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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.

[image: Table 1]


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.



[image: image]

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).


[image: image]

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.


[image: image]

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).


[image: image]

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.



[image: image]

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.



[image: image]

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.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



ETHICS STATEMENT

This study was approved by the Ethics Committee of the Niigata University (2020-0131). The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

NH and MI were involved in the conception and design of this study. NH, AS, SK, YN, KN, JM, TT, and MI were involved in the acquisition of the data, and drafting and critical revision of the study for important intellectual content. NH, AS, and MI were involved in the analysis or interpretation of the data. All authors approved the final version of the manuscript submitted for publication and agreed to be accountable for all aspects of the work in ensuring that questions related to the accuracy or integrity of any part of the study are appropriately investigated and resolved.



ACKNOWLEDGMENTS

The authors would like to thank Benjamin Knight, M.Sc., from Edanz (https://jp.edanz.com/ac) for editing a draft of this manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2021.696071/full#supplementary-material



REFERENCES

Amri, M., Car, A., and Jean, A. (1984). Medullary control of the pontine swallowing neurones in sheep. Exp. Brain Res. 55, 105–110.

Bartlett, D. Jr., Sant’ambrogio, G., and Wise, J. C. (1976). Transduction properties of tracheal stretch receptors. J. Physiol. 258, 421–432. doi: 10.1113/jphysiol.1976.sp011428

Bianchi, A. L., and Gestreau, C. (2009). The brainstem respiratory network: an overview of a half century of research. Respir. Physiol. Neurobiol. 168, 4–12. doi: 10.1016/j.resp.2009.04.019

Boyle, J. I. (2001). “Respiraoty physiology,” in Physiology (National Medical Series for Independent Study), eds J. Bullock, B. J. Iii, and M. B. Wang (Russia: Harwal).

Bradley, D. J., Pascoe, J. P., Paton, J. F., and Spyer, K. M. (1987). Cardiovascular and respiratory responses evoked from the posterior cerebellar cortex and fastigial nucleus in the cat. J. Physiol. 393, 107–121. doi: 10.1113/jphysiol.1987.sp016813

Butler, S. G., Postma, G. N., and Fischer, E. (2004). Effects of viscosity, taste, and bolus volume on swallowing apnea duration of normal adults. Otolaryngol. Head Neck Surg. 131, 860–863. doi: 10.1016/j.otohns.2004.06.706

Chen, H. I., and Kuo, C. S. (1989). Relationship between respiratory muscle function and age, sex, and other factors. J. Appl. Physiol. (1985) 66, 943–948. doi: 10.1152/jappl.1989.66.2.943

Cook, I. J., Dodds, W. J., Dantas, R. O., Kern, M. K., Massey, B. T., Shaker, R., et al. (1989). Timing of videofluoroscopic, manometric events, and bolus transit during the oral and pharyngeal phases of swallowing. Dysphagia 4, 8–15. doi: 10.1007/bf02407397

Cunningham, D. J., and Robbins, P. A. (1984). The pattern of breathing in man in response to sine waves of alveolar carbon dioxide and hypoxia. J. Physiol. 350, 475–486. doi: 10.1113/jphysiol.1984.sp015213

Daniels, S. K., Schroeder, M. F., Degeorge, P. C., Corey, D. M., and Rosenbek, J. C. (2007). Effects of verbal cue on bolus flow during swallowing. Am. J. Speech Lang. Pathol. 16, 140–147. doi: 10.1044/1058-0360(2007/018)

Davis, H. L., Fowler, W. S., and Lambert, E. H. (1956). Effect of volume and rate of inflation and deflation on transpulmonary pressure and response of pulmonary stretch receptors. Am. J. Physiol. 187, 558–566. doi: 10.1152/ajplegacy.1956.187.3.558

Dick, T. E., Oku, Y., Romaniuk, J. R., and Cherniack, N. S. (1993). Interaction between central pattern generators for breathing and swallowing in the cat. J. Physiol. 465, 715–730. doi: 10.1113/jphysiol.1993.sp019702

Doty, R. W. (1968). “Neural organization of deglutition,” in Handbook of Physiology. The Alimentary Canal, ed. C. F. Code (Washington DC: American Physiological Society), 1861–1902.

Doty, R. W., and Bosma, J. F. (1956). An electromyographic analysis of reflex deglutition. J. Neurophysiol. 19, 44–60. doi: 10.1152/jn.1956.19.1.44

Dozier, T. S., Brodsky, M. B., Michel, Y., Walters, B. C. Jr., and Martin-Harris, B. (2006). Coordination of swallowing and respiration in normal sequential cup swallows. Laryngoscope 116, 1489–1493. doi: 10.1097/01.mlg.0000227724.61801.b4

Enright, P. L., Kronmal, R. A., Manolio, T. A., Schenker, M. B., and Hyatt, R. E. (1994). Respiratory muscle strength in the elderly. correlates and reference values. cardiovascular health study research group. Am. J. Respir. Crit. Care Med. 149, 430–438. doi: 10.1164/ajrccm.149.2.8306041

Feroah, T. R., Forster, H. V., Fuentes, C. G., Lang, I. M., Beste, D., Martino, P., et al. (2002). Effects of spontaneous swallows on breathing in awake goats. J. Appl. Physiol. (1985) 92, 1923–1935. doi: 10.1152/japplphysiol.01079.2000

Fontana, G. A., Pantaleo, T., Bongianni, F., Cresci, F., Viroli, L., and Saragó, G. (1992). Changes in respiratory activity induced by mastication in humans. J. Appl. Physiol. (1985) 72, 779–786. doi: 10.1152/jappl.1992.72.2.779

Formiga, F., Chivite, D., Mascaro, J., Ramon, J. M., and Pujol, R. (2005). No correlation between mini-nutritional assessment (short form) scale and clinical outcomes in 73 elderly patients admitted for hip fracture. Aging Clin. Exp. Res. 17, 343–346. doi: 10.1007/bf03324620

Fukuhara, T., Tsujimura, T., Kajii, Y., Yamamura, K., and Inoue, M. (2011). Effects of electrical stimulation of the superior laryngeal nerve on the jaw-opening reflex. Brain Res. 1391, 44–53. doi: 10.1016/j.brainres.2011.03.065

Gardner, W. N. (1980). The pattern of breathing following step changes of alveolar partial pressures of carbon dioxide and oxygen in man. J. Physiol. 300, 55–73. doi: 10.1113/jphysiol.1980.sp013151

Hiiemae, K. M., Palmer, J. B., Medicis, S. W., Hegener, J., Jackson, B. S., and Lieberman, D. E. (2002). Hyoid and tongue surface movements in speaking and eating. Arch. Oral. Biol. 47, 11–27. doi: 10.1016/s0003-9969(01)00092-9

Jean, A. (2001). Brain stem control of swallowing: neuronal network and cellular mechanisms. Physiol. Rev. 81, 929–969. doi: 10.1152/physrev.2001.81.2.929

Jennett, S., Mckay, F. C., and Moss, V. A. (1981). The human ventilatory response to stimulation by transient hypoxia. J. Physiol. 315, 339–351. doi: 10.1113/jphysiol.1981.sp013751

Kawasaki, M., Ogura, J. H., and Takenouchi, S. (1964). Neurophysiologic observations of normal deglutition. i. its relationship to the respiratory cycle. Laryngoscope 74, 1747–1765.

Kijima, M., Isono, S., and Nishino, T. (1999). Coordination of swallowing and phases of respiration during added respiratory loads in awake subjects. Am. J. Respir. Crit. Care Med. 159, 1898–1902. doi: 10.1164/ajrccm.159.6.9811092

Kronenberg, R. S., and Drage, C. W. (1973). Attenuation of the ventilatory and heart rate responses to hypoxia and hypercapnia with aging in normal men. J. Clin. Invest. 52, 1812–1819. doi: 10.1172/jci107363

Kurosu, A., Pratt, S. R., Palmer, C., and Shaiman, S. (2020). Investigation of embodied language processing on command-swallow performance in healthy participants. J. Speech Lang. Hear. Res. 64, 75–90. doi: 10.1044/2020_jslhr-20-00048

Laitman, J. T., and Reidenberg, J. S. (1993). Specializations of the human upper respiratory and upper digestive systems as seen through comparative and developmental anatomy. Dysphagia 8, 318–325. doi: 10.1007/bf01321770

Larson, C. R., Yajima, Y., and Ko, P. (1994). Modification in activity of medullary respiratory-related neurons for vocalization and swallowing. J. Neurophysiol. 71, 2294–2304. doi: 10.1152/jn.1994.71.6.2294

Lederle, A., Hoit, J. D., and Barkmeier-Kraemer, J. (2012). Effects of sequential swallowing on drive to breathe in young, healthy adults. Dysphagia 27, 221–227. doi: 10.1007/s00455-011-9357-x

Martin-Harris, B., Brodsky, M. B., Price, C. C., Michel, Y., and Walters, B. (2003). Temporal coordination of pharyngeal and laryngeal dynamics with breathing during swallowing: single liquid swallows. J. Appl. Physiol. (1985) 94, 1735–1743. doi: 10.1152/japplphysiol.00806.2002

Martin-Harris, B., and McFarland, D. H. (2013). “Coordination of deglutition and respiration,” in Principles of Deglutition, eds R. Shaker, P. C. Belafsky, G. N. Postma, and C. Easterling (Berlin: Springer), 55–113.

Matsuo, K., Hiiemae, K. M., Gonzalez-Fernandez, M., and Palmer, J. B. (2008). Respiration during feeding on solid food: alterations in breathing during mastication, pharyngeal bolus aggregation, and swallowing. J. Appl. Physiol. (1985) 104, 674–681. doi: 10.1152/japplphysiol.00527.2007

McFarland, D. H., and Lund, J. P. (1993). An investigation of the coupling between respiration, mastication, and swallowing in the awake rabbit. J. Neurophysiol. 69, 95–108. doi: 10.1152/jn.1993.69.1.95

McFarland, D. H., and Lund, J. P. (1995). Modification of mastication and respiration during swallowing in the adult human. J. Neurophysiol. 74, 1509–1517. doi: 10.1152/jn.1995.74.4.1509

McFarland, D. H., Lund, J. P., and Gagner, M. (1994). Effects of posture on the coordination of respiration and swallowing. J. Neurophysiol. 72, 2431–2437. doi: 10.1152/jn.1994.72.5.2431

Mead, J., and Reid, M. B. (1988). Respiratory muscle activity during repeated airflow interruption. J. Appl. Physiol. (1985) 64, 2314–2317. doi: 10.1152/jappl.1988.64.6.2314

Megirian, D., Hinrichsen, C. F., and Sherrey, J. H. (1985). Respiratory roles of genioglossus, sternothyroid, and sternohyoid muscles during sleep. Exp. Neurol. 90, 118–128. doi: 10.1016/0014-4886(85)90045-7

Michou, E., Mastan, A., Ahmed, S., Mistry, S., and Hamdy, S. (2012). Examining the role of carbonation and temperature on water swallowing performance: a swallowing reaction-time study. Chem. Senses 37, 799–807. doi: 10.1093/chemse/bjs061

Mitchinson, A. G., and Yoffey, J. M. (1947). Respiratory displacement of larynx, hyoid bone and tongue. J. Anat. 81, 118–120.1.

Nagy, A., Leigh, C., Hori, S. F., Molfenter, S. M., Shariff, T., and Steele, C. M. (2013). Timing differences between cued and noncued swallows in healthy young adults. Dysphagia 28, 428–434. doi: 10.1007/s00455-013-9456-y

Nishino, T., Yonezawa, T., and Honda, Y. (1985). Effects of swallowing on the pattern of continuous respiration in human adults. Am. Rev. Respir. Dis. 132, 1219–1222.

Ouahchi, Y., Ben Salah, N., Mjid, M., Hedhli, A., Abdelhedi, N., Beji, M., et al. (2019). Breathing pattern during sequential swallowing in healthy adult humans. J. Appl. Physiol. (1985) 126, 487–493. doi: 10.1152/japplphysiol.00150.2018

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

Palmer, J. B., Hiiemae, K. M., and Liu, J. (1997). Tongue-jaw linkages in human feeding: a preliminary videofluorographic study. Arch. Oral. Biol. 42, 429–441. doi: 10.1016/s0003-9969(97)00020-4

Palmer, J. B., Rudin, N. J., Lara, G., and Crompton, A. W. (1992). Coordination of mastication and swallowing. Dysphagia 7, 187–200. doi: 10.1007/bf02493469

Parreira, V. F., Bueno, C. J., França, D. C., Vieira, D. S., Pereira, D. R., and Britto, R. R. (2010). Breathing pattern and thoracoabdominal motion in healthy individuals: influence of age and sex. Rev. Bras. Fisioter. 14, 411–416.

Paydarfar, D., Gilbert, R. J., Poppel, C. S., and Nassab, P. F. (1995). Respiratory phase resetting and airflow changes induced by swallowing in humans. J. Physiol. 483, 273–288. doi: 10.1113/jphysiol.1995.sp020584

Peterson, D. D., Pack, A. I., Silage, D. A., and Fishman, A. P. (1981). Effects of aging on ventilatory and occlusion pressure responses to hypoxia and hypercapnia. Am. Rev. Respir. Dis. 124, 387–391.

Rebuck, A. S., Rigg, J. R., and Saunders, N. A. (1976). Respiratory frequency response to progressive isocapnic hypoxia. J. Physiol. 258, 19–31. doi: 10.1113/jphysiol.1976.sp011404

Robbins, J., Hamilton, J. W., Lof, G. L., and Kempster, G. B. (1992). Oropharyngeal swallowing in normal adults of different ages. Gastroenterology 103, 823–829. doi: 10.1016/0016-5085(92)90013-o

Sachs, M. C., Enright, P. L., Hinckley Stukovsky, K. D., Jiang, R., and Barr, R. G. (2009). Performance of maximum inspiratory pressure tests and maximum inspiratory pressure reference equations for 4 race/ethnic groups. Respir. Care 54, 1321–1328.

Selley, W. G., Flack, F. C., Ellis, R. E., and Brooks, W. A. (1989). Respiratory patterns associated with swallowing: Part 1. the normal adult pattern and changes with age. Age Ageing 18, 168–172. doi: 10.1093/ageing/18.3.168

Shaker, R., Li, Q., Ren, J., Townsend, W. F., Dodds, W. J., Martin, B. J., et al. (1992). Coordination of deglutition and phases of respiration: effect of aging, tachypnea, bolus volume, and chronic obstructive pulmonary disease. Am. J. Physiol. 263, G750–G755.

Shiba, K., Satoh, I., Kobayashi, N., and Hayashi, F. (1999). Multifunctional laryngeal motoneurons: an intracellular study in the cat. J. Neurosci. 19, 2717–2727. doi: 10.1523/jneurosci.19-07-02717.1999

Smith, J., Wolkove, N., Colacone, A., and Kreisman, H. (1989). Coordination of eating, drinking and breathing in adults. Chest 96, 578–582. doi: 10.1378/chest.96.3.578

Sonies, B. C. (1992). Oropharyngeal dysphagia in the elderly. Clin. Geriatr. Med. 8, 569–577. doi: 10.1016/s0749-0690(18)30465-8

Strohl, K. P., and Altose, M. D. (1984). Oxygen saturation during breath-holding and during apneas in sleep. Chest 85, 181–186. doi: 10.1378/chest.85.2.181

Sumi, T. (1963). The activity of brain-stem respiratory neurons and spinal respiratory motoneurons during swallowing. J. Neurophysiol. 26, 466–477. doi: 10.1152/jn.1963.26.3.466

Suzuki, T., Yoshihara, M., Sakai, S., Tsuji, K., Nagoya, K., Magara, J., et al. (2018). Effect of peripherally and cortically evoked swallows on jaw reflex responses in anesthetized rabbits. Brain Res. 1694, 19–28. doi: 10.1016/j.brainres.2018.05.002

Tsuji, K., Tsujimura, T., Magara, J., Sakai, S., Nakamura, Y., and Inoue, M. (2014). Changes in the frequency of swallowing during electrical stimulation of superior laryngeal nerve in rats. Brain Res. Bull. 111C, 53–61. doi: 10.1016/j.brainresbull.2014.12.008

Tsuji, K., Tsujimura, T., Sakai, S., Suzuki, T., Yoshihara, M., Nagoya, K., et al. (2020). Involvement of capsaicin-sensitive nerves in the initiation of swallowing evoked by carbonated water in anesthetized rats. Am. J. Physiol. Gastrointest. Liver Physiol. 319, G564–G572.

Tsujimura, T., Sakai, S., Suzuki, T., Ujihara, I., Tsuji, K., Magara, J., et al. (2017). Central inhibition of initiation of swallowing by systemic administration of diazepam and baclofen in anaesthetized rats. Am. J. Physiol. Gastrointest. Liver Physiol. 312, G498–G507.

Tsujimura, T., Tsuji, K., Magara, J., Sakai, S., Suzuki, T., Nakamura, Y., et al. (2016). Differential response properties of peripherally and cortically evoked swallows by electrical stimulation in anesthetized rats. Brain Res. Bull. 122, 12–18. doi: 10.1016/j.brainresbull.2016.02.015

Tsukada, T., Taniguchi, H., Ootaki, S., Yamada, Y., and Inoue, M. (2009). Effects of food texture and head posture on oropharyngeal swallowing. J. Appl. Physiol. 106, 1848–1857. doi: 10.1152/japplphysiol.91295.2008

Vaz Fragoso, C. A., and Gill, T. M. (2012). Respiratory impairment and the aging lung: a novel paradigm for assessing pulmonary function. J. Gerontol. A Biol. Sci. Med. Sci. 67, 264–275. doi: 10.1093/gerona/glr198

Wang, C. M., Chen, J. Y., Chuang, C. C., Tseng, W. C., Wong, A. M., and Pei, Y. C. (2015). Aging-related changes in swallowing, and in the coordination of swallowing and respiration determined by novel non-invasive measurement techniques. Geriatr. Gerontol. Int. 15, 736–744. doi: 10.1111/ggi.12343

Wheeler Hegland, K., Huber, J. E., Pitts, T., Davenport, P. W., and Sapienza, C. M. (2011). Lung volume measured during sequential swallowing in healthy young adults. J. Speech Lang. Hear Res. 54, 777–786. doi: 10.1044/1092-4388(2010/09-0237)

Wirth, R., Dziewas, R., Beck, A. M., Clavé, P., Hamdy, S., Heppner, H. J., et al. (2016). Oropharyngeal dysphagia in older persons - from pathophysiology to adequate intervention: a review and summary of an international expert meeting. Clin. Interv. Aging 11, 189–208. doi: 10.2147/cia.s97481

Yoshihara, M., Tsujimura, T., Suzuki, T., Nagoya, K., Shiraishi, N., Magara, J., et al. (2020). Sustained laryngeal transient receptor potential vanilloid 1 activation inhibits mechanically induced swallowing in anesthetized rats. Am. J. Physiol. Gastrointest. Liver Physiol. 319, G412–G419.


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 © 2021 Hao, Sasa, Kulvanich, Nakajima, Nagoya, Magara, Tsujimura and Inoue. 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.


OPS/images/fphys-12-696071-g006.jpg
EE type IE type

- 34°C
M EXp
Thermo-sensor W | :
Insp
> - 32
Apnoea time Apnoea time
0.04 mV 0.02 mV
rt-Supra EMG J WM 0

WWMML[ AL [

5 sec






OPS/images/fphys-12-696071-g007.jpg
Resipratory cycle (EE, 100 ml)
—&— Expiration —a&— Inspiration —@— Respiration
(sec)

7

6

Pre 3 Pre 2 Pre 1 Swal Postl Post2 Post3





OPS/images/fphys-12-696071-g004.jpg
Sub 1
Sub 2
Sub 3
Sub 4
Sub 5
Sub 6
Sub 7
Sub 8
Sub 9
Sub 10
Subll
Sub 12
Sub 13
Sub 14
Sub 15

Sub 16
Sub 17
Sub 18
Sub 19
Sub 20
Sub 21

Cue Onset of Offset of
Swallow Swallow

Insp < Exp \

2 sec





OPS/images/fphys-12-696071-g005.jpg
Respiratory cycle (EE type, w/ cue) Respiratory cycle (EE type, w/o cue)

—&— Expiration —&— Inspiration —@— Respiration —&— Expiration —— Inspiration —@— Respiration
(sec) (sec)

7 - 7
6 6 -
5 * P =0.004 5

P=0006 P=0022 P=0.006
4 4

P <0.001
3 P=0007 P=0.046 3
P < 0.001

2 2
A %+t
0 0

Pre 3 Pre 2 Pre 1 Swal Post 1 Post 2 Pre 3 Pre 2 Pre 1 Swal Post 1 Post 2





OPS/images/fphys-12-696071-g002.jpg
A Supra time Supra area Infra time Infra area Apnoea time

(sec) (sec) (sec)
1.2 0.5 1.2 0.5 1.2
: 04 - _ : 0.4  _ ~ 1
0.8 0.8 0.8
0.3 0.3
0.6 0.6 0.6
0.2 0.2
0.4 0.4 0.4
0.2 0.1 0.2 0.1 0.2
0 0 0 0 0
w/cue w/o cue w/cue w/o cue w/cue w/0 cue w/cue w/o cue w/cue w/o cue
B With cue Without cue
Supra : } : - Supra : I :
A
_a 2l7 —% i
S — =L S — 1 U
Infra S F*—l | I ] % Infra S F—fﬁ . i . §
Aponea F{—i F—{——ﬂ Apnoea k—+—4 : } :

(sec) (séc)





OPS/images/fphys-12-696071-g003.jpg
Supra time Supra area Infra time Infra area Apnoea time

(sec) (sec) (sec)
1.2 0.5 1.2 0.5 1.2
1 0.4 B l 04 - 1
0.8 0.8 T 0.8
0.3 0.3
0.6 0.6 0.6
0.2 0.2
0.4 04 0.4
0.2 0.1 0.2 0.1 0.2
0 0 0 0 0
w/cue w/o cue w/cue w/o cue w/cue w/o cue w/cue wW/o cue w/cue wW/o cue
EE type with cue EE type without cue
Supra b } : - ' '

d

Supra : 1 .
%
I 1

I—|—| I—|—| 2 Infra
Aponea l—}—i I—'—i Aponea I-—-|—-| b } {
1.2

1.6 0 0.4 0.8 1.2 1.6
(sec) (sec)

0100
d

Infra

P <0.001
P <0.001

¢10°0






OPS/images/fphys-12-696071-g001.jpg
With cue (IE type)

Thermo-sensor

rt-Supra EMG

Supra time
|

m

M

It-Infra EMG

Infra time

Without cue (EE type)
= 33.5°C
M "
—» 4— Insp
Apnoea tume = 32°C
[ 0.01 mV
0
0.004 mV
> < [ 0
Infra time

5 sec





OPS/images/fphys-12-696071-t001.jpg
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.





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Coordination of Respiration, Swallowing, and Chewing in Healthy Young Adults



		INTRODUCTION



		MATERIALS AND METHODS



		Participants



		Recordings



		Data Recordings



		Data Analysis







		RESULTS



		Reliability of the Data



		Protocol 1: 3-ml Water Swallowing



		Protocol 2: 100-ml Water Swallowing



		Protocol 3: Chewing and Swallowing







		DISCUSSION



		Effect of Cueing on Swallowing



		Coordination of Respiration and Swallowing During 100-ml Water Swallowing



		Coordination of Respiration and Swallowing During Chewing



		Clinical Implications



		Limitations



		Conclusion







		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fphys-12-696071-g010.jpg
Exp time Insp time Resp time B Exp time Insp time Resp time
(sec) (sec)

(sec) (sec) (sec) (sec)
4 3 6 _ 3 2 - -
P = 0.006 P =0.004 £=0.004
P =0.008 5 P = 0.008
3 o
2 + 2
2 3 1 2
1 2 1
1 1
1
0 0 0 0 0 0

Rest Chew Rest Chew Rest Chew First Last First Last First Last





OPS/images/fphys-12-696071-t002.jpg
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.





OPS/images/cover.jpg
frontiers
in Physiology

Coordination of Respiration,
Swallowing, and Chewing
in Healthy Young Adults









OPS/images/logo.jpg
, frontiers
in Physiology





OPS/images/fphys-12-696071-g008.jpg
Thermo-sensor

rt-Mas EMG
1t-Mas EMG
rt-Supra EMG 0
Sup;'a time
lt-Infra EMG | 3‘05 ek

Infra time

2 sec





OPS/images/fphys-12-696071-g009.jpg
Exp
Thermo-sensor W [33.0°C :

320°0
Insp

0.02 mV
rt-Mas EMG — T — [

0

0.0l mV
It-Mas EMG W‘UMW\JWUWW [

0
. - 0.04 mV
tt-Supra EMG RRT W VP ST YT (VRN (P W
> < - 0
Supria tlime - 0.04 mV
It-Infra EMG T
“ . - 0

Infra fime

5 sec





