a reading of up to half of the sampling rate (Nyquist Theorem). The signals were transformed in real-time to calculate the root mean square (RMS). Before the evaluation, an automatic measurement of the signal quality was performed in the software. EMG data were also processed by an algorithm that automatically calculates the amount of electric field gradients per minute. The counting of peaks per minute was based on individualized normalization, not on absolute values. Sudden increases in EMG signal above 80% of the patient's own basal was identified as a peak. This cutoff value was defined in a pilot project carried out prior to the research and was the most accurate value in the identification of phasic contractions.

Standard disposable surface adhesive electrodes with Ag/AgCl sintered composition were used. These electrodes were placed with a distance of 20 mm between them (Figure 1A). In addition, a ground electrode was positioned 20 mm away from each active electrode (triangulation between them). The sensor was positioned on the anterior portion of the temporal muscle on the right or left side (Figures 1B,C). The side was chosen based on the following criteria: pain upon palpation (first criteria); self-reported habitual chewing side (second criteria). This approach was for operational purposes, as there is no description that awake bruxism has a unilateral effect. Also, a study has shown that people with unilateral masticatory muscle pain show no significant difference in muscle electrical activity of painful and non-painful muscles (Manfredini et al., 2013b).


[image: Figure 1]
FIGURE 1. Electrode placement. (A) Arrangement of adhesive EMG electrodes; (B,C) Positioning of the EMG equipment over the anterior portion of the temporal muscle; The difference between electrodes (20 mm) allows them to be used in volunteers irrespective of age and sex. The white paper surrounding the electrodes can be cut if necessary to fit different head sizes.


The EMG procedure lasted ~10 min. Pilot studies from our group (data not shown) and also studies from other laboratories have shown that this period suffices for an EMG evaluation (Prasad et al., 2019). The participant was seated in a comfortable armchair, legs uncrossed, shoulders relaxed, teeth not in contact, back erect, shoulders in external rotation, forearms in supination, and hands resting on the thighs. During the instrumental approach, the EMG signals were observed only by the examiners; the participants did not receive EMG biofeedback.

The Visual Analog Scale (VAS) for pain was used to measure pain intensity. The VAS used was unidimensional, and the volunteer marked the intensity of pain, from zero (no pain) to ten (intense pain). This scale was applied before palpation to avoid trigger points being activated, and participants were instructed to respond about the current painful perception felt at the time of the assessment.

As the objective of present work was to search for profiles of EMG markers in volunteers with awake bruxism, it was decided to perform a cluster analysis. Cluster analysis is a statistical method for organizing data into relatively homogeneous groups that differ from each other according to the variables of interest. All data were plotted in a 2D chart with phase contractions (EMG peaks/min, y) against their rest EMG power (uV RMS). These data were inserted in the automatic cluster analysis of SPSS software, using hierarchical cluster analysis (Crum et al., 2020). The level of significance was set to 5% (p < 0.05), and 95% confidence intervals were calculated.



RESULTS

The age of the 380 participants with and without a clinical evidence of bruxism ranged from 11 to 75 years and included both sexes. The 303 participants with awake bruxism, with or without pain, were considered the participant group. The remaining 77 participants were considered the control group. There were no statistically significant differences among the control and participant groups relative to gender and age (Table 1). Figure 2 shows the EMG peaks per minute and rest muscle power from participant and control groups.


Table 1. Descriptive statistics of the study participants.
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[image: Figure 2]
FIGURE 2. Distribution of participants according to the number of phasic contractions and EMG power at rest. Gray circles: control group (individuals without awake bruxism; n = 77). Black circles: awake bruxism group (n = 308). EMG, electromyography; RMS, Root mean square.


Analyzing the EMG data of only the 308 participants with awake bruxism, as determined by clinical evaluation, revealed three clusters (Figure 3) representing three distinct subtypes of awake bruxism. The measure of cohesion and separation was 0.6 and considered good for cluster analysis. Individuals with the highest number of phasic contractions per minute and lowest EMG power were classified as the “phasic” subtype (51 participants—16.8%). Those with the highest rest EMG power and the smallest number of phasic contractions were classified as the “tonic” subtype (98 participants—32.3%). Those in whom both variables remained low were classified as the “intermediate” subtype (154 participants—50.8%).


[image: Figure 3]
FIGURE 3. Cluster analysis of individuals with awake bruxism. Three clusters emerged from analysis: phasic (increased EMG peaks/min and less rest muscle tonus), tonic (increased rest muscle tonus and decreased EMG peaks/min), and an intermediary group.


Figure 4 and Table 1 show the descriptive statistics for all groups included in the study. With respect to age (Figure 4A), there is no statistically significant difference between groups. Also, no skewing was detected regarding child or teenage incidence between the groups. This can be seen in the boxplot of 10th to 90th percentiles. Pain intensity (Figure 4B), measured by the VAS, did not differ between awake bruxism subgroups (phasic, tonic, and intermediate); however, all three subgroups were significantly higher than the control group. The rest EMG power (Figure 4C) was significantly higher in the tonic subgroup compared to all other groups (including controls), but also the phasic and intermediary subgroups had significantly higher values than controls. With regard to the EMG peaks/min (Figure 4D), the phasic subgroup had significantly higher values than all groups, but also the intermediary subgroup was higher than controls.


[image: Figure 4]
FIGURE 4. Main results of intergroup analyses. (A) Age of subjects included in each group. These boxplots represent median (horizontal line) and the 10th and 90th percentiles. Black dots represent points out of this range (outliers). There is no specific skewing for children or elderly in these groups. Also, there is no statistically significant difference between them (p > 0.05, One Way ANOVA with Tukey's Multiple Comparison post-hoc test). (B) Boxplot of self-reported pain in a Visual Analogical Scale (VAS, arbitrary units) from 0 (no pain) to 10 (intense pain). Ctr, control group. Ctr was different from all other groups. (C) Rest EMG Power. The tonic subgroup has a higher rest EMG power compared to other groups. (D) EMG peaks. The phasic subgroup has a higher peak/min range compared to other groups; *p < 0.05, Kruskal–Wallis with Dunn's Multiple Comparison post-hoc test; Data with normality checked with Kolmogorov–Smirnov test. The boxplots in (B–D) represent median (horizontal line) and minimum and maximum values.


Table 1 contains the participant characteristics. The 95% confidence interval (CI) unveils that all groups had similar distribution with regard to age, but also that we found a higher prevalence of bruxism in the female gender.



DISCUSSION

The main finding of the present study is that individuals included in the assessment of awake bruxism can be classified based on surface EMG characteristics into three different subtypes: phasic, tonic, and intermediate. However, if one looks at Figures 2, 3, it can be seen that some overlap exists between the intermediate subtype and control group. But the authors do not believe that EMG could be overidentifying patients. First, in the present work, EMG was not used for awake bruxism identification. Second, VAS pain data are statistically different between these two groups (4.1 ± 3.1 for intermediate awake bruxism and 0.48 ± 0.9 for controls, see also Figure 4B). We cannot rule out that some controls may be subclinical notifications of awake bruxism. When looking at the raw data, there was only one VAS score 4 in the control group. The upper limit of the 95% confidence interval (CI) of the mean in the control group is 0.68, quite below the apparently spurious score 4 occasionally found. With regard to pain, all three awake bruxism subtypes can be associated with some moderate pain; there is no difference between them, but all are higher than controls (see Figure 4B). One lesson that can be learned from this finding is that EMG alone is not (and will not) be the sole evaluation parameter of awake bruxism, as the clinical analysis is not (and will not be), either. Both approaches must be combined to gain a greater comprehension of what is most important: accurately evaluate the patient with regard to his/her physiology and possible awake bruxism assessment and predict the most suitable clinical approach for the best outcome possible, regardless if the patient has pain or not at the present time.

We believe that the side of sensor positioning can be aleatory. The criteria adopted here had just operational purposes. There is no description of laterality in awake bruxism. Also, people with unilateral masticatory muscle pain show no significant difference in muscle electrical activity of painful and non-painful muscles (Manfredini et al., 2013b). Furthermore, we compared right and left side EMG in 10 subjects of different subtypes, and did not find any difference (data not shown).

In a review of current methods for the assessment of bruxism, Pigozzi et al. (2019) point out the need for novel, more effective techniques. Current clinical methods require rigorous standardization and training and are still influenced by the subjective opinion of the examiner. According to Guillot et al. (2019), there is considerable disparity among health professionals regarding the assessment of bruxism, which results from different and often erroneous approaches to treatment. Inexperienced examiners, for example, may induce false pain when vigorously performing palpation on the muscle being evaluated.

Methods using portable devices (Yamaguchi et al., 2020), similar to those employed in the present study, have been gaining ground due to the increasing preference for evaluating individuals in their daily settings outside the clinic, which can alter the state of wakefulness and stress. Comparing EMG recordings under laboratory conditions to natural environment conditions, Prasad et al. (2019) found that differences in the amplitude of masseter muscle contractions were small and certainly not clinically relevant (0.94–1.00 to 0.82–1.00, respectively). Thus, the difference in evaluation setting does not exert influence over the degree of wakefulness, making surface EMG a reliable method in both situations (Prasad et al., 2019).

In the present study, no differences were found among the tonic, phasic, and intermediate subtypes regarding VAS scores. This finding contradicts our initial hypothesis that the tonic subgroup would have higher pain intensity values. However, individuals in the phasic and intermediate groups may have increased perceptions regarding pain symptoms, as individuals of different age groups and sexes were included in the sample. But a limitation of the present study was that the VAS score is subjective. We believe that further studies with a more specific methodology of pain evaluation (e.g., digital algometer) are necessary.

Future studies will be able to identify whether different psychomotor profiles and different brain circuits can influence the prevalence of phasic and tonic contractions in people with awake bruxism. In addition, understanding the different EMG patterns may assist in choosing specific treatments in cases where bruxism causes harmful consequences. According to Wetselaar et al. (2020), bruxism can be a risk factor with possible negative oral health outcomes, such as severe masticatory muscle pain or temporomandibular joint pain, extreme mechanical tooth wear, cracked teeth, and/or prosthodontic complications. It is also important to note that some of these oral changes are irreversible and progressive, such as tooth wear and cracked teeth. When tooth wear reaches advanced stages, it can cause pain, hypersensitivity, problems with function (e.g., chewing), and negative aesthetics (Maltarollo et al., 2020).

The international consensus in bruxism states that assessment of this condition may be performed by non-instrumental and instrumental approaches, such as physiological parameters acquired by EMG (Lobbezoo et al., 2018). There is also a recent review of the literature stating that masticatory EMG is important for the assessment of bruxism, which can be easily and precisely recorded during the daytime using a wearable EMG device (Yamaguchi et al., 2020). Here, we showed novel evidence that people included in the assessment of awake bruxism have different EMG patterns. The resultant EMG-based subtype classification may help establish new approaches for awake bruxism assessment, identifying effective treatment strategies, and improving outcome prognostication.



CONCLUSIONS

The use of surface EMG enabled the identification of three distinct subtypes of awake bruxism (tonic, phasic, and intermediate), with no significant differences in VAS scores between them.
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Myofascial pain in the masticatory region, generally referred to as headache, is a common temporomandibular disorder (TMD) characterized by the hypersensitive regions of the contracted skeletal muscle fibers. A correct clinical treatment of myofascial pain has the potential to modify the functional activation of cerebral networks associated with pain and unconscious teeth clenching, specifically the pain network (PN) and default mode network (DMN). In this study, research is presented as a case series of five patients with myofascial pain: three were diagnosed with intra- and extra-articular disorders, and two were diagnosed with only extra-articular disorders. All five patients received gnathological therapy consisting of passive splints and biofeedback exercises for tongue–palatal vault coordination. Before and after treatment, patients underwent pain assessments (through measures of visual analog scales and muscular palpation tests), nuclear magnetic resonance of the temporomandibular joint, and functional nuclear magnetic resonance of the brain. In each patient, temporomandibular joint nuclear magnetic resonance results were similar before and after the gnathological treatment. However, the treatment resulted in a considerable reduction in pain for all patients, according to the visual analog scales and the palpation test. Furthermore, functional nuclear magnetic resonance of the brain clearly showed a homogeneous modification in cerebral networks associated with pain (i.e., PN and DMN), in all patients. In conclusion, gnathological therapy consisting of passive aligners and biofeedback exercises improved myofascial pain in all five patients. Most importantly, this study showed that all five patients had a homogeneous functional modification of pain and default mode networks. Using passive splints in combination with jaw exercises may be an effective treatment option for patients with TMD. This research could be a starting point for future investigations and for clinicians who want to approach similar situations.

Keywords: TMD, TMJ, teeth clenching, trigger points, fMRI, facial pain management, myofascial pain, headache


INTRODUCTION

Temporomandibular disorder (TMD) is a general term used for several clinical issues involving the masticatory muscles and the temporomandibular joint (TMJ), and is one of the most common pathologies of the maxillofacial region in patients between 20 and 40 years. About 33% of the population has at least one symptom of TMD, and between 3.6 and 7.0% require prompt treatment. Furthermore, the concomitant incidence of anxiety and stress in patients exacerbate the TMD symptoms. TMD etiology is related to chronic pain, teeth grinding, and cervical spine problems. Signs and symptoms of TMD include pain, malocclusion, TMJ dysfunction, joint noises, deviation in opening or closing, and restricted jaw movement. Therefore, as an antalgic mechanism, the patient limits their own mandibular movements (1).

Unconscious teeth clenching constitutes a persistent microtrauma of muscles and articulation and is one of the main etiological factors of myofascial pain. It is characterized by regions of contracted motor fibers, defined as “trigger points,” which are the source of constant deep pain and can cause central excitatory effects, commonly referred by patients as headache. The diagnosis of myofascial pain is easily made through medical history and physical examination. The diagnostic suspicion is based on a history of chronic daily headaches and facial pain without evidence of neurological or intracranial abnormalities.

The goals of TMD treatment are to alleviate and/or reduce pain to improve mandibular function. Several procedures have been used as treatment methods, such as drug therapies, surgical and non-surgical procedures, dental appliances, physical therapy, and behavioral and psychosocial interventions. The guidelines of the Royal College of Dental Surgeons of Ontario recommend applying irreversible procedures (e.g., surgical interventions) only after the failure of conservative treatments, if the symptoms are severe and persistent (1).

Functional magnetic resonance imaging (fMRI), by taking the endogenous oxyhemoglobin as a contrast mean, allows inferring functional information on the metabolic activity of different cerebral regions (cerebral networks). Several fMRI studies have shown a permanent modification of pain and behavioral-associated cerebral networks following jaw-related therapeutic interventions (2, 3).

fMRI assesses neural functional activity by measuring the level of intra-tissutal oxyhemoglobin and deoxyhemoglobin, indices of regional blood supply and metabolic activity. The blood oxygenation level-dependent (BOLD) signal can be measured during the execution of a task (task-evoked fMRI) or during rest as a measure of brain functional connectivity (fcMRI). In our setting, we evaluated the fcMRI of two networks, the pain network (PN), and the default mode network (DMN). The PN is the cortical network of the physiology of pain, and the DMN is the network used in the processing of the unconscious processes. DMN is also involved in pain perception. These two cortical networks were analyzed in terms of functional connectivity. This study investigated the neural network activity at rest, in the absence of stimuli. Functional network connectivity is defined as the temporal correlation at rest in cortical networks. The resting functional connectivity represents 80% of the oxygen consumed by brain activities (4).

In this research study, a case series of five patients diagnosed with myofascial pain and treated with passive aligners and biofeedback exercises to teach the patient not to clench their teeth is presented. All the patients underwent quantitative pain assessments and fMRI before and after the gnathological treatment.



MATERIALS AND METHODS

The study was performed in the Oral Sciences Department of the University of Chieti G. D'Annunzio. Ethics approval (number 23) was obtained by the hospital's Independent Ethics Committee of Chieti. The study protocol was drawn in accordance with the European Union Good Practice Rules and with the Helsinki Declaration. The sample consisted of a group of five patients who were treated at the Orthodontics and Orofacial Pain Department for TMD disorders. Each patient signed an informed consent form before the study.

The study lasted 1 year: 6 months were used to recruit the patients, 3 months for follow-up of the recruited subjects, and 3 months for data processing.


Inclusion Criteria

1) At least 18 years of age.

2) Diagnosis of chronic myofascial pain syndrome of the masticatory muscles.

3) Pain in the jaw muscles at least four times a week and for at least 12 weeks.

4) Average pain severity of 4 on a 10-point scale for at least 1 h per day.

5) Pain in the jaw, temples, face, pre-auricular area, or in the ear during rest or function.

6) Diagnosis of TMDs using MR imaging of the TMJ to evaluate the articular disk, or meniscus, in terms of its morphologic features and its location related to the condyle in both closed- and open-mouth positions.



Exclusion Criteria

1) Pregnancy.

2) Current opioid use.

3) Claustrophobia.

4) Moderate or severe psychiatric disorder or current use of psychiatric medications.

5) Presence of fibromyalgia or other chronic pain disorder.

6) Diagnosis of metabolic disease, coagulopathy, neurological disorder, vascular disease, or neoplasia.

7) Family history of arthritis or gout.

Also, participants taking non-steroidal anti-inflammatory drugs or paracetamol (acetaminophen) stopped those medications at least 1 day prior to their study appointment.



Measurements


VAS

The pain intensity ratio was estimated by using a visual analog scale (VAS), which consisted of a graphic representation of the patient's face. The patient had to highlight painful areas, specifying the intensity (quantifying it with a value from 0 = No Pain to 10 = Maximum Pain) and frequency of the disturbance, and how it affected everyday life (5).



Palpation

Palpation of the temporal, masseter, sternocleidomastoid, digastric, and pterygoid muscles and TMJ was made bilaterally with constant pressure. It consisted of searching for trigger points in the masticatory muscles. Accordingly, these trigger points, once stimulated, tend to produce and provoke headaches through central excitatory effects.

The sensations of pain were classified on a scale from 0 to 3:

- 0: the absence of pain;

- 1: mild pain or apparent discomfort with muscle contraction;

- 2: moderate pain or discomfort with muscle contraction;

- 3: severe pain; the patient “draws back” or “drops in tears” (6).



MRI of the TMJ

MRI evaluated the integrity of the temporomandibular joint, disc dislocations, and condyle positions to diagnose intra-articular or extra-articular disorders and to assess changes in the condyle–disc relationship associated with clinical treatment. Each patient underwent TMJ MRI procedures with open-mouth and closed-mouth postures, before and after the treatment.



fMRI of the Brain

fMRI of the brain analyzed the functional resting connectivity of the pain network (PN) and default mode network (DMN). The PN represents the cortical network of the physiology of pain, whereas the DMN is the system that processes the unconscious mechanisms involved in pain perception.

The DMN areas that were studied:

• Right occipital lobe (DMN-RIGHT-OCC);

• Left occipital lobe (DMN-LEFT-OCC);

• Right temporal lobe (DMN-RIGHT-TEMP);

• Left temporal lobe (DMN-LEFT-TEMP);

• Posterior cingulate cortex (DMN-PCC);

• Precuneus (DMN-PRECUNEUS);

• Medial pre-frontal cortex (DMN-MPFC).

The PN areas that were studied:

• Anterior cingulate cortex (PAIN-ACC);

• Right insula (PAIN-RIGHT-INSULA);

• Left insula (PAIN-LEFT-INSULA);

• Right somatosensory cortex 1 (PAIN-RIGHT-S1);

• Left somatosensory cortex (PAIN-LEFT-S1);

• Right somatosensory cortex 2 (PAIN-RIGHT-S2);

• Left somatosensory cortex 2 (PAIN-LEFT-S2).

The fMRI of the brain allowed assessment of the average functional connectivity concerning PN and DMN networks from the different functional connectivity matrices, obtained from the difference between the connectivity matrix at T2 (posttreatment) and the connectivity matrix at T1 (baseline), for each subject. In the matrices, each node corresponds to the numerical value of the interaction of two specific ROIs (regions of interest): the ROI of the row with the ROI of the column. In the difference matrix of each patient, the algebraic sum of all the nodes in each network was calculated. A positive value of average functional connectivity corresponds to a greater functional connectivity at rest in that network after treatment. A negative value corresponds to a lower functional connectivity at rest after treatment.




MR Data Acquisition and Processing

The MRI data were collected using a GE Medical Systems 3.0 Tesla system with an eight-channel brain-receiving coil.

The protocol used a fast 3D-SPGR sequence with the following parameters:

- TR = 6.9 ms,

- TE = 1.6 ms,

- TI = 450 ms,

- flip angle = 15°,

- matrix = 256 × 256,

- field of view = 25.6 × 25.6 cm,

- 156 axial slices with 1 mm thickness, yielding a voxel size of 1 × 1 × 1 mm.

The scanning parameters provided complete coverage of the brain, midbrain, pons, and cerebellum regions.

CNS abnormalities associated with M-TMD were assessed using several MRI tools.

The first step was the brain extraction and parcellation by using FreeSurfer (7). Then, the 1000 Functional Connectomes Project was followed to obtain residuals from the BOLD images (8). Thereafter, the residuals were registered to MNI template (9), and the FSL toolbox (10) was used to extract the time-course from the selected ROI (11). The functional connectivity matrices and treatment timepoint (T2–T1) differences were calculated using a Python in-house script (12).



Treatment Protocol

Each patient received two passive splints made of hard polycarbonate that covers all the teeth without pre-established mandibular positions (13) (Figure 1). There was a lower passive aligner splint (LPAS) and an upper passive aligner splint (UPAS). The PAS was made of polycarbonate and was adjusted intraorally, as described by Sears, to avoid the impact of soft tissues. The LPAS was used during the daytime and the UPAS during the night.


[image: Figure 1]
FIGURE 1. Passive splints made of hard polycarbonate with thickness not exceeding 0.7 mm.


While wearing the LPAS, patients performed a biofeedback exercise for 2 min, three times a day (prior to breakfast, lunch, and dinner), with a minimum of 3 h between each exercise, 7 days a week. Biofeedback exercises of the tongue serve to enhance patient awareness of the palatal arches' spatial positioning associated with jaw clenching so that patients can learn to stop or refrain from doing this maladaptive behavior.

During the exercise, patients assumed an upright position or reclined on a hard, flat surface, and were required to follow the accorded three steps:

1. In the first phase, the patient clenched their teeth to fully contract the masseter bilaterally. A light touch with the forefinger on the contracted masseter was applied during maximum contraction. The patient visualized the muscle's volume in a mirror as a swollen tennis ball for 5 s.

2. In the second phase, the patient clenched their teeth to partially contract (~50%) the masseter bilaterally; a light touch with the forefinger was applied during the contraction force, which is about halfway. The patient visualized the muscle's volume in a mirror as a semi-deflated tennis ball for 5 s.

3. In the third phase, the patient was instructed to fully relax their jaw by opening it ~1 mm and applying a light touch with the forefinger on the utterly relaxed masseter. The patient visualized the muscle's volume in a mirror as a completely deflated tennis ball for 5 s.

4. In the fourth phase, the patient touched the tip of the tongue on the top of the palatine vault, approximately between the palatine wrinkles and the flat palate for 5 s.

Then, the patient removed the LPAS for breakfast.

The same exercise was repeated before lunch and before dinner with the LPAS inserted. Biofeedback was timed to occur immediately prior to meals because masseter activation during meals typically causes pain levels to worsen.

The treatment lasted ~3 months. In the 6 months follow-up, a new assessment was made using the VAS and palpation test of temporal, masseter, sternocleidomastoid, digastric, pterygoid muscles, and TMJ MRI, and fMRI of the brain was repeated to evaluate the treatment effect.

Throughout the entire study duration, every patient continued to record in their diaries the extent and intensity of their pain during headaches and treatment sessions/compliance.



Study Protocol

The study included five patients, three with intra-articular and extra-articular disorders and two with only extra-articular disorders, who were diagnosed by magnetic resonance imaging of the TMJ. All patients were treated using gnathological therapy consisting of passive aligners and biofeedback exercises. The study's patient selection was founded on the diagnosis of TMD based on a standardized and complete clinical examination that fulfills the Research Diagnostic Criteria (RDC TMDs) (14).

In the first phase of the study, all the patients underwent the palpation test and VAS to diagnose myofascial pain disorders. After recruitment in the study, the patients underwent TMJ MRI to assess the TMJ condition and fMRI of the brain to assess functional response.

During the second phase of the study, lasting 6 months, all five patients were treated by gnathological therapy consisting of passive aligners and biofeedback exercises for 2 min, three times a day (prior to breakfast, lunch, and dinner), with a minimum of 3 h between each exercise, 7 days a week.

Patients underwent follow-up appointments once a month, in which the VAS and the palpation test were repeated.

After 3 months, all patients underwent a second TMJ MRI and fMRI of the brain.

All the clinical examinations, splint fitting, and follow-up appointments were performed by the same examiner.



Statistical Analysis

Paired Student t-tests (pre- and posttreatment, T2-T1) were used to understand the impact of the treatment protocol on VAS scores and PN and DMN average connectivity. The significance threshold for all tests was set at 0.05.




RESULTS

All five patients exhibited forms of tension headaches but no sort of migraines, diagnosed according to the criteria of the International Classification of Headache Disorders 3rd edition (ICHD-III beta) (15).

In Table 1, the impact of gnathological treatment on pain is reported (VAS and painful areas). Most importantly, by comparing the baseline values (T1) with posttreatment values (T2), the pain symptomatology decreased both in terms of intensity and number of painful areas for each patient. Furthermore, the patients sufficiently complied with the program to constitute a treatment effect.


Table 1. Clinical and demographical characteristics of the patients and the impact of the gnathological treatment.

[image: Table 1]

The improvements were independent of age and gender but dependent on symptom intensity and chronicity at T1. Patient 1, patient 2, and patient 4 had intra-articular and extra-articular disorder; patient 3 and patient 5 had only extra articular disorder. Patient 1 exhibited, after treatment only, residual symptomatology (VAS 4) on the neck and shoulder region, but had a long-standing spinal disc herniation detected by MRI of the spine. In patients 2 and 3, the symptomatology almost disappeared in each painful area (VAS 1). In patient 4, there was only residual symptomatology on the TMJ (VAS 4). In patient 5, the symptomatology completely disappeared in each painful area (VAS 0). There was a significant effect for VAS [t(4) = 7.9, p = 0.0013] (Table 4).

Each of the patients was fully compliant with the “prescribed” home treatment program.

Tables 2.1, 2.2 summarize the impact of the gnathological treatment concerning trigger points (palpation). Compared with baseline (T1), posttreatment (T2) pain extent and intensity during palpation of the masseter, temporal, sternocleidomastoid, digastric, and pterygoid decreased in all patients.


Table 2.1. Masseter, temporal, and sternocleidomastoid palpation test after treatment compared with baseline.
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Table 2.2. Digastric and pterygoid palpation test after treatment compared with baseline.
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According to the VAS data for patients 2, 3, and 5, the pain evoked by masseter, temporal, and sternocleidomastoid muscle palpation almost disappeared (PALPATION TEST 0–1). Patient 1 exhibited the presence of spinal disc herniation; it caused no persistency in terms of pain upon palpation of the masseter, temporal, and sternocleidomastoid muscles (PALPATION TEST 1). Patient 4 exhibited persistent pain at the masseter muscle upon palpation (PALPATION TEST 2) due to the residual pain experienced in the TMJ.

Pain on palpation in the digastric muscle region disappeared in all patients (PALPATION TEST 0). Pain on palpation in the pterygoid muscle region was relevant only in patient 4 (PALPATION TEST 2) with residual TMJ pain. There was a significant effect for palpation of the masseter [t(4) = 9, p < 0.001], temporalis [t(4) = 6.5, p = 0.0028], sternocleidomastoid [t(4) = 11, p < 0.001], digastric [t(4) = 3.2, p = 0.0326], and pterygoid [t(4) = 6.3, p = 0.0032] (Table 4).

Table 3 reports the average functional connectivity, which in the PN had a positive value for all five patients while in the DMN had a negative value for four of five patients. The variations of fcMRI within each network were uniform among the five patients. Only patient 1's DMN behaved differently, possibly due to the detected spinal disc herniation. Figures 2–6 show the matrix difference T2–T1 for all ROIs of PN and DMN for each patient; the algebraic sum of the functional connectivity values of each ROI in this matrix was represented as the average connectivity of each network. There was no significant effect for the DMN average connectivity [t(4) = −0.6, p = 0.5801] and for the PN average connectivity [t(4) = 1.8, p = 0.1382] (Table 4).


Table 3. Average connectivity of the DMN and PN.
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FIGURE 2. Matrix difference T2–T1 of the first patient and DMN and PN average connectivity.



[image: Figure 3]
FIGURE 3. Matrix difference T2–T1 of the second patient and DMN and PN average connectivity.



[image: Figure 4]
FIGURE 4. Matrix difference T2–T1 of the third patient and DMN and PN average connectivity.



[image: Figure 5]
FIGURE 5. Matrix difference T2–T1 of the fourth patient and DMN and PN average connectivity.



[image: Figure 6]
FIGURE 6. Matrix difference T2–T1 of the fifth patient and DMN and PN average connectivity.



Table 4. Statistical results.
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DISCUSSION

In this case series of five patients with myofascial pain in the masticatory region due to unconscious clenching reflexes, we investigated the impact of gnathological therapies on pain and associated arrangement of pain and default mode neural networks. Teeth clenching is an unconscious behavior that represents the etiology of all TMDs, which have complex and multifactorial etiology outcomes. A scientific review reveals the TMDs' major causal factors including occlusion, trauma, emotional stress, deep nociceptive stimuli, and parafunctional activities (bruxism and clenching). If there are substantial loads (e.g., unconscious clenching), slight flexion in the mandible causes tension in the discal ligaments and intracapsular disorders. The unconscious clenching and bruxism cause microtrauma against the teeth, muscles, and joints.

The most frequent TMD associated with unconscious clenching is myofascial pain syndrome, the fourth stage of muscular pathology in TMD (16). Tooth clenching diagnosis is made when the patient reports problems such as tension headaches, neck pain, back pain, tenderness of the masticatory muscles, and fatigue of the masticatory muscles when chewing hard food, difficulty opening the mouth completely, muscle tenderness on waking, and muscular tension in the head–neck region. Myofascial pain is different compared with migraine pain because headaches respond to anti-inflammatories and are independent of noises and lights. Also, myofascial pain can have bilateral involvement, and it is not excessively debilitating.

Biofeedback has been used for over 50 years in muscle rehabilitation to facilitate standard movement patterns after injury. This technique provides biological information, which would not otherwise be known by the patient in real-time (17). A systematic review of the literature concludes that biofeedback can be useful in helping to manage masticatory muscle activity. Most of the studies showed a significant correlation between the use of biofeedback and the reduction of masticatory muscle activity (18).

The study outlined a significant decrease in the symptomatology (Tables 1, 2.1, 2.2, 4), both in terms of the referred pain (VAS) and in terms of trigger points detected (assessed by muscle palpation). The TMJ MRI did not highlight any modification in the disc–condyle relation in patients diagnosed with either combined intra- and extra-articular disorder or only extra-articular disorder. However, the treatment was equally effective for both subgroups of patients in terms of reduction of pain, unconscious teeth clenching, and muscular tension. fMRI of the brain revealed that in all the patients, the average fcMRI of the pain network tended to increase, whereas after the treatment, the average fcMRI of the DMN tended to decrease in four out of five patients (Tables 3, 4, and Figures 2–6). It is proposed to increase the sample size to permit exploration of the data using robust statistical methods.

Our finding of lower functional connectivity of the DMN, associated with a greater functional connectivity of the PN after the treatment, is consistent with the results of a recent study showing that DMN and the PN are functionally connected but show an inverse temporal modulation (19). It is important to emphasize that a decrease or increase in functional connectivity at rest within a neural network does not correspond to an increase or decrease in the physiological activity of that network; it may instead indicate an increase or decrease of the task-evoked activity.

This study research outlines limits concerning low sample sizes; therefore, the aim for the future is to increase the sample size; furthermore, another limit is the no use of EMG, on which inclusion in future studies will be relevant. Based on our qualitative and quantitative clinical and fcMRI evaluation of five patients, our data suggest that a gnathological treatment protocol based on a splint and associated biofeedback exercises is effective and repeatable in future studies. Moreover, we showed the neurophysiological impact of the gnathological therapy, assessed as qualitative clinical/quantitative fMRI PN and DMN measurements of improvement. After the treatment was completed, the functional connectivity of the brain networks showed homogeneous changes in all the five patients.
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Background: Acquired dysphagia is common in patients with tracheal intubation and neurological disease, leading to increased mortality. This study aimed to ascertain the risk factors and develop a prediction model for acquired dysphagia in patients after neurosurgery.

Methods: A multicenter prospective observational study was performed on 293 patients who underwent neurosurgery. A standardized swallowing assessment was performed bedside within 24 h of extubation, and logistic regression analysis with a best subset selection strategy was performed to select predictors. A nomogram model was then established and verified.

Results: The incidence of acquired dysphagia in our study was 23.2% (68/293). Among the variables, days of neurointensive care unit (NICU) stay [odds ratio (OR), 1.433; 95% confidence interval (CI), 1.141–1.882; P = 0.005], tracheal intubation duration (OR, 1.021; CI, 1.001–1.062; P = 0.175), use of a nasogastric feeding tube (OR, 9.131; CI, 1.364–62.289; P = 0.021), and Acute Physiology and Chronic Health Evaluation (APACHE)-II C score (OR, 1.709; CI, 1.421–2.148; P < 0.001) were selected as risk predictors for dysphagia and included in the nomogram model. The area under the receiver operating characteristic curve was 0.980 (CI, 0.965–0.996) in the training set and 0.971 (0.937–1) in the validation set, with Brier scores of 0.045 and 0.056, respectively.

Conclusion: Patients who stay longer in the NICU, have a longer duration of tracheal intubation, require a nasogastric feeding tube, and have higher APACHE-II C scores after neurosurgery are likely to develop dysphagia. This developed model is a convenient and efficient tool for predicting the development of dysphagia.

Keywords: prediction, neurointensive care unit, nomogram, neurosurgery, dsyphagia


INTRODUCTION

Post-extubation dysphagia is a common complication in mixed intensive care units (ICUs), causing aspiration pneumonia, malnutrition, and dehydration, and increasing the length of hospital stay and mortality (1–5). The prevalence of post-extubation dysphagia ranges from 3 to 62%, which leads to increased healthcare-related costs (6, 7). The condition is even worse in patients with neurological diseases. In addition to neuromuscular disease, acquired neurological disease is also a high risk for dysphagia. According to reports, 28–65% of patients with acute stroke experience difficulty in swallowing (8), same as brain tumors (9). Even in patients with a non-traumatic subarachnoid hemorrhage, the incidence of dysphagia is 16.33% (10). In fact, previous clinical studies have identified neurological diseases as a significant risk factor for the development of dysphagia (11, 12).

Therefore, early and timely assessment of whether the patient has dysphagia can significantly reduce the occurrence of pneumonia and further reduce mortality (13). Although dysphagia has a high incidence rate in patients with neurological diseases and is an important predictor of poor prognosis, few relevant predictive studies have been conducted over the past few decades. A nomogram is a graphical statistical device that makes it possible to qualify individual prediction probability based on patients' characteristics. Currently, nomograms have been widely used in the medical field, helping to guide clinical decision-making.

In the present study, we performed a multicenter prospective observational study to identify risk factors for acquired dysphagia in patients after neurosurgery. Additionally, we developed and validated a simple and reliable model for predicting dysphagia in patients after neurosurgery.



METHODS


Study Design and Participants

A multicenter prospective observational study was performed in the neurointensive care unit (NICU) of three tertiary care teaching hospitals. The prerequisites for extubation in patients after undergoing neurosurgery included having spontaneous breathing, s‘ hemodynamics, and presumably protecting the airway (positive cough reflex, less tracheobronchial secretions, and normal consciousness level). Eligible patients were consecutively included in our study between May 2018 and December 2019. Inclusion criteria were as follows: (1) age >18 years; (2) admitted to the NICU after neurosurgery. Exclusion criteria were as follows: (1) patients with primary laryngopharyngeal diseases, laryngopharyngeal mass, or any other situation leading to dysphagia before enrollment; (2) patients who could not be extubated or with tracheotomy; (3) patients who rejected to participated in standardized swallowing assessment (SSA) for any reason; and (4) patients who failed to finish the first SSA (e.g., Some patients were not allowed to drink or eat due to their condition) or failed to complete all the follow up (e.g., Some patients were thought that the SSA was cumbersome and they were unwilling to participate again after the first test). This study was approved by the Ethics Committees of Shanghai Tenth People's Hospital, affiliated with Tongji University (Shanghai, China).



Data Collection
 
Questionnaire Design and Distribution

Data collection was performed using a self-designed questionnaire (Supplementry Materials), which mainly comprised three sections: patients' demography, past medical history, and clinical features. The nurses in our research team have strict criteria: (a) work for at least 5 years; (b) with a master's degree; (c) training and testing of SSA by one nurse manager. Questionnaires were distributed to qualified nurses in the NICU. All eligible patients underwent systematic bedside screening and filled out the questionnaires, which were then reviewed by a neurologist. Figure 1 shows a flowchart of the experimental design.


[image: Figure 1]
FIGURE 1. Flowchart of the study design. NICU, neurointensive care unit; SSA, standardized swallowing assessment.




Parameters Acquirement

After collecting all the questionnaires, data were extracted. Demographic features, past medical history, and clinical features were collected. Dysphagia was evaluated by SSA within 24 h of extubation, as previously reported (14) (Supplementary Materials). Briefly, the SSA scale comprised three parts, including clinical examination, a stage 1 water swallow test (WST), and a stage 2 WST. Patients with an abnormal consciousness level, breath pattern, lip closure, palate movement, laryngeal function, gag reflex, voluntary cough, or loss of control of the head and trunk were valued as dysphagia, and SSA was terminated. In stage 1 WST, the patient was given 5 ml of water three times consecutively. If the patient finished stage 1 WST two out of three times without dribbling water, laryngeal movements on the attempted swallow, “repeated movements” felt, coughing, stridor, or any abnormal laryngeal function after swallowing, they then proceeded to the stage 2 WST. In stage 2 WST, the patient was instructed to drink 60 ml of water. If the patient did not display coughing, stridor, aspiration, or any abnormal laryngeal function after swallowing, the patient was considered not having dysphagia. In the present study, patients had normal consciousness levels and normal breathing patterns at the first evaluation (the prerequisites for extubation). Patients were screened every 8 h until dysphagia was diagnosed or they were discharged from the hospital. The baseline severity of the disease was assessed using Acute Physiology and Chronic Health Evaluation (APACHE)-II scores at admission, and each item was listed separately. The Richmond Agitation-Sedation Scale (RASS) was used to assess the sedation state of patients when assessing SSA. Days in the NICU, hours on mechanical ventilation, hours with tracheal intubation, and hours with sedation relaxant usage were recorded. Questionnaires with missing values were discarded.




Statistical Analyses

All data were randomly divided into a training set and a validation set at a ratio of 7:3. The continuous variables were checked for normal distribution using a Shapiro-Wilk test. Data are expressed as medians and interquartile ranges for continuous variables and n (%) for categorical variables. Univariate analysis between the two groups in terms of categorical variables and continuous variables was conducted using a chi-squared test or Mann–Whitney U-test, respectively. The variance of inflation factors (VIF) was calculated to determine multicollinearity. Factors with VIF >10 were considered as serious collinearity, were excluded from further analyses. A logistic regression analysis was then performed to identify the risk factors for predicting dysphagia. Only variables with P < 0.05 in the univariate analysis were included in the next analysis. The best subset selection strategy was employed to construct a logistic regression model, and the Bayesian Information Criteria (BIC) was used to select the best model from all possible subsets. Then, a nomogram was developed based on the results of the logistic regression, which was validated using the validation set. The model was also internally validated using all the data by performing 10-fold cross-validation. The area under the receiver operating characteristic curve (AUC) was calculated to measure the discrimination performance. The calibration curve was used to test the reliability with bootstraps of 1,000 resamples, which described the degree of fit between the actual and nomogram-predicted probability. The Brier score was used to measure the accuracy of probabilistic predictions, which ranged from 0 to 1. The lower the Brier score, the better the predictions of dysphagia were calibrated. Decision curve analysis was used to evaluate the model's profitability. All statistical analyses were performed using R statistical software (version 4.0.0; R Foundation for Statistical Computing, Vienna, Austria).




RESULTS


Demographic and Clinical Characteristics

After screening according to our exclusion criteria, we collected 293 valid questionnaires in this study. In total, 206 patients (48 patients with dysphagia, 23.3%) were included in the training set, while 87 patients (20 patients with dysphagia, 23.0%) were included in the validation set.

The demographics and clinical characteristics of patients with and without dysphagia are shown in Table 1. Considering that the APACHE-II score includes patients' age, we listed the four items separately. Among all the variables, age, diagnostic category, hypertension, NICU stay, mechanical ventilation, protective restraint, nasogastric feeding tube, tracheal intubation, sedation, relaxants, muscle strength grade, RASS score, and APACHE II score were significantly different between the two groups.


Table 1. Baseline characteristics comparison between patients with dysphagia or not.
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Risk Factors of DG

All variables were included in the multivariate logistic regression analysis. The best subset was chosen based on the smallest BIC. Days of NICU stay, tracheal intubation duration, the existence of a nasogastric feeding tube, and APACHE-II C score were selected as risk predictors for dysphagia. No variables were meeting the criteria for multicollinearity (VIF >10). The results of multivariable analyses for dysphagia in the training set are shown in Table 2.


Table 2. Model for prediction of dysphagia.
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Establishment and Verification of a Nomogram for DG

According to the results of multivariate logistic regression analysis, four variables, including days of NICU stay, tracheal intubation duration, the existence of a nasogastric feeding tube, and APACHE-II C score were ultimately chosen as predictors to develop a nomogram model (Figure 2). In this model, tracheal intubation duration showed the greatest effect on dysphagia, followed by APACHE-II C score and then days of NICU stay. The existence of a nasogastric feeding tube was the smallest risk factor for dysphagia. The risk of dysphagia for patients after neurosurgery was found to be positively correlated with the sum of the four predictors' points in the nomogram model.


[image: Figure 2]
FIGURE 2. Nomogram for predicting the risk of dysphagia. Points are assigned for NICU stay, tracheal intubation duration, nasogastric feeding tube, and APACHE-II C score. The “Points” displays prognostic points. The “total points” are calculated as the sum of the individual score of each variable, which is then used to find the appropriate position on the “Risk of Dysphagia” axis to determine the patient's individual risk of dysphagia. For example, if one patient now stayed in NICU for 7 days (about 30 points), the tracheal intubation lasted for 35 h (about 10 points), without the nasogastric feeding tube (0 points), the APACHE-II C score was 2 at admission (about 15 points), the total points for this patient were 55 points. The risk of dysphagia for this patient was about 33%. NICU, neurointensive care unit; APACHE-II, Acute Physiology and Chronic Health Evaluation.


AUC was used to assess the discriminative performance of the nomogram model in the training set [0.980, 95% confidence interval (CI): 0.965–0.996, Figure 3A] and externally validated in the validation set (0.971, 95% CI: 0.937–1, Figure 3B). Using 10-fold cross-validation in the total data, we further evaluated the predictive accuracy of the model. The max AUC was 0.994 (95% CI: 0.977–1).


[image: Figure 3]
FIGURE 3. Receiver operating characteristic (ROC) curve of the training set (A) and validation set (B).


Considering that discrimination alone was insufficient to assess the prediction capability of the model, we verified the performance of calibration using a calibration plot and the Brier score. A calibration plot with 1,000 bootstraps suggested good prediction performance in both the training set (Figure 4A) and validation set (Figure 4B), with mean absolute errors of 0.048 and 0.057, respectively. The Brier score can quantify the calibration performance. The Brier scores in the two sets were 0.045 and 0.056, respectively. A decision curve analysis was developed to evaluate the prognostic value of the prediction model. Figure 5 shows the decision curve analysis of the two sets. This indicates that patients can benefit from our nomogram model.


[image: Figure 4]
FIGURE 4. Calibration plot of the nomogram in the training (A) and validation set (B). Predictions generated from the model are plotted against actual patient outcomes. The 45-degree line represents the perfect model calibration. The dotted line (apparent) indicates calibration when the model is applied to each set, and the solid line (bias-corrected) indicates calibration when the model is applied to the bootstrap set.
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FIGURE 5. Decision curve analysis of the nomogram in the training set (A) and validation set (B). The red line displays the net benefit of our model. The gray line assumes that all patients develop dysphagia. The black line assumes that no patients develop dysphagia.





DISCUSSION

In the present study, we performed a multicenter prospective observational study in the NICU. Days of NICU stay, tracheal intubation duration, the existence of a nasogastric feeding tube, and APACHE-II C score were identified as risk factors for dysphagia in patients after neurosurgery. Using these four variables, we developed a nomogram model to calculate the risk of dysphagia in these patients.

Tracheal intubation and neurological diseases are the two main risk factors for acquired dysphagia (6, 8). Tracheal intubation often causes mechanical injury, such as mucosal abrasion, laryngeal edema, or a decrease in laryngeal sensation. Prolonged intubation can lead to tongue, pharynx, and larynx muscles disuse atrophy (15, 16). Patients with a neurological disease or critical illness often have damage to the cortex and subcortical structures, which decreases the coordination of the swallowing reflex (8, 17, 18). Acute phase admission is also a crucial factor for dysphagia (11, 12), concentrating on the main diseases with less attention to nutrition and activity (19). However, there are few studies on patients after neurosurgery, which contains all three factors. In our study cohort, the incidence of dysphagia was 23.2% (68/293), which is relatively low compared with other studies (6, 7). The reason why there were fewer positive patients may be due to fewer emergency patients (47/293 patients with APACHE-II B score of 5) and a higher baseline APACHE-II C score (the median of the patient's APACHE II C score is 0) in our institutes.

The SSA was first proposed by Smithard et al. in 1996 (14), and also validated by other patients with neurological diseases (20). In the meantime, it's easy to perform at the bedside than videofluoroscopy or fibreoptic endoscopy and safer than Kubota Water Swallowing Test. It is a good tool for screening dysphagia at the bedside (20, 21). However, it still requires a well-trained nurse and is time-intensive. Our prediction model only included four factors; however, it demonstrated excellent discrimination and calibration. Using our nomogram tool, clinicians or nurses can easily perform bedside screening in the NICU to screen patients who are at high risk for acquired dysphagia. Patients with a high score should further undergo a systematic examination and measures should be taken to prevent the complication of acquired dysphagia. Aspiration pneumonia is a serious consequence of dysphagia, affecting 37–55% of patients with stroke (22). Screening and timely assessment of dysphagia could significantly decrease the risk of pneumonia. In fact, the incidence of pneumonia increases by 1% every day the evaluation is delayed (13). For people with acute stroke, dysphagia increases the risk of malnutrition by up to 12 times. Therefore, patients with a high risk of dysphagia should be assessed thoroughly for the risk of malnutrition, and enteral nutrition or parenteral nutrition should be considered (23).

These four variables are all routine and easy to obtain. A longer ICU stay has been previously proposed as a potential risk factor for post-extubation dysphagia (10), which was further confirmed in our study. The existence of a nasogastric feeding tube can cause mechanical damage to the pharyngeal mucosa, laryngopharyngeal edema, sensory deficits, and swallowing-related muscle atrophy, which decreases swallowing function (24). Several studies have also reported the risk of feeding tube exposure (11, 25). In addition, the long-term existence of the feeding tube can increase the risk of aspiration (26, 27). Although swallowing can be achieved without conscious input, cortical control plays a critical role in the swallowing process (18). The baseline APACHE-II C score was calculated using the Glasgow Coma Scale (GCS), which is used to evaluate the state of a patient's consciousness. Patients with decreased GCS are likely to have dysphagia and aspiration (10, 28).

Importantly, our primary goal was to build a prediction model. Therefore, we attempted to achieve the best discriminatory ability and calibration possible. So although tracheal intubation duration is not statistically significant (p > 0.05), it also stays in our final model. Tracheal intubation duration was previously reported as a risk factor for dysphagia (29). The tracheal tube can directly lead to trauma in normal anatomic structures and compress the laryngeal nerve, which leads to swallowing dysfunction (30).

Nevertheless, there are some limitations to our study. First, our study cohort was relatively small for prediction model development. Second, we did not include other previously reported risk factors in our model, such as advanced age (31–33), emergency admission (11, 12), and previous stroke (4, 18, 29, 34). Therefore, the discrimination and calibration of our model need to be further validated by an external cohort from other centers. Third, we didn't set the exclusion criteria for patients with pneumonia, obstructive sleep apnea, gastroesophageal reflux et al. However, these diseases share dysphagia as common sequelae, which may increase the positive rate of dysphagia. In the meantime, our questionnaire lacks information during the perioperative period. This could also bias our results. Lastly, there were relatively few patients positive for dysphagia in our study cohort, which may come from SSA. This screening tool cannot definitively rule out silent aspiration and laryngeal dysfunction. Few numbers of positive events may cause the model's prediction accuracy to be too high and thus not stable enough. In the future, more patients from different levels of medical institutions are needed to verify our model.



CONCLUSIONS

Longer NICU stay, longer tracheal intubation duration, the existence of a nasogastric feeding tube, and higher APACHE-II C score were the main risk factors for acquired dysphagia in patients undergoing neurosurgery. Our model has good performance in terms of discrimination and calibration in predicting acquired dysphagia. It allows clinicians to screen patients with a high risk of dysphagia, thus providing them the ability to take timely preventative measures to reduce the complications associated with dysphagia.
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Background: Swallowing disorders (dysphagia) can negatively impact quality of life and health. For clinicians and researchers seeking to improve outcomes for patients with dysphagia, understanding the neural control of swallowing is critical. The role of gray matter in swallowing control has been extensively documented, but knowledge is limited regarding the contributions of white matter. Our aim was to identify, evaluate, and summarize the populations, methods, and results of published articles describing the role of white matter in neural control of swallowing.

Methods: We completed a systematic review with a multi-engine search following PRISMA-P 2015 standards. Two authors screened articles and completed blind full-text review and quality assessments using an adapted U.S. National Institute of Health's Quality Assessment. The senior author resolved any disagreements. Qualitative synthesis of evidence was completed.

Results: The search yielded 105 non-duplicate articles, twenty-two of which met inclusion criteria. Twenty were rated as Good (5/22; 23%) or Fair (15/22; 68%) quality. Stroke was the most represented diagnosis (n = 20; 91%). All studies were observational, and half were retrospective cohort design. The majority of studies (13/22; 59%) quantified white matter damage with lesion-based methods, whereas 7/22 (32%) described intrinsic characteristics of white matter using methods like fractional anisotropy. Fifteen studies (68%) used instrumental methods for swallowing evaluations. White matter areas commonly implicated in swallowing control included the pyramidal tract, internal capsule, corona radiata, superior longitudinal fasciculus, external capsule, and corpus callosum. Additional noteworthy themes included: severity of white matter damage is related to dysphagia severity; bilateral white matter lesions appear particularly disruptive to swallowing; and white matter adaptation can facilitate dysphagia recovery. Gaps in the literature included limited sample size and populations, lack of in-depth evaluations, and issues with research design.

Conclusion: Although traditionally understudied, there is sufficient evidence to conclude that white matter is critical in the neural control of swallowing. The reviewed studies indicated that white matter damage can be directly tied to swallowing deficits, and several white matter structures were implicated across studies. Further well-designed interdisciplinary research is needed to understand white matter's role in neural control of normal swallowing and in dysphagia recovery and rehabilitation.

Keywords: white matter, swallowing, dysphagia, deglutition, neurophysiology, diffusion weighted imaging, diffusion tensor MRI


INTRODUCTION

Swallowing is an essential biological function governed by both peripheral and central sensorimotor pathways. Damage in these pathways can cause swallowing disorders, also known as dysphagia. Dysphagia is a frequent consequence of many neurological and anatomical conditions or diseases (e.g., stroke, cerebral palsy, Parkinson's disease, dementia, head and neck cancer, trauma, etc.), and is very common. In the US alone, four percent of adults are reported to experience dysphagia per year (Bhattacharyya, 2014). For those individuals, the impact can be profound. Dysphagia affects quality of life (Leow et al., 2010), nutrition (Namasivayam and Steele, 2015), hydration (Reber et al., 2019), respiratory function, and overall health (Langmore et al., 1998). Because of its impact and relatively high prevalence, developing effective interventions for the management of dysphagia has been a longstanding goal of clinicians and researchers. Central in these efforts has been the attempt to increase our knowledge and understanding of the underlying physiological and neurophysiological mechanisms that govern swallowing, and which can be targeted in treatment.

This knowledge base has been growing over the past 100 years, with much of the literature focused on the role of cortical and brainstem gray matter areas involved in the neural control of swallowing. In the early 1900's, neuroscience research relied heavily on animal models and focused on the reflexive nature of swallowing (Miller and Sherrington, 1915). This animal work revealed the essential role that brainstem nuclei, specifically a group of medullary nuclei, play in triggering the pharyngeal response (Doty, 1951, 1968; Car and Roman, 1969; Jean et al., 1975; Amri et al., 1984; Kessler and Jean, 1985). In the mid 1900's, some attention was directed to the cortex (Car, 1970; Sumi, 1972), as researchers found that swallowing or mastication were evoked when specific cortical regions (i.e., the lateral pericentral and superior sylvian cortex) were stimulated with electrical pulses in patients under seizure evaluation (Penfield and Welch, 1949; Penfield, 1955). This same response was also seen in animals during intracranial microelectrode stimulation (Sumi, 1972; Martin et al., 1999). Despite these findings, the theory that swallowing is primarily reflexive (i.e., brainstem mediated) predominated from the early 1900's even into the 1980's (Bosma, 1957; de Lama Lazzara et al., 1986). During this time period, this notion started being challenged with the advent of new imaging techniques that allowed researchers to non-invasively look at changes in brain structures in living humans.

Clinical studies reporting swallowing deficits in patients with cortical and subcortical lesions provided the first clear support that the role of the cerebrum was essential in swallowing (Meadows, 1973; Gordon et al., 1987; Martin and Sessle, 1993; Robbins et al., 1993; Daniels et al., 1996). This was then further delineated through novel neuroimaging techniques that enabled the study of metabolic correlates of brain activation during swallowing in vivo (e.g., Hamdy et al., 1999; Martin et al., 2001, 2004; Suzuki et al., 2003; Toogood et al., 2005; Malandraki et al., 2009, 2011). This growing body of literature was critical in shifting our appreciation of swallowing from a simple brainstem mediated reflex to a highly complex sensorimotor function relying on all levels of the central nervous system (CNS) (Malandraki et al., 2011).

Undoubtedly, identifying the gray matter regions that play a role in swallowing was a significant contribution. However, the specifics on how these regions communicate and connect with each other to achieve this complex control remains largely unexplored, i.e., there is little insight on the role of white matter tracts. One early computed tomography (CT) study reported that damage to subcortical white matter (the internal capsule and within the brainstem) caused dysphagia, likely due to disruption in the sensorimotor pathways of the corticobulbar tract (Logemann et al., 1993). Additional early CT/MRI work showed that lingual discoordination and dysphagia were common in patients with periventricular white matter lesions (Daniels et al., 1999).

Despite the relatively limited focus on the role of white matter for swallowing, it is evident from broader neurophysiology work that white matter is highly relevant to the study of all human functions. White matter is the CNS component composed primarily of myelinated axons of neurons, provides the connections between cells, and functions as the information highway between distinct brain regions. These connections bundle together to form three primary types of white matter tracts. First, association tracts connect areas of the cortex within the same hemisphere (Schmahmann et al., 2007). One prominent association tract is the superior longitudinal fasciculus which contains many branches, most notably the arcuate fasciculus, which connects the Broca's and Wernicke's areas in the left hemisphere (Breier et al., 2008). Damage to these structures in each hemisphere can lead to different symptoms, due to the lateralization of functions. Secondly, commissural tracts are the tracts that connect the right and left hemispheres, and include the corpus callosum, and the anterior and posterior commissures. Damage to these inter-hemispheric structures can cause frontal lobe dysfunction and spatial deficits (Buklina, 2005). Lastly, projection tracts connect areas in the cortex with lower centers such as deep nuclei or the brainstem. An example of projection tracts/structures are the internal capsules, which carry motor and sensory information between the cortex and sub-cortical areas. Damage to projection fibers can result in motor or sensory deficits throughout the body (Puig et al., 2011; Emos and Agarwal, 2020).

Scientific and clinical interest in these white matter tracts has been increasing. In a PubMed search using the key word “white matter,” we identified a 400% increase in relevant articles since 1999. This increase is most likely due to the emergence of a new field devoted to understanding the full network of these tracts in humans, known as the human connectome (Sporns et al., 2005). This field has evolved through imaging advancements in diffusion weighted imaging (DWI), and in analysis techniques, such as tractography (Huisman, 2010). Diffusion weighted imaging senses the diffusion of water across tissue materials. Notably, white matter tracts have a unique diffusion property; they are anisotropic, i.e., water diffuses predominantly along the fiber (Frank, 2001). This characteristic (captured with DWI) allows us to identify and describe white matter structures and their properties with simple metrics such as fractional anisotropy (Alexander et al., 2007).

Although our understanding of the role of white matter for many biological functions is increasing, our understanding of these pathways in the neural control of swallowing remains scarce. Further, it is unclear to what extent newer imaging techniques such as DWI/DTI have been used for the study of the swallowing control. Identifying and addressing these gaps will provide critical insight on the structural neural connections involved in swallowing and has the potential to improve our ability to accurately identify and treat patients with neurological disease and dysphagia. Further, white matter is highly adaptable as shown by studies on recovery of sensorimotor functions after neurotrauma (Schlaug et al., 2009; Kou and Iraji, 2014; Sampaio-Baptista and Johansen-Berg, 2017), and may hold potential for maximizing swallowing recovery, but it is unclear to what extent this has been investigated. As a first step to informing future research in this line of work, it is necessary to systematically evaluate the quality of existing evidence and compare results across studies. Therefore, this systematic review aimed to identify all published research articles describing the role of white matter in the neural control of swallowing, and summarize and evaluate them to determine answers to four primary research questions:

(1) What patient populations are represented in the available evidence?

(2) What white matter imaging techniques and swallowing evaluation techniques have been utilized to investigate the role of white matter in the neural control of swallowing?

(3) Does the available evidence provide definitive information on specific white matter tracts that are implicated in the neural control of swallowing and their role?

(4) What are the main gaps in the investigation of the role of white matter tracts in the neural control of swallowing that need to be addressed in future research?



METHODS


Systematic Review Protocol

This review was conducted systematically and the detailed protocol was developed a priori in accordance with the PRISMA-P 2015 (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines (Moher et al., 2009). Further, it was registered with the international prospective register of systematic reviews (PROSPERO ID: CRD 42020191453). Throughout the process, Rayyan data management software was utilized for blinding and tracking (Ouzzani et al., 2016).



Literature Search Strategy

A health sciences librarian (third author, BM) performed literature searches from May 2020 through July 2020, in the following databases: MEDLINE (via PubMed), Cochrane Library Database of Systematic Reviews, CINAHL, and Web of Science. Searches included a combination of controlled vocabulary terms, when applicable, and free text keywords. No filters were used during the search process. The literature was searched using combinations of terms including the following: “magnetic resonance imaging,” OR “MRI,” OR “white matter,” AND “deglutition disorders,” OR “dysphagia.” Terms were nominated by the senior/last author (GAM) and were further discussed and agreed upon with the entire team, including an MRI physicist and experienced imager (fourth author; H.C.). Both initial and final searches included a back-chained search of the reference lists of all identified articles. The final search was executed in November 2020, just before manuscript submission, to capture new publications. The precise search strategies, databases searched, and the number of results retrieved per database, are available in Supplementary Table A.



Inclusion and Exclusion Criteria

Studies were included in this review if they met the following criteria: (1) included human subjects of all ages, (2) were peer-reviewed research articles, scientific abstracts, case studies, or reviews, (3) were written in English language, (4) reported aberration of white matter microstructure/pathways and/or documentation of damage to white matter resulting in dysphagia, (5) used one or more of the following methods: MRI, diffusion MRI (dMRI), diffusion-weighted imaging (DWI), diffusion tensor imaging (DTI), tractography, and/or structural brain network (connectome), and (6) included swallowing/dysphagia as a primary outcome.

Consequently, studies were excluded if they: (1) included only animal models, (2) were not in English, (3) did not specifically document white matter aberration, or (4) did not include swallowing as a primary outcome measure.

The two first authors (AA and RHA) independently screened all titles and abstracts identified with the search strategy for inclusion/exclusion, and any disagreements were resolved by the senior/last author (GAM). Then, the same two authors (AA and RHA) reviewed the full text of all qualifying articles to make the final decision of eligibility, with disagreements, again, resolved by the senior/last author (GAM).



Bias Assessment

In order to compare results across studies, it is essential to assess study quality and risk of bias. Because the majority of the studies identified in this review were observational cohort studies, study quality was assessed using an adapted version of the U.S. Department of Health and Human Services National Institute of Health's (NIH) Quality Assessment protocol for observational cohort and cross-sectional studies (National Heart, Lung, and Blood Institute, 2019). This 12–item tool was developed to assist reviewers in critically appraising the internal validity of studies through a structured evaluation of sources of bias, diagnosis and outcome measures, and statistical components. For the purpose of this study, three of 12 original assessment items in the protocol were not considered in the quality assessment, because they were consistently not reported or not applicable in the studies reviewed (these were: sufficient timeframe to see exposure effect, repeated exposure assessment, and follow-up rate). See Table 1 for a full list of items assessed, and Supplementary Table B for details on the final adapted quality assessment tool.


Table 1. Study quality parameters rated using the modified NIH quality assessment for observational cohort and cross-sectional studies.
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Each study was independently evaluated by the two first authors (AA and RHA) using the NIH Quality Assessment protocol and was given a cumulative rating of Good, Fair, or Poor, that summarized the risk of bias in the study. According to the NIH Quality Assessment guidelines for the cumulative ratings, research studies are rated as “Good” if they have the least risk of bias, although they may not be free from all potential biases (Study Quality Assessment Tools | NHLBI, NIH, 2019). Bias in papers rated as “Good” is minimal and is discussed and accounted for in analysis. A study rated as “Fair” is still considered valid, with useful information, but may have some clear risk of bias that is not addressed. For example, a fair study may be underpowered due to limited sample size and not including blinding, both of which increase risk of bias. Finally, studies rated as “Poor” have substantial methodological limitations across multiple categories that limit interpretation of results. This tool does not determine precise cut-offs between these quality categories, but instead helps the evaluators rate the overall risk of internal bias based on key items/questions (see Supplementary Table B). To maximize objectivity, we used two independent raters (first two authors, AA and RHA), who participated in a 3-h practice training on this tool led by the senior author (GAM), before starting its use. Any disagreements in quality ratings were planned to be resolved through discussion with the senior/last author (GAM), though no disagreements occurred.



Data Extraction and Qualitative Synthesis

After completion of the bias assessment, the two first authors (AA and RHA) independently extracted data from all articles. Information extracted from each paper included study type and population characteristics, white matter techniques and information, swallowing evaluation methods, outcome measurements, and main findings from each study.

Extracted data on study type and population characteristics included: study design [classified in accordance with (Mann, 2003)], number of patients, number of participants in control group (if applicable), underlying diagnosis/disease of patient group or subgroups, severity/state of disease, age, sex, race, and ethnicity. Data extracted on white matter measurement included: scan type, scanner model and strength, head coil type, b-values, and number of directions (for DWI scans), scan settings, analysis type, and analysis method.

We also extracted details on how the primary outcome variable (swallowing) was assessed in order to compare clinical findings across studies. Data extracted included swallowing measurement method (e.g., instrumental or clinical assessment) and analysis of swallowing components (e.g., use of Penetration Aspiration Scale (Rosenbek et al., 1996), temporal measures, binary clinical ratings, etc.). Finally, information was extracted on the studies' main findings, which included implicated white matter areas and their suggested role in swallowing (including the statistical descriptions of that relationship), and limitations of each study.

Due to the wide variety of study types, patient populations, and imaging and swallowing evaluation methods, it was not possible to analyze the data across studies quantitatively at this time. Instead, a qualitative synthesis of the findings across studies was completed while critically evaluating the risk of bias of their methods and results.




RESULTS


Study Selection and Data Extraction

The initial search of four databases in May-July 2020 retrieved a total of 182 titles, including 78 duplicates and 104 unique titles. Two articles were identified via backward citation chaining, and two additional articles (Jang et al., 2020b; Lee et al., 2020) were identified in a search verification in September 2020. A final search was conducted on November 8th, before submission, which revealed three novel articles, none of which met inclusion criteria. In total, this resulted in a subset of 108 non-duplicate articles, which all had full abstracts. Two independent reviewers (first two authors; AA and RHA) reviewed the titles and abstracts, and after this review, 27 articles met our inclusion criteria for full text review. Following a detailed full text review, 22 articles were selected for inclusion (see Figure 1 for CONSORT diagram and exclusion reasons). There was disagreement on three articles at the screening stage, which was resolved by the senior/last author (GAM), and there were no other author disagreements on article review and inclusion. After study selection, the two first authors (AA and RHA) extracted data independently with agreement on 91% of extracted items and reached consensus on the remaining 9% of items extracted.
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FIGURE 1. Study selection flow diagram, according to PRISMA standards.




Study Types and Characteristics

Of the 22 articles included in the review, one was a case study (Jang et al., 2017), and 21 included multiple participants and were observational, i.e., there was no intervention assessed (Table 2). The most frequent observational study design employed was retrospective cohort (n = 11), followed by three case control studies, and one prospective cohort study. Six studies did not neatly fit into one of the main observational study categories (Mann, 2003). Four of these were closest to a prospective cohort design (Li et al., 2014; Suntrup et al., 2015; Galovic et al., 2016, 2017). However, instead of examining whether an outcome of interest (i.e., dysphagia) would develop over time, these four studies included only participants who had already failed a dysphagia screening or were diagnosed with dysphagia. One study identified a convenience sample with a common diagnosis (cerebral palsy, CP) and used observational methods to determine dysphagia status (Mouräo et al., 2017), and one study recruited healthy individuals to look at both a risk factor (i.e., aberrations in white matter) and changes in swallowing (Levine et al., 1992). Because these six studies did not fit into a specific pre-defined study type, but all involved carefully defined groups of subjects, we identified them broadly as “cohort design.”


Table 2. Demographics and participant characteristics across studies.
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Participant Characteristics and Clinical Classifications

Demographic and clinical diagnosis data (Research Question 1) of all reviewed studies are also included in Table 2. Ages of participants ranged from five to 96 years old, and only one study included patients under 18, children with CP, ages 5.11-17.6 (Mouräo et al., 2017). One study did not report age of the participants (Kim et al., 2014). Only two studies reported race (Cola et al., 2010; Wilmskoetter et al., 2019), and one also reported ethnicity (Wilmskoetter et al., 2019). The number of participants across studies ranged from a single subject to 322 (mean = 92.77), and 40.88% of all subjects were female, though one study did not report sex (Kim et al., 2014). One article included exclusively healthy participants, and 21 articles included patients. Of these 21 articles, seven also included groups of healthy adults, four as control groups and three for white matter mapping and modeling, not for comparison.

The majority of subjects were adult patients post stroke (20 articles) and, as already mentioned, one study focused on children with CP (Mouräo et al., 2017). Thirteen studies included a clinical rating of the underlying diagnosis of their subjects (Table 2). For stroke, the most frequent clinical rating scale used was the National Institute for Health Stroke Scale (NIHSS; n = 10). Three studies used the Rankin Scale (n = 3), one used the Canadian Neurological Scale (n = 1), one used the Korean mini mental (n = 1), and one used the motility index of limbs (n = 1) (Table 2). The clinical ratings used for CP were the Gross Motor Function Classification System (GMFCS) and the Manual Ability Classification System (MACS) (Mouräo et al., 2017).

Notably, within the studies that focused on stroke (20/22), inclusion criteria varied substantially. One study listed broad criteria of stroke diagnosis without further specification, eleven required that it was the first stroke, six required damage to a specific region, such as the middle cerebral artery, and nine required varying degrees of dysphagia severity for inclusion (Table 2).



Imaging Parameters and Analysis
 
Data Acquisition

Imaging specifications (Research Question 2) used in all reviewed studies are detailed in Table 3. All studies used MR imaging, however, specifics on scanner models and strength, scan types, settings, and analysis methods varied.


Table 3. MR imaging specifications across studies.
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Scanner strength is reported in tesla (T), and scanners with higher tesla values allow for a stronger MR signal and may increase the speed of scan acquisition. Fourteen of the 22 reviewed studies provided information on scanner strength (Table 3). Of those 14, three reported using exclusively 3T MRI scanners, two of which were Siemens models, and one GE. Eight reported using exclusively 1.5T, including models from GE (2), Siemens (1), and Philips (4). Three studies utilized scans from both 1.5 and 3T Siemens scanners. Finally, eight studies did not report scanner strength, brand, or model. Only five studies reported information on head coils utilized. Two reported using a 6 channel coil, two reported using a 32 channel coil, and one reported using a quadrature head coil.

In addition to scanner strength and types, a wide variety of scan sequences and parameters were also reported across studies (Table 3), with three studies not reporting scan types at all. Of the studies that did report scan types (19/22), ten acquired a T2-weighted scan (most commonly a T2 FLAIR sequence), and seven a T1-weighted scan. Eighteen studies reported acquiring a DWI/DTI sequence, i.e., the state-of-the-art non-invasive technique to explore white matter integrity (Chanraud et al., 2010). However, it is noteworthy that DWI/DTI scans were not necessarily collected for the studies' white matter analysis, but as standard-of-care protocols for stroke patients (Leiva-Salinas and Wintermark, 2010).

Of the 18 papers that acquired a DWI/DTI sequence, eleven reported their b values (i.e., the diffusion-sensitive gradient factor that helps create different types of contrast between tissues). The most frequently reported b-value was 1,000 s/mm2 which has been reported to be the optimal b-value for assessing stroke in the acute phase (Kingsley and Monahan, 2004). Additionally, one pediatric study (CP) reported a b-value of 800 s/mm2 (Mouräo et al., 2017).

Another important parameter to consider when acquiring DWI scans is the number of directions in which diffusion is measured (i.e., the greater the number of directions, the greater the number of details that can be mapped in tractography) (Vos et al., 2016). Of the eighteen studies that reported acquiring DWI scans, only four reported the number of directions. Two reported 64 directions, one reported 15, and one three directions (see Table 3).



Data Analysis

As expected, given the variety of scan models and specifications utilized, there was also considerable variability in the methods used for white matter data analysis. However, some common themes emerged. The major observation was that researchers followed one of two paths for analysis. Either they examined the damage/lesions to white matter by investigating the size and characteristics of these lesions; or they evaluated white matter integrity by measuring and describing characteristics of the tissue. Most studies followed the first approach and used qualitative rating scales or quantitative measurements to measure lesions. Studies using this (lesion-based) approach are discussed first followed by studies using the second option (white-matter integrity).


Lesion-based analysis: qualitative methods

Eight studies utilized qualitative scales to describe damage to white matter. The most commonly cited scale (n = 6) (Fandler et al., 2017; Flowers et al., 2017; Moon et al., 2017; Ko et al., 2019; Jang et al., 2020b; Lee et al., 2020) was the 4-point Fazekas scale (Fazekas et al., 1987). To determine ratings using the Fazekas scale, clinicians or researchers visually examine the amount and size of white matter hyperintensities [i.e., brighter spots on T2-weighted scans that relate to damage to small blood vessels or decrease in myelination (Wardlaw et al., 2015)] in two domains: the periventricular white matter and the deep white matter, and provide a rating of these hyperintensities. An earlier study (Levine et al., 1992) used another 4-point/grade scale developed by Awad et al. using size, multiplicity, and location to rate subcortical incidental lesions (Awad et al., 1986). Further, one study employed a rather indirect approach (Kim et al., 2014), using an adapted scale which categorizes damage to the brain's vascular territories (Rovira et al., 2005), to indirectly infer lesions to white matter.



Lesion-based analysis: quantitative methods

Ten of the 22 reviewed studies used a quantitative volume and voxel-based approach to record the location and size of lesions. These studies quantified damage by measuring lesion volume with voxels or mm2 lesioned (Galovic et al., 2013, 2016, 2017; Suntrup et al., 2015; Mihai et al., 2016; Flowers et al., 2017; Fandler et al., 2018; Ko et al., 2019; Wilmskoetter et al., 2019; Jang et al., 2020a) or they used these units to derive the amount of area or proportion (%) of an area that is lesioned (Suntrup et al., 2015). Three studies used a technique called voxel-based lesion symptom mapping (VLSM) (Bates et al., 2003), which enables calculation of correlations between locations of the “damaged” voxels and behavioral scores (Galovic et al., 2016, 2017; Wilmskoetter et al., 2019).



White matter integrity analysis

Seven of the 22 studies included in this review utilized analysis techniques that provided information on the structural integrity of the white matter, instead of focusing only on lesions. The main quantitative measure reported was fractional anisotropy (FA; n = 5) (Table 3). Higher FA values are associated with greater white matter integrity, due to more coherent diffusion of water across tissue (De Erausquin and Alba-Ferrara, 2013). Six studies generally reported using tractography, an analysis method that creates a 3D map of the white matter tracts in the brain, and two of the seven studies measured tract volumes (TV). Of those six, only one reported additional diffusion-based analysis measures, including radial diffusivity, mean diffusivity, and fibers count (Mouräo et al., 2017). These measures give more in-depth information on the integrity of white matter, such as strength of connection and anisotropy of the diffusion (Mori and Zhang, 2006; Clark et al., 2011; de Figueiredo et al., 2011). One study used a different quantitative approach that indirectly informs us about connections in the brain, known as functional connectivity (Li et al., 2014), using the synchrony of the blood oxygen level dependent signals between areas of gray matter to give us indirect insight about how these areas are connected.




Swallowing Evaluation Methods and Analysis
 
Swallowing Evaluation Methods

All, but one study (Jang et al., 2017), reported details on how swallowing was evaluated (Research Question 2; Table 4). It is commonly accepted that the gold standard for comprehensively evaluating swallowing involves radiologic or endoscopic imaging, i.e., Videofluoroscopic Swallow Studies (VFSS) or Fiberoptic Endoscopic Evaluations of Swallowing (FEES). These evaluation methods allow differing degrees of visualization of the oropharyngeal area, upper airway and upper esophagus, and allow clinicians to make subjective judgments or objective measurements of symptoms, and/or kinematic, temporal and bolus flow events. Fifteen of the 21 studies that reported swallowing evaluation methods used some imaging modality (VFSS and/or FEES; Table 4). Specifically, nine reported use of VFSS for all patient participants, and four reported using VFSS for a subset of subjects (e.g., they included some patients who had received a VFSS while hospitalized post-stroke and others who had only received clinical bedside swallowing evaluations). FEES was used in three studies: one used only FEES (Suntrup et al., 2015), one used FEES in addition to VFSS (Wan et al., 2016), and a third study used FEES for a subset of subjects (Galovic et al., 2017).


Table 4. Summary of methods, major findings and limitations of studies included in qualitative synthesis (n = 20 studies).
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Eight studies used a clinical (bedside) swallowing evaluation (CSE), which typically includes a case history, a detailed cranial nerve assessment, oropharyngeal mechanism exam, and oral trials of foods and liquids. One study used a CSE in addition to VFSS (Li et al., 2014), four studies used a CSE for all patients, while reporting that a portion of subjects also received instrumental assessments (Kumar et al., 2012; Mihai et al., 2016; Galovic et al., 2017; Ko et al., 2019), and three studies used only a CSE (Galovic et al., 2013, 2016; Mouräo et al., 2017). Lastly, in two studies the researchers performed only a swallow screening, i.e., a brief evaluation determining the risk for a diagnosis of dysphagia (Fandler et al., 2017, 2018).




Analysis of Swallowing Parameters

Table 4 also summarizes each study's swallowing analysis methods (see Supplementary Table C for more extensive detail). Of the studies that included VFSS for all subjects (n = 9), six used the Penetration Aspiration Scale (PAS) which rates the level of airway invasion and patients' response to penetration or aspiration events (Rosenbek et al., 1996), five studies employed temporal/timing measures, and Wilmskoetter et al. (2019) used the Modified Barium Swallow Impairment Profile (MBSImP©™; Martin-Harris et al., 2008), a standardized protocol that enables clinicians to quantify physiological swallowing impairments. Of the studies that used FEES, one study used a tool to rate dysphagia severity from FEES, the fiberoptic endoscopic dysphagia severity scale (FEDSS).

Five of the eight studies that included CSEs used standardized tools to interpret the assessment. Mouräo et al. (2017) used the Dysphagia Disorder Survey, a validated clinical assessment of swallowing and feeding function for individuals with intellectual and developmental disability (Sheppard et al., 2014); three studies used the Bogenhausen Dysphagia Score, Part 2 (BODS-2) (Bartolome, 2006), which is a German assessment of oral intake; and two used the Functional Oral Intake Scale (FOIS) (Crary et al., 2005), i.e., a description of levels of oral intake, retrospectively. Three studies reported mixed methods for swallowing analysis, such as a variety of different clinical scales (see details on all methods in Supplementary Table C).




White Matter Areas Implicated in the Neural Control of Swallowing
 
Quality of Evidence and Bias Assessment

In order to determine if there is definitive evidence implicating specific white matter areas in the control of swallowing (Research Question 3), we first critically assessed the quality of the available evidence using the modified NIH quality assessment (results in last column of Table 1). Five articles were rated as “Good,” fifteen articles were classified as “Fair,” and two articles were classified as “Poor.”

The most common risk of bias (found in 20 of the 21 studies with greater than one participant) involved failing to justify sample size (i.e., not reporting power analysis or variance/effect estimates) (Table 1). Sample size was frequently limited by the clinical setting and/or by the retrospective design. The second most frequent item impacting quality assessment was blinding. Twenty of the 22 studies did not describe blinding of assessors (e.g., whether swallowing assessors were blinded to MRI results/diagnoses). Other elements negatively affecting quality ratings were related to the measurement methods used to evaluate swallowing and/or white matter. For example, studies frequently included the use of a non-validated and/or non-standardized swallowing assessment tool (15 of 22 studies) or reported limited details on MRI methodology/imaging. Lastly, for 13 studies, ratings were affected by not including confounding variables in statistical analysis. Although handling of missing data was not quantified by the NIH quality assessment tool we used, we noted that few studies described whether they had missing data and how they handled it.

Robust statistical analysis was a common element among all papers that received a quality rating of “Good.” Although only five papers received this highest rating, 20 of 22 papers were of at least “Fair” quality. Therefore, to answer Research Question 3 we qualitatively synthesized the findings of these 20 studies. The two studies rated as “Poor” were not included in this synthesis, due to significant risk of bias, but their information is presented in the tables for the sake of completeness.



Specific White Matter Tracts of Interest and Their Roles

Six of the twenty “Good” or “Fair” quality studies discussed “periventricular white matter” without further location specificity, and fourteen provided information on specific white matter regions implicated in swallowing control (Table 4; see Supplementary Table C for more detailed summary), albeit with differing levels of specificity. The most commonly implicated white matter tracts across studies were the pyramidal tracts (n = 8), followed by more specific tract sections, such as the internal capsule (n = 4), the superior longitudinal fasciculus (n = 3), the corona radiata (n = 3), the corpus callosum (n = 2), the external capsule (n = 2), and the ansa lenticularis/lenticular fasciculus (n = 1).


Pyramidal tracts and subdivisions

Eight studies identified the pyramidal tracts as important in swallowing control. The pyramidal tracts are the projection fibers carrying motor information from the cortex to the brainstem and spinal cord. Although these fibers are frequently subdivided into the corticobulbar and corticospinal tracts (Lohia and McKenzie, 2020a), two studies referred to the pyramidal tract as a whole. Specifically, Fandler et al. (2018) examined 243 patients with dysphagia and found that all patients (100%) with moderate or severe dysphagia had damage along the pyramidal tracts, compared to 86% of patients without dysphagia (Fandler et al., 2018). Further, patients with moderate to severe dysphagia more frequently presented with damage to one pyramidal tract (left or right) and a white matter hyperintensity on the contralateral pyramidal tract than those without dysphagia (77.8 vs. 19.9% respectively, p < 0.001). In a study by Mihai et al. (2016), both clinical swallowing assessments and task-based fMRI and DWI scans were performed in 18 patients who had recovered from clinically determined post-stroke dysphagia and 18 healthy controls. Results of the DWI-based FA analysis revealed that, in comparison with the control group, the patient group had an asymmetric laterality index of the pyramidal tract FA with reduced FA mostly ipsilesionally. This indicated involvement of pyramidal tract lesions in the development of dysphagia, but also some neuroplastic capacity that played a role in recovery.

Two additional studies implicated one division of the pyramidal tract, the corticospinal tract. Li et al. (2014) found that stroke patients with dysphagia had reduced FA in the corticospinal tracts bilaterally when compared to healthy controls, but their FA was not statistically different than stroke patients without dysphagia. This finding may have been influenced by the small sample size (n = 12 in each group) (Li et al., 2014). In a larger study (n = 200), patients with damage to the right corticospinal tract had significantly higher odds of being diagnosed with dysphagia than patients without damage to the same area (OR = 2.79, p < 0.044; Suntrup et al., 2015).

The other division of the pyramidal tract, the corticobulbar tract (CBT), is critical for bulbar functions such as swallowing and speech and was implicated in four papers. Three of these papers directly aimed to investigate the contribution of the CBT in swallowing control. Two studies evaluated the predictive value of CBT damage on prognosis for dysphagia recovery (Jang et al., 2020a,b). Specifically, Jang et al. (2020a) used tractography to measure FA and TV of the CBT in 42 patients with intracerebral hemorrhage and subsequent dysphagia requiring nasogastric tube (NGT) placement. Patients who recovered swallowing within 2 days had relatively minor damage to the CBT (only reduced FA, not reduced TV), whereas patients with longer NGT placement had more extensive damage to the CBT (both reduced FA and TV). In patients with longer NGT placement (2 days to 6 months), CBT volume in the affected hemisphere was negatively correlated (r = −0.430, p < 0.05) with length of time until NGT removal. Finally, none of the patients who had bilateral damage to the CBT were able to have their NGT removed within 6 months (Jang et al., 2020a). In a separate study using similar methodology, Jang et al. (2020b) examined 20 patients with lateral medullary infarctions and found that CBT FA was significantly lower in patients with prolonged NGT placement (<6 months) compared to controls and to patients with shorter NGT placement durations (Jang et al., 2020b, p. 20). Ko et al. (2019) examined the impact of unilateral vs. bilateral damage to the corticobulbar tract (CBT) on swallowing (Ko et al., 2019). They investigated two groups of stroke patients with lesions involving the CBT: one group with unilateral CBT damage and one group with bilateral CBT involvement [defined as damage to the CBT in one hemisphere and additional CBT leukoaraiosis (i.e., white matter hyperintensity) contralaterally]. As expected, bilateral CBT involvement independently predicted worse performance on functional swallowing measures (Ko et al., 2019).

Finally, the involvement of the CBT in swallowing was also reported in a single case study including a stroke patient with damage to the middle cerebral artery and subsequent intracerebral hemorrhage (Jang et al., 2017). At 5 weeks post-stroke, the patient was reported to exhibit severe dysphagia and extensive brain swelling, accompanied by a severely narrowed right CBT, which was not extending to the cortex, and no identifiable left CBT. After decompressive craniotomy at 8 weeks post-stroke, dysphagia symptoms resolved and imaging showed decreased swelling, and a more “normal appearing” right CBT that now extended to the cortex. This indirectly suggests the role of CBT fibers in connecting areas of the swallowing network.



Internal capsule

The internal capsule is a white matter structure which contains both ascending (i.e., thalamocortical) and descending (i.e., pyramidal) fibers, and therefore carries both sensory and motor information. Damage to the internal capsule was associated with dysphagia or aspiration risk in four studies. Flowers et al. (2017) retrospectively reviewed 160 stroke patients to examine neuroanatomical factors that predict the diagnosis of dysphagia, aphasia, and/or dysarthria. They identified seventy-six patients with post stroke dysphagia, and they reported that damage to the internal capsule increased odds of being diagnosed with dysphagia by an average of 3 times (OR = 2.9; 95% CI 1.2–6.6) (Flowers et al., 2017). Galovic et al. (2013) examined lesion location as a predictor of aspiration risk [assessed using the Daniels' et al. clinical evaluation method (Daniels et al., 2000)] in 94 patients within 48 h post stroke and at ~1-week post-stroke. They found that patients with internal capsule lesions had increased odds of aspiration risk in the acute phase (OR = 4.8, p < 0.001), but not at 1-week post-stroke [OR = 1.3, p = 1.0; (Galovic et al., 2013; Flowers et al., 2017)]. Further evidence for the involvement of the internal capsule in swallowing control derives from Mihai et al. DWI-based FA analysis (Mihai et al., 2016). Similar to the results involving the pyramidal tracts, their patient group had an asymmetric laterality index of the posterior limb of the internal capsule FA with reduced FA ipsilesionally, also suggesting involvement of this specific white matter area in the recovery of swallowing function. Lastly, Lee et al. (2020) found that bilateral internal capsule/corona radiata/basal ganglia lesions (all grouped together) were significant prognosticators for persistent dysphagia (p < 0.001) (Lee et al., 2020).



Superior longitudinal fasciculus

The superior longitudinal fasciculus, an association tract, connects multiple brain regions including the frontal, occipital, parietal, and temporal lobes, creating the networks needed for the regulation of motor behavior and conveyance of somatosensory information. Involvement of the superior longitudinal fasciculus was reported in three studies. In two of these, the Galovic group used VLSM to examine lesion locations and connectivity patterns as predictors of impaired oral intake in the acute stroke phase (~2 days post-stroke) (Galovic et al., 2016) and at ~1 and 4 weeks post stroke (Galovic et al., 2017). Their results showed that the statistical map of voxels associated with impaired oral intake involved the superior longitudinal fasciculus to a small extent (8 and 12% of voxels), in the acute and ~1-week phases, respectively (Galovic et al., 2016, 2017). Further, Suntrup et al. (2015) also used voxel-based imaging analysis to examine whether stroke location is associated with dysphagia in 200 acute stroke patients. They reported that damage to the right superior longitudinal fasciculus or the temporal part of the right superior longitudinal fasciculus increased the odds of dysphagia diagnosis by ~4 times. This tract was also reported in a more recent retrospective study that investigated the association between lesion location (using VLSM) and physiological aspects of swallowing (rated using the MBSIMP©TM and the PAS) in 68 acute stroke patients (Wilmskoetter et al., 2019). After controlling for age, time between measurements, and lesion volume, this study found that lesions including the superior longitudinal fasciculus were associated (to a small extent) with impairment in three physiological components. Specifically, the superior longitudinal fasciculus was implicated in 1.7% of lesioned voxels associated with increased PAS scores, 8.8% of voxels associated with pharyngeal residue, and 0.1% of voxels associated with impaired laryngeal elevation (Wilmskoetter et al., 2019).



Corona radiata

The corona radiata is a collection of both ascending and descending white matter tracts that spread toward the cortex and connect with the internal capsule. Three studies found that damage to the corona radiata was associated with some swallowing deficits. Galovic et al. reported two interesting findings regarding this region in their 2017 study examining the associations between lesion locations and impaired oral intake at ~1 and 4 weeks post stroke. First, they found that at ~1-week post-stroke, the statistical map of voxels associated with impaired oral intake included lesions in the superior corona radiata at a greater extent than any other area (65% of lesioned voxels). Secondly, at the same time point, the percent of damage in this area was negatively correlated with the degree of oral intake and the majority of patients with lesions in more >50% of the corona radiata had impaired oral intake (Galovic et al., 2017). In the 2016 study by the same research group, the corona radiata was identified in 12% of lesioned voxels associated with decreased oral intake at 48 h post-stroke (Galovic et al., 2016), further implicating this tract in swallowing control. The Wilmskoetter et al. study (2019) also reported that lesions including the right superior corona radiata were associated to a small extent with impaired laryngeal elevation (voxel overlap of 0.2%), impaired laryngeal vestibular closure (voxel overlap of 0.1%), and pharyngeal residue (voxel overlap of 1.2%). Lesions including the right posterior corona radiata were associated to a slightly larger extent with pharyngeal residue scores (voxel overlap of 8.8%) (Wilmskoetter et al., 2019). Finally, as reported previously, Lee et al. (2020) found that bilateral internal capsule/corona radiata/basal ganglia lesions (all grouped together) were prognosticated persistent dysphagia (Lee et al., 2020).



Corpus callosum

The corpus callosum (CC) was identified in two papers as important in swallowing control. In children with CP and left hemisphere lesions affecting primarily the sensorimotor cortex area (n = 13), increased clinical signs of dysphagia were correlated with reduced structural integrity of the corpus callosum quantified by FA decrease (r = −0.667, p = 0.013), fiber count decrease (r = −0.829, p < 0.001), and radial diffusivity increase (r = 0.594, p = 0.032) (Mouräo et al., 2017). In particular, reduced fiber count in the middle (r = −0.762, p = 0.002) and posterior (r = −0.739, p = 0.004) corpus callosum was associated with increased (worse) total score on the Dysphagia Disorder Survey for this group of children. A similar pattern was not observed for the group of children with right hemisphere lesions (n = 7), however the vast majority of these children had subcortical or peri-ventricular white matter (PVWM) lesions affecting intra-hemispheric connections. The authors concluded that CC integrity and inter-hemispheric communication might be more critical for swallowing control when the sensorimotor cortex is impacted, and not as critical when subcortical intra-hemispheric connections are disrupted (Mouräo et al., 2017). In the study by Li et al. (2014) including stroke patients with and without dysphagia and healthy controls, mean FA for the corpus callosum was significantly decreased in stroke patients with dysphagia when compared to the healthy controls, but when these stroke patients were compared to the group of patients without dysphagia, this difference was not significant.



External capsule

The external capsule, a series of association tracts between the putamen and claustrum, was reported in three studies. In the 2016 Galovic et al. study, 10% of lesioned voxels associated with impaired oral intake at the acute stroke phase (<48 h after imaging) overlapped the external capsule (Galovic et al., 2016). In the 2017 study by the same group, 8% of lesioned voxels associated with impaired oral intake at 1-week post-stroke overlapped this white matter area (Galovic et al., 2017). Finally, Wilmskoetter et al. (2019) reported that damage to the right external capsule was associated to some extent with impaired laryngeal elevation (voxel overlap of 8.2%) and impaired laryngeal vestibule closure (voxel overlap of 5.5%) in their sample of 68 patients post stroke (Wilmskoetter et al., 2019).




Three Additional Themes

In addition to insights on specific white matter tracts, there were several studies that generally investigated white matter and its role in swallowing control, without specifying tract locations. Three themes emerged from this literature and were reinforced by some previously discussed studies. These were topics on lesion severity, hemispheric involvement, and time post-stroke.


Lesion Severity

Although lesion severity was not consistently reported in all studies included in this synthesis, six studies indicated that severity of the white matter lesion impacts components of swallowing. In a retrospective study of 63 mild stroke patients (NIHSS ≤ 5), severity of white matter lesions (measured using the Fazekas scale) was correlated with prolonged oral transit time (r = 0.384, p = 0.003) and increased penetration occurrences (r = 0.322, p = 0.015), even after controlling for variables such as age, sex, initial stroke severity, lesion laterality, and lesion location (Moon et al., 2017). In addition, a larger retrospective study including 322 stroke patients found that a higher NIHSS score (indicating higher stroke severity) and more severe white matter hyperintensities identified in MRI scans were both identified as risk factors for suspected dysphagia as measured with the Gugging Swallow Screen. However, when the analysis was restricted to patients with supratentorial damage, white matter hyperintensities did not remain significant risk factors (Fandler et al., 2017). Further, severity of damage to one specific white matter tract, the CBT, predicted prognosis for dysphagia recovery in two studies by Jang et al. (2020a,b).

In another study, by Kumar et al. (2012), the aim was to examine the influence of age, NIHSS score, time post stroke, and lesion characteristics in predicting placement of a percutaneous endoscopic gastrostomy (PEG) tube in 77 patients with severe dysphagia resulting from an acute-subacute hemispheric lesion. Baseline NIHSS score and bilateral hemispheric involvement were the most significant predictors of PEG tube placement in this cohort (Kumar et al., 2012). Further, as reported earlier, in the study by Galovic et al. (2017) the amount of damage in the superior corona radiata was negatively correlated with the degree of oral intake, further implicating that white matter lesion load or severity plays a role in the development of swallowing difficulties (Galovic et al., 2017).

Finally, in a prospective study of 49 healthy adults (43 to 79 years of age), VFSS evaluations and a brain MRI scan were performed in order to examine the effect of subtle changes to white matter, or “unidentified bright objects,” on temporal/durational aspects of swallowing. Results showed that total swallow duration (p < 0.009) and oral transit duration (p < 0.047) differed significantly by MRI score, i.e., by number of “unidentified bright objects” in white matter (Levine et al., 1992). This was the only study included in this review that indicated that even in healthy individuals, small changes/aberrations to white matter might be influential for swallowing control.




Hemispheric Involvement

Three studies found a potential effect of lateralization of a white matter lesion to dysphagia diagnosis and/or severity. Cola et al. (2010) investigated 20 acute stroke patients, ten with left subcortical damage and ten with right subcortical damage. They found a significant statistical interaction between hemisphere and lesion location (chi square = 9.85, p = 0.002) and concluded that lesions to the left PVWM may be more disruptive to swallowing that right PVWM lesions. On the other hand, the study by Wilmskoetter et al. (2019) found that the majority of gray and white matter areas implicated in swallowing dysfunction in their post-stroke sample were in the right hemisphere. However, they also observed that two of four pharyngeal components of the MBSIMP©TM were associated with some lesions to the left hemisphere, thus concluding that although both hemispheres play a role in swallowing control, the control of the right hemisphere appears to be more prominent (Wilmskoetter et al., 2019). Similarly, the study by Mouräo et al. (2017) reported that children with CP and right hemisphere lesions (the majority of which were in the PVWM area) presented with more severe clinical dysphagia compared to children with CP with left hemisphere lesions (Mouräo et al., 2017). However, the majority of children in the left hemisphere group did not have PVWM lesions and there was a relatively small sample of children in each subgroup (13 left hemisphere, 7 right hemisphere), limiting the interpretation of this finding. Regardless of the individual contributions of left and right hemispheres, there is evidence that bilateral lesions, particularly to the pyramidal tract, tend to be more disruptive than unilateral lesions (Kumar et al., 2012; Ko et al., 2019; Jang et al., 2020a,b).



Time Post-stroke

Additionally, two studies demonstrated that white matter damage may have particular clinical relevance in the acute post-stroke phase. Galovic et al. (2017) reported that the map of lesioned areas associated with impaired oral intake at 1-week post-stroke affected white matter structures in 89% (of the voxels), whereas the respective map for patients with persistent dysphagia at 4 weeks post stroke covered mostly gray matter areas, and only 24% white matter (Galovic et al., 2017). Similarly, the same research team previously (2013) reported that patients with damage to PVWM had higher aspiration risk at 48 h post-stroke compared to patients without PVWM damage (OR = 4.8, p < 0.001) (Galovic et al., 2013). Both studies indicate that disruptions in white matter areas early post-stroke likely disrupt the communication between gray matter areas that are critical in swallowing, but also that recovery of these connections can occur quickly and can be essential in helping restore swallowing function.




Gaps in the Investigation of White Matter and Swallowing

The last research question (Research Question 4) sought to identify specific gaps in the literature in order to help guide future research in this area. Through our qualitative synthesis three major gaps were identified. These gaps were: (1) limited representation of populations, (2) imaging and swallowing methodology, and (3) research design and statistical rigor.


Limited Representation of Populations

Two clinical populations were represented in the available literature: patients post stroke (20 studies) and children with cerebral palsy (1 study), along with one study examining variability within healthy adults (Levine et al., 1992). Representation across age, race, and ethnicity was significantly limited (Table 2). Only one study included pediatric patients; all other studies included wide adult age ranges, often without accounting for effects of age in their statistical analysis. Finally, only two studies reported race, and one reported ethnicity.



Imaging and Swallowing Methodology

Studies included in this review greatly varied in both imaging and swallowing methodology used, and critically few used current gold standard methodology for both measures. Specifically, most identified articles measured white matter lesions and rarely used methods to measure white matter integrity, such as tractography, fractional anisotropy, radial diffusivity, mean diffusivity, and fibers count. There were also inconsistences in the reporting of imaging parameters (such as signal strength or scanner type), which limits interpretation of findings. However, clinical scales that were reported across multiple studies, such as the Fazekas scale, improved comparability between those studies. In regard to swallowing evaluation and analysis, relatively few papers used gold-standard swallowing measurement methods (VFSS or FEES) in conjunction with validated analysis tools (Table 4). Even when VFSS or FEES methodologies were utilized, the measures used to analyze the data were often limited or not validated (Table 4).



Research Design and Statistical Rigor

Finally, issues with research design or statistical rigor were observed across many studies (see Tables 1, 4). Several retrospective studies included inconsistent assessment methods or lacked carefully controlled research protocols. Further, few studies provided evidence of adequate power or reported blinding outcome assessors, and less than half of the studies thoroughly controlled for the potential impact of confounding variables in their statistical analysis. One key area that should also be highlighted in future studies is incorporation of confounding factors in research design and analysis.

These identified gaps in representation, methodology, and study design are important and need to be carefully considered in future research.





DISCUSSION

The majority of swallowing neurophysiology work has focused on the contributions of CNS gray matter in the control of human swallowing, and much less attention has been given to the white matter tracts that form connections between gray matter areas. These tracts hold promise for patients with dysphagia because, in addition to being communication highways, they are also known to be primary drivers of recovery after injury or disease and are highly capable of adaptation with rehabilitation and re-learning (Trivedi et al., 2008; Schulz et al., 2014; Kato and Izumiyama, 2017, p. 201; Barghi et al., 2018).

In this systematic review, we sought to identify and systematically evaluate the literature describing the role of white matter in the neural control of swallowing in order to answer four primary questions: what patient populations have been studied in this literature; what methodologies have been used to assess white matter integrity and swallowing; what specific white matter tracts are implicated in swallowing control; and what are the main gaps in the literature that need to be addressed in future research.

To summarize, we identified 22 articles that fit our inclusion criteria. All studies were observational, i.e., there was no intervention assessed, and almost half followed a retrospective cohort design, with the other half being either case control studies or variations of prospective cohort designs. Using a modified NIH quality assessment protocol (Study Quality Assessment Tools | NHLBI, NIH, 2019) (Table 1), five studies were rated as having “Good” quality, 15 studies were of “Fair” quality; and two studies were rated as “Poor” and were excluded from the qualitative synthesis used to answer question 3 of this review.

Regarding the first research question (populations), stroke was by far the most represented diagnosis in the identified literature. Only two of the 22 reviewed papers examined different populations; one study examined children with CP, and one focused on healthy older adults. The majority of studies included acute adult stroke patients, with almost exclusively first strokes with no prior infarcts or comorbidities, and a mix of types of strokes (see Table 4). This proportionally high representation of one diagnosis in the literature is likely due to relevance and convenience. Patients post stroke often exhibit white matter damage with subsequent deficits, and also have readily available neuroimaging scans that can be studied retrospectively. Since neuroimaging is costly, it is unsurprising that research on this topic has started with a population who has existing scans and related damage. However, white matter damage has been documented in other populations that are also at high risk for developing swallowing difficulties, including people with traumatic brain injury (Herrera et al., 2016), dementia (Love and Miners, 2015), chronic drug abuse (Narayana et al., 2014), multiple sclerosis (Tassorelli et al., 2008), and gestational hypoxia (Baud et al., 2004; Kaur and Ling, 2009), as well as in typical aging (Metzler-Baddeley et al., 2019). In addition to a gap in representation of clinical populations, few of the reviewed studies included healthy control participants or focused on white matter integrity measures in healthy participants, leaving an additional gap in our understanding of white matter connections in normal swallowing.

In regard to the second question (methodologies to assess white matter and swallowing), we observed an interesting dichotomy. The majority of studies that measured characteristics of the white matter structures themselves (e.g., FA, tract volume, mean diffusivity, etc.), evaluated swallowing via clinical methods or screenings, instead of using instrumental tools. On the other hand, most of the studies that examined swallowing physiology in some depth or with validated tools tended to utilize the more crude (or lesion-based) white matter imaging techniques (e.g., lesion volume calculations, lesion severity scales, etc.).

Imaging advancements in the use of DWI/DTI have allowed for a significant increase in our understanding of brain connections and their role in recovery and rehabilitation in related fields (Trivedi et al., 2008; Schlaug et al., 2009; Huber et al., 2018). For this reason, we expected to find these methodologies used in swallowing neurophysiology literature as well. However, we observed that very few of the reviewed studies utilized these sequences to investigate white matter integrity in their samples, despite the fact that many research groups had access to the relevant DWI scans. Instead, they relied on lesion-based methods, which are useful when examining patients with stroke or another pathology with specific lesions, but do not quantifiably measure white matter itself. Since lesions often affect multiple brain areas at once this approach can result in unspecified conclusions. Alternatively, techniques that measure and describe characteristics of white matter, such as FA, radial diffusivity, mean diffusivity, or fibers count, reveal changes specific to the white matter structures. These techniques are sensitive enough to detect differences even within healthy populations (Madden et al., 2008; Ziegler et al., 2010; Bennett et al., 2011; Schulz et al., 2014). The few studies in this review that used these techniques indicated that these metrics could be valid predictors for swallowing outcomes post stroke (Jang et al., 2020a,b), and they helped identify more specific white matter tracts of interest for swallowing control (Mouräo et al., 2017; Wilmskoetter et al., 2019).

To further delineate elements critical to advancing these efforts, we also reviewed these studies' swallowing methodology. Fifteen of the identified studies used gold-standard measures that allow in-depth evaluation of the oropharyngeal swallowing phases (VFSS or FEES). Further, several of these studies used timing/temporal measures to quantify imaging analysis, and one study used the MBSIMP©TM to standardize clinical interpretation. This allowed for more in-depth discussion of subcomponents of swallowing in relation to nervous system damage. For the remaining studies that did not use instrumental methods, it is difficult to adequately characterize the underlying mechanisms of dysphagia in their participants. This was, in some cases, partially ameliorated with the use of validated and standardized clinical assessments. Our understanding of swallowing physiology in relation to white matter integrity could be improved through detailed kinematic or morphometric analysis methods (Molfenter and Steele, 2014; Pearson et al., 2016), which help assess aspects of swallowing physiology more objectively.

Our findings on question 2 highlight the importance of combining high quality neuroimaging and swallowing physiology expertise to comprehensively investigate the neural control of swallowing. The need for strong interdisciplinary collaborations that will enable the combination of recent advanced imaging methods with in-depth swallowing evaluation and analysis techniques is apparent.

Given the methodological issues described above, for question 3 (i.e., white matter tracts implicated in swallowing control), we completed a synthesis of the findings of 20/22 studies that had a quality rating of at least Fair. Since the methods and results of the studies reviewed were heterogeneous, we cannot definitively describe the specific role of white matter in the neural control of swallowing. However, through our synthesis, the following white matter tracts or structures were frequently reported (Figure 2): the pyramidal tract (as a whole) and some of its subparts like the corticospinal and corticobulbar tracts, the internal capsule, the superior longitudinal fasciculus, the corona radiata, the corpus callosum, and the external capsule.


[image: Figure 2]
FIGURE 2. Evidence for specific white matter tracts involved in neural control of swallowing (created with Biorender.com).


Fibers in three of these tracts/structures are categorized as projection fibers. Projection fibers were implicated in four of five studies that received a “Good” quality rating. Projection fibers connect the cortex with deep nuclei, lower parts of the brain (i.e., the brainstem), and the spinal cord. The role of the cortex and brainstem are extensively documented in animal and human studies of the neural control of swallowing (e.g., Jean, 1984; Robbins et al., 1993; Hamdy et al., 1997; Malandraki et al., 2011), so it logically follows that disruptions in the connections between these areas could affect swallowing. Specifically, dysphagia was frequently associated with bilateral damage to the pyramidal tracts, internal capsule, or corona radiata. The pyramidal tract originates in the bilateral supplementary motor area and dorsal premotor area (Wang et al., 2019) and ends at the brainstem (corticobulbar tract) or spinal cord (corticospinal tract) (Lohia and McKenzie, 2020b), and was the most clearly implicated projection tract. This is unsurprising since the supplementary motor area (SMA) has been repeatedly implicated in volitional swallowing, particularly in the preparatory phase (Huckabee et al., 2003; Satow et al., 2004; Hamdy, 2006; Malandraki et al., 2009), and communication between the SMA and subcortical areas (e.g., the basal ganglia and brainstem) is needed for swallow initiation (Hamdy et al., 1996). A subpart of the pyramidal tract, the corticobulbar tract, was reported in five reviewed papers, with two papers finding that severity of CBT injury appears to have prognostic value for predicting swallowing recovery post-stroke (Jang et al., 2020a,b).

Fibers in the superior longitudinal fasciculus and external capsule are categorized as association fibers and connect brain regions within the same hemisphere. In two of the papers rated as “Good,” damage to these fibers was also associated with swallowing deficits. The superior longitudinal fasciculus carries input from parietal sensorimotor centers to frontal motor areas influential for swallowing coordination and initiation (Schmahmann et al., 2008). The external capsule connects the pre-frontal cortex and the supplementary motor area with the basal ganglia, and it has been hypothesized to be the key for the engagement of the basal ganglia in swallowing motor control (Schmahmann et al., 2008). Damage to these tracts was associated with impaired oral intake post-stroke and was associated (to a small extent) with deficits in specific pharyngeal subcomponents of swallowing in one study (Wilmskoetter et al., 2019).

Finally, one commissural tract, the corpus callosum, was identified in two studies. It is established that swallowing involves bilateral cerebral control (Hamdy et al., 1999; Malandraki et al., 2009), and the main pathway connecting the hemispheres is the corpus callosum. Although direct evidence is scarce, it has been theorized that the corpus callosum may be involved in communications between swallowing areas in the right and left hemispheres (Mouräo et al., 2017). In the Mouräo et al.' study (2017), which included a relatively small sample of children with CP (n = 20), it was concluded that disruptions in the corpus callosum were more influential for swallowing control when lesions affected cortical MCA areas, thus suggesting some influential disruptions in interhemispheric connections. Given that the quality of the studies implicating the corpus callosum was “Fair,” further research is needed to elucidate the role of inter-hemispheric connectivity for swallowing control.

In addition to insight on specific white matter tracts/structures of interest, there were three common themes regarding severity, hemispheric contribution, and time post-stroke that emerged from this literature. First, studies provided evidence that severity of white matter lesions was predictive of dysphagia severity and/or recovery (Jang et al., 2020a,b). Further, even among healthy individuals, changes to white matter were associated with changes in swallowing control (i.e., total swallow duration and oral transit duration) (Levine et al., 1992). This finding is consistent with prior literature, supporting that severity of impairment from stroke (NIHSS score) moderately predicts clinically relevant dysphagia (Jeyaseelan et al., 2015), and lesion severity also predicts post-stroke dysphagia (Otto et al., 2016; Cabib et al., 2017; Rofes et al., 2018) and warrants further investigation.

The second theme involved the role of each hemisphere's white matter in swallowing control. White matter lesions of both hemispheres were reported to correlate with swallowing deficits, but more evidence pointed to the potential influence of the right hemisphere's white matter areas (Mouräo et al., 2017; Wilmskoetter et al., 2019). This finding is not surprising, as several prior neuroimaging studies have also shown that gray matter areas of the right hemisphere play a more prominent role in the pharyngeal phase of swallowing compared to areas in the left hemisphere (Robbins et al., 1993; Daniels et al., 1996, p. 199; Hamdy et al., 1996; Malandraki et al., 2010; Wilmskoetter et al., 2018). In addition, there was consistent evidence that bilateral white matter damage is particularly disruptive to the neural control of swallowing (Kumar et al., 2012; Ko et al., 2019; Jang et al., 2020a,b), also paralleling related literature on bilateral gray matter damage and dysphagia (Ickenstein et al., 2003).

Finally, two studies (Galovic et al., 2013, 2017) indicated that disruptions in white matter connections are particularly disruptive to swallowing in the early post-stroke phase (i.e., within a week post stroke), but have quick recovery potential and can help restore swallowing function. The critical role of white matter in swallowing recovery was further highlighted in two additional studies that showed swallowing recovery upon white matter tracts adaptations post stroke (Mihai et al., 2016; Jang et al., 2017). These studies prompt questions surrounding the critical role that white matter plasticity may play in swallowing recovery. They also identify an area in need of rigorous exploration and with high potential impact for swallowing recovery and rehabilitation.


Limitations

A systematic review is always limited by the available evidence. We identified only twenty-two studies that met our inclusion criteria, even though our inclusion criteria were rather broad. Another limitation is that meta-analysis was not possible due to heterogeneous study designs, and all synthesis of findings was qualitative. Finally, in order to synthesize data, we used a quality assessment, but we had to modify the most relevant quality assessment available because not all components applied to this type of observational research, which we acknowledge introduces some bias.



Conclusion

This systematic review highlighted the critical role of white matter in the neural control of swallowing, which is an area that has been significantly understudied. Findings indicated that white matter damage can be directly tied to swallowing deficits, and several white matter tracts (such as the pyramidal tracts, internal capsule, superior longitudinal fasciculus, corona radiata, corpus callosum, and external capsule) were implicated across studies. Despite these findings, several methodological limitations were also identified in most reviewed studies and need to be addressed in the future. It is our hope that this systematic review will serve as a starting point for future research that will build a more thorough understanding of the role of white matter in the neural control of normal swallowing, and, more critically, will inspire future work on delineating its role in dysphagia recovery and rehabilitation.
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Examining the coordination of respiration and swallowing is important for elucidating the mechanisms underlying these functions and assessing how respiration is linked to swallowing impairment in dysphagic patients. In this study, we assessed the coordination of respiration and swallowing to clarify how voluntary swallowing is coordinated with respiration and how mastication modulates the coordination of respiration and swallowing in healthy humans. Twenty-one healthy volunteers participated in three experiments. The participants were asked to swallow 3 ml of water with or without a cue, to drink 100 ml of water using a cup without breathing between swallows, and to eat a 4-g portion of corned beef. The major coordination pattern of respiration and swallowing was expiration–swallow–expiration (EE type) while swallowing 3 ml of water either with or without a cue, swallowing 100 ml of water, and chewing. Although cueing did not affect swallowing movements, the expiratory time was lengthened with the cue. During 100-ml water swallowing, the respiratory cycle time and expiratory time immediately before swallowing were significantly shorter compared with during and after swallowing, whereas the inspiratory time did not differ throughout the recording period. During chewing, the respiratory cycle time was decreased in a time-dependent manner, probably because of metabolic demand. The coordination of the two functions is maintained not only in voluntary swallowing but also in involuntary swallowing during chewing. Understanding the mechanisms underlying respiration and swallowing is important for evaluating how coordination affects physiological swallowing in dysphagic patients.
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INTRODUCTION

Swallowing is essential not only to propel a food bolus into the stomach but also to protect the upper airway and prevent pulmonary aspiration. During swallowing, several mechanisms function simultaneously; the tongue and soft palate elevate to propel the bolus posteriorly and open the fauces, respectively, accompanied by the elevation of the hyolaryngeal complex and pharyngeal muscle contraction to transport the bolus, laryngeal closure to serve as airway protection, and finally, relaxation of the upper oesophageal sphincter to allow the bolus to enter the esophagus (Jean, 2001). Most of these structures also serve as a common pathway for other behaviors, such as mastication, respiration, and vocalization.

Breathing and swallowing are tightly coupled to perform safe and effective coordination (Martin-Harris and McFarland, 2013). Both the respiratory and swallowing neural networks, which generate and coordinate muscle activities, are located in the lower brainstem (Amri et al., 1984; Bianchi and Gestreau, 2009). Previous studies have suggested that within the swallowing neural network in the brain stem, some neurons, such as interneurons and motor neurons, may also participate in the respiratory activity. The respiratory central pattern generator (CPG) consists of the dorsal respiratory group and the ventral respiratory column in the medulla and pneumotactic centers in the pons (Bianchi and Gestreau, 2009). In contrast, the swallowing CPG is located in the medulla oblongata and includes a dorsal swallowing group (DSG) in the nucleus tractus solitarius and a ventral swallowing group (VSG) within the ventrolateral medulla above the nucleus ambiguous (Jean, 2001). Both CPGs receive afferent sensory inputs from the pharynx and larynx via the vagal nerves (Bianchi and Gestreau, 2009). Furthermore, ambiguous, trigeminal, and hypoglossal motoneurons are activated in both situations (Sumi, 1963; Larson et al., 1994; Shiba et al., 1999), which indicates that these motoneurons may receive inputs from these CPGs. Thus, it can be assumed that there is a substantial amount of cross talk between them.

Regarding coordination of respiration and swallowing in animals, swallowing reflexes are reported to operate during the different phases of respiration. Doty and Bosma (1956) first demonstrated that most swallowing evoked by the superior laryngeal nerve stimulation occurred during the inspiratory phase in anesthetized dogs and monkeys. In addition, Kawasaki et al. (1964) reported that spontaneous swallowing occurred during the inspiratory phase in anesthetized dogs. In contrast, in awake animals, Feroah et al. (2002) reported that around half of spontaneous swallows occurred during the inspiratory phase (45%) followed by the expiratory phase (28%) or the transition from expiration to inspiration (26%) in awake goats. McFarland et al. (McFarland and Lund, 1993) reported that more than half of swallowing reflexes were recorded during the first half of the inspiratory phase in awake rabbits. Several studies reported that the occurrence of the swallowing reflex coincided with the expiratory phase in anesthetized cats (Doty and Bosma, 1956; Dick et al., 1993).

In humans, most swallows occur during the expiratory phase (Nishino et al., 1985; Smith et al., 1989; McFarland et al., 1994). While most swallows are readily evoked by pharyngeal or laryngeal stimulation, humans are thought to be the only species that can voluntarily initiate swallowing. Thus, it is impossible to evaluate how the coordination of respiration and swallowing is achieved during voluntary swallowing in animal studies. Previous studies have investigated the coordination of respiration and swallowing during voluntary swallowing (Shaker et al., 1992; Martin-Harris et al., 2003; Ouahchi et al., 2019). Shaker et al. (1992) investigated the coordination of respiration and voluntary swallowing in healthy young and older adult volunteers. In both groups, the pre- and post-respiratory phase was most commonly found to be the expiratory phase, which was more frequent during 5-ml water swallowing compared with during dry swallowing. The authors also demonstrated that tachypnoea resulted in an increase in the occurrence rate of EE-type swallowing. Shaker et al. (1992); Martin-Harris et al. (2003), Ouahchi et al. (2019) reported that the most frequent pattern during 5-ml water swallowing was the EE type, although the temporal pattern of events, such as bolus transport, hyoid excursion, laryngeal closure, or opening of the upper oesophageal sphincter varied among subjects. The swallowing task in these studies was the command swallow task, in which the subject was instructed to swallow when the examiner presented a cue (Nagy et al., 2013; Kurosu et al., 2020). Nagy et al. (2013) conducted a videofluoroscopy (VF) study in healthy adults to compare swallowing behavior between cued and non-cued 10-ml water swallowing. They found that the pharyngeal transit time was significantly longer and that the bolus was more distally advanced in the pharynx at swallowing initiation with non-cued swallowing compared with cued swallowing. These results suggest that command swallowing may modulate swallowing physiology.

Coordination of respiration and swallowing during mastication should also be considered, because the food bolus must be transported into the esophagus safely during swallowing to protect the upper airway. Previous studies have reported the modulation of respiratory rhythm as well as coordination of respiration and swallowing during chewing in healthy humans (Smith et al., 1989; McFarland and Lund, 1995; Palmer and Hiiemae, 2003; Matsuo et al., 2008). Although these previous studies have demonstrated that most swallowing was evoked during the expiratory phase, some studies have produced conflicting results. Palmer and Hiiemae (2003) recorded electromyography (EMG) activity and VF images during solid food chewing, reporting that the respiratory cycle time changed between individuals and was significantly longer during banana chewing than cookie chewing. The authors suggested that bolus aggregation and hypopharyngeal transport occurred during the expiratory plateau phase, which seems to be one of the reasons for the prolonged respiratory cycle time. These results were, however, inconsistent with the findings of several other studies. Smith et al. (1989) reported no difference in respiratory cycle time, such as expiratory and inspiratory cycle time, among resting, solid food swallowing, and water drinking. Matsuo et al. (2008) reported a decrease in respiratory cycle time during chewing. Thus, the way in which the respiratory cycle is affected during chewing and its underlying mechanisms remains unclear.

In this study, we assessed the coordination of respiration and swallowing in healthy humans to clarify how cueing, drinking, and mastication modulate the coordination of respiratory and swallowing in healthy humans. For this purpose, we recorded EMG activity in the masseter (Mas, jaw closer), suprahyoid (Supra, hyoid elevator), and infrahyoid muscles (Infra, thyroid elevator) to evaluate chewing and swallowing movements and nasal temperature to monitor breathing as well as videoendoscopic (VE) images. We hypothesized that there would be a difference in swallowing physiology between cued and non-cued voluntary swallowing, and that chewing or drinking would reduce the respiratory cycle time during chewing to compensate for the narrowing of the pharyngeal cavity.



MATERIALS AND METHODS


Participants

In this study, 21 healthy volunteers (10 men, 11 women) whose age ranged from 22 to 35 years [average age ± standard deviation (SD), 28.4 ± 3.7 years] participated. Before data collection, a dentist (NH) confirmed that all the participants had no abnormalities or temporomandibular disorders, occlusal abnormalities, masticatory problems, or swallowing problems. No participant had a history of alimentary, pulmonary, or neurological disease, structural or speech disorders, or voice problems. Informed consent was obtained from all the participants after receiving information about the experimental procedure. This study was approved by the Ethics Committee of the Niigata University Graduate School of Medical and Dental Sciences (2020-0131). The experiments were performed in accordance with the Declaration of Helsinki (2008) for humans.



Recordings

Surface EMGs were recorded from both the right and left Mas muscle, right Supra muscles, and left Infra muscles. Electrodes (ZB-150H; Nihon Kohden, Tokyo, Japan) were attached to the skin over the center of the Mas, the anterior belly of the right digastric muscle for Supra, and the center of the left thyrohyoid muscle for Infra with an inter-electrode distance of 2 cm. EMG signals were filtered and amplified (high pass, 60 Hz) (WEB-1000; Nihon Kohden, Tokyo, Japan). A thermo-sensor system (MLT415 and ML309; Nihon Kohden, Tokyo, Japan) was used to record nasal temperature during respiration. A nasal probe was attached below the external nares to measure the temperature. Increases and decreases of temperature indicated expiration and inspiration, respectively. Since there was a difference between room temperature (around 20°C) and the nasal cavity temperature, the nasal temperature gradually increased, even during breath-holding. We calculated the rate of temperature increase in one participant. At several randomly determined temperatures, the participant was asked to hold her breath for 10 s, and changes in temperature were measured (Supplementary Figure 1). Although the rate of temperature increase was negatively correlated with the initial temperature, it was relatively small compared with that during respiration.

VE images were recorded in 11 participants (six men, five women; age range from 24 to 32 years, average age ± SD, 29 ± 2.7 years) to measure the distance between the posterior wall of the pharynx and epiglottis and between the lateral walls of the pharynx in Protocol 3 (see below). A fiber-optic endoscope (FNL-10RP3; Pentax, Tokyo, Japan) was inserted through the nasal passage and into the mid pharynx.

All signals were collected via an interface board (PowerLab; ADInstruments, Colorado Springs, CO, United States) and stored on a personal computer. The sampling rate was 10 kHz for EMGs, 100 Hz for nasal temperature, and 33 Hz for VE images. Data synchronization and analysis were performed using the PowerLab software package (Video Module and LabChart 8; ADInstruments, Colorado Springs, CO, United States), which automatically aligned the data at different sampling rates.



Data Recordings

The participants were instructed not to eat or drink for at least 1 h before the experiment. They were asked to sit in a chair with their head vertical to the Frankfort plane. In this study, we carried out three experiments on the same day for each individual. In the first experiment (Protocol 1), 3 ml of water was inserted into the mouth via a syringe; the participants were asked to keep the water on the floor of the mouth, then swallow it when prompted by a cue as quickly as possible (with cue) or whenever they wanted to (without cue) in a single swallow [dipper-type swallow (Cook et al., 1989)]. In the second experiment (Protocol 2), the participants were asked to drink 100 ml of water using a cup without breathing between swallows. In the third experiment (Protocol 3), the participants were asked to eat a 4-g portion of corned beef (Echigo Uonuma low fat corned beef, Forica Foods, Horinouchi, Japan) using a spoon in their usual manner. The time interval between trials was at least 2 min, and the participants were able to rinse their mouths with distilled water whenever they wished between the trials.



Data Analysis

The onset and offset of EMG activity, following smoothing of the rectified EMGs (time constant 20 ms), were determined. Mean value ± SD of EMGs at rest for 5 s was obtained as a control for each participant. When the values exceeded the control + 2 SDs during the trials, the EMG burst was considered active.

Swallowing activity was evaluated by Supra and Infra EMG burst duration (time) and area. Time and area of these muscles were defined as the time interval between onset and offset, and area under the curve (area) of rectified and smoothed EMG burst, respectively. The amplitude of EMGs was normalized to the mean amplitude of rectified and smoothed EMG burst during 3-s maximum jaw closing for Mas and during 3-s maximum jaw opening for Supra and Infra.

First, we recorded the five respiratory cycles at rest for all the participants to obtain the mean respiratory cycle time, such as the expiratory and inspiratory time. Respiratory cycle time (respiratory time) was defined as the time from the start of one inspiration to the start of the next inspiration. Respiratory time was then divided into inspiratory and expiratory times. The duration of the inspiratory phase (inspiratory time) and expiratory phase (expiratory time) were defined as the time from the onset of inspiration to the end of inspiration and the time from the end of inspiration to the onset of the next inspiration, respectively. Each respiratory cycle had inspiratory and expiratory phases, sometimes with a pause after expiration. To identify each time duration, we included these short plateau phases in the expiratory phase. Furthermore, swallowing apnoea was commonly observed during swallowing and was measured in accordance with previous studies (Martin-Harris et al., 2003; Butler et al., 2004; Matsuo et al., 2008).

The swallowing pattern was determined based on the respiratory phase immediately before and after swallowing. When the onset of pharyngeal swallowing, defined as the onset of Supra EMG burst, was preceded and followed by the expiratory phase, we designated the swallow as expiration–swallow–expiration type (EE type). When the onset of swallowing was preceded by the inspiratory phase and followed by the expiratory phase, we designated the swallow as inspiration–swallow–expiration type (IE type). When the onset of swallowing was preceded by the expiratory phase and followed by the inspiratory phase, we designated the swallow as expiration–swallow–inspiration type (EI type). When the onset of swallowing was preceded by and followed by the inspiratory phase, we designated the swallow as inspiration–swallow–inspiration type (II type). Previous studies have defined other criteria, such as swallows occurring at the transition between inspiration and expiration, which were designated inspiratory–expiratory (I–E) transition swallows, and swallows occurring at the transition between expiration and the inspiratory phase of the next breath, which were designated expiratory–inspiratory (E–I) transition swallows (Kijima et al., 1999). In this study, we did not use these terms, because we intended to simplify the pattern of coordination between respiration and swallowing.

In Protocol 1, the mean values of Supra and Infra time and area were compared between with and without cue conditions. Next, the occurrence frequency of coordination between respiration and swallowing (EE, IE, EI, or II type) was compared between with and without cue conditions. For the major pattern of coordination, changes in respiratory time, such as inspiratory and expiratory time, were compared among before, during, and after swallowing. It can be assumed that the coordination pattern was dependent on the timing of cueing. Therefore, the onset time of the expiratory phase was defined as the reference time “0,” and the time of cueing, onset, and offset of swallowing determined by the Supra EMG burst was calculated in the “with cue” session.

In Protocol 2, the coordination pattern was determined by the same procedure in Protocol 1. During 100-ml water swallowing, breath-holding must be performed until drinking is finished. We determined whether the swallowing apnoea time affected the coordination pattern in this protocol. Next, changes in respiratory time, such as inspiratory and expiratory time, were compared among before, during, and after swallowing.

In Protocol 3, we selected the data of masticatory sequence until the first swallow for analysis. The number of respiratory cycles and respiratory time, such as inspiratory and expiratory time of each respiratory cycle, were measured during mastication, and the coordination pattern of respiration and swallowing was determined. Respiratory, inspiratory, and expiratory times were compared between the conditions; at rest vs. during chewing. These times were also compared between the first and last respiratory cycles. In this session, changes in airway size at the pharynx during chewing were evaluated using VE images (Supplementary Figure 2). Since we did not measure the real size on the endoscopic view, the width of the epiglottis was determined as a reference. The normalized distance between the right and left walls of the oropharynx (width) and between the posterior wall of the oropharynx and posterior edge of the epiglottis (A–P distance) was measured three times at the inspiratory–expiratory and expiratory–inspiratory transition at rest, and mean values were obtained for each participant. Width and A–P distance were also measured at the third peak of Mas EMG burst and Supra EMG burst, and at the third last peak of Mas EMG burst and Supra EMG burst during chewing.

All the data were analyzed by two experts (NH and AS). To estimate the inter-rater reliability, the intraclass correlation coefficient (ICC) was obtained, and the average was used for the subsequent analysis. Statistical analyses were performed using the SigmaPlot software (SigmaPlot 14.0, Systat Software Inc., San Jose, CA, United States) and Bell Curve for Excel (Social Survey Research Information Co., Ltd., Tokyo, Japan). Tests for normality and equality of variances were initially performed, followed by a paired t-test or Wilcoxon signed rank test to analyze differences between two paired groups, or by a t-test or Wilcoxon’s rank-sum test to analyze differences between two groups. Further, for multiple comparisons, we performed a one-way repeated measures analysis of variance (ANOVA) or one-way repeated measures ANOVA on ranks according to the results of test for normality. This was followed by Tukey’s test. The relationship between the two data sets was evaluated using Spearman’s rank order correlation. P-values < 0.05 were considered significant.



RESULTS


Reliability of the Data

The ICCs for parameters were calculated (Table 1) and were significant, although the ICCs of EMG data were relatively small. This was expected, because the threshold differed between the raters. Of the participants in the third experiment (Protocol 3), the VE data for the width of the pharynx were excluded in two participants because the whole view of the pharynx was not observed.


TABLE 1. Intraclass correlation coefficients.
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Protocol 1: 3-ml Water Swallowing

Figure 1 shows examples of raw data of recordings. In both the “with cue” and “without cue” conditions, the most frequent coordination pattern was EE type (Table 2). We evaluated how quickly the participants responded to cueing to initiate swallowing. There was no difference in the time from cueing to onset of Supra EMG burst between the coordination patterns (t-test); 0.83 ± 0.37 s (n = 15) for EE type vs. 0.7 ± 0.2 s (n = 6) for IE type. EMG duration time and area, as well as swallowing apnoea time, were no different between the “with cue” and “without cue” conditions (Figure 2A). This was also the case in the temporal pattern of muscle activity, in that the Supra EMG bursts always preceded the Infra EMG burst and swallowing apnoea in both cases (Figure 2B). Since the major pattern of coordination was EE type, we also compared those parameters for EE type between the “with cue” and “without cue” conditions. These findings were consistent with the overall results (Figure 3). These results indicated that command swallowing did not change the swallowing pattern, at least when swallowing 3 ml of water.


[image: image]

FIGURE 1. Examples of respiratory and swallowing recordings during 3-ml water swallowing with (left) and without cue (right). Electromyography (EMG) waveforms were rectified and smoothed. Periods of swallowing apnoea and EMG burst are shown by dotted lines. The coordination pattern was inspiration–swallow–expiration (IE) with cue (left), and expiration–swallow–expiration (EE) without cue. The timing of cueing is indicated by an arrowhead. lt-Infra, left infrahyoid, rt-Supra, right suprahyoid.



TABLE 2. Coordination pattern of respiration and swallowing.
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FIGURE 2. Effect of cueing on 3-ml water swallowing behaviors in all cases. (A) There were no differences in the suprahyoid (Supra) electromyography (EMG) burst duration (Supra time) or area (Supra area), infrahyoid (Infra) EMG burst duration (Infra time) or area (Infra area), or swallowing apnoea time between with (w/cue) and without cue (w/o cue) (paired t-test). (B) In with (left) and without cue (right) conditions, the onset and offset of Supra EMG burst were followed by those of Infra EMG burst and swallowing apnoea (Apnoea) (one-way repeated measures ANOVA followed by Tukey test for onset with cue, P < 0.001, df = 2, F = 51.866; one-way repeated measures ANOVA on ranks followed by Tukey test for offset with cue, P < 0.001; one-way repeated measures ANOVA on ranks followed by Tukey test for onset without cue, P < 0.001; one-way repeated measures ANOVA on ranks followed by Tukey test, P < 0.001). The results of post hoc test are shown in the figure.
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FIGURE 3. Effect of cueing on 3-ml water swallowing behaviors in EE type. (A) There were no differences in the suprahyoid (Supra) electromyography (EMG) burst duration (Supra time) or area (Supra area), infrahyoid (Infra)EMG burst duration (Infra time) or area (Infra area), or swallowing apnoea time between with (w/cue) and without cue (w/o cue) (Student’s t-test). (B) In the with (left) and without cue (right) conditions, onset and offset of Supra EMG burst were followed by those of Infra EMG burst and swallowing apnoea (Apnoea) (one-way repeated measures ANOVA followed by Tukey test for onset with cue, P < 0.001, df = 2, F = 34.876; one-way repeated measures ANOVA on ranks followed by Tukey test for offset with cue, P = 0.004; one-way repeated measures ANOVA followed by Tukey test for onset without cue, P < 0.001, df = 2, F = 14.624; one-way repeated measures ANOVA on ranks followed by Tukey test, P = 0.009).


Next, we investigated why the most frequent pattern of coordination was EE type in both the “with cue” and “without cue” conditions. In this study, the mean respiratory cycle time was 4.7 ± 1.4 s (n = 21), and the inspiration–expiration ratio (IE ratio) was 1:1.63 (n = 21). In EE type with cue, the cue was provided from the last stage of inspiratory phase to the expiratory phase (Figure 4). In contrast, the cue was given from the last stage of expiratory phase to the inspiratory phase in IE type (Figure 4). It was likely that the coordination pattern was dependent on the timing of the cue. EE type was the most frequent without cue as well as with cue. However, the subset of participants who showed EE type with cue was not identical to the subset of those who showed EE type without cue. Comparing the ratio of expiratory time to the respiratory time between the participant group in EE and IE types without cue revealed no difference; 0.62 ± 0.06 in EE type (n = 15) vs. 0.58 ± 0.04 in IE type (n = 4).
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FIGURE 4. Time of cuing, onset and offset of suprahyoid electromyography (EMG) burst during 3-ml water swallowing with cue. Participants 1–15 and 16–21 exhibited expiration–swallow–expiration (EE) type and inspiration–swallow–expiration (IE) type, respectively. The time was aligned with the onset of the expiratory phase for EE type and the onset of the inspiratory phase for IE type. Exp and Insp indicate the mean duration of expiratory and inspiratory phases at rest, respectively.


Next, we compared the coordination between respiration and swallowing in the group with EE type between with and without cue. While the inspiratory time was not affected by cueing, the respiratory cycle time and expiratory time were significantly longer during swallowing compared with those before and after swallowing only during 3-ml swallowing with cue, while there was no difference in any of the times without cue (Figure 5). These results suggest that the modulation of respiratory cycle time was affected by command.
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FIGURE 5. Changes in respiratory, inspiratory, and expiratory time before, during, and after 3-ml water swallowing (expiration–swallow–expiration type, EE type) with (w/cue) and without cue (w/o cue). Swallowing apnoea time was excluded. With cue, the expiratory time was significantly longer during swallowing (Swal) compared with before (Pre) and after (Post) swallowing (one-way repeated measures ANOVA on ranks followed by Tukey test, P < 0.001). This was also the case for the respiratory time, which was significantly longer during swallowing compared with before (Pre 1–3) and after (Post 1) swallowing (one-way repeated measures ANOVA on ranks followed by Tukey test, P < 0.001). The results of post hoc test are shown in the figure. Without cue, there was a significant difference only between before (Pre 1) and during swallowing (Swal) for the respiratory time (one-way repeated measures ANOVA on ranks followed by Tukey test, P = 0.025).


Based on these results, we speculate that not only the difference in the time duration between the inspiratory and expiratory phases but also other factors may be responsible for determining the coordination pattern of respiration and swallowing.



Protocol 2: 100-ml Water Swallowing

Figure 6 shows examples of raw data of recordings. Of all the participants, five could not complete the 100-ml swallowing with breath-holding task, so their data were excluded from analysis. As in the 3-ml water swallowing task, the most common coordination pattern was EE type (Table 2). The total number of swallows was 8.8 ± 2.5 swallows, and the duration of swallowing apnoea was 10.7 ± 3.2 s (n = 16). The results indicated that it was unlikely that swallowing apnoea time was associated with the coordination type (10.9 ± 3.4 s for EE type, n = 10; 9 ± 1.3 s for IE type, n = 3; 11.5 ± 4 s for EI type, n = 3). The mean Supra and Infra areas per swallow were not significantly different from those during 3-ml water swallowing; 0.2 ± 0.13/swallow (n = 16) during 100-ml swallowing vs. 0.21 ± 0.19/swallow during 3-ml swallowing with cue (n = 21) for Supra area, and 0.21 ± 0.18/swallow (n = 16) during 100 ml swallowing vs. 0.3 ± 0.21/swallow during 3-ml swallowing with cue (n = 21) for Infra area, respectively (Mann–Whitney Rank Sum Test).
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FIGURE 6. Examples of respiratory and swallowing recordings during 100-ml water swallowing. Electromyography (EMG) waveforms were rectified and smoothed. Left and right cases show expiration–swallow–expiration (EE) type and inspiration–swallow–expiration (IE) type, respectively. Although the participants held their breath during swallowing, nasal temperature gradually increased, possibly because of difference between nasal temperature and air temperature of the experimental room. The period of swallowing apnoea (Apnoea time) is shown by dotted lines. lt-Infra, left infrahyoid, rt-Supra, right suprahyoid.


We then investigated the modulation of respiratory movements. The respiratory cycle time and expiratory time immediately before swallowing were significantly shorter than those during swallowing (Figure 7). Inspiratory time was no different throughout the recording period. These results suggest that modulation of respiratory cycle time occurred before swallowing by shortening the expiratory time.
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FIGURE 7. Changes in respiratory, inspiratory, and expiratory time before, during, and after 100-ml water swallowing (expiration–swallow–expiration type, EE type). Swallowing apnoea time was excluded. Expiratory time immediately before (Pre 1) swallowing was significantly shorter than that during swallowing (Swal) (one-way repeated measures ANOVA followed by Tukey test, P = 0.005, df = 5, F = 3.887). This was also the case for the respiratory time, which was significantly shorter before (Pre 1 and 3) swallowing compared with that during swallowing (one-way repeated measures ANOVA followed by Tukey test, P = 0.005, df = 5, F = 4.39). The results of the post hoc test are shown in the figure. Post, after swallowing.




Protocol 3: Chewing and Swallowing

Figure 8 shows an example of raw data of recordings. The mean number of chewing cycles, chewing duration, and chewing cycle time until the first swallow were 17.1 ± 7.9 cycles, 11.9 ± 5.8 s, and 0.7 ± 0.11 s/cycle, respectively (n = 21). The number of chewing cycles and chewing duration ranged widely among the participants; the number of chewing cycles ranged from 6 to 29 cycles, and the duration ranged from 4.6 to 30 s. Of the all participants, five participants held or inhibited their breathing during chewing (Figure 9). In this group, the number of chewing cycles was 10.8 ± 4.1 cycles (n = 5), and the chewing duration was 8.3 ± 3.3 s (n = 5), which tended to be smaller compared with the whole group. We excluded those participants from the subsequent analysis. In the remaining 16 participants, the mean respiratory cycle time, expiratory time, and inspiratory time were significantly smaller during chewing compared with at rest (Figure 10A). Further, comparing them between the first and last respiratory cycles, the respiratory cycle time and expiratory time were significantly smaller at the former than the latter (Figure 10B). There was no relationship between respiratory cycle time at rest and chewing rate (cc, −0.188, P = 0.476), between respiratory cycle time at rest and during chewing (cc, −0.206, P = 0.364), and between chewing rate and respiratory cycle time during chewing (cc, −0.122, P = 0.640).
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FIGURE 8. Example of respiratory and electromyography (EMG) recordings during chewing. EMG waveforms were rectified and smoothed. Note that the respiratory cycle time decreased once mastication started. The coordination pattern of respiratory and swallowing was expiration–swallow–expiration type. Periods of swallowing apnoea (Apnoea time) and swallow-related EMG burst (suprahyoid EMG time duration, Supra time; infrahyoid EMG time duration, Infra time) are shown by dotted lines. rt-Mas, right masseter; lt-Mas, left masseter; rt-Supra, right suprahyoid; lt-Infra, left infrahyoid.
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FIGURE 9. Example of respiratory and electromyography (EMG) recordings in one participant who inhibited her breath during chewing. In this case, no clear period of swallowing apnoea could be identified. Infra time, infrahyoid EMG burst duration; rt-Mas, right masseter; lt-Mas, left masseter; rt-Supra, right suprahyoid, lt-Infra, left infrahyoid; Supra time, suprahyoid EMG burst duration.
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FIGURE 10. Effect of chewing on respiratory movements. (A) There were significant differences in the expiratory (Exp time), inspiratory (Insp time), and respiratory time (Resp time) between at rest (Rest) and during chewing (Chew) (paired t-test). (B) There was a significant difference in the Exp time and Resp time between the first and last respiratory cycles (paired t-test).


Since the size of the pharynx changes because of the dynamic movements of posterior tongue during chewing, we compared the width and A–P distance of the pharynx between before and during chewing. There was no difference between the conditions (Supplementary Figure 3). These results suggest that respiratory cycle time gradually decreased during chewing, which was unlikely to have been caused by changes in the size of the pharynx.



DISCUSSION


Effect of Cueing on Swallowing

We intended to clarify how single swallow was affected by cueing. Therefore, we first determined the bolus volume in the preliminary experiment. We used 3-ml water in the experiment, because this amount of water was found to be suitable for all the participants to keep the bolus in the mouth. As a result, all the participants completed a 3-ml water swallowing task. As previously reported, most coordination patterns were EE type in single voluntary swallows in both the with and without cue conditions (Shaker et al., 1992; Martin-Harris et al., 2003; Ouahchi et al., 2019). In the with cue condition, although the participants were asked to swallow as quickly as possible after the cue, they may have determined the timing of swallowing in accord with the respiratory phase (i.e., the expiratory phase). In this respect, the latency was 0.83 ± 0.37 s for EE type and 0.7 s for IE type. Michou et al. (2012) also measured the fast-swallowing reaction time when participants were asked to perform swallowing of 5-ml boluses of liquids delivered into the mouth as quickly as possible while the latency between the delivery time of the electrical cue to the onset of the pharyngeal swallow was measured. The mean time is reported to be 0.886 s, which is consistent with the results of this study. We suggest that the participants in this study completed 3-ml swallowing with the cue regardless of the respiratory phase.

In this study, the mean respiratory cycle time was 4.7 ± 1.4 s, and the IE ratio was 1:1.6, which was within the normal range (Boyle, 2001). The occurrence ratio of EE type was much higher (EE type, 15 vs. IE type, 6) compared with the IE ratio (inspiration 1.6 vs. expiration 1). We found that in the “with cue” condition, most EE type swallows were initiated when cues were given from the very late inspiratory phase to the expiratory phase, while most IE type swallows were initiated when cues were given from the very late expiratory phase to the inspiratory phase. We speculated that the timing of cueing affected the coordination pattern of respiration and swallowing. However, this raises the question of why the frequency of occurrence of EE type swallows was dominant in the without cue condition. There are substantial differences in the timing of swallowing initiation across species and experimental conditions. In most mammals, such as dogs, monkeys, and rabbits, swallowing reflexes are typically evoked during the inspiratory phase (Doty and Bosma, 1956; Kawasaki et al., 1964; McFarland and Lund, 1993; Feroah et al., 2002). In contrast, as shown in this study, most swallows are evoked during the expiratory phase either involuntarily or voluntarily in humans, as in anesthetized cats (Doty and Bosma, 1956; Nishino et al., 1985; Smith et al., 1989; Dick et al., 1993; McFarland et al., 1994). One potential cause of the difference in swallowing between humans and other species is the anatomical characteristics of the location of the hyolaryngeal complex. In most non-human mammals, the hyolaryngeal complex is located in a relatively high position (Laitman and Reidenberg, 1993). Furthermore, the height of the mid-pharynx is very small, and the tongue lies within the oral cavity and never forms the posterior part of the pharynx. This unique anatomical configuration enables the epiglottis to pass up the soft palate, allowing the larynx to open directly into the nasopharynx. Thus, the food way from the oral cavity to the esophagus and the airway from the nasal cavity to the trachea are separated, which means that these animals do not need strict coordination of respiration and swallowing movements to prevent pulmonary aspiration. When a single swallow occurs during the inspiratory phase, inspiration must be interrupted by swallowing apnoea, which is followed by a shortened duration of the expiratory phase. In contrast, if a swallow is evoked during the expiratory phase, the duration of entire expiratory phase including pre and post swallowing is lengthened. In either case, the tidal volume of the post-swallow period is increased, although the latter may be more effective than the former (Nishino et al., 1985). Possible advantages of swallowing initiation during the inspiratory phase include the facilitation of bolus transport by inhalation, and minor effects of respiration after swallowing in this situation, because the shortened duration of inspiration is less effective for activating stretch receptors in the trachea or lung (Davis et al., 1956; Bartlett et al., 1976; Bradley et al., 1987). Humans, however, need to protect their airway because of the lower position of the hyolaryngeal complex, as described above. The action of the diaphragm, which is a major inspiratory muscle, and the Infra muscles, which are all inspiratory muscles, appear to be counteracted by contraction of the Supra muscles during swallowing, at least in humans (McFarland et al., 1994).

The results revealed no significant difference in swallowing movements in terms of Supra and Infra EMG time and area, as well as swallowing apnoea, which represents pharyngeal swallowing between the with and without cue conditions. The temporal features of swallowing events were also similar to each other. These results suggest that voluntary swallowing of a small amount of bolus does not affect swallowing motor actions, regardless of swallowing command and type of coordination of respiration and swallowing. Several previous studies have compared swallowing behaviors between cued and non-cued swallows (Daniels et al., 2007; Nagy et al., 2013). Nagy et al. (2013) compared 10-ml liquid swallows between cue and non-cue conditions. When bolus transport was measured using 10 ml of ultrathin barium by VF, the results revealed that during cued swallowing, bolus advancement to the pyriform sinuses prior to swallow initiation was seen significantly less frequently, and pharyngeal transit time and response time were both significantly longer than those during non-cued swallowing (Nagy et al., 2013). Considering the difference in the effect on swallowing movements, we evaluated only Supra and Infra EMG activities. Although Supra EMG activity during swallowing represents pharyngeal swallowing, with a previous study having reported a significant linear relationship between the passage of the bolus tail at the upper oesophageal sphincter and offset of the Supra EMG burst (Tsukada et al., 2009), we only recorded muscle function and not bolus passage. In addition, the bolus volume was different among previous studies. A small amount of water (3 ml) might cause a failure to modulate swallowing physiology. Furthermore, Nagy et al. (2013) did not measure the response latency to swallowing initiation. If the participant had responded to cueing more quickly than the participants in this study, bolus transport would be expected to be affected.

We did not expect to find a difference in respiratory time during swallowing between the with and without cue conditions, because the most frequent coordination type exhibited no difference between the with and without cue conditions. Although most previous studies have reported that the duration of expiratory phase is lengthened during swallowing, they all included swallowing apnoea. In this study, however, we excluded this period in the calculations. Paydarfar et al. (1995) investigated the relationship between respiration and swallowing dynamics in humans. They studied three types of swallowing tasks: spontaneous swallowing, evoked swallowing by water injection, and cued swallowing. The authors found that the smaller the time interval between the onset of the expiratory phase and the onset of the Supra EMG burst, the longer the time between the onset of the Supra EMG burst to the onset of the inspiratory phase after swallowing, without any effects on the duration of swallowing apnoea, in all swallowing tasks. Since swallowing was recorded only once in each condition in this study, we were unable to clarify how the timing of swallowing initiation affected the subsequent phase. However, it should be noted that there was a significant difference in the whole duration of the expiratory phase between the with and without cue conditions. Changes in duration in the expiratory phase without swallowing apnoea were smallest in the without cue condition. Thus, we speculate that voluntary swallowing with cue may modulate the coordination of respiration and swallowing by lengthening the expiratory phase duration.



Coordination of Respiration and Swallowing During 100-ml Water Swallowing

All but five participants successfully completed the 100-ml water swallowing task with breath-holding. As expected, the most frequent coordination pattern was EE type, as in the 3-ml water swallowing task. Therefore, we evaluated how sequential 100-ml swallowing affected the coordination of respiration and swallowing in EE type.

In animal studies, high-frequency repetitive swallowing has been reported to be evoked by continuous electrical stimulation applied to the superior laryngeal nerve (Fukuhara et al., 2011; Tsuji et al., 2014; Suzuki et al., 2018; Yoshihara et al., 2020) or capsaicin application to the vocal folds (Tsujimura et al., 2016, 2017; Tsuji et al., 2020). In these cases, both the rhythm and amplitude of breaths are reported to be increased after cessation of repetitive swallows (Doty, 1968; Dick et al., 1993). However, the findings of these animal studies are not comparable to the results of this study because the animals were anesthetized and did not control the rhythmicity or swallowing movements by themselves. Numerous previous studies have investigated how sequential swallowing affects respiration pre- and post-swallowing in humans (Dozier et al., 2006; Daniels et al., 2007; Wheeler Hegland et al., 2011; Lederle et al., 2012). However, the respiratory pattern at pre- and post-swallowing has varied between previous studies. For example, the percentage of occurrence of the expiratory phase immediately before and after sequential swallowing (i.e., the EE type) was reported to be 33% for 100 ml (Wheeler Hegland et al., 2011) and 38.6% for 50 ml (Dozier et al., 2006), while it was 52.4% (11/21 participants) in this study.

Since the duration of swallowing apnoea was long and the respiration was inhibited during repetitive swallowing, the respiratory drive could be facilitated, at least after swallowing. Based on this perspective, we recorded several respiratory cycles before and after swallowing. The duration of the expiratory phase immediately before swallowing was smaller than that following swallowing, whereas the duration of the inspiratory phase remained unchanged. Although we did not measure oxygen saturation and tidal volume, it could be assumed that breath-holding for several seconds during 100-ml water swallowing facilitated respiratory drive. Strohl and Altose (1984) observed a decrease in oxygen saturation during 10–20-s breath-holding, although the rate of fall of oxygen saturation was relatively small. Decreased oxygen saturation leads to a decrease in oxygen partial pressure as well as an increase in carbon dioxide partial pressure. Changes in respiratory frequency have been reported under experimental conditions, such as hypoxia or hypercapnia (Rebuck et al., 1976; Gardner, 1980; Cunningham and Robbins, 1984; Dozier et al., 2006). Rebuck et al. (1976) reported that the inspiratory time remained constant during hypercapnia until tidal volume had increased during hypercapnia, consistent with the results of this study. However, the authors found that the respiratory rate increased with shortening expiratory time when the tidal volume increased 3–5 times of the eupneic value. Jennett et al. (1981) reported that following a brief hypoxic stimulus, frequency changes resulted from alterations in the two phases; when total respiratory time decreased, it was always linked to a decrease in expiratory time, and an increase in the respiratory cycle time was due to an increase in the inspiratory time. In this study, it can be assumed that changes in respiratory rhythm were not due to hypoxia or hypercapnia but can be attributed to voluntary behaviors to maintain the oxygen level in the lungs. Most of the participants understood how to swallow a large amount of water (100 ml) with breath-holding. Thus, the participants would be expected to aim to maintain a sufficient oxygen level to hold their breath during swallowing. We did not find evidence of strong inspiratory effort but observed a significantly shortened duration of the expiratory phase before swallowing compared with that after swallowing. Future studies should measure tidal volume, including expired and inspired volume, to clarify how respiratory effort is affected by sequential swallowing.



Coordination of Respiration and Swallowing During Chewing

The results revealed that the most frequent coordination pattern was EE type during chewing, in accord with previous studies (Mead and Reid, 1988; McFarland and Lund, 1995; Matsuo et al., 2008). Mechanisms of swallowing initiation at the expiratory phase during chewing different from those in a single or sequential swallow should be considered. During chewing, a person does not determine the timing of swallowing by themselves. In this process, the triturated food bolus is transported into the mid-pharynx, where the bolus is accumulated (Palmer et al., 1992). Once the pharyngeal mucosa, which is innervated by the pharyngeal branch of the vagal nerve or the superior laryngeal nerve, is stimulated by the bolus, the swallowing reflex is readily evoked. Swallowing initiation would be expected to be determined dominantly by the bolus condition, such as the location or texture, rather than the respiratory phase. Matsuo et al. (2008) reported that pharyngeal bolus aggregation started 1.27 s before the end of the inspiratory phase and lasted until the end of this phase, which was followed by the expiratory phase and swallowing. Mead and Reid (1988) found expiratory muscle activation when airflow was interrupted at the glottis. It is likely that bolus propulsion initiates expiration followed by the swallowing reflex. Further, during pharyngeal swallowing, when hyolaryngeal elevation contributes to passive opening of upper oesophageal sphincter, infrahyoid muscles, such as the thyrohyoid, omohyoid, sternohyoid, and sternothyroid muscles, are also activated. These are all inspiratory muscles and are activated synchronously with the diaphragm (Mitchinson and Yoffey, 1947; Megirian et al., 1985). During the inspiratory phase, contraction of the diaphragm caused pulling of the trachea and larynx inferiorly, and the contraction of all infrahyoid muscles resulted in pulling down of the hyoid and thyroid cartilages, which have antagonistic functions for swallowing. Thus, it is possible that bolus stimulation applied to the pharyngeal and laryngeal region activates expiratory muscle activity and then initiates the swallowing reflex during the expiratory phase.

The effects of mastication on respiratory function have not yet been clarified; although one study reported no effect (Smith et al., 1989). Other studies reported a decrease in respiratory cycle time (Fontana et al., 1992; McFarland and Lund, 1995; Matsuo et al., 2008). The results are consistent with the latter finding and reveal that the respiratory cycle time, as with the expiratory and inspiratory time, significantly decreased during chewing. In addition, there was a significant difference in the expiratory time between the first and last respiration before swallowing.

We initially predicted the spatial interruption of the upper airway by the bolus during chewing. During chewing, dynamic movements of the tongue body are needed not only in the anterior but also in the posterior region, which was observed by a VF study (Palmer et al., 1997; Hiiemae et al., 2002). Since the posterior tongue forms the anterior wall of the mid-pharynx, tongue movements might be expected to interfere with respiration by narrowing the airway in the pharynx. This was, however, not the case in this study, as the results revealed no significant differences in the width or A–P distance of the pharynx between the control and chewing conditions.

It is well documented that exercise causes increased respiratory function. Exercise may cause metabolic demand, which causes hyperpnea. Although mastication is not a kind of exercise but can be considered a natural behavior in human life, chewing has been found to decrease the respiratory cycle time depending on the chewing speed (Formiga et al., 2005), and to decrease the tidal volume with an increase in respiratory frequency (Fontana et al., 1992; McFarland and Lund, 1995). Furthermore, as previously reported, changes in respiratory cycle time can result from alterations either when total respiratory time decreased with a decrease in expiratory time or increased respiratory cycle time with an increase in the inspiratory time under hypoxic conditions (Jennett et al., 1981). We speculate that the decrease in respiratory cycle time and gradual decrease throughout the chewing process may have been due to changes in metabolic demand.

It is possible that the pattern of respiration was irregular during chewing, which could also have important implications. In this study, there was no relationship between the respiratory cycle time between at rest and during chewing in each individual. The pattern of breathing is regulated by the respiratory CPG, so that normal ventilation can be achieved with the lowest work output or energy expenditure. Performing a chewing task may cause deviation from this optimal pattern, and, hence, an increase in the work of breathing. Thus, irregularity in the modulation of respiratory function may be associated with individual dependent increased loads.

Five participants exhibited markedly inhibited respiration during chewing, in accord with the findings of previous studies (McFarland and Lund, 1995; Matsuo et al., 2008). Although we were not able to clarify the mechanisms underlying this finding, it is possible that the result was caused by the experimental conditions. In this study, a videoendoscopic fiber was inserted into the nasal cavity of the participants on either side, which may have interfered with nasal air flow during chewing. Future studies should clarify whether the inhibition was caused by this condition in some participants, or if it represents an exaggerated response, as suggested by Matsuo et al. (2008).



Clinical Implications

Understanding the coordination of respiration and swallowing is particularly important in clinical situations. For example, respiratory impairment is defined as an age-related reduction in ventilatory control, and weakened respiratory muscle strength and respiratory mechanics (Chen and Kuo, 1989; Enright et al., 1994; Sachs et al., 2009), as well as ineffective gas exchange (Vaz Fragoso and Gill, 2012). Parreira et al. (2010) suggested that thoracoabdominal motion, rather than breathing pattern, was affected by age. Furthermore, older people have been reported to exhibit reduced responses to hypoxia or hypercapnia compared with young people (Kronenberg and Drage, 1973; Peterson et al., 1981). Previous studies have reported an effect of aging on swallowing and the coordination between respiration and swallowing (Selley et al., 1989; Robbins et al., 1992; Sonies, 1992; Wang et al., 2015). Wang et al. (2015) reported that older people exhibited delayed onset latency of the swallowing reflex and longer swallowing apnoea duration, which depended on the bolus volume. The authors also noted that older people exhibited less EE-type swallowing during dry and water swallowing compared with young people. In this study, the results revealed that command swallowing in response to a cue affected expiratory duration. If pulmonary function is impaired in patients, collapse of coordination may be associated with a risk of bolus penetration or aspiration. In addition, impaired chewing function may lead not only to longer chewing duration but also to collapse of coordination among chewing, respiration, and swallowing. Clinicians should pay attention to swallowing in patients with stroke, Parkinson’s disease, and any other conditions that potentially cause swallowing disorders (Wirth et al., 2016). Future studies should investigate how aging itself or diseases affect swallowing function and coordination between respiration and swallowing.



Limitations

Several limitations should be considered when interpreting the findings of this study. First, we recruited only 21 healthy participants. In a future study, it would be useful to evaluate how aging or other personal factors affect not only swallowing but also coordination between respiratory and swallowing functions. Second, we recorded only 3- and 100-ml water swallowing as well as solid food chewing and swallowing in a pre-determined order. Bolus volume or order may affect the coordination between respiration and swallowing. Third, we measured nasal temperature to monitor respiration because this method was convenient and easy for combining the data for analysis. Plethysmography is a system for measuring respiratory function, enabling three-dimensional assessment of absolute chest wall volumes. Matsuo et al. (2008) concluded that plethysmography was better than nasal manometry for determining the respiratory phase during chewing and swallowing. Future studies should clarify tidal volume and pulmonary ventilation using plethysmography. Finally, we only calculated pharyngeal volume by two-dimensional measurement. The methods of this study should be validated in future studies using VF or three-dimensional computed tomography images.



Conclusion

The major coordination pattern of respiration and swallowing was EE type during 3-ml water swallowing, either with or without cue, and during 100-ml water swallowing and chewing. Although cueing did not affect swallowing movements, the expiratory time was lengthened by the cue. During 100-ml swallowing, the respiratory cycle time and expiratory time immediately before swallowing were significantly smaller than those during and after swallowing, while the inspiratory time did not differ throughout the recording period. During chewing, the respiratory cycle time was decreased in a time-dependent manner, probably because of metabolic demands. The coordination of the two functions is maintained not only in voluntary swallowing but also in involuntary swallowing during chewing. Understanding the mechanisms underlying respiration and swallowing is important for evaluating the coordination required to complete safe swallowing in older people and patients with dysphagia.
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Event-Related Desynchronization and Corticomuscular Coherence Observed During Volitional Swallow by Electroencephalography Recordings in Humans
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Swallowing in humans involves many cortical areas although it is partly mediated by a series of brainstem reflexes. Cortical motor commands are sent to muscles during swallow. Previous works using magnetoencephalography showed event-related desynchronization (ERD) during swallow and corticomuscular coherence (CMC) during tongue movements in the bilateral sensorimotor and motor-related areas. However, there have been few analogous works that use electroencephalography (EEG). We investigated the ERD and CMC in the bilateral sensorimotor, premotor, and inferior prefrontal areas during volitional swallow by EEG recordings in 18 healthy human subjects. As a result, we found a significant ERD in the beta frequency band and CMC in the theta, alpha, and beta frequency bands during swallow in those cortical areas. These results suggest that EEG can detect the desynchronized activity and oscillatory interaction between the cortex and pharyngeal muscles in the bilateral sensorimotor, premotor, and inferior prefrontal areas during volitional swallow in humans.

Keywords: swallowing, event-related (de-) synchronization, healthy subject, coherence, electroecephalogram


INTRODUCTION

Swallow is a fundamental behavior to maintain life in animals. Although it is partly mediated by reflexive neuronal activities at the brainstem level, multiple areas in the cerebral cortices, such as primary motor and somatosensory cortices and supplemental and premotor cortices, are involved in swallow (Jean, 2001; Ertekin and Aydogdu, 2003; Michou and Hamdy, 2009). Recently, event-related desynchronizations (ERDs) involved in the process of swallow have been reported in bilateral sensorimotor areas using magnetoencephalography (MEG) (Dziewas et al., 2003; Suntrup et al., 2013, 2014, 2015). Generally, ERDs are a decrease of the power in the alpha and beta frequency bands during voluntary movements when compared with that during the rest (nonmovement) (Pfurtscheller and Lopes da Silva, 1999; Li et al., 2018; Chen et al., 2020; Spadone et al., 2020; Xie et al., 2021). They are supposed to reflect cortical activities during voluntary movements (Pfurtscheller and Lopes da Silva, 1999). In the previous works using MEG by the same research group, ERDs were observed in the alpha and beta frequency bands during volitional swallows in the bilateral sensorimotor, premotor, and prefrontal areas (Dziewas et al., 2003; Suntrup et al., 2013, 2014, 2015; Suntrup-Krueger et al., 2018). The emergence of the ERDs detected by their methods was changed in patients with Parkinson’s disease without dysphagia (Suntrup et al., 2013), in patients with functional dysphagia without organic abnormality (Suntrup et al., 2014), in patients with poststroke dysphagia after transcranial direct current stimulation therapy (Suntrup-Krueger et al., 2018), mildly and severely in patients with dysphagic amyotrophic lateral sclerosis, and in healthy subjects after electrical stimulation on the pharynx (Suntrup et al., 2015). There have been few analogous works in electroencephalography (EEG) (Cuellar et al., 2016), whereas EEG is an easier and more economical method for evaluating cortical activities, compared with MEG. In addition to ERDs during voluntary movements, corticomuscular coherence (CMC) has been reported in EEG works using motor tasks of the upper and lower extremities (Mima and Hallett, 1999). CMC is supposed to indicate both corticomotoneuronal activities that projecting the anterior horn cell in the spinal cord (Mima and Hallett, 1999) and ascending sensory feedback from muscles to motor cortex (Witham et al., 2011; Liu et al., 2019). Transcranial magnetic stimulation (TMS) works showed changes in corticomotoneuronal activities by the evaluation of motor-evoked potentials in the pharyngeal muscles in the resting state after repetitive TMS, which increased the cortical excitability of the stimulated area (Michou et al., 2014). In the previous works using MEG, significant CMCs in theta, alpha, and beta frequency bands have been found during tongue protrusion task, which suggests that cortical motor commands can be evaluated in oral apparatus by CMC (Maezawa et al., 2014, 2016; Maezawa, 2017). Although it is important to evaluate the corticomotoneuronal activities during swallow movements with activated submental group muscles and pharyngeal muscles (Ding et al., 2002), there has been no analogous work on them. If ERD and CMC can be detected by EEG recordings using a similar way with the previous MEG studies, it would be easily applicable in clinical practice for the evaluation of swallow dysfunction in neurological patients. Therefore, we investigated them based on the hypothesis that ERDs and CMCs could be measured in the bilateral sensorimotor, premotor, and prefrontal areas as reported by the previous MEG works (Dziewas et al., 2003; Suntrup et al., 2013, 2014, 2015; Maezawa et al., 2014, 2016; Maezawa, 2017). The submental group muscle activity was used to differentiate the swallow activation from the baseline according to the previous MEG works (Dziewas et al., 2003; Suntrup et al., 2013, 2014, 2015) because the onset of the activity was close to the start of the pharyngeal phase (Ding et al., 2002). This work is the observational and descriptive one to investigate the EEG change such as ERD and CMC associated with swallowing.



MATERIALS AND METHODS


Experimental Protocol


Participants

Eighteen healthy volunteers (six women and 12 men, mean age 34.2 ± 13.9 years) were recruited for this work. The inclusion criteria were the absence of history of swallow dysfunction and the absence of chronic or acute neurological, psychiatric, or medical diseases. Seventeen subjects were right-handed, and one subject was left-handed according to the Edinburgh Handedness Inventory (Oldfield, 1971). The work protocol was approved by the Committee of Medical Ethics of Dokkyo Medical University, Japan (No. 30008), and written informed consent was obtained from all subjects.



Electroencephalography and Electromyogram Recordings

Participants were comfortably seated in an armchair during the recordings. EEG signals were recorded with 32 electrodes. The EEG electrodes, which were the eego™sports active electrodes (ANT Neuro, Netherlands), attached inside the EEG cap were positioned according to the 10–20 international electrode system. The EEG signals were amplified using the eego™sports amplifier. The CPz electrode was selected as the reference electrode. Impedance of all electrodes was <15 kΩ. Data were recorded and saved at a sampling rate of 1 kHz with bandpass filter of the hardware from DC to 260 Hz (ANT Neuro, Netherlands).

Participants were asked to perform volitional swallow without head movements at their own pace with a waiting time of greater than 3 s after 3 mL of water was infused into the oral cavity via a flexible plastic tube with 3.3-mm diameter connected with a syringe pressed by an experimenter. The tip of the tube was randomly placed in the left or right corner of the mouth between the buccal part of the teeth and cheek and gently fixed to the skin with tape similar to those in previous MEG works (Suntrup et al., 2014, 2015; Suntrup-Krueger et al., 2018). In the process of the volitional swallow, they were asked to send a small bolus of water deeply to the dorsum of tongue, to have a rest (no tongue movement), and then to perform one time of volitional swallow, and to have a rest (no tongue movement) for a few seconds after the volitional swallow ends. Volitional swallow was repeated for 1 h.

We concurrently recorded surface electromyogram (EMG) with two pairs of bipolar silver electrodes placed on the right and left submental group muscles and unilateral orbicularis oris muscle contralateral to the tube (Okitsu et al., 1998; Nederkoorn et al., 1999; Ding et al., 2002; Vaiman, 2007). The electrodes were connected to a bipolar eego™sports amplifier, and the EMG data were recorded with a sampling rate of 1 kHz and an input range of 150 mVpeak–to–peak (ANT Neuro, Netherlands). Swallowing vibrations were recorded with a triple-axis accelerometer (ANT Neuro, Netherlands) which is positioned on the anterior part of the participant’s neck based on the previous works (Suntrup et al., 2014, 2015; Jestrovic et al., 2018; Suntrup-Krueger et al., 2018).

The head movements were monitored by video recordings using two cameras.




Data Analysis


Preprocessing

We removed the artifacts of the blink and electrooculographic activities from the EEG signals using the independent component analysis (ICA) algorithm (Hyvarinen and Oja, 2000) using EEGLAB MATLAB toolbox (Delorme and Makeig, 2004) (MathWorks Inc., United States). The EEG signals were removed with the power spectral density over 1 × 10–8μV2/Hz mainly in the frequency domain from 0.01 to 4 Hz as EOG activities (Jung et al., 2000) and with the 50 Hz data as powerline noise in the continuous data from the start to the end of the recording using ICA. EEG signals were segmented based on the onset and offset of separate swallows as determined by EMG signals from the submental group muscles as follows: the beginning of the main muscle activation (M1) and end of the swallow-specific muscle activity (M2) were identified for separate swallows from the submental group muscles. M1 was defined as the time to produce a sustained activity greater than 100% increase in amplitude or frequency of the averaged EMG signal in the resting state. M2 was defined as the time to decrease greater than 50% of the activity in amplitude or frequency of the averaged EMG signal in the resting state according to the previous works (Suntrup et al., 2014, 2015; Suntrup-Krueger et al., 2018). For the analyses of the event-related EEG data, time intervals were defined from –0.4 to 0.6 s in reference to M1 (from “M1–0.4” to “M1+0.6” seconds) as an activation stage and from 2 to 3 s in reference to M2 (from “M2” to “M2+1” seconds) as the resting stage (Figure 1). A third marker (M0) was manually set to distinguish background activity from the onset of swallowing preparation in the EMG to determine mean total swallow duration (from M0 to M2) per subject according to the previous work (Dziewas et al., 2009; Suntrup et al., 2015).
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FIGURE 1. Definition of activation and resting stages. Activation and resting stages are defined according to swallow-related submental group muscle activities. M0 is the time to initiate swallow, M1 is the time to start main muscle activation, and M2 is the time to return to baseline. The surface EMG trace during a single swallow is shown.





Electroencephalography Analyses


Event-Related Desynchronization

We computed the power spectral density of the denoised EEG data using fast Fourier transform (FFT) for both activation and resting stages. We applied FFT using a boxcar window to 1,000 ms (1,000 points) segments spanning the activation stage (M1 – 0.4 to M1 + 0.6 s), where M1 are the timing of multiple swallowing movements when EMG activity grew larger than the predefined threshold and 1,000 ms segments spanning the resting stage (M2 to M2 + 1.0 second), where M2 is the timing of multiple swallowing movements when EMG activity grew lower than the predefined threshold at each swallowing trial. The FFT data were converted to their absolute value and then averaged across M1 and M2 events. The upper and lower limits of the FFT were 500 and 1 Hz, respectively. The evaluated frequency ranged from 1 to 60 Hz. As we applied FFT to 1,000 ms (1,000 points) segments, 1–60 Hz band was covered by 60 steps using 1 Hz frequency step in the FT computation. We obtained the logarithm of the estimated power spectral densities from 1 to 60 Hz and calculated ERD by subtracting the logarithm of the power spectral densities during the resting stage from that during the activation stage in nine channels (C3, Cz, C4, FC1, FC2, FC5, FC6, CP1, and CP2), which represents the frontal and parietal regions according to the previous works, in which a region of interest was predefined with exclusion of the inferior temporal areas because of tongue movements (Suntrup et al., 2013, 2015). The ERDs of the nine channels were averaged in all subject in the theta (4–7 Hz), alpha (8–14 Hz), and beta (15–25 Hz) frequencies.

To investigate the frequency and temporal properties during swallow, we performed the time-frequency analysis using short-time FT according to the previous works (Kobayashi et al., 2015; Samiee et al., 2015; Usami et al., 2015; Inada et al., 2021). The FT size was 200 points using a boxcar window to 200 ms (200 points) segments and the time shift was 50 ms. The analyzed time period was from 0.5 s before the start of the activation stage {(M1 – 0.4) – 0.5 = M1 – 0.9 s} to 2.5 s after the start of the activation stage {(M1 – 0.4) + 2.5 = M1+2.1 second} and averaged across all the swallow trials. Then, all the subjects’ data of the same nine channels were averaged. The upper and lower limits of the FT were 500 and 5 Hz. The evaluated frequency ranged from 5 to 60 Hz. As the FT size was 200 points with the sampling rate of 1,000 Hz (1,000 points), 5 to 60 Hz band was covered by 12 steps using 5 Hz frequency step in the FT computation.



Corticomuscular Coherence

Using the FFT, we computed the cross- and autospectra in the frequency domain of the EEG in each of nine channels (C3, Cz, C4, FC1, FC2, FC5, FC6, CP1, and CP2) and the submental EMG signals segmented for 1 s in the activation stage. The EMG signals were rectified by calculating the root mean square values as the rectified EMG was better to represent the motor unit firing times which reflected the cortical motor inputs (Elble and Randall, 1976; Halliday and Farmer, 2010). The properties of the FFT were the same as those of ERD calculation. The coherence was defined with crossspectra normalized by autospectra in the following equation, in which fxx(j), fyy(j), and |fxy(j)| are the values of auto- and cross-spectra, respectively, at a given frequency j (Mima and Hallett, 1999):
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We calculated the coherence and detected the maximal (peak) one in nine channels, each in theta (4–7 Hz), alpha (8–14 Hz), and beta (15–25 Hz) frequency bands.

To investigate the frequency and temporal properties in the CMC during swallow, we performed time-frequency analysis of the CMC using short-time FT in the same way as the ERDs (FT size was 200 points using a boxcar window to 200 ms (200 points) segments and the time shift was 50 ms). The time period was from 0.5 s before the start of the activation stage to 2.5 s after the start of the activation stage. The properties of the short-time FT were the same as those of ERD calculation in time-frequency analysis. We calculated the inverted hyperbolic tangent of the coherence values to make them normally distributed by the following equation:
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Then, all the subjects’ data were averaged each in the nine channels, and the grand average of the averaged subjects’ data were calculated over the nine channels.




Statistical Analysis

As for the ERDs, the averaged ERDs were subjected to one-sample t-test (two-sided). The null hypothesis was that the average was zero. As for the CMC, the 95% confidence limit was calculated for the number of trials (n) in each subject in the following equation (Mima and Hallett, 1999):
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The existence of CMC was evaluated by the binomial test for each channel in theta, alpha, and beta frequency bands. The null hypothesis was that no subject had a peak of CMC greater than 95% confidence limit in any channel, each in theta, alpha, and beta frequency bands. The Bonferroni correction was used for the multiple comparisons. Effects were considered significant at a p-value <0.05. All data were expressed as mean ± SD unless otherwise indicated. The JMP statistical package (JMP Pro 12.2, SAS Institute Inc., United States) was used in each analysis unless otherwise described.




RESULTS

The numbers of volitional swallows were 206 ± 14.4 times during EEG recordings. The participants’ EMG swallowing parameters were as follows: swallow duration, 1.95 ± 0.69 s and EMG peak-to-peak amplitude, 72.8 ± 36.6 μV. Head movement during EEG recordings was visually inspected. We found the ERDs by EEG recordings similar to the previous works using MEG recordings and CMC during swallow movements.


Event-Related Desynchronization

We found the ERD in the frontal and parietal areas in the beta frequency band (Figure 2A). The averaged ERDs for the nine channels (C3, Cz, C4, FC1, FC2, FC5, FC6, CP1, and CP2) were significantly different with zero in the beta frequency band (–0.034 ± 0.048, 95% CI [–0.05 –0.01], p = 0.0074) but not in the theta (0.006 ± 0.067, 95% CI [–0.028 0.039], p = 0.7190) and alpha (0.017 ± 0.041, 95% CI [–0.003 0.038], p = 0.0917) frequency bands (Figure 2A). The Table 1A shows the difference calculated by subtracting the logarithm of the power spectral densities during the resting stage from that during the activation stage (ERD or event-related synchronization (ERS)) in the 31 channels. The Figure 2B shows the temporal modulation of the averaged ERD values of the nine channels during the time period from 0.5 s before the start of the activation stage to 2.5 s after the start of the activation stage. The ERDs emerged immediately before the activation stage and maintained during the activation stage.
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FIGURE 2. Brain areas showing swallow-related ERDs in the beta frequency band and the temporal property. The topomap display of the swallow-related ERDs is shown in panel (A). The ERDs are prominent in the bilateral sensorimotor cortices. The temporal property is shown in panel (B).



TABLE 1. The ERD or ERS (mean ± SD) is calculated by subtracting the logarithm of the power spectral densities during the resting stage from that during the activation stage in all channels in Table A.
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Corticomuscular Coherence

The representative result of the CMC is shown in Figure 3A. In the frontal and parietal areas, we found significant CMC in theta, alpha, and beta frequency bands in all nine channels (theta frequency band, C3, C4, FC2, FC5, FC6, and CP2, p < 0.0001, and FC1, Cz, and CP1, p = 0.0010; alpha frequency band, Cz, C4, FC1, FC2, FC5, FC6, and CP1, p < 0.0001, and C3 and CP2, p = 0.0018; and beta frequency band, C3, Cz, FC1, FC2, FC5, FC6, CP1, and CP2, p < 0.0001, and C4, p = 0.0002). The ratio of the subjects who had the peak of CMC greater than 95% confidence limit was represented in Table 1B and in the topographical mapping in Figures 3B–D. The Figure 3E shows the temporal modulation of the averaged CMC values of the nine channels. The CMC in relatively low-frequency band including alpha frequency band emerged at the early phase of the activation stage, whereas the CMC in relatively high-frequency band including beta frequency band emerged at the late phase of the activation stage.
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FIGURE 3. Brain areas showing the representative result of the CMC, the ratio of subjects with significant coherence and the temporal property. Panel (A) shows the topomap display of the CMC in the representative subject whose peak value was found within beta frequency band (16 Hz). Panel (B–D) shows the topomap displays of the ratio of the subjects with significant coherence in the theta frequency band (B), alpha frequency band (C), and beta frequency band (D). The temporal property is shown in panel (E).





DISCUSSION

We found the ERDs during the volitional swallow by EEG recordings in the bilateral sensorimotor, premotor, and prefrontal areas in a consistent way as previously reported in MEG works. Furthermore, we found the significant CMC in those areas during the volitional swallow movement.

Event-related desynchronizations in the beta frequency band were most evident in C3 and C4, which corresponds to the middle precentral gyrus in this work. The somatotopy for pharyngeal muscles is arranged in a more medial part than that for tongue muscles (Hamdy et al., 1996; Dziewas et al., 2003). The previous MEG work reported the ERDs during volitional swallow in more medial parts, compared with the ERDs during tongue movement (Dziewas et al., 2003), whereas the previous TMS work showed that pharyngeal muscles were arranged more medial and oral muscles were more lateral in the cortical representations (Hamdy et al., 1996). Our findings indicate cortical activities related to pharyngeal muscles during swallow.

The other brain imaging works also showed swallow-related cortical areas (Kern et al., 2001; Martin et al., 2001; Kober et al., 2015; Kober and Wood, 2018). The bilateral primary sensorimotor cortices, insula, cingulate, and parietal regions were represented during volitional swallow in the fMRI works (Kern et al., 2001; Martin et al., 2001). Although the activity of deep brain structure is difficult to measure with the EEG recordings, it may have influenced the observed sensorimotor activities by the EEG recordings. The previous fNIRS works showed the increased blood flow of the bilateral inferior frontal gyri (Kober et al., 2015; Kober and Wood, 2018), which were included in the analyzed areas for the ERDs in this work.

Event-related desynchronizations in the sensorimotor area are associated with the neuronal activities in not only the production of appropriate motor outputs but also in the processing of somatosensory information from the moving muscle (Pfurtscheller and Lopes da Silva, 1999). Processing of oropharyngeal sensation and complex motor execution are essential during swallow to prevent aspiration (Dziewas et al., 2003; Ertekin and Aydogdu, 2003). Therefore, alteration in ERDs can occur according to the dysphagia symptoms and recovery process (Suntrup et al., 2014; Suntrup-Krueger et al., 2018).

In the process of swallow, the tongue movement is important. To transit a bolus of water posteriorly at the oral phase, the apex of the tongue elevates and contacts with the hard palate and the bolus is propelled posteriorly in the oral cavity. At the pharyngeal phase, the tongue is retracted posteriorly to keep the oropharynx closed at the same time with the elevation and closure of the larynx. After the bolus transits pharynx, the tongue is relaxed and returned to the resting position (Logemann, 1988). In the previous work using the ROIs that covering the lateral areas from the C3 and C4, the tongue thrust execution induced the alpha ERD in the left hemisphere whether the tongue thrust left or right, and beta band ERD in the left hemisphere when the tongue thrust right, suggesting the left-sided dominance in the tongue movement (Sakihara and Inagaki, 2015). In our work, beta band ERD during the swallow was induced in the bilateral sensorimotor cortices. As the tongue movement is not lateralized during swallow, the side-dominance may not have been found. In the other previous work, ERD, ERS, or nothing was induced during the press of the tongue on the roof of the mouth in the primary motor cortex (Morash et al., 2008). The ERD may depend on how the tongue moves. In the previous MEG work that using the tongue electrical sensory stimulation, 20-Hz ERD was shown around 400 ms after the stimulation in the bilateral temporoparietal areas. The sensory inputs to the tongue also induced the beta band ERD. In our work, the ERD during swallow was induced in more medial and rostral parts probably because it was mixed with motor efferents and sensory afferents to the tongue and pharynx. Swallow movement itself requires various muscle activities in the tongue and the pharynx. It is difficult to differentiate specific brain activities for a specific muscle because complex activities of various muscles are necessary for swallow movement. The ERDs found in this work are brain activities during swallow including tongue and pharyngeal movements.

Event-related desynchronizations are detected by comparison with brain activity during a specific event with that during baseline (nonevent) period in the event-related design, instead of comparison with a control task. ERDs have been reported in motor and cognitive tasks without control experiments (Pfurtscheller and Lopes da Silva, 1999; Li et al., 2018; Spadone et al., 2020; Xie et al., 2021). According to the previous works, we detected the brain activity during swallow movements by subtracting that during rest. The ERDs in work emerged at the immediately preceding time of the swallow movements and disappeared around the end time of the swallow movements (the end of the submental EMG activities). The ERDs showed prior to movement onset over the contralateral sensorimotor region and ended after the motor execution in the hand and foot movements in the previous report (Pfurtscheller and Lopes da Silva, 1999). The temporal property of the ERDs during the swallow was similar with the previous finding.

We did not investigate relationships between the ERD and swallow movements because they are beyond the scope of this EEG descriptive work. It is the limitation of this work. The next step would be necessary to investigate relationships between the ERD and swallow movements using correlation, decoding, or validation methods.

We have found that the significant CMC existed in all nine channels covering the lateral and medial parts of the sensorimotor area in theta, alpha, and beta frequency bands in accordance with the previous works (Maezawa et al., 2014, 2016; Maezawa, 2017). For the finger muscles, CMC was not consistently observed in the theta and alpha frequency bands (Mima and Hallett, 1999). However, the previous MEG works reported the CMC in the beta band at 15–35 Hz and the low-frequency band at 2–10 Hz and its contralateral side-dominance in both sides of the tongue during the 2-min tongue protrusion mainly contracting genioglossus muscle (Maezawa et al., 2014, 2016). The CMC in the low-frequency band was suggested to be oscillatory proprioceptive feedback from the tongue muscles to the primary sensory cortex (Maezawa et al., 2016). Swallow consists of a complex series of the pharyngeal and tongue movements. The CMC during swallow may have been partly produced by tongue motion because the submental group muscles included the suprahyoid muscles attached to the hyoid although the muscles working during the swallow are different from those during the tongue protrusion.

As for the temporal property of the CMC, the CMC in low-frequency band was dominant in the early swallow stage with low activity of the submental group muscles and the CMC in beta band frequency was shown with the high activity of the submental group muscle in the late part of the swallow. Previous works showed that the CMC in the beta band frequency reflected the cortical motor commands during a steady tonic muscle contraction and that it did not appear during the initial parts of the movement before the steady contraction (Kilner et al., 1999; Mima and Hallett, 1999). It suggests that the CMC in the beta band may indicate the neural state during a few hundred milliseconds after the pharyngeal movements reached the maximum, that is, the peak of laryngeal elevation. Moreover, it may reflect sensory afferents to motor related areas (Baker et al., 2006). Therefore, the CMC in the beta band frequency might reflect both of motor commands and of sensory afferents in the late part of the swallow. The CMC in the low-frequency band was shown in the early part of the swallow. The previous MEG works showed that the CMC in the low-frequency band reflected the sensory feedback to M1 area with a delay of about 80 ms after CMC in the beta frequency band. However, the CMC in the low-frequency band was only shown without the CMC in the beta frequency band in the early part of the swallow. It might suggest that different networks activate in the early part and in the late part of the swallow. Swallow is a complex motion with multiple muscles working at various timings. Therefore, it is difficult to differentiate precisely the timing of cortical commands with that of the muscle contraction unlike previous MEG works. A future work would be necessary to reveal it.

Corticomuscular coherence does not inform us of the directionality of signals between the EEG and the EMG (Liu et al., 2019). Although it is beyond the scope of this EEG descriptive work, the next step would be to investigate the directionality using causality analyses such as Granger causality analysis (Witham et al., 2011).

The relationship between the submental EMG activities and the phases of the swallow movement was reported by using electroglottography (EGG) in the previous work (Nederkoorn et al., 1999; Ding et al., 2002). Although the submental EMG activities indicate the final oral and pharyngeal phases, it is difficult to differentiate the end of the oral phase from the start of the pharyngeal phase only by the EMG activity. In future, the relationship between swallow phases and EEG activity is to be revealed with the concurrent EEG and EGG recordings.

In conclusion, this work reported that EEG recordings with a small number of electrodes can detect ERDs in the bilateral sensorimotor cortices and oscillatory interaction between the cortex and pharyngeal muscles during volitional swallow in humans. The EEG is an easy and economical equipment for the clinical use compared with MEG, which is available in community hospitals. It might be a useful technology for the evaluation of cortical function during swallow in both healthy subjects and patients with dysphagia.
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Objective: To investigate the effectiveness of an existing standard oral care program (SOCP) and factors associated with it during hospitalization in individuals with acquired brain injury (ABI).

Material and Methods: A total of 61 individuals underwent a SOCP for 4 weeks in a longitudinal observational study. Rapidly noticeable changes in oral health were evaluated by performing plaque, calculus, bleeding on probing (BOP) and bedside oral examination (BOE) at weeks 1 and 5. Individuals' brushing habits, eating difficulties, and the onset of pneumonia were retrieved from their medical records. Association between oral-health outcomes to systemic variables were investigated through multilevel regression models.

Results: Dental plaque (P = 0.01) and total BOE score (P < 0.05) decreased over time but not the proportion of dental calculus (P = 0.30), BOP (P = 0.06), and tooth brushing frequency (P = 0.06). Reduction in plaque and BOE over time were negatively associated with higher periodontitis scores at baseline (coef. −6.8; −1.0), respectively, which in turn were associated with an increased proportion of BOP (coef. ≈ 15.0). An increased proportion of calculus was associated with eating difficulties (coef. 2.3) and the onset of pneumonia (coef. 6.2).

Conclusions: Nursing care has been fundamental in improving oral health, especially reducing dental plaque and BOE scores. However, our findings indicate a need for improving the existing SOCP through academic-clinical partnerships.

Clinical Relevance: Early introduction of oral care program to brain-injured individuals is beneficial in reducing plaque accumulation and improving oral health.

Keywords: hospitalization, neurorehabilitation, nursing, oral health, oral hygiene, periodontitis, stroke, traumatic brain injury


INTRODUCTION

Oral care is essential to maintain oral health and prevent complications such as periodontal diseases and tooth loss in patients with acquired brain injury (ABI) (1–5). Poor oral hygiene among dependent hospitalized patients could lead to severe complications such as poor nutritional intake, increased length of hospital stays, and pneumonia (5–7). Concerning oral health, stroke can cause hemiparesis and hemiplegia to the facial muscles and the muscles of the pharynx, tongue, palate, and mastication, resulting in impaired oral clearance (8, 9). Medications prescribed for patients after stroke may further impact oral health resulting in, for example, dry mouth, oral ulcers, and stomatitis (10). Acquired brain injury individuals with swallowing difficulties have compromised oral clearance that may lead to increased bacterial load (5). Swallowing impairment, along with poor oral health has a significant impact on an individual's nutritional intake (11), increasing the risk of aspirational pneumonia (6, 12), which in turn has a negative impact on rehabilitation and other functional outcomes (6, 13).

Evidence suggests that stroke survivors with an increased plaque and bacterial load experience a deterioration of the periodontal conditions (1, 14). Recently, a study showed that 40% of the ABI population had an abundant amount of dental plaque and increased bleeding on probing (BOP), a finding that may indicate an acute hospitalization effect (2). In addition, 74% of the ABI individuals also had severe periodontitis, a condition, supported by their poor sociobehavioral and medical history, representing a chronic stage of an oral health disease (2).

Post ABI, many patients are reliant on nursing staff to assist them with oral hygiene. Despite indications that healthcare staff is interested in improving this aspect of care, a recent survey conducted with >250 health professionals showed that oral care had not been their prime focus due to barriers such as lack of time due to prioritizing other emergency tasks and unfocused oral care policies, and absence of training and evidence-based continuing education (15).

In the light of the current evidence on the importance of oral health among individuals with ABI, oral care management through oral care providers could play an important role in this area (11). It is not clear whether the existing oral care provided by healthcare professionals has any effect on the oral health of hospitalized patients with ABI in a neurorehabilitation setting (2, 15, 16). New knowledge on the topic may provide an overview to promote and manage oral health in these individuals. Accordingly, this study aimed to investigate the effectiveness of the existing oral care program over time (5 weeks) and its associated factors during hospitalization in patients with ABI. We hypothesized that the current standard oral care provision requires further structural improvement and modifications.



METHODS


Participants and Recruitment

All individuals with ABI admitted between February and June 2019 to the Hammel Neurorehabilitation and Research Centre (HNRC), Denmark, were recruited for this longitudinal observational study. Patients admitted reasons other than ABI were excluded, so were pregnant women. As some patients moved in and out from the HNRC due to medical emergencies or the need for other facilities unavailable at the center, they were included in the study if re-admitted within 5 days to the HNRC from their first day of admission. The readmission day was counted as their first day of admission. Individuals with ABI who prevented the examination for reasons such as fatigue/cognition/ limited mouth opening/stress/infection were rescheduled within 1 week and excluded from the study if it was not possible to re-examine within the week 1 window. In total, 132 individuals with ABI were screened and examined within the first week (baseline) from the admission day and later at week 5, re-examined to assess the acute changes in oral health (Figure 1). Out of 132 individuals, 90 were eligible for the week 1 assessment, and 61 individuals were eligible for the week 5 assessment after fulfilling all the above-mentioned eligibility criteria (Figure 1). The strengthening the reporting of observational studies in epidemiology guidelines were used to guide the reporting of the study.


[image: Figure 1]
FIGURE 1. Flow chart.




Procedures and Measures
 
Medical Records

Each individual's main diagnosis, medical history, the onset of brain injury, and length of stay in acute care were documented at week 1, and onset of pneumonia during hospitalization, clinically measured body mass index, eating difficulties, dysphagia, and feeding status were documented at weeks 1 and 5 from the e-journal of the patients (2, 3, 6).



Demographics and Sociobehavioral History

A structured questionnaire was used to elicit general and oral health-related social and behavioral history. The questionnaire elicited information on age, sex, education level, profession, living status, smoking habits, and brushing and dental appointment frequencies, which were recorded by a nurse (MBJ) at week 1 and in addition brushing frequency during hospitalization was again recorded at week 5 (2, 3, 6).



Motor and Cognitive Deficits Related to Orofacial Function Parameters

Motor and cognitive domains related to orofacial function were collected from the subset of the following brain injury scales at both baseline and at week 5: the early functional ability (EFA) scale (17), the functional independent measure (FIM) (18), the functional oral intake scales (FOIS) (19), and the Rancho Los Amigos scale (RLAS) (20).


Early Functional Ability Scale

The EFA scale (17) evaluates the early functional abilities in terms of basic everyday functions with increasing wakefulness and at the same time yet significant functional motor limitations. The scale comprises of 20 items, which are scored on a five-point Likert scale with 1 = “no function,” 2 = “severe disturbance,” 3 = “moderate disturbance,” 4 = “slight disturbance,” and 5 = “normal.” In this study, four items from EFA were taken as markers of orofacial dysfunction: (1) orofacial stimulation, (2) swallowing, (3) tongue movements/chewing, and (4) facial expressions/mimic.



Functional Independent Measure

Functional independent measure (18) assess ADL in patients with ABI 24, 25. Functional Independent Measure scale assesses motor and cognitive disability. The scale includes 18 items, of which 13 items are motor domains. Eating motor items were taken as markers of orofacial function whereas all five items of cognition, problem-solving, social interaction, comprehension, expression, and memory were included. Each item is scored from 1 to 7 based on level of independence, where 1 represents total dependence and 7 indicates complete independence.



Functional Oral Intake Scale

Functional Oral Intake scale (19) documents the functional level of oral intake of food and liquid in patients with stroke. This scale consists of seven items: tube dependent (levels 1–3): 1—no oral intake, 2—tube dependent with minimal/inconsistent oral intake, and 3—tube supplements with consistent oral intake 26; total oral intake (levels 4–7): 4—total oral intake of a single consistency, 5—total oral intake of multiple consistencies requiring special preparation, 6—total oral intake with no special preparation, but must avoid specific foods or liquid items, and 7—total oral intake with no restrictions.



Rancho Los Amigos Scale

Rancho Los Amigos scale (20) assesses the cognitive function in patients with post-coma. Patients are scored according to the levels: 1—response, 2—generalized response, 3—localized response, 4—confused, agitated response, 5—confused, inappropriate, non-agitated response, 6—confused, appropriate response, 7—automatic, appropriate response, and 8—purposeful, appropriate response.

In our previous study, by employing a factor analysis approach on the questionnaire data, we were able to identify two different factors, which were later dubbed as the “motor” domain based on their orofacial health and entire “cognitive” domain (6). Accordingly, a “motor” factor was defined based on the scores of the eating domain of the FIM questionnaire, the total score of the FOIS questionnaire, and the orofacial stimulation, and swallowing domains of the EFA questionnaire. The “cognitive” factor, comprised the total score of cognitive FIM which included, problem-solving, social interaction, comprehension, expression, and memory domain, and the total score of the RLAS questionnaire (6). As the tongue and mimic domains of the EFA questionnaire loaded in both the factors, they were not included in either of the factors (6).




Comprehensive Oral Health Assessment

The clinical oral examination was conducted by a trained dentist (SFK) during week 1 and week 5 of hospitalization. This examination consisted of (1) BOP examination: was performed at six sites of each tooth (starting from the distal to the mesial end of each tooth buccally and palatally/lingually, respectively) by tipping a University of North Carolina-15 periodontal probe (PCPUNC15, Hu-Freidy, Chicago, IL, USA) until light resistance offered by the gingival tissues could be perceived (21). Bleeding on probing was recorded as absent or present. (2) Plaque, and calculus detection: was performed at six sites of each tooth using the tip of the periodontal probe at the dentogingival junction as recommended by O'Leary et al. (22, 23). Each condition was recorded as a dichotomous variable, based on its presence or absence. (3) Bedside Oral Examination (BOE): After permission from the author, BOE parameters were included (24). It has eight categories and three numerical and descriptive ratings (1—normal; 2—moderate dysfunction; and 3—severe dysfunction). Total BOE scores ranged from 8 (excellent oral health) to 24 (poor oral health). Bedside oral examination scores ranging from 8 to 10 are considered as indicative of excellent oral health, from 11 to 14 as moderately impaired oral health, and from 15 to 24 as significantly impaired oral health (24).

In addition, at baseline, we also assessed probing depth, gingival margin level, and clinical attachment level (CAL) with the use of the aforementioned probe. The baseline periodontal data was also submitted to factor analysis, which allowed us to identify two periodontal phenotypes, dubbed as “moderate” (number of sites with CAL = 3 or 4 mm, Periodontal Pocket Depth (PPD) = 3 or 4 mm, and the number of sites with BOP) and “severe” (number of sites with CAL ≥ 5 mm, the number of sites with PPD ≥ 5 mm, and the number of sites with suppuration) periodontitis. Detailed information about the identification of the periodontal phenotypes using the baseline periodontal data can be found elsewhere (2, 4).



Standard Oral Care Program at HNRC

Based on the Danish national clinical guidelines for oral care, the healthcare professionals follow the standard oral care program (SOCP) in all the individuals admitted at HNRC (25). The SOCP was supplemented by additional oral care depending on the individual needs. See Table 1 for details.


Table 1. Standard oral care program at HNRC.
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Data Analyses

Data on the proportion of plaque, calculus, BOP, BOE scores, and frequency of tooth brushing were submitted to descriptive analyses. In addition, paired analyses (t-test for normally distributed variables and Wilcoxon signed-rand test for non-normally distributed variables) were also conducted. Using multilevel mixed-effects regression models, we were able to investigate the association between changes in oral health outcomes (proportion of plaque, calculus, BOP, and BOE scores) with both time-varying, collected at both baseline and week 5, and non-varying (elicited at baseline only) variables (sociodemographic and behavioral factors, systemic diseases, and motor and cognitive deficits related to orofacial function parameters). Variable selection was performed using the “backward” stepwise procedure, in which all variables were entered in the model, and then subsequently removed. Only variables with a P-value <0.20 were maintained in the model and those with a P-value <0.05 were considered statistically significant. The data analysis was carried out using the software Stata 14.2 (StataCorp., College Station, TX, USA).




RESULTS

Of the 90 patients included at baseline, 61 provided data for the 5-week follow-up (Figure 1). The mean age was 55.1 years (±14.0), and 64% of patients were male. More information about the sociodemographic data of the participants can be found elsewhere (2). A post-hoc sample size power revealed that using the BOP and plaque data at baseline and week 5 and assuming a correlation between the paired estimates of 0.7, our sample reached a power of 81%.

Paired analysis revealed that the proportion of sites with visible dental plaque (P = 0.01) significantly decreased over time but BOP (P = 0.06), calculus (P = 0.30), and the frequency of tooth brushing (P = 0.06) did not achieve statistically significant changes after 5 weeks of hospitalization. In addition, the total BOE score (P < 0.001) significantly improved over time, and most of the BOE domains like, swallow, saliva, mucosa, teeth, and odor (P < 0.05) (Table 2).


Table 2. Changes in oral health parameters during hospitalization.

[image: Table 2]

Mixed-effects regression models indicated that individuals with “moderate” periodontitis at baseline (coef. −6.8) and those hospitalized at the regional ward (coef. −15.6) had decreased proportion of sites with dental plaque. In addition, the number of extracted teeth (coef. −1.0), the proportion of calculus (coef. −0.5), and the time (coef. −8.8) were also associated with a reduction in the proportion of plaque (Table 3A).


Table 3A. Mixed effect regression model comparing plaque and systemic findings.
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Patients with higher scores of both “moderate” (coef. 14.3) and “severe” (coef. 15.6) periodontitis at baseline had an increase in the proportion of sites with BOP over the study period (Table 3B), whereas those who improved their “cognitive” domain (coef. −6.6) had a decrease in the proportion of BOP. The number of extracted teeth at baseline (coef. 0.5) and increased proportion of plaque over the study period (coef. 0.4) were also associated with an increased proportion of BOP after the 5-week follow-up. As displayed in Table 3C, those who developed pneumonia during hospitalization (coef. 6.2) and those with eating difficulties over the study period (coef. 2.3) had an increase in the proportion of sites with dental calculus.


Table 3B. Mixed effect regression model comparing BOP with systemic findings.
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Table 3C. Mixed effect regression model comparing calculus with systemic findings.
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Finally, mixed-effects regression models indicated that the individuals with higher scores of “moderate” periodontitis at baseline (coef. −1.0), those hospitalized at the regional ward (coef. −1.7), and those who improved their “motor” skills during the study period (coef. −0.6) had a reduction in their total BOE score, whereas those with dysphagia at baseline (coef. 0.5) and the old individuals (coef. 0.04) had an increased total BOE score after 5 weeks (Table 3D).


Table 3D. Mixed effect regression model comparing BOE data with systemic findings.

[image: Table 3]



DISCUSSION

The main finding of the study was that the oral health parameters such as visible plaque and BOE scores significantly improved during a 5-week stay at neurorehabilitation setting following the current SOCP. Although a reduction in the proportion of sites with BOP and frequency of tooth brushing over time (5-week stay) was observed, it did not reach statistical significance. These findings demonstrate that although there was an improvement in the oral health status in hospitalized individuals, it was not substantiated, indicating a need for further development in the oral care program.

A significant reduction in the amount of dental plaque was observed over time. Dental plaque is a biofilm that comprises a diverse community of microorganisms formed regularly on the tooth surface and can be disrupted with proper toothbrushing and interdental cleaning (5, 26, 27). Individuals with less severe ABI are usually admitted to the regional ward at HNRC instead of the highly-specialized ward due to their better motor and cognitive functions, which makes them more co-operative than severely affected individuals with ABI (28). It was also evident from the mixed regression analysis that individuals admitted to the “regional ward” showed a strong association in reducing plaque compared to individuals from the highly specialized ward (25). This finding indicates that the poorest oral health conditions and the least oral health improvements occurred in moderate and severe ABI cases, i.e., those requiring most caregivers' attention. Hence, it is of utmost importance to properly train these professionals to improve oral health and, consequently, the quality of life of individuals with ABI. Interestingly, the proportion of plaque was also reduced in individuals with “moderate” periodontitis and with an increased proportion of calculus and BOP, indicating that there are also other factors such as the host immune response (6), which were not taken into account in this study, that might have influenced BOP.

Bleeding on probing is a sign of inflammation that occurs as a response to plaque accumulation on the periodontal tissues (29). In general, good oral hygiene practices are sufficient to control and reduce gingival bleeding (24, 27), which was also shown in the current study with a strong association between plaque and BOP (Table 3C). However, despite the significant plaque reduction, the proportion of sites with BOP did not reduce in the same individuals over the study period, as it probably originated from deep pocket rather than from the gingival tissues. It is also important to discuss that the SD values of BOP were probably quite high as few individuals had a very low BOP, while some (especially those with periodontitis) accumulated most of the BOP burden. Such a finding suggests that factors other than plaque might play a role in the onset and progression of gingival inflammation. It has been shown that a more exacerbated and rapid immune response, acute hospitalization, and cognitive and systematic complications are linked to a higher neutrophilic activity, which mounts an immediate gingival inflammatory response when exposed to plaque (30–32). Interestingly, our findings demonstrated that BOP decreased over time in individuals who showed an improvement in their “cognitive” function, indicating a reduction in confusion and agitation leading to increased cooperation with oral care, which very well-correlates with previous research (6). It has been shown that BOP is closely associated with “severe” periodontitis, which in addition to an already existing cognitive impairment, may contribute to other chronic conditions that share a common biological background to ABI (6, 33). Assuming that such an exacerbated immune response is not restricted to the oral cavity, this may interfere with other inflammatory processes, especially in a hospital setting and in the presence of other comorbidities, explaining partially our findings (6). On the other hand, the proportion of sites with BOP increased over time among patients with both “moderate” and “severe” periodontitis, despite the increase in toothbrushing frequency over the same period. This finding indicates that the oral health status in these patients was poor and tooth brushing alone may not be enough to tackle periodontitis, which can only be treated using scaling and root planning performed by dental professionals. In addition, toothbrushing is unable to remove calculus, a factor that contributes to further plaque accumulation, inflammation of gingival tissues, and progression of periodontitis. Furthermore, brushing is also thought to be more optimal for cleaning facial surfaces of teeth compared to interproximal/interdental surfaces that present a higher risk of plaque accumulation and developing periodontal lesions (34). Thus, interdental cleaning aids such as dental floss, and interdental brushes may prove to help decrease BOP as interdental cleaning has shown to be associated with less plaque, calculus, and gingivitis (35). Nevertheless, despite the efforts made by nurses to maintain oral hygiene, there was still deterioration of the inflammatory periodontal condition (5). This suggests a need for the involvement of dental personnel in hospitals for providing adequate oral care to patients with ABI (2).

Calculus, defined as hard deposit around the gingiva as a result of long-term plaque accumulation, showed no significant improvement over time, indicating that the amount of calculus identified was already present when the individuals were hospitalized. It is important to highlight that calculus does not indicate disease, but it makes oral hygiene more difficult to maintain and works as a plaque-retaining factor (36). It is known that periodontal pockets can be the focus of infection and calculus removal can improve the clinical condition of patients and reduce the length of hospital stay (37). Even though the removal of calculus is not possible without professional dental assistance, it is possible to maintain proper oral hygiene by preventing calculus formation. Such a finding supports the idea that chronic oral changes require professional help from dental personnel and changes in sociobehavioral factors for the improvement of oral health (29).

Our findings also revealed that individuals with eating difficulty and those who developed pneumonia during hospitalization had an increase in the proportion of sites with dental calculus. One may speculate whether the combination of dental calculus and eating difficulties may influence the onset of pneumonia. A recent study on patients with ABI has shown a robust association between periodontitis and debilitating conditions like dysphagia, dependency on a feeding tube, which is a major concern, as they lead to pneumonia (6). Although our study does not allow us to disentangle the causal relationship between these conditions, our overall findings suggest the need for increased focus on oral care especially for ABI individuals with conditions like eating difficulties and severe cognitive disturbances.

Interestingly, BOE scores decreased in individuals with higher scores of “moderate” periodontitis. As discussed, “moderate” periodontitis originates essentially from neglected oral hygiene, so do most of the BOE domains (2, 6, 24, 38). Thus, the combined effect of plaque reduction and increased frequency of oral hygiene can explain this association. It should be noted that, although BOE is a simple and easy-to-use tool in hospital settings, especially in intensive care units, its usefulness is questioned in patients with ABI, and therefore, the BOE results may be carefully interpreted (2, 4). This is because the instrument seems not to reflect the real clinical conditions of patients with ABI, thus, affecting the treatment plan. Furthermore, it has been shown that “aging” patients have more compromised function than young individuals, making them more vulnerable to dysphagia and unable to perform and maintain good oral hygiene procedures (2, 6).

A recent survey conducted among 157 oral caregivers at HNRC showed that the majority of oral caregivers were aware of the existing “Danish National Clinical Guidelines for Oral Care” (25). However, a significant number of oral care providers did not follow the guidelines systematically, expressing it as ineffective, time-consuming, and difficult to follow (15). Professionals were aware that patients with eating difficulties have challenges and different requirements (15) and on top, cognitive, and motor deficits add an extra challenge to oral hygiene maintenance (6). In addition, there is always a professional dilemma to maintain oral hygiene standards whilst respecting the autonomy of patients once they refuse oral hygiene care, even if it is required. Therefore, all these factors should be considered while formulating and designing oral care training and guidelines to improve oral care in a neurorehabilitation setting.


Methodological Considerations

The current study sample originates from a single hospital setting, and therefore, our findings may have limited external validity. However, it is worth mentioning that this hospital is a reference center for the treatment of patients with ABI and receives patients from most regions of Denmark. In addition, a limited sample size and 30% lost to follow-up might have reduced the analytical power, as can be noted by borderline P-values. However, as aforementioned, our sample reached a power of 80%, which can be considered an acceptable value for this study. Future studies with large samples originating from several centers are needed. Another limitation of the study was the short follow-up time, given the chronicity of the most common oral diseases, i.e., dental caries and periodontitis. However, treatment of these conditions demands the involvement of dental personnel with appropriate armamentarium, which was not within the scope of the study. As our purpose was to observe the effect of an existing oral care program during hospitalization on oral health, we decided to evaluate conditions such as the proportion of dental plaque and BOP, as those parameters can rapidly change. We also need to be aware that few patients were excluded due to extreme fatigue, agitation, motor-cognitive deficits, leaving us with no opportunity for clinical examination, which might be a bias in representing the entire oral health status. Finally, since different oral care measures were implemented depending on the patients' condition, the distinct levels of care might have impacted our results. However, our main goal was to evaluate whether the standard oral care plan delivered during hospitalization was effective to improve oral health rather than to evaluate the most effective plan. Hence, further studies are needed to elucidate this aspect.




CONCLUSIONS

A significant reduction in dental plaque and total BOE score was observed over time. However, non-significant improvements in gingivitis, the proportion of calculus, and brushing frequency indicate the need to further develop oral care programs for individuals with ABI keeping motor-cognitive deficits and eating difficulties in consideration. This study also enforces the need for the involvement of dentists in educating and supervising non-dental professionals at an early stage to provide a better and integrated oral care program for ABI individuals in hospital settings.
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It still remains unclear how the suprahyoid muscles function in bolus formation during mastication. This study aimed to investigate the contributory role of the suprahyoid muscles during mastication. A total of 20 healthy young volunteers were asked to perform tongue pressure generation tasks and unilateral mastication tasks using peanuts and two different types of rice crackers. Surface electromyographic (EMG) activity of the masseter and suprahyoid muscles and mandibular kinematics were recorded. Suprahyoid activity increased with increasing tongue pressure. Masticatory duration until the first deglutition differed significantly among the different foods; the harder the food, the longer the duration. This was also the case in masseter activity per masticatory cycle. Masticatory rate and suprahyoid activity per masticatory cycle were significantly higher during soft rice cracker mastication. Masseter activity was higher on the masticatory side than on the non-masticatory side, however, there was no difference in suprahyoid activity between the sides. Suprahyoid activity and jaw gape showed significant positive correlation in the early stage on both the masticatory and non-masticatory sides. The suprahyoid muscles functioned dominantly for jaw-opening during peanut mastication, and for bolus formation, especially in the late stage during soft rice cracker mastication. Bolus formation was performed dominantly on the masticatory side during rice cracker mastication. These findings clearly demonstrate a functional role of the suprahyoid muscles during mastication of solid foods from assessments using both EMG activity and mandibular kinematic recordings.
Keywords: bolus formation, electromyography, suprahyoid muscles, mastication, mandibular kinematics
1 INTRODUCTION
Mastication is essential for the adequate intake of solid foods in most mammals (Hiiemae et al., 1996). During mastication, food is crushed and mixed with saliva by the actions of the teeth and masticatory muscles while the tongue, palate, and cheeks contribute to forming a food bolus. Although underlying digestive motor actions such as mastication and deglutition are triggered and controlled by a central pattern generator in the brainstem (Jean, 2001; Lund and Kolta, 2006), sensory information from the bolus in terms of its size, temperature, texture, or moisture, changes from moment to moment, and motor patterns can adapt to these changing characteristics. Previous studies demonstrated a relationship between masticatory muscle activity and the mechanical properties of food during mastication; masticatory movements are affected by bolus property, primarily the hardness of the food and bolus hardness changed masticatory force, mandibular movement and masticatory cycles, and masticatory cycle times (Horio and Kawamura, 1989; Bishop et al., 1990; Hiiemae et al., 1996; Lassauzay et al., 2000; Peyron et al., 2002; Grigoriadis et al., 2014; Takei et al., 2020).
Once the food is broken down by the masticatory muscles, the differences in these properties decrease, and the changes in food consistency affect the movements required to make the bolus suitable for deglutition. In this regard, some properties of the bolus other than hardness should also be considered. In a previous study, we compared masticatory behaviors between different rice products using steamed rice and rice cake (Iguchi et al., 2015). We found that masseter and suprahyoid electromyographic (EMG) activity per masticatory cycle was higher for rice cake than for steamed rice although the hardness of the boluses was similar throughout the masticatory process. Because cohesiveness and adhesiveness were significantly higher for the latter than the former, we suggested that a difference in cohesiveness also has a critical effect on masticatory performance as previously reported (Kohyama et al., 2005). In addition, we evaluated masticatory activity using rice crackers with different physical properties (Takei et al., 2020). As expected, the harder/larger the rice cracker, the longer the masticatory duration and the higher the number of masticatory cycles. Conversely, the suprahyoid EMG activity was much higher for the soft rice cracker than for the others. We also found that the water absorption rate of the bolus was significantly higher for the rice cracker with the lowest hardness and density compared with other rice crackers. It would likely have been more difficult to transport the bolus that had high water absorption compared with others in the late stage of the masticatory cycle. In those studies, however, only the average suprahyoid muscle activity was compared among the foods, thus, it remains unclear how the bolus properties affected masticatory behaviors.
As with recordings of EMG activity, numerous studies have assessed the functional contribution of intraoral structures such as the tongue to bolus formation and transport during mastication using videofluorography (Palmer et al., 1992; Palmer et al., 1997). This is because movements of the bolus and intraoral structures cannot be directly visualized. Palmer et al. (1992) reported on bolus propulsion during mastication where the bolus was moved toward the pharynx during the late stage of mastication, that is, stage II transport. The authors also demonstrated that the patterns of mandibular and tongue movements during stage II transport were characterized by exaggerated upward movements of the tongue that compress food against the palate during the jaw-closing phase. The tongue is attached to the hyoid bone and several mastication-related muscles are attached to the hyoid itself including the suprahyoid muscles, which keep the tongue in place. The suprahyoid muscles are also known to be jaw-opening muscles. Therefore, it is plausible that changes in tongue muscle activity may be accompanied by changes in suprahyoid muscle activity, and hence mandibular movements can also change depending on the masticatory stage. Nonetheless, our knowledge of the functional contribution of the suprahyoid muscles to bolus formation and the differences in these activities and mandibular kinematics among foods is rather limited.
This study was designed: 1) to investigate the contribution of the suprahyoid muscles to bolus formation during mastication; 2) to clarify how suprahyoid muscle activity for bolus formation differs among foods; and 3) to elucidate the difference in suprahyoid muscle activity between the masticatory and non-masticatory sides. We hypothesized that the ratio of suprahyoid muscle activity to vertical distance of jaw opening represents the functional role of these muscles in bolus formation, and thus differs depending on bolus properties and masticatory stage.
2 MATERIALS AND METHODS
2.1 Participants
This study involved 20 healthy volunteers (12 men, eight women), ranging from 23 to 44 years (average age ±standard deviation [SD], 31.0 ± 6.1 years). Prior to obtaining recordings, an attending dentist confirmed that all participants had no missing teeth except the third molar teeth, no temporomandibular disorder and no masticatory or deglutition problems at meal. Written informed consent was obtained from all participants, and the study was approved by the Ethics Committee of Niigata University (approval no. 2020–0039). All experiments were performed in accordance with the Declaration of Helsinki guidelines for studies involving human participants (2008).
2.2 Test Foods
In this study, we used two commercially available rice cracker products and peanuts (Nuts) as test foods (Figure 1). The rice crackers were Happy-Turn (Happy) and Haihain (Kameda Seika Co. Ltd., Niigata, Japan). Peanuts are one of the most common solid foods used in dental research to evaluate masticatory function (Gonçalves et al., 2014; Goto et al., 2015; Yamasaki et al., 2016; Oki et al., 2021). We believe that rice crackers are also a suitable sample food to evaluate masticatory function because they are typically hard and brittle. Eating rice crackers requires many steps of the process in the oral cavity, including function not only of the masticatory muscles but also the tongue and cheek muscles to crush and mix the bolus with saliva. As previously described, the thickness of one piece of Happy and Haihain was 8.9 ± 0.2 mm and 6.4 ± 0.2 mm, and the density was 0.397 ± 0.021 g/ml and 0.115 ± 0.002 g/ml, respectively (Takei et al., 2020). Both properties were significantly higher for Happy than Haihain. The hardness of the food was measured using a creep meter (RE2-33005S, YAMADEN CO.,LTD., Tokyo, Japan). The maximum load was 39.9 ± 13.0 N for Nuts, 26.5 ± 10.5 N for Happy, and 8.7 ± 2.6 N for Haihain. Happy characteristically had a higher fat content (28.9%) than Haihain (1.2%). Mouthful volume for each trial was determined as 3 g except for Haihain, which was 0.85 g. Haihain had a very low density, and so the volume was adjusted to the same volume as that of Happy.
[image: Figure 1]FIGURE 1 | Photograph showing the food samples, Happy-turn (Happy), Haihain, and peanuts (Nuts).
2.3 EMG Activity and Videoendoscopic Recordings
The methodology was precisely as described in our previous study (Takei et al., 2020). Briefly, surface EMG activities were recorded from the masseter and suprahyoid muscles on both the left and right sides. Electrodes (NT-611T; Nihon Kohden, Tokyo, Japan) were attached to the skin over the masseter muscle and the anterior belly of the digastric muscle for the suprahyoid muscles. The suprahyoid musculature comprises the geniohyoid, mylohyoid, and the anterior belly of the digastric muscle. Using surface electrode, EMG activities of all these muscles were recorded (Palmer et al., 1999). Signals were filtered and amplified to remove movement-related artifacts (low-pass and high-pass cut-off frequency, 30 Hz and 2 kHz, respectively) (AB-611J; Nihon Kohden).
VE images were recorded to identify deglutition. A fibre-optic endoscope (FNL-10RP3; Pentax, Tokyo, Japan) was inserted through the nasal passage and into the midpharynx. All signals, including EMG and VE data, were stored through an interface board (PowerLab; ADInstruments, Colorado Springs, CO) on a personal computer (2 kHz for EMG and 33 Hz for VE images). Data analysis was performed using the PowerLab software package (LabChart 8; ADInstruments).
2.4 Mandibular Kinematics
Mandibular kinematics were recorded using a 10-camera Vicon motion capture system (Vicon Motion Systems, Oxford, United Kingdom), which documented three-dimensional coordinates of reflective markers on the skin covering maxillary and mandibular bones. First, laboratory-fabricated adhesive frame housing markers were placed on the scalp. Next, three reflective markers were placed at specific cephalometric landmarks, namely the nasion and the left and right gonions, in a plane parallel to the Frankfort horizontal plane. Another marker was placed on the pogonion. These signals were stored on a personal computer at 100 Hz and were extracted in csv format using a software program (MATLAB, R2021a; Mathworks, Natick, MA). Finally, mandibular kinematics data was synchronized off-line with EMG activities and VE images using LabChart 8 (ADInstruments).
2.5 Data Processing
Participants were instructed not to eat or drink for at least 1 h prior to the experiment to avoid the situation in that the participants eat any foods immediately before the experiment and are on a full stomach. They were seated in an upright sitting position without headrests throughout the duration of the experiment. In this study, we conducted two tests involving specific tasks: tongue pressure generation followed by food mastication tasks (Figure 2).
[image: Figure 2]FIGURE 2 | Experimental protocol.
In the tongue pressure generation task, each participant was first asked to maximally open the jaw three times for 5 s each to normalize the suprahyoid EMG activity. They were then asked to press the tongue as hard as possible against the anterior aspect of the hard palate for 7 s each three times; this maximum tongue pressure (100%) was measured by using a balloon-type tongue pressure instrument (JM-TPM02, JMS Co., Japan). To obtain the stable EMG burst in one trial, it took several seconds so that we determined 5-s jaw opening task and 7-s tongue pressure generation. Further, from the three data, we confirmed the EMG activity was reproducible (data not shown).
In the procedure, they lightly held the probe in 4-mm diameter. We confirmed that no apparent EMG activity was observed during only holding the probe. The average of 100% tongue pressure was calculated and then participants were asked to repeat the task at 25, 50, 75, and 100% pressure for 7 s in random order. Visual feedback was provided during recordings and suprahyoid EMG activities on the left and right sides were recorded. An interval of at least 1 min was allowed between trials.
In the masticatory task, participants were asked to unilaterally masticate and then ingest three different types of test foods (Happy, Haihain, and Nuts) in a random order. Subjects were asked to masticate on their preferred/habitual masticatory side that was determine in a previous study (Sano and Shiga, 2021; Shiga et al., 2021), where subjects were asked to masticate on a gummy jelly test food and report the side on which mastication appeared to be easier.
During these tasks, masseter and suprahyoid EMG activities, VE images, and mandibular kinematics were recorded simultaneously (Figure 3A). Each trial ended with a right hand raise when the participant had finished eating. The interval between trials was set to at least 1 min, and participants could rinse their mouths with water whenever they wished between the trials.
[image: Figure 3]FIGURE 3 | Representative electromyographic (EMG) activity recording and mandibular movement trajectories during Happy mastication on the habitual (right) side. Rectified and smoothed EMG waveforms are shown. (A) Vertical dotted lines indicate masticatory onset, border between early and late stages, and offset of masticatory duration. (B) Expanded view of shaded areas in recordings A. Reciprocal EMG bursts commonly observed in masseter and suprahyoid muscles on both sides in the early stage. Vertical dotted lines indicate the border between phases. Cl, jaw-closing phase; Oc, occlusal phase; Op, jaw-opening phase.
2.6 Data Analysis
To determine the threshold of EMG activity, all EMG waveforms were first full-wave rectified and smoothed (time constant 20 ms).
2.6.1 Tongue Pressure Generation Task
Using the data recorded during both maximum jaw-opening and tongue pressure generation, the mean amplitude of the area under the curve of the rectified suprahyoid EMG activities for 1 s, which was obtained by averaging the left and right EMG data, was calculated for each task (25, 50, 75, and 100%). Regarding the relationship between the maximal mouth opening and the position of the mandibular condyle, when the maximal mouth opening is wide, the mandibular head shifts towards the anterior, and next the condyle is located anterior to the articular tubercle. This suggests that not only on the jaw distance but also the size of the mandibula affects the mandibular head/condyle movement and suprahyoid EMG activity. Because mouth-opening capacity was different among the participants, we decided to use the EMG values normalized to those recorded maximum jaw-opening. Normalized mean activity of suprahyoid EMG burst was compared using one-way repeated measures ANOVA followed by Tukey’s honestly significant difference (HSD) test for further analysis.
2.6.2 Mastication Task
During mastication, each masticatory cycle had three components, namely the jaw-opening, jaw-closing, and occlusal phases, which were determined based on the speed and direction of the vertical and horizontal jaw movements, respectively (Figure 3B). The jaw-opening phase began at the uppermost mandibular position and ended at the point of maximum opening. At the onset of the jaw-opening phase, the speed of jaw-opening in the vertical direction was 0. The jaw-closing phase was followed by the occlusal phase. The latter phases were demarcated from the jaw-closing phase by the most lateral position of the jaw-closing path.
We previously reported that a mouthful of solid food is swallowed during the first deglutition during mastication, and that any residual food becomes aggregated by the intra-oral structures into a bolus before being swallowed in the last deglutition (Maeda et al., 2020; Kochi et al., 2021). This suggests that the process of bolus formation before the first deglutition occurs is critical. We first measured the masticatory duration between the onset of the first masticatory cycle and the offset of the masticatory cycle immediately before the first deglutition. Deglutition was identified as an advancing whitish appearance on VE images.
For analysis, masticatory duration, number of masticatory cycles, and masticatory rate in this period were compared among the foods using one-way repeated measures ANOVA followed by Tukey’s HSD test for further analysis. Further, masseter and suprahyoid EMG activities per masticatory cycle was also compared using two-way repeated measures ANOVA (masticatory side vs. non-masticatory side, foods) followed by Tukey’s HSD test for further analysis.
The relationship between suprahyoid EMG activity and the vertical distance of the mouth (jaw gape) per masticatory cycle was examined using data obtained during mastication before the first deglutition. Because the suprahyoid muscles are known to contribute to jaw-opening during rhythmic mandibular movements, the correlation coefficient (CC) between them in masticatory duration was first calculated in each task for each participant. Unexpectedly, in some participants there was no statistically significant positive correlation in some tasks, which suggested that the suprahyoid muscles did not mainly function for jaw-opening. Subsequently, we divided the masticatory period until the first deglutition into two stages, namely early and late stages depending on the number of masticatory cycles. After collating all the data, including Happy, Haihain, and Nuts mastication in each participant, the CC in the early stage was also calculated for each participant. Because significantly high positive correlation was noted in the early stage in all cases, the regression line and 95% confidence intervals were obtained (Supplementary Table S1, Figure 4). Figure 4 shows the plotted data for one representative participant. Although the plotted data were few during Haihain mastication, there was a clear significant positive correlation among them in the early stage for all test foods; this was also the case for all participants (data not shown). If the plotted data was located between the intervals, we determined that the suprahyoid muscles were activated mainly for jaw-opening. In contrast, if the data was plotted right to the intervals, we determined that the suprahyoid muscles were activated mainly for bolus formation. The former cycle was designated the jaw-opening dominant cycle and the latter the deviation-dominant cycle. The number of these cycles was compared using two-way repeated measures ANOVA on ranks (masticatory side vs. non-masticatory side, among foods) followed by Tukey’s HSD test for further analysis. In addition, the rate of occurrence of these cycles in the masticatory duration was compared in the same manner.
[image: Figure 4]FIGURE 4 | Relationship between suprahyoid electromyographic activity and maximum vertical jaw distance (jaw gape) in one participant. Each graph shows the relationship between suprahyoid activity and jaw gape in one masticatory cycle. The number of masticatory cycles in the masticatory duration was 26 during Happy mastication, 14 during Haihain mastication, and 41 during Nuts mastication with significant positive correlation among them in all test foods in the early stage. Dotted lines indicate the regression line and 95% conference intervals obtained (All).
Finally, the magnitude of suprahyoid EMG activity was examined. In each task, suprahyoid EMG activity was divided by jaw gape in each masticatory cycle, and was designated modified suprahyoid activity. For each food, the mean modified suprahyoid activity was compared using two-way repeated measures ANOVA (early vs. late, masticatory vs. non-masticatory side) followed by Tukey’s HSD test for further analysis.
2.6.3 Statistical Analysis
The sample size was calculated using G*Power 3.1 30, indicating that at least 18 healthy participants with complete data sets would be needed to achieve a statistical power of 95% and a p-value of <0.05, assuming an effect size of 40%. Statistical analysis was performed using SigmaPlot software (SigmaPlot 13.0, Systat Software Inc., San Jose, CA) and BellCurve for Excel (Social Survey Research Information Co., Ltd., Tokyo, Japan). p values <0.05 were considered significant. All values are expressed as mean ± SD except those for modified suprahyoid activity (mean ± SEM).
3 RESULTS
All participants performed the masticatory task and did not report any discomfort.
3.1 Suprahyoid EMG Activity During Tongue Pressure Generation
Suprahyoid EMG activity was measured during tongue pressure generation at several force levels, ranging from 25 to 100%. Suprahyoid EMG activity increased with increasing tongue pressure (Figure 5). This indicated that the suprahyoid muscles contribute to elevating the tongue body and/or generating tongue pressure against the hard palate.
[image: Figure 5]FIGURE 5 | Normalized amplitude of electromyographic burst of suprahyoid muscles during tongue pressure generation at 25, 50, 75, and 100% maximum effort. Open circles indicate mean values. Each value was normalized to that during maximum jaw-opening for each participant. Suprahyoid activity increased with increasing tongue pressure; 0.247 ± 0.114 for 25%, 0.396 ± 0.180 for 50%, 0.650 ± 0.313 for 75%, 1.112 ± 0.644 for 100%. ***p < 0.001, **p < 0.01.
3.2 General Feature of EMG Activity During Mastication
Representative data of EMGs during unilateral Happy mastication on the habitual side are shown in Figure 3. After mastication started, masticatory rate gradually decreased in the late stage towards the first deglutition. It was apparent that the rhythmic pattern of masseter and suprahyoid EMG burst in the early stage was stable on both sides, and reciprocal masseter and suprahyoid EMG bursts were observed. In the late stage, however, reciprocal patterns were sometimes collapsed such that considerable activity was observed in the suprahyoid EMG activity during the jaw-closing phase (Figure 3B).
For the masticatory duration, number of masticatory cycles, and masticatory rate, one-way repeated measures ANOVA revealed significant difference between Happy and Haihain (p < 0.001 for masticatory duration, p < 0.001 for number of masticatory cycles, p = 0.003 for masticatory rate) and between Haihain and Nuts (p < 0.001) (Figures 6A–C).
[image: Figure 6]FIGURE 6 | Masticatory duration, number of masticatory cycles, masticatory rate, masseter and suprahyoid electromyographic activity per masticatory cycle. Open circles indicate mean values. (A) Masticatory duration was significantly different between Happy and Haihain mastication and between Haihain and Nuts mastication. (B) Significant difference in the number of masticatory cycles between Happy and Haihain mastication and between Haihain and Nuts mastication. (C) Significant difference in the masticatory rate between Happy and Haihain mastication and between Haihain and Nuts mastication. (D) Significantly higher masseter activity on the masticatory side (Mast) than that on the non-masticatory side (Non-mast). There was also a significant difference on the masticatory side between Happy and Haihain and between Haihain and Nuts. (E) Difference in suprahyoid activity noted between Happy and Haihain, between Happy and Nuts, and between Haihain and Nuts. There was no difference between the sides. ***p < 0.001, **p < 0.01, *p < 0.05.
We also compared the masseter and suprahyoid EMG activity per masticatory cycle among the conditions. For masseter EMG activity, two-way repeated measures ANOVA with Masticatory side × Food revealed a significant main effect of Side (F1, 19 = 25.738, p < 0.001) with significant interaction (F2, 38 = 8.362, p < 0.001) (Figure 6D). On further post-hoc testing, masseter EMG activity was significantly higher on the masticatory side than that on the non-masticatory side (p < 0.001). In addition, masseter EMG activity on the masticatory side was significantly lower during Hahain mastication than Happy and Nuts mastication (p = 0.013 for Happy, p = 0.014 for Nuts). Regarding suprahyoid EMG activity, a significant main effect was noted only in Food (F2, 38 = 29.575, p < 0.001) without significant interaction (F2, 38 = 2.484, p = 0.097) (Figure 6E). On post-hoc testing, suprahyoid EMG activity during Nuts mastication was significantly lower than that during Happy and Haihain mastication (p < 0.001). Suprahyoid activity during Happy mastication was also significantly lower than that during Haihain mastication (p = 0.005).
Taken together, these results indicate that the harder the food, the longer the masticatory duration. The change in duration was generally dependent on changes in the number of masticatory cycles but not on the masticatory rate; the masticatory rate during Haihain mastication was significantly higher than Happy and Nuts mastication. It can also be presumed that the difference in masseter EMG activity was affected by the initial hardness of food or by masticatory behaviors in that the harder the food the higher the masseter EMG activity; this was apparent on the masticatory side. Conversely, suprahyoid EMG activity was significantly higher during Haihain mastication than Happy and Nuts mastication. Contrary to masseter EMG activity, no difference in suprahyoid EMG activity was observed between the sides. These results suggest that suprahyoid EMG activity was neither dependent on the initial hardness of the food nor on mastication side.
3.3 Correlation Between Suprahyoid EMG Activity and Jaw Gape
The CC between suprahyoid EMG activity and jaw gape per masticatory cycle was obtained for each food. As mentioned above, in some participants there was no significant correlation between these parameters on both the masticatory and non-masticatory sides, however, a strongly significant positive correlation was noted in the early stage on both sides. Further, a significant correlation of CC was also observed between the masticatory and non-masticatory sides (Figure 7). These results suggest that the suprahyoid muscles contribute not only to jaw-opening but also to other functions such as bolus formation, and at least in the early stage, these muscles mainly function for jaw-opening on both sides.
[image: Figure 7]FIGURE 7 | Comparison of correlation coefficient (CC) between masticatory and non-masticatory sides. X and Y axes indicate CC data between suprahyoid muscle activity and vertical jaw distance per masticatory cycle on masticatory side and non-masticatory sides, respectively. These were significantly correlated with each other.
To clarify the function of suprahyoid EMG activity pattern during mastication, we plotted suprahyoid EMG activity and maximum jaw-opening distance (maximum jaw gape) per masticatory cycle. We counted the number of jaw-opening dominant cycles, the data plotted between the intervals, and that of deviation-dominant cycles, the data plotted right to the intervals, in the masticatory duration for each food. For the number of jaw-opening dominant cycles, two-way repeated measures ANOVA with Food × Side (masticatory side vs. non-masticatory side) revealed a significant main effect of Food (F2, 38 = 38.745, p < 0.001) but not Side (F1, 19 = 1.307, p = 0.267) with significant interaction (F2, 38 = 7.704, p = 0.002) (Figure 8A). On post-hoc testing, the effect of Food was apparent on both the masticatory and non-masticatory sides (p < 0.001 for all but p = 0.004 for Happy vs. Haihain with the non-masticatory side). The difference between the sides was observed only during Nuts mastication (p = 0.025). The results were as expected because the order of masticatory duration and number of masticatory cycles was Nuts > Happy > Haihain. Regarding the occurrence rate of jaw-opening dominant cycles, two-way repeated measures ANOVA with Food × Side revealed a significant main effect of Food (F2, 38 = 13.441, p < 0.001) but not Side (F1, 19 = 0.704, p = 0.412) with significant interaction (F2, 38 = 4.931, p = 0.012) (Figure 8B). Post-hoc testing revealed a significantly lower occurrence rate of jaw-opening dominant cycle on the masticatory side in Haihain than Happy (p < 0.001) and Nuts (p < 0.001). In addition, that on the non-masticatory side was also significantly lower in Haihain than in Nuts (p < 0.001).
[image: Figure 8]FIGURE 8 | Number and rate of jaw-opening dominant cycles and deviation-dominant cycles. Open circles indicate mean values. (A) Significantly higher number of jaw-opening dominant cycles during Nuts mastication than Haihain mastication. This difference was observed between the masticatory (Mast) and non-masticatory sides (Non-mast) during Nuts mastication. Food effect, p < 0.001; Food × Side effect, p = 0.002. (B) Rate of jaw-opening dominant cycles was significantly higher during Nuts and Happy mastication than Haihain mastication on the masticatory side, and during Nuts mastication than Haihain mastication on the non-masticatory side. Food effect, p < 0.001; Food × Side effect, p = 0.012. (C) Significantly higher number of deviation-dominant cycles during Nuts mastication than Happy mastication on both sides. This difference was also observed between the masticatory and non-masticatory sides during Nuts mastication. Food effect, p < 0.001; Food × Side effect, p = 0.021. (D). Significantly higher rates of deviation-dominant cycles were seen during Haihain mastication than Happy and Nuts mastication on both sides. This difference was also observed between the masticatory and non-masticatory sides during Haihain mastication. Food effect, p < 0.001; Food × Side effect (Free vs. Habitual), p = 0.005. ***p < 0.001, **p < 0.01, *p < 0.05.
For the number of deviation-dominant cycles, two-way repeated measures ANOVA with Food × Side revealed a significant main effect of Food (F2, 38 = 7.800, p < 0.001) but not Side (F1, 19 = 0.034, p = 0.856) with significant interaction (F2, 38 = 4.299, p = 0.021) (Figure 8C). On post-hoc testing, a significantly higher number of deviation-dominant cycles was noted both on the masticatory and non-masticatory sides in Nuts than Happy (p = 0.002 for both). In addition, that during Nuts mastication was also significantly higher on the non-masticatory side than that on the masticatory side (p = 0.008). Regarding the occurrence rate of deviation-dominant cycles, two-way repeated measures ANOVA with Food × Side revealed a significant main effect of Food (F2, 38 = 18.661, p < 0.001) but not Side (F1, 19 = 0.044, p = 0.836) with significant interaction (F2, 38 = 6.074, p = 0.005) (Figure 8D). Post-hoc testing revealed significantly higher occurrence rate of deviation-dominant cycles on both the masticatory and non-masticatory sides in Haihain than in Happy (p < 0.001 on the masticatory side, p = 0.002 non-masticatory sides) and Nuts (p < 0.001 on the masticatory side, p = 0.016 non-masticatory sides). In addition, that during Haihain mastication was also significantly higher on the masticatory side than that on the non-masticatory side (p = 0.021).
We further compared the modified suprahyoid EMG activity between the sides and between the early and late stages in each food. For Happy, two-way repeated measures ANOVA with Side × Stage (early vs. late) revealed a significant main effect of Side (F1, 19 = 6.808, p = 0.017) but not Stage (F1, 19 = 0.816, p = 0.378) with significant interaction (F1, 19 = 6.544, p = 0.019) (Figure 9A). Post-hoc testing revealed significantly higher suprahyoid EMG activity at the early stage during Happy mastication on the non-masticatory side than on the masticatory side (p = 0.005). For Haihain, two-way repeated measures ANOVA revealed a significant main effect of Stage (F1, 19 = 28.267, p < 0.001) but not Side (F1, 19 = 3.461, p = 0.078) without significant interaction (F1, 19 = 2.835, p = 0.109) (Figure 9B). On further post-hoc testing suprahyoid EMG activity at the early stage was significantly lower than that at the late stage on both sides (p < 0.001). For Nuts, two-way repeated measures ANOVA revealed a significant main effect of Side (F1, 19 = 5.237, p = 0.034) but not Stage (F1, 19 = 0.033, p = 0.858) without significant interaction (F1, 19 = 1.495, p = 0.236) (Figure 9C). On post-hoc testing, suprahyoid EMG activity on the masticatory side was significantly higher than that on the non-masticatory side (p = 0.034).
[image: Figure 9]FIGURE 9 | Modified suprahyoid activity and changes in modified suprahyoid activity. Open circles indicate mean values. Modified suprahyoid activity was defined as suprahyoid electromyographic activity divided by maximal vertical jaw distance per masticatory cycle. There was no significant difference between early and late stages on both sides during Happy (A) and Nuts (C) mastication but during Haihain mastication (B). Side effect, p = 0.017; Food × Stage effect, p = 0.019 for A. Stage effect, p < 0.001 for B. Side effect, p = 0.034 for C. (D) Increasing rate of modified suprahyoid activity was significantly higher on both the masticatory (Mast) and non-masticatory sides (Non-mast) during Haihain mastication than Happy and Nuts. The difference between the sides was observed during Happy and Haihain mastication. Food effect, p < 0.001; Food × Side effect, p = 0.005. ***p < 0.001, **p < 0.01, *p < 0.05.
Finally, changes in modified suprahyoid EMG activity were compared among the foods and between the masticatory and non-masticatory sides. Two-way repeated measures ANOVA with Food × Side revealed a significant main effect of Food (F2, 38 = 22.814, p < 0.001) and Side (F1, 19 = 19.303, p < 0.001) with significant interaction (F2, 38 = 4.698, p = 0.015) (Figure 9D). On post-hoc testing, the increasing rate of suprahyoid EMG activity on both the masticatory and non-masticatory side was significantly higher in Haihain than Happy (p < 0.001 both on the masticatory and non-masticatory sides) and Nuts (p < 0.001 both on the masticatory and non-masticatory sides). In addition, that on the masticatory side was also significantly higher in Happy and Haihain than that on the non-masticatory side (p < 0.001 for both).
4 DISCUSSION
4.1 Functional Contribution of the Suprahyoid Muscles to Tongue Movements
The process of mastication involves the several intra-oral structures including the lips, tongue, and the hard and soft palates, which function for intake and size-reduction of ingested food via the mastication-related muscles. Specifically, the tongue plays a critical role in that it generates pressure against the palate to move the food bolus from side to side within the oral cavity or to propel it posteriorly for deglutition (Logemann, 2014). Further, patterns of tongue movements adjust to sensory information based on location and physical properties such as hardness, cohesiveness, or viscosity of the bolus from cycle to cycle. As with the tongue, the suprahyoid muscles help in manipulating the bolus. When the tongue muscles are activated to form the bolus, the base of the tongue may also need to be elevated and rotated to collect the food together with saliva and/or keep the food positioned in the oral cavity with the cheeks (Abd-El-Malek, 1955). In other words, the suprahyoid muscles must be activated during mastication not only for jaw-opening but also for bolus formation.
Our findings have shown increased suprahyoid EMG amplitude with increasing magnitude of tongue pressure such that maximum tongue pressure generation resulted in larger amplitude suprahyoid EMG bursts, almost the same as that generated during maximum jaw-opening. This strongly suggests that suprahyoid EMG bursts function for both jaw-opening and tongue elevation.
It is possible that the suprahyoid EMG activities were not an accurate outcome measure of contraction of these muscles but also included recordings of activity in surrounding muscles such as the muscles of the tongue, because of the proximity of these muscles to the suprahyoid muscles. In this regard, Palmer et al. (1999) recorded EMG activity from the mylohyoid, anterior belly of the digastric, geniohyoid, and genioglossus muscles and found that the contributions of the genioglossus to EMG activity of the other muscles were quite minimal. Further, we previously demonstrated that the surface EMG activity patterns of the genioglossus and suprahyoid muscles differed from each other in terms of function (Tsukada et al., 2009). Thus, the possibility of contamination of these signals can be excluded.
4.2 Difference in Performance Among Test Foods
The muscles of mastication are broadly divided into jaw-closers and jaw-openers. Jaw-closer muscles consist of the masseter, temporalis, and medial pterygoid muscles. These muscles do most of the work of mastication during the jaw-closing power stroke. In contrast, the suprahyoid muscles, which include the mylohyoid, anterior belly of the digastric, and the geniohyoid muscles, are known as the jaw-opener muscles that depress the mandible. Human studies typically utilize surface masseter and suprahyoid EMG activity, due to preferred non-invasiveness of the procedures and ease of recordings. These represent jaw-closer and jaw-opener muscle activity although many other muscles such as the lingual and facial muscles are activated as well (Palmer et al., 1992; Yamada et al., 2005). Therefore, we recorded both masseter and suprahyoid surface EMG activities during mastication in this study.
It is well-known that masticatory behavior adapts to changes in the hardness of the bolus or particle size resulting in altered numbers of masticatory cycles, sequence duration, and masticatory EMG activity (Diaz-Tay et al., 1991; Takada et al., 1994; Hiiemae et al., 1996; Peyron et al., 1997; Miyawaki et al., 2001; Anderson et al., 2002; Peyron et al., 2002; Foster et al., 2006). Thus, the harder or larger the bolus, the more the masticatory cycles, the longer the sequence duration, and the greater the masseter EMG activity, especially on the masticatory side. Our current results were quite consistent with theirs in that masticatory duration, number of masticatory cycles, as with masseter EMG activity were dependent on the initial hardness.
In this study, masticatory rate was significantly higher during Haihain mastication than Happy and Nuts mastication; and suprahyoid activity was significantly higher during Haihain mastication than Happy and Nuts. In our previous study, it was found that the difference in masticatory rate was caused by the difference in suprahyoid activity among the foods (Takei et al., 2020). In addition, we suspect that because of the small size of one piece of Nuts, participants were not required to open the mouth widely during mastication, which led to relatively low masticatory rates. This raises the question as to why the masticatory rate differed between Happy and Haihain. As described above, Happy characteristically had a high fat content as compared with Haihain. We previously found that the water absorption rate and water content were higher for Haihain than Happy, which might affect the force required to move the food bolus in the late stage of mastication (Takei et al., 2020). Thus, the difference in suprahyoid activity patterns among the foods may not have resulted from only one property.
Further, there was no difference in suprahyoid activity between the masticatory and non-masticatory sides. The suprahyoid muscle group includes the mylohyoid, anterior belly of the digastric, and the geniohyoid muscles; the geniohyoid functions in jaw-opening. In addition, they also function with the tongue muscles to form the bolus during mastication (Khan and Bordoni, 2021). Considering the results obtained from EMG data in that suprahyoid activity differed among the foods but not between sides or between masticatory tasks, suprahyoid muscle activity does not seem to be affected by masticatory side. However, these results were obtained from EMG data only. We therefore simultaneously recorded mandibular kinematics in our experiment (see next section).
4.3 Difference in Sequence Changes Among Foods
The suprahyoid muscles, particularly the anterior belly of the digastric and the mylohyoid, dominantly contribute to jaw-opening (Khan and Bordoni, 2021). The digastric muscle helps in depressing and retracting the mandible functionally but is less involved in deglutition, at least in animals (Doty and Bosma, 1956; Tsujimura et al., 2012). Conversely, the mylohyoid muscle also functions to elevate the floor of the mouth and the tongue during deglutition or speaking while the geniohyoid muscle contributes to upward and forward movements of the hyoid, and hence widening of the passage for the bolus during deglutition. Thus, assessment using only EMG data makes it difficult to precisely identify the functional role of each EMG burst during mastication.
A major focus of our study was to clarify the possibility of determining how the suprahyoid muscles function throughout the masticatory sequence. During mastication, the food bolus is manipulated differently depending on the masticatory stage, early, middle, or late. In the early stage, jaw-closing muscles mainly participated in reducing bolus size, and the food bolus hardness rapidly decreased (Iguchi et al., 2015; Maeda et al., 2020; Kochi et al., 2021). Conversely, in the late stage the tongue and suprahyoid muscles are dominantly activated possibly to gradually alter bolus properties such as adhesiveness or cohesiveness by mixing it with saliva (Peyron et al., 2011; Maeda et al., 2020; Takei et al., 2020; Kochi et al., 2021). From this perspective, we hypothesized that the role of the suprahyoid muscles differed between the early and late stages. In fact, there was an excellent positive correlation between suprahyoid activity and jaw gape in the early stage during all mastication in all participants. We therefore decided to use the suprahyoid activity/jaw gape per masticatory cycle ratio in the early stage as a reference. When the suprahyoid muscles mainly contribute to elevating the floor of the mouth and the tongue for bolus formation, the ratio must increase. Thus, we compared the number and occurrence ratio of jaw-opening dominant and deviation-dominant phases and the amplitude of the suprahyoid activity/jaw gape ratio among the foods. We found that the suprahyoid muscles primarily function for jaw-opening during Nuts mastication and for bolus formation during Haihain mastication, especially in the late stage.
Numerous studies have used Nuts as a test food to investigate masticatory movements because of its toughness (Wilding and Lewin, 1994; Agrawal et al., 2000; Mishellany et al., 2006; van der Bilt and Abbink, 2017; Capuano et al., 2020). The advantage of using Nuts is likely because peanuts are a naturally hard food with dimensional stability. During mastication, the bolus gradually changes in size and rheological properties such as hardness, cohesiveness, and adhesiveness. Previous studies suggested that deglutition cannot be initiated when bolus particles remain above a certain size, which is considered the deglutition threshold (Feldman et al., 1980; Hutchings and Lillford, 1988; Prinz and Lucas, 1995). Further, the size distribution of the bolus particles is a determining factor in making the bolus sufficiently cohesive to enable deglutition to occur safely (Mishellany et al., 2006). Thus, the focus of masticatory performance using Nuts might be the breakdown of the bolus by the masticatory muscles. It can be concluded that the suprahyoid muscles were dominantly activated for jaw-opening during Nuts mastication regardless of the side although a minor but significant difference was noted between sides.
As compared with Happy mastication in which the deviation-dominant phase was relatively shorter, during Haihain mastication, the number of deviation-dominant phases was not significantly lower and the rate of deviation-dominant phases was significantly higher than Happy and Nuts even though the number of masticatory cycles was lowest during Haihain mastication. Further, during Haihain mastication, modified suprahyoid activity was significantly higher in the late than in the early stage on both the masticatory and non-masticatory sides; a difference was noted between the masticatory and non-masticatory sides. In a previous study, we found that the increasing ratio of masticatory cycle time in the late stage was highest in Haihain mastication vs. the other rice cracker suggesting that the longer masticatory cycle time and higher suprahyoid activity can be attributed to the water absorption rate of the bolus, and not hardness (Takei et al., 2020). That study also found that there was no difference in the adhesiveness and cohesiveness of the bolus at deglutition initiation between Happy and Haihain. These results suggest that bolus properties, as well as oral conditions such as dryness, significantly affect suprahyoid activity. A negative impact of oral dryness on mastication can thus be presumed. Shinkawa et al. (2009) reported that poor masticatory ability is associated with lower mucosal moisture in elderly individuals. These results suggest the need to consider that masticatory behavior is affected by both bolus properties and oral conditions such as salivary flow rate or oral dryness.
To our knowledge, ours is the first report to have demonstrated the difference in the contribution of the suprahyoid muscles to bolus formation between the masticatory and non-masticatory sides. Previous studies introduced a new method to record neck surface EMG activities, which represents the force of posterior tongue lifting (Manda et al., 2016; Mori et al., 2021). The authors demonstrated that neck EMG activity was significantly higher on the masticatory side than on the non-masticatory side although there was no difference among the stages. Our findings in this study are partly consistent with theirs in that the EMGs recorded on the masticatory side dominantly contributed to bolus manipulation during mastication. In their study, however, they evaluated only the peak amplitude of EMG bursts. In addition, as described, the suprahyoid muscles are activated not only during jaw opening but also during tongue-lifting. Because particle size gradually decreases in a masticatory sequence, it is vital to consider how the muscle activity changes with changes in bolus size and jaw gape during mastication. In this respect, it is noteworthy that the change in modified suprahyoid activity was observed only during Happy and Haihain mastication in this study. Future studies, should precisely clarify which conditions determine the asymmetry of these functions.
4.4 Limitations
Several limitations of this study should be considered when interpreting the findings. First, we recruited only healthy young male and female participants, and so these findings could not be generalized to other/older populations. Considering the effects of age, particularly regarding the effects of dental status or oral dryness, recruiting other populations would help clarify how these conditions affect masticatory behaviors. In addition, gender difference should also be considered. Although our previous study reported difference in the masticatory function between the genders (Maeda et al., 2020), we believe that the nature of masticatory movements is not much different between them. In our future study, we will focus on the effect of age and gender on the masticatory kinematics as well as EMG activity. Second, only two rice crackers and peanuts were used, and so we could not determine specifically which factors, including the shape, size, or taste of the foods, were critical for determining the masticatory movements. Third, although the focus was on only jaw gape to determine the function of the suprahyoid muscles, other parameters such as the duration or speed of mandibular movements should also be evaluated. Although there was a mild correlation between EMG activity and the duration of each phase, the CC was always lower than that between EMG activity and jaw gape (data not shown). Fourth, we analyzed the EMG signals using only the area under the curve, but did not consider timing such as onset, offset, and peak time nor the changes in these values between conditions. Fifth, we did not directly visualize bolus transport in the oral cavity and pharynx. Our future study will involve simultaneous recordings of EMG activity and imaging.
Despite these limitations, our findings clearly demonstrate a functional role of the suprahyoid muscles during mastication of solid foods with different initial consistencies by analyzing both EMG activity and mandibular kinematics. This provides a useful modality for evaluating the masticatory physiology of a range of solid foods.
5 CONCLUSION
This study showed the difference in suprahyoid EMG activity during mastication of solid foods with different initial properties. We demonstrated that the suprahyoid muscle activity increased not for jaw opening, but for bolus formation especially on the masticatory side during the late stage of soft rice cracker (Haihain) mastication. These findings were obtained from assessments using both EMG activity and mandibular kinematic recordings. In a clinical situation, not only hardness but also other characteristics of the solid food should be considered to evaluate masticatory function.
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A Strength Endurance Exercise Paradigm Mitigates Deficits in Hypoglossal-Tongue Axis Function, Strength, and Structure in a Rodent Model of Hypoglossal Motor Neuron Degeneration
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The tongue plays a crucial role in the swallowing process, and impairment can lead to dysphagia, particularly in motor neuron diseases (MNDs) resulting in hypoglossal-tongue axis degeneration (e.g., amyotrophic lateral sclerosis and progressive bulbar palsy). This study utilized our previously established inducible rodent model of dysphagia due to targeted degeneration of the hypoglossal-tongue axis. This model was created by injecting cholera toxin B conjugated to saporin (CTB-SAP) into the genioglossus muscle of the tongue base for retrograde transport to the hypoglossal (XII) nucleus via the hypoglossal nerve, which provides the sole motor control of the tongue. Our goal was to investigate the effect of high-repetition/low-resistance tongue exercise on tongue function, strength, and structure in four groups of male rats: (1) control + sham exercise (n = 13); (2) control + exercise (n = 10); (3) CTB-SAP + sham exercise (n = 13); and (4) CTB-SAP + exercise (n = 12). For each group, a custom spout with adjustable lick force requirement for fluid access was placed in the home cage overnight on days 4 and 6 post-tongue injection. For the two sham exercise groups, the lick force requirement was negligible. For the two exercise groups, the lick force requirement was set to ∼40% greater than the maximum voluntary lick force for individual rats. Following exercise exposure, we evaluated the effect on hypoglossal-tongue axis function (via videofluoroscopy), strength (via force-lickometer), and structure [via Magnetic Resonance Imaging (MRI) of the brainstem and tongue in a subset of rats]. Results showed that sham-exercised CTB-SAP rats had significant deficits in lick rate, swallow timing, and lick force. In exercised CTB-SAP rats, lick rate and lick force were preserved; however, swallow timing deficits persisted. MRI revealed corresponding degenerative changes in the hypoglossal-tongue axis that were mitigated by tongue exercise. These collective findings suggest that high-repetition/low-resistance tongue exercise in our model is a safe and effective treatment to prevent/diminish signs of hypoglossal-tongue axis degeneration. The next step is to leverage our rat model to optimize exercise dosing parameters and investigate corresponding treatment mechanisms of action for future translation to MND clinical trials.

Keywords: motor neuron disease (MND), hypoglossal, tongue, dysphagia, exercise, rodent model


INTRODUCTION

Tongue weakness and atrophy are pervasive symptoms of motor neuron diseases (MNDs) (Brooks et al., 2000; Bruijn et al., 2004; Gonzalez de Aguilar et al., 2007; Mitchell and Borasio, 2007; Ravits et al., 2013; Turner et al., 2013; Waito et al., 2017) particularly amyotrophic lateral sclerosis (ALS), spinobulbar muscular atrophy/Kennedy’s disease, and progressive bulbar palsy (Baumer et al., 2014; Tiryaki and Horak, 2014; National Institute of Neurological Disorders and Stroke [NIH], 2019). For reasons that remain largely unknown, hypoglossal lower motor neurons (XII LMNs) innervating the tongue progressively degenerate in these patients, often resulting in life-threatening swallowing (dysphagia) and breathing (dyspnea) impairment (Hadjikoutis and Wiles, 2001; Corcia et al., 2008; Kurian et al., 2009; Kiernan et al., 2011). Treatments aimed at preventing XII LMN degeneration to preserve tongue function have not yet been identified, thus palliative/supportive intervention currently remains the standard of care. We propose that targeted tongue exercise may be a candidate treatment to significantly improve the quality and duration of life for MND patients.

Data on tongue exercise in MNDs are limited to only a few case studies (Dworkin and Hartman, 1979; Watts and Vanryckeghem, 2001) and animal model investigations (Ma et al., 2017) with variable findings, providing insufficient evidence to conclude whether tongue exercise is beneficial or harmful to MND patients (Plowman, 2015; Sheikh and Vissing, 2019). However, research outside the MND field has shown that tongue exercise improves upper airway/swallowing deficits caused by stroke (Robbins et al., 2007; Cullins et al., 2019), traumatic brain injury (Steele et al., 2013), Parkinson’s disease (Argolo et al., 2013; Ciucci et al., 2013; Wang et al., 2018), and biological aging (Connor et al., 2009; Kletzien et al., 2013) via putative neuroplastic mechanisms that are not yet well understood. Moreover, a growing body of evidence has emerged over the past two decades in favor of exercise training in general (i.e., not tongue-specific) in MND patients (Sheikh and Vissing, 2019). However, the optimal dose of time, intensity, and duration of exercise therapy remains to be identified for different MNDs as well as the different clinical stages of disease progression (Sheikh and Vissing, 2019; Tsitkanou et al., 2019).

To facilitate research in this area, we recently developed an inducible rat model of dysphagia due to selective degeneration of XII LMNs in the hypoglossal nucleus of the brainstem medulla, which provides the sole motor innervation to the tongue via the hypoglossal nerve. This model was created by injecting cholera toxin B conjugated to saporin (CTB-SAP) into the genioglossus muscle in the tongue base for retrograde transport to XII LMNs. Upon entering XII LMN cell bodies, CTB-SAP dissociates, leaving SAP free to bind to ribosomes and consequently halt protein synthesis, resulting in apoptotic cell death (Llewellyn-Smith et al., 2000; Lujan et al., 2010). Our recent investigations with this model revealed that a single CTB-SAP injection into the midline genioglossus of adult rats resulted in ∼60% XII LMN cell death within 9 days (Lind et al., 2018), with corresponding “downstream” degenerative changes in the XII nerve (i.e., denervation atrophy) and genioglossus (i.e., myofiber atrophy) (Lind et al., 2021) as well as development of swallowing-related deficits (slower lick and swallow rates) (Lind et al., 2018). In contrast, when control rats were tongue-injected with unconjugated CTB and SAP (CTB + SAP), only CTB was uptaken by XII nerve terminals for retrograde transport to XII LMNs, without resultant neuromuscular degenerative changes and corresponding swallowing-related deficits (Lind et al., 2018, 2021). Thus, our inducible rat model selectively involves the hypoglossal-tongue axis and provides a unique platform for studying the effects of targeted tongue exercise on tongue-related function, strength, and structure.

Here, we leveraged our rat model of hypoglossal-tongue axis degeneration to test the hypothesis that targeted tongue exercise can beneficially alter the clinical deficits we previously observed in this model. For this study, we developed a customized force-lickometer system to measure spontaneous lick force in rats during unrestrained drinking, and a tongue exercise spout that permits individualized resistance training overnight in the rat’s home cage. We utilized a high-repetition/low-resistance (i.e., strength endurance) exercise paradigm designed for muscle growth (Anderson and Kearney, 1982), which consisted of two non-consecutive overnight sessions. Following the exercise program, we evaluated the effect of targeted tongue exercise on hypoglossal-tongue axis function (via videofluoroscopy), strength (via force-lickometer), and structure (via MRI of the brainstem and tongue). These non-invasive to minimally invasive diagnostic tests were chosen because of their translatability to human medicine. Specifically, we hypothesized that: (1) sham exercise-treated CTB-SAP rats would develop behavioral evidence of dysphagia (i.e., reduced lick and swallow rates as previously shown (Lind et al., 2018), in addition to longer lick-swallow ratios and longer pharyngeal transit times, PTT) and reduced tongue strength (i.e., reduced lick force during drinking); (2) these behavioral-based deficits in tongue/swallow function and strength would be prevented by tongue exercise in CTB-SAP rats; (3) sham exercise-treated CTB-SAP rats would have degenerative structural changes that correspond to neuronal loss in the hypoglossal nucleus (i.e., enlarged 4th ventricle), as well as changes in the tongue (i.e., hyperintensity indicative of muscle fiber inflammation and fat infiltration and increased tongue thickness and volume) compared to control groups; and (4) these structural deficits would be prevented by tongue exercise in CTB-SAP rats. Results from this study may provide novel insight into translationally relevant clinical indicators of XII LMN degeneration and response to treatment. Moreover, demonstrating a beneficial effect of tongue exercise in this model would support its ongoing use in research to develop and optimize translationally feasible therapeutic strategies for MNDs.



MATERIALS AND METHODS


Animals

Forty-eight male Sprague Dawley rats (Envigo Colony 208; Indianapolis, IN, United States) between 3 and 4 months of age (335–416 g) were included in this study. Rats were pair-housed in standard vivarium conditions (ambient temperature 20–26°C, humidity 30–70%, and standard 12-h light cycle) with unlimited access to food pellets (Purina Lab Diet 5008) and filtered tap water (pH adjusted to 3.5), except during experimental testing (described below). Daily health monitoring and routine surveillance for common rodent illnesses were performed by veterinary staff. All experimental procedures were approved by our Institutional Animal Care and Use Committee and conducted in accordance with the Guide for the Care and Use of Laboratory Animals within our USDA-licensed and AAALAC-accredited academic institution.



Experimental Procedures

Rats were randomly allocated to 4 experimental groups to study the effects of tongue resistance exercise on tongue-related function, strength, and structure, as summarized in Table 1. All rats received an intralingual injection of either unconjugated CTB + SAP (i.e., control) or conjugated CTB-SAP, followed by exposure to either tongue exercise (i.e., treatment) or sham exercise (i.e., sham treatment), as described in detail below. Before tongue injections and after exercise/sham exercise exposure, rats underwent behavioral testing of tongue function (via videofluoroscopy) and tongue strength (via force-lickometer). At the study endpoint (i.e., 9 days after tongue injection), a subset of 16 rats (1) control + sham exercise (n = 5); (2) control + exercise (n = 2); (3) CTB-SAP + sham exercise (n = 6); and (4) CTB-SAP + exercise (n = 3) underwent MRI of the brainstem and tongue to investigate corresponding structural changes that may correlate with behavioral findings. This study endpoint is the same as our previous studies (Lind et al., 2018, 2021), which was determined based on pilot data showing that other time points either did not result in dysphagia (4 days post tongue injection) or resulted in severe dysphagia (11–14 days post tongue injection). A summary of the 9-day experimental timeline is shown in Figure 1. All rats were euthanized on Day 9 using approved methods.


TABLE 1. Experimental group assignment.
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FIGURE 1. Experimental timeline. Our inducible rat model of targeted hypoglossal motor neuron degeneration has a 9-day timeline. On Day 0, rats received a single tongue injection of either control (unconjugated CTB + SAP) or conjugated CTB-SAP solution into the midline genioglossus. The week preceding tongue injection, rats underwent behavioral conditioning and baseline behavioral testing: (1) videofluoroscopic study (VFSS) to assess tongue motility and swallow function, and (2) force-lickometer testing to determine each rat’s maximum voluntary lick force (MVLF) during drinking. At Days 4 and 6, rats underwent an overnight (12-h) tongue exercise program consisting of low intensity (50% > MVLF) or sham (<4 g) exercise. Endline behavioral testing occurred on Day 8, followed by MRI (on a subset of 16 rats) and euthanasia on Day 9 (i.e., study endpoint).



Intralingual Injections to Create an Inducible Rat Model of Targeted Hypoglossal Motor Neuron Degeneration

Our rat model was created as previously described (Lind et al., 2018, 2021). In brief, rats were anesthetized via 5% isoflurane in an induction chamber and immobilized in ear bars in the supine position on a custom-built tilt table to stabilize the head during tongue injections. For the remainder of the procedure, isoflurane (2–3%) was delivered via nose cone to extinguish hindlimb and jaw reflexes. The jaw was gently held open by a custom-built weighted pulley-mechanism looped around the mandibular incisors for unobstructed access to the tongue. Under light guidance (LED Stereotaxic Light, #59290, Stoelting; Wood Dale, IL, United States), fine forceps were used to gently lift the tongue for visualization of the frenulum, which was the anatomical landmark for targeted injection into the midline genioglossus muscle in the tongue base. Each rat received a single “control” injection (20 μg CTB + 25 μg SAP; unconjugated CTB + SAP) or CTB-SAP injection (25 μg of CTB conjugated to SAP) using a 50 μL Luer tip syringe (Microliter #705, Hamilton; Reno, NV, United States) and 26-gauge Luer lock needle (26G3/8, Becton, Dickinson and Company; Franklin Lakes, NJ, United States). The needle was angled at 45-degrees during insertion into the midpoint of the frenulum, with half of the bolus delivered at ∼8 mm depth (i.e., near maximum needle insertion) and the remainder at ∼4 mm (i.e., half the needle insertion depth) during needle retraction. All injections were performed by the same investigator for replicability of results. Rats were recovered from anesthesia and closely monitored for several hours to ensure resumption of food and water intake before being returned to standard vivarium conditions and daily health monitoring.



Behavioral Assessments of Tongue Motility, Swallowing Function, and Tongue Strength

Behavioral assessments included videofluoroscopic swallow study (VFSS) to assess tongue motility and swallowing function, and force-lickometer testing to assess tongue strength. Testing occurred at baseline (i.e., prior to tongue injection) and Day 8 (i.e., endline behavioral test point after exercise/sham exercise treatment). An extensive behavioral conditioning program was performed prior to baseline testing to ensure optimal performance during both tests at both timepoints. The behavioral conditioning and corresponding test protocols are described in detail below.


Behavioral Conditioning in Preparation for Behavioral Testing

All rats underwent 4 consecutive days of behavioral conditioning prior to baseline testing to ensure optimal performance on test days. For the first 2 days of conditioning, rats were exposed to the VFSS test solution (described below, but without radiographic contrast added) via standard vivarium bottles and a custom polycarbonate test chamber (with both end-caps removed for unimpeded pass-through exploration) for 2 h in the home cage. The final 2 days of conditioning took place in the actual test environment. For VFSS acclimation, rats were individually enclosed in a custom VFSS test chamber (described below) and placed on the remote-controlled platform within our miniature fluoroscope (described below). The remote-controlled platform was moved up/down and forward/backward for ∼10 min to simulate test conditions, without turning on the X-ray beam. Following VFSS acclimation, rats were individually contained in a custom force-lickometer chamber (described below) placed within the force-lickometer system (described below) for ∼10 min. During this time, rats had free access to the test solution (described below) from the force-lickometer spout (described below). Rats with drinking bouts of > 20 s (i.e., continuous drinking from the spout) were considered adequately acclimated for force-lickometer testing. Rats not meeting this criterion were returned to the home cage for up to one hour before undergoing a 2nd 10-min trial. Following each day of behavioral conditioning, rats were returned to the vivarium in the home cage.



Videofluoroscopic Swallow Study Testing

Videofluoroscopic swallow study testing was performed as previously described (Lind et al., 2018). Briefly, rats underwent an overnight (12–16 h) water restriction prior to VFSS testing to motivate participation. During the water restriction period, a VFSS test chamber (clear polycarbonate, 25 cm long × 7.5 cm wide × 10 cm high) without end-caps was placed in the home cage for exploration. Only water was restricted; rats continued to have free access to food pellets. The following morning, rats were individually enclosed in the same home cage VFSS test chamber by attaching both end-caps; rats readily entered the test chamber when suspended by the tail over the chamber opening. The chamber (with enclosed rat) was positioned on the remote-controlled platform within our miniature low energy fluoroscope (The LabScope, Glenbrook Technologies; Randolph, NJ, United States), as shown in Figure 2A. With the continuous X-ray beam set to maximum power (40 kilovolts and 0.2 milliamperes), rats underwent videofluoroscopy in the lateral view while spontaneously drinking thin liquid contrast (by volume, 74.7% of 30% sucrose in DI water, 0.3% non-alcoholic vanilla extract, and 25% Omnipaque 350; GE Healthcare, Marlborough, MA, United States) from a peg-bowl inserted into an end-cap ∼2 mm above the chamber floor. The contrast solution was delivered to the peg-bowl using a custom syringe delivery system, which permitted undisturbed refilling (∼1.5 mL maximum volume) as needed between drinking bouts. The X-ray beam was turned on only when the rat was drinking from the bowl. Fluoroscopic videos were captured at 30 frames per second (fps) using video editing software (Pinnacle Studio 18, Pinnacle Systems, Inc.; Mountain View, CA, United States) on a desktop computer. Up to three 5-min trials were conducted per rat (spaced ∼15–30 min apart) until ∼2 min of drinking was recorded. Following testing, rats remained water restricted in preparation for force-lickometer testing (described below).
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FIGURE 2. VFSS methods. (A) A rat undergoing VFSS testing in our miniature c-arm designed for use with rodents, with labeled components. (B,C) Representative lateral view radiographic images depicting the swallow onset frame (B) and swallow end frame (C) during VFSS testing. Note the bolus filling the vallecular space at swallow onset (pink arrow), and the bolus in the proximal esophagus (blue arrow) at the swallow end frame. The yellow and blue square markers on the upper and lower jaw, respectively, automatically tracked jaw open/close motion via our JawTrack™ software. Image contrast was adjusted to accentuate the bolus rather than soft tissue; the asterisk indicates the location of the tongue protruding toward the bowl (filled with liquid contrast agent) during drinking. C2 = 2nd cervical vertebra; white open circle = hyoid bone. The cross in the upper right quadrant is a 1 cm calibration marker. (D) Representative graph generated by our JawTrack™ software showing 5 s (@ 30 frames per second, fps) of uninterrupted licking based on jaw motion tracking (B,C). The positive peaks (green dots) indicate maximum jaw opening/gape, whereas the negative peaks (red dots) indicate maximum jaw closure; the time stamp of each positive peak was used to calculate lick rate (Hz). Manually added event markers superimposed on the jaw motion graph indicate each pharyngeal swallow onset frame (pink lines) and pharyngeal swallow end frame (blue lines), which were used to calculate swallow rate (Hz) and pharyngeal transit time (PTT, ms). The black dashed line (i.e., video sync marker) moves in synchrony with the corresponding video frame when viewing video clips in our JawTrack™ interface.


The fluoroscopic videos were analyzed in two steps. Step one entailed randomly selecting and splicing three non-overlapping 3–5-s clips of uninterrupted drinking from the peg-bowl using Pinnacle software. Step two entailed semi-automated analysis of jaw motion and bolus flow utilizing our custom jaw tracking software, JawTrack™ (see Supplementary Video 1), as previously described (Welby et al., 2020). Outcome measures included lick rate (i.e., number of licks per second; measured in cycles per second or Hertz, Hz) and swallow rate (i.e., number of swallows per second; measured in Hz), which we previously showed are impaired in our rat model (Lind et al., 2018). We also included two additional VFSS-measures for additional characterization of swallowing function: lick-swallow ratio (i.e., number of licks per swallow; a unitless measurement) and PTT (i.e., time between the swallow onset and swallow end frames; measured in milliseconds, ms). Quantification of these four outcome measures is explained in Figures 2B–D. The baseline and endline values were used to determine the exercise treatment effect on tongue motility and swallowing function.



Force-Lickometer Testing

The maximum voluntary lick force (MVLF) of individual rats was measured using a modified force-lickometer system (Force Lickometer for Rat, Med Associates; Fairfax, VT, United States), as shown in Figure 3. Modifications included: (1) adding a site-built vertical lift platform for manual height positioning of individual rats at the lickometer spout, (2) substituting the pin-spout for a double ball-bearing spout that mimics our standard vivarium sipper tubes, and (3) substituting the data acquisition hardware and software with a PowerLab digitizer and LabChart software (ADInstruments; Colorado Springs, CO, United States) to permit graphic display of lick force data in synchrony with video recording of drinking behavior.
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FIGURE 3. Lickometer methods. (A) Our custom force-lickometer system for use with rodents, with labeled components. During testing, the funnel is filled with a 30% sucrose solution, which rats drink from the spout. (B) Close-up image of a rat drinking from the spout, recorded via the lickometer webcam. Note the protruded tongue contacting the spout (yellow arrow). (C) Representative lick force graph generated by LabChart software showing 25 s of drinking. Peaks with the highest lick forces are automatically labeled; 9 peaks in this case. For this rat, each labeled peak is followed by 10–30 lower force licks (i.e., ∼1:20 ratio).


Rats underwent force-lickometer testing immediately following VFSS at each timepoint. During testing, rats were individually enclosed in a custom lickometer chamber (clear polycarbonate, 25 cm long × 8 cm wide × 15 cm high) positioned on a custom vertical lift platform within the lickometer system (Figure 3A). Rats readily entered the test chamber when suspended by the tail over the chamber opening. One end-cap has a centered vertical slip opening (5 cm) through which the lickometer spout is inserted to reach the chamber interior; this slit also accommodates raising/lowering of the lickometer platform for optimal height positioning of each rat during testing (Figure 3B). For each rat, the lickometer funnel reservoir was filled with 30% sucrose to motivate drinking from the spout. The spout was customized with a force-tension mechanism (described in the Tongue Exercise Paradigm subsection below) set to <4 g as a minimum force requirement during licking to obtain water access. This negligible force requirement was essential to prevent the spout from leaking during testing; however, it was well below the typical lick force of rats and thus did not prevent water access. Tongue contact against the spout was measured in grams (g) by the lickometer’s force transducer and digitized (PowerLab 8/30, ADInstruments) for recording and real-time graphic display (LabChart version 8, ADInstruments) on a dedicated computer. A webcam (V-u0018, Logitech; Newark, CA, United States) positioned within the lickometer system (but outside the test chamber) permitted synchronous video recording of drinking behaviors and lick force data via LabChart (Figures 3A–C). Up to three 5-min trials were conducted per rat (spaced ∼15-30 min apart) until ∼2 min of drinking was recorded. Following testing, rats were returned to the home cage with free access to food and water.

Calculation of MVLF for each rat began by identifying the 3–5 longest drinking bouts lasting at least 15 s in the LabChart files. Only lick-force data verified as actual licking at the spout in the synchronized videos were included in data analysis. Additionally, the initial ∼0.5 s of each bout (∼3–5 licks) was excluded to control for confounding extraneous head/body motion as the rat approached the spout to begin licking, which may artificially inflate the lick force values. From the identified drinking bouts, the peak-to-peak amplitude (g) of individual licks was automatically detected via LabChart (Figure 3C and Supplementary Video 2) and the corresponding data exported into a Microsoft Excel file. The 10 highest values across the multiple bouts were averaged to obtain each rat’s MVLF (Connor et al., 2009; Behan et al., 2012; Krekeler et al., 2020; Glass et al., 2021). As such, this approach is similar to measuring peak plantar pressure while walking at a natural, self-selected speed during kinematic gait analysis (Hessert et al., 2005; Nandikolla et al., 2017; Jasiewicz et al., 2022). The baseline MVLF value was used to determine the individualized exercise program for each rat (described below). MVLF values also were used to determine the exercise treatment effect.




Tongue Exercise Paradigm

Rats participated in a strength endurance tongue exercise paradigm on Day 4 and Day 6 post-tongue injection (see Figure 1 timeline), which necessitated single housing for the remainder of the study to ensure a personalized medicine approach. On both days, a custom exercise spout (i.e., resisto-spout, Figure 4) containing 30% sucrose solution was placed in the home cage of individually housed rats for 12 h overnight (i.e., ∼8:00 PM – 8:00 AM), coinciding with peak activity in these nocturnal rodents. The spout was customized with a manually adjustable tension spring mechanism (Figure 4A) with a force range of ∼2–50 g to accommodate sham exercise (<4 g) and exercise (∼20–35 g, based on unpublished pilot testing) conditions. Each resisto-spout force setting was calibrated immediately prior to use with one of two analog tension force meters (Figure 4C): low range (0–10 g; model GD-1, Jonard Tools, Elmsford, NY, United States) for sham exercise or high range (0–50 g; model GD-5, Jonard Tools) for exercise.
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FIGURE 4. Resisto-spout design and calibration. (A) Our custom exercise spout (i.e., resisto-spout) with disassembled components (labeled), designed for home-cage use by individual rats. (B) The assembled resisto-spout replaces the standard vivarium water bottle during the overnight (12 h) exercise period. (C) Demonstration of lick force calibration (in grams) using a hand-held analog tension force meter (gauge). The spout force setting is manually adjusted to the target level for an individual rat by turning the Allen screw further in/out of the spout shaft, followed by re-testing with the force gauge. To measure the resisto-spout force setting, the resisto-spout and force gauge are secured in each hand and positioned perpendicular on an immovable tabletop. The tip of the gauge lever is precisely positioned to contact only the ball bearing that slightly protrudes from the spout tip. Pressure is incrementally applied to the ball bearing by manually moving the gauge dial slowly toward the resisto-spout in a single smooth, uninterrupted manner. The “reading” on the dial at which liquid begins to leak from the spout tip (red arrow) corresponds with the resisto-spout force setting.


For rats in the two exercise groups (i.e., ‘control + exercise’ and ‘CTB-SAP + exercise’), the resisto-spout was set to 50% greater than baseline MVLF (i.e., 50% > MVLF) throughout the overnight exercise period. For example, a rat with a MVLF of 20 g would have the resisto-spout set to 30 g during exercise. Pilot testing (unpublished) revealed that CTB-SAP-injected rats were readily able to overcome this added low-force requirement to access the sucrose solution. Moreover, this 50% > MVLF target is well below the reported 100-150% increase in tongue force (during voluntary drinking) achieved by rats following an 8-week tongue resistance exercise program (Ma et al., 2017; Cullins et al., 2019; Glass et al., 2021). An important distinction here is that our approach is based on percent effort above natural drinking behavior, whereas most other research groups utilized force lickometer systems that permit estimation of maximum lick force capability (Connor et al., 2009; Behan et al., 2012; Cullins et al., 2019; Krekeler et al., 2020; Glass et al., 2021), thereby allowing the exercise target intensity level to be set to a percentage below maximum effort (i.e., 50–80% of maximum effort), similar to the maximum bench press test to estimate training intensity percentages for weight-lifting (Grgic et al., 2020). Here, we were interested in the effect of low intensity exercise; therefore, as a starting point, we chose a relatively low effort requirement above MVLF (i.e., 50% > MVLF) as our target for low intensity tongue resistance exercise. Resisto-spouts for rats in the two sham exercise groups (i.e., ‘control + sham exercise’ and ‘CTB-SAP + sham exercise’) were set to <4 g, consistent with the negligible force setting used during force-lickometer testing. Resisto-spout force settings for all four groups were recorded for comparisons with and between groups.

Rats had free access to standard food pellets and enrichment materials during exercise/sham exercise, thus, the only cage-level difference was the substitution of the resisto-spout bottle (containing 30% sucrose solution) for the standard vivarium water bottle. Overnight fluid intake (in grams) was measured for each exercise night to estimate the level of exercise participation (i.e., lick frequency). We hypothesized that overnight fluid intake would be similar within and between rats over time, thus any identified exercise treatment effects would be due to differences in exercise level and group assignment (control vs. CTB-SAP) rather than lick frequency.



Live Magnetic Resonance Imaging of the Brainstem and Tongue

In vivo MRI scans were performed on a subset of 20 rats on Day 9 to determine the absence or presence of degeneration in the brainstem and tongue using a 7 T Bruker AVANCE III BioSpec MRI scanner (Bruker BioSpin Inc., Billerica, MA, United States) and a four-element phased-array radiofrequency (RF) coil. Rats were anesthetized with 1.0–3.5% isoflurane in oxygen via a nose cone and placed in supine (for brainstem imaging) or prone (for tongue) position. A physiological monitoring and gating system (SA Instruments, Inc., Stony Brook, NY, United States) was used to monitor vital signs and for triggering respiratory-gated MRI scans. Body temperature was maintained at 36–37°C with warm air circulating in the magnet bore. T2-weighted (T2W) MRI coronal and axial brain scans and axial tongue scans were performed with fat-suppression using multi-slice RARE (rapid acquisition with relaxation enhancement) spin echo sequence with a b-value of 0 or smaller than 30 s/mm2. Diffusion-weighted (DW) MRI sagittal scans of the brainstem were acquired using standard spin-echo DW sequence with a b-value of 750–1200 s/mm2. Respiratory gating was used to trigger each scan. Other imaging parameters included: 15–30 slices, slice thickness = 0.8 mm, in-plane resolution of 70–140 μm, TR (reputation time) = 2 s, TE (echo time) = 35 ms, RARE factor = 2, and 2 averages. Image analysis and processing were performed in ParaVision 6.0.1 software (Bruker BioSpin Corporation). The volume (mm3) of the brain 4th ventricle was measured as the sum of the areas multiplied by the slice thickness on the brain DW and T2W sagittal images at Bregma position –0.8, 0.0, and 0.8 mm. Axial T2W MRI was utilized to capture the oral tongue volume (cm3), which consisted of the anterior (mobile) body from the apex of the tongue to the root of the lower incisor teeth. Tongue volume was measured as the sum of the areas multiplied by the slice thickness on the tongue T2W axial images. The thickness (mm) of the tongue body was measured as the distance from dorsal to ventral surface of the tongue on three T2W axial images at 4.0–5.6 mm from the anterior apex of the tongue and calculated with an average value for each rat. Similarly, the width (mm) of the tongue blade was measured as the distance from left to right lateral surface of the tongue on five images at 3.2–6.4 mm from the apex of the tongue and calculated with an average value for each rat. The width (mm) of the tongue root was measured on the axial T2W image at the level of the root of the lower incisor teeth. Segmentations were performed for quantification of the volume of the brain 4th ventricle and tongue volume, thickness, and width using Segment (Medviso AB, Lund, Sweden) or ImageJ.



Statistical Analysis

Investigators involved with data collection were blinded to experimental group assignment until the study databases were created in either IBM SPSS Statistics 24 or SAS/STAT® 13.1 software, which were used to perform statistical analyses. Data outliers for each variable were identified and re-checked for accuracy, but not removed from the dataset. The following dependent variables were assessed: (1) VFSS – lick rate (Hz), swallow rate (Hz), and PTT (ms); (2) force-lickometer – MVLF (g); (3) exercise intensity (g); (4) overnight fluid intake (g) during exercise; and (5) MRI – brain 4th ventricle volume (mm3), tongue volume (cm3), tongue thickness (mm), tongue blade width (mm), and tongue root width (mm). Averaged values for each animal were used for VFSS, force-lickometer, and MRI tongue (thickness and width) data, whereas raw/unaveraged data were used for fluid intake and MRI volume data (i.e., single value per animal per time point). Data for each variable were normally distributed (Shapiro–Wilk test, p > 0.05) and thus appropriate for parametric statistics. However, non-parametric statistics were used for MRI data to accommodate the small and unbalanced sample sizes (4–6 rats per group).

Resisto-spout force settings and corresponding exercise intensity were compared between groups using one-way analysis of variances (ANOVAs) and visualized using overlaid bloxplots and dot plots. Overnight fluid intake was compared between experimental groups using a mixed (group × time) repeated measures ANOVA (RMANOVA) and visualized using overlay plots (boxplots and dot plots). A separate Generalized Linear Regression Model (GLM) was fitted to assess the effect of exercise treatment on lick/swallow function and MVLF outcomes at Day 8 when controlling for baseline values. Interaction effects between baseline values and experimental groups were explored for each dependent variable to verify the identified treatment effects were not influenced by baseline values (i.e., no significant interactions). Bonferroni post hoc multiple comparison tests were performed to create 95% confidence intervals (CIs) and corresponding p-values for all pairwise differences between groups while controlling the familywise Type 1 error rate. The R2 scoring metric was used to measure the goodness of fit for the GLM models. Results were visualized via scatterplots with fitted regression lines from the GLM models. Additionally, overlay plots (boxplots and dot plots) were used to illustrate and summarize the descriptive statistics of lick/swallow function and MVLF outcomes at Day 8, with asterisks denoting the significant GLM findings. For MRI data, the non-parametric Kruskal–Wallis test (one-way ANOVA on ranks) was used to explore statistically significant differences between experimental groups for each outcome measure, followed by post hoc Dwass-Steel-Critchlow-Fligner multiple comparisons based on pairwise rankings. For all statistical tests, the significance threshold was set at α = 0.05.





RESULTS

All rats tolerated the experimental procedures without developing signs of stress or morbidity. As is expected with behavioral experiments, missing data occurred for each dependent variable for a variety of reasons (e.g., behavioral non-compliance, leaky resisto-spouts, technical difficulties, etc.). However, the group sample sizes for each behavioral test remained between 7 and 12 rats (summarized in each subsection below), which our prior studies have demonstrated is sufficient to detect statistical differences between groups (Lind et al., 2018).


Tongue Exercise Paradigm

Meaningful exploration of potential treatment effects warrants full transparency of the rats’ participation in the treatment paradigm in order to draw appropriate conclusions. Thus, we have summarized essential details and data below.


Baseline Maximum Voluntary Lick Force and Corresponding Exercise Intensity Level

Rats with inconclusive baseline MVLF values (n = 3) were allocated to sham exercise (i.e., ≤4 g force setting), leaving 45 rats for MVLF assessment. There was no significant difference in baseline MVLF between the four experimental groups (F3,41 = 0.605, p = 0.616), as shown in Figure 5A and summarized in Table 2. As expected (data not shown), there was a significant difference in exercise intensity between the four experimental groups (F3,44 = 1,017.71, p < 0.001), with post hoc comparisons revealing statistically significant differences between sham exercise and exercise groups (p < 0.001 for all comparisons) but not within each exercise group (p = 1.000 for all comparisons). As shown in Figure 5B and Table 2, the mean resisto-spout force setting was ∼29 g for both groups of exercise-treated rats, which corresponded to ∼40% > MVLF exercise intensity level (also shown in Figure 5C and Table 2).
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FIGURE 5. Baseline MVLF and corresponding resisto-spout force settings and exercise intensity. Baseline MVLF was used to determine the resisto-spout force setting and corresponding exercise intensity level for individual rats. (A) Baseline MVLF performance was similar (∼20 g) across the four experimental groups (i.e., no significant pairwise differences). (B) Resisto-spout force settings also were similar (∼29 g) between the two exercise groups. (C) The average exercise intensity was similar (∼40%) between both groups of exercised rats, which is consistent with our targeted low (<50%) intensity exercise paradigm. Error bars = standard error of the mean; n = group sample size; numbers in bars = average group value for each dependent variable.



TABLE 2. Descriptive statistics for baseline maximum voluntary lick force (MVLF) and corresponding resisto-spout force settings and exercise intensity by experimental group.
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Importantly, exercise intensity varied between rats in the two exercise groups (‘control + exercise’ and ‘CTB-SAP + exercise’), ranging from 10 to 53% higher than baseline MVLF values. While our initial plan was to use 50% > MVLF intensity for all rats, we elected to reduce the force requirement for rats that immediately began biting the spout at the onset of the overnight exercise period (i.e., 6 ‘control + exercise’ rats and 5 ‘CTB-SAP + exercise’ rats). For these cases, the threshold force requirement was reduced until stereotypical licking behavior resumed. Additionally, the analog technology of our resisto-spout allowed us to get close to, but typically a few grams away from, the target force setting; thus, some rats had slightly above or below the target 50% > MVLF value. Despite this variability, there was no significant difference in exercise intensity between the two groups (F1,20 = 0.078, p = 0.783). The mean (standard error) exercise intensity levels were 40.1% (3.62) for the ‘control + exercise’ group and 38.5% (4.27) for the ‘CTB-SAP + exercise’ group. Graphic display of the data distribution is shown in Figure 5C. As a reminder, the resisto-spout for the two sham-exercise groups (‘control + sham exercise’ and ‘CTB-SAP + sham exercise) was set to a negligible (<4 g) force requirement for fluid access, which was well below each rat’s MVLF and thus did not constitute exercise for these two groups.



Overnight Fluid Intake to Estimate Exercise Participation

Of the two exercise nights (Days 4 and 6), rats consumed more 30% sucrose solution on the 2nd night (i.e., main effect of time; F1,31 = 6.533, p = 0.016). However, there was no significant difference in overnight fluid intake between experimental groups (main effect, F3,31 = 0.320, p = 0.811), nor was there a time × group interaction (F3,31 = 0.316, p = 0.813). Thus, fluid intake (30% sucrose) was similar between groups at both exercise timepoints (Day 4 and Day 6). Prior to this study, we determined that naïve (non-injected, non-exercised) rats weighing ∼350 g consumed an average of 14 g water during a 12-h overnight period (unpublished), which is consistent with published values of 9–12 g water per 100 g rat per 24 h (Holdstock, 1973). The rats in this study drank an average of 29 g sucrose solution per night (Table 3), which equates to ∼32 mL (i.e., 1.1 g/mL 30% sucrose solution). Thus, the rats consumed ∼ 2 times more volume than normal each night, which demonstrates the added value of providing sucrose rather than plain water to motivate enhanced participation (i.e., higher lick frequency) during the exercise program. Moreover, using published data of 200 licks per mL sucrose solution in naïve rats (Hsiao and Fan, 1993), we estimated that our rats licked approximately 6,400 times (i.e., 32 mL average overnight intake X 200 licks per mL sucrose solution) per night. However, their stereotypical lick pattern consisted of intermittently higher lick forces to obtain water from the spout, followed by multiple lower lick forces to “manage” the dispensed water (i.e., ∼1:20 ratio, as shown in Figure 3). This equates to an estimated 320 “forceful” licks per rat (i.e., 6,400 ÷ 20) to access the sucrose solution during each 12-h exercise period, which is consistent with a high repetition exercise paradigm.


TABLE 3. Descriptive statistics for overnight fluid intake during exercise by experimental group and exercise time point (Days 4 and 6).

[image: Table 3]



Tongue Exercise Treatment Effect on Behavioral Videofluoroscopic Swallow Study Measures of Lick/Swallow Function

As summarized in Table 4, three of the four VFSS outcome measures were significantly different between the four experimental groups when controlling for baseline values: lick rate (F4,40 = 9.97, p < 0.001), swallow rate (F4,37 = 9.59, p < 0.0001), and inter-swallow interval (F4,36 = 6.28, p = 0.0006). The model for PTT was weak (R2 = 0.28) and not statistically significant (F4,37 = 1.29, p = 0.2924). Importantly, there was no significant interaction effect of baseline and experimental group for the VFSS outcome measures, thus confirming that any subsequently identified treatment effects via post hoc testing (summarized separately below for each VFSS outcome measure) were not influenced by baseline values. Figures 6A–D summarizes the GLM data for each VFSS outcome measure as regression plots with baseline versus endline values for individual animals within each experimental group. Figures 6E–H shows overlay plots summarizing the corresponding descriptive statistics for each outcome measure at Day 8 to highlight the identified treatment effects. Descriptive statistics for each VFSS outcome measure are presented in Table 5.


TABLE 4. GLM fitted model summary table for behavioral outcome measures at day 8 when controlling for baseline values.
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FIGURE 6. Effect of tongue exercise on VFSS-based lick and swallow function. (A–D) Scatter plots of baseline vs. endline values and the regression lines from the fitted generalized regression model are shown for each VFSS outcome measure. The estimated difference between any pair of groups is the vertical distance between the corresponding lines. Significant differences between the regression lines are summarized in (E–H) as corresponding overlay boxplots (median, quartiles, and whiskers; mean = diamond) and dot plots (individual data points) to highlight the significant treatment effects at the Day 8 time point in our CTB-SAP model. Data points outside the whiskers are considered mild outliers; there were no extreme outliers. Note that only 3 of the 4 VFSS outcome measures (i.e., lick rate, swallow rate, and lick-swallow-ratio) were significantly impaired in the ‘CTB-SAP + sham exercise’ group, but only lick rate was significantly improved in the ‘CTB-SAP + exercise’ group. Specifically, compared to the ‘control + sham exercise’ group, lick rate was significantly slower in the ‘CTB-SAP + sham exercise’ group (p < 0.001) but not the ‘CTB-SAP + exercise’ group (p = 0.0689). Moreover, lick rate was significantly different between the two CTB-SAP groups (i.e., faster for the ‘CTB-SAP + exercise’ group; p < 0.042). Thus, our CTB-SAP model develops impaired lick motility that is beneficially improved by targeted tongue exercise. (B) Swallow rate was significantly slower in both CTB-SAP groups (‘CTB-SAP + sham exercise’: p = 0.0017; ‘CTB-SAP + exercise’: p = 0.0021) compared to the ‘control + sham exercise’ group, but targeted tongue exercise had no effect on this VFSS outcome measure. (C) Lick-swallow ratio was significantly lower in both CTB-SAP groups (‘CTB-SAP + sham exercise’: p = 0.0048; ‘CTB-SAP + exercise’: p = 0.0072) compared to the ‘control + sham exercise’ group but was unaffected by tongue exercise. (D) Pharyngeal transit time was not significantly different between experimental groups. Error bars = standard error of the mean; n = group sample size; asterisks indicate significant difference (p < 0.05) between pairwise groups.



TABLE 5. Descriptive statistics for behavioral outcome measures by experimental group at day 8.
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Tongue Exercise Mitigates Deficits in Lick Rate but Not Swallow Timing Measures in Cholera Toxin B Conjugated to Saporin-Injected Rats


Lick Rate

As hypothesized, lick rate was significantly slower in the ‘CTB-SAP + sham exercise’ group compared to the ‘control + sham exercise’ group [d = 0.51, 95% CI = (0.23, 0.80), p < 0.001], thus demonstrating that CTB-SAP causes impaired tongue motility congruent with our prior study (Lind et al., 2018). Also as hypothesized, lick rate in the ‘CTB-SAP + exercise’ group was not statistically different from the ‘control + sham exercise’ group [d = 0.21, 95% CI = (–0.065, 0.50), p = 0.0689] but was significantly faster than the ‘CTB-SAP + sham exercise’ group [d = 0.29, 95% CI = (0.02, 0.58) p < 0.042], thus providing evidence of a beneficial exercise treatment effect. Interestingly, the exercise intensity training was sufficiently low to result in no significant difference in lick rate between the two control groups: ‘control + sham exercise’ and ‘control + exercise’ [d = 0.25, 95% CI = (–0.035, 0.54), p = 0.6054]. These findings, summarized in Table 4 and Figure 6E, demonstrate that targeted tongue resistance exercise in CTB-SAP-injected rats mitigates tongue motility dysfunction.



Swallow Rate

As hypothesized, swallow rate was significantly slower in the ‘CTB-SAP + sham exercise’ group compared to ‘control + sham exercise’ rats [d = 0.28, 95% CI = (0.05, 0.50), p = 0.0017], thus demonstrating that CTB-SAP causes impaired swallow function congruent with our prior study (Lind et al., 2018). However, swallow rate also was significantly slower for the ‘CTB-SAP + exercise’ group compared to ‘control + sham exercise’ rats [d = 0.34, 95% CI = (0.11, 0.57), p < 0.0021], but there was no significant difference in swallow rate between the two CTB-SAP groups [d = 0.06, 95% CI = (–0.15, 0.28, p = 0.9969]. Thus, contrary to our hypothesis, tongue exercise had no apparent beneficial treatment effect on swallow rate in our model. Additionally, there was no significant difference in swallow rate between the two control groups: ‘control + sham exercise’ and ‘control + exercise’ [d = 0.014, 95% CI = (–0.22, 0.25), p = 0.6651]. These findings are summarized in Table 4 and Figure 6F.



Lick-Swallow Ratio

As hypothesized, lick-swallow ratio was significantly higher in the ‘CTB-SAP + sham exercise’ group compared to the ‘control + sham exercise’ group [d = 2.34, 95% CI = (0.18, 4.5), p = 0.0048], which provides a new outcome measure for assessing treatment effects in this rat model. However, lick-swallow ratio also was significantly higher for the ‘CTB-SAP + exercise’ group compared to ‘control + sham exercise’ rats [d = 0.34, 95% CI = (0.11, 0.57), p < 0.0072], but there was no significant difference in lick-swallow ratio between the two CTB-SAP groups [d = 0.52, 95% CI = (–1.58, 2.63), p = 0.9254] or the two control groups [d = 0.31, 95% CI = (–1.92, 2.55), p = 0.5284]. Thus, similar to the results of swallow rate, tongue exercise had no apparent beneficial treatment effect on lick-swallow ratio. These findings are summarized in Table 4 and Figure 6G.



Pharyngeal Transit Time

Although not significant, the ‘CTB-SAP + sham exercise’ group had the longest PTT. Moreover, the PTT distribution for the ‘CTB-SAP + exercise’ group was similar to the two control groups, suggesting a potential beneficial effect of tongue exercise may emerge with larger group sample sizes. These findings are summarized in Table 4 and Figure 6H.





Lick Force Deficit During Voluntary Drinking in Cholera Toxin B Conjugated to Saporin-Injected Rats Is Mitigated by Targeted Strength Endurance Exercise

As summarized in Table 4, MVLF was statistically different between the four experimental groups at Day 8 when controlling for baseline values (F4,35 = 3.42, p = 0.0183), as shown in Figure 7A. As hypothesized, the ‘CTB-SAP + sham exercise’ group performed significantly worse (i.e., had lower MVLF values) than the ‘control + sham exercise’ group [d = 5.405, 95% CI = (1.16, 9.65), p = 0.0135], thus providing novel evidence of a lick force deficit in this model. Also as hypothesized, MVLF was significantly higher in the ‘CTB-SAP + exercise’ group compared to the ‘CTB-SAP + sham exercise’ group [d = 5.405, 95% CI = (1.161, 9.649), p = 0.0016]. Interestingly, MVLF for the ‘CTB-SAP + exercise’ group was significantly higher than the ‘control + sham exercise’ group [d = 1.4, 95% CI = (–2.87, 5.6), p = 0.027] but was not significantly different from the ‘control + exercise’ group [d = 1.15, 95% CI = (–3.1, 5.39), p = 0.4818]. Moreover, there was no significant difference between the two control groups: ‘control + sham exercise’ and ‘control + exercise’ [d = 0.218, 95% CI = (–4.03, 4.46), p = 0.9535]. Collectively, these results demonstrate that our CTB-SAP rat model develops impaired tongue strength (i.e., lick force), and a strength-endurance tongue exercise paradigm preserves tongue strength at/above control levels. Figure 7B graphically summarizes these findings, and descriptive statistics are presented in Table 5.
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FIGURE 7. Effect of tongue exercise on maximum voluntary lick force (MVLF). MVLF data are graphically summarized as a GLM regression plot (A) and corresponding overlay boxplots and dot plots (B) highlighting treatment effects at Day 8. Data points outside the boxplot whiskers are considered mild outliers. Compared to the ‘control + sham exercise’ group, MVLF was significantly reduced in the ‘CTB-SAP + sham exercise’ group (p = 0.0135). Moreover, MVLF was significantly different between the two CTB-SAP groups (i.e., higher for the ‘CTB-SAP + exercise’ group; p = 0.0016). MVLF also was significantly higher for the ‘CTB-SAP + exercise’ group compared to the ‘control + sham exercise’ group (p = 0.027). Thus, our CTB-SAP model develops impaired tongue strength that is beneficially improved (i.e., surpasses control levels) by targeted tongue exercise. Error bars = standard error of the mean; n = group sample size; asterisk indicates a significant difference (p < 0.05) between pairwise groups.




Tongue Exercise Mitigates Structural Degeneration in the Brainstem and Tongue of Cholera Toxin B Conjugated to Saporin-Injected Rats

Magnetic Resonance Imaging of the brainstem and tongue suggest further degenerative changes in the hypoglossal-tongue axis; however, statistical significance was reached only for some of the tongue but not brainstem MRI measures. Descriptive statistics for all MRI outcome measures are presented in Table 6.


TABLE 6. Descriptive statistics for MRI outcome measures by experimental group at day 9.
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For MRI of the brain, no significant differences in the 4th ventricle volume were identified across experimental groups (p = 0.075). However, as shown in Figure 8, 4th ventricle volume was notably higher in ‘CTB-SAP + sham exercise’ rats compared to the other three groups, suggesting significance may emerge with larger group sample sizes that permit application of more robust statistical analysis approaches.
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FIGURE 8. Structural changes in the brainstem in the absence and presence of tongue exercise. (A–D) In vivo diffusion weighted MRI of brainstem sagittal slice at Bregma position 0.0 mm shows a trend for an enlargement of the 4th ventricle in sham exercise-treated CTB-SAP rats (B, denoted by white arrow) vs. sham exercise-treated controls (A), suggesting degeneration of neighboring brainstem tissue (i.e., XII nucleus). Following tongue exercise, the size of the 4th ventricle (denoted by white arrow) in CTB-SAP rats (D) appeared to resemble that of sham exercise-treated (A) and exercise-treated (C) control rats, suggesting that tongue exercise may prevent or decrease/slow degeneration in CTB-SAP rats and provides sufficient preliminary evidence to continue collecting these non-invasive translational measurements with larger group sample sizes. (E) MRI segmented 4th ventricle volume showed no significant differences across groups (p = 0.075). Error bars = standard error of the mean; n = group sample size.


For MRI of the tongue, statistically significant differences were identified for tongue volume (p = 0.029) and thickness (p = 0.0395) but not for tongue width measured at either the blade (p = 0.251) or root (p = 0.1805) regions. As shown in Figure 9, tongue volume and thickness were notably greater in the ‘CTB-SAP + sham exercise’ group compared to the other three groups. Specifically, tongue volume was significantly greater in the ‘CTB-SAP + sham exercise’ group compared to ‘control + exercise’ rats (p = 0.05). Although not significant, tongue volume was greater in ‘CTB-SAP + sham exercise’ rats compared to ‘CTB-SAP + exercise’ (p = 0.08) and ‘control + sham exercise’ (p = 0.18) groups. Tongue thickness was significantly greater in ‘CTB-SAP + sham exercise’ compared to ‘control + sham exercise’ (p = 0.05) groups. We also qualitatively observed increased bilateral hyperintensity in the intrinsic muscles (i.e., verticalis and transversus muscles) of the anterior tongue in ‘CTB-SAP + sham exercise’ rats vs. controls. The diffuse-pattern of the hyperintensity is clearly visible and is indicative of muscle fiber inflammation and infiltrations of fatty replacement of atrophied muscle fibers in ‘CTB-SAP + sham exercise’ rats. Collectively, these preliminary results suggest hypertrophy of the tongue and a beneficial treatment effect of tongue exercise on tongue volume and thickness in CTB-SAP-injected rats.
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FIGURE 9. Structural changes in the tongue in the absence and presence of tongue exercise. (A–D) In vivo T2-weighted MRI of the axial images at the A-P position 4.8 mm from the anterior apex of the tongue shows hyperintensity (i.e., increased brightness, denoted by white arrows) and increased tongue thickness and volume in sham exercise-treated CTB-SAP rats (B) vs. sham exercise-treated controls (A), suggesting hypertrophy of the tongue and is consistent with muscle fiber inflammation and fatty replacement of atrophied muscle fibers. Following tongue exercise, tongue thickness, volume, and intensity in CTB-SAP rats (D) resembled that of sham exercise-treated and exercise-treated control rats (A,C), suggesting that tongue exercise may prevent or decrease/slow degenerative structural changes in CTB-SAP rats. Tongue thickness and width are indicated by vertical and horizontal double arrows, respectively in (A). (E) MRI segmentation of tongue volume showed a significant increase in the ‘CTB-SAP + sham exercise’ group vs. the ‘control + exercise’ group (p = 0.05) but was not significantly different compared to ‘CTB SAP + exercise’ (p = 0.08) and ‘control + sham exercise’ (p = 0.18) groups. (F) Tongue thickness was significantly increased in the ‘CTB-SAP + sham exercise’ group vs. the ‘control + sham exercise group’ (p = 0.05). (G,H) The tongue blade and root widths were not significantly different across groups (p = 0.251 and p = 0.1805, respectively). Error bars = standard error of the mean; n = group sample size.





DISCUSSION

The main findings from this study were that: (1) sham exercise-treated CTB-SAP rats had behavioral evidence of dysphagia (i.e., reduced lick and swallow rates as previously shown,(Lind et al., 2018) and longer lick-swallow ratios) and reduced tongue strength (i.e., lick force); (2) our strength endurance tongue exercise program resulted in preserved lick rate and lick force in CTB-SAP rats but had no effect on swallow timing deficits; (3) structural degeneration in the brainstem and tongue in sham exercise-treated CTB-SAP rats was observed via in vivo MRI; and (4) tongue exercise appears to mitigate this structural degeneration in CTB-SAP rats. These novel findings collectively suggest that a strength endurance exercise program targeting the tongue may be a feasible treatment for hypoglossal-tongue axis degeneration in motor neuron diseases such as ALS.

Importantly, we purposely chose to start the tongue exercise program on Day 4 based on published work showing it takes 3 days following intrapleural injection of CTB-SAP (or unconjugated CTB in controls animals) for retrograde labeling of phrenic motor neurons (Mantilla et al., 2009). We estimate a similar (but likely shorter) time frame for XII MN labeling following CTB-SAP (or unconjugated CTB) injection into the tongue. Moreover, pilot data from a few rats at Day 4 showed that XII degeneration has already started, yet VFSS and lickometer testing at Day 4 did not reveal any significant changes in licking/swallowing function. This collective preliminary data suggest the underlying XII degenerative process at Day 4 precedes the clinical onset of behavioral licking/swallowing deficits, as previously reported in the MND literature (Kiernan et al., 2011; Rattray et al., 2017; Salvadores et al., 2017). Thus, by starting the exercise program on Day 4, we were specifically attempting to prevent clinical onset and progression of dysphagia while also beneficially altering the underlying degenerative disease process in this model.


Tongue Exercise Has a Beneficial Treatment Effect on Tongue Motility and Strength but Not Swallow Timing Measures

Here, we hypothesized that tongue exercise would preserve hypoglossal-tongue axis function and strength in CTB-SAP rats. This hypothesis held true for lick rate (i.e., tongue motility) and lick force (i.e., tongue strength), but not for swallow timing measures. Specifically, the swallow rate and lick-swallow ratio deficits identified in sham exercise-treated CTB-SAP rats were not any different from the exercised CTB-SAP rats; thus, there was no beneficial or harmful effect of tongue exercise on VFSS-derived swallow timing measures. These results perhaps can be attributed to lick versus swallow pattern generators (CGSs) in the brainstem (Jean, 2001; Boughter et al., 2007; Moore et al., 2014). Licking mainly involves the muscles of the tongue which are innervated by CN XII (hypoglossal) and the muscles of the jaw which are innervated by CN V (trigeminal), whereas the act of swallowing is more complex and extends beyond CNs V and XII to include CN VII (facial), CN IX (glossopharyngeal), CN X (vagus), CN XI (spinal accessory), and cervical spinal nerves. While the selective hypoglossal motor neuron degeneration in our rat model negatively impacts both lick and swallow CPGs, tongue exercise appears to have a beneficial effect mainly on the relatively simplistic CPG for licking. This suggests that our tongue exercise paradigm is highly specific for targeting the lick CPG but not the swallow CPG, even though rats were swallowing while performing “forceful licks” against the resisto-spout throughout the overnight exercise session. While this finding may simply be a limitation of behavioral research with rats (and laboratory animals in general), this species nonetheless provides an invaluable tool for improving the scientific understanding of normal and disordered swallowing to accelerate the advancement of personalized dysphagia treatment.



Translational Methodology for Advancing Personalized Dysphagia Treatment

In this study, we used our rat model of dysphagia to develop translational methodology for a personalized strength endurance tongue exercise to ultimately benefit patients with MNDs. Specifically, rats performed an estimated 320 forceful licks against the exercise spout (i.e., resisto-spout) for fluid access per night of exercise. Importantly, the exercise program took place in each rat’s home cage, without water restriction, in an attempt to mimic personalized home exercise programs traditionally utilized for dysphagia rehabilitation. The resisto-spout force requirement during exercise was based on each individual rat’s MVLF at baseline force-lickometer testing. Thus, our approach resembled the dysphagia rehabilitation literature in which each patient’s baseline tongue force is measured by compressing a pneumatic pressure sensor between the tongue and hard palate, which is then used to develop a personalized tongue strengthening program (Lazarus et al., 2003, 2014; Robbins et al., 2005; Lazarus, 2006; Yeates et al., 2008; Steele et al., 2013; Park et al., 2015). Importantly, these prior clinical studies used a low-repetition/high-resistance exercise paradigm with long rest intervals (Lazarus et al., 2003, 2014; Robbins et al., 2005; Lazarus, 2006; Yeates et al., 2008) that resembles a body builder’s workout to increase muscle mass (Mangine et al., 2015).

A low-repetition/high-resistance tongue exercise paradigm has also been tested in a variety of rat models (e.g., ALS, primary aging, and Parkinson’s disease). The approach requires an extensive behavioral conditioning program (via water restriction) to train rats to press the tongue progressively harder against a force transducer to receive water rewards, typically 50–80% of maximum lick force for ∼20 “tongue presses” during brief (<10-min) treatment sessions, 3–5 days/week (Smittkamp et al., 2010; Ciucci et al., 2011, 2013; Kletzien et al., 2013; Cullins et al., 2018; Krekeler et al., 2018). Though beneficial effects were shown for rat models of primary aging (Kletzien et al., 2013; Cullins et al., 2018; Krekeler et al., 2018) and Parkinson’s disease (Ciucci et al., 2011, 2013), this tongue exercise training paradigm in the ALS rat model was detrimental, causing further reduction in lick rate during drinking and no discernable improvement in tongue strength (Ma et al., 2017). For this reason, we chose to investigate a high-repetition/low-resistance (∼40% greater than MVLF) exercise paradigm designed for strength endurance and flexibility (Anderson and Kearney, 1982) that may be more tailored to prevent the characteristic weakened, slowed, fatigued, and limited tongue motion caused by MNDs. Our results thus far show beneficial treatment effects in our rat model, without any harmful outcomes. Moreover, the exercise intensity level was sufficiently low that it did not produce any beneficial effects in control animals (i.e., ‘control’ + ‘sham exercise group’), thus providing evidence that this high-repetition/low-resistance training paradigm is uniquely tailored for degenerating motor neurons. However, given the degenerative underpinnings of our model as well as motor neuron diseases in general, frequent re-evaluation and adjustment of the tongue exercise intensity benchmark will likely be essential to optimize personalized treatment outcomes.



Magnetic Resonance Imaging Detection of Degenerative Changes in the Hypoglossal-Tongue Axis

Here, we hypothesized that structural degeneration in the brainstem and tongue would be detectable with in vivo MRI and present in sham exercise-treated CTB-SAP rats based on our previous findings (i.e., hypoglossal motor neuron degeneration and genioglossal myofiber atrophy; Lind et al., 2021), and would be prevented or decreased with tongue exercise. While our observations thus far are based on a small subset of rats and treatment groups, MRI did provide evidence of degeneration in the hypoglossal-tongue axis (i.e., a trend for 4th ventricle enlargement, significantly increased tongue volume and thickness, and marked hyperintensity of the tongue) in response to genioglossal myofiber atrophy (Lind et al., 2021), and these pathological MRI features were somewhat mitigated via tongue exercise in CTB-SAP rats. Importantly, fourth ventricle enlargement is a common feature of neurodegenerative diseases and is correlated with degeneration of the surrounding brain structures (Westeneng et al., 2015; Bede et al., 2019). In the case of ALS, 4th ventricle enlargement is attributed to atrophy of the floor of the fourth ventricle due to degeneration of the hypoglossal and vagal trigones, which are formed by the underlying hypoglossal and vagal nuclei, respectively (Westeneng et al., 2015; Bede et al., 2019). In our CTB-SAP model, only the hypoglossal nucleus undergoes neurodegeneration (Lind et al., 2018); thus, it is intuitive to speculate that the observed 4th ventricle enlargement is solely due to degeneration of the hypoglossal trigone along the floor of the 4th ventricle. However, we will need to conduct MRI and corresponding histological experiments with larger group sample sizes to specifically test this hypothesis. Moreover, our MRI findings of diffuse hyperintensity and increased volume and thickness of the tongue are indicative of muscle fiber inflammation and fat infiltrations, which are consistent with denervation atrophy as a consequence of hypoglossal motor neuron degeneration (Alves, 2010; Borges, 2010). These pathological tongue-based MRI findings in our CTB-SAP model remarkably resemble macroglossia in ALS patients (McKee et al., 2013; Hensiek et al., 2020). Thus, our model may be particularly suited for studying pathological muscle changes that remain poorly understood in ALS and other neuromuscular disorders (Theret et al., 2021).

The ability of MRI to detect early degenerative changes in the entire XII axis (brainstem and tongue) of our rat model suggests early MRI detection may likewise be possible in patients with MNDs. Our findings therefore suggest that this non-invasive imaging modality may have untapped clinical potential to facilitate early differential diagnosis of MNDs from other neurological disorders, thus providing opportunity for earlier intervention and objective treatment monitoring when effective treatments become available. Because of its non-invasive nature and wide availability in hospitals, MRI of the tongue and brainstem is readily translatable to future MND clinical trials.



Limitations

Several limitations must be considered when interpreting the results of this study. First, we used overnight water consumption as an indirect measure of lick frequency (i.e., exercise repetitions). We are currently working on incorporating home-cage contact lickometer technology to permit direct measurement of lick frequency for individual rats. Second, we calculated each rat’s MVLF during spontaneous drinking in our force-lickometer system, which does not provide a lick-force challenge during testing. In other words, we cannot incrementally increase the force setting to identify each rat’s maximum tongue force capacity, which is a capability of other systems (Ciucci et al., 2011, 2013; Cullins and Connor, 2019). As a solution, our future research with this model will include tongue force strain gauge measurements (Nagai et al., 2008; Ciucci et al., 2013) at the study endpoint (Day 9) to determine each rat’s maximum lick force for correlation with behavioral findings. Third, the exercise intensity in our study was not strictly controlled between rats, as it ranged from 20 to 53%. This was due to some rats not tolerating the 50% > MVLF setting, as evidence by switching to biting rather than licking behavior. For these cases, we reduced the resisto-spout force setting until rats resumed drinking. To overcome this limitation in future studies, we have been conducting pilot testing using a built-in “exercise force ramp up” period at the start of each overnight treatment, whereby the force setting is increased from 20% to 50% > MVLF in 10% increments every 15–30 min during the first 1.5 h. Our preliminary results suggest this approach prevents conversion to biting behaviors at higher force settings. Thus, we will use this approach to reduce the variability in exercise intensity in our future studies. Fourth, we were surprised to find that tongue exercise did not preserve swallow rate or lick-swallow ratio in CTB-SAP rats. The persistent slower swallow rate and higher lick-swallow ratios suggest that CTB-SAP rats take longer to accumulate a sufficiently large bolus in the vallecular space to trigger the pharyngeal swallow reflex. While we did not measure bolus size, we could certainly include this VFSS-based outcome measure (Lever et al., 2015a,b; Osman et al., 2020) in our future studies with this model to determine if tongue exercise in CTB-SAP rats results in larger, more normal-sized boluses. Fifth, we did not identify PTT deficits in CTB-SAP rats, which we suspect is a limitation of fluoroscopy frame rate (i.e., 30 fps) in rodents (Lever et al., 2015a,b; Osman et al., 2020). Although not significant, the sham exercise-treated CTB-SAP rats had the longest PTT, and the PTT distribution in exercised CTB-SAP rats was similar to the two control groups, suggesting a potential beneficial effect of tongue exercise on this swallow timing measure. Therefore, we are currently investigating if 60 fps imaging capability may unmask significant PTT deficits in this model to provide another translational outcome measure to objectively quantify treatment response. Finally, we have thus far focused on drinking-related measures of tongue and swallowing function. The tongue is also essential for mastication (Palmer et al., 1992); thus, we expect our rat model of XII LMN degeneration will also develop deficits in mastication and dyscoordination between mastication and swallowing. We will therefore include mastication-based VFSS measures in our future studies with this model.



Significance

This study provides novel evidence in support of tongue exercise as a treatment for dysphagia in MNDs, which currently remains highly controversial in the absence of high rigor investigations (Dworkin and Hartman, 1979; Watts and Vanryckeghem, 2001; Plowman, 2015; Ma et al., 2017). Thus, we will continue utilizing our rat model to optimize tongue exercise dosing parameters and investigate corresponding treatment mechanisms of action for future translation to MND clinical trials. The next step is to leverage our rat model of XII LMN degeneration to optimize dosing parameters that are translatable to humans. While we started this scientific exploration using a 12-h exercise program in rats, we fully acknowledge that translation to humans will require much shorter treatment durations. Thus, our rat model will provide a suitable platform for high throughput investigations of exercise dosing parameters as well as investigations of treatment mechanisms of action for future translation to MND clinical trials. Moreover, we will utilize this model to determine whether targeted tongue exercise is directly impacting the dying versus surviving XII motor neurons, or a combination thereof, which may lead to the discovery of mechanistic targets to effectively delay, slow, or even reverse XII motor neuron degeneration to achieve more impactful clinical outcomes. As such, this research may have scalability to other cranial and/or spinal nerves affected by motor neuron diseases.
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OF bolus Diet change
INCAPACITY insufficient plasticity, and/or or
cohesiveness, slipperiness and/or modified food

or
saliva problems

some food types refused

@
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Variability

PEDro-P Iltem

Eligibilty criteria specified
Concealed allocation

Prognostic similarity at baseline
between intervention groups

Subject blinding
Therapist blinding
Assessor blinding

>85% of the subjects followed up for

atleast 1 key outcome
Intention-to-treat analysis

Between group statistical analysis for

atleast 1 key outcome

Point estimates of variabiity provided

for at least 1 key outcome

Condensed
category

Participant

Design

Site

Statistics

JBl item (Case series)

Eligibiity criteria specified
Standard, reiable measurement of
condition

Valid identification of condition
Consecutive inclusion

Complete inclusion

Participant demographics
Participant clinical information
Outcomes or follow-up

Site demographics

Appropriate statistical analysis

Condensed
category

Participant

Design

Follow-up

Statistics

JBI item (Cohort)

Both groups similar, recruited
from same population

Exposures measured similarly
Standard, reliable measurement
of exposure

Confounding factors identified
Groups/participants free of
outcome initially

‘Outcome measurement valid
and reliable

Follow up sufficient and reported
Complete follow up
Incomplete follow up managed

Appropriate statistical analysis
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Study ID Participants
[References] N Dx time
post onset
Hagg and 30 (24 with
Anniko UFP) Stroke 2
©6) days—10yrs
Hee-Suetal. 10 Stroke <6
@ mths
Hufiman 4 Brain injury
@8 >2mths
Kang et al. 21 Stroke
©9) <12wks
Choi 9 Stroke <3
©9) mths
Konecnyetal. 99 Stroke
(16) 1-2wks
Konecnyetal. 99 Stroke
(19) 1-2wks
Zhouand Zhang 165 Stroke
@) 1day—6yrs
Hagg and 7 Stroke 6
Larsson mths—4 yrs
@1
Hagg Tibbling 31 Stroke
@) Days—10 yrs
Noor et al. 50 Stroke Not
@) stated
Van Gelder etal. 2 Stroke
@4 2mths
Volk et al. 112 Stroke 20
© days (median)

Methodology

Retrospective
case series

Prospective
case series
Prospective
non-

randormized
control tral
Prospective
RCT

Prospective
case series

Prospective
RCT

Prospective
RCT

Prospective
RCT

Prospective
case serles

Prospective
non-

randormized
control tral
Prospective
case series
Prospective
case series

Prospective
cohort study

Active
Therapy

Passive
Therapy

Combination
Therapy

Interventions.

Group A
Lip muscle training
Traditional therapy +

resistance training of OO
Mirror therapy

Orofacial exercises

Neuromuscular ES +
dysphagia therapy

SSRI, SP/OT/PT

SSRI, SP/OT/PT

Scalp acupuncture

Body regulation, manual
orofacial regulation,
palatal plate activation +
velopharyngeal closure
training

Palatal Plate (PP)

Massage, ES, KOBAT

Neuro Developmental
Treatment

Physical training of related
muscles, tapping, mirror
therapy

Group B

NA

NA

Mirror therapy +
EMG

Orofacial
exercises +
mirror therapy
N/A

SSRI, SP/OT/PT
+ orofaciel
therapy

SSRI, SP/OT/PT
+ orofacial
therapy
Western
medicine

N/A

Oral IQoroR

screen (IQS)

NA

N/A

N/A

Intensity
length of Tx freq
duration

>5 weeks 3 x 3/day
5-10s

4 weeks 5x/wk not
stated

10 days (in 2 week

period) Daily 30min

14 days 2x/day
15min

4 weeks 5x/wk 30
min/session

4 weeks Daily not
stated

4 weeks Daily not
stated

24 days? Daily
~50min

5 weeks 5x/wk 120
min/session + HEP

3 months 3x/day
PP 10-80min; IS
30s

23 weeks 3x/wk
not stated

9-12 weeks Weekly
not stated

21 days (median)
not stated not stated

Outcome measures.

Swallowing capacity (m/s) Lip force

Orbicularis oris strength Lip closure
(VDS)
Muscle grade

HBGS Facial movement difference
(m-clf) Facial movement ratio (m-rat)

Max cheek strength (MCS) Max ip
strength (MLS) Dysphagia (VDS)

HBGS Distance measure BDI-Il

As above + Bartel index Mod. Rankin
score

Cinical indexes / function grading
scales

Swallowing capacity (mi/s) Meal
observation Oral motor performance
Orofacial sensory function
Velopharyngeal closure VFSS
Self-assessment

Swallowing capacity (ml/s) Facial
Activity Testing (FAT)

Spasticity grade

Mimic expressions Orofacial function
Asymmetry and adequacy

Bartel index HBGS Sunnybrook FGS

Stennert index Action units (AU) FaCE

questionnaire FDI

Results

Stat sig improvement in both OMs
(b < 0.05) FP 'improved"

Stat sig improvement in both OMs
(0 <0.05)

Improvement in both pairs although
3x greater in EMG vs. mirror

Stat sig improvement in all OMs
(b < 0.05), greater in mirror vs. control

Stat sig improvement in MCS and
MLS Stat sig decrease on VDS

(b < 0.05)

Stat sig improvement in all OMs

(o < 0.08), greater in experimental vs.
control

Stat sig improvement in both QOL
OMs (o < 0.05), greater in
experimental vs. control
Improvement in 88.57% of
acupuncture group and 76.67% of
western medicine group
Improvement on raw scores in at
least one variable for all OMs

Stat sig improvement in both OMs for
both groups (o < 0.05) Improvements
maintained at 1 yr flup

Reduction in spasticity grade for all
participants

2/2 improved mimic expressions +
symmetry 1/2 improved orofacial
function + adequacy

Stat sig improvement in activity, facial
nerve motor function, self-reported
non/motor abilties o < 0.05)

Dx, Diagnosis; EMG, Electromyography; ES, Electrical stimulation; HBGS, House Brackmann Grading Scale; FGS, Facial Grading System; FDI, Facial Disabilty Index; FF Facial palsy; HER, Home exercise program; OM, Outcome
measures; OO, Orbicularis oris; OT, Occupationel therapist; PT, Physiotherapist; QOL, Quality of lfe; SP, Speech pathologist; SSRI, Selective serotonin reupteke inhibitor; T, Therapy; UFF, Unileteral facial pelsy; VDS VFSS, Dysphagia
Scale; VFSS, Videofluroscopic Swallow Study.
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Outcomes

Other:
Methodology

Other:
Publication
details

Inclusion Criteria

Adults with acquired CFP
Physical rehabilitation of CFP'

None or placebo treatment,
drug/surgical treatment, or
other physical rehabiltation

Quantitative or qualitative
outcomes in subjective or
objective measures of motor
function or
‘symmetry/appearance or QOL.
Case series

Separate data for CFP
and PFP

Articles from research journals
Articles in English

Exclusion Criteria

Pediatrics (<18 yrs)
Surgical or pharmacological
intervention with no physical
rehabiltation component

No outcomes reported

Single case study design,
secondary research (ie.,
reviews)

Combined data for CFP and
PEP or unclear delineation
Book chapters, thesis
publications, opinion pieces
Aticles not in English
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Variable df F p Effect description

Pharyngeal 2,182 5191 0.006 *Supertasters < Midtasters
constriction *Supertasters < Nontasters
ratio (PCR) Midtasters = Nontasters
Pharyngeal phase 2,180 9.305 <0.001 *Supertasters < Midtasters
duration (PPD) Supertasters = Nontasters

Midtasters > Nontasters
UES distension 2,190 2.991 0.053 N/A

Post hoc pairwise comparisons for significant main effects revealed that
supertasters exhibited more efficient swallows (lower PCR and PPD) than mid- and
nontasters. *Denotes a statistically significant relationship at Bonferroni-adjusted
alpha levels of 0.0167.
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Cluster Coordinates (MNI152-2009) Volume (mm3) F(1,17) R2 Effect description

RL AP IS
Post-central gyrus —50 —-32 51 203 1917 0.530 Higher gLMS — more negative beta weight
Superior temporal gyrus 26 5 -32 156 21.57 0.560 Higher gLMS — more negative beta weight

Two clusters survived whole brain analysis and cluster-based correction for multiple comparisons. Higher scores on the general labeled magnitude scale (gLMS) during
6-n-Propylthiouracil testing were associated with supertaster status. RL = right/left, AP = anterior/posterior, IS = inferior/superior.
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Group Women Men Total N

Nontaster 2 7* 9
Midtaster 4* 2 6
Supertaster 5 1 6
Total N 11 10 21

Twenty-one adult volunteers ranging 19-49 years of age (mean = 27.66) were
distributed across sex and genetic taster status. *One participant from this group
excluded from MRI analysis due to technical issues. **Excluded from CASM
analysis as an extreme statistical outlier.
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Tastant Citric acid Sucrose Lemon Orange

extract extract

Sour 2.7% wt/vol N/A N/A N/A
Sweet-Sour  1.11% wt/vol 8% wt/vol N/A N/A

Lemon 1.11% wt/vol 8% wt/vol 1% vol/vol N/A

Orange 1.11% wt/vol 8% wt/vol N/A 1% vol/vol
Source Fisher Scientific ~ C&H McCormick ~ McCormick

Citric Acid USP  Granulated Pure  Pure Lemon  Pure Orange
Cane Sugar Extract Extract

All taste stimuli were precisely mixed using food- or pharmaceutical-grade materi-
als. Distilled water served as the solvent for the neuroimaging trial stimuli. So the
contrast would be visible on x-ray, a 40% weight/volume (wt/vol) barium sulfate
(Fisher Scientific) suspension prepared in the lab served as the solvent for the
videofluoroscopic swallowing trial stimuli.
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Control Anesthesia

Chewing sequence 1. Number of cycles 26.9 +£13.8 2717 +152
2. Duration of sequence (s) 20.1 £ 104 21.0+10.9
3. Rhythm (Hz) 1.4 +03 1.4+03

Beginning Middle End Beginning Middle End

Jaw kinematics 4. Vertical amplitude (mm) 176+29 144+23 18.0+ 21 16.9+2.6 148+2.0 13.3+2.2
5. Lateral amplitude (mm) 82+14 6.7+1.2 6.3+1.5 7.4+13 7.0+1.2 6.2+ 1.3
6. Jaw opening velocity (mm/s) 86.1+28.2 78.8+22.4 72.7 £18.7 93.4+£31.2 87.9+23.7 76.0 +£20.5
7. Jaw closing velocity (mm/s) 97.3 +£ 291 84.6+21.6 73.0+14.0 88.9+22.2 87.4+21.7 784 4 17.3
8. Occlusal duration (s) 0.3 +0.1 0.3+ 0.1 0.3+0.1 0.4 £ 0.1 0.3+0.1 0.4 £ 0.1
9. Opening duration (s) 0.3 +0.1 0.2+ 0.1 0.2+ 0.1 0.2+ 0.1 0.2+ 0.1 0.2 +£0.1
10. Closing duration (s) 0.3 +0.1 0.2 +£0.03 0.2 +£0.03 0.3+0.1 0.2 +£0.04 0.2 +£0.04
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Animals

Age (yrs)

Body mass (g)

Range

Maximum bite force (N)
Range

Bite frequency (# bites/min)
Inclusive criteria

Range

Stringent criteria

Range

Bite latency (min)
Range

Subordinate

n=10
Five male,
five female
1.68 £0.38
56.05 + 12.84
32.4-76.6
21.07 + 8.89
7.74-35.95

4.29 +£1.70
2.05-7.75
1.37 £ 0.54
0.561-2.39
1.44 £1.12
0.40-3.58

Dominant

n=9
Five male, four female
(two queens)
8.74.4 D21
74.26 +10.68
54-94 1

19.82 + 4.68
13.88-28.25

3.39 4+ 0.92
2.07-56.15
0.97 £ 0.31
0.51-1.54
2.48 +1.66
0.81-6.41

g = grams, min = minutes, N = newton, and yrs = years.
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Species BF(N) BM(g) MV Tooth Residuals!: Residuals?2: Residuals!: Residuals2: BFQ; BFQ,
orC Rodentia Rodentia Mammalia Mammalia

Rodentia

Heterocephalus glaber (naked mole-rat) ~ 20.482 64.672 MV 0.0930 0.1814 152

castes combined

Heterocephalus glaber (naked mole-rat) 19.822 74.262 MV 0.0273 0.1133 130

dominant only

Heterocephalus glaber (naked mole-rat) ~ 21.072 56.052 MV 0.1266 0.2169 165

subordinate only

Chinchilla laniger (long-tailed chinchilla) 23,5 6391 MV —0.3943 —0.3923 —0.3385 —0.3367 46 46

Ctenomys australis (sand dune 68.7f 315f MV 0.2368 0.2391 0.3026 0.3046 201 202

tuco-tuco)

Dipodomys ordii (Ord’s kangaroo rat) 13.98¢ 639 MV —0.0789 —0.0758 0.0097 0.0124 102 103

Fukomys micklemi (African mole-rat) 41° 89° MV 0.3077 0.3107 0.3914 0.3940 246 248

Fukomys whytei (African mole-rat) 31¢ 78° MV 0.2171 0.2201 0.3027 0.3053 201 202

Geomys bursarius (plains pocket 50.619 1534 MV 0.2726 0.2753 0.3487 0.3510 223 224

gopher)

Microtus ochrogaster (prairie vole) 12.884 344 MV 0.0295 0.0330 0.1269 0.1298 134 135

Mus musculus (Gough Island mouse) 5.36° 28.60° MV —0.3109 —0.3073 —-0.2110 —0.2080 62 62

Mus musculus (strain: Watkins Star 3.920 19.06° MV —0.3520 —0.3482 —0.2464 —0.2432 57 57

Line B)

Neotoma floridana (eastern woodrat) 30.269 3214 MV —0.1237 —-0.1214 —0.0582 —0.0561 87 88

Octodon degus (common degus) 21.9f 206 MV —0.1606 —0.1581 —0.0888 —0.0865 82 82

Onychomys leucogaster (grasshopper 24.7% BOE MV 0.2222 0.2255 0.3142 0.3169 206 207

mouse)

Perognathus flavescens (plains pocket 4.649 6.59 MV —0.0276 —0.0233 0.0933 0.0969 124 125

mouse)

Peromyscus leucopus (white-footed 104 23d MV 0.0108 0.0145 0.1138 0.1169 130 131

mouse)

Peromyscus maniculatus (deer mouse) 12.9° 21° MV 0.1427 0.1464 0.2469 0.2500 177 178

Rattus norvegicus (Norway/common 479 5559 MV —0.0603 —0.0583 —0.0026 —0.0007 99 100

rat)

Reithrodontomys megalotis (western 7.679 12 MV 0.0575 0.0615 0.1703 0.1736 148 149

harvest mouse)

Sciurus niger (fox squirrel) 72.954 5884 MV 0.1171 0.1191 0.1740 0.1759 149 150

Sigmodon hispidus (hispid cotton rat) 19.879 1059 MV —0.0455 —0.0426 0.0359 0.0384 109 109

Spermophilus tridecemlineatus 21.059 1444 MV —0.0942 —0.0915 —-0.0173 —0.0149 96 97

(13-lined ground squirrel)

Zapus hudsonius (meadow jumping 7.639 24,54 MV —-0.1214 —-0.1178 —0.0193 —0.0163 96 96

mouse)

Didelphimorphia

Didelphis virginiana (opossum) 4420 50007 MV M 0.42629968  0.4273 267 267

Monodelphis domestica (gray 21h 9oh MV M 0.09811479  0.1007 125 126

short-tailed opossum)

Carnivora

Acinonyx jubatus (Felidae) cheetah 472 29500 C Ca 0.0152025 0.0155 104 104

Alopex lagopus (Canidae) Arctic fox 178 8200 C Ca —0.091228 —0.0905 81 81

Canis alpinus (Canidae) Dhole, wild dog 314 16500 C Ca —0.0179014 -0.0174 96 96

Canis aureus (Canidae) golden jackal 165/ 7700 C Ca —0.1085817 —0.1078 78 78

Canis domesticus (Labrador retriever) 732 28641 MV Ca 0.20160883  0.2019 159 159

Canis latrans (Canidae) coyote 275! 19800 C Ca —0.1206555 —0.1202 76 76

Canis lupus dingo (Canidae) dingo 313 17500! C Ca —0.0338603 —0.0334 92 93

Canis lupus hallstromi (Canidae) New 235! 12300 C Ca —0.071005 —0.0704 85 85

Guinea singing dog

Canis lupus lupus (Canidae) common 593 34700 C Ca 0.07410479  0.0743 119 119

wolf

Crocuta crocuta (Hyaenidae) spotted 15691 69100 C Ca 0.01862516  0.0186 104 104

hyena

Dasyurus maculatus (Dasyuridae) 153 3000 C Ca 0.09208918  0.0933 124 124

spotted-tail quoll

Dasyurus viverrinus (Dasyuridae) 65' 870 C Ca 0.02690553  0.0286 106 107

eastern quoll

Felis concolor (Felidae) cougar 4721 34500 C Ca —0.0235762 —0.0234 95 95

Felis sylvestris (Felidae) wildcat 56 2800/ o] Ca —0.3273262 —0.3261 47 47

Felis yagouaroundi (Felidae) 1271 71001 C Ca —0.2021689 —0.2013 63 63

jaguarundi/eyra

Genetta tigrina (Viverridae) Cape genet 73 6200! C Ca —0.4090781 —0.4082 39 39

Hyaena hyaena (Hyaenidae) striped 545 40800 C Ca —0.002663 —0.0025 99 99

hyena

Lycaon pictus (Canidae) African 428 189001 C Ca 0.0829776 0.0834 121 121

hunting/painted dog

Lynx rufus (Felidae) bobcat o8 2900! C Ca —0.0929795 —0.0918 81 81

Meles meles (Mustelidae) badger 2441 114001 C Ca —0.035863 —0.0352 92 92

Neofelis nebulosa (Felidae) clouded 595 34400 C Ca 0.07771769  0.0779 120 120

leopard

Panthera leo (Felidae) lion 1768 294600 C Ca 0.01877883 0.0182 104 104

Panthera onca (Felidae) jaguar 10141 83200 C Ca 0.09049162  0.0904 123 123

Panthera pardus (Felidae) leopard 4671 43100/ C Ca —0.0833255 —0.0832 83 83

Panthera tigris (Felidae) tiger 15251 186900 C Ca 0.06727106  0.0668 117 1d7

Proteles cristatus (Hyaenidae) aardwolf 1511 9300 C Ca —0.1938489 —0.1931 64 64

Sarcophilus harrisii (Dasyuridae) 418 120001 C Ca 0.18521922  0.1858 163 163

Tasmanian devil

Urocyon cinereoargenteus (Canidae) 114 53001 C Ca —0.1766497 —-0.1757 67 67

gray fox

Ursus americanus (Ursidae) American 541 1052000 C Ca —0.2404583 —0.2407 57 57

black bear

Ursus arctos (Ursidae) brown bear 7511 1288000 C Ca —0.1481451 —-0.1484 71 71

Ursus thibetanus (Ursidae) Asian black 312 77200 C Ca —0.4028536 —0.4030 40 40

bear

Vulpes vulpes (Canidae) red fox 164! 8100 C Ca —0.1237652 —0.1230 75 75

Chiroptera

Cynopterus brachyotis (lesser 12K 44K MV Ca 0.03232018  0.0351 108 108

short-nosed fruit bat)

Eidolon helvum (straw-colored fruit bat) 92k 272K MV M 0.39405996  0.3962 248 249

Pteropus poliocephalus (gray-headed A7k 820K MV M 0.02799251  0.0297 107 107

flying fox)

Pteropus vampyrus (large/greater flying 163K 11665 MV M 0.07088074  0.0724 118 118

fox

Rousettus egyptiacus (Egyptian fruit 32k 179K MV M —0.1156485 —0.1134 7 7

bat

Artibeus jamaicensis (Jamaican fruit 19K 45K MV Ca 0.2263265 0.2291 168 169

bat

Carollia perspcillata (Seba’s short-tailed 4K 18k MV Ca —0.2234219 —-0.2203 60 60

bat

Desmodus rotundus (common vampire 9 41! MV Ca —0.0751281 —0.0723 84 85

bat

Eptesicus furinalis (Argentine brown bat) 7! 9 MV Ca 0.19129354  0.1947 155 157

Erophylla sezekomi (buffy flower bat, in 3K 17K MV Ca —0.3342038 - —0.3310 46 a7

the leaf-nosed bat family)

Glossophaga soricina (Pallas’s 1! 11k MV Ca —0.7035062 —0.7001 20 20

long-tongued bat)

Micronycteris minuta (white-bellied 2! gl MV Ca —0.3236022 —0.3201 47 48

big-eared bat)

Mimon crenulatum (striped hairy-nosed 7 16' MV Ca 0.04878841  0.0520 112 113

bat)

Molossus rufus (black mastiff bat) gl 29 MV Ca —0.0405156 —0.0375 91 92

Monophyllus redmani (Leach’s single 1K 13K MV Ca —0.7448819 —0.7416 18 18

leaf bat/greater Antillean long-tongued

bat)

Myotis albescens (silver-tipped myotis) 2! 5 MV Ca —0.2071926 —0.2035 62 63

Mlyotis nigricans (black myotis) 1! 4 MV Ca —0.4529548 —0.4492 35 36

Myotis simus (velvety myotis) 3 g MV Ca —0.147511 —0.1440 71 72

Noctilio leporinus (greater 20! 63! MV Ca 0.16526608 0.1679 146 147

bulldog/fisherman bat)

Noctilo albiventris (lesser bulldog bat) 12! 34! MV Ca 0.09617882  0.0991 125 126

Phyllostomus elongatus (lesser 15! 35! MV Ca 0.18590925 0.1888 153 154

spear-nosed bat)

Phylostomus discolor (pale 22! 37! MV Ca 0.33847724 0.3414 218 219

spear-nosed bat)

Sturnira lilium (little yellow-shouldered gl 20/ MV Ca 0.05151258  0.0546 113 113

bat)

Tonatia silvicola (white-throated 22! 27! MV Ca 0.41651593  0.4195 261 263

round-eared bat)

Uroderma bilobatum (tent-making bat) 10! 23 MV Ca 0.11380662 0.1169 130 131

Primate

Homo sapiens (humans) 749° 2874P MV | 0.04659657  0.0466 111 111

Pongo pygmaeus (orangutan) 1712 32337 C M 0.41337255 0.4134 259 259

" Naked mole-rat castes separated (subordinate, dominant); Naked mole-rat castes combined (subordinate + dominant). @Hite et al., 2019; PParmenter et al., 2019;
¢\an Daele et al., 2008; YFreeman and Lemen, 2008a; ©Williams et al., 2009; fBecerra et al., 2014; 9Robins, 1977; "Thomason et al., 1990; {Wroe et al., 2005; IEliis
et al., 2008; KDumont and Herrel, 2003; ’Aguirre et al., 2002; MLucas et al., 1994, "Silva and Downing, 1995, °Van Ejjden, 1991, PRuff, 1994. Bite force data cited from
previous studies were either directly measured values from behavioral studies or calculated values based on skull morphology parameters or other factors (categorical
nomenclature follows Van Daele et al., 2008). BF = bite force, BM = body mass, BFQ = bite force quotient, C = calculated value, Ca = canine, g = grams, | = incisor,
M = molar, MV = measured value, and N = newton.
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Trial Cycle 1 Cycles 2-10

Median (IQR) Median (IQR)

Jaw Ctr 46.6 (12.2) 45.4 (12.3)

Vib 51.1 (17.4) 46.4 (10.6)

Pain 41.7 (11.8) 46.7 (15.5)

VibPain 39.0 (12.5) 44.2 (12.6)
Head Ctr 8.1(8.2) 3.7 (3.4)
Vib 6.2 (4.5) 3.4 (3.1)

Pain 8.1 (4.1) 4.8 (6.3)*

VibPain 7.4 (6.7) 4.2 (8.0)*

IQR = interquartile range. *Significant difference from Ctr and Vib after
corrected Dunn’s test.
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Trial Cycle 1 Cycles 2-10 Cycles 2-10
% Median (IQR) % Median (IQR) % Median CV (IQR)

Ctr 95.8 (26.9) 92.9 (21.6) 5.5 (6.0)
Vib 102.5 (21.1) 97.6 (16.7) 5.9 (4.1)
Pain 84.1 (27.9) 97.0 (27.4) 6.4 (3.3)
VibPain 82.8 (32.8) 91.9 (20.4) 7.4 (5.9)*

CV = coefficient of variation, IQR = interquartile range. *Significant difference from
Ctr and Vib after corrected Dunn’s test.
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Variable Chronic Pain-free Experimental acute

Trial 1 Trial 5 P-value Trial 1 Trial 5 P-value Trial 1 Trial 5 P-value
Hold force (N) 0.84 (1.13) 1.09 (1.02) 0.85 0.99 (1.47) 1.14 (1.08) 0.43 1.29 (1.28) 1.76 (1.56) 0.12
Split force (N) 30.05 (14.09) 29.42 (7.71) 0.66 30.78 (14.94) 28.83 (7.72) 0.91 27.19 (14.49) 27.46 (14.78) 0.67
Duration of Split (s) 0.47 (0.56) 0.28 (0.38) 0.07 0.32 (0.34) 0.27 (0.28) 0.08 0.41 (0.53) 0.24 (0.20) 0.054

Split force increase (N)  24.69 (19.40) 27.00 (15.83) 0.92 29.50 (7.91) 26.12 (6.89) 0.46 24.40 (13.36) 22.89 (11.01) 0.51
Mean split rate (N/s) 63.62 (60.08) 69.59 (102.83)  0.04* 85.23 (46.68) 128.83 (119.56) 0.01* 59.56 (66.23) 85.99 (79.06) 0.11
Peak split rate (N/s) 226.89 (285.29) 370.36 (290.28) 0.15 226.89 (145.03) 396.22 (254.0) 0.06 266.93 (285.29) 238.36 (215.21) 0.37

Data are expressed as median (IQR, interquartile range). The forces were assessed in Newton (N), the duration in Seconds (s), and the rates in Newton per Seconds
(N/s). P-values refer to the comparisons between trials by Friedman’s ANOVA and Tukey post hoc test. *Significant difference P < 0.05.
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Variable Chronic Pain-free P-value Experimental Pain-free P-value Chronic Experimental P-value
acute acute
Hold force (N) 1.00 (1.30) 0.99 (1.13) 0.99 1.46 (0.94) 0.99 (1.13) 0.06 1.00 (1.30) 1.46 (0.94) 0.28
Split force (N) 30.79 (5.28) 28.95 (56.62) 0,19 27.35 (7.50) 28.95 (5.62) 0.55 30.79 (5.28) 27.35 (7.50) 0.07
Duration of spilit (s) 0.30 (0.22) 0.26 (0.21) 0.32 0.30 (0.20) 0.26 (0.21) 0.33 0.30 (0.22) 0.30 (0.20) 0.99
Split force increase (N)  27.70 (11.01) 28.09 (5.09) 0.83 23.43 (7.32) 28.09 (5.09) 0.01* 27.70 (11.01) 23.43 (7.32) 0.12
Mean spilit rate (N/s) 83.62 (80.63) 99.76 (657.61) 0.28 82.07 (65.51) 99.76 (57.61) 0.12 83.62 (80.63) 82.07 (65.51) 0.84

Peak split rate (N/s) 278.34 (240.24) 307.38 (228.56)  0.40

285.28 (142.84) 307.38 (228.56)  0.10

278.34 (240.24)

285.28 (142.84)

0.94

Data are expressed as median (IQR, interquartile range). The forces were assessed in Newton (N), the duration in Seconds (s), and the rates in Newton per Seconds
(N/s). P-values refer to the comparisons between conditions by Wilcoxon Signed Rank and Mann-Whitney Rank Sum tests. *Significant difference P < 0.05.
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All Women Men
Chronic pain patients
Pain intensity (NRS) 3.50 (1.50) 3.50 (1.00) 3.50 (1.75)
Peak pain 4.25 (3.50) 4.25 (3.50) 4.50 (3.50)
intensity (NRS)
Pain area (au) 584.84 (745.53) 537.89 (639.169) 851.90 (1354.763)
Pain 72.00 (85.50) 90.00 (78) 39.00 (25.50)
duration (months)
Experimental acute pain in healthy participants
Pain intensity after 7.00 (2.25) 6.50 (1.75) 7.50 (1.38)
20 s infusion (NRS)
Peak pain 7.00 (1.625) 7.00 (2.625) 7.00 (1.625)
intensity (NRS)
Pain area (au) 195.99 (278.50) 185.75 (277.50) 323.73 (168.79)
Pain duration to 216 (184.50) 244.00 (184.50) 202.00 (97.25)
NRS =3s
All patients All healthy P-value Female Healthy P-value Male Healthy P-value
participants patients women patients men
GAD-71 22.22 (6556) 16.67 (66.67) 1.00 16.67 (38.89) 11.11 (38.89) 0.70 5.56 (16.67) 5.56 (16.67) 1.00
PHQ-9? 19.44 (30.56) 8.33 (68.06) 0.34 16.67 (27.78) 5.56 (33.33) 0.49 5.56 (8.33) 2.78 (18.06) 0.89
PHQ-15° 27.78 (19.44) 16.67 (43.06) 0.69 22.22 (16.67) 13.89 (25) 0.89 5.56 (8.33) 2.78 (18.06) 0.89
PSS-104 38.89 (16.67) 27.78 (22.22) 1.00 27.78 (16.67) 22.22 (22.22) 0.70 5.56 (5.56) 11.11 (5.56) 0.70

Data are expressed as median (IQR, interquartile range). The forces were assessed in Newton (N), the duration in Seconds (s), and the rates in Newton per Seconds
(N/s). P-values refer to the comparisons between trials by Friedman’s ANOVA and Tukey post hoc test. 1 GAD-7: Generalized Anxiety Disorder (7 Questions). 2PHQ-9:
The Patient Health Questionnaire for Depression (9 Questions). 3PHQ-15: The Patient Health Questionnaire for Physical Symptoms (15 Questions). “PSS-10: Perceived

Stress Scale Scoring (10 Questions).
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Deformable FEM Teeth can be Individually Reported
Point Geometric FEM articular capsule/ in and leave Muscle modeled simulation

References constraint contact disk cartilage ligaments contact Dynamic driven joints time
Koolstra and van Eijden, 1997 4 v 3R % % v v v % g
Tuijt et al., 2010 % v % X X v v v X X
Peck et al., 2000 X v X X X v v v X X
Hannam et al., 2008 v X X X X v v v X X

de Zee et al., 2007 v 2 5 X X v v v X 2
Andersen et al., 2017 3 v X X X v v v v X
Nagahara et al., 1999 X X v X X X X X X X
Pérez del Palomar and Doblaré, 2006a X X v X ' 5 X X X X
Pérez del Palomar and Doblaré, 2006b % b v % v X b % v b
Mori et al., 2010 % X v Modeled as one X X b4 v X
Commisso et al., 2014 + 15 X X v % % X X RB model for v X

muscle forces

Martinez Choy et al., 2017 v v v v v v = ®
Koolstra and van Eijden, 2005 v v X v v v X X
Our model £ Ve e ¥ v
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EE IE El NA

3-ml water with cue 15 6 0 0
3-ml water without cue 15 4 2 0
100-ml water 11 3 2 5
Chew and swallow 14 1 1 5

EE, expiration-swallow—expiration type; El, expiration-swallow-inspiration type; IE,
inspiration-swallow—expiration type. NA indicates cases of subjects who failed to
swallow 100 ml with breath holding for the 100-ml water swallowing task and the
case of subjects who held their breath while chewing in the chew and swallow task.
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F value

EMG Supra time 3.6083
Infra time 3.6259

Respiration Insp time 21.2420
Exp time 12.3628

ICC

0.7229
0.7242
0.9529
0.9191

P value

P <0.001
P <0.001
P <0.001
P <0.001

EMG, electromyography; Exp time, expiratory time; ICC, intraclass correlation
coefficient; Infra time, infrahyoid electromyographic burst duration; Insp time,
inspiratory time; Supra time, suprahyoid electromyographic burst duration.
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(42) PD, Bil STN 74 yo, male, PD of 14 years  Case report. The patient experienced stridor and dysphagia  Initial left: monopolar(unknown All his symptoms improved after DBS
with pulmonary restriction and aspiration, which started 4 exact contact) 1.6 V/90 turned off or adjusted to bipolar settings,
months after Bil STN DBS, and significantly improved when ws/130Hz; right: monopolar, 1.6 suggesting that the initial dysphagia was
the DBS was OFF. V/B0 /130 Hz. related to suboptimal placement

Final left: bipolar, 1.5 V/60 o programming.
1s/160 Hz; right: bipolar 2.1
V/60 ps/160 Hz
43) PD, Unil STN (R), PD since 29 yo, age of 51 Case report. A 62 yo male PD, VFSS after Bl DBS (Rt STN RtSTN, 3.8 V/90 us/135 Hz, Lt Marked, immediate improvement with
followed by Unil yo had Rt STN DBS sub- first, followed by Lt GPi), with dysphagia confirmed by VFSS, G, 2.9 V/120 ps/136Hz optimizing DBS settings compared to
GPi () DBS optimally placed. which improved when the suboptimal Rt STN was OFF. previous DBS settings.
Reassessed with improvement after DBS
parameters optimized.

48) PD, B STN 2 women (62 and 76 yo) Open label, prospective study, 14 patients, M/F 12/2, Bil Unknown Subjective but no objective improvement
and 12 men (mean 59 yo; STN, VFSS pre- and 3- and 12-mon post-DBS, ON/OFF DBS in swallowing function. Specifically, there
range 41-75 yo) and ON/OFF medication, with DHI being assessed as well at was atrend toward improved swallowing

each time. response for solid intake and oral
preparation of thin liquid in OFF meds with
ON/OFF 12 mon later. The remaining
swallowing parameters showed no change
regardless of the DBS or medications
states. DHI revealed improved seff-
perception of swallowing 3 and 12 months
post-op compared with the baseline.

(46) PD, Bil STN, Ageof 612 £6.2yoat Open label, prospective study, in 36 PD, M/F 22/12, pre-op 32+04V;633+£95ps;136  Salivation, swallowing and sensory
surgery, the duration of PD  (ON and OFF meds) and 12 and 24 months post-op. Post-op & 14.8Hz at 12 mon; 3.3 + complaints ameliorated by ON DBS with
16.7 £ 4.4 years ON medications (out with reduced dosage) and ON DBS, 03V:650+ 11851861+ reduced meds compared to pre-op OFF

comparing with pre-op OFF/ON medications baseline, on 12.5Hz at 24 mon. Most of them  medication, but no changes compared to

salivation, swallowing and sensory complaints in UPDRS-1I on mono polar setting pre- op ON medication status. (Levodopa

cortesponding items. equivalent dosage 60 and 59% reduction
at 12 and 24 months, respectively)

@ PD, B STN PD onset age of 49.3 + Retrospectively collected data for a prospective study in 18 0.5-6.0 V/60-120 Postoperatively, medications reduced by
10.2 yo. PD duration at time  PD, M/F 11/7, ON medication, before and 20 months after 115/65-180 Hz. Configurations: 50%. No ciinically relevant effect of DBS
of surgery 135.3 % 68.7 DBS (medication reduced by 50%), comparing swallowing 26 of the leads were monopolar;  on swallowing was observed using
months before vs. after DBS and ON vs. OFF DBS using VFSS and the rest were bipolar, double qualitative parameters. However,

“New Zealand Index for Multidisciplinary Evaluation of bipolar and double monopolar. quantitative parameters found significant

Swallowing Subscale One” for qualitative and changes of pharyngeal parameters with

“Logemann-MBS-Parameters” for quantitative evaluation. ON DBS as compared to pre-op and OFF
DBS mostly with fluid consistency. They
concluded that DBS modulates the
pharyngeal phase but has no clinically
relevant influence on overall deglutition.

(8) PD, Bil STN Age of 8.0 + 6.5 y0, Open label study in 20 PD, M/F 15/5, Bil STN DBS, The Unknown configuration but -2 DBS improves gastric motiity and
disease duration 10.9 4.7 frequency and severity of gastrointestinal symptoms (including /60 us/130Hz symptoms. Gastrointestinal dysfunction
years dysphagia) based on a structured gastrointestinal dysfunction questionnaire improved by > 50% with

questionnaire also assessed, at OFF medication state. dysphagia 3 months post-op, at OFF
medication but ON DBS

(49) PD, Bil STN Age of 67.5 + 6.5 y0, Open label study in 34 PD (W/F 23/11), OFF medication Unknown DBS improved the dysphagia.
disease duration 15.24 4.8 state, ON DBS compared to OFF, in subjective VAS for
years. DBS median duration  non-motor symptoms, inclucing dysphagia in the study
of 13 months

(50) Meige syndrome, Median ages 61 (41-72)yo, ~ Retrospective review of videos and charts in 6 cases, M/F 1.5-3.5 V/60-450 Swallowing and speech did not improve in

Biland Unil GPi and median duration 6.5 4/2,1 Unil and 5 Bil GP, evaluated 6 months and 12 months ~ 1s/10-185 Hz. Configurations: 9 this cohort.

(1-13) years. for UDRS and BFMDR including speech and swallowing monopolar, 1 bipolar, and 1
function. double monopolar

(51) Dystonia (Meige Mean age 42.8 (30-67) yo, Retrospective analysis, 11 segmental dystonia (9 Meige 32405 V/150 + 60 Speech and swallowing function improved

syndrome and mean disease duration 8.5 syndrome, 2 crural type dystonia), M/F 3/8, Bil GPi, assessed /130 Hz. Monopolar significantly at 6 months and 36

crural dystonia), (12-25) years pre-op and post-op 6-12-24-36 months, by BFMDRS configuration in all patients, with  months post-op.

Bil GPi ventral contacts in all except two

patients.

62 ET,PSA, 19 Ageof 63,6+ 1480, ET A prospective study in 21 patients (M/F 14/7) with ET were The mean stim parameters: 2.6 Effective and safe in tremor control, with

patients with ET
had Uniland 2 had
Bil PSA DBS.

duration of 20.3% 13.7
years.

included in this study for the efficacy and safety of PSA DBS.
Eight patients presented a postoperative mild dysphasia that
regressed within days to weeks.

+0.8V, 614 £6.0 s, 1654
21 Hz, and monopolar stim in
78% leads.

transiently mild dysphagia regressed within
days to week

STN, subthalamic nucleus; GPi, globus pallilus interna; ViM, ventralis intermedius; PSA, post-subthalamic area; cZi, caudal zona incerta; M, male; F; female; yo, year-old; FOG, freezing of gait; s/p, status post; Bl Bilateral; Unil, unilateral;
HFS, high frequency of stimulation; LFS, low frequency of stimulation; VIFSS, videofluoroscopic swallow study; FEES, fiberoptic endoscopic evaluation of swallowing; PA, penetration-aspiration; UPDRS, Unified Parkinson's Disease
Rating Scale; V, voltage; L, left; R, right; SWAL-QOL, swallowing related quality of life; VA, visual analogue; DYT8, dystonia by the THAP1 mutation; BFMDS, Burke-Fahn-Masden Dystonia Rating Scale; neurostim, neuronal stimulation;
stim, stimulation; SNr, substantia nigra reticular; DHI, Dysphagia Handicap Index; UDRS, Unified Dystonia Rating Scale; ET, essential tremor.
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@7 Dystonia, Bil GPi

8) Dyskinesic CP,
BilGPi

(29) Meige Syndrome,
BilGPi

(30) Meige syndrome,
BilGPi

@1) Meige syndrome,
BilGPi

(32) Meige syndrome,

(36) PD, Unil and
BilSTN

@7) PD, Bl STN

(38) PD, Bil STN

89) PD, Bil STN and
BilGPi

(40) PD, Bil or Unil STN

(@1 PD, Bl STN,

19 patients (12M); Age at
surgery 47.3 12 yo; mean
disease duration 13.7 +
10.9 years, with isolated
generalized (n = 10),
segmental (n = 4) or
cervical dystonia (1 = 5) and
chronic GPi DBS for up to
16 years (11 2.6 years) for
follow up.

Age 30 + 6.8 yo at study,
about 4 years after the

surgery

Age at surgery 64.5 + 4.4
yo, mean PD duration 8.3 &
4.4 years

Age58.0 7.8 yo,
duration: 8.7 7.6 years.

Mean age 58.5 yo, discase
duration 12.5 years

Age: 41.5 yo, Bil GPi

Median 61 yo (41-72),
disease course unknown

Age of 666 6.2 yo, with
11.6£ 5.7 years of PD

Age of 57.3 + 4.7 yo;
disease duration 13.0 + 2.4
years

27 PD, 14 with 168 + 6.2
years of PD for STN, 13 with
15.1  10.2 years of PD for
GPi. 27 age and gender
matched healthy control
subjects.

Ageof 5.9+ 9.6 Yo,
disease duration 8.3 & 3.7
years

Age of 63.4: 6.7 yo (10M),
disease duration unknown.
DBS duration at least 6
months post-op. Healthy
control (HC) age of 68.1
107 yo (16M)

Retrospective analysis in 19 patients, analyzing BFMDRS at
baseline, short-term (range 3-36 months) and long-term
follow-up (range 93-197 months). Quality of lfe and mood
were evaluated using the SF-36 and Beck Depression
Index questionnaires.

Eight patients with dyskinesic GP, /p Bil GPi were openly
assessed by BFMDR Scale. Subjective impression of the
extent of postoperative change as well as gait, speech and
swallowing performances (by fioeroptic laryngoscopy) also
assessed during ON/OFF DBS.

Retrospective study, in 12 patients with Meige syndrome, M/F
6/6, followed up to 78 mon after Bil GPi. BFMDR speech and
swallowing subscore in short ~term (4.4 1.5 months) and
long-term (38.8 <+ 21.7 months) follow-up.

Retrospective study in 11 cases, unknown M/F, Meige
syndrome, Bil GPi DBS, on BFMDRS, f/u for more than 12
months (mean 23.1 6.4 months).

Open label, prospective follow up study, in 6 cases of Meige
syndrome, M/F 2/4 Bil GPi, BEMDRS assessed before and
after DBS compared to the baseline scores in short-term (3
months) and long-term (6-60 months) post-op follow up.

Retrospective study, 40 patients (M/F 16/24), Bil GPi with
Meige syndrome. Motor functions were assessed using the
BFMDRS and subscores. The severity of patients’ dystonia
was evaluated before surgery and at follow-up DBS.

Open label, prospective study, 11 patients (6 Uni and 6 Bil
STN) evaluated before and 6 and 12 months after DBS, using
self-estimation on a VA scale (11 patient) and FEES (8 patient)
including PA scale, secretion severity scale, pre-swallow
spillage, pharyngeal residue and clearance, ON/OFF DBS, at
ON medication

Open label study, 18 patients, M/F 8/10, Bil STN, with clinical
swallowing impairments, evaluated at pre- and 6 month
post-DBS, using VFSS comparing ON DBS ON mediication to
pre-op ON medication (though with more LED than post-op)
on oropharyngeal transit times, speed of tongue movement
and laryngeal elevation delay time and dysphagia scale score,
and comparing ON DBS to OFF DBS at ON medication
post-op as well

Longitudinal prospective descriptive study, 10 PD, W/F 10/0,
Bil STN DBS, clinical assessment of anamnesis, Functional
Oral Intake Scale, and clinical swallowing function before and
6 months after the DBS

Randomized, double-blind, longitudinal study, with matched
healthy controls, in 14 PD with Bil STN and 13 PD with Bil
GPi, M/F 25/2, assessed before (OFF/ON medication) and 6
months after DBS (OFF/ON medication and OFF/ON DBS) on
self-scaled and externally-scaled jaw peak velocity.

Retrospective study, in 85 PD, M/F 52/33, BIl (51) or Unil (34)
STN DBS, assessed before (ON/OFF meds) and 4.9 years
after DBS (ON/OFF medication and ON/OFF DBS) on
UPDRS-I (swallowing) and UPDRS- Il (speech)

Controlled, randomized, double blind, crossover tril, 15 PD
patients were assessed with DBS Stim OFF, STN-DBS, STN
+ SNr- DBS, Patients and 32 age-matched HC were
examined ciinically and by FEES to evaluate the swallowing
function. The primary end point was the assessment of
residues, secondary endpoints were penetration/aspiration,
leakage, retained pharyngeal secretions, drooling, and
assessments of the patient’s self-perception of swallowing on
a VA scale.

Unknown

1.2-3.8 V/90-210 ps /all
120-180Hz, except one 5 Hz.
Active contacts: 0, 8,0, 8,0, 8,
3,7,2,5,0,4,0,4,1,5.

RU2.4-5.0 V/60-210
ns/130-210Hz, Lt 2.2-4.9 V/
90-210 ps/130-210 Hz. Most of
them on bipolar or monopolar

3.4:+06V/ 1336 % 576.4 ps/
143.1  38.1 Hz (ast follow up),
xyz 21.6/2.8/- 4, unknown
contacts

3.4-4.1Vor 2.5-82mA,
117-120 s, 130-160Hz; 9 on
double monopolar.

Al 40 patients received
monopolar stimulation with the
average voltage of 2.6 + 0.8V,
pulse width of 90.0 % 21.1 s,
and frequency of 88.0 & 21.3Hz.

Unknown

Unknown

Unknown DBS configurations
and parameters, or medication
status (but no changes in
levodopa equivalent dose pre
and post-DBS).

Mean amplitude 3.28V, with
70% of the patients on 90 s of
pulse width (60, 120, and 150 in
two subjects each), and 71% on
185Hz (the rest was between
130 and 150Hz). xyz for STN:
12/—4/~4mm; xyz for GPi:
20-21/2/—4mm. No specific
contact settings available.

2.9-3.1V/86-88 ps/163-174 Hz

The tip of the electrodes
>4.5mm below to AC-PC line.
Various DBS parameters. All at
HFS 126-130Hz.

GPi DBS is a safe and efficacious
long-term treatment for dystonia with
sustained effects on motor impairment
and disability, accompanied by a robust
improvement in mood and quality of Ife.
The most common stim-related side
effects were dysarthria (0 = 4), swallowing
difficulties (n = 1) and bradykinesia (n = 2),
which were all partially reversible with
adjustment of stimulation settings.

No change in objective assessment of
speech and swallowing function after DBS
compared to baseline, but patients
reported subjective improvement.

BFMDR speech and swallowing subscore
improved by 44 and 64% respective in
short—term and long-term assessment.

Improved by 68.4% for speech and
swallowing subscore at 12 months after
DBS. No difference between 12 and

24 months

Speech/swallowing subscore improved by
49% in short-term and 39% in
long-term assessment.

A6, 12, and 24 months after surgery, the
BFMDRS subscores of eyes, mouth,
speech, and swallowing and mouth
movement were significantly better. The
overallimprovement rate was 83%

Subjectively improved with DBS on self-
assessments, but no improvement on
objective FEES.

STN-DBS may not significantly improve
overall swallowing function, but may
improve tongue movement and
laryngeal elevation

No change in swallowing function 6
months after DBS compared that
before DBS.

OFF medications: DBS in STN worsened
while GPi improved jaw velocities by
self-scale 6 months after DBS compared
to baseline. ON medications: velocities in
STN still worse than the baseline, but no
difference in GPi. Similar results also
revealed by external scale. No benefit of
STN or GPi on jaw velocity in PD
compared to the best medication therapy.
STN could even be harmful

Long-term STN DBS failed to improve
swallowing and speech (swallowing and
speech parameters even worsened
with DBS).

Eleven completed the study. Four dropped
out from STN/SNr Stim due to side
effects. Compared with HC, PD patients
showed significantly more pharyngeal
residues in Stim OFF and both DBS
modes. Residues or aspiration events
were found in 80% of the patients under
STN-Stim. STN + SNr-Stim had no
addiional positive effect on swallowing
function compared to STN-DBS.
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References Diseases,

®

(16

an

(20)

@2

@9

@4)

(@8)

(6)

targets (STN vs.
GPi vs. PSA/cZi)
and side (Unil
vs. Bil)

PD, Bil STN

PD, Bil STN

PD, Bil STN

PD, Unil STN
or GPi

PD, BilcZi

PD, BilcZi

PD, Bil cZi

DYTS, Bil GPi

Primary general or
segmental
dystonia, Bi GPi

Age at study, and/or
disease duration (Mean
Std, unless noted) (Years)

Age of 57.7 + 8.4 yo, PD
duration of 14.4 5.8 years

Age of 64.0 + 8.0 yo and
PD duration of 12.9 % 4.9
years, s/p Bil STN-DBS for
4.4+ 49years.

68.5 5.9 yo, PD duration
of 1.2+ 5.7 years and DBS
duration of 8.6 4.0 years

PD duration 11.21 £5.21
years for STN, 12.11 + 4.15
years for GPi

Age 49-71 yo, median 62
yo; disease duration 6.1
28 years.

Median 53 yo for PD and 54
yo for controls.

Median 57 yo, with median
disease duration of 6 years

Age at DBS 8-57 yo.
Disease duration before
DBS 2-19 years. Length
follow up after the DBS:
1-16 years 4 months.

20 neurostim (13M) and 20
sham stim (14M), age 40.5
+135and 38.4 £ 138 yo,
respectively; disease
duration 21.8 8.1 and 17.2
+7.5 years, respectively

Design and assessment

Retrospective chart review, in 27 PD, unknown M/F ratio,
assessed dysphagia after DBS, as adverse effect, in a mean
of 30 months after DBS, unclear ON or OFF medication
status when and how the dysphagia was assessed.
Medication dose was also reduced by 39% at 12 months and
30% at 30 months.

Prospective, sequence randomized, crossover, double-blind
study in seven PD patients with refractory FOG at HFS of
130Hz and ON medication, each received VFSS under DBS
of 130, 60 Hz, or OFF DBS, all ON medication. The laryngeal
PA events and a swallowing questionnaire were assessed.
UPDRS-Il motor score, axial subscore, tremor subscore, and
FOG by a questionnaire and stand-walk-sit test were also
assessed. DBS condition with the least FOG (60 Hz) was
maintained for 6 weeks on average, and patients were
assessed again then (at 60 Hz). Changes in measurements
between the 60 Hz and 180 Hz at initial assessment, and
between 60 Hz of 6 weeks apart were analyzed, with
swallowing function as primary and the remainder as
secondary outcomes. Changes between other DBS
conditions were also explored.

A prospective, sequence randomized, crossover,
double-blind study, PD patients with DBS refractory FOG at
130 Hz and ON mediication were randomized to sequences of
130, 60 Hz, or OFF DBS to assess swallowing function by
VFSS, FOG severity (stand-walk-sit test and FOG
questionnaire) and motor function (UPDRS-I at inital visit
(V1) and follow-up visit (V2, after being on 60 Hz stimulation
for an average of 14.5 months), in usual ON medication state.
The frequency of aspiration events, perceived swallowing
dificuity and FOG severity at 60 Hz compared with 130Hz at
V2, and their corresponding changes at V2 compared with V1
at 60 Hz were set as primary outcomes, with similar
comparisons in UPDRS-Il and its subscores as

secondary outcomes.

Retrospective chart review, 33 PD, M/F 28/5, 14 on Unil STN,
19 on Unil GPi, before and 6 months after DBS on PA score
of VFSS and SWAL-QOL scores. The assignment on the
target was not randomized.

Open label, prospective longitudinal study, 8 PD patients, M/F
6/2, Bl cZi, swallowing function before and 6 and 12 months
after DBS on any of the swallowing parameters, assessed by
FEES and self-assessment questionnaire. Pre-op patients
were examined ON (1.5 times of the ordinary levodopa
equivalent) and OFF meds. Post-op ON mediication, with
ON/OFF DBS.

Open label, prospective, longitudinal study, 9 PD, MFF 772,
compared to 9 controls in SWAL-QOL scale and VA scale
before (ON and OFF meds) and 12 months after Bil cZi DBS
(ON medications, ON/OFF DBS)

Open label, prospective longitudinal stucy on 14 PD patients
with Bil ¢Zi, M/F 12/2, extending their previous report on
swallowing function using FEES, before (ON medications,
1.5x of the original dose) and 12 months after DBS at ON
medications (original dose) and ON DBS On vs. OFF DBS
state, on PA scale, secretion severity scale, premature
spillage and pharyngeal residual.

Retrospective multiple centers case serials of medical records
in 14 DYT6 patients, 9F, 5M, with BFMDS and the sub-scores
as the outcome measures at a median of 4 year 10 months
post-surgery compared to that before the surgery

A randomized, controlled trial, with 40 patients randomly
assigned either to neurostim or sham stim for 3 months.
Primary end point was the change form baseline to 3 months.
on BFMDRS. Subsequently all patients received open label
neurostim; biinded assessment was repeated after 6 months
of active treatment.

DBS settings

Unknown

Amplitudes: Rt 3.1 0.4V; Lt
3.2+ 0.4V, Pulse widths: Rt
81.4 %+ 14.6us; L190.0+ 245
ws. Frequencies: 130, 60Hz,
OFF

Configurations: 13 active
contacts on monopolar and one
active contact on

bipolar configurations.

Amplitudes: L: 3.0 £ 0.4V,
2.9+ 03V Pulse widths:
+24 s, R: 680 £ 14 s
Frequencies: 130, 60 Hz, OFF
Configulrations: 20 leads on
monopolar, 2 leads on bipolar;
16 on dorsal and 6 on ventral
active contacts.

76.0

Unknown

Unknown

Unknown, except 125-160 Hz

Unknown, except 125-160Hz

Stimulationfrequency 90-180 Hz
at their last follow up visit. Details
unknown.

Neurostim: 3 months
3.2/122.2/139.5 (V/ps/Hz) 6
months: 3.2/123.7/135.7 Sham
stim: 3 months: N/A 6 months:
3.2/131.3/132.8 unknown
contacts, xyz (mm): 20 to
21/2/-2t0 -6

Outcome (ON/OFF medication,
‘ON/OFF DBS)

At least three patients developed
worsening or new dysphagia after the
DBS, in a mean of 30 months
post-operation (post-op).

Compared with the routine 130, 60 Hz
significantly reduced aspiration frequency
by 57% on VFSS and reduced the
perceived swallowing difficulty by 80% on
questionnaire. It also significantly reduced
FOG, overall axial symptoms and
parkinsonism. The benefits at 60Hz
stimulation persisted over the

6-week assessed.

All 11 participants completed V1 and 10
completed V2. They found benefits of

60 Hz compared to 130 Hz in reducing
aspiration frequency, perceived swallowing
difficulty, FOG severity, bradykinesia and
overall axial and motor symptoms at V1,
with persistent benefits on al of them
except dysphagia at V2, with overall
decreasing efficacy when comparing V2
toVi1.

PA scores significantly worsened in STN
but not in GPi at ON DBS state and ON
medications state. No change in
SWAL-QOL scores before and after the
DBS for either group. However, the GPi
group had worse swallowing function at
the baseline than the STN before the DBS.

No clear-cut effect of DBS at 6 and 12
months on any of the swallowing
parameters except the pre-swallow
spilage that was slightly worsened ON
DBS at 12 months post-op. Overall no
negative effect on swallowing function.

No significant differences between the
pre- or post-op scores. No difference
between PD and controls. cZi not
negatively affecting the swallowing QOL.

Zi DBS was found ot to have a negative
impact on swallowing safety, with no
changes on PA, pharyngeal residual or
premature spilage. Speech function noted
to be worse.

No improvement in swallowing and
speech function in 10/14, and some
improvement in 4/14.

Significantly benefit in dystonia on
neurostim than sham stim at 8 months. No
improvement in swallow and speech after
6 months neurostim.
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% BOP

Variables Coefficient (B)* 95% Cl P-values
“Moderate” periodontitis at baseline 14.3 9.6;19.0 <0.001
“Severe” periodontitis at baseline 15.6 11.6;195 <0.001
# Extracted teeth at baseline 05 0111 0045
“Cognitive” domain over the study period -6.6 -116;,-16 0010
9% Plaque 0.4 02;07 0001

aAdjusted for #Decayed teeth, FIM scores and variables in the model.
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% Plaque

Variables Coefficient () 95% CI P-values
“Moderate” periodontitis at baseline -68  —-12.1;-15 0012
Regional ward (Reference: -156  —27.3;,-39 0.009
high-specialized ward)

# Extracted teeth at baseline 10 -1.9-01 005

9 Galculus -05 -09;00 0032
Time -88  -154;-22 0009

a: Adjusted for age, BMI, and 'severe’ periodontitis at baseline and variables in the model.
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Items

1. % Plaque®
2.% BOP®

3. % Calculus®
4. BOE®

a. Swallow

b. Lips

c. Tongue

d. Saliva

e. Mucosa

. Gingiva

g. Testh

h. Odor

Total

Baseline
(Week 1)

506 (27.1)
41.942.7)
55(12.5)

1(1-2)
1(1-2)
1(1-2)
1(1-2)
1(1-2)
1(1-2)
1(1-2)
1(1-2)
11(9-13)

5. Frequency of toothbrushing® 1.8 (0.6)

BOE, bedide orel examination; BOR, bleeding on probing.
Wicoxon signed ranked test.

bPaired t-test.

Week 5/Discharge

42.2(30.4)
30.4(37.3)
47(119)

1(1-1)
1(1-1)
1(1-2)
1(1-2)
1(1-1)
1(1-1)
1(1-1)
1(1-1)

9(8-11)
20(05)

P-value

0.01
0.06
0.29

<0.01
0.10
0.29
0.03
<0.01
0.07
<0.01
0.05
<0.001
0.06
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Individuals at HNRC

All ABI individuals
(self-oral care)

ABl individuals with

eating or cognitive
difficulties

(oral care by caregivers)

Tracheotomized ABI
individuals
(oral care by caregivers)

Standard oral-care (recommended clinical guidelines)

Instruction to brush twice a day, preferably after each meal.

Free to have any toothbrush they bring from home (small head/big
head/electric soft bristle toothbrush) with fluoride toothpaste (min.

1,450 ppm).

Orofacial stimulation (face, lip, gum, and tongue) before every meal.
Cleaning of mouth for food debris and secretions before and after each
intake of food and drinks.

Use of small head soft bristle toothbrush and fluoridated non-foaming
toothpaste (min. 1,450 ppm).

Tooth brushing in circulatory motion starting bucally, palatally, and then to
occlusal table twice a day after each meal

Oral care in reciine or side wise position.

Orofacial stimulation (face, lip, gum, and tongue) 2-3 times/day.
Cleaning of mouth for food debris and secretions 2-3 times/day.
Individual who are unable to spit, the oral cavity is cleaned by mouthwash
having amyloglucosidase and fluoride (Zendium) with the help of sponge
or swabs.

Supplemental oral-care (case-dependent)

Chlorhexidine mouth wash (0.12%).
Oral mucosal care.

Dental floss once a day.

Lip moisturizer for dry or cracked lips.
Chiorhexidine mouth wash (0.12%).
Oral mucosal care.

Lip moisturizer for dry or cracked lips.

Carbonated water for patients with dry mouth.
Mouthwash containing both chlorhexidine (0.06%)
and fluoride (0.05%) for bleeding gums.

Lip moisturizer for dry or cracked lips.
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(A)

EEG ERD/ERS EEG ERD/ERS EEG ERD/ERS

channel channel channel

Fp1 —0.002 £ 0.062 FC6 —0.008 +0.080 CP6 —0.050 +0.077

Fpz —0.010+ 0.067 M1 0.013 =+ 0.061 P7  —0.013 £ 0.061

Fp2 —0.004 £0.069 T7 -0.018 £0.066 P3  —0.026 +0.062

F7 0.009 + 0.071 C3  —0.043 +0.069 Pz  —-0.015 +0.056

F3 —-0.013+0.063 Cz —-0.026 £0.054 P4  —0.038 +0.071

Fz —0.025 £ 0.048 C4  —0.044 £ 0.060 P8 —0.022 £+ 0.063

F4 —0.024 £ 0.064 T8 —0.041 £0.072 POz 0.003 + 0.037

F8 0.011 £ 0.098 M2 0.017 £ 0.074 o1 0.008 + 0.078

FC5 —0.009 +£0.069 CP5 —0.039 &+ 0.065 Oz 0.009 + 0.077

FC1 —0.025 £ 0.060 CP1  —0.033 £ 0.045

FC2 —0.030 £ 0.043 CP2  —0.051 £ 0.049

(B)

EEG channel Theta frequency Alpha frequency Beta frequency
band band band

Fp1 0.28 0.61 0.56

Fpz 0.67 0.67 0.61

Fp2 0.39 0.72 0.72

F7 0.39 0.72 0.50

F3 0.39 0.72 0.67

Fz 0.39 0.50 0.72

F4 0.39 0.61 0.78

F8 0.39 0.61 0.50

FC5 0.44 0.72 0.50

FC1 0.33 0.61 0.72

FC2 0.44 0.78 0.67

FC6 0.50 0.78 0.72

M1 0.44 0.61 0.78

T 0.39 0.56 0.56

C3 0.39 0.39 0.61

Cz 0.33 0.61 0.78

C4 0.61 0.61 0.44

T8 0.44 0.56 0.44

M2 0.56 0.72 0.61

CP5 0.33 0.50 0.39

CP1 0.39 0.67 0.89

CP2 0.44 0.39 0.50

CP6 0.50 0.61 0.44

P7 0.56 0.78 0.56

P3 0.50 0.50 0.50

Pz 0.50 0.72 0.83

P4 0.61 0.67 0.50

P8 0.44 0.67 0.39

POz 0.72 0.72 0.67

o1 0.72 0.67 0.61

Oz 0.44 0.50 0.39

n =18, mean + SD.

The ratio of the subjects with a significant coherence in all 18 subjects is
presented in Table B. n = 18.
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Variables

“Moderate” periodontitis at baseline

Regional ward (Reference:
high-specialized ward)

“Motor” domain over the study period
Dysphagia at baseline
Age

aAdjusted for variables in the model.

BOE—total score

Coefficient (8)®

-1.0
-1.7

-06
05
0.04

95% Cl  P-value
-1.3; -0.5 <0.001
-2.8,-05 0.006

0.010
0.043
0.016
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% Calculus

Variables Coefficient (8)* 95% CI P-value
Onset of pneumonia during hospitalization 62 14,99 0009
Eating difficulty 23 06;4.0 0.007

*Adjusted for ward, age, ‘Cognitive’ domain over the study period and variables in the
model.





OPS/images/fnhum-14-00112/cross.jpg
3,

i





OPS/images/fnins-14-552650/fnins-14-552650-g003.jpg
200%

Healthy
Subjects

100%

0%

o 0
OFP 100%

subjects

-200%





OPS/images/fneur-11-00237/fneur-11-00237-t001.jpg
Isotonic saline Granisetron Lidocaine

DETECTION THRESHOLDS
Mechanical detection (MDT) (g)
Mean (SD) 49(3.1) 6.4(10.7) 5.1(3.7)
Median (IQR) 3438 3.438) 34(38)
Cold detection (CDT) (°C)
Mean (SD) 302(1.8) 30.0(1.5) 31.6(1.9)
Median (IQR) 305(1.0) 30.3(1.4) 31.03.0)
Heat detection (HDT) (°C)
Mean (SD) 34.6(1.6) 34.0(1.2) 34.4 20)
Median (IQR) 33.8(2.4) 335 (1.1) 336 (1.5)
PAIN THRESHOLDS
Mechanical pain sensitivity (MPS) in NRS 0-100
Mean (SD) 36.1(14.6) 39.2(16.3) 386 (14.5)
Median (QR) 37.5(30.0) 37.5(24.5) 400 (21.4)
Cold pain (CPT) (°C)
Mean (SD) 13,6 (11.0) 14.1(06) 12.3(08)
Median (IQR) 15.4(22.6) 15.6 (20.9) 11.3(19.8)
Heat pain (HPT) (°C)
Mean (SD) 442(4.6) 44.0 (4.4) 45.4 (4.0)
Median (QR) 452(7.9) 433(69) 46.1(6.2)

SD, stenderd deviation; IQR, interquartie range (75th percentile minus 25th percentie);
°C, degrees in Celsius; g, gram; NRS, numeric rating scale. There were no significant
differences in any aspect.
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Outcome Measures CTB SAP + Exercise CTB SAP + Sham Exercise Control + Exercise Control + Sham Exercise

Mean SEM Mean SEM Mean SEM Mean SEM
Tongue Volume (cm®) 0.495 0.008 0.543 0.014 0.489 0.012 0.488 0.015
Tongue thickness (mm) 5.123 0.117 5.791 0.237 5.097 0.302 4.815 0.112
Tongue width at root (mm) 7.233 0.231 7.404 0.275 7.693 0.115 7.086 0.231
Tongue width at blade (mm) 8.462 0.280 8.836 0.167 8.160 0.249 8.604 0.251

4th Ventricle volume (mm?3) 3.893 0.402 5.052 0.337 3.431 0.393 3.729 0.279
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(P) Evaluation of pain relief by the BNI pain intensity score
1. No pain, no medication

2. Occasional pain, not requiring medication

3. Some pain, adequately controlled with medication

4. Some pain, not adequately controlled with medication

5. Severe pain/no pain relief

(N) Evaluation of numbness by the BNI facial numbness score
1. No facial numbness

2. Mild facial numbness, not bothersome

3. Facial numbness, somewhat bothersome

4. Facial numbness, very bothersome

(1) Total evaluation of results = (P) + (N)

2 Excellent

3 Good

4 Fair

5 Poor
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Outcome Measures CTB SAP + Exercise CTB SAP + Sham Exercise Control + Exercise Control + Sham Exercise

Mean SEM Mean SEM Mean SEM Mean SEM
Lick Rate (Hz) 6.67 0.07 6.38 0.1 6.93 0.09 6.89 0.06
Swallow Rate (Hz) 0.96 0.07 1.02 0.08 1.29 0.05 1.3 0.06
Lick Swallow Ratio 7.86 0.86 7.33 0.6 5.3 0.29 4.99 0.23
PTT (ms) 85.45 247 89.09 3.68 86 3.4 82 2.49

MVLF (g) 21.37 14 15.96 0.76 20.22 1.32 20 0.68
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Outcome measure Parameter Estimate Standard t-Value Pr> |t

Error of Estimate

Lick Rate (Hz) Intercept 4.796 0.910 527 <0.0001
(R? =0.50) Lick Rate Baseline Value 0.293 0.127 2.31 0.0261
p < 0.0001 Control + Exercise 0.058 0.111 0.52 0.6054
CTB-SAP + Sham Exercise -0.511 0.105 -4.85 <0.0001
CTB-SAP + Exercise -0.197 0.106 -1.87 0.0689
Control + Sham Exercise 0 . . .
Swallow Rate (Hz) Intercept 0.722 0.184 3.93 0.0004
(R? =0.51) Swallow Baseline Value 0.441 0.132 3.33 0.002
p < 0.0001 Control + Exercise -0.037 0.086 -0.44 0.6651
CTB-SAP + Sham Exercise -0.282 0.083 -3.39 0.0017
CTB-SAP + Exercise -0.283 0.085 -3.31 0.0021
Control + Sham Exercise 0 : : ;
Lick-Swallow Ratio Intercept 1.471 1.650 0.89 0.3785
(R% =0.41) Lick-Swallow Ratio Baseline 0.656 0.289 2.27 0.0293
p =0.0006 Control + Exercise 0.514 0.807 0.64 0.5284
CTB-SAP + Sham Exercise 2.413 0.803 3.01 0.0048
CTB-SAP + Exercise 2.335 0.819 2.85 0.0072
Control + Sham Exercise 0 . . ‘
PTT (ms) Intercept 56.027 17.118 3.27 0.0023
(.‘?2 =0.12) PTT Baseline Value 0.299 0.194 1.54 0.1314
p =0.2924 Control + Exercise 3.701 4.376 0.85 0.4031
CTB-SAP + Sham Exercise 8.638 4.388 1.97 0.0565
CTB-SAP + Exercise 3.373 4.272 0.79 0.4348
Control + Sham Exercise 0 . . .
MVLF (g) Intercept 18.602 3.338 5.57 <0.0001
(R% =0.28) MVLF Baseline Value 0.073 0.164 0.44 0.6602
p=00183 Control + Exercise 0.094 1.598 0.06 0.9535
CTB-SAP + Sham Exercise -4.181 1.607 2.6 0.0135
CTB-SAP + Exercise 1.214 1.612 0.75 0.4565
Control + Sham Exercise 0

‘Control + Sham Exercise’ was considered as the reference for experimental group pairwise comparisons for each outcome measure. Statistically significant pairwise
comparisons are bolded and highlighted in yellow.
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Experimental group Sample size Fluid intake (grams)

Day 4 Day 6 Average
Mean SEM Mean SEM Mean SEM
‘Control + Sham Exercise’ 7 29.3 4.4 33.7 3.5 31.5 3.4
‘Control + Exercise’ 8 232 4.2 30.9 3.2 27.0 3.2
‘CTB-SAP + Sham Exercise’ 9 27.3 3.9 30.6 3.1 29.0 3.0
‘CTB-SAP + Exercise’ 11 28.2 3.5 31.5 2.8 29.9 2.7
Grand total 29.3 3.1

SEM, standard error of the mean. Fluid = 30% sucrose in standard vivarium water (opH 3.5).
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Experimental group Sample size Baseline MVLF (g) Resisto-spout force setting (g) Exercise intensity

(% > MVLF)
Mean SEM Mean SEM Mean SEM
‘Control + Sham Exercise’ 12 19.5 1.18
‘Control + Exercise’ 10 20.9 0.82 2905 0.54 40.1 3.62
‘CTB-SAP + Sham Exercise’ il 21.2 1.44
‘CTB-SAP + Exercise’ 12 21.7 1.87 28.92 0.783 38.5 4.27

SEM, standard error of the mean. Exercise intensity (i.e., % > MVLF) is applicable only to the two exercise groups because the sham exercise groups had a negligible
(i.e., <4 g) lick force requirement that was below their spontaneous lick force during voluntary drinking.
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Age (years)
Sex (n)
Male/female
Occupation (n)
Employed/unemployed
Principal comorbidities (n)
Fibromyalgia
Hypertension
Enteric disease
Diabetes mellitus
Other rheumatic disease
None
Drug use (n)
Non-steroidal anti-inflammatory drugs
Antidepressants
Muscle relaxants
Analgesics
None
Symptoms duration (months)
Symptoms frequencies (n)
Continuous/episodic recurrent
Pain side (n)
Right/left/bilateral
Previous treatment
Physiotherapy
Arthrocentesis
Byte use
DC/TMD Axis |
Myofascial pain
Myalgia
Arthralgia
DC/TMD Axis I
Pain-related disability (n)
Low
High
Depression (n)
Minimal-mild
Moderate-severe
Anxiety (n)
Minimal-mild
Moderate-severe
Non-specific physical symptoms (n)
Minimal-mild
Moderate-high
NPRS
Catastrophizing (n)
Not present
Present
Central sensitization (n)
Subclinical-mild
Moderate-severe

Sample (n = 24)
Mean (SD) or n (%)

49.8 (13.1)

5 (21)/19 (79)

14 (58)/10 (42)

W b~ O,

NN =

12 (50)
49.21 (68.59)

7 (35)/17 (65)

3(10)/3 (15)/18 (79)

11 (45)
10 (35)
16 (65)

21(90)
1)
2(9)

9 (37.5)
15 (62.5)

16 (66.7)
8 (33.3)

19 (79)
5(21)

13 (54)
11 (46)
6.42(1.72)

n, number; SD, standard deviation; DC/TMD Axis | and Axis ll, Diagnostic
Criteria for Temporomandibular Disorders Axis | and Axis ll; NPRS, Numeric

Pain Rating Scale.
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Correlations

Gender MMSE FPU PT oP

CEA score 0.15 016 —068 0.69 0.62
Age —0.26 -0.35 033 —0.32 —0.30
Gender 1.00 019 —0.43 0.7 0.12
Cognition (MMSE) 0.19 1.00 —0.08 0.10 0.05
Ful prosthesis upper (FPU) —0.13 —0.08 1.00 —089 —0.71
Present teeth (PT) 0.47 0.0 —089 1.00 0.83
Occluding pairs (OF) 0.12 005 —071 0.3 1.00

Note:

135,
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Variable R R? B t p 95% Cl Lower 95% Cl Upper

Age 0.35 0.12 —0.02 —4.30 0.000 —0.02 —0.01
Gender 0.16 0.03 0.08 1.89 0.061 —0.00 047
Education 0.15 0.02 0.01 151 0.134 —0.00 0.03
Cognition 0.18 0.03 0.01 210 0.038 0.00 0.02
Full prosthesis upper 0.67 0.44 -0.33 —10.35 0.000 —0.40 -0.27
Present teeth 0.66 0.44 0.02 10.21 0.000 0.01 0.02
Occluding pairs 0.62 0.39 0.04 9.18 0.000 0.03 0.05
Note: 135, B, unstandardized B; Cl, confidence interval: p, level of significance; R, variance; t, test value.
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Variable Al (n = 135) Full prosthesis upper (n = 64) No full prosthesis (e.g., dentate) upper (n = 72)
Age, mean (SD) years 82.1(5.8) 844 (5.7)™ 80.4 (5.5
Gender, female (%) 74 (54.4%) 39 (60.9%) 35 (48.6%)
Education, median (IQR) years 11.0(9.0-12.0) 95(B.0-11.8"* 12.0 (10.0-14.0/*
Living environment, number home dweling (%) 117 (86.0%) 49 (76.6%)" 68 (04.4%)°
Cognition, median (IQR) MMSE score 23,0 (18.0-26.0) 22.0(18.0-26.0) 23,0 (19.0-27.0)
Present teeth, median (IQR) 13.0(0.0-23.0) 0.0 (0.0-60* 225 (18.2-26.01*
Occluding pairs, median (IQR) 0.0(0.0-7.0) n/a 6.0(2.0-9.0)
Oral function

0-2 OP and no prosthesis, N (%) 7(5.4%) na 70.7%)

0-2 OP and prosthesis, N (%) 71 (52.2%) 58 (20.6%) 13(18.1%)

3-50P N (%) 13(9.6%) n/a 13(18.1%)

=6 0P,V (%) 38 (27.9%) n/a 38 (52.8%)
Chewing efficiency, median (IQR) score 0.46 (0.14-0.59) 0.15 (0.08-0.88)"** 057 (0.46-0.68)"**

IQR, interquartile range; MMSE, Mini Mental State Examination: N, number: **p < 0.01, **p < 0.001, OP occluding pairs; SD, standard deviation.
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(1) Divide the photo into squares of 20 x 20 pixels each.
(2) For each square:
(a) For each pixel in the square:
() Get the R(ed), Gireen), Blue) values of the color of the pixel.
(i) Calculate the 3-dimensional spatial distance of the pixel's color and the reference colors Blue, Magenta, Gray, and White, by adding up the absolute
difference between the R, G, and B values of both colors being compared.
(ii) Classfy the pixel as Blue, Magenta, Gray, or White based on the shortest spatial distance.
(b) Assign a value to the square, based on the categorized pixels in the square:
() None—If >50% of pixels is White, the square is not counted
(i) 0.00—If >75% of pixels is Blue
(ii) 0.00—If >75% of pixels s Magenta
() 0.50—If >25% of pixels is Blue and >25% of pixels is Magenta
(v) 0.75—If >25% of pixels is Gray and >25% of pixels is Blue
(v) 0.75—If >25% of pixels s Gray and >25% of pixels is Magenta
(vi) 1.00—If >50% of pixels is Gray
(8) Calculate the average of the scored squares as the final Chewing Efficiency Analysis score. The value is between 0.00 and 1.00.
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Variable B t p 95% Cl Lower 95% Cl Upper

Step 1
(Constant) 066

Age 0.00 —1.21 0.227 —001 0.00
Gender 001 0.39 0.695 —005 0.07
Cognition 0.00 1.21 0.228 0.00 0.01
Full prosthesis upper —023 —5.26 0.000 —031 —0.14
Occluding pairs 0.02 3.08 0.003 0.01 0.03
Step 2

(Constant) 068

Age 0.00 —1.81 0.198 —001 0.00
Cognition 0.00 127 0.207 0.00 0.01
Full prosthesis upper —023 —5.20 0.000 —0.31 —0.14
Occluding pairs 0.02 3.08 0.003 0.01 0.03
Step 3

(Constant) 0.89

Age 0.00 —187 0.084 —001 0.00
Full prosthesis upper —0.23 —5.30 0.000 —031 —0.14
Occluding pairs 0.02 301 0.003 0.01 0.03

B, unstandrdized B; Cl, confidence interval; p, level of significance; R, variance; , test value. 2 = 0.53 and F = 28.64 (p < 0.000) for Step 1. AR? = 0.00 and F = 35.99 (p < 0.000)
for Step 2. AR2 = 0.01 and F = 47.23 (p < 0.000) for Step 3. N = 135.
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Experimental groups Group name Sample size

Control Sham Exercise ‘Control + Sham Exercise’ 13
Exercise ‘Control + Exercise’ 10
CTB-SAP Sham Exercise ‘CTB-SAP + Sham Exercise’ 13
Exercise ‘CTB-SAP + Exercise’ 12
Total 48

Sham Exercise = negligible (<4 g) lick force requirement; Exercise target = 50%
greater than maximum voluntary lick force (MVLF).
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Age (years)

Sex (female/male)
Duration of
disease (years)
Scores of Gohen
Scores of HAM-A
Scores of HAM-D

Patients with
HFS (SD)

48.80(11.79)
18/12
3.38(3.59)

2.93(0.74)
5.23 (2.66)
4.97 2.77)

Healthy

controls (SD)

49.77 (11.61)

18/12
NA

NA
0.23(0.57)
0.23(0.77)

Significance,
P-value

ts5=0.32,P=0.75
X2 <001,P>099
NA

NA
ts5 = 10.06, P <0.01*
tss =9.01,P < 001"

HFS, hemilacial spasm; SD, Stendard Deviation; Scores of Cohen, spasm severity rating
via the Cohen evaluation scale; HAM-A, Hamiton Anxiety Rating Scale; HAM-D, Hamiton
Depression Rating Scale; NA, not applicable. *Significant difference between patient and

control groups.
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D Source Subjects Age (year) Imaging Major findings
(disease/treatment) (meanorrange)  methods

(A) Summary of recent neuroimaging findings of aging and masticatory functions’

1 Linetal, 2015 Healthy, 642 SMRI, " inthe premotor cortex, a reduction of GMV and rsFC would reflect declined masticatory performance. The
oA MR positive correlation between DLPFC connectivity and masticatory performance implies that masticatory abilty is
associated with cognitive function inthe elderly” (Ui et a., 2015).
2 Linetal, 20170 Healhy, 644 MR *....in OA, higher masticatory performance is associated with a widespread patter of mastication-related hubs.
OAvs. YA Such a widespread engagement of multiple brain regions associated with the MPI may refiect an increased

demandiin sensorimotor integration, attentional control and monitoring for OA to maintain good mastication”
(Unetal, 20175).

3 Fangetal, 2005 Healthy, 60-70 Rl “For movements of the face (chewing, opening and closing of mouth), the preffontal cortex was activated i the
OAvs. YA old age group but finger and hand movements never activated the prefrontal cortex n any age’ (Fang et a.
2009)
4 Onomskactal,  Healthy, 6573 A “In all subjects, chewing resuited n a bilateral increase in the BOLD signals in the sensorimotor cortex,
2003 OAs. YA Gerebellum, thalamus, supplementary motor area, and insula, and a uniateral increase inthe right prefrontal

area. In the first three regions, the signal increases were attencated in an age-dependent manner, whereas, in
the right prefrontal area, the converse was seen. The remaining two regions showed no significant differences
with ages. Thess resuits indicate that chewing causes regional increases in newronal activiy i the brain, some
of which are age-dependent’ (Onozuka et al., 2003).

5 Shoietal, 2014 Prosthesis 66.1 MRI “Brain activation during gum chewing with the ful dental arch occurred in the midde frontal gyrus, primary
sensorimotor cortex extending to the pre-central gyrus, supplementary motor area, putarmen, insula, and
cerebellum. However, middle frontal gyrus activation was ot observed during gum chewing with the shortened
dental arch. These resuls suggest that shortened dental arch affects human brain acthvty in the middl frontal
‘gyrus during gum chewing, and the decreased middle frontal gyrus activation may be associated with
decreased masticatory function’ (Shoi et al., 2014).

6 Luraschietal., Prosthesis. 703 MRI “The right and the left precentral gyrus (PRCG) and post-central gyrus (POGG) were identified with significant
2013 activation across al three functional tasks. A statistically significant increase in the level of activity between TO
and T2 (POCG: P = 0.022; PRCG: P = 0.017) was found during jaw clenching tasks’ (Luraschi et l,, 2013).
7 Kimoto et al., 2011 Prosthesis 64-79 MRI ".. the gum-chewing task in elderly edentuious patients resuled in differential neural activty in the frontal pole
within the prefrontal cortex between the 2 prosthodontic therapies-mandibular CD and 10D (Kimoto et a.
2011),
8 Yanetal.2008  Prosthesis 4872 MRI “Increased blood oxygen level dependent signals in the primary sensorimotor cortex were found in patients with

implant-supported fixed dentures. Other activated areas included prefrontal cortex, Broca's area, premotor
cortex, supplementary motor area, superior temporal gyrus, insular, basal ganglion, and hippocampus.
Activation of the primary sensorimotor cortex in patients with implant-supported dentures might explain the
improved tactie, stereognostic abity, and mastication functions, which are more sirilar to the natural dentiion’

(Yan et al, 2008).
9 Myamotoetal,  Prosthesis 569 Near-infrared *Results revealed a significantly (P < 0.001; paired t-tes) increased cerebral regional blood volume during
2005 optical maximum voluntary clenching task by implant-retained prosthesis. There were no statistcally significant

topography  differences between patients with and without prosthesis in the latency to the maximum regional blood volume
after the task. Gonclusively, dlenching can be effective for increasing cerebral blood volume; accordingly
maintenance of normal chewing might prevent the brain from degenerating’ (Viyamoto et al., 2005).
(B) Summary of recent neuroimaging findings of aging and swallowing functions?
10 Humbertetal,  Agheimer’ disease 743 MRI “Disease-related differences were evident where the AD group had significantly greater BOLD response in the
2011 insula/operculum than the old. These findings have significant ciinical implications for controlof swallowing
across the age span and in neurodegenerative disease. Greater activation i the insula/operculum for the AD
group supports previous studies where this region is associated with niating swallowing. The AD group may
have required more effort to *tum off” swallowing centers to reach the intentional swallowing oft-state”
(Humbert et al 2011)
1" Humbertetal,  Alzheimers disease 743 MRI “... the AD group had significantly lower Biood-Oxygen-Level-Dependent (BOLD) response in many cortical
2010 areas that are tradtionally involved in normal swalowing ., pre and post-central gy, Rolandic and frontal
opercuia). There were no regions where the AD group showed more brain activity than the healthy controls
during swallowing, and only 13% of all active voxels were unique to the AD group, even at this early stage. This
suggests that the AD group is not recruiting new regions, nor are they compensating within regions that are
active during swallowing’ (Humbert et ., 2010).
12 Lnetal, 2019 Healthy, OA 60.1 SMRI “In heathy older adults, swallowing eficiency was positvely correlated with cerebelar GMV. The findings
suggested that in oider people, structural variations of the brain may play a key role in individual differences in
swallowing performance’ (Lin et al., 2019).

13 Lowelletal, 2012 Healthy 52 MRI *The greater connectivty from the left hemisphere insula to brain regions within and across hemispheres
suggests that the insula s a primary integrative region for voltional swallowing in humans’ (Lowell et al, 2012).
14 Martin et al, 2007 Healthy 742 MR “Activation of the post-central gyrus was lateralized to the left hemisphere for saliva and water swallowing,

consistent with our indings i young female subjects. Gomparison of saliva and water swallowing revealed a
fourfold increase in the brain volume activated by the water swallow compared to the saliva swallow, particularty
within the right premotor and prefrontal cortex. This task-specific activation pattem may represent a
compensatory respons to the demands of the water swallow in the face of age-related diminution of oral
sensorimotor function’ (Vartin et a., 2007).

15 Windeletal, 2015 Healthy, 6 MRI “The resuts indicate that the highly automated swallowing network retains its functionality with age. However,

OAvs. YA seniors with higher SCR during swallowing appear to also engage areas involved in attention control and

emotional reguiation, possibly suggesting increased attention and emotional demands during task performance”
(Windel et l,, 2015).

16 Malandakietal,  Healthy, 702 MRl “Both groups showed activations in the major motor areas involved in the iritation and execution of movement;
2011 OAvs. YA however, areas involved in sensory processing, sensorimotor integration and/or motor coordination and control,
showed reduced or fimited activty n the eldery’ (Valandraki et L, 201 1),
17 Teismannetal,  Healthy, 716 MEG “The main finding of this study was an increase of somatosensory cortical activation during swallowing
2010 OAvs. YA execution in elderly subjects compared to the young control group. This effect was present in both

hemispheres. These results point to adaptive cerebral changes i response to aging effects on the complex
process of swallowing. Our finding underlines the relevance of age matched control groups in neurcimaging
studies related to deglutition or other complex sensorimotor processes’ (Teismann et al, 2010).

18 Humbertetal,  Healthy, 723 MRI “The group of older adults recruited more cortical regions than young adts, including the pericentral gy and

2009 OAvs. YA inferior frontal gyrus pars opercularis and pars trianguiaris (primari right-sided). Saliva swallows elicted

significantly higher BOLD responses in regions important for swallowing compared to water and barium. .
These findings suggest that older adults without neurological insult efcit more cortical involvement to complete
the same swallowing tasks as younger adults’ (Humbert et al., 2009).

19 Suntup-Kiueger  Stioke 737 CTMRI “This study gives new insights on the cortcal representation of single components of swallowing and airway
etal, 2017 protection behaviors. The lesion model may help to risk-stratify patients for dysphagia and pneumonia based on
theirbrain scan’ (Suntrup-Krueger et al, 2017).
20 Galovicetal, 2017 Stoke 756 aMRl *.... early swallowing recovery is influenced by white matter lesions disrupting thalamic and corticobulbar

projection fioers. Late recovery is determined by specific corticallesions affecting association fibers. This
knowledge may help clinicians to identify patients at sk of prolonged swallowing problems that would benefit
from enteral tube feeding’ (Galovic et al., 2017)

21 Mhaictal, 2016 Stroke 566 MRUGMRI *Overall, patients showed decreased fMRI-activation in the entire swallowing network apart from an increase of
activation in the contralesional primary somatosensory cortex (S1). Moreover, fMRI activation in contralesional
S1 correlated with initial dysphagia score. Finally, when lesions of the pyrarmidal tract were more severe,
recovered swallowing appeared to be assodiated with asymmetric activation of the ipsilesional anterior
cerebelum. Taken together, our data support a role for increased contralesional somatosensory resources and
ipsiesional anterior cerebellum feed forward loops for recovered swallowing after dysphagia following stroke”
(Minai et al 2016).

22 Galovicetal, 2016 Stroke 7176 MRI “Mid impairment of oral intake correlates with damage to a widespread operculo-insular swallowing network.
However, specifc lesions of the anterior insula lead to severe impairment and tube dependency and lincians
might consider early enteral tube feeding in these patients’ (Galovic et al., 2016),

28 Suntpetal, 2015 Stoke 737 CTMRI “In particulr,right hemispheric lesions of the pre- and post-central gyr, opercular region, supramarginal gyrus.
and respective subcortical white matter tracts were related to dysphagia, with post-central lesions being
especially associated with severe swallowing impairment. ... Distinct brain lesion locations e related to the
incidence, severity and pattern of swallowing dysfunction’ (Suntrup et al., 2015).

2 Lietal, 2014 Stroke 652 SR, Stroke patients with dysphagia exhibited dysfunctional connectivity mainly in the sensorimotor-insula-putamen

MRl circuits based on seed-based analyss of the left and right M1 and SMA and decreased connectivy i the
biateral swallowing related ROIs functional connectivity network. Additionally, white matter tract connectivty
analysis revealed that the mean fractional anisotropy of the white matter tract was significantly reduced,
espedially in the left-to-right SMA and in the coricospinal tract” (L et a., 2014).

25 Momosakietal,  Stoke 66.1 SPECT “The (CBF in Brodmann areas 4 and 24 was signiicantly lower in the dysphagia group. The highest area under

2012 the curve was found in Brodmann area 4. In this area, 80% sensitiity and 60% specificity for discriminating
dysphagia were achieved with an optimal cutoff value. When analyzed with novel methods, SPECT imaging can
be useful for predicting the risk of dysphagia and subsequent aspiration in post-stroke patients’
(Momosaki et al, 2012).

2 Tesmamnotal,  Stoke 65 MEG “Our results demonstrate strong bilateral reduction of cortical swallowing activation in dysphagic patients with

2011 hemispheric stroke. In hemispheric stroke without dysphagia, bilateral activation was found. In the smal group.
of patients with brainstem stroke we observed a reduction of cortical activation and a right hemispheric
lateralization (Teismann et al,, 201 1).

27 Lietal, 2009 Stroke 709 MRI “Cerebral activation during swallowing tasks was localized to the precentral, post-central and anterior cingulate.
gy, insula and thalamus in all groups. Activation of voltional swallowing in dysphagic urilateral hemispheric
stroke patients might require reorganization of the dominant herrispheric motor cortex, or a compensatory shift
in activation to unafected areas of the hemisphere’ (i et al, 2009)

"According to a PubMed-based search with the folowing combination of keywords: (aging OR age-related OR older OR elderly) AND (chew* OR masticat') AND (reuroimaging OR “brain imaging” OR MA) AND
brain, with the publication date from 2000/01/01. ?According to a PublMed-based search with the folowing combination of keywords: (aging OR age-related OR older OR elderly) AND (swalow* OR deglut*) AND
(neuroimaging OR “brain imaging” OR MR) AND brain, with the publication dte from 2000/01/01. CT, computed tomography; dMRI, diffusion magnetic resonance imaging; MR, functional magnetic resonance
imaging; MEG, magnetoencephalography; OAs, older actlts; sMRI, structural magnetic resonance imaging; SPECT, single photon emission computed tomography; rCBF regional cerebral blood flow; s, resting-state,
structural magnetic resonance imaging; YA, younger adults.
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Questionnaires

STAl
(Anxiety)

ST/DEP
(Depression)

BSI-18
(symptoms)

CRI
(Coping)

NEO
(Personality)

Scale

Anxiety state

Anxiety trait

Euthymia state

Dysthymia trait

Euthymia state

Dysthymia trait

Somatization

Depression

Anxiety

Logical Analysis

Positive Reappraisal

Seeking Guidance

Problem Solving

Cognitive Avoidance

Acceptance/Resignation

Alternative Reward

Emotional Discharge

Neuroticism

Extraversion

Openness

Agreeableness

Conscientiousness

Group

Control
Bruxism
Control
Bruxism
Control
Bruxism
Control
Bruxism
Control
Bruxism
Control
Bruxism
Control
Bruxism
Control
Bruxism
Control
Bruxism
Control
Bruxism
Control
Bruxism
Control
Bruxism
Control
Bruxism
Control
Bruxism
Control
Bruxism
Control
Bruxism
Control
Bruxism
Control
Bruxism
Control
Bruxism
Control
Bruxism
Control
Bruxism
Control
Bruxism

Mean

13.69
17.76
18.12
22.65
10.88
11.08
6.45
7.00
11.24
10.27
6.73
7.00
5.94
8.46
5.61
750
5.88
9.08
10.62
1.9
10.55
11.85
8.94
10.08
11.92
12.81
9.12
9.85
7.79
8.00
7.77
8.15
697
717
19.09
23.27
32.79
33.00
30.12
29.46
20.48
31.04
32.64
33.88

Std.

6.77
6.78
9.24
7.39
285
295
1.87
2565
3.64
3.16
1.72
1.85
3.98
4.84
3.96
4.47
3.86
4.07
285
269
255
234
3.98
278
3.26
256
3.61
3.68
3.14
3.65
3.88
3.56
372
2.66
7.3
6.65
14.46
8.09
7.49
6.92
6.61
5.98
6.148
.37

DF

1567

1567

157

157

1567

157

1567

1567

157

157

157

157

1567

157

157

157

157

157

157

157

157

157

5.25

415

0.07

0.89

147

0.34

4.83

297

951

1.28

0.59

0.08

0.15

0.05

514

0.00

0.12

087

0.58

0.03"

0.04

0.79

035

0.28

0.56

0.09

0.00"

0.08

004

0.22

0.26

0.45

081

0.70

081

0.96

0.73

0.35

0.45

wp?

0.08
0.07
0.00
0.02
0.02
0.01
0.08
0.06
0.14
0.05
0,07
0.03
0.02
0.01
0.00
0.00
0.00
0.08
0.00
0.00
0.01

0.01

0.61

0.62

0.06

0.15

0.18

0.09

0.58

0.39

0.86

0.42

051

0.23

0.20

0.12

0.06

0.07

0.06

0.61

0.05

0.06

0.15

0.12

Std., Standar deviation; DF, degree of freedom; np?, Effect size; 6, power. * < 0.05.
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Domains (alphabetical order)

Dysmorphic Concern Questionnaire (DCQ)
General Anxiety Disorder 7 (GADT)

Graded Chronic Pain Scale-Head (GCPS-H)
Graded Chronic Pain Scale-Body (GCPS-B)
liness Perception Questionnaire (IPQ)
Injustice Experience Questionnaire (IEQ)
Insomnia Severity Index (IS

Pain Catastrophizing Scale (PCS)

Patient Health Questionnaire 4 (PHQ4)
Patient Health Questionnaire 9 (PHQ9)
Patient Health Questionnaire Stress (PHQstr)

432
216
688
576
566
302
296
799
799
232
799

21/21
21/21

78/80
48/48
28/28
51/52
12112
25/27
20/20

Mean

1.45
108
1.79
1.04
445
14.4
135
16,6
3.13
125
6.24

sD

335
3.81
0.84
162
15
113
5.68
126
3.10
481
3.74

co

18
15
30

10
10

22
120
218
107

108
121
157
165
171
46

> cut-off score CO

% domain

5.10
56.6
317
185

358
409
196
210
737
189

% of study sample

3
15
27
13

14
15
20
21
21
6
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Hemisphere Subcortical
structures

Left Accumbens
Amygdala
Caudate
Hippocampus
Pallidum
Putamen
Thalamus

Right Accumbens
Amygdala
Caudate
Hippocampus
Pallidum
Putamen
Thalamus

Patients with
HFS (SD)

683.47 (172.25)
1561.99 (225.25)
4505.34 (614.87)
5027.18 (583.45)
2411.15 (156.19)
7002.80 (614.24)
10848.63 (630.63)

502.71 (103.95)
1422.99 (272.76)
6350.62 (738.88)
5151.10 (535.87)
2418.75 (186.37)
6854.08 (659.67)
10507.01 (688.90)

HFS, hemifacial spasm; SD, Standard Deviation.

Healthy
controls (SD)

660.86 (125.34)
1537.49 (274.04)
4500.03 (618.91)
5020.36 (690.21)
2545.55 (538.50)
7002.59 (748.26)

10607.66 (1136.85)

519,07 (127.30)
1413.56 (317.02)
4632.59 (703.44)
5193.64 (652.86)
2498.08 (568.78)
6802.52 (752.00)

10832.04 (1180.14)
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Pain measures Maximum  Mean SD
possible score

Number of pain locations across the entire body ] 8.69 9.56
(P-ext-B)

Number of pain locations across the head and neck 72 554 691
region (P-ext-H)

Typical pain intensity (PI-typ) 10 491244
Maximum pain intensity (PI-max) 10 7.10 2.49
Pain intensity sum score at rest across the head and 720 334 48.7

neck region (¥ Plrest-H)
Pain intensity sum score upon movement across the 720 38.251.3
head and neck region (©-Pl-move-H)
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Gender Age group Employment status Pain duration

F M 10-19 20-29 30-39 4049 50-59 60-69 =70 Training Working Retired Disabled Nojob <3 months 3-6months 6 months—2years 2-5years >5years

568 241 53 122 148 162 156 92 66 80 527 113 52 27 124 128 248 149 150
69.8% 30.2% 66% 153% 185% 203% 19.5% 11.5% 82% 10.0% 66.0% 14.1% 6.5% 3.4% 15.5% 16.0% 31.0% 18.6% 18.8%
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MyHy GeHy ThHy ThAr ThPh UES PS Cos Dia Duration

MyHy 0.48 0.48 0.13 0.27 0.01 —-0.17 —0.22 0.33
GeHy 0.39 0.09 —0.06 0.01 —0.24 —0.39 0.57
ThHy 0.27 0.12 —0.11 —0.32 —0.38 0.29
ThAr -0.15 -0.16 —-0.17 -0.1 0.15
ThPh —0.04 -0.2 —0.33 0.01
UES 0.54 0.49 0.09
PS 0.61 —-1.7

Cos Dia 0.22

All data were pooled across the three conditions: water, fixed and stochastic electrical stimulation. Moderately strong relationships (in bold) are present among the upper
airway muscles (geniohyoid and thyrohyoid with the mylohyoid) and among the inspiratory muscles (parasternal and costal diaphragm) with the upper esophageal sphinc-
ter. [MyHy = mylohyoid; GeHy = geniohyoid; ThHy = thyrohyoid; ThPh = thyropharyngeus; UES = upper esophageal sphincter (aka cricopharyngeus); PS = parasternal;
Cos Dia = costal diaphragm; and Duration = total swallow duration in ms].
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Mylolyoid Geniohyoid Thyrohyoid Thyroarytenoid Thyropharyngeus UES (Cricopharyngeus) Parasternal Costal diaphragm Swallow duration

Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD
Water (W) SWi#
1 63+ 16 49 + 33 59 + 20 66 +12 44 + 38 63 + 28 77482 7B 423 588 + 121
2 69 + 15 B4 23 87 438 86+ 19 49 4+ 35 50416 70+ 41 76428 561 + 84
3 556+8 26 +19 A2 +23 66412 54 + 46 78 +20 50 412 87 415 423 +87
62 + 13 36 + 25 53 + 27 73+ 14 49 + 39 64 + 22 66 + 28 79 + 22 524 + 98
20 Hz fixed (F)
1 83+ 10 72+ 20 57 £ 17 7148 34 +28 87 +.25 36 £23 20 & 21 605 + 81
2 78 + 10* BB+ 7 68 + B3 +6 49 £+ 37 39 +.22 29+ 13 22 4 22 612495
3 76 + 10* 75418 76+ 6 6443 46 + 31 46 + 22 42 423 204 22 726 4. 122"
4 82 + 18" 74 £ 11 80+ 10 78418 57437 51 £32 40 £28 20 £20 781 495"
5 76T 82414 81 15 66 + 10 57429 49 + 21 50 £85 19 +£20 830 £+ 120*
73+ 10 74 + 14 73 £ 11 67 +8 49 + 32 44 + 24 39+ 23 20 + 21 701 + 103
1-20 Hz variable (V)
1 62 +£17 124 20 &1 +d 63+ 4 41 +£29 49 +13 50481 21420 557 +£ 29
2 62 413 67+8 67 43 69 + 10 52422 46 + 20 46 £+ 30 21 & 21 644 + 69
3 W17 764 20 824+ 1P 68 + 10 50422 52 +.20 53 + 36 204 21 644 + 38*
4 80 + 14 184 17 87 + 18 79 £ 20 694 18" 58+23 47 + 338 19 + 21 7244116
5 82486 76413 {7418 72+9 82 4+ 16* 52 +31 49 £+ 29 19 +£20 794 + 160"
6 76+9 77+15 78 £ 10" 7848 78 4+ 5 57 + 34 46 + 36 19 +£20 785 4+ 90"
74 + 14 72+ 13 73 +10 70 +£ 10 68 + 16 57 =23 51 31 21+ 21 691 + 84
p value* 0.01 <0.001 0.001 0.8 0.03 0.2 0.01 <0.001 0.08
Post hoc Wvs. F 0.003 <0.001 0.001 0.6 0.003 <0.001
Ws. V 0.008 <0.001 0.001 0.03 0.2 <0.001
Fvs. V 0.6 0.6 0.9 0.2 0.3 0.9

Swallow number (SWH) is expressed as 1 to n,; condition means and SD are represented in bold below each condition; ANOVA p-values and significant post hoc tests are expressed at the bottom; significant short-term
facilitation is expressed as a * to the right of the swallow measure. *Facilitation analysis: significant change compared to the first swallow in the series, **Significant change by condition. Significant if p < 0.05; significant
values are bolded.
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Group (OFP vs. HC)

F3

F4

C3

C4

P3

P4
Condition (EO vs. PS)
F3

F4

C3

C4

P3

P4
Interaction
F3

F4

C3

C4

P3

P4

Theta

0.1977 (1.7)
0.4174 (0.66)

0.2479 (1.4)
0.6331 (0.23)
0.4754 (0.51)
0.8361 (0.043)

0.0582 (3.7)
0.0649 (3.5)
0.3325 (0.95)
0.3194 (1)
0.1313 (2.3)
0.1263 (2.4)

0.4889 (0.48)
0.8997 (0.016)
0.9984 (<0.0001)
0.8429 (0.04)
0.6290 (0.24)
0.5279 (0.4)

Delta

0.1311 (2.3)
0.6626 (0.19)
0.1819 (1.8)
0.8776 (0.024)
0.1828 (1.8)
0.8711 (0.026)

0.4898 (0.48)
0.5521 (0.36)
0.7877 (0.073)
0.8800 (0.023)
0.7745 (0.083)
0.6303 (0.23)

0.5522 (0.36)
0.9310 (0.0076)
0.9528 (0.0035)

0.4403 (0.6)

0.6967 (0.15)

0.4067 (0.7)

Alpha

0.7615 (0.093)
0.5988 (0.28)
0.6626 (0.19)
0.5007 (0.46)

0.1597 (2)
0.141 0(2.2)

0.0131 (6.5)
0.0010 (12) -

0.7887 (0.072)
0.8260 (0.049)
0.4226 (0.65)
0.6146 (0.26)
0.7160 (0.13)
0.8331 (0.045)

Beta

0.8753 (0.025)
0.4876 (0.49)
0.7346 (0.12)
0.7181(0.13)
0.5297 (0.4)

0.9361 (0.0065)

0.5419 (0.38)
0.2483 (1.4)
0.3287 (0.97)
0.3170 (1)
0.5159 (0.43)
0.6767 (0.18)

Gamma

0.5755 (0.32)
0.2082 (1.6)
0.6789 (0.17)
0.5621 (0.34)
0.4509 (0.57)
0.9474 (0.0044)

0.0203 (5.6)
0.0022 (10)
0.0369 (4.5)
0.0141 (6.3
0.0513 (3.9)

0.3114 (1)
0.0498 (4)
0.1078 (2
0.0452 (4
0.0438 (4
0.1012 2.

The three different shades of green represent three p-value threshold, specifically p < 0.05 (lightest shade), p < 0.07 and p < 0.001 (darkest shade).
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Eyes Open

Theta Delta Alfa Beta Gamma
Cluster OFP HC OFP HC OFP HC OFP HC OFP HC
F3 0.67 (0.73) 0.75(0.72) 1(0.74) 1.2(0.62) 0.78(0.94) 0.78(0.99) 0.15(0.35) 0.21 (0.37) —0.46 (0.11) -0.5(0.12)
F4 0.68 (0.66) 0.77(0.58) 1.1(0.64) 1.2(0.63) 0.83(0.91) 0.78(0.89) 0.1 (0.35) 0.25(0.38) —0.42 (0.099) —-0.51(0.13)
C3 0.52 (0.67)  0.66 (0.6) 1(0.75) 1.2(0.54) 1.1(0.93) 1.1 (0.97) 0.18 (0.42) 0.22(0.9) —0.45 (0.095) —0.47 (0.088)
C4 0.54(0.65) 0.62(0.5) 1.1 (0.7) 1.2(0.6) 1.1(0.93) 1.1 (0.95) 0.14 (0.45) 0.24 (0.32) —0.41 (0.16)  —0.49(0.098)
P3 0.67 (0.53)  0.8(0.45) 1.1(0.62) 1.3(0.44) 1.5(1) 1.3 (0.83) 0.16 (0.41) 0.16 (0.23) —0.45 (0.077)  —0.47 (0.054)
P4 0.67 (0.55) 0.76(0.42) 1.1(0.69) 1.2(0.49 1.5(1) 1.3 (0.85) 0.13 (0.42) 0.16 (0.21) —0.43 (0.1) —0.47 (0.072)
Pain stimulus
F3 0.3(0.52) 0.58(0.51) 0.86(0.68 1.2(0.55) 0.38(0.69) 0.27(0.5) 0.049 (0.3) 0.016 (0.24) —0.4 (0.11) —0.39 (0.11)
F4 0.43(0.53) 0.55(0.45) 1.1(0.71) 1.1(0.49 0.31(0.57) 0.19(0.43) 0.067 (0.38) 0.03 (0.28) —0.41 (0.13) —0.39(0.14)
C3 0.4 (0.37) 0.54 (0.5) 1.1(057) 1.2(0.62 0.57(0.8) 0.34(0.5) 0.092(0.33) -0.0018(0.17)  —0.41(0.11) —0.36 (0.12)
C4 0.44(0.48) 0.47(0.5) 1.2 (0.6) 1.1(0.6) 0.45(0.56) 0.25(0.38) 0.086(0.35)  0.036 (0.21) —0.41(0.12) —0.36 (0.14)
P3 0.57 (0.36)  0.59(0.5) 1.1(0.43 1.3(0.52) 0.82(0.77) 0.51(0.47) 0.12(0.33) 0.035 (0.19) —0.44 (0.088) —0.39 (0.085)
P4 0.57(0.38) 0.52(0.54) 1.3(0.57) 1.2(0.59 0.86(0.79) 0.55(0.59) 0.084(0.3) 0.062 (0.18) —0.43 (0.074)  —0.4(0.087)
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Mean (SD) p

DC/TMD Axis I
Pain-related Low (n=9) 3.8(1.3 0.045*
disability
High (n = 15) 26(1.1)
Depression Minimal-mild (n = 16) 3.5(1.3 0.023*
Moderate-severe (n = 8) 2.3(1.0
Anxiety Minimal-mild (n = 19) 3.1(1.3 0.749
Moderate-severe (n = 5) 29(1.3
Non-specific Minimal-mild (n = 13) 3.4(1.4) 0.213
physical
symptoms
Moderate-severe (n = 11) 2.7(1.1)
NPRS Mild—moderate 3-6 (n = 12) 3.0(1.3) 0.954
Severe 7-10 (n =12) 3.1(1.3
Catastrophizing Not present (n = 12) 3.2(1.4) 0.427
Present (n =12) 2.8(0.9
Central Subclinical-mild (n = 12) 3.3(1.5) 0.564
sensitization
Moderate-severe (n = 12) 2.9(0.9

n, number; SD, standard deviation; DC/TMD Axis Il, Diagnostic Criteria for
Temporomandibular Disorders Axis Il; NPRS, Numeric Pain Rating Scale. *p < 0.05.
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PT1(CS)

PT2(SS)

PT3(RF)

PT 4 (AN)

PT5(CT)

Age

41

22

26

41

56

Gender

Female

Female

Male

Female

Female

Kind of TMD

Intra-articular

Intra-articular

Extra-articular

Intra-articular

Extra-articular

VAS atT1

7-8

VAS at T2

Painful areas at
T

Neck, under eyes,
shoulders, TMJ,
mandible

TMJ, around eyes,
trapezoids

Mandible, neck,
lumbar area, head

Sinusitis-like
symptoms, TMJ,
neck, shoulders,
pelvis

Masseter,
mandible, maxila

Painful areas at

T2

Neck, shoulders

™J

Neck

™J

Duration of

symptoms

About 2 years

About 1 year

About 2-3 years

About 16 years

About 5 years

Evolution of
symptoms

The symptoms
worsened during
this period

The symptoms
worsened during
this period
Symptomatology
remained constant
during this period
The symptoms
worsened during
this period

The symptoms.
worsened during
this period
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Group Age
(mean &

SD)
Phasic 36+ 14
Tonic 39+ 14
Intermediate 38413
Controls 36+ 14

Min/Max
(vears)

6/65
12/75
11/70
13/75

95% CI
lower/upper

32/40
36/42
38/39
36/39

VAS
(arbitrary
units
0-10)

36+32
3931
41£34
05+04

RestEMG
Power
(LV RMS)

6.4+29
18.1£4.1
51+16
2901

EMG
peaks
(peaks/min)

44£13
11£08
12+£0.7
07+05

n
(male/female)

51(14/37)
98 (22/76)
154 (44/110)
77 (28/49)

Values represent mean and standard deviation; 95% ClI: confidence interval, interval where 95% of data is located; VAS, visual analog pain scale (0 means no pain); n, group sample size.
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Listener 1 -5 3 -10 -8 13 5
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Ratings are in reference to the normal speech (baseline 0).
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Kinematic Pairwise
measure comparison
Average speed Normal vs. Fast
(mms) Normal vs. Loud
Normal vs. Slow
Fast vs. Loud
Fast vs. Slow
Loud vs. Slow
Range of movement Normal vs. Fast
(mm?®) Normal vs. Loud
Normal vs. Slow
Fast vs. Loud
Fast vs. Slow

Loud vs. Slow

Mann-Whitney U test
P-value

lower lip + jaw
movement

0.550
0.007
<0.001
0219
<0.001
<0.001
0.931
0.003
0.004
0.009
0.011
0948

lower lip - jaw
movement

0.339
0.075
0.000
0.328
0.001
0.002
0.810
0.017
0.436
0.036
0.604
0.003

Gray areas represent significant comparisons at the adjusted p-value (« = 0.008).
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measure

lower lip - jaw

Average speed Normal

(mm/s) Fast
Loud
Slow

Range of movement  Normal

(mm?) Fast
Loud
Slow

The gray area represents the significant comparison at the adjusted p-value (e

Early post
surgery
Mean (SD)

810 2.02)
1059 (3.34)
10.18 (2.89)
6.77 3.61)

293 (1.08)
2.60 (1.17)
283 (1.19)
257 (0.76)

inematic Speech modification

Late
post surgery
Mean (SD)

11.87 (3.07)
14.35 (5.55)
16.69 (6.32)
7.19(3.06)

2.99(0.69)
3.02(0.55)
3.97(0.92)
3.19(064)

Mann-
Whitney U
test
P-value

0.0001
0.136
0.059
0.243

0.260
0.190
0.081
0.079

0125).
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Subcortical Side Vertices Peak MNI coordinates 4 P
structure

x y z
'SHAPE ATROPHY IN HFS
Pallidum L 23 -1 5 -3 3.841 0027
'SHAPE EXPANSION IN HFS
Caudate R 57 20 22 -1 3.076 0.047

MN), Montreal Neurological Institute; HFS, hemifacial spasm; L, left; R right. *P < 0.05,
family-wise error corrected.
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Kinematic Speech modification
measure
lower lip + jaw Early post Late
surgery  post surgery
Mean (SD) ~ Mean (SD)
Average speed Normal 17.01(6.26) 46.75(13.44)
(mmmvs) Fast 24.01(9.81) 49.66(14.14)
Loud  22.64(9.30) 59.79(15.34)
Slow 16.21 (10.76) 24.06 (11.05)
Range of movement  Normal ~ 5.39(1.92)  9.89(1.63)
(mm®) Fast 582(200) 9.82(1.46)
Loud 6.11(2.01) 11.97 (1.68)
Slow 555(1.37) 11.76(1.94)

Mann-
Whitney U
test
P-value

0.0001
0.0001
0.0001

0.110

0.0001
0.0001
0.0001
0.0001

Gray areas represent significant comparisons at the adjusted p-value (a = 0.0125).
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Participant Sex  Age Type of facial Months  Speech

transplantation post-  severity*
surgery
z POt Male 60 Osteomyocutaneous 0 8
2 £ Po2 Male 33 Osteomyocutaneous 3 57
3
'ﬁ~§ P03 Mae 38 Osteomyocutaneous 3 NA
4
§ PO4 Female 47 Myooutaneous 3 14
%5 P05 Male 28 Myocutaneous 2 17
g Pos Male 33 Myocutaneous 4 1
& por Female 61 Osteomyocutaneous 48 NA

*Speech severity was rated on a scale of 0~100 with 0 representing normal and
100 representing profoundly severe. N/A was assigned to prticipants whose audio
recordings had poor quality and, hence were not used in the perceptual assessment of

speech severity.
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Unwearing Wearing P value

Mean SD Mean SD

Masticatory score 48.0 23.1 81.3 9.5 <0.001*

***Significant difference between Unwearing and Wearing conditions (paired t-test,
p < 0.001).
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Galovic et al.
(2016)
Cohort

Minai et al.
(2016)
Case control

Wan et al.
(2016)
Retrospective
cohort

Suntrup et al
(2015)
Cohort

Kim et al.
(2014)
Retrospective
cohort

Lietal. (2014)
Cohort

Galovic et al.
(013)
Prospective cohort

Kumar et al.
(2012)
Retrospective
cohort

Cola et al.
(2010)
Case control

Levine et al
(1992)
Cohort

Stroke: first
hemispheric
stroke, failed
dysphagia
screening

Stroke: first
ischemic
(recovered from
Severe
dysphagia w/in 3
years)

Stroke: basal
ganglia and/or
centrum
semiovale

Stroke: first,
failed dysphagia
screening, FEES

Stroke: first
unilateral
ischemic w/in 3
mos, dysphagia
symptoms,
VFSS

Stroke: first
hemispheric
stroke of MCA

Stroke: first

Stroke:
ischemic, severe

dysphagia

Stroke: unilateral
ischemic
subcortical

na

MRI Clinical Swallow
VLSM

fMRI, DWI Clinical Swallow
FA and VFSS fora
Lesion size portion

MRI VFSS FEES

NR

MRI, DWI FEES

Regional

lesion analysis

MRI VFSS
Vascular white

matter territory

MRI, DWI Clinical Swallow
RO, FA, seed- and VFSS
based connegctivity

MRI, DWI Clinical Swallow
ROI

lesion mapping

owl Clinical and/or
Lesion volume video swallow
bowi VFSS

Lesion volume

MRI VFSS
MRI score

BODS-2

BODS-2,
Neurogenic Oral
Dysphagia test,
water
swallowing test

Bolus timing,
residue,
physiologic
observation

FEDSS ranking
16

Physiologic
observation,
bolus timing,
residue,
penetration,
aspiration

Logemann's
indicators, PAS

Daniels et al.
(1996) aspiration
risk scale and
BODS-2

Severe
dysphagia =
absence of oral
intake or
significant
aspiration

Bolus timing,
PAS, bolus
clearance

Bolus timing

Sup. corona
radiata, external
capsule, sup.
longitudinal
fascicle

Pyramidl track
laterality
(between tongue
and posterior
fimb of internal
capsule)

Centrum
semiovale in
conjunction with
basal ganglia

Sup. longitudinal
fasciculus (right
and right
temporal part),
corticospinal
tract (right)

Unspecified

Bilateral
Corticospinal
tract, Corpus
Callosum

Internal capsule,

PYWM

Unspecified

Unspecified

Unspecified

Mildly impaired oral intake was correlated
with a widespread gray and white-matter
network shown by a statistical map that
inclucled the superior corona radiata
(12%), the external capsule (10%) and the
superior longitudinal fascicle (8%).

Overall laterality of fractional anisotropy
difered between patients and controls
[tz = 321, p < 0.008). Patients showed
asymmetic laterality of the pyramidal tract
between tongue area and posterior limb of
internal capsule. The larger the lesion, the
more asymmetric = ~0.676, p <
0.001). Lateraiity index was positively
associated with compliance, meaning less
compliant patients were less symmetric (-
=065, p < 0.009).

83% of 12 patients had dysphagia.

Patients with dysphagia had a significant
diference of mean percentage lesioned
volume in the following areas: superior
longitudinal fasciculus (fight; p < 0.021,
OR = 4.52), superior longitudinal
fasciculus temporal part (right; p < 0.028,
OR = 4.17), corticospinal tract (ight; p <
0044, OR=2.79).

Excessive vallecular residue observed
most frequently in the WM group (o <
0.002).

Reduced FA for left SMA to right SMA
(corpus callosum), left SMA to internal
capsule (corticospinal tract), and right
SMA to internal capsule (corticospinal) in
pts with dysphagia compared to controls.
There were clear differences between
stroke patients with dysphagia and healthy
controls, but not between patients with
and without dysphagia.

Acute findings: internal capsule (OR = 7.6,
p <0.001), VWM (OR = 4.8, p < 0.001).
‘When adjusted for NIHSS and lesion size,
internal capsule (OR = 6.2, p < 0.002)
and now PYWM OR = 2.7, p < 0.06).
Model acouracy 76%. No WM areas were
associated with extended risk of
aspiration.

In univariate analysis PYWM was not a
significant predictor of PEG placement. In
amultivariate analysis with age, NIHSS
score, lesion volume, and brain locations,
PVWM approached significance (o <
0.057 with OR = 3.829). NIHSS score and
Bihemispheric lesions were significant
predictors.

Significant interaction between
peri-ventricular WM lesions and
hemisphere (chi square = 9.85, p =
0.002). 100% had dysphagia in LH PYWM
group, 0% dysphagia for RHD. No
association was detected for those
without PYWM damage.

Total swallow duration (o < 0.009) and
oral transit duration (p < 0.047)
significantly differed by MRI score (total
number of WM unidentified bright objects).

No discussion of blinding, no
sample size justification,
limited accounting for
confounding variables

Lesions were heterogeneous,
not all patients had VFSS,
they each had individualized
therapy which varied, hard to
control for compliance, CD
blinding

No hypotheses, Small
heterogeneous sample, no
sample size justification, no
diagnosis levels of severity, no
MRI information, imal
participant information, no
blinding, no confounding
variables in analysis

No sample size justification,
limited methodiology for WM
and swallowing measures,
unclear MR settings, no
confounding variables in
analysis

Unspecified WM lesions, no
participant information, no
assessment of stroke severity,
no MRI specifications, no
sample size justification, no
confounding variables in
analyses. CD blinding

Limited detail on MR, No
sample size justification, no
stroke severity, CD blinding,
no confounding variables in
statistical analyses, placed
seeds for WM tracking close
to cortex

No sample size justification,
CD biinding, Clinical *risk of
aspiration” with no
instrumental, no mild strokes,
only analyzed early subacute
phase

Unspecified white matter
lesions, only participants with
severe dysphagia, limited
details on measurement
methods, no sample size
justification, CD blinding

Unspecified WM lesions,
Small n, no MRI in healthy
subjects, controls were not
matehed for race, no sample
size justification

Unspecified WM lesions, only
healthy controls, no sample
size justification, limited
participant details, old
imaging methods

Order of appearance: NG, nasogastric tube; DWI, diffusion weighted imaging; FA, fractional anisotropy; TV, tract volume; VFSS, videofluoroscopic swallow study; PAS, penetration aspiration scale; FOIS, functional oral impact scale;
GBI, corticobulbar tract; D, cannot determine; GUSS, Gugging Swallow Screen; LA, leukoaraiosis (hyperintensity around ventricles); ASHA, NOMS American Speech Language Hearing Association National Outcome Measurement
System; OTT, Oral Transit Time; PTT, Pharyngeal Transit Time; OR, odds ratio; WiV, white matter; MCA, midde cerebral artery; NIHSS, national institute of health stroke scale; VLSM, voxel based lesion symptom mapping; RO,
regions of interest; MBSIMP®™, Modiified Berium Swallow Impairment Profile; Sup, Superior CNS Canadian Neurological Scale; MRI, magnetic resonance imaging; SLR, speech lenguage pathologist; NR, Not Rated; FEES, Fiberoptic

Endoscopic Evaluation of Swallowing: GMFCS, gross motor function classification scale; MACS, manual abillty classification scale; RD, radial iffusiv

MD, mean diffusivity; FC, fibers count; DDS, Dysphagia Disorder Survey; DMSS,

dysphagia management staging scale; IV, functional magnetic resonance imaging; BODS-2, Bogenhausen Dysphagia Score Part 2; FEDSS, fiberoptic endoscopic dysphagia severity scale; SMA, supplementary motor area; PYWM,
periventricular white matter.
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Study type

Jang etal
(2020b)
Retrospective
cohort

Jang et al.
(20202)
Retrospective
cohort

Leeetal
(2020)
Retrospective
cohort

Koetal
(2019)
Gase control

Wilmskoetter
etal. (2019)
Retrospective
cohort

Fandler et al.
(2018)
Retrospective
cohort

Fandler et al.
017)
Retrospective
cohort

Flowers et al.
(2017)
Retrospective
cohort

Galovic et al.
(2017)
Cohort

Jang et al.
(2017)
Single
case study

Moon et al
(2017)
Retrospective
cohort

Mouréo et al.
(2017)
Cohort

Underlying
diagnosis

Stroke: lateral
medullary
widysphagia
and NGT

Stroke:
supratentorial
intra-cerebral
and
intra-ventricular
hemorthage
widysphagia
and NGT

Stroke: acute
ischemic, VFSS

Stroke: first
unilateral
involving corona
radiata, CBT

Stroke: first
hemispheric of
the MCA

Stroke: recent
small subcortical
infarct

Stroke: recent
small subcortical
infarct

Stroke

Stroke: first
hemispheric,
impaited oral
intake

Stroke

Stroke: mild first
stroke,
dysphagia
symptoms,
VFSS

Unilateral spastic
cerebral palsy

White matter Swallow

method measurement
method

oW VFSS

FA

™v

Fazekas grade

DWI GUSS, VFSS

FA

v

DWI; FLAIR VFSS

Fazekas grade

NR Ciinical swallow,

Lesion size, VFSS fora

Fazekas grade portion

owi VFSS

VLSM

ROl

Lesion Guss

probabilty

MRI, DWI Guss

Lesion

identification

Fazekas grade

MRI, DWI Ciinical

ROI instrumental, or

Fazekas grade feeding method

MR, DWI Clinical Swallow.

VLsM FEES if results

ROI “indeterminate”

Tractography

oW NR

ROl

Tractography

MR, DWI VFSS

Fazekas grade

MRI, DWI, Glinical Swallow

FA, RD, MD, FG

Swallowing
analysis

PAS; FOIS

PAS; residue
scale

Clinical
dysphagia scale

Feeding method,
clinical
judgement,
dysphagia scale,
PAS, NOMS,
bolus timing
MBSIMPE™
and PAS

SLP GUSS
rating: absent,
mild, moderate,
severe

SLP GUSS
rating: absent,
mild, moderate,
severe

NR

Cliinical Swallow
(50mL swallow
test, Any 2
Scale, Gugging),
FOIS

Severe
dysphagia, fed
by Levin tube

Ciinician
description,
bolus timing,
penetration,
aspiration

DDS, DMSS

Implicated WM
areas

Corticobulbar
tract

Corticobulbar
tract

Corona
radiate/internal
capsule/basal
ganglia

Corticobulbar
tract

Corona radiata,
sup. longitudinal
fasciculus,
external capsule,
ansa lenticularis,
lenticular
fasciculus

Pyramidal tract,
contralateral
lacune,
contralateral WM
hypersensitiviies
(unspecified)

Unspecified

Internal capsule,

Sup. Corona
Radiata, sup.
longitudinal
fascicle, external
capsule,
thalamic and
cortico-bulbar
projection fibers,
fibers to
contralateral
thalamus

Corticobulbar
tract

Unspecified

Anterior, middle,
posterior corpus
callosum

Associations with swallowing

FA in CBT was significantly reduced in pts
w/longer compared to shorter NGT use or
controls (o < 0.05), but was not
significantly different between patients
widysphagia and NG for <6 mos and
controls.

Fazekas ratings were not significantly
different between patient groups.

Patients who had NGT removed w/in 2
days had milder CBT injury (only FA
decreased, not V). FA in CBT for each
patient group was lower than controls (p <
0.05). CBT TV was lower than controls in
both hemispheres for patients with NGT
<6mos, and lower for both hemispheres
for patients with NGT > 6 mos. TV of the
CBT in the affected hemisphere was
negatively correlated with length of time
until NGT removal in < 6 mos group (r =
0.430, p < 0.05). NGT removed within 6
mos for individuals with uniateral but not
bilateral injuries.

Bllateral lesions at the corona
radiata/intemal capsule/basal ganglia were
significant prognostic factors for persistent
dysphagia (o < 0.001).

LA involving contralateral CBT was a
significant predictor of feeding method at
discharge (b= ~8.95, OR = 0.02, p <
0.01) and NOMS score (b = 156, p =
0.03).

Regions surviving corrected threshold (z
< —2.78) for impaired laryngeal elevation:
Right external capsule (8.2%), right
superior longitudinal fasciculus (0.1%),
right superior corona radiata (0.2%);
laryngeal vestibule closure (z < —3.43):
right superior corona radiata (0.1%), right
external capsule (6.5%); pharyngeal
residue (z < ~3.33): right superior corona
radiata (1.2%), right posterior corona
radiata (12.5%), right tapatum (1.7%),
posterior limb of right internal capsule
(0.2%), retrolenticular part of right internal
capsule (3.9%), right superior longitudiinal
fasciculus (8.8%); PAS (z < —4.36): right
superior longitudinal fasciculus (1.7%).

Al patients with moderate or severe
dysphagia had damage along the
pyramidal tract, compared to 86% of
patients without dysphagia. Patients with
moderate to severe dysphagia more
frequently had damage to the pyramidal
tract and a contralateral pyramidal tract
lacune (7.8 vs. 19.9%, p < 0.001).

More severe WM hyperintensities were an
independent predictor of dysphagia (o <
0.03), but that association was lost when
analysis was restricted to patients with
supratentorial damage (p < 0.27).

Internal capsule had an OR = 2.9 for
dysphagia.

Statistical map of voxels associated with
impaired oral inteke after 7 days affected
89% WM with a center of maximum
overlap over superior corona radiata with
location immediately anterior to facial
fibers (66% superior corona radiata, 12%
superior longitudinal fascicle, 8% external
capsule). Proportion of damaged voxels in
the superior corona radiata was negatively
corelated with degree of oral intake after 7
days (o = 0.001). After 4 weeks, the
statistical lesion map covered 76% gray
matter.

At the 5-week follow-up, the right CBT
was discontinued at the suboortical right
matter (Severe narrowing), left was not
reconstructed. Right CBT recovered after
rehabilitation and cranioplasty: thickened
and extended to cerebral cortex.
Resolution of dysphagia.

‘WM lesions are correlated with prolonged
oral transit time (- = 0.384, p = 0.003) and
increased penetration (r = 0.322, p =
0.015), even controling for confounding
variables. Mean oral transit time (OR =
3.082, p = 0.03) and penetration (OR =
2521, p = 0.015) were significantly
dlflerent in the severe WM lesion group
than in the mild group. Left lesions.
associated with mastication (o = 0.039)
Left hemisphere group (less severe): As FA
(r = ~0667, p = 0.013) and FC
decreased (r = —0.829, p < 0.001) and
RD increased (- = 0.594, p = 0.082) (ie.,
reduced structural integrity of the corpus
callosum), dysphagia increased. Reduced
FCin middle ( = —0.762, p = 0.002) and
posterior (- = ~0.739, p = 0.004) CC was
associated with increased (worse) DDS.
Right hemisphere group was more severe,
and no significant correlations were
observed.

Limitations

GD biinding; did not account
for confounding variables in
statistical analyses; no sample
size justification

GD biinding; did not account
for confounding variables in
statistical analyses; no sample
size justification

CD blinding; no sample size
justification; no details on
white matter or swallowing
analysis methods; collapsing
brain areas into one category
Limited information on WM
assessment, Age was a
confounding factor, no sample
size justification, inconsistent
use of video swallowing

Statistical power higher in
some brain regions (more
damaged areas), missing
data, limited discussion of
power, CD blinding of
ooutcome assessors

Limited details on WM
analysis, used a screener to
identity dysphagia, did not
incorporate confounds in
stats, no sample size
justification

Screener for dysphagia,
unspecified WM locations, no
sample size justiication, CD
blinding for swallowing

Did not give assessment
details for swallowing, no
sample size justification,
heterogeneous sample,
broadly defined regions, CD
blinding

No classification of stroke
severity, telephone
assessment for last phase, no
sample size justification

No details on swallowing
measurement, limited
demographic detalls, no
discussion of power, no
statistical analysis, CD
blinding

Unspecified WM lesions,
subjective measures, no
specific hypotheses, limited
validated swallowing
outcomes, no refia
testing, no sample size
justification, CD blinding for
swallow assessment

Heterogeneous groups did
not account for confounding
variables in statistical
analyses, no sample size
justification
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Type of laser co, Diode

Output wavelength (nm) 10,600 808
Mean power output (W) 05

Output mode Continuous wave

Iradiation time (sec) 15,30 or 600 30 0r 600
Distance (cm)* 20 32
Iradiation area (cm?) 167

Type of guide laser Diode laser

*From the tip of the laser fiber to the tissue surface.
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Jang et al.
(2020b)

Jang et al.
(20202)

Lee et al. (2020)
Fandler et al.
(2017)

Fandler et al.
(2018)

Moon et al.
(2017)

Lietal. (2014)

Mihai et al.
(2016)

Galovic et al.
(2017)

Flowers et al.
(2017)

Galovic et al.
(2013)

Wilmskoetter
etal. (2019)

Levine et al.
(1992)

Kumar et al
(2012)

Jang et al.
(2017)

Cola et al. (2010)

Ko etal. (2019)

Mouréo et al.
(2017)

Suntrup etal
(2015)

Galovic et al.
(2016)

Wan et al.
(2016)"

Kim et al. (2014)"

Scan type

DwI

DwI

DWI, FLAIR

T2- axial fast spin
echo, axial T2
FLAR, sagittal T1
spin echo, gradient
echo T2, axial
diffusion-weighted
single shot echo
planar axial

T2- axial fast spin
echo sequence,
FLAR
sequence-axial,
gradient echo T2,
DWI single-shot
echo planar with
ADC maps (axial)
and TOP
angiography

T2 FLAIR and DWI

Resting state MR,
ot

DWI, T1-weighted,
fMRI

Transverse T2, T1,
FLAR, saggital T2,
isotropic DWI

Saggital T1, T2
FLAIR, isotropic axial
diffusion

T2, T1, FLAR,
Saggital T2,
isotropic DWI, with
TOF sequence
DWI

T2

P

DTl (at both 6 and 9
weeks)

owi

NR

T1 NPRAGE, MRI,
DTl

DWI, T2 FLAIR,

T2 (transverse and
sagital), T1, FLAR,
and DWI

MRI (no details
given)

MRI (no details
given)

Scanner model
and head coil

1.5T Philips
Gyroscan Intera
6 channel head coil

1.5T Phillips
Gyroscan Intera
6 channel head col

NR
15T Siemens
Symphony

18T

NR

3T MRI GE Signa
EXCITE

3T Siemens Verio,
32-channel head coil

15T Siemens
Avanto, 15T
Siemens Symphony,
or 3T Siemens Verio
MRI

16T Signa
EchoSpeech MR
scanner (GE),
quadrature head coil

1.5T Siemens
Avanto 1.5T

Siemens Symphony
or 3T Siemens Verio

NR

1.6T GE Signa

NR

1.6T Philips
Gyroscan Intera

NR
NR

3T Siemens
Magnetom Trio;
3-channel head coll
MRI: 15T Intera
Gyroscan, Phiips.
CT: somatom
Definition AS+
Siemens

15T Siemens
Avanto, 15T
Siemens Symphony
or 8T Siemens Verio
NR

NR

*Received a modlfied NIH Quality Assessment rating of “poor”.
**The authors reported this as *b = 0 and 1.9 mm/s?” which we standardized to b = 1,000 s/m?.
Order of appearance: DWI, diffusion weighted imaging; FA, fractionl anisotropy; TV, tract volume; FMRIB, Functional Magnetic Resonance Imaging of the Brain; FLAIR, fuid attenuated inversion recovery; NR, not rated; RSS!, MRI
magnetic resonance imaging; MR, functional magnetic resonance imaging; D], difusion tensor imaging; SM, Supplementary motor area and M1; EP), Echo-planar imaging; FSL, FMRIB Software Library; MNI, Montreal Neurological
Institute; VLSM, voxel-based lesion symptom mapping; ICBM, Intemational Consortium for Brain Mapping; NPM, FLIRT FMRIB's Linear Image Registration Tool: MR, Magnetic resonance; MPRAGE, magnetization-prepared rapid
gradient-echo; ADC, Apparent Diffusion Coefficient: FACT, Fiber Assignment by Continuous Tracking, apparent diffusion coefficient A.

Diffusion settings
and directions

b = 1,000 s/mm?

b = 1,000 s/mm?

NR
NR

NR

NR

b = 1,000 s/mm?
reference scan with
b=0 (o

diffusion gradient) 15
non-

colinear directions

b = 1,000 s/mm?;
64 gradient
directions

DWI (b = 1,000
s/mm? with 4mm
transverse slices)

b = 1,000 s/mm?

b= 1,000 s/m?

NR

n/a

NR

1,000 s/mm?

b = 1,000 s/mm?; 3
directions
NR

b = 800 s/mm?; 64
directions

b = 1,000 s/m?”

b = 1,000 s/m?

NR

NR

MRI scans settings

Acquisition matrix = 96 x 96;
reconstructed matrix = 192 x 192;
FOV = 240 x 240mm; TR =
10,398 ms; TE = 72m:
=59; slice thickness=2.

Acquisition matrix=96 x 96;
reconstructed to matrix = 192 x
192; FOV = 240 x 240 mm?; TR =
10,398ms; TE = 72m:
factor = 2; EPI facto
thickness = 2.5mm.

NR

Al axial slices slice thickness =
Smm

Axial T2-weighted fast spin echo
sequence (0.5 x 0.5 x 5mm);
FLAIR sequence (0.4 x 0.4 x
5mm); sagittal T1-weighted spin
echo sequence (0.6 x 0.6 x 5mm);
gradient echo T2* weighted
sequence (0.4 x 0.4 x 5mm); axial
DWI single-shot echo planar
imaging sequence (1.2 x 1.2 x
5mm) with apparent diffusion
coefficient ADC maps and a 3D
time of fight (TOF) angiography.
Axial slices; slice thickness = 5mm
with 0.5 mm gap

NR

NR

Gradient echo (34 slices 2 x 2 x
2mm); functional EPI (96 x 96
oblique); structural T4 (1 x 1 x 1)

FLAIR slice thickness = 5mm; T2
sagittal slice thickness = 4.5mm;
transverse DWI slice thickness =

4mm

T4: 7.5 mm sice thickness 2mm
space; T2: 5 mm slice thickness =
2mm spacing; diffusion slice
thickness = 5mm slice w/Omm
spacing

FLAIR sice thickness = 5mm;
sagittal T2 slice thickness =
4.5mm; DWI slice thickness =
4mm

Voxel-wise resolution ranged from
09875 x 09375 x 3mmto
1.4458 x 1.4458 x 6mm

NR

NR

60 continuous slices; 76ms;

2.5 mm thickness for each of the 32
gradients

Slice thickness = 6 mm axial
images;

Slice thickness = 3-5mm

T1 and DTI: slice thickness =
2mm, 75 slices

MRI: slice thickness = 5 mm
transverse. reconstruction, 1 mm
increment

DWI transverse slices 4 mm; T2: T1:
FLAIR slice thickness = 5mm;
Sagittal T2: slice thickness =
45mm

NR

NR

Analysis type

Seed based Tractography FA;
TV: Fazekas Grade

Seed based Tractography FA;
TV; Modified Graeb Score

Fazekas grade (manual rating)

Manual lesion identification;
Fazekas Grade

Lesion probabilty mapping;
tractography analysis

Fazekas scale (using diffusion
images with FLAIR MRI);
unspecified localization

Seed-based functional
connectivity maps (from
primary motor and
supplementary motor to the
brain); swallowing-related
functional connectivity for 20
ROls; mean FA between the
SMA and M1

FA lateralization index; T1
lesion size

Voxel-based lesion symptom
mapping (VLSM); ROI
analysis; Probabilistic
Tractography for healthy
individuals

Fazekas scale for
periventricular hyperintensities
and deep hyperintensities in
12 ROIs

Lesion mapping with ROl

Manually drawn lesions;
VLSM; ROl when there were
no significant findings from
VLSM

T2 scales graded according
to Awad et al. (1986); number
of unidentiied bright objects
Lesion volume and location
on DWI

Probabilstic tractography;
ROl

Lesion volumes
sermi-manually tracked

Lesion size using Sims et al
(2009) method; Fazekas scale
Tractography; fractional
anisotropy; radial diffusivity;
mean diffusivity; fibers count
Aflas-based regional analysis
(% of brain affected)

Voxel-based lesion symptom
mapping (VLSM)

NR, Though presence of
stroke was determined by
scans

Determined vascular territory
with mocified Rovira et al.
(2005) method

Analysis specifications

FMRIB Diffusion Software with
routines option (0.5 mm step
lengths, 5,000 streamiine samples,
cunvature threshold = 0.2) used for
fiber tracking

FMRIB Diffusion Software with
routines option

©05mm  step lengths,
streamiine samples, curvature
thresholds = 0.2) used for fiber
tracking; analysis done by expert
w/3 years of experience

Two physiatrists completed analysis

Two independent experts used
standards for reporting vascular
changes on neuroimaging
consensus criteria

5,000

RSSI manually marked by two
neurdimaging experts

Physician rating

Whole brain fiber tracking using
“Diffusion Tookit" software

FSL, MNI, and bedpostx were used
for probabilistc tractography;
researchers manually crew borders
for lesions for lesion size, for
detailed description of other
programs used see paper.

VLSM: ICBM  standard brain
template, NPM software.
Tractography: FMRIB Diffusion
tookit, FSL FLIRT algorithm

Manually traced lesions on each
DWI siice with MRicron and
calculated volumes

MICRON with MNI space for model.
Semi-automatic image analysis by 1
neurologist using MIPAV to Talairach
(used Broadmann areas) and
visually noted lesions with binomial
scale. ImageJ used for lesion size.
Age-related white matter
documented by Wahlund et al.
(2001)

Lesions drawn by a researcher
using MRicron; reviewed by
neurologist with expertise in VLSM;
custom MATLAB script for lesion
symptom mapping

NR

Image J; brain atlas

FSL FMRIB

Image J (semiautomatic threshold)

Expert

DTl studio

Completed by neuroradiologist
using FSL FLIRT, FMRIB and FNIRT

VLSM was calculated using
MRicron software

NR

NR
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Jang et al. (2020b)
Retrospective Cohort

Jang et al. (20202)
Retrospective cohort

Lee et al. (2020)
Retrospective cohort
Ko et al. (2019)
Case control
Wilmskoetter et al.
(2019)

Retrospective cohort

Fandler et al. (2018)
Retrospective cohort

Fandler et al. (2017)
Retrospective cohort

Flowers et al. (2017)
Retrospective cohort

Galovic et al. (2017)
Cohort

Jang et al. (2017)
Single case study

Moon et al. (2017)
Retrospective cohort

Mourso et al. (2017)
Cohort

Galovic et al. (2016)
Cohort

Minai et al. (2016)
Case control

Suntrup et al. (2016)
Cohort

Lietal (2014)
Cohort

Galovic et al. (2013)
Prospective Cohort

Kumar et al. (2012)
Retrospective cohort

Cola et al. (2010)
Case Control

Levine et al. (1992)
Cohort

“Wan et al. (2016)
Retrospective cohort
*Kim et al. (2014)
Retrospective cohort

Number of participants (groups)

40 (20 controls; 16 pts w/dysphagia
and NGT < 6 mos; 4 pts
widysphagia and NGT > 6 mos)

64 (22 controls; 42 pts
widysphagia; 10 pts w/dysphagia
and NGT < 2 days; 27 pts
widysphagia and NGT < 6 mos; 5
pts w/dysphagia with NGT > 6
mos)

137

87 (20 pts with LA in contralateral
CBT: 67 LA not in ipsilateral CBT)

68

243 (196 pts w/o dysphagia; 47 pts
w/dysphagia)

322 (249 pts w/o dysphagia; 83 pts
w/dysphagia)

160 (84 pts wio dysphagia; pts
W76 dysphagia)

62 pts (24 additional controls for
white matter modeling)

1 pt (3 additional controls for
modeling)

63 (49 mild lesions, 14 severe
lesions)

20 (13 left hemisphere; 7 right
hemisphere)

119 (107 tube independent; 12
tube dependent)

36 (18 patients; 18 control)

200 (35 pts w/o dysphagia; 85 pts
w/mild dysphagia; 80 pts w/severe
dysphagia)

36 (12 pts w/dysphagia; 12 pts w/o
dysphagia; 12 controls)

94 (34 acute risk; 60 no risk; 7 days
later within the acute risk group: 17
transient risk; 17 extended risk)

77

45 (10 RHD; 10 LHD; 25 control)

49 controls (25 MRl score 0-1; 24
MRI score 2-3)

12

108 (62 anterior infarcts; 19
posterior infarcts; 22 WM disease)

Age and sex

Control: 56 £ 10 (55% female)
NGT < 6 mos: 60.6 + 12.4 (37.5%
female).

NGT > 6 mos: 63.2 £ 14.7

(75% female)

Control: 51 £ 11 (50% female)
NGT < 2 days: 51 15 (40%
female)

NGT < 6 mos: 60 8.9 (52%
female)

NGT > 6 mos: 59 10

(40% female)

68.7 14 (49.6% female)
64.6 £ 11.5 (36% female)

68.21 + 15.23 (53% female)

Pts w/o dysphagia: 67.1 + 12.4
(87.2% female)

Pts w/dysphagia: 70.8 10.8
(80% female);

Pts w/o dysphagia: 67 & 12.4
(7.2% female)

Pts w/dysphagia: 70.8 +£10.8
(29.8% female)

Total: 66.7 <+ 15 (43.1% female)
Pts w/o dysphagia: 63.6 + 15.6
(46.4% female)

Pts w/dysphagia: 69.9+13.8
(39.5% female)

Pts: 75 + 21 years (55% female).
Controls: 63 + 9 (42% female)

59 (Male)

77.24 % 7.22 (50.8% female)

5.11-17.6 (45% female)

Tube independent: 71 & 19 (45%
female)

Tube dependent: 76 % 9 (50%
female)

Pts: 56.6 + 15.3 (27.8% female)
Control: 61.94 % 9.78

(77.8% female)

73.7 years (49.5% female)

Pts w/o dysphagia: (72 £ 10.7)

Pts w/mild dysphagia: (73.5 + 13.1)
Pts w/severe dysphagia: (74.8
£119)

Pts w/o dysphagia: 66.5 + 5.2
(41.7% female)

Pts w/dysphagia: 65.2 4.3 (50%
female)

Control: 65.8 3.3 (50% female)
Acute risk: 74 19 (59% female)
Norisk: 71.5 16 (43% female)

Median = 76 (64.9% female)

RHD: 62.3 % 12.1 (10% female)
LHD: 62.3 8.7 (0% fernale)
Control: 67.2  9.1(8% female)

Mean = 66 (40.8% female)’

66 = 10 (25% ferale)

NR

Race and ethnicity

NR

NR

NR
NR

White 45 (66%),
Black 21 (31%),
Asian 1 (1.5%),
Other 1 (1.5%);
Not Hispanic/Lal
68 (100%)

NR

NR

NR

NR

White

NR

NR

NR

NR

NR

NR

NR

NR

RHD: 7 black (70%)
LHD: 8 black (80%)
Control: 4

black (16%)

NR

NR

NR

Inclusion criteria and underlying
diagnosis

Stroke: Lateral medullary infarct
with dysphagia and NGT placement

Stroke: Supratentorial intra-cerebral
and intra-ventricular hemorrhage
with dysphagia and NGT placement

Stroke: acute ischemic stroke and
referred for VFSS

Stroke: First unilateral corona
radiata infarct involving GBT with LA
Stroke: First (and only) hemispheric
stroke of the MCA

Stroke: Recent small subcortical
infarct

Stroke: Recent small subcortical
infarct

Stroke (no other specifications)

Stroke: First hemispheric stroke
leading to impaired oral intake

Stroke (no other specifications)

Stroke: Mild first stroke, had
dysphagia symptoms and
completed VFSS.

Unilateral spastic cerebral palsy

Stroke: First hemispheric stroke
who failed dysphagia screening

Stroke: Single ischemic stroke
(recovered from Severe dysphagia
wiin last 3 years)

Stroke: First stroke; failed
dysphagia screening and
completed FEES

Stroke: First (and only) hemispheric
stroke of the MCA

Stroke: First

Stroke: Acute ischemic stroke and
severe dysphagia

Stroke: Acute unilateral ischemic
stroke

NA

Stroke: Basal ganglia and/or
centrum semiovale

Stroke: First unilateral ischeric
stroke within 3 months; had
dysphagia symptoms and
completed VFSS in last 3 months

Clinical rating of diagnosis

NR

NR

NIHSS
NIHSS, Korean mini mental,

motricity index of imbs

NIHSS (mean 12.57 + 6.97),
Rankin Scale (median 0,
range 0~4)

NIHSS 0-4 (263, 79.2%),
NIHSS>5 (69, 20.88%)

NIHSS: Dysphagia 3 (1-10)
No dysphagia 3 (0-9)

Rankin scale, CNS score

NR

NR

NIHSS-K <5, mean = 2.83,
SD=1.42

GMFCS, MACS

NIHSS

NR

NIHSS

NR

NIHSS, Rankin scale

NIHSS (median 8)

NIHSS

NA
NR

NR

*Received a modified NiH Quality Assessment rating of “poor”.
Order of appearance: pts, patients; w/with; mos, months; w/o, without; NGT, naso-gastric tube; NR, not reported; NIMSS, national institute of health stroke scale; NIHSS-K, national institute of health stroke scale Korean version;
VFSS, videofluoroscopic swallow study; RHD, right hemisphere disease; LHD, left hemisphere disease; MRI, megnetic resonance imaging; LA, leukoereiosis (hyperintensity around ventricles); CBT, corticobulbar tract; NS, Canadlen
Neurological Scale; GMFCS, gross motor function classification scale; MACS, manual abilty classification scale; NA, not applicable.
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rst author date Research Study Uniform  Samplesize  Primary  Different levels
questionand  population  eligibility justification  diagnoses  of severity of
hypotheses determined  diagnosis
before
outcome

Cola et al. (2010) + + + - + +
Galovic et al. (2013) + + + - + +
Galovic et al. (2016) + + + - + +
Minai et al. (2016) + + + + + +
Wilmskoetter et al. (2019) + + + 3 + +
Jang et al. (2020b) + + & = n .
Jang et al. (2020a) + + + = + =
Lee et al. (2020) + + + - + +
Fander et al. (2018) + + + - + +
Fander et al. (2017) 13 + + - i +
Flowers et al. (2017) + + + - oD ¥
Galovic et al. (2017) p + + = ¥ -
Jang et al. (2017) + + NA NA + +
Ko et al. (2019) p + + = + +
Kumar et al. (2012) + + e - D +
Levine et al. (1992) p + & = NA +
Lietal. (2014) + + + - + -
Moon et al. (2017) p + + - + +
Mouréo et al. (2017) + + + - + ¥
Suntrup et al. (2015) 13 + + = + +

im et al. (2014) 13 - + cD o) -
Wan et al. (2016) p + + = o -

+ yes (adequately addressed), —no (not adequately addressed), p, partially addressed;: CD,

‘cannot determine; NA, not applicable.
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‘Outcome
measures
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VFSS metrics

Drinking

Eating

Grooming

Frequency (events/hour)
Duration (minutes/24 h)
Frequency (events/hour)
Duration (minutes/24 h)
Frequency (events/hour)
Duration (minutes/24h)

p-value

0.001
<0.0001
<0.0001
<0.0001
<0.0001

0.630

Mean (£SEM)

wT

3.43(0.20)

1.79(0.10)

19.00 (0.80)
7.37 0:81)

16.11(0.64)
202,81 (7.13)

LgDel

4.28(0.14)

3.72(0.08)

44.63(1.28)
20.96 (0.51)
20.19(0.28)
199.14 (1.73)

Bold p-values denote statistical significance (<0.05); SEM, standard error of the mean;

WT, wild-type.
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Variables Coefficient

NICU stay, days 0.360
Tracheal intubation duration, hours ~ 0.021
Nasogastric feeding tube, (%) 2212
APACHE-II G 0.536

OR (Cl)

1.433 (1.141-1.882)
1.021 (1.001-1.062)
9.131 (1.364-62.289)
1.709 (1.421-2.148)

p-value

0.005
0.175
0.021

<0.001

NICU, neurointensive care unit; APACHE, acute physiology and chronic health evaluation;

OR, odds ratio.
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Variables

Age, years
Male, n (%)
Height, om
Weight, kg
BMI
Diagnostic Category (%)
Neurovascular disease
Central nervous system tumor
Traumatic brain injury
Others
Past medical history
Diabetes melitus, 1 (%)
Hypertension, n (%)
Heart failure, n (%)
Arthythmia, n (%)
Chronic renal failure, n (%)
Previous stroke, 1 (%)
Clinical features
NICU stay, days
Mechanical ventilation, hours
Protective restraint, n (%)
Nasogastric feeding tube, n (%)
Tracheal intubation type (%)
65
70
75
80
Tracheal intubation duration, hours
Sedation, hours
Relaxants, hours
Muscle strength grade Il and IV, n (%)
RASS score
APACHE-!l score
APACHE-IIA
APACHE-IB
APACHE-IIC
APACHE-ID

Overall

N =293

53.0 4.0, 63.0]
151 (51.5)
165.0 [160.0, 170.0]
68.0 (0.0, 75.0)
24.5[22.0,26.6)

132 (45.1)
146 (49.8)
12 (4.1)
3(10)

31(106)
88(30.0)
48 (16.4)
30(10.2)
19(6.5)
174 (59.4)

20[1.0,30)

40(8.0,5.0)
9@.1)
47 (16.0)

84(28.7)
113 (38.6)
38(13.0)
58(19.8)

40[3.0,7.0]
35(3.0,5.0)
40[3.0,6.0)
44(15.0)
0.0(0.0,0.0]
200 [19.0,21.0)
20[0.0,30)
20[2.0,2.0)
00[0.0,1.0)

15.0 (13.0,17.0]

Dysphagia screening negative

N=225

51.0 (42.0, 62.0]
118 (52.4)
165.0 [160.0, 171.0]
68.0[60.0, 75.0)
24.5[21.9,26.6)

105 (46.7)
115 (51.1)
418
1(0.4)

23(10.2)
52(23.1)
34 (15.1)
24(10.7)
15(6.7)
141 (62.7)

20[1.0,2.0)

30[25,50)
104
9(4.0)

62(27.6)
94(41.8)
29(12.9)
40(17.8)

3.0[25,5.0]
30[23,50)
30[20,50)
7@.1)
0.0(0.0,0.0]
20.0[19.0,21.0)
20[0.0,3.0)
20[2.0,2.0)
00[0.0,00)
15.0(14.0,17.0]

Dysphagia screening positive

N=68

60.5 [53.0, 66.0]
33 (48.5)
162.5 [158.0, 170.0)
68.0 (60.0, 75.0)
24.4[22.0,27.0)

27(39.7)

31(45.6)
8(11.8)
229

8(11.8)
36 (52.9)
14 (206)
688
4(6.9)
33 (48.5)

60[30,100]
50(32,60]
8(11.8)
38(55.9)

22(32.4)
19 (27.9)
9(132)

18 (26.5)
29.5(7.8,95.8)
50(38,7.0]
60[40,80]
37 (54.4)
00[-1.0,00]
230 [21.0,29.2)
30[20,50]
20[20,50]
60[20,80]
13.5(9.0,17.0)

p-value

<0.001
0.669
0.074
0813
0577
0.001

0.891

<0.001
0.378
0.833

0.052

<0.001
<0.001
<0.001
<0.001
0171

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.001

NICU, neurointensive care unit; BMI, body mass index; RASS, richmond agitation-sedation scale; APACHE, acute physiology and chronic health evaluation. Continuous variables present
with median and inter-quartile range; Categorical variables present with frequencies.
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Mouse Palate Larynx Face LAR

1 Extraneous laryngeal
mucosa along the medial
edge of the glottis

2 _ Bxtrancous laryngeal _ Absent
mucosa along the medial
edge of the glottis
3 Soft palate _ Snout asymmetry NT
asymmetry
4 _ _ Asymmetry of the eyes, NT

premaxila, nasal spine,
incisors, and snout
5 Narrowed larynx, = NT
aryepiglottic folds not
visible

LAR, laryngeal adductor reflex (i.e., glottic closure reflex); NT, not tested.





OPS/images/fneur-11-00004/fneur-11-00004-t005.jpg
Laryngeal motion metrics p-value Mean (£SEM)

wT LgDel
Mean motion range ratio (VMRR) 0194 090(006  0.77(0.07)
Open close cycle ratio (OCCR) 0236 094005  1.01(0.02)
Motion correlation cosfficient (Mcor) ~ 0.952  —0.86(0.23)  —0.85 (0.04)
Average VF angle (degrees) 0253  3357(140)  80.60(2.10)
Respiratory rate (#/min) 0092  165.26(6.48) 143.61 (10.40)

Bold p-values denote statistical significance (<0.05). WT, wild-type.
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VFSS metrics p-value Mean (£SEM)

wT LgDel

Drinking - Lick rate (#/5) 0035 871018  8.07(022)
Inter-lick interval (ms) 0.046 114.43(2.30) 121.91(2.65)

Swallow rate (#5) 0508  1.68(0.11)  1.77(008)
Inter-swallow interval (ms)  0.356  752.91 (56.22) 690.18 (35.35)

Lick-swallow ratio 0228 4.47(0.36) 3.85(0.34)

Pharyngeal transit time (ms) ~ 0.013 85,82 (1.91)  94.36 (2.50)
Jaw closing velocity (mm/s) 0255 14.89(0.77)  13.19(0.67)
Jaw opening velocity (mm/s) 0883 13.71(0.71)  13.55(0.79)

Eating  Mastication rate (#/5) 0852  826(0.31)  8.167(0.42)
Swallow rate (#/5) 0228  031(008)  027(002)
Inter-swallow interval () 0840  401(060)  4.17(043)

Bold p-values denote statistical significance (<0.05); SEM, standard error of the mean;
VFSS, videofluoroscopic swallow study; WT, wild-type.
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HomeCageScan metrics

Oromotor Drinking Frequency
Duration

Eating Frequency
Duration

Groorming Frequency
Duration

Non-Oromotor  Walking Slowly  Frequency

Come Down Duration
Hang vertically ~ Duration
from hang

cuddled

Each “bin” represents a 24 h period of data collection.

Operational definitions

Number of times that the animal’s snout is in close proximity to the defined water spout in the
act of drinking.

‘The length of time the animal spends drinking as analyzed by the animal's snout being within
close proximity to the defined water spout starting from a non-drinking position, to active
drinking, until finished.

Number of times that the animal’s snout is at/near the defined food hopper in the act of eating.
The length of time the animal spends eating as analyzed by the animal’s snout being at/near
the defined food hopper from a non-eating position, to active eating, untilfinished.

‘The number of times the animal’s snout is in close proximity to its body and the body deforms
into a grooming position while making specific grooming movements with its head, paws, and
body.

The length of time an animal spends in a grooming position, with the animal’s snout in close
proximity to its body and making specific grooming movements with ts head, paws, and body.
The number of times that the animal makes any sideways movement that does not have a
definite directional component

The length of time an animal spends moving from a fully reared up position to a low position.
The length of time and animal spends moving from a hang cuddled position to a hang vertical
position (note: the hang cuddied position involves the animl having allfour limbs at the top of
the cage in a horizontal position).

Units

events/bin

sseconds/bin

events/bin

seconds/bin

events/bin

sseconds/bin

events/bin

seconds/bin
seconds/bin
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Laryngeal motion metrics

Mean motion range ratio (MMRR)
Open close cycle ratio (OCCR)

Motion correlation coefficient
(Mcorr)

VF angle

Respiratory rate

Operational definitions

Ratio of the right and left VFF motion range (i.., ampiitude) during each respiratory cycle throughout a 105 video
clip, then averaged

Ratio of the number of right and left VF motion cycles (L., frequency) throughout a 10 video ciip, then averaged
Gomparison of left and right VFF motion direction (i.., motion correlation coefficient) in each video frame
throughout a 105 clip, then averaged. Values range from —1 to 1, where values close to —1 represent a negative
correlation (i.e., VF motion in opposite directions; normal function), values close to 1 represent a positive
correlation (ie., VF motion in the same direction; paradoxical motion), and values close to O represent minimal
correlation (i., little to no VFF motion).

Measurement of VF maximum and minimum angle for each respiratory cycle throughout a 105 video clip, then
averaged.

Number of VF motion cycles per minute throughout a 105 video clip, then averaged. VF abduction = inspiration;
VF adduction = expiration.

For each mouse, one 10 video clip of spontaneous breathing under anesthesia was analyzed via VFtrack™.

Units
n/a

n/a
n/a

degrees

#/min
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VFSS metrics Operational definitions Units

Drinking ~ Lickrate Number of jaw open/close cycles per second, calculated separately for each second of a 2 video clip, then #s
averaged.

Inter-lick interval Time between successive lick cycles throughout a 2 video ciip. ms

Swallow rate Number of swallows in each second of a 2 s video clip, converted to a rate (swallows/second), then averaged. #/s

Inter-swallow interval Time between successive swallow pairs throughout a 2 s video cli, then averaged. ms

Lick-swallow ratio Number of jaw open/close cycles between each successive swallow pair throughout a 2s video clip, then na
averaged.

Pharyngeal transit time Bolus flow time through the pharynx for each successive swallow, then averaged. The start frame is the “rest ms

frame” that immediately precedes visible transfer of the bolus from the vallecula (swallow trigger point). The
end frame is when the tail of the bolus enters the esophagus.

Jaw closing velocity Speed at which the jaw closes during each jaw cycle throughout a 25 video clip, then averaged. mm/s
Jaw opening velocity Speed at which the jaw opens during each jaw cycle throughout a 25 video clip, then averaged. mm/s
Eating Mastication rate Number of jaw open/close cydles per second during three separate 1's episodes of rotary mastication, then #s
averaged.
Swallow rate Number of swallows in each second of a 20's video clip, converted to a rate (swallows/second), then #s
averaged.
Inter-swallow interval Time between successive swallow pais throughout a 20s video clip, then averaged. s

Al video clips depict uninterrupted dfinking or eating behaviors, beginning with a swallow event (ie., rest frame immediately preceding bolus flow from the valleculz). For each mouss,
five 2 episodes of drinking and one 20's episode of eating were analyzed via JawTrack™.





OPS/images/fneur-11-00481/fneur-11-00481-g001.gif





OPS/images/fneur-12-605687/fneur-12-605687-g002.gif
S——
Amciz ¢
ot

Riskof Dy






OPS/images/fneur-11-00004/fneur-11-00004-g008.gif





OPS/images/fneur-11-00481/crossmark.jpg
©

2

i

|





OPS/images/fneur-12-605687/fneur-12-605687-g001.gif





OPS/images/fneur-11-00004/fneur-11-00004-g007.gif
Eating

Drinking

(Cmetom] [

(vl

Grooming.
G






OPS/images/fneur-11-00440/fneur-11-00440-g004.gif





OPS/images/fneur-12-605687/crossmark.jpg
©

2

i

|





OPS/images/fneur-11-00004/fneur-11-00004-g006.gif





OPS/images/fneur-11-00440/fneur-11-00440-g003.gif





OPS/images/fneur-12-629211/fneur-12-629211-t005.jpg
tstat (paired)
dt

t-crit

p

sig

Masseter
palpation

9
4
2776445105
<0.001

sig

Temporal
palpation

6.531972647
4
2776445105
<0.1

sig

‘Sternocleidomastoid

palpation

1
4
2.776445105
<0001
sig

Digastric
palpation

3.207134903
4
2.776445105
<0.06

sig

Pterygoid palpation
atTi

632455532
4
2.776445105
<001

sig

VAS

7.90569415
4
2776445105
<001

sig

DMN

—0.601279077
4
2.776445105
>0.05

no. sig

PN

1.848546182
4
2.776445105
<0.05

no. sig
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PT1(C8)
PT2(SS)
PT3(RF)
PT 4 (AN)
PT5(CT)

DMN average
connectivity: T2-T1

15.83
6.86
7.34
6.76
893

PN average
connectivity: T2-T1

1.14

2.03
20.24
13.41
0.20
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Digastric Digastric Pterygoid Pterygoid
palpation at T1 palpation at T2 palpation at T1 palpation at T2

PT1(CS) 1 0 3 1
PT2(SS) 2 0 3 0
PT3(RF) 2 0 3 1
PT 4 (AN) 0 0 3 2
PT5(CT) 1 0 2 0
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Masseter palpation  Masseter palpation  Temporal palpation  Temporal palpation  Sternocleidomastoid  Sternocleidomastoid

atTi atT2 atTi atT2 palpation at T4 palpation at T2
PT1(CS) 3 1 2 1 3 1
PT2(SS) 3 1 3 1 3 0
PT3(RA) 2 0 2 0 3 1
PT 4 (AN) 3 2 2 o 3 1
PT5(CT) 2 0 2 1 2 0
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Region

1. Left Sl seed
Contrast: 5 > 25 cm/s
Left PostCG (35), aSMG (22)
Contrast: 5 > 65 cm/s
Right pMTG
Right Cerebellum 6
Right AG
Contrast: 25 > 65 cm/s
Left iLOC (140)
Right iLOC (490), sLOC (138), FG (64)
Right FG (63), Right Cerebellum 6 (46)
2. Left Sll seed
Contrast: 25 > 65 cm/s
Left SPL
Right sSLOC
3. Right Sl seed
Contrast: 5 > 65 cm/s
Left iLOC
Right pMTG
Contrast: 5 < 65 cm/s
Right IC
Contrast: 25 > 65 cm/s
Left iLOC
Right iLOC
Contrast: 25 < 65 cm/s
Left Cerebellum Crus Il
4. Right Sll seed
Contrast: 5 < 65 cm/s
Right SFG
Contrast: 25 > 65 cm/s
Left SPL
Contrast: 25 < 65 cm/s
Right SFG

Coordinates in MNI space Voxels

X (mm) Y (mm) Z (mm)

-38 -36 42 57
70 -22 —12 155
34 —54 —24 73
60 -52 26 64

—36 -78 2 140
40 -82 -6 692
34 —60 -22 99

-32 -52 68 42
36 -84 18 42

—42 -72 2 78
64 24 —4 40
40 —4 -6 109

-38 -78 0 96
46 -82 —4 298

-38 —66 —54 34
18 8 66 76

—-30 —-58 62 147
18 12 48 50

PostCG, Postcentral Gyrus;, aSMG, anterior Supramarginal Gyrus; pMTG, posterior
Middle Temporal Gyrus; AG, Angular Gyrus; iLOC, inferior Lateral Occipital Cortex;
sLOC, superior Lateral Occipital Cortex; FG, Fusiform Gyrus; SPL, Superior Parietal
Lobule; IC, Insular Cortex; SFG, Superior Frontal Gyrus.
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Name Description Coordinates in MNI space

X (mm) Y (mm) Z (mm)

Left hemisphere

Left SI ROI & Seed —55 -19 24
Left Sl ROI & Seed —48 —24 16
Left PPC RO —56 -31 32
Left DLPFC RO 27 32 36
Left Thalamus RO -9 —-17 6
Right hemisphere

Right S ROI & Seed 56 -13 29
Right Sl ROI & Seed 48 —24 16
Right PPC RO 56 -31 32
Right DLPFC RO 30 35 34
Right Thalamus RO 10 -19 6

MNI, Montreal Neurological Institute; ROI, region of interest; Sl, primary
somatosensory cortex; Sll, supplementary somatosensory cortex; PPC, Posterior
Parietal Cortex; DLPFC, dorsolateral Prefrontal Cortex.
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Independent variables Channel (Brodmann area)

Burst duration (Ta) CH 12 (L-FPA)
Peak amplitude (Ta) CH 12 (L-FPA)
Occlusal force CH 12 (L-FPA)

Coefficients

6.223
2.896
—1.239

Std. error

1.654
0.811
0.513

Standardized coefficients p value
0.743 0.003**
0.749 0.004**

—0.475 0.034*

*Significant association of prefrontal [oxy-Hb] (multiple linear regression
analysis, p < 0.01).

analysis, p < 0.05)

. *Significant association

of prefrontal [oxy-Hb] (multiple linear regression
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Independent variables Channel (Brodmann area) Coefficients Std. error Standardized coefficients p value

Burst duration (Mm) CH 11 (R-FPA) 2.550 0.876 0.427 0.014*
CH 12 (L-FPA) 8.231 2.031 0.758 0.002*
CH 17 (L-FPA/OFC) 9.261 2.654 0.697 0.005*
Peak amplitude (Mm) CH 11 (R-FPA) 0.417 0.111 0.534 0.003*
Masticatory score CH 11 (R-FPA) 0.164 0.039 0.631 0.001*

*Significant association of prefrontal [oxy-Hb] (multiple linear regression analysis, p < 0.05). **Significant association of prefrontal [oxy-Hb] (multiple linear regression
analysis, p < 0.01).
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Independent Masticatory Burst Peak Occlusal

variables score duration (Mm) amplitude (Mm) force
Masticatory score —0.070 —0.098 —0.349
Burst duration (Mm) 0.222 —0.246

Peak amplitude (Mm) —-0.127






OPS/images/fphys-11-00618/fphys-11-00618-t001.jpg
Sample Breaking load (N) Breaking strain (%)

A10 9.71+£0.18 43.31 £ 0.34
A30 28.70 +1.00 46.16 + 1.08
C10 9.73+0.94 74.34 £1.67

C30 29.40 + 0.99 78.71 £1.19
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Masticatory muscle EMG activities Unwearing Wearing

Mean SD Mean SD p value

Number of chewing strokes Mm 63.28 13.44 65.16 13.34 0.55
Cycle duration (ms) AD 837.28 123.56 838.71 173.34 0.55
Burst duration (ms) Mm 306.54 87.03 344.67 72.93 0.03*

Ta 282.19 67.71 297.80 59.95 0.49
Inter-burst duration (ms) Mm 535.75 102.93 503.19 121.81 0.96

Ta 561.60 100.59 545.19 132.23 0.26
Area (mV-s) Mm 0.01 0.01 0.02 0.01 <0.001+++

Ta 0.01 0.00 0.02 0.01 <0.001++t
Mean amplitude (mV) Mm 0.04 0.03 0.06 0.04 0.001+++

Ta 0.04 0.02 0.05 0.03 0.04*
Peak amplitude (mV) Mm 0.10 0.07 0.13 0.08 0.34

Ta 0.07 0.04 0.09 0.05 0.01*

*Significant difference between the Unwearing and Wearing condiitions (paired t-test, p < 0.05). t+t+tSignificant difference between the Unwearing and Wearing conditions
(Wilcoxon’s signed rank test, p < 0.001).
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Occlusal states Unwearing Wearing p value

Mean SD Mean SD

Occlusal force (N) 289.3 10569 620.0 1325 <0.001***
Occlusal contact area (mm?2) 6.6 2.6 14.2 3.7 <0.001***
Average pressure (MPa) 43.3 5.7 429 58 0.89
Maximum pressure (MPa) 100.6 14.3 104.6 12.3 0.130

**Significant difference between the Unwearing and Wearing conditions (paired
t-test, p < 0.001). Paired t-test is indicated in normal font, and Wilcoxon’s signed
rank test is indicated in bold font.
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Region Side x (mm) y(mm) z(mm) Zvalue

Horizontal > frontal

Superior parietal lobule L 82 -850 88 475
R 26 48 66 498
Vertical > frontal
Precentral gyrus L 26 12 62 529
R %2 -6 66 459
Post-central gyrus R 52 -2 3 670
R %@ 34 36 467
Central opercular cortex L 60 20 16 472
Supramarginal gyrus, ant. div. L —44  _34 38 5.03
Superior parietal lobule L -84 48 52 469

Frontal > vertical

Middle frontal gyrus L —46 10 46 456
Inferior frontal gyrus, pars triang. L 45 24 12 495
Frontal orbital cortex L —42 30 -16 4.29
Middle temporal gyrus, post. div. L 60 -3 10 433
Inferior temporal gyrus, temp-oce. L 42 50 16 447
Cuneal cortex R 2 78 22 556
Lateral occipital cortex L 20 86 20 479
R 28 82 12 485
Intracalcarine cortex R 8 —64 8 4.45
Lingual gyrus L -0 -7 0 535
Occipital pole 0 9% -4 633
R 24 9% -8 387
Occipital fusiform gyrus L =32 =72 -12 4.29
R 26 66 -6 497
Horizontal > vertical
Precentral gyrus L 22 26 88 474
(9 —40 -16 46 4.60
R 22 28 8 497
Inferior frontal gyrus, pars triang. L -84 28 10 458
Post-central gyrus L -2 -3 58 48
R 38 -2 50 467
Cingulate gyrus, post. . L -2 20 4 42
Cuneal cortex L -6 -8 22 505
R 10 -70 20 517
Occipital pole L -10 -90 -2 5.85
R 6 -98 -6 861
Fusiform cortex R 26 -60 -16 516
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Region Side x(mm) y(mm) z(mm) Zvalue

Precentral gyrus L —60 2 20 624
58 8 8 5.00

R 2 10 52 456

Supplementary motor cortex 0 -4 64 622
Superior frontal gyrus 0 32 46 600
8 -2 16 56 503

Middle frontal gyrus L -50 16 38 4.36
L -26 20 38 531

Inferior frontal gyrus, pars triang. L -8 28 16 514
Frontal operculum R 34 16 10 4.65
Frontal orbital cortex L ~34 18 12 502
Frontal pole R 36 42 20 451
Post-central gyrus L a2 16 32 656
R 62 -6 28 617

Supramarginal gyrus, post. div. L -8 50 42 449
R 34 88 3 6544

Gentral opercular cortex L 60 -20 12 578
Middle temporal gyrus L -54 54 0 397
Lingual gyrus L 14 78 -2 394
R 6 -92 -16 6.76

Cingulate gyrus, ant. div. L -8 1 37 465
R 6 0 3% 853

Insular cortex L -0 -4 2 581
R 42 -4 4 5.21

Putamen R 22 8 -2 551
Pallidum L -13 4 o 563
Thalamus L -0 -2 4 593
R 14 -4 8 5.45

Amygdala L 26 -4 -16 577
R 28 -2 -6 565

Cerebellum lobule VI L -6 -64 22 608
R 16 -66  -22 660
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Ti-weighted MPRAGE
T2*-weighted (syllable production)
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T2*-weighted (tongue movements)
T2*-weighted (sentence production)

Time of acqy

6:16 min
116 min
8:31 min
9:21 min
9:14 min
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MNI coordinates

Activated area X y z t-value
PPI Supplementary/premotor area (BA6) —18 11 59 10.05
seed: left Sl Thalamus
VPM —-12 —24 3 5.05
14 —23 6 4.02
Basal ganglia
Putamen 18 -2 5 12.65
—21 0 4 4.22
Cerebellum 15 —62 32 6.25
DLPFC —24 57 15 5.67
PPI Supplementary/premotor area (BA6) 12 -21 66 4.63
seed: right BG Thalamus
VL 14 —6 -9 4.4
Mi 38 -30 59 418
Sl 48 —21 52 4.25
Cingulate cortex —6 32 37 3.77
51 —-18 22 5.77
PPI Supplementary/premotor area (BA6) 32 —-15 60 8.12
seed: Thalamus
left cerebellum VL 14 —-15 9 3.58
Ml -3 -19 67 3.58
Sl -15 -39 70 3.58
Cingulate cortex 6 —15 43 3.88
DLPFC 41 11 33 4.25
—20 42 37 4.42
PPI Cerebellum —11 -75 -17 3.78
seed: VPM 15 —24 2 3.55
right BA6
PPI Sl 47 —25 56 3.45
seed: Supplementary/premotor area (BA6) 8 —20 63 5.34
left VPM
PPI Supplementary/premotor area (BA6) —36 8 54 4.84
seed: Sl —41 —25 51 4.58
left insula Cingulate cortex -2 —1 36 4
PFC —42 4 16 3.66

p < 0.005 uncorrected
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Activated area Brodmann’s area MNI coordinates t-value
X y z
Conjunction Primary motor cortex (M) 4 —51 —10 23 6.26
45 —-12 30 6.18
Primary sensory cortex (Sl) 1,2,8 —51 —15 24 6.26
Supplementary/premotor area 6 9 -5 63 5.77
Thalamus
VPM —-14 -21 -2 6.1
15 -8 -2 5.63
Basal ganglia
Putamen —20 -5 11 5.39
20 -5 —26 5.61
Cerebellum —14 —66 27 6.44
21 —62 27 5.92
—51 -10 23 6.26

p < 0.05 FWE corrected.
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Variable Anterior open bite No anterior open bite p-Value

Rank sum Rank sum

Zone 1

Deglutition

Theta/beta 49 56 0.65*
Alpha/theta 535 58.5 1.00
Alpha peak 52 49 0.55*
Beta 49 56 0.43*
Wavelength 2-38 Hz 445 60.5 0.31*
Phonation

Theta/beta 48.5 54.3 0.34*
Alpha/theta 54.2 53.5 0.83*
Alpha peak 46 49 0.46*
Beta 52 56 0.45*
Wavelength 2-38 Hz 538 60.5 0.21*
Zone 2

Deglutition

Theta/beta 54 61 0.33*
Alpha/theta 66 &9 0.06*
Alpha peak 66 39 0.35*
Beta 49 56 0.65*
Wavelength 2-38 Hz 53.5 51.5 0.81*
Phonation

Theta/beta 45 60 0.329*
Alpha/theta 66 39 0.083*
Alpha peak 66 39 0.084*
Beta 49 56 0.655*
Wavelength 2-38 Hz 53.5 515 0.898*

Condition 2, function (deglutition and phonation). Zone 1, C3 (central sulcus area,
left hemisphere). Zone 2, C4 (central sulcus area, right hemisphere). *p-value
obtained with Student T-test.
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Activated area Brodmann’s area MNI coordinates t-value
X y z

OD - OEd Primary motor cortex (MI) 4 —51 —-15 41 4.98
Primary sensory cortex (Sl) 1,2,3 —45 —-16 51 4.42
Supplementary/premotor area 6 12 —-14 62 2.96
Thalamus
VPM -18 -17 8 2.36
Basal ganglia
Putamen —29 -2 9 2.24
Substantia nigra 5 —-12 —-14 2.56
Insula 39 -2 6 3.12

—-35 0 15 2.67

p < 0.005 uncorrected.
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Variable Anterior open bite No anterior open bite p-Value

Rank sum Rank sum

Zone 1

Theta/beta 53.5 51.8 0.90*
Alpha/theta 68 37 0.05™
Alpha peak 71 34 0.02*
Beta 49 56 0.66*
Wavelength 2-38 Hz 57.5 47.5 0.52%
Zone 2

Theta/beta b57.5 47.5 0.562*
Alpha/theta 60.5 445 0.31*
Alpha peak 65 40 0.11*
Beta 50 55 0.75*
Wavelength 2-38 Hz 87 48 0.565"

Zone 1, C3 (central sulcus area, left hemisphere). Zone 2, C4 (central sulcus area,
right hemisphere). *p-value obtained with Student T-test. *p-value obtained with
Mann-Whitney U test.





OPS/images/fnagi-12-00032/fnagi-12-00032-t001.jpg
OEd

Activated area

Primary motor cortex (MI) 4
Primary sensory cortex (Sl) 1,2,3
Primary motor cortex (MI) 4
Primary sensory cortex (Sl) 1,2,8
Supplementary/premotor area 6
Thalamus

VPM

VL

Basal ganglia

Putamen

Substantia nigra

DLPFC 9
Cerebellum

Cingulate cortex 24
Insula

Primary motor cortex (MI) 4

Primary sensory cortex (Sl)
1,2,3
Supplementary/premotor area 6

Thalamus
VPM

VL

Basal ganglia

Putamen

Substantia nigra

Cerebellum

Cingulate cortex 24
Insula

Primary motor cortex (Ml) 4

Primary sensory cortex (Sl) 1,2,3
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p < 0.05 FWE corrected.

Brodmann’s area

MNI coordinates

X y z
—51 —19 24
47 —12 25
—47 —45 16
—45 —25 30
—47 -16 37
32 —36 54
-39 —16 52
33 -39 54
—11 —12 61
8 -7 61
—14 —22 -2
15 —23 -3
—14 —19 9
—29 -2 9
21 -2 12
8 —13 —11
—27 29 30
—14 —65 -28
6 16 27
38 -3 0
-36 -5 -4
—47 ~16 37
45 -10 28
28 —21 42
39 —18 42
-5 -10 60
8 -7 63
—15 —16 0
15 -18 -3
—15 —14 2
26 —15 1
-6 —25 -9
—14 —65 —26
12 37 15
-35 0 1
—51 —12 24
53 —12 39
—45 —18 36
32 -36 52
45 —12 30
-3 -10 —61
-13 —19 1
15 —21 —1
15 —17 10
22 0 7
—22 3 7
-4 —27 —15
41 41 24
-10 —63 —24
40 -3 -2
—36 -3 -2

t-value

4.77
4.69
5.62
6.51

6.76
7.3
7.07
7.34
6.71
6.48

6.03
5.66
5.41

5.97
5.73
4.87
4.99
5.73
5.59
6.48
6.15

5.78
5.76
5.26
6.43
5.19
5.25

6.49
6.00
8.23

6.18
7.10

5.44
5.61

6.96
6.70
7.02
6.72
7.07
6.56

6.57
6.39

5.47

6.31
5.22
6.17
6.70
7.13
5.57
5.53
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Variable Anterior open bite No anterior open bite  p-Value

Rank sum Rank sum
1Q 65 40 0.11
Response time 36 69 0.03
Variability 66.5 38.5 0.07
Inattention 65 40 0.1
Commission 54.5 506 0.80
Double-click 59.5 455 0.14
Oxygen saturation B7 48 0.56
BPM 57.5 475 0.52

All p-values were obtained with Student T-test. IQ, intelligence quotient; TOVA,
Test of Variables of Attention; SpO»,, oxygen saturation measurement; BPM,
beats per minute.
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Electrophysiological Motoneurons NVsnpr neurons

characteristics (n=32) (n=12)
Input resistance (M) 67+ 12 230 +29
RMP (mV) s+ 1 —50+2

Firing threshold (m\) —42+2 —40+1

Spontaneous firing frequency (Hz) 75+ 24 72+18
AP amplitude (m\V) 8514 60.8+86
AP duration (ms) 16+0.1 17+08
AHP amplitude (mV) 12416 68+1.9

Abbreviations: MNs, motoneurons; NVsnpr, trigeminal main sensory nucleus; AMP.
resting membrane potential: AP action potential: AHP. after hyperpolarization.
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