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Editorial on the Research Topic
 Neurologic Correlates of Motor Function in Cerebral Palsy: Opportunities for Targeted Treatment



Cerebral palsy (CP) is the most common childhood motor disorder. It is a clinical syndrome with several etiologies and associated symptoms. These symptoms or impairments lead to varying degrees of gross and fine motor severity and impact functional activities such as gait, arm use, and speech. Current medical and surgical treatments for CP are only partially effective in improving these motor abnormalities and may cause significant muscle weakness and other complications. Thus, for persons with CP meaningful improvements remain elusive. We believe that a better understanding of the mechanisms underlying neuromuscular deficits of CP will lead to more effective treatments.

Abnormal tone interfering with the child's posture and development is a common feature of spastic, dyskinetic, and ataxic CP (Sanger et al., 2003, 2006, 2010), which arise from early injury to specific brain regions and result in characteristic neuromuscular deficits. Children with spastic CP, the most common form, have neuromuscular deficits associated with injury to the corticospinal motor track. Subsequent loss of descending neural activation and inhibition result in weak and short muscles that fail to grow sufficiently relative to skeletal growth, and affected muscles have increased sensitivity to stretch (Zhou et al., 2017). Additionally, voluntary movement is limited by impaired selective motor control (SMC), characterized by flexion and extension synergy patterns (Cahill-Rowley and Rose, 2014). Ironically, most research and medical interventions for spastic CP focus on tone, however, function is often most effected by muscle weakness and slow muscle growth relative to bone growth, in combination with impaired SMC. Muscle is frequently overlooked, and as the end organ, it is an area that needs focused attention and clinical research. Current treatments for joint contracture, such as surgical tendon lengthening and skeletal realignment address deformities that are years in the making and require hospitalization. Addressing the underlying impairments of muscle weakness and slow growth rate could prevent joint contracture and skeletal malalignment, and minimize the need for surgery. Muscle is highly responsive to input and substantially influences function, it is therefore a promising target for effective treatment. Understanding the neurological correlates of these neuromuscular impairments can inform more targeted and successful treatment.

Typically, CP is categorized by tone and topography. Many children with CP may have a mixed tone disorder that requires careful attention to identify. Dyskinetic CP is thought to arise primarily from injury to the basal ganglia, causing uncontrolled movements that impose on voluntary movements (Zhou et al., 2017). Ataxic CP is thought to arise primarily from injury to the cerebellum, causing impaired postural balance and targeting (Zhou et al., 2017).

This research article collection, “Neurologic correlates of motor function in cerebral palsy: opportunities for targeted treatment” highlights current research from around the world that investigates important structure-function relationships underlying the neuromuscular deficits of CP. This exploratory research can inform and potentially translate into effective treatment.

Here we examine the links between regional brain injury, metabolic activity and motor impairments of the upper (Hung et al.; Papadelis et al.,) and lower limbs (Cahill-Rowley et al.; Fowler et al.; Papageorgiou et al.; Short et al.). In addition, the important role of sensorimotor (Zarkou et al.) and visuospatial (Maioli et al.) impairments in movement abnormalities are investigated. To guide effective treatment, it is vital to delineate motor control deficits from musculoskeletal limitations of gait abnormalities, this is explored using a physics-based simulation (Falisse et al.). An initial investigation of neuromuscular reflex characteristics to predict treatment outcome offers a step toward delivering more precise medicine for persons with CP (Bar-On et al.). Finally, the effects of treatment that targets underlying neuromuscular deficits of CP is examined (Beani et al.; Peeters et al.), including multichannel neuromuscular electrical stimulation that highlights need for lightweight wearable gait devices (Mooney and Rose). We envisioned that this research article collection would provide a context for developing an effective approach to addressing the etiology, diagnosis and treatment of CP. To this end, we appreciate your interest and hope that you will be inspired toward future research.
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Aim: To assess changes in the developmental trajectory of corticospinal tracts (CST) maturation in children with hemiplegic cerebral palsy (HCP).

Methods: Neuroimaging data were obtained from 36 children with HCP for both the more affected (MA) and less affected (LA) hemispheres, and, for purposes of direct comparison, between groups, 15 typically developing (TD) children. With diffusion tensor imaging (DTI), we estimated the mean fractional anisotropy (FA), axial diffusivity (AD), mean diffusivity (MD), and radial diffusivity (RD) of the corticospinal tract, parameters indicative of factors including myelination and axon density. Transcranial magnetic stimulation (TMS) was performed as a neurophysiologic measure of corticospinal tract integrity and organization. Resting motor threshold (rMT) was obtained per hemisphere, per patient.

Results: We observed a significant AD and MD developmental trajectory, both of which were inversely related to age (decrease in AD and diffusivity corresponding to increased age) in both hemispheres of TD children (p < 0.001). This maturation process was absent in both MA and LA hemispheres of children with HCP. Additionally, the TMS-derived previously established rMT developmental trajectory was preserved in the LA hemisphere of children with HCP (n = 26; p < 0.0001) but this trajectory was absent in the MA hemisphere.

Conclusions: Corticospinal tract maturation arrests in both hemispheres of children with HCP, possibly reflecting perinatal disruption of corticospinal tract myelination and axonal integrity.

Keywords: hemiplegic cerebral palsy, corticospinal tracts, development, maturation, transcranial magnetic stimulation


HIGHLIGHTS


–   Linear age-dependent developmental trajectories of corticospinal tracts diffusion metrics

–   Halted bilateral corticospinal tracts imaging metrics maturation in children with HCP

–   Preserved resting motor threshold maturational trajectory in the less affected hemisphere of children with HCP

–   Absent resting motor threshold maturational trajectory in the more affected hemisphere of children with HCP





INTRODUCTION

Hemiplegic cerebral palsy (HCP) is a common subtype of motor dysfunction, affecting one-third of patients with a clinical cerebral palsy diagnosis (Hagberg et al., 2001). Children with HCP reliably exhibit prominent impairment in skilled voluntary movements. The underlying etiology is a non-progressive lesion located most commonly in the periventricular white matter of the developing fetal or infant brain (Rosenbaum et al., 2007). This lesion impairs the structural integrity of the corticospinal tracts (CST), which are the most important tracts for fine motor skills, and among the first tracts to mature. Despite extensive literature showing microstructural damage in the CST of children with HCP (Scheck et al., 2012), little is known about how the underlying lesion affects the maturation process of these fibers.

CST maturation is a complex process affected by dynamic factors such as synaptic pruning and development (Eyre et al., 2001), myelination (Eyre et al., 1991), changes in axonal diameter and length (Eyre et al., 2002) and organization of pyramidal neuron firing patterns (Chiappa et al., 1991). Several studies have reported measurable CST developmental changes in healthy children using either transcranial magnetic stimulation (TMS) of the motor cortex (Koh and Eyre, 1988; Nezu et al., 1997; Paus et al., 2001) or diffusion tensor imaging (DTI; Lebel and Beaulieu, 2011; Yeo et al., 2014) of the CST. When measured by TMS, CST maturation in healthy children corresponds to a progressive increment of cortical excitability from infancy to adulthood that completes in mid-adolescence (Koh and Eyre, 1988; Nezu et al., 1997; Hameed et al., 2017; Kaye and Rotenberg, 2017). An analogous developmental trajectory is also seen when CST maturation is measured by DTI: a steep increase of the fiber volume and fractional anisotropy (FA) is observed in healthy children until early adolescence and a later gradual increase until adulthood (Lebel and Beaulieu, 2011; Yeo et al., 2014). The mechanistic relationship between these measures seems logical as larger myelinated fiber caliber should correspond to increased excitability. Yet, there are no TMS or DTI studies to examine whether and how normal CST maturation is affected by perinatal white matter injury, as occurs in HCP.

Here, we describe a cross-sectional study investigating the developmental trajectories of TMS and DTI CST metrics as a function of age in children with HCP to test whether perinatal injury arrests normal CST development, and whether such an arrest is confined to the more affected (MA) hemisphere of children with HCP. Specifically, by TMS, we measure the resting motor threshold (rMT), which reflects motor cortex excitability and the developmental stage of CST myelination, as well as the membrane characteristics and synaptic efficacy of the cortical and spinal motor neurons (Garvey et al., 2003). By DTI, we assess the structural integrity of the CST by measuring the FA, axial diffusivity (AD), mean diffusivity (MD), and radial diffusivity (RD), which are parameters indicative of myelination and axon density, among other factors (Grant et al., 2001).



MATERIALS AND METHODS


Participants

Neuroimaging data were obtained from 36 children and adolescents with HCP (age = 11.83 ± 3.79 years; range: 4.1–17.8 years; 17 females) and, for direct comparison, 15 age-matched typically developing (TD) children and adolescents (age = 12.05 ± 3.67 years; range: 7.13–18.02 years; 9 females). The inclusion criteria were: (i) mild to moderate spastic hemiplegia [Gross Motor Function Classification System (GMFCS) level I, II, or III; Manual Abilities Classification Scale (MACS) level I, II, or III]; (ii) sufficient cooperation to participate in a neuroimaging study; (iii) no contradiction for magnetic resonance imaging (MRI); i.e. presence of metallic implants, or pumps; and (iv) no severe intellectual developmental disability. The clinical characteristics of participants with HCP are shown in Table 1. The TD children were recruited from the local community. This study was carried out in accordance with the recommendations of Boston Children’s Hospital (BCH) Internal Review Board (IRB). All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by Boston Children’s Hospital IRB (IRB-P00023570; PI: CP).


TABLE 1. Patient demographics and MRI findings.
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Image Acquisition

MRI scans were performed in a 3T Magnetom Tim Trio (Siemens Healthcare, Germany). The imaging protocol consisted of structural and diffusion-weighted sequences. The structural sequence was a T1-weighted magnetization-prepared rapid-acquisition gradient-echo acquisition (MPRAGE), which used volumetric echo-planar (EP) imaging navigators for real-time motion correction [voxel size (mm) = 1.0 × 1.0 × 1.0; field of view (FOV) = 19.2–22.0 cm; echo time (TE) = 1.74 ms; repetition time (TR) = 2,520 ms; flip angle = 7°]. The FOV was set to 256 mm and matrix size was 256 [TR = 3,200 ms, TE = 363 ms, Generalized Autocalibrating Partial Parallel Acquisition (GRAPPA) acceleration R = 2, echo-spacing of 3.63 ms for a total imaging time of 3:23 min]. The diffusion sequence (prescribed axially) used EP readouts [voxel size (mm) = 2.0 × 2.0 × 2.0; FOV = 11–12.8 cm; TE = 88 ms; TR = 8,320–10,934 ms; flip angle = 90°; 30 gradient diffusion directions at b = 1,000 s/mm2; 10 acquisitions with b = 0 s/mm2].



Identification of More and Less Affected Hemispheres

The MRI scans were reviewed by a pediatric radiologist (PEG). No structural abnormalities were observed in the MRIs of TD children. A unilateral structural abnormality was seen in 31 children with HCP. In five cases, bilateral abnormalities were observed. The MA hemisphere referred to the hemisphere where structural abnormalities were identified or were more prominent compared to the other hemisphere. For all children with HCP, the MA hemisphere was contralateral to the paretic hand. Each child in the TD group was assigned to have a randomly selected hemisphere (Hem1 and Hem2) to balance out possible inherent differences in the functioning of the right and left hemispheres (Pihko et al., 2014).



DTI Analysis

From our cohort, DTI data were available for 17 children with HCP (mean: 12.93 ± 3.8 years; range: 6.59–17.80 years; nine females) and all TD children. Diffusion images were first processed to correct for distortions caused by minor eddy currents and simple head motions using FSL tools1. Diffusion tensor models were estimated with tractography plugin in the Children’s Research Integration System (ChRIS) using the Fiber Assignment by Continuous Tracking (FACT) method and an angle threshold of 45° with no FA threshold (Mori et al., 1999). The algorithm also generated FA maps, vector maps, and a color-coded direction map. Colors were assigned by direction and orientation of the fibers (blue: superior-inferior, green: antero-posterior, red: left-right). Tracts within these directions were represented with a combination of these three colors. Volumetric segmentation and cortical surface reconstruction of T1-weighted images were performed with Freesurfer2. The T1 image was co-registered to the diffusion space using command-line tools from Freesurfer for visualization purposes of the tracts. The generated track file was uploaded into Trackvis3 to analyze the diffusion data and create regions of interest (ROIs) for the targeted areas. To track the CST, the ROIs were placed over the pre-central gyrus (PrG) and cst at the brainstem level. The PrG and cst were manually defined using anatomical landmarks of the participant’s MRI along with the color-coded direction maps and a diffusion atlas for reference. Figure 1A presents a 3D representation of the anatomically-defined ROIs and the corresponding CST for a TD and a child with HCP. Mean scalar measures of FA, AD, MD, and RD were derived for each fiber track. Data were analyzed separately for the two hemispheres identified as MA and less affected (LA) for the children with HCP and for both hemispheres of TD children. Only patients with identifiable CST in both hemispheres were considered for further analysis.
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FIGURE 1. Anatomically defined region of interest (ROI) and corticospinal tracts (CST). (A) The ROIs pre-central gyrus (PrG and cst) and their corresponding CST for a typically developing (TD) child (aged 18 years, upper panel) and a child with hemiplegic cerebral palsy (HCP) overlaid on their magnetic resonance imagings (MRIs). (B) Error bars (mean ± 95% confidence interval) of diffusion parameters [fractional anisotropy (FA), axial diffusivity (AD), mean diffusivity (MD), and radial diffusivity (RD)] for the CST for both hemispheres of TD children and the less affected (LA) and more affected (MA) hemispheres of children with HCP (**p < 0.001).





TMS

From our cohort, 26 children with HCP (age = 11.47 ± 3.79 years; range: 4.1–17.8 years; 12 females) underwent motor mapping with TMS. No TD children participated in the TMS motor mapping session. Each participant’s T1-weighted MPRAGE was converted to a 3D head surface and brain reconstruction using Nexstim 4.3 software (Nexstim, Finland), and optimal cortical peel depth was chosen based upon individual cortical anatomy. TMS, coupled with surface electromyography (EMG), was delivered via a figure-of-eight coil with frameless stereotaxy and TMS neuronavigation software that allows for continuous visualization of the stimulation coil relative to the patient’s individual brain MRI. Real-time stimulus-locked EMG was recorded from pre-determined target muscles, with one common-ground EMG amplifier (band-pass filter 10–500 Hz, sampling rate 3 KHz per channel). Surface EMG electrodes were placed on the right and the left abductor pollicis brevis (APB) muscles, and a ground electrode on the underside of the right forearm. With single-pulse TMS, stimuli were applied to scalp sites overlying the motor cortex, while muscle activity was monitored in real-time with stimulus-locked EMG. Motor evoked potentials (MEPs) were recorded bilaterally from the APB muscles and a hotspot, corresponding to location that produced peak APB MEP amplitudes were identified per hemisphere. Thereafter, rMT was determined as the minimum stimulation intensity (recorded as electric field strength, V/m) at the APB hotspot that was necessary to elicit a response from the APB, contralateral to the stimulated hemisphere, of 50 μV, on ≥50% of trials. The rMT was determined as percent machine output (MO) and in the corresponding units (V/m) of the induced electric field (e-field; Julkunen et al., 2012). Both rMT determination and motor mapping were performed separately in each hemisphere per child.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism Software v.7 (GraphPad Prism Software, La Jolla, CA, USA). For the diffusion parameters, we compared the mean FA, AD, MD, and RD of the CST with a mixed 2 (group: HCP, TD) × 2 (hemisphere: LA, MA) analysis of variance (ANOVA), with group being a between-subject factor and hemisphere a within-subjects factor. To compensate for multiple comparisons and control the familywise Type I error rate at 5% in each family of four tests, we applied the Holm step-down criteria, setting the significance threshold for the strongest contrast at p = 0.05/4; for the second strongest at p = 0.05/3; and so forth (Bender and Lange, 2001). We calculated a Holm adjusted p-value as 4, 3, 2, or 1 times the observed value for the strongest, second strongest, and so forth. Normality assumption was tested with the Shapiro-Wilk test, sphericity assumption with the Mauchly test, and equality of variances with the Levene test. For the developmental trajectories of diffusion parameters, comparisons between hemispheres were performed by a linear mixed-effects model to account for within-subject correlations, with age, lesion and age × lesion interaction as fixed-effects. Comparisons between the two groups (HCP vs. TD) were also performed using a linear model. Linear regression analysis with a straight-line model was performed to test for a relationship between rMT and age. To test whether comparisons between slopes of the MA and LA hemispheres in children with HCP are significantly different, analysis of covariance (ANCOVA) was used. Since no TD children underwent motor mapping with TMS, only comparisons between the two hemispheres within the HCP group were performed for the rMT values. To avoid exclusion of patients with the highest rMTs, for those subjects (n = 3) whose APB rMT was >100% MO, the threshold for activation was estimated, per hemisphere, by sorting APB MEP peak-to-peak amplitudes, and obtaining the average e-field values (V/m) for the top 50th percentile. For all statistical analyses, the level of significance was set at p < 0.05.




RESULTS


CST Diffusion Parameters for HCP and TD Children

ANOVA showed significant differences between the HCP and TD children for the FA (F(1,64) = 9.860; p = 0.003), MD (F(1,64) = 6.492; p = 0.013), AD (F(1,64) = 6.553; p = 0.013), and RD (F(1,64) = 7.578; p = 0.008; Figure 1). However, the main effect of hemisphere and the hemisphere × group interaction were not significant, indicating that the group difference was of similar magnitude in the MA and LA hemispheres.



Maturational Trajectory of Diffusion Parameters

In TD children, there is a progressive decline with age for both AD and MD that is essentially identical in both hemispheres (Figure 2). This developmental trajectory is significant for both hemispheres of TD children (p < 0.05). FA and RD measures for Hem1 and Hem2 show absence of inter-hemispheric difference (Figure 1B), and neither FA nor RD change with age (p > 0.05, n.s.).


[image: image]

FIGURE 2. Developmental trajectories of diffusion parameters. Mean FA, AD, MD, and RD for TD children (Hem1: dark green closed circles, Hem2: light green open circles), and children with HCP (MA: red closed circles, LA: blue closed circles) as a function of age. For FA TD (Hem1; R2 = 0.0080, p = 0.7506), TD (Hem2; R2 = 0.0001, p = 0.9788), HCP (LA; R2 = 0.0258, p = 0.5999), HCP (MA; R2 = 0.0019, p = 0.8883). For AD: TD (Hem1; R2 = 0.4101, p < 0.001), TD (Hem2; R2 = 0.460, p < 0.001), HCP (LA; R2 = 0.0395; p = 0.558); HCP (MA; R2 = 0.081, p = 0.397). For MD: TD (Hem1; R2 = 0.299, p < 0.001), TD (Hem2; R2 = 0.419, p < 0.001), HCP (LA; R2 = 0.116, p = 0.306); HCP (MA; R2 = 0.025, p = 0.639). For RD: TD (Hem1; R2 = 0.1931, p = 0.101), TD (Hem2; R2 = 0.212, p = 0.085), HCP (LA; R2 = 0.0479, p = 0.5437); HCP (MA; R2 = 0.0117, p = 0.7665).



In contrast to TD children, the AD and MD parameters in children with HCP have no significant interaction with age in the MA (MD, AD: p > 0.05, n.s.) or LA (MD, AD: p > 0.05, n.s.) hemispheres. Though in line with findings for the TD children, neither FA nor RD values change with age in the HCP cohort (p > 0.05, n.s.; Table 2). The difference in slopes for TD Hem1/Hem2 vs. CP MA/LA is significant for both MD and AD diffusion parameters (p < 0.01).


TABLE 2. Maturational trajectory of diffusion parameters.
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TMS Measure of CST Excitability and Maturation

The rMT was obtained per subject, per hemisphere for 26 subjects (Figure 3). Relevant to the present report, the rate of maturation differs between MA and LA hemispheres in patients with HCP. In the LA hemisphere, age is the major rMT determinant, which decreases by ~10.42 V/m per year throughout childhood (R2 = 0.605; p < 0.0001; Figure 4A). In contrast, rMT maturational trajectory is absent in the MA hemisphere (R2 = 0.012; p = 0.597; Figure 4B), indicating absent CST maturation specific to the MA hemisphere.
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FIGURE 3. Representative transcranial magnetic stimulation (TMS) motor map and resting motor threshold (rMT) measures. (A) An approximation of stimulating electric field induced by TMS is displayed on a 3D reconstruction of the cortical surface (for same subject as shown in Figure 1A), where field center is indicated by the junction between the red and blue arrows indicating the direction of induced current, and corresponding composite map of right hemispheric stimulation sites evoking motor evoked potentials (MEPs) of the left abductor pollicis brevis (APB) muscle. Intensity of response is color-coded from lowest (gray) to highest (white). (B) Representative left APB MEP sample where the vertical line (black) corresponds to stimulus time. (C) rMT of children with HCP for the LA and MA hemispheres (***p < 0.0001).
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FIGURE 4. rMT developmental trajectories. rMT as a function of age in the (A) LA hemisphere (R2 = 0.6114, p < 0.0001) and (B) MA hemisphere (R2 = 0.0313, p = 0.4991) for patients with HCP who underwent TMS (n = 26).






DISCUSSION

Through a multimodal neuroimaging approach, this cross-sectional study shows for the first-time evidence of disrupted CST maturation in both hemispheres of children with HCP. With DTI, we identified a diffusivity decrement (reduced AD and MD) with increasing age in both hemispheres of TD children. In contrast, we identified a diffusivity increment (increased AD and MD) in the MA hemisphere of children with HCP, and a steady diffusivity across age in the LA hemisphere. In complement to the DTI findings, by TMS, we also found a halted electrophysiological maturation of the CST in the MA hemisphere of children with HCP, which contrasts to a normal maturation in the LA hemisphere of children with HCP (Hameed et al., 2017; Säisänen et al., 2018). Our findings support our main hypothesis that perinatal injury arrests normal CST development. This arrest occurs in both hemispheres of children with HCP but is more pronounced in the MA hemisphere.

Numerous cross-sectional studies have investigated age-related differences in DTI parameters in healthy children and adolescents. These studies consistently demonstrate an increasing FA, a parameter linked to axon packing and myelination (Beaulieu, 2002), and a decreasing MD, a parameter reflecting water content and density, throughout brain white matter during childhood and adolescence (Schmithorst and Dardzinski, 2002; Eluvathingal et al., 2007; Mukherjee et al., 2008). Specifically, for the CST, Lebel and Beaulieu (2011) found a significant increase of the tract volume, decrease of FA, and increase of MD across ages 5–30 years. More recently, Yeo et al. (2014) observed a steep increase of FA until age 7 years and then a more gradual increase until adulthood, but did not examine other diffusion parameters, such as the AD, MD, or RD. As we have done, measuring all four diffusion parameters is important as each provides a distinct mechanistic insight into the HCP pathophysiology (Scheck et al., 2012), and each does not necessarily vary with age. For instance, while we identified a MD and AD reduction with increasing age we found no age-dependent FA change. Our findings are in line with previous DTI studies showing a maturation trajectory for the CST with decreasing diffusivity across age until the young adulthood. They are also consistent with the development of precise fine motor skills, which are dependent on CST maturation and continue to develop into young adulthood (Savion-Lemieux et al., 2009).

By DTI, we identified arrested maturation in both hemispheres of children with HCP as indicated by absent AD and MD change as a function of age (Figure 2). The arrest in DTI maturation was more prominent in the MA compared to the LA hemisphere. AD is specific to axonal degeneration (Song et al., 2005). Increased AD is associated with axonal injury or damage, which leads to reduced axonal density or caliber, or axonal loss, increasing the extra-axonal space by allowing faster water molecule movement parallel to axons (Song et al., 2005; Sun et al., 2008). The MD is a measure of intra- and extra-cellular water diffusion (Neil et al., 1998) and provides valuable information about diffusivity and myelination (Grant et al., 2001). Increased MD suggests increased extracellular water content due to gliosis and microscopic cystic changes that are reliable pathologic features of cerebral palsy. An increasing or steady AD and MD with increasing age for both hemispheres of children with HCP indicates an arrested maturation of the CST possibly as a result of disrupted myelination due to perinatal oligodendrocyte or oligodendrocyte progenitor injury (Volpe, 2009).

Our TMS findings further support lateralized CST developmental compromise in HCP. Notably, whereas CST excitability, possibly reflecting improving myelination, increases with age, we found that the developmental rMT trajectory was absent in the MA hemisphere in our subjects. In principle, absent age-dependent decline in rMT (corresponding to increasing CST excitability) may be interpreted as either delayed or accelerated maturation. That is, the developmental trajectory may be halted because development does not occur, or because development completes prematurely. In our case, the relatively low rMT in the MA hemisphere likely indicates a premature acceleration of CST excitability, corresponding to an early increase in CST excitability, and perhaps an early closure of the critical period for motor development in the injured hemisphere—this electrophysiologic finding may correspond to absent CST myelination that is identified by DTI. Interestingly, while DTI metrics indicate bilateral abnormalities in patients with HCP, TMS found that the maturation trajectory of the rMT was absent only in the MA hemisphere, which may indicate that DTI is a more sensitive instrument for detecting CST developmental compromise. Alternatively, preserved maturation in the contralesional hemisphere that is identified by TMS indicates compensatory cortical or spinal changes that enable normal maturation despite modest abnormalities in myelination or other microstructural elements that are indicated by DTI.



LIMITATIONS

A limitation of this study is the lack of TMS data for TD children, and the fact that DTI and TMS data were not available for all participants with HCP given the risk (albeit small) of seizure or other adverse event associated with TMS, we could not justify administering this to healthy controls. Moreover, the participants with HCP had heterogeneities in the time, size, and location of the injury. Thus, the developmental changes observed in our cohort may not apply to all underlying pathologies of HCP. Finally, there are insufficient data to explain the differences in the changes of diffusion parameters. In particular, diffusion parameter differences may arise from a variety of factors, including differences in myelination, axonal fiber density and caliber, and fiber tract homogeneity, making it difficult to interpret the underlying pathology of the observed differences.



CONCLUSION

We present evidence of disrupted CST maturation in both hemispheres of children with HCP possibly as a result of the perinatal injury using a multimodal neuroimaging approach. Despite its limitations, this cross-sectional study provides detailed insights into the neurophysiological mechanisms of development that follow a perinatal brain injury and may help monitoring the efficiency of interventions during critical periods of life.
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Background: Neuromuscular deficits of children with spastic cerebral palsy (CP) limits mobility, due to muscle weakness, short muscle-tendon unit, spasticity, and impaired selective motor control. Surgical and pharmaceutical strategies have been partially effective but often cause further weakness. Neuromuscular electrical stimulation (NMES) is an evolving technology that can improve neuromuscular physiology, strength, and mobility. This review aims to identify gaps in knowledge to motivate future NMES research.

Methods: Research publications from 1990- July 20th 2019 that investigated gait-specific NMES in CP were reviewed using the PubMed and Google Scholar databases. Results were filtered by the National Institute of Neurological Disorder and Stroke common data elements guidelines for CP. The Oxford Centre for Evidence Based Medicine guidelines were used to determine levels of evidence for each outcome. Gait-specific NMES research protocols and trends are described, with implications for future research.

Results: Eighteen studies met inclusion criteria, reporting on 212 participants, 162 of whom received NMES while walking, average age of 9.8 years, GMFCS levels I–III. Studies included 4 randomized control trials, 9 cohort studies and 5 case studies. A historical trend emerged that began with experimental multi-channel NMES device development, followed by the commercial development of single-channel devices with inertial sensor-based gait event detection to facilitate ankle dorsiflexion in swing phase. This research reported strong evidence demonstrating improved ankle dorsiflexion kinematics in swing and at initial contact. Improved walking speed, step length, and muscle volume were also reported. However, improvements in global walking scores were not consistently found, motivating a recent return to investigating multi-channel gait-specific NMES applications.

Conclusions: Research on single-channel gait-specific NMES found that it improved ankle motion in swing but was insufficient to address more complex gait abnormalities common in CP, such as flexed-knee and stiff-knee gait. Early evidence indicates that multi-channel gait-specific NMES may improve gait patterns in CP, however significantly more research is needed. The conclusions of this review are highly limited by the low level of evidence of the studies available. This review provides a historical record of past work and a technical context, with implications for future research on gait-specific NMES to improve walking patterns and mobility in CP.

Keywords: NMES, FES, stimulation, cerebral palsy, gait, walking


HIGHLIGHTS

- Overview of gait-specific NMES for children with CP.

- Describes NMES-assisted gait technology and methods.

- Discusses history of gait-specific NMES in CP.

- Identifies gaps in knowledge and future research needs.



BACKGROUND

Cerebral palsy (CP) is the most common childhood motor disability and affects an estimated 1/323 children in the USA (1); reports of global prevalence range from 1.5 to more than 4 per 1,000 live births (2). While the initial brain injury is non-progressive, musculoskeletal impairments and functional limitations are progressive. Spastic CP affects 75% of children with CP, characterized by weak and short muscles, spasticity, and impaired selective motor control (SMC). Flexed-knee gait and stiff-knee gait are common and debilitating walking disorders in spastic CP. Many children with spastic CP lose independence in functional mobility as they age. Currently, surgical and pharmaceutical treatments for gait deficits are partially effective and often cause further muscle weakness.

Implanted or wearable electrical stimulation has been applied in a number of successful medical treatments in fields such as neurology, cardiology, and audiology. Deep brain stimulation has made groundbreaking progress in Parkinson's treatment. Electrical stimulation has been shown as an effective treatment for neurogenic bladder in patients with spinal cord injury (3) and pacemakers are now considered a standard of care in treating cardiac arrhythmias. Further, cochlear implants have returned hearing to hundreds of thousands of patients with hearing loss (4). Likewise, neuromuscular electrical stimulation (NMES) is an assistive technology in which electrical stimulation is applied either to the skin surface or via implanted electrodes to initiate or augment skeletal muscle contraction, through intact peripheral nerves (5). NMES has been used as a means to strengthen muscles in cases of stroke and CP (6), and there is promising evidence that it may do the same in cases of spinal cord injury (7).

When NMES is applied to achieve functional movements, the general term functional electrical stimulation (FES) is often used. In the context of gait, when electrical stimulation is applied during walking activities, the specific terminology used includes: gait-specific NMES or NMES-assisted gait. When stimulation is applied during functional activities related to gait such as cycling it can be termed gait-related NMES. Stimulation can also be applied as a purely muscle-strengthening application during physiotherapy, simply known as NMES. All references to electrical stimulation for the remainder of this review refer to NMES applied during walking activities, unless specified otherwise.

There is growing evidence that NMES may affect the four major neuromuscular deficits seen in spastic CP. NMES has been found to increase muscle fiber diameter and muscle size as well as strength in children with CP (8). In addition, increases in muscle fiber diameter may also increase overall muscle-tendon unit length due to the pennate angle of large lower limb muscles such as the rectus femoris and gastrocnemius. Further, there is early evidence that electrical stimulation may reduce spasticity in stroke by decreasing stretch reflex sensitivity (9, 10), indicating a need for further study of the impacts of NMES in CP. Finally, NMES may not directly improve SMC, however if applied during specific movement phases such as wrist extension when the elbow is flexed during a grasp, or knee extension when the hip is flexed at the end of swing phase of gait, it may compensate for impaired SMC, thereby improving movement patterns and functional ability.

The concept of electrical stimulation to induce muscle contractions can be traced at least as far back as 1776. The Italian physician and physicist, Luigi Galvani, famously elicited a muscular contraction from the leg of a frog using an electrical stimulus (11). Benjamin Franklin wrote about the possible role of electricity in human physiology and the digestive system in a letter to a South Carolina physician in 1757 (12). However, the successful use of NMES to achieve increased muscle strength and functional movement is a relatively new breakthrough with the majority of research conducted only in the past few decades, and on patients with spinal cord injury and stroke (6).

The miniaturization of electronics, such as inertial measurement units (IMU) and central processing units has allowed for the development of lightweight wearable NMES devices. Applied to improve gait, these devices are capable of sensing certain gait events and providing appropriate electrical stimulation in real-time (13). To date, the most common application has been single-channel stimulation to the tibialis anterior (TA) muscle during the swing phase of gait to improve foot clearance, in cases of foot drop. Control of a single muscle is termed single-channel NMES, whereas simultaneous control of multiple muscles is designated multi-channel NMES. The purpose of this review is to examine the body of literature concerning gait-specific use of single and multi-channel NMES devices to improve gait in children with CP.



METHODOLOGY

A scoping review was chosen as the most appropriate form of review for this field at this time. The primary intention of this review was to provide a broad assessment of the historical trajectory and current state of this field of research. The secondary intention was to identify gaps in knowledge, and possible future directions. As such, a more broad-based review strategy was required. The Preferred Reporting Items for Systematic Reviews and Meta-Analyses extension for Scoping Reviews (PRISMA-ScR) Checklist was used to guide this review (14).

The literature search was conducted utilizing the PubMed database as well as Google Scholar. Additionally, relevant publications referenced through the primary search were also considered. The primary search was performed with a title and abstract keyword search using Boolean operators. Specifically, publications including “electrical stimulation” or “NMES” or “FES,” and “cerebral palsy” or “CP” in their title or abstract and published from 1990 until July 20th 2019 were collected. Only articles available in English were reviewed.

Studies were extracted that investigated gait-specific application of NMES for children with CP, reported functional classification levels of participants, and reported standard outcome metrics for gait. Specifically, the criteria of reporting common data elements (CDE) was applied. The CDE for CP are now published by the National Institute of Neurological Disorder and Stroke (NINDS) working group on CP (15) and offer validated outcome measures that can be compared between and within participants with CP. Only publications that published the Gross Motor Functional Classification (GMFCS) of participants (16) and reported at least one CDE, were included in analysis. Of note, one study published the Gillette Gait Index (GGI), a precursor to the Gait Deviation Index (GDI). Although the GGI was not explicitly endorsed by the NINDS working group, this study was included since it pre-dates the development of the GDI. The results of these publications were then assessed and levels of evidence for various outcome metrics were assigned per the Oxford Centre for Evidence -Based Medicine 2011 Level of Evidence guidelines (17).

The grading of articles and outcome measures for level of evidence was done independently by two authors (JM and JR). Articles and outcome measures were downgraded at the authors discretion for small or poorly designed studies, as allowed by the guidelines. The randomized control trials included in this review were considered level II evidence, although they were small trials.

Finally, a Cochrane risk of bias assessment for seven elements across five domains was considered and adapted to the studies being assessed (18). Since a diversity of studies, ranging from RCT to case studies were included for review, a risk of bias tool may not be an entirely appropriate assessment at this stage. However, to provide a balanced perspective on the current state of research, a summary discussion of the findings can be found in Limitations (see section Limitations).



RESULTS

A flow chart schematic of the literature search and screening process can be seen in Figure 1. The search strategy outlined in the methodology resulted in 463 publications. These publications were screened at an abstract level to assess for possible relevance, specifically, if they met the broad inclusion criteria that they seemingly applied electrical stimulation in a population with CP. Studies were most commonly excluded for being done in the context of spinal cord injury or stroke, applying NMES in a non-gait-specific manner, or focusing on adult populations. This narrowed the results to 52 publications. These 52 publications were screened in their entirety to determine if they reported GMFCS levels of participants and at least one CDE outcome, in addition to confirming that they were completed studies in which NMES was used in a gait-specific manner in a pediatric population with CP. The only notable exception made was for one study (19) in which a single participant was 29 years old, and all others were under 18. The study was otherwise excellently executed with an entire year of gait-specific NMES therapy. Applying these exclusion filters eliminated 30 publications from consideration for reasons listed in the flow chart. The reasons for exclusion are listed in hierarchal order. This resulted in 22 publications reporting on 18 unique studies for inclusion in this review. Notably, the criteria of reporting at least one CDE did not solely exclude any paper.


[image: image]

FIGURE 1. Flow chart demonstrating the scoping review process.



Table 1 lists the results of the literature search, including the research study, level of evidence, as well as number, age, and functional level of participants. These 18 studies included 212 participants, 162 of whom actually received gait-specific NMES treatment, while the remainder served as controls. No study met the criteria for level 1 evidence. Four studies were small RCTs ranging from 14 to 34 total participants (level 2). Two studies were case-control cohort studies (level 3). Seven studies were cohort studies without control groups (level 3). The remaining five studies were case studies with three or fewer participants (level 4). Studies that included GMFCS I and II are most prevalent.



Table 1. Research studies included in the review: study design and participant demographics with study number assigned.
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Table 2 specifies the details of the application of gait-specific NMES. The number of channels, trigger and electrode design, as well as the muscle groups targeted in each study are reported. An overall trend toward single-channel, surface stimulation to the tibialis-anterior, triggered by a tilt-sensor was observed.



Table 2. Research studies included in the review: NMES treatment and device design.
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Table 3 outlines the interventional protocol of each study, with the dosage and range of stimulator settings. If a known, commercially available NMES device was used, it is noted as well.



Table 3. The NMES protocol reported in each study, with dosage and stimulator settings listed to the extent reported.
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Table 4 shows the common data elements (CDE), per the NINDS guidelines, reported by each study. Improvements are compared to either baseline or a control group, as defined by each study. Carryover effects are noted. Table 5 is a report of all CDE outcomes reported by studies included in this review, organized by outcome. Relevant studies are cited, and a level of evidence for each outcome is assigned per the Oxford Center for Evidence-Based Medicine 2011 Levels of Evidence guidelines.



Table 4. Common data elements (CDE) outcomes reported by each study.
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Table 5. Common data element (CDE) outcomes across all studies, grouped by outcome metric, with study number noted.
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DISCUSSION


Overview

The use of electrical stimulation to improve gait in children with CP has undergone significant, and sometimes cyclic, changes over the past few decades. Early research demonstrated the approximate parameters to elicit reliable muscular contractions. This was followed by a period of exploratory NMES usage, in which a variety of NMES technologies and strategies were tested in small clinical trials. This early gait-specific usage of NMES was often ambitious, implementing complicated multi-channel systems in an attempt to normalize complex deficits. Then, driven by the development of commercial FES devices to address a single specific gait pathology in related neurological disorders, the field of NMES research in CP rapidly collapsed into the specific use of single-channel devices to augment ankle dorsiflexion in swing. This enabled a period of broader NMES usage, limited randomized controlled studies, and the first systematic reviews to be attempted. The results of this period seemed to strongly suggest that NMES can correct ankle dorsiflexion deficits in swing but is insufficient to improve more complex gait abnormalities common in CP. Now, the direction of progress is pointing back toward the use of multi-channel NMES devices.

The search criteria in this review considered publications as early as 1990, however no study met inclusion criteria until 2004. The 1990's were predominately a period of early NMES technology development in which systems capable of delivering reliable and precise electrical stimulation were developed, and the clinical applications were constrained to augmenting specific muscle strengthening exercises. It was this early body of work that allowed future investigators to make informed decisions regarding appropriate stimulation protocols. Ho et al. (36) most explicitly referenced prior work in justifying their rationalization of stimulation parameters, stating that prior work found the stimulation frequency threshold necessary to achieve fused muscle contraction (30 Hz) and the natural ramp-up time of gastrocnemius-soleus muscle contraction (0.2 s).

Standard methods and outcomes are only just emerging in this developing field. An effort was made to describe specific methods to promote standardization and repeatability. Too often, clinical expertise was cited as the rationale for customizing stimulation settings and timing. This does not promote repeatable results and limits interpretation and comparison with other studies. A concise report of stimulator settings is provided (Table 3) so that future researchers can have a better understanding of commonly used protocols. It is strongly advised to apply gait-specific NMES during normal muscle timing to promote normal sensorimotor input that can affect both neuroprosthetic and neurotherapeutic effects.



Initial Studies: 2004–2010

NMES in CP began to be applied in a gait-specific manner and was first reported in 2004. For the first time electrical stimulation was applied synchronized with the individual's walking cycle. These early experiments were exploratory in nature, less focused on answering specific research or clinical questions, and more concerned with identifying future directions. These initial gait-specific studies and the ones that followed soon after, explored a greater diversity of potential NMES applications than has been seen since. Over this time period, 84 children participated in studies involving gait-specific NMES, 63 of whom received NMES treatment. The average age of recipients of NMES treatment during this period was 7.7 years old. All stimulation parameters were within the range of 20–50 Hz, pulse width of 3–350 μs and 10–70 mA. All studies, except one (34), applied stimulation according to normal gait timing. Percutaneous electrodes were implanted in 4 studies, and surface electrodes were used in 5, with one study directly comparing the efficacy of electrode types.

Perhaps the most defining feature of this time period in NMES usage, was the implementation of a force sensitive resistor (FSR) footswitch as the trigger for gait cycle timing and stimulation, which was ubiquitous across all studies. As a timing mechanism, this provided a reliable, albeit simplistic control scheme. Footswitches are capable of detecting initial contact and toe-off with high reliability, however, provide little to no information about the gait phase between these events. As such, this control architecture is dependent on manually preprogramming time delays into the stimulation patterns based on these two specific gait events. This approach limits real-time adaptability of the system as it is reliant on pre-determined timing, as well as its generalizability as it depends on clinician determined settings to optimize affect.

Single-Channel NMES-Assisted Gait

Between 2004 and 2010, four studies reported on single-channel NMES. Single-channel devices targeted the tibialis anterior (35, 38, 40), quadriceps femoris (35), gastrocnemius-soleus (36), or gluteus medius (34).

The single-channel NMES studies demonstrated that isolated stimulation of the quadriceps femoris or gastrocnemius did not significantly improve knee or ankle kinematics, respectively. Comparatively, isolated stimulation or stimulation as part of a multi-channel system of the tibialis anterior did consistently improve ankle kinematics in swing phase and at IC. One study assessing both single-channel stimulation of the tibialis anterior, and quadriceps femoris, reported significantly improved kinematics in the ankle during swing and not the knee in swing, however neither had a clinically significant impact on the GGI (35). The two studies that showed improved ankle kinematics via single-channel stimulation of the tibialis anterior also reported significantly decreased walking speeds (35, 40). The only single-channel study to demonstrate significantly improved walking speeds, stride length or step length, stimulated only the gluteus medius (34). The researchers reasoned that hip adductor spasticity was a primary cause of the stereotypical “scissor gait” seen in many patients with spastic CP, a debilitating gait. As a novel treatment strategy, they provided continual, low level stimulation to the hip abductors (gluteus medius) to promote less hip adduction. Despite the positive results of the study, continual single-channel stimulation of the gluteus medius has not been attempted since.

In all, the most persistent finding from single-channel research in this time period was that stimulation of the tibialis anterior improved ankle dorsiflexion in swing and foot clearance. Temporal-spatial parameters were significantly improved only in the study that assessed continual single-channel stimulation of the gluteus medius (34). Single-channel stimulation of either the gastrocnemius-soleus or quadriceps femoris appeared to have little effect on gait.

Multi-channel NMES-Assisted Gait

Between 2004 and 2010, four studies reported on multi-channel NMES. Three studies utilized two-channel devices, targeting both the gastrocnemius and tibialis anterior (33, 37, 40). One study applied NMES in a truly multi-channel manner, stimulating muscle groups actuating the hip, knee, and ankle joints (39).

All three studies that investigated ankle dorsiflexion in swing or at IC reported improvements (37, 39, 40). The results of these studies were otherwise highly variable, likely due to relatively few participants (21 children in total received NMES treatment), and inconsistent methodologies across studies. Temporal-spatial parameters were either improved or unchanged across these studies. One study assessed the effects of gait-specific NMES to the gastrocnemius and tibialis anterior after the individuals received Botox injections to the gastrocnemius and reported improved plantar flexion strength in the NMES treatment group (33).



Recent Studies: 2010—Present

The time period since 2010 has seen significant progress in NMES technology use in the CP population. In large part, this is due to the advent of commercially available foot drop stimulators. These devices, developed initially for the stroke population, are single-channel stimulators that target the common fibular nerve to stimulate ankle dorsiflexion via the tibialis anterior in swing, thus attempting to correct foot drop, improve foot clearance, and reduce incidences of tripping. Although these devices were approved by the FDA as early as 2005, their use in pediatric populations was not approved until years later.

From 2010 to April of 2019, 128 children participated in studies involving gait-specific NMES, 99 of whom received gait-specific NMES treatment. The average age at time of treatment during this period was 10.9 years old. This is a notable increase in both number and age of participants since before 2010. The Walkaide commercial stimulator was used in 5 studies, the Bioness stimulator in 3 studies, the RT50-Z in 1 study, the Odstock 2 channel stimulator in 1 study, and the Hasomed RehaStim in 1 study. This is a drastic shift away from the research grade stimulators used in the past, to a complete uniformity in using commercial devices. Reported stimulation parameters were within the range of frequency of 16.7–45 Hz, pulse width of 25–440 μs and current of 30–60 mA. These parameters are not drastically different from the earlier studies, however notably, the use of commercial devices seemingly encouraged less precise reporting of specific parameters used. Specifically, the Walkaide and Bioness devices provide a user-controlled intensity setting, which presumably alters the current, since no study that implemented these devices in a community setting reported current settings. All studies, except one (20), applied stimulation according to normal physiological timing. All studies utilized surface electrodes. An outlier in stimulation protocols was the most recent study which utilized a multi-channel device in two individuals (20). They used a substantially higher pulse width, up to 440 μs, and current up to 60 mA. No other study reported a pulse width above 300 μs or current above 45 mA. The authors stated these pulse width and current values were determined by considering both the results of a thresholding procedure and the desired muscle activation. Further discussion explaining the deviation from prior stimulation settings was not provided. Additionally, they did not necessarily provide stimulation at normal muscle timing. As the authors explained, normal muscle timing was used as a basis, however final stimulation timing was determined by the observations and recommendations of three independent physical therapists.

Gait event detection technologies were more varied in recent studies. Two studies achieved gait event detection by a footswitch trigger, using the older model Bioness device (19, 22, 23). The newer Bioness model (28) and Walkaide studies use an inertial measurement unit (IMU) based tilt sensor. Similarly, one study (20) utilized an IMU to detect seven phases of gait by shank angular velocity. IMU based technology removes the need to install additional footswitch hardware in the sole of the user's shoe. Additionally, a tilt sensor is capable of continuous gait cycle monitoring, rather than detecting only toe-off and initial contact. This has the potential to provide a higher resolution of stimulation control, as was demonstrated in one recent study which cited the ability to detect seven phases of gait with bilateral IMUs (20). A case study of 3 children with CP, using the RT50 stimulator, had a trained observer manually trigger a stimulation chain at observation of initial contact (21).

Single-Channel NMES-Assisted Gait

Since 2010, most publications have applied only single-channel stimulation to the tibialis anterior, except for three case studies (Table 2). Although the focus of studies has been narrowed to largely only single-channel stimulation of the tibialis anterior, a number of significant improvements have been identified. Improvement were demonstrated in kinematics, temporal-spatial parameters, and physiological metrics such as muscle volume, muscle strength, Modified Tardieu test of spasticity, and energy expenditure. These reported improvements are likely due to a combination of delivering better NMES timing, stimulation application, and higher-powered studies. Additionally, outcome evaluations such as muscle strength and volume, were not assessed until more recently. Lasting neurotherapeutic effects have also been demonstrated. Specifically, the Modified Tardieu (26, 29) and the muscle volume of the tibialis anterior (31) and gastrocnemius (26) were reported to have significant carry-over effect, suggesting that the neuromuscular deficits of weakness and spasticity can be improved with gait-specific NMES in persons with CP.

This shift in NMES research toward a focused attention on single-channel stimulation of the tibialis anterior to augment dorsiflexion brought both benefits and potential missed opportunities. Such ubiquitous attention has allowed for the first credible systematic review to be attempted in the field (8). With a review question limited to the effect of functional electrical stimulation during walking on ankle dorsiflexors in children with CP, the reviewers concluded that improvements in active ankle dorsiflexion range of motion, strength, selective motor control, balance and gait kinematics could be achieved. However, they could not draw a conclusion on whether or not functional metrics such as self-reported frequency of toe-drag and falls were improved.

Apart from tibialis anterior single-channel NMES, one study examined single-channel stimulation to the quadriceps femoris and reported significant improvements in knee kinematics (28). This finding is at odds with a prior publication (35) and could be due to improvements in stimulation technology and timing. However, there is insufficient evidence either way, as the older publication included only four children receiving stimulation to the quadriceps, and the newer study was a case study of one participant.

Multi-channel NMES-Assisted Gait

Since 2010, only two case studies have reported on multi-channel NMES use in persons with CP (Table 2). Rose et al. (21) applied stimulation to the gluteals, quadriceps femoris, and gastric-soleus muscles bilaterally, in a three subject single-session case study, and Behboodi et al. (20) applied stimulation to 3–4 muscle groups bilaterally in a two subject case study.

Rose et al. (21) recruited children specifically with flexed-knee gait, defined as 20–40°C of knee flexion in stance. Stimulation was then applied to the quadriceps and gluteus muscles from initial contact through 50% of the gait cycle, and gastrocnemius-soleus complex from 15 to 60% of the gait cycle. They demonstrated improved velocity and GDI in 2 out of 3 participants with improved hip, knee and ankle joint kinematics during a single-session of NMES-assisted gait. The multi-channel NMES study published by Behboodi et al. (20) demonstrated a number of promising findings in their small case study. Their 12-week program of gait-specific NMES training did appear to be beneficial to the two individuals in the study. In all, the study demonstrated a normalization of temporal-spatial parameters with improved fitness in the participant with GMFCS III, and improved efficiency in the participant with GMFCS II, as determined by peak VO2 and O2 cost of walking, respectively.



The Arc of Progress of Multi-channel NMES

The largest study to assess the effect of multi-channel NMES in children with CP included 17 children, 8 of whom received NMES, and was conducted in 2004 (39). This publication, and the three others studying multi-channel NMES prior to 2010 (33, 37, 40), were in the early stages of NMES research, utilizing percutaneous electrodes and custom stimulator systems. Furthermore, they were either limited in dosage (37), underpowered (40), or highly confounded by extraneous factors, such as major surgeries (39) or Botox injections (33). They were appropriate for their time, as exploratory studies, however an assessment of the efficacy of multi-channel stimulation by modern technological standards has not been attempted beyond case studies. The targeted augmentation of ankle DF in swing is an appropriate intervention for patients whose primary gait abnormality is the lack of ankle DF during swing due to DF weakness. However, it is likely to be insufficient in the majority of children with CP. It would not be expected that normalization of the kinematics of a single joint during the non-weight bearing phase would have substantive effects on proximal muscle weakness and control during stance phase. The success of achieving improvements in ankle DF by single-channel NMES is encouraging but in large part due to the muscular demand being relatively small; ankle DF in swing is non-weight bearing and acts on a small load (the foot). Similarly, forces of hip flexors in early swing and knee extensors in terminal swing are low relative to the forces necessary to achieve upright gait during stance phase. This was leveraged and partially demonstrated in the case study by Behboodi et al. in stimulating the quadriceps in terminal swing, achieving greater knee extension and a resulting increased stride length (20).

Moving forward, the results of this review suggest a possible return to the study of multi-channel stimulation in children with CP. Stimulation of the tibialis anterior and augmentation of ankle DF is likely to be a critical component of such future systems; however, it appears unlikely that it alone will resolve gait deficits seen in this population. Interestingly, gait-specific NMES applied to the tibialis anterior was shown to only improve ankle kinematics (8), while the singular recent case study on gait-specific NMES applied to the quadriceps femoris showed only improvements in knee joint kinematics (28). This taken in conjunction with the findings of earlier studies that multi-channel stimulation can have additive beneficial effects, would suggest that normalization of more involved gait deficits, would require a multi-channel gait-specific NMES acting across multiple joints. This early hypothesis is supported by the case studies published in Rose et al. (21) and Behboodi et al. (20). Additionally, a single subject case study published in 2015, assessing the effects of gait-specific multi-channel stimulation to the tibialis anterior and hamstrings in an adult with CP, demonstrated improvements in the Dynamic Gait Index, Performance Oriented Mobility Assessment, Observational Gait Scale, and Activities-specific Balance Confidence Scale scores (42). However, these are all case study examples, and the benefits of a multi-channel NMES system must be born out in a larger study.

Multi-channel gait-specific NMES development is a task not only for clinicians to carry out, but also the medical device industry and research groups. Currently, two double-channel NMES devices were found capable of initiating gait-specific stimulation in a self-regulated manner, the Bioness L300 Plus and Odstock 2 Channel Stimulator. The L300 Plus system employs a tilt-sensor to control a common fibular nerve stimulator, and a thigh mounted stimulator, for either quadricep or hamstring stimulation. Comparatively, the Odstock device uses a foot switch sensor to trigger stimulation of the gastrocnemius and tibialis anterior at mid-stance and during swing, respectively. Early stages of multi-channel device development can leverage lessons learned from wearable robotic development such as the idea that that bi-directional control of a joint is vastly more difficult than unidirectional control (43). As such, early implementations of multi-channel NMES may benefit from limiting the amount of bi-directional joint actuation.

In general, a multi-channel device is likely best utilized by applying stimulation within the normal timing of the muscle, and providing unidirectional control of the hip, knee, and ankle joints. For example, a device that provided quadriceps stimulation from terminal swing through loading response, gluteal stimulation from initial contact through loading, gastrocnemius-soleus stimulation from loading through mid-stance, and tibialis anterior stimulation in swing phase. Applying gait-specific NMES across the three major lower limb joints within periods of physiologically normal timing could provide vital sensorimotor input and biomechanical support, and lead to greater normalization of gait as compared to stimulation at a single joint.



Limitations

The findings of this review must be taken in the context of the quality and size of the studies it is comprised of. Only eighteen relevant studies have been conducted, four of which are RCTs, all with 34 or fewer participants. Amongst the RCTs, the two larger and best conducted studies asses only TA stimulation in swing. The remaining two studies are smaller, and asses single-channel stimulation of other muscle groups, one of which being the gluteus medius which has not been repeated since. Many of the findings of this review are based on small cohort and case studies. Ultimately, at this stage in this field, this review can largely only highlight what has and what has not been observed. The authors recognize the absence of evidence in this field and have attempted to present the findings scaled with that expectation.

The recruitment and retention of study subjects from a pediatric population with cerebral palsy is difficult. Electrical stimulation, while comfortable for most, can be an uncomfortable sensation for some users. The challenges are even greater using un-refined research grade devices for many of the more ambitious multi-channel studies. The physical appearance of these devices is an additional barrier to acceptance for parents and children, and their technical requirements often constrain them to laboratory use only. It is remarkable that some of these studies maintained intervention programs and follow up out to 1 year. But it is also why many of these studies ultimately become either case studies, or single sessions. This fundamental limitation will remain until commercially available multi-channel devices are available for home and community use.

The Cochrane guidelines for risk of bias assessment for both randomized and non-randomized studies were consulted to guide an assessment of risk across all studies considered. The risk of bias across nearly all seven elements is considered high for a few key factors, mostly stemming from this being such preliminary research. The study population is a self-selected subset of patients and families both willing to try and interested in NMES technology, as well as being capable of tolerating the electrical stimulation. Although adequate random sequence generation was performed in some, recruitment is fundamentally non-random. One cohort study even defined its control group, as those who could not tolerate the electrical stimulation (33). The effects of this non-random recruitment make the smaller studies at an even higher risk for bias due to ideal patient selection. The intervention itself, is practically impossible to blind participants from, and no study blinded the personnel from. Finally, since so many studies were small cohort or case studies, there is an even higher risk of bias due to inherent selective reporting bias stemming from the results not being statistically significant in such small studies. Additionally, the reporting of small case studies could also be influenced by selective reporting of best responders. Even objective outcome data could be potentially biased by effort, since the participants are aware of the intervention. Considering the high risk of bias, the outcomes in this review are at a high risk of over-estimating the potential benefits of NMES technology.

Conducting a more focused review to address a specific clinical question was considered, however due to the under-developed nature of this field, it was determined that insufficient evidence exists to adequately answer any specific question and a broader review would be more beneficial. A systematic review at this early point, would have unduly limited the diversity of studies. It would have placed an over-emphasis on a limited few randomized control trials which have all assessed the same technology—a tibialis anterior stimulator for ankle dorsiflexion in swing. As a consequence, the results of this review do not provide the strength of evidence that a systematic review would provide.




CONCLUSION

CP is a common neurological disorder presenting early in childhood with progressive musculoskeletal and functional impairments. Current pharmaceutical and surgical treatments are inadequate, with only partial benefits. Neuromuscular electrical stimulation is a well-established technology that has demonstrated recent progress due to advances in wearable electromechanical technology that can improve functional electrical stimulation treatment. The study of NMES during gait in persons with CP is still limited, however these early studies are promising in showing that NMES may offer unique benefits for gait rehabilitation. Improvements seen with NMES, such as joint kinematics and muscle volumes, still must translate to other functionally meaningful metrics such as degree of community ambulation. Further advancement of NMES technology, particularly in the arena of multi-channel devices and the targeting of major muscle groups, may yield even greater improvement in the gait of individuals with CP. Electrical stimulation is a particularly appealing technological solution as it may play a restorative or compensatory role in the four major defining musculoskeletal deficits of spastic CP, while remaining non-invasive and highly individually tunable. Overall, NMES is a well-accepted and tolerated intervention, with high reported rates of patient satisfaction and retention.
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TA, tibialis anterior; QF, quadriceps femoris; G, gastrocnemius; S, soleus; Glu, gluteals; GMa, gluteus maximus; GMe, gluteus medius; BF, biceps femoris; VL, vastus lateralis; VM, vastus medialis; PAM, posterior adductor magnus; DF, dorsiflexion; PF, plantarflexion; IC, initial contact; TO, toe-off; SCALE, selective control assessment of the lower extremity; PCI, physiological cost index of walking; GMFM, gross motor function measure; COPM, Canadian occupational performance measure; 6MWT, 6-minute walk test; ROM, range of motion; OGS, observational gait score; GDI, gait deviation index.
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Prediction of Gait Impairment in Toddlers Born Preterm From Near-Term Brain Microstructure Assessed With DTI, Using Exhaustive Feature Selection and Cross-Validation

Katelyn Cahill-Rowley1,2, Kornél Schadl1,3, Rachel Vassar1,3, Kristen W. Yeom4, David K. Stevenson5 and Jessica Rose1,2,3*

1Division of Pediatric Orthopaedics, Stanford University School of Medicine, Stanford, CA, United States

2Motion & Gait Analysis Laboratory, Lucile Packard Children’s Hospital, Stanford, CA, United States

3Neonatal Neuroimaging Research Lab, Stanford University School of Medicine, Stanford, CA, United States

4Department of Radiology, Lucile Packard Children’s Hospital, Stanford University School of Medicine, Stanford, CA, United States

5Division of Neonatal and Developmental Medicine, Stanford University School of Medicine, Stanford CA, United States

Edited by:
Muthuraman Muthuraman, University Medical Center of the Johannes Gutenberg University Mainz, Germany

Reviewed by:
Xiaobo Li, New Jersey Institute of Technology, United States
Rathinaswamy Bhavanandhan Govindan, Children’s National Health System, United States

*Correspondence: Jessica Rose, jessica.rose@stanford.edu

Specialty section: This article was submitted to Motor Neuroscience, a section of the journal Frontiers in Human Neuroscience

Received: 18 March 2019
Accepted: 19 August 2019
Published: 18 September 2019

Citation: Cahill-Rowley K, Schadl K, Vassar R, Yeom KW, Stevenson DK and Rose J (2019) Prediction of Gait Impairment in Toddlers Born Preterm From Near-Term Brain Microstructure Assessed With DTI, Using Exhaustive Feature Selection and Cross-Validation. Front. Hum. Neurosci. 13:305. doi: 10.3389/fnhum.2019.00305

Aim: To predict gait impairment in toddlers born preterm with very-low-birth-weight (VLBW), from near-term white-matter microstructure assessed with diffusion tensor imaging (DTI), using exhaustive feature selection, and cross-validation.

Methods: Near-term MRI and DTI of 48 bilateral and corpus callosum regions were assessed in 66 VLBW preterm infants; at 18–22 months adjusted-age, 52/66 participants completed follow-up gait assessment of velocity, step length, step width, single-limb support and the Toddle Temporal-spatial Deviation Index (TDI). Multiple linear models with exhaustive feature selection and leave-one-out cross-validation were employed in this prospective cohort study: linear and logistic regression identified three brain regions most correlated with gait outcome.

Results: Logistic regression of near-term DTI correctly classified infants high-risk for impaired gait velocity (93% sensitivity, 79% specificity), right and left step length (91% and 93% sensitivity, 85% and 76% specificity), single-limb support (100% and 100% sensitivity, 100% and 100% specificity), step width (85% sensitivity, 80% specificity), and Toddle TDI (85% sensitivity, 75% specificity). Linear regression of near-term brain DTI and toddler gait explained 32%–49% variance in gait temporal-spatial parameters. Traditional MRI methods did not predict gait in toddlers.

Interpretation: Near-term brain microstructure assessed with DTI and statistical learning methods predicted gait impairment, explaining substantial variance in toddler gait. Results indicate that at near term age, analysis of a set of brain regions using statistical learning methods may offer more accurate prediction of outcome at toddler age. Infants high risk for single-limb support impairment were most accurately predicted. As a fundamental element of biped gait, single-limb support may be a sensitive marker of gait impairment, influenced by early neural correlates that are evolutionarily and developmentally conserved. For infants born preterm, early prediction of gait impairment can help guide early, more effective intervention to improve quality of life.

What This Paper Adds:

• Accurate prediction of toddler gait from near-term brain microstructure on DTI.

• Use of machine learning analysis of neonatal neuroimaging to predict gait.

• Early prediction of gait impairment to guide early treatment for children born preterm.

Keywords: MRI, DTI, diffusion tensor imaging, very-low-birth-weight preterm infant, toddler gait, gait impairment, motor development, machine learning


INTRODUCTION

At near-term age, the infant brain is rapidly developing (Brody et al., 1987; Dubois et al., 2006; Huang et al., 2006; Oishi et al., 2011; Nossin-Manor et al., 2013; Rose et al., 2014). Brain microstructure abnormalities assessed at this age have been found to correlate to neurodevelopment in preterm children, suggesting potential as early biomarkers for neurodevelopmental impairment (Mukherjee et al., 2002; Arzoumanian et al., 2003; Rose et al., 2007, 2009, 2015; Alvarez et al., 2011; Van Kooij et al., 2011; Woodward et al., 2012; Aeby et al., 2013). Although advances in neonatal medicine have improved outcomes among children born preterm, 40% of very preterm infants develop motor impairments such as cerebral palsy (CP) and developmental coordination disorder, rates that are substantially higher than the general population (Williams et al., 2010; Spittle et al., 2011). Neonatal identification of at-risk children could enable high-impact early intervention during optimal developmental periods of rapid growth and neuronal plasticity.

Diffusion tensor imaging (DTI) is a promising neuroimaging technique that reflects white matter (WM) microstructural injury and can be used to assess early brain development. DTI reveals the amount and direction of water diffusion. In the brain, water diffusion is restricted by neural development, in particular, the presence and isotropy of cellular membranes and myelination. Thus, brain DTI can be used as a metric of brain neurodevelopment and organization (Hüppi et al., 1998; Counsell et al., 2002; Basser and Pierpaoli, 2011). DTI quantifies fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD), and axial diffusivity (AD). FA represents the anisotropy of diffusion, i.e., the extent to which water diffuses in one particular direction (Basser and Pierpaoli, 2011); in WM it is altered by fiber coherence, diameter, density, and myelination. MD is the average amount of water diffusion; AD is the amount of diffusion occurring in the dominant direction or primary axis; and RD is the amount of diffusion occurring perpendicular to the dominant direction. Generally, higher FA and AD indicate more developed microstructure, whereas higher MD and RD indicate less developed microstructure. Brain development alters the dynamics of diffusion, e.g., decreased water content, contraction of extracellular space, myelination, and increased coherence of axonal structures (Kinney et al., 1994; Dubois et al., 2008; Nossin-Manor et al., 2013). The DTI metrics of FA, MD, AD, and RD are affected by these changes and therefore reflect brain development and maturation.

For preterm infants, prognosis based structural brain MRI findings have demonstrated partial success (Miller and Ferriero, 2009; Spittle et al., 2011; Hintz et al., 2015; Anderson et al., 2017). Children at high risk, such as VLBW preterm infants, generally undergo neuroimaging as standard-of-care prior to discharge from the neonatal intensive care unit (NICU). Although currently, DTI is not routinely obtained in NICU clinical brain imaging assessment, it is a promising extension of neuroimaging techniques that may better identify WM microstructural injuries affecting early development (Arzoumanian et al., 2003; Rose et al., 2007, 2009, 2015).

We previously reported on neonatal correlates of toddler gait, analyzing near-term DTI in six subcortical WM regions. We analyzed four bilateral regions and two regions of the corpus callosum (CC) which were selected based on previously reported relevance, using standard statistical techniques in the same cohort of VLBW preterm children (Rose et al., 2015). The current study aims to improve the predictive value of DTI assessment at this early age of brain development. Here we include a broader set of brain regions that may more precisely predict gait impairments and ultimately, may inform neuroprotective treatment to improve outcomes for preterm children.

The current study applies exhaustive feature selection and leave-one-out cross-validation of WM in 99 brain regions, including 48 bilateral regions and three regions of the CC, in order to investigate the use of linear statistical models on DTI metrics for early prognosis of toddler gait impairment. A prior study of this cohort employed similar statistical learning methods to investigate prediction of cognitive and motor neurodevelopment, as measured by the Bayley Scales of Infant Development-Third Edition (Schadl et al., 2018). In this study, we employed a supervised statistical learning approach to determine the predictive value of near-term WM microstructure in VLBW preterm neonates in relation to temporal-spatial gait metrics at 18–22 months adjusted age. We hypothesized that applying a more comprehensive approach using DTI metrics of FA, MD, AD, and RD in a subset of three near-term brain regions, identified using statistical learning approach of exhaustive feature selection and cross-validation, would demonstrate higher predictive value for gait impairment at 18–22 months adjusted age, compared to using standard techniques.



MATERIALS AND METHODS

Participants born with VLBW (birth weight ≤1500 g), gestational age at birth ≤32 weeks, and no evidence of genetic disorder or congenital brain abnormalities were recruited. 102 infants treated at Lucile Packard Children’s Hospital (LPCH) NICU from 1/1/10-12/31/11 participated, representing 76% of eligible infants admitted over the 2-year period. All parents of eligible infants were approached prior to scheduled routine MRI and written informed consent was obtained for this IRB-approved prospective cohort study. 66 of 102 neonates had successful DTI scans at near-term age, collected at end of routine MRI scan, prior to discharge from the NICU.

Of the 66 neonates who had both near-term MRI and DTI, 52 completed follow-up gait assessment at 18–22 months of age, adjusted for prematurity (Table 1). Gait was assessed for 2–3 walking trials on an instrumented mat, as described previously (Cahill-Rowley and Rose, 2016a). Walking trials included at least four consecutive footfalls with at least one foot always touching the ground. Temporal-spatial gait metrics included walking velocity, step length, step width, and single-limb support as a percent of the gait cycle (SLS). These temporal-spatial parameters are accurately assessed at toddler age, reflect different aspects of gait function such as symmetry, single limb balance, dynamic postural balance, and overall gait function, and are sensitive to differences in gait pattern and impairment (Cahill-Rowley and Rose, 2016a,b). The Toddle Temporal-spatial Deviation Index (Toddle TDI), an assessment which quantifies deviation of temporal-spatial gait parameters from normal and is sensitive to gross motor function in toddlers (Cahill-Rowley and Rose, 2016b), was calculated. Gait impairment was defined as having a gait outcome score worse than one standard deviation from the mean value of a typically-developing cohort (n = 42) at 18–22 months adjusted age, previously published (Cahill-Rowley and Rose, 2016a,b).

TABLE 1. Demographic and neonatal characteristics of all neonates and neonates with both DTI and gait assessment.
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MRI Data Acquisition

Brain MRI scans were performed on a 3T MRI (GE Discovery MR750, 8-Channel HD head coil, Little Chalfont, United Kingdom) at LPCH. A 3-plane localizer was used and an asset calibration was prescribed to utilize parallel imaging. Sagittal T1 FLAIR image parameters were: TE = 9l ms, TR = 2200 ms, FOV = 20 cm, matrix size = 320 × 224, slice thickness 3.0 × 0.5 mm spacing, NEX = 1. T2, DWI, and DTI axial scans were prescribed using a single acquisition full-phase field of view (FOV). The axial fast spin echo T2 imaging parameters were: TE = 85 ms, TR = 2500 ms, FOV = 20 cm, matrix = 384 × 224; slice = 4.0 × 0.0 mm spacing. Axial T2 FLAIR parameters were: TE = 140 ms, TR = 9500 ms, FOV = 20 cm, slice = 4.0 × 0.0 mm, inversion time 2300 ms, fluid-attenuated inversion recovery matrix = 384 × 224. Axial DWI parameters were: TE = 88.8 ms, TR = 10000 ms, FOV = 20 cm, slice = 4.0 × 0.0 mm spacing, matrix = 128 × 128. Coronal T1 SPGR parameters were: TE = 8 ms, TR = 3 s, slice = 1.0 × 0.0 mm spacing, FOV = 24 cm, matrix = 256 × 256.



Radiological Assessment

Structural MRI was assessed for degree of White Matter Abnormality (WMA) and significant cerebellar abnormality. Radiological evaluation was performed by an experienced pediatric neuroradiologist (XS) and confirmed by a second (KY), both were masked to all other participant data. A form validated for near-term neuroradiological assessment (Hintz et al., 2015) was used to score WMA (1–4) according to a widely used classification system (Woodward et al., 2006Horsch et al., 2010; Hintz et al., 2015): (i) extent of WM signal abnormality, (ii) periventricular WM volume loss, (iii) cystic abnormalities, (iv) ventricular dilation, and (v) thinning of the CC. High inter-rater agreement (96–98%) for moderate-severe WMA using this classification was reported (Woodward et al., 2006Hintz et al., 2015). Significant cerebellar abnormalities included significant cerebellar lesions defined by Hintz et al. and/or significant cerebellar asymmetry of ≥3 mm in the anterior-posterior or medial-lateral direction (Hintz et al., 2015). The structural MRI findings in this cohort were previously reported (Rose et al., 2015).

Diffusion tensor imaging was calculated based on diffusion-weighted images (DWI) obtained along 25 orientations with slice thickness of 3 mm, matrix size of 128 × 128, and 90-degree flip angle on a 3T MRI (GE Discovery MR750, 8-Channel HD head coil) at LPCH at the end of routine MRI acquisition. A repetition of DTI sequence was successfully collected in 64 of 66 cases. Thus, in 64 subjects, a full scan was motion free. For 2 out of 66 cases, a composite image was generated by selecting the best slices out of two repetitions manually and combining them to a composite image. Infants were swaddled and fed and typically remained asleep during the scan. Sedation typically was not utilized for routine near-term MRI and was not utilized as part of the research protocol.



DTI Processing

A trained inspector selected the best DTI repetition to eliminate MRI scans with artifacts or evidence of motion. As noted above, for 2 out of the 66 cases, due to the lack of usable full repetition, a composite repetition was generated from the best image slices. Eddy current distortions were corrected by applying affine transformation. Skull stripping was performed based on B0 and trace (vectorial sum of diffusivity) maps using a ROI editor, and manually rotated to align with the JHU neonatal template, which is a template based on a neonatal brain atlas integrating DTI data with co-registered anatomical MRI (Oishi et al., 2011). Scans were analyzed in a semi-automated, atlas-based manner, using DTI-studio with settings detailed in Oishi et al. (2011).

Diffusion tensor imaging images were processed using DiffeoMap using FA and trace map to perform a large deformation diffeomorphic metric mapping transformation. Amplitude of trace >0.006 mm2/s and FA < 0.15 were considered cerebrospinal fluid (CSF) and gray matter, respectively, and were used to obtain the mask of WM regions. WM regions were then segmented into 126 regions based on the JHU parcellation atlas, and the average FA, MD, AD, and RD values were calculated for each region. The number of regions was then narrowed to apical regions ensuring quality of registration, resulting in 48 regions of both sides in addition to the splenium and genu of the CC, and the overall CC (Table 2). Further examination was performed on the FA, MD, AD, and RD values of a total of 99 regions adjusted for postmenstrual age (PMA) at scan.

TABLE 2. Brain regions, based on JHU parcellation atlas and segmented using DiffeoMap; DTI metrics (FA, MD, AD, RD) were used as features to find sets of three metrics best predicting outcome.
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Statistical Analysis

For each temporal-spatial gait metrics, including velocity, step length, step width, SLS, and Toddle TDI, distinct linear models were generated to examine their correlations with DTI measures. Using an exhaustive search in the feature space, multiple linear regression models were evaluated with leave-one-out cross-validation, L2 regularization, and regularization strength 1.0 to find a set of 3 regions (features) most correlated with gait metrics. Logistic regression models were evaluated with leave-one-out cross-validation, L2 regularization and regularization strength 1.0 on DTI to find a set of 3 regions that best classified high-risk infants scoring worse than one standard deviation from typically developing mean values previously reported (Cahill-Rowley and Rose, 2016a). Best models were selected based on leave-one-out cross-validated, adjusted coefficient of determination (R2) for linear regression, and leave-one-out cross-validated area under the curve (AUC) of the receiver operator characteristic (ROC) for the binary classification with logistic regression. Logistic regression models were also evaluated on the structural MRI for presence of WMA, cerebellar signal abnormality, cerebellar asymmetry, and intraventricular hemorrhage (IVH, grade 3 or 4) on structural MRI.

Diffusion tensor imaging scalars were adjusted for PMA at scan and normalized to have zero mean and unit variance. To ensure model generalization and robustness, and avoid overfitting, performance measures, i.e., adjusted R2 and AUC, were evaluated with leave-one-out cross-validation (LOOCV), such that for both regression and classification tasks, N distinct models (N = number of subjects) using the same set of features were evaluated leaving out the n-th subject during the determination of the model parameters. Ultimately, each model was evaluated on the left-out subject, and the N distinct results in pair with their ground truth values were used to calculate the cross-validated performance metrics. For the classification tasks (high-risk vs. low-risk), balanced sensitivity and specificity were determined by maximizing the sum of the squares of sensitivity and specificity (sensitivity2 + specificity2). Coefficients of logistic regression reported in Table 3 determine the magnitude and direction with which a feature contributed to the probability of considering a subject as high risk. A positive coefficient implies, that a higher feature value increases the risk, whereas a negative coefficient indicates that a higher feature value lowers the risk, and shifts the evaluation of the logistic function toward the normally developing range. Results were obtained using Scikit-learn (Pedregosa et al., 2011) and Statsmodels (Seabold and Perktold, 2010).

TABLE 3. Classification of gait impairment determined by logistic regression of near-term white matter DTI with exhaustive feature selection and leave-one-out cross-validation.
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RESULTS

Near-term MRI and DTI were collected at 36.6 ± 1.8 weeks postmenstrual age in 66 children born preterm (28.9 ± 2.3 weeks postmenstrual age) with very-low-birth-weight (1090 ± 266 g). Follow-up gait temporal-spatial parameters were collected in 52 children at 20.2 ± 1.0 months adjusted age; all participants had complete neuroimaging and gait data sets. Table 3 reports the prediction of gait impairment classification based on DTI and MRI using logistic regression with exhaustive feature selection and cross-validation.

Gait impairment was correctly classified for: velocity with 93% sensitivity and 79% specificity (Figures 1A,B); right step length with 91% sensitivity and 85% specificity (Figures 2A,B); left step length with 93% sensitivity and 76% specificity (Figures 3A,B); step width with 85% sensitivity and 80% specificity (Figures 4A,B); right SLS with 100% sensitivity and 100% specificity (Figures 5A,B); left SLS with 100% sensitivity and 100% specificity (Figures 6A,B); and Toddle TDI with 85% sensitivity and 75% specificity (Table 3).
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FIGURE 1. (A) Receiver Operating Characteristic curve of leave-one-out cross-validated classification of toddlers having gait velocity below one standard deviation of the mean. (B) Balanced confusion matrix of leave-one-out cross-validated classification of toddlers having gait velocity below one standard deviation of the mean.
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FIGURE 2. (A) Receiver Operating Characteristic curve of leave-one-out cross-validated classification of toddlers having right step length below one standard deviation of the mean. (B) Balanced confusion matrix of leave-one-out cross-validated classification of toddlers having right step length below one standard deviation of the mean.
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FIGURE 3. (A) Receiver Operating Characteristic curve of leave-one-out cross-validated classification of toddlers having left step length below one standard deviation of the mean. (B) Balanced confusion matrix of leave-one-out cross-validated classification of toddlers having left step length below one standard deviation of the mean.




[image: image]

FIGURE 4. (A) Receiver Operating Characteristic curve of leave-one-out cross-validated classification of toddlers having step width above one standard deviation of the mean. (B) Balanced confusion matrix of leave-one-out cross-validated classification of toddlers having step width above one standard deviation of the mean.
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FIGURE 5. (A) Receiver Operating Characteristic curve of leave-one-out cross-validated classification of toddlers having right SLS below one standard deviation of the mean. (B) Balanced confusion matrix of leave-one-out cross-validated classification of toddlers having right SLS below one standard deviation of the mean.
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FIGURE 6. (A) Receiver Operating Characteristic curve of leave-one-out cross-validated classification of toddlers having left SLS below one standard deviation of the mean. (B) Balanced confusion matrix of leave-one-out cross-validated classification of toddlers having left SLS below one standard deviation of the mean.



Clinical findings on structural MRI were also evaluated for their predictive value (Table 4) using logistic regression with LOOCV. Presence of WMA, cerebellar signal abnormality, cerebellar asymmetry, and IVH (grade 3 or 4) identified on MRI did not correctly classify children with impaired gait compared to children with typical gait based on TDI; no clinical findings on structural MRI correctly identified more than one child with a particular gait metric abnormality. Logistic regression of near-term structural MRI results did not correctly classify infants as high-risk for impaired velocity, step width, SLS, or step length. Cross-validation revealed that models built on structural MRI assessments, which only included six metrics, were not sufficiently robust to maintain findings with cross-validation. Thus, impairments in gait were not predicted from traditional MRI findings.

TABLE 4. Prediction from near-term brain DTI and MRI of gait impairment at 18–22 months.

[image: image]

Gait temporal-spatial values were predicted using cross-validated linear regression on near-term DTI with exhaustive feature selection of three brain regions (Table 5). The three most predictive brain regions for gait explained 22% of variance in velocity; 34% in step width; 16 and 15% in right and left step length, respectively; 19 and 16% in right and left SLS, respectively; and 16% of variance in Toddle TDI.

TABLE 5. Multiple linear regression models using exhaustive feature selection found the set of three brain regions most correlated with gait metrics.

[image: image]



DISCUSSION

Statistical learning is an area in statistics, referring to a set of tools for modeling complex datasets. It blends parallel developments in computer science, in particular to machine learning, and has been successfully applied to numerous fields. It is also a promising method to improve prognostic accuracy and guide early treatment of preterm infants. We built supervised statistical models using exhaustive feature search applied on near-term brain microstructure assessed on DTI to predict temporal-spatial gait in preterm toddlers at 18–22 months adjusted age. Due to the multiple comparisons inherent to exhaustive search, leave-one-out cross-validation was applied to reduce over-fitting and optimize robustness of generalization. Application of exhaustive feature search with cross-validation on DTI generated relatively high predictive values, compared to standard techniques using structural MRI at near-term age.

Infants were classified with high sensitivity and specificity as high-risk for gait impairment based on near-term WM microstructure (Table 3). Most commonly, the genu of the CC contributed to best performing logistic and linear models (for 3/6 gait parameters and 4/6 gait parameters, respectively) as one of the three selected features, suggesting its strong predictive value for gait metrics. The CC has been previously found to be associated with neurodevelopmental outcome. Anderson et al. (2006) examined 61 VLBW infants and found that poor growth of the CC length was associated with severe motor delay and cerebral palsy by age 2. Mathew et al. (2013) found associations between WM microstructure of the CC as assessed on DTI and motor function in eight very preterm infants. Rose et al. (2008) examined 23 preterm infants and found reduced FA mainly within the posterior regions of the CC. Malavolti et al. (2017) found that adverse motor outcome at 18 months corrected age was associated with smaller neonatal CC size in the posterior subdivision (p = 0.003).

Both the hippocampus and the inferior frontal gyrus contributed to several best performing logistic and linear models. The hippocampus contributed to logistic regression of 4/6 gait parameters (Table 3) and is involved in working memory. The inferior frontal gyrus contributed to logistic regression of 3/6 gait parameters (Table 3) and to linear regression of 3/6 gait parameters (Table 5), and has previously been shown to control motor responses (Swick et al., 2008).

Toddler’s with the gait impairment of SLS time were most accurately predicted from near-term brain microstructure. This may be explained because as a toddler learns to walk, achieving sufficient SLS requires single limb strength and balance as well as bilateral stability and symmetry. As a fundamental element of human biped gait, SLS may be a sensitive marker of toddler gait impairment influenced by early neural correlates that are evolutionarily and developmentally conserved. Classification with the logistic function fitted on the right fusiform gyrus FA, splenium AD, and genu FA predicted right SLS with 100% sensitivity and 100% specificity; logistic function fitted on the right middle frontal gyrus RD, right superior occipital RD, and left lateral fronto-orbital gyrus FA predicted left SLS with 100% sensitivity and 100% specificity (Table 3). In addition, linear regression of left anterior limb of the internal capsule MD, genu RD, and right inferior frontal gyrus RD was most predictive of right SLS; and right retrolenticular part of the internal capsule RD, genu RD, and right superior occipital gyrus FA were most predictive of left SLS (Table 5).

Step width was also well predicted in the present study, the linear regression with exhaustive feature search and cross-validation found that the left and right globus pallidus, along with the right tapetum, were predictive of step width, a gait metric that typically reflects development of postural balance.

Coefficients of logistic regression models (Table 3) reinforce prior findings, that in white matter regions with negligible crossing fibers, as compared to gray matter regions, fiber coherence is well measured and reflects neurodevelopment. The direction of the DTI metrics of FA, MD, and AD values of the CC were as expected in affecting the probability of being high risk. Gray matter features provide less ease of interpretation due to higher cortical connectivity, relatively later development, and associated variability in direction of DTI metrics.

We found that prediction by the models using DTI outperformed models using structural MRI (Table 4), consistent with prior studies that found DTI provided higher predictive value for neurodevelopmental outcome compared to structural MRI for Arzoumanian et al. (2003), Rose et al. (2007, 2009), De Bruïne et al. (2013). In our comparison, however, we used metrics that were derived by manual inspection from structural MRI. In further studies, we encourage comparing and examining structural MRI that is segmented and assessed on a regional basis similar to our approach with DTI. Analysis with DTI using the statistical learning approach of exhaustive feature selection and cross-validation has potential to improve prognostic accuracy of neonatal neuroimaging. The clinical feasibility of using DTI is increased by advances in automated data processing that improve its ease of use, repeatability, and thus prognostic value. In this study we used a linear model logistic regression and therefore both its implementation and interpretation are relatively straightforward. These methods could be implemented clinically to improve prognostic accuracy, if replicated in a larger population. Individual patient DTI metrics of most predictive brain regions could be input into a simple spreadsheet to identify infants at high risk for cognitive and motor impairment.

We previously reported data from the same cohort, and evaluated velocity and SLS with respect to WM and cerebellar abnormality as assessed on structural MRI, and in 6 different subcortical WM regions assessed on DTI, using standard partial correlation analyses (Rose et al., 2015). The MRI findings did not correlate with velocity or SLS; genu DTI did correlate with both velocity and SLS. DTI metrics of the other five regions (splenium, anterior limb of the internal capsule, posterior limb of the internal capsule, thalamus, and globus pallidus) did not.

In the current study, the genu and splenium of CC, as well as fusiform gyrus, superior-occipital gyrus, lateral fronto-orbital gyrus, and right middle frontal gyrus contributed to 100% accurate prediction of SLS impairment. Further, the anterior limb of the internal capsule and retrolenticular part of the internal capsule and inferior frontal gyrus also contributed to explaining approximately 15% of the variation of toddler SLS, a sensitive gait metric that reflects gait stability, weight bearing, and symmetry. These findings suggest that a set of brain regions taken together may be more sensitive to outcome than a single region in isolation.

To ensure ease of interpretability we used linear models, which limit accuracy due to the highly non-linear nature of the solution space. Study limitations also include that we analyzed a relatively small cohort which requires the use of statistical tools that are less robust compared to state-of-the-art machine learning approaches (i.e., deep learning), and that classification on imbalanced dataset can be biased, even when using ROC-AUC or precision and recall as performance metrics. Furthermore, evaluation of cortical WM can be confounded by imaging resolution and signal-to-noise ratio. Methods outlined in this study need to be validated on larger preterm populations.

Applying machine learning algorithms on near-term regional WM microstructure may help identify risk of neurodevelopmental delay, guide early intervention and ultimately, may inform neuroprotective treatment to improve quality of life for preterm children. In this study, we employed an exhaustive feature selection algorithm to identify a set of 3 brain regions that best predicted outcomes. Results indicate a relatively high prognostic value for temporal-spatial gait parameters, in particular SLS, and warrant further investigation in larger preterm populations.
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Children with unilateral spastic cerebral palsy (USCP) have shown impaired bimanual coordination. The corpus callosum (CC) connects the two hemispheres and is critical for tasks that require inter-hemisphere communication. The relationship between the functional bimanual coordination impairments and structural integrity of the CC is unclear. We hypothesized that better integrity of the CC would relate to better bimanual coordination performance during a kinematic bimanual drawer-opening task. Thirty-nine children with USCP (Age: 6–17 years old; MACS levels: I-III) participated in the study. Measurement of the CC integrity was performed using diffusion tensor imaging. The CC was measured as a whole and was also divided into three regions: genu, midbody, and splenium. Fractional anisotropy, axial diffusivity (AD), radial diffusivity, mean diffusivity, number of voxels, and number of streamlines were evaluated in whole and within each region of the CC. 3-D kinematic analyses of bimanual coordination were also assessed while children performed the bimanual task. There were negative correlations between bimanual coordination measures of total movement time and AD of whole CC (p = 0.037), number of streamlines and voxels of splenium (p = 0.038, 0.032, respectively); goal synchronization and AD of whole CC (p = 0.04), and number of streamlines and voxels of splenium (p = 0.001, 0.01, respectively). The current results highlight the possible connection between the integrity of the CC, especially between the splenium region and temporal bimanual coordination performance for children with USCP.
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INTRODUCTION

Children with unilateral spastic cerebral palsy (USCP) have early brain damage that leads to various motor and sensory impairments particularly on their more-affected side, such as slower movement and impaired hand grasping control (e.g., Eliasson et al., 1995; Forssberg et al., 1999; Gordon et al., 2003; Steenbergen et al., 2008). Severity of impairments on the more-affected hand has been showed to be associated with poorer bimanual coordination (Hung et al., 2004). Studies of children with USCP also indicated impaired bimanual hand function performance using clinical tests [e.g., assisting hand assessment (AHA)] and kinematic tasks (e.g., Utley and Sugden, 1998; Hung et al., 2004, 2010; Utley et al., 2004; Gaillard et al., 2018). Kinematic analysis showed that bimanual coordination impairments are associated with reduced temporal coordination between the two hands during symmetric and asymmetric bimanual tasks in children with USCP (e.g., Utley and Sugden, 1998; Hung et al., 2004, 2010; Utley et al., 2004). All of these movement impairments affect their ability to perform daily functional activities and their independence (e.g., Lee, 2017).

It is essential to better understand the connection between brain white matter integrity and movement performances for children with USCP to better predict their prognosis and to develop specific effective treatments. Reid et al. (2015) indicated that severe white matter loss of both hemispheres and the corpus callosum (CC) measured by magnetic resonance imaging (MRI) is associated with poor gross motor function [gross motor function classification (GMFCS)]. They further suggested that MRI may not be sensitive enough to detect microstructural impairments such as connectivity within the white matter. More advanced neuroimaging techniques such as diffusion tensor imaging (DTI) provides a more sensitive measure of white matter microstructure allowing the reconstruction of neuronal pathways (Mori et al., 1999). Diffusion parameters such as number of streamlines, number of voxels, and fractional anisotropy (FA, directional preference of white matter water molecular diffusion measure; higher value reflecting better axonal integrity) are often reported in studies on individuals with USCP (e.g., Thomas et al., 2005). Children with USCP were found to have decreased fiber count on the corticobulbar tract, increased mean diffusivity (MD, degree of restriction to diffusion of white matter water molecules irrespective to direction; lower value reflecting better axonal integrity) and decreased FA on the primary white matter lesion site (e.g., Thomas et al., 2005). Cortico-spinal tract diffusion properties (lower FA and higher MD) were also shown to be correlated with the severity of movement impairments (Kuczynski et al., 2018).

Using diffusion tensor imaging, Weinstein et al. (2014) showed that poorer integrity of the CC is associated with more-severe unimanual and bimanual hand function evaluated by clinical measures of AHA and children’s hand experience questionnaire. CC is the main pathway between the hemispheres. A larger CC size has been shown to be related to better motor performance in children with periventricular leukomalacia and children born prematurely (Davatzikos et al., 2003; Rademaker et al., 2004; Pannek et al., 2014). The communication role between the hemispheres of the CC is especially important for motor control involving bimanual coordination (see review, Bloom and Hynd, 2005). The less-affected hand was suggested to compensate for the more affected hand during some bimanual tasks for children with USCP (e.g., Utley and Sugden, 1998; Hung et al., 2004, 2010; Utley et al., 2004). Such compensatory strategies between the two hands would depend on interhemispheric communication and should correlate to microstructure impairments of the CC.

In our previous studies, children with USCP showed impaired temporal bimanual coordination during a functional bimanual drawer task using kinematic analysis (Hung et al., 2004, 2010). The test was sensitive in order to identify differences in improvements after intensive unimanual and bimanual interventions (Hung et al., 2011, 2017a). Thus, this drawer task can be an ideal test to evaluate the connection between the integrity of the CC and kinematic bimanual performance in children with USCP.

Our objective is to explore the relationship between the integrity of the CC and the kinematics of bimanual performance during a functional bimanual drawer task in children with USCP. We hypothesized that DTI parameters of the CC will be correlated with temporal bimanual coordination measures.



MATERIALS AND METHODS


Participants

A subset of thirty-nine children with USCP (20 males, 19 females, age 6–17 years, MACS I-III, Table 1) from a prior randomized control trial (RCT, NCT02918890) were recruited over 4 years (2014–2017) to participate in this study. The RCT recruited participants from the website1, clinics in the NYC area, and online support groups. All potential participants were screened by an on-site physical examination or a videotaped examination by their physical/occupational therapist first. The inclusion criteria were selected based on our prior USCP studies: (1) attending a mainstream school, (2) the ability to follow instructions during screening, (3) the ability to lift the more affected arm 15 cm above a table and grasp light objects, and (4) the ability to complete all testing. The exclusion criteria were: (1) botulinum toxin in the upper extremity within the last 6 months, (2) other health problems unassociated with CP, (3) current/unstable seizures, (4) visual problems interfering with testing, and (5) surgery on the more affected hand within 1 year. Informed consents were obtained from all the participants and guardians. The current study was approved by the University Institutional Review Board.

TABLE 1. Participant characteristics.
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Procedures

All participants were part of a RCT to have intensive upper extremity training. Neuroimaging, bimanual coordination using a 3D motion capture system, and AHA score were assessed before their training to elucidate the mechanisms between the integrity of the CC and bimanual coordination.



MRI Data Acquisition

Diffusion MRI was acquired on all 39 children. DTI was used to reconstruct the interhemispheric connections of the CC. The MRI protocol was performed on a 3T Scanner (Siemens Magnetom Trio, Citigroup Biomedical Imaging Center, Weill Cornell Medical College). A total of 75 slices were acquired (matrix 112 × 112, FOV = 224 mm, 65 directions, b-value = 800 s/mm2, TR = 9000 ms, and TE = 83 ms). The participants were positioned in a supine position with padding around the head to minimize the movement and reduce noise. The participants were not physically constrained nor received any sedation.



MRI Data Analysis

Diffusion tensor imaging analysis was performed using DTI Studio (John Hopkins University, Baltimore, MD, United States), which included FA, vector maps, and color-coded maps. An image was first created to mask the background noise at the threshold of 30 dB, using standard linear regression for tensor calculation. Images containing movement artifacts were excluded by visually inspecting the original images using the apparent diffusion constant function (Jiang et al., 2006). Reconstruction of the interhemispheric connections was done using the Continuous Tracking method (Mori et al., 1999). Fiber tracking started <0.15 and was terminated if the tract turning angle was >70.

Regions of interest were determined using anatomical location through orientation-based color-coding maps by hand. The CC was segmented into the following three segments based on the Witelson parcelation scheme: genu, midbody, and splenium (Witelson, 1989).

The FA, axial diffusivity (AD, reflecting axonal growth and injury), radial diffusivity (RD, indicating myelination and demyelination processes), and MD, number of streamlines and voxels were calculated. Data was analyzed by a trained researcher (second author) blinded to the kinematic results of participants. To ensure good reliability of the DTI findings, we evaluated both inter-rater and intra-rater variability. Good to excellent reliability was found: coefficient ranging of inter-rater from 0.816 (CI 0.079–0.963) to 0.979 (CI 0.896–0.996) and intra-rater from 0.746 (CI −0.267–0.949) to 0.988 (CI 0.940–0.998).



Kinematic Bimanual Coordination Testing

Participants were instructed to open a spring-loaded drawer (load 0.3 kg) with the less affected (drawer hand) and to insert their more affected hand (task hand) in the drawer to activate a light switch (14 cm × 10 cm) while seated. Participants were seated in front of the table (15 cm from the trunk) with both elbows flexed at right angles, and hands placed 30 cm apart at the edge of the table initially. The drawer (15 cm × 15 cm) equipped with a loop handle (9 cm in length and 3 cm in depth) and was placed at midline 30 cm from the edge of the table from the subject.

The drawer task was performed at a self-selected speed while 3-D kinematic data were collected with eight infrared cameras using Workstation 4.6 (VICON, Denver, CO, United States). Each trial ended after the subject activated the light switch inside the drawer. Total of five trials were collected after two practice trials. Seven reflective markers were placed on bilateral shoulder (acromion process), elbow (lateral epicondyle), wrist (ulnar styloid process), and spinous process of the seventh cervical vertebra (C7) of the participants. Calibration was performed on the space with a set external x (medial-lateral axis), y (anterior-posterior axis), and z (vertical axis) coordinates. The digitizing rate was 120 Hz. All digitized signals were processed using a low pass digital filter with a cutoff frequency of 6 Hz.

The velocity onset/offset threshold was set at a criterion of 5% peak velocity of the wrist tangential velocity. The onset of hand movement was defined when the wrist tangential velocity exceeded the criterion and constantly moved forward thereafter. The end of drawer opening (offset of drawer hand) was defined as the velocity falling below the criterion. The offset of the more affected hand was defined as the time when the wrist tangential velocity fell below the velocity criterion or when the light switch inside the drawer was activated.

The overall task completion time was defined by the time between the onset of the drawer hand and the offset of the task hand movements. The goal synchronization of the two hands was measured by the time difference between the offset of the two hands (the drawer hand fully opening the drawer and the task hand reaching inside the drawer). The normalized movement overlap time was calculated by the overlapping movement time of the two hands, as a percentage of the total task completion time. These three temporal measures were used to evaluate bimanual coordination performance. 3-D displacement of C7 marker was also calculated to indicate the trunk motion during task performance.



Quality of Bimanual Hand Use

The assisting hand assessment (AHA, version 5.0) quantifies the effectiveness to which children with unilateral impairments utilize their more affected hand to assist various bimanual play activities and has excellent validity/reliability (Holmefur et al., 2007; Krumlinde-Sundholm et al., 2007). All participants were videotaped during testing and were scored offsite by an experienced blinded evaluator. Data were reported in logit-based units.



Statistical Analysis

Statistical analysis was performed using SPSS (version 23, Statistical Production and Service Solutions, Chicago, IL, United States). To better understand the relationship between the DTI parameters and the kinematic measures of bimanual coordination, partial Spearman’s correlations controlling for age was used. To explore the connection between the current temporal bimanual coordination measures and trunk control with clinical measure of AHA, a separate partial Spearman’s correlations controlling for age was carried out. In order to examine the possible effects of the side of hemiplegia on all the kinematic measures and AHA, a simple t-test with either side of hemiplegia (left or right) was performed. All of the data were approximately normally distributed (Shapiro-Wilk test). Significance was set at p < 0.05.




RESULTS


Temporal Bimanual Coordination and DTI Parameters

Correlations controlling for age between temporal bimanual coordination and DTI parameters are shown in Table 2. The total movement time was negatively correlated with AD of the whole CC (Figure 1A, r = −0.33, p = 0.037), number of streamlines of splenium (Figure 1B, r = −0.34, p = 0.038), and number of voxels of the splenium (Figure 1C, r = −0.35, p = 0.032). Goal synchronization differences were negatively correlated with AD of the whole CC (Figure 1D, r = −0.33, p = 0.04), number of streamlines of the splenium (Figure 1E, r = −0.40, p = 0.01), and number of splenium voxels (Figure 1F, r = −0.42, p = 0.01). No correlation was observed for the genu and midbody for any measure.

TABLE 2. Correlation analyses between temporal coordination measures and DTI variables.

[image: image]


[image: image]

FIGURE 1. Correlation plots for total movement time and goal synchronization. (A) Correlation between total movement time and AD of whole CC. (B) Correlation between total movement time and number of streamlines of splenium. (C) Correlation between total movement time and number of voxels of splenium. (D) Correlation between goal synchronization and AD of whole CC. (E) Correlation between goal synchronization and number of streamlines of splenium. (F) Correlation between goal synchronization and number of voxels of splenium. AD, axial diffusivity; CC, corpus callosum.





Clinical AHA Test and Kinematic Bimanual Coordination Variables

Table 3 shows the correlation summary of AHA scores with temporal bimanual coordination and trunk involvement. There were significant negative correlations between AHA scores and most kinematic valuables; i.e., better bimanual coordination was associated with higher AHA scores (see Table 3, except normalized overlap movement). The three temporal bimanual coordination variables were significantly correlated to one another (total time and goal synchronization: r = 0.92 p = 0.001; total time and normalized overlap r = −0.42, p = 0.009; goal synchronization and normalized overlap: r = −0.55, p = 0.001), but not with trunk control. Trunk control was negatively correlated with AHA score (r = −0.43, p = 0.008).

TABLE 3. Correlation analyses between AHA scores and kinematic measures.
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Effects of Hemiplegia Side

No significant findings of hemiplegic side effects on temporal bimanual coordination measures, trunk control, or AHA score were found.




DISCUSSION

This study investigated the relationship between the CC diffusion properties and bimanual coordination performance during a functional bimanual drawer task in children with USCP. As we hypothesized, the integrity of the CC was correlated with temporal bimanual coordination performance for children with USCP. AD of the whole CC and the splenium region were correlated with bimanual coordination performance. Genu and midbody diffusion properties were not related to any measure. There were also significant correlations between clinical bimanual AHA scores and bimanual coordination and trunk control measures.


Correlation Between Bimanual Coordination and Integrity of the Splenium

There were significant negative correlations between total movement time and goal synchronization measures and AD of the whole CC, number of streamlines of the splenium, and the number of voxels of the splenium. Shorter total movement time and goal synchronization time differences both indicated better temporal bimanual coordination during the current task. Children with USCP showed impaired temporal bimanual coordination during a drawer task similar to the current one when compared with typically developed children (Hung et al., 2004, 2010). They had longer total movement time, reduced goal synchronization (longer goal accomplished time differences between the two hands), and reduced normalized movement overlap (Hung et al., 2004, 2010). Thus the current negative correlations indicated better bimanual control correlated with integrity of microstructure of the CC, especially the splenium. The number of streamlines of the splenium was also correlated with AHA scores (clinical bimanual measure) for children with USCP in a previous study (Davatzikos et al., 2003).

Weinstein et al. (2014) showed only correlations between the splenium region integrity (FA, MD, and RD measures) and clinical hand function measures (questionnaire of more affected hand use during daily bimanual tasks) in children with USCP. Weinstein et al. (2014) further suggested the possible reason of their findings was the important role of the splenium region for visual-spatial control and spatial awareness of the more affected hand. Thus the number of streamlines of the splenium region that influenced bimanual coordination performance (such as current kinematic measures and AHA scores of previous study), and the quality of fibers (integrity) seemed to be connected with spatial temporal movement control of the more affected hand. Since we did not assess unimanual spatial temporal control of the more affected hand, we cannot evaluate the suggestion from Weinstein et al. (2014).

The possible reason for failing to find correlation between splenium integrity (FA, MD, and RD measures) and kinematic bimanual coordination in the current study could be the influence of developmental factors. The number of streamlines may not be affected as greatly as integrity changes of the splenium during development. Muetzel et al. (2008) evaluated the relationship between development of the CC and bimanual performances for healthy adolescents. They found that splenium FA measures correlated greatly with bimanual finger tapping performance. They did not measure number of streamlines or voxels. However, they suggested increase splenium FA in DTI studies to be related to splenium white matter volume. Muetzel et al. (2008) suggested that white matter integrity (measured by FA) in the splenium continued to develop until 18 years old for healthy adolescents. The developmental process and influence factors of such white matter integrity (such as measure of FA) for children with USCP is unclear and most likely prolonged with a different developing rate. The current study had a wide age range (6–17 years old) and was more likely to be influenced by developing factors even though the correlation findings were controlled for age statistically. The age effect of CC integrity changes between 6 and 7 years old is not likely to be the same as between 15 and 16 years old. A future study with more participants to evaluate the developmental effects of the number of streamlines and voxels, and integrity measures (control for severity) could help answer this question. The other possible reason could be that other neural pathways (e.g., Cortico-spinal tract, cerebellum) provide additional compensatory mechanisms.

In the current study, AD of the whole CC was also negatively correlated with total movement time and goal synchronization performance for children with USCP. AD was suggested to evaluate axonal integrity (Harsan et al., 2006; Sun et al., 2006). However, most microstructure studies of the CC failed to indicate significant AD findings (e.g., Weinstein et al., 2014). In a previous study that evaluated changes of white matter microstructure of the CC after after-school additional physical activity program (9 month program) for children indicated changes in FA and RD measures of the CC, but not AD values (Chaddock-Heyman et al., 2018). AD measure of the CC may be less likely to change over training or it has less sensibility to detect small changes. The previous studies only evaluated the connection between AD of the CC and clinical measures which may be less sensitive to movement coordination than kinematic analysis (Hung et al., 2011, 2017a,b; Weinstein et al., 2014; Serrien, 2017).



AHA and Bimanual Kinematic Measures

It is interesting to see the connection between the AHA score (clinical bimanual measure) and kinematic bimanual coordination measures of total movement time, goal synchronization, and trunk control during the current drawer task. Most of the previous studies failed to find any significant correlation between the AHA and kinematic bimanual coordination measures (Hung et al., 2011, 2017a). A larger group of participants and wider age range of participants with the developmental effects may lead to significant correlation findings.

Trunk control was significantly correlated to AHA scores, but not other temporal bimanual coordination measures. Proximal trunk compensation (excessive trunk forward movement) for the reduced distal joint motion of the more affected upper extremity was shown in previous studies for children with USCP (e.g., Coluccini et al., 2007; Hung et al., 2012). Therefore, trunk control during the current task might be more related to impairments of the more affected hand than the temporal quality of bimanual movement coordination. The AHA also emphasizes how the more affected hand performs hand assists for the less affected hand during bimanual tasks. The AHA does not measure the coordination between the two hands (e.g., how less affected hand slows down to compensate for the more affected hand).



Limitations

The current project has a wide age range of participants. This may increase the possibility of developmental influences even if we statistically tried to control for the age effect. No control group was included in the study, which could provide better age-specific comparison. We only focused on the integrity of the CC; however, there are many other regions of the brain or descending tracts that might be correlated to bimanual coordination performance as well. Multiple correlations are evaluated in our study, and may increase type I error. To avoid false significant findings due to multiple correlations, we confirmed same findings with linear regressions.




CONCLUSION

The current study investigated the connection between the CC diffusion properties (assessed by DTI) and bimanual coordination performance during a functional bimanual drawer opening task for children with USCP. The integrity of the CC, specifically the splenium, was found to play a role in bimanual coordination performance. This means that the splenium might be important for temporal coordination for movement control. Future studies are required to further understand the underlying mechanisms between the microstructure of the central nervous system (e.g., connections between the different neuronal pathways and other structures) and the various movement performance. Therefore, we can potentially predict the movement impairments. It would also be important to determine the interaction of the integrity of the CC and changes in bimanual coordination following intensive therapies.
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Cerebral palsy (CP) is a non-progressive syndrome due to a pre-, peri- or post-natal brain injury, which frequently involves an impairment of non-motor abilities. The aim of this article was to examine visuospatial attention and inhibitory control of prepotent motor responses in children with CP showing a normal IQ or mild cognitive impairment, measuring their performance in oculomotor tasks. Ten children (9–16-year-old) with spastic CP and 13 age-matched, typically developing children (TDC) participated in the study. Subjects performed a simple visually-guided saccade task and a cue-target task, in which they performed a saccade towards a peripheral target, after a non-informative visual cue was flashed 150 ms before the imperative target, either at the same (valid) or at a different (invalid) spatial position. Children with CP showed severe executive deficits in maintaining sustained attention and complying with task instructions. Furthermore, saccadic inhibitory control appeared to be significantly impaired in the presence of both stimulus-driven and goal-directed captures of attention. In fact, patients showed great difficulties in suppressing saccades not only to the cue stimuli but also to the always-present target placeholders, which represented powerful attentional attractors that had to be covertly attended throughout the task execution. Moreover, impairment did not affect in equal manner the whole visual field but showed a marked spatial selectivity in each individual subject. Saccade latencies in the cue-target task were faster in the valid than in the invalid condition in both child groups, indicating the preservation of low-level visuospatial attentive capabilities. Finally, this study provides evidence that these impairments of executive skills and in inhibitory control, following early brain injuries, manifest in childhood but recover to virtually normal level during adolescence.

Keywords: cerebral palsy, eye movements, inhibitory control, executive skills, visuospatial attention, saccades, oculomotor control, cueing paradigm


INTRODUCTION

Cerebral palsy (CP) designates a group of non-progressive neurological disorders, because of a pre-, peri- or post-natal brain injury, affecting the development of movement and postural abilities (Bax et al., 2005; Rosenbaum et al., 2007). However, cerebral damage in this neurodevelopmental condition is in general not restricted to the motor system. Children with CP (CPC) frequently manifest a varying degree of neurovisual, cognitive and learning deficits (Rosenbaum et al., 2007; Fazzi et al., 2009, 2012; MacLennan et al., 2015). In fact, lesions of the periventricular white matter and of the cortical deep gray matter are very common in CP, leading to the involvement not only of motor abilities, but also of non-motor developing abilities, such as visuospatial, attentive and executive functions (Krägeloh-Mann and Horber, 2007; Galli et al., 2018).

Severity of non-motor symptoms varies substantially in CP. However, even children with cognitive functions within or above the normal range manifest a higher prevalence of learning disorders (Frampton et al., 1998) and dysfunctions in sustained and divided attention (Kolk and Talvik, 2000; Pirila et al., 2004; Bottcher et al., 2010). These dysfunctions are associated with increased distractibility and inattention and may explain why CPC have often a lower academic performance and problems in emotional and social relationships (Nadeau and Tessier, 2006; Parkes et al., 2009; Whittingham et al., 2010). Visuospatial attention plays a pivotal role as a filter mechanism for selecting which parts of the visual scene are relevant in a given behavioral context. In a limited-capacity system, such as that of the brain in processing an enormous amount of information, the ability of selecting relevant stimuli from background is not only essential for sensorimotor integration but is also critical for the development of executive and academic skills (Anderson, 2002). Furthermore, a causal link has been proposed between visuospatial attention and reading acquisition (Hari and Renvall, 2001; Vidyasagar and Pammer, 2010; Franceschini et al., 2012; Collis et al., 2013). In view of the high incidence of reading difficulties in CPC (Frampton et al., 1998; Schenker et al., 2005; Gillies et al., 2018), deficits in selective attention may be responsible also for learning disorders in CP (Bottcher, 2010).

Attention and executive dysfunctions have been mostly ascertained in CP by means of neuropsychological tests and questionnaires (e.g., White and Christ, 2005; Bottcher et al., 2010; Bodimeade et al., 2013; Whittingham et al., 2014). Only few articles investigated visual attention in children with spastic diplegic CP by using an orienting task (Craft et al., 1994; Schatz et al., 2001). These studies employed a reaction-time paradigm, developed by Posner and colleagues, in which a manual response follows a covert orientation of attention to a peripheral visual target (i.e., maintaining gaze at a central fixation point), after presenting a visual cue at the same or at a different spatial location (Posner, 1980; Posner et al., 1985). Both reports described a pattern of impairments in basic attentional mechanisms, which was associated with a prevalent damage of anterior brain regions, suggesting that frontal cortical areas play a critical role in the development of visual attention. Since frontal lobes are well known to play an important role also in the developing of executive abilities (Stuss et al., 1997; Casey, 2001), one could expect that attentive and executive impairments coexist in CPC.

The evaluation of oculomotor functions represents in many aspects an ideal tool to investigate at once both selective attention and the competence of executive abilities. Specifically, in this article we adopted a saccadic task, similar to the Posner cuing protocol, in which however the participant must perform an eye movement towards the peripheral target after a non-informative visual cue is flashed either at the same or at a different spatial position. By monitoring only the eye movements, the limitations in posture and limb movements that characterize CP become irrelevant in determining the accuracy and the timing of the motor response. In fact, in the absence of strabismus, nystagmus or ocular motor apraxia (Lanzi et al., 1998; Jacobson and Dutton, 2000), the saccadic system of most CPC does not differ, or shows only very modest abnormalities, with respect to typically developing children (TDC; Katayama and Tamas, 1987; Christ et al., 2003; Saavedra et al., 2009).

The correct execution of the oculomotor task adopted in this article requires a proper operation of a number of cognitive abilities. First, the task requires the capacity of actively keeping a steady fixation, maintaining sustained attention for a long time at a specific point of the visual scene. Second, selective attention must identify the sensory event that is relevant to the immediate goal, discarding a distracting cue that is irrelevant to the task. Third, inhibitory mechanisms must suppress unwanted motor responses. The abrupt onset of the cue in the perceptual space elicits an automatic, bottom-up selection process for action, even if it is in contrast with the prescriptions of the task. The suppression of this motor response requires the activation of inhibitory mechanisms by the prefrontal executive system, possibly with the involvement of frontostriatal circuits (Casey, 2001). Finally, if a visual cue attracts attention at the same spatial location of the target, shortly before its onset, a facilitation effect determines an increase of the response speed. In TDC, as in normal adults, a cuing paradigm of this kind induces faster reaction times for both manual and saccadic responses (Posner et al., 1984; Maylor, 1985; Briand et al., 2000).

The aim of this article is to examine visuospatial attention and executive abilities of CPC, measuring their performance in an oculomotor task. We employed a cue-target paradigm for a quantitative evaluation of the ability to discard distracting, task-irrelevant stimuli, of engaging attentive resources for a long-lasting time span and of the capacity of inhibiting an unwanted, prepotent motor response, which is in contrast with the behavioral goal. It can be surmised that accessing the integrity of these basic skills in CP, even in children with a mild degree of disability, could be essential in view of their relevance for the development of a large number of cognitive functions. This knowledge may also address more properly therapeutic and rehabilitation approaches in order to early detect or treat learning disabilities and social difficulties, which frequently affect children with CP and adolescents (Frampton et al., 1998; Bottcher et al., 2010; Whittingham et al., 2014).



MATERIALS AND METHODS


Ethical Approval

This study was conducted in accordance with the ethical guidelines set forth by the Declaration of Helsinki and had the approval from the Ethics Committee of “ASST Spedali Civili” of Brescia, Italy (protocol. N. 1324, 08/04/2013). Informed consent was obtained both in verbal form from the participants, as well as in written form from their parents, prior to the experimental sessions.



Subjects

Ten children with CP (five males and five females) and 13 age-matched children (six males and seven females) with typical development (TD) participated in the study. All participants were naïve to the purpose of the experiment. CPC were enrolled in the Unit of Child Neurology and Psychiatry, at the “ASST Spedali Civili” of Brescia (Italy) and were aged from 8 years and 11 months to 16 years and 1 month (mean age: 11 years and 4 months ± 2 years and 10 months). TDC were aged from 9 years and 6 months to 15 years and 7 months (mean age: 13 years and 1 month ± 2 years and 6 months) and had no history of head trauma, neurological or psychiatric diseases, cognitive disabilities or oculomotor/neurovisual impairments.

The inclusion criteria for CPC were as follows: (1) diagnosis of spastic CP documented by neurological examination and neuroimaging according to the International Classification of CP (Bax et al., 2005; Rosenbaum et al., 2007); (2) normal IQ or mild cognitive impairment (full-scale intelligence quotient, FIQ, >50 standard scores and verbal intelligence quotient, VIQ, >70 standard scores), according to WISC-III scores (Wechsler, 2006), performed within last 12 months (see Table 1); (3) normal or near-normal visual acuity (not less than 6/10 in binocular vision); and (4) ability to understand the verbal instructions for executing the experimental task. Exclusion criteria were a history of uncontrolled epilepsy seizures and the presence of oculomotor disturbances such as nystagmus, strabismus or oculomotor apraxia (Fazzi et al., 2012).

TABLE 1. Demographic characteristics of Children with cerebral palsy (CPC).
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Table 1 reports the demographic characteristics of the recruited CPC. Three CPC (CP3, CP8, CP10) were excluded from the study because of problems arising during the experimental session. Two children were unable to keep a sufficiently stable head posture on the head-support device. Consequently, it has been impossible to obtain a workable calibration for the remote eye-tracker. The third child manifested a latent strabismus during the recording session. Therefore, the average measure of the binocular gaze point showed a quite erratic behavior along the horizontal axis, yielding only very few trials with an apparently normal eye convergence. Therefore, the CPC group was composed by seven participants.

A visual field test was performed for both eyes in all CPC. The examination yielded a normal visual field in five subjects (CP2, CP4, CP6, CP7, CP9). By contrast, a visual defect was found in the lower right quadrant in CP5 and in the right hemifield in CP1. However, in these children only the peripheral vision was affected, sparing the central part of the visual field for at least 10° around the fovea. Since stimuli were presented at an eccentricity of 7°, the detected visual defects were not such to interfere with the execution of the oculomotor tasks of this study. In any case, we carefully checked, before running the experimental sessions, that all children could clearly see without effort the stimuli while looking at a fixation cross placed in the center of the visual field.



Apparatus and Stimuli

Participants sat in a dimly illuminated and quiet room. A combination of chin rest and head-support device was used to restrain head movements. Visual stimuli were displayed on a full HD 21.5” LED monitor (ASUS VH226H, Taiwan), located 80 cm in front of the subject. A light gray central fixation cross and four light gray square frames were displayed on the screen throughout the experimental session, against a black background. The cross subtended a visual angle of 0.36°. By contrast, the frames subtended an angle of 1.64° and served as placeholders for the visual targets. Each placeholder was located at one vertex of an imaginary square surrounding the central cross, at an eccentricity of 7° (Figure 1A).
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FIGURE 1. Experimental paradigm. (A) In each quadrant of the visual field, a square-shaped gray placeholder was displayed at 7° of eccentricity from a central cross throughout the recording session. (B) Saccadic task: the subject executed a visually-guided saccade towards a green target, randomly occurring inside one of the placeholders. (C) Cue-target task: the subject executed a saccade to the green target, disregarding a non-informative cue (50 ms luminance increase of a placeholder), which occurred 150 ms before target onset, either at the same (valid-cue condition) or at a different (invalid-cue condition) spatial location.



Visual stimuli acting as saccade targets consisted of a 0.43° green solid square appearing at the center of one placeholder. Eye-movements were recorded by the remote eye-tracker Tobii X120 (Tobii AB, Stockholm, Sweden), at a sampling rate of 120 Hz and with an accuracy of 0.5°. Tobii’s image-processing algorithm, based on the reflection pattern of near-infrared light on the eyes, provided the X-Y coordinates of the gaze point on the screen in pixels, by averaging the values computed from the left and the right eyes.

The experiment was performed using Presentation® software (Version 16.3, Neurobehavioral Systems, Inc., Berkeley, CA, USA1) and the TobiiEyetrackerExtension v1.1 for interfacing the eye tracker with the Presentation software2.



Experimental Procedures

In an experimental session, participants had to perform two tasks in a sequence. The first task, hereinafter called saccadic task (Figure 1B), consisted in performing simple visually-guided saccades. The trial began with the central fixation cross and the four placeholders displayed on the screen. After a fixed delay of 1,150 ms from a warning tone, a green square target turned on inside one of the placeholders for 2,000 ms. The target onset was the go-signal for shifting the gaze to it, as quickly as possible. After the target disappearance, only the fixation cross and the empty placeholders remained on the visual scene for the other 1,300 ms. Afterward, a new warning tone marked the beginning of the next trial. Participants were instructed to quickly return with their gaze to the central fixation cross only after the offset of the green saccadic target. The experimental block comprised 40 trials, allowing 10 repetitions at random of each possible target location.

The second task consisted in a cuing paradigm, hereinafter called cue-target task (Figure 1C). This paradigm was identical to that of the saccadic task, except for the appearance of a visual cue 150 ms before the onset of the saccade target. The cue was represented by the doubling the luminance of one placeholder for 50 ms. The cue could occur either at the same (valid) or at a different (invalid) spatial location with respect to the saccade target. The participant had to disregard the visual cue and make, as fast as possible, an eye movement only to the green target. The cue was very little informative about the position of the forthcoming saccadic target, as it occurred at the same placeholder where the target was presented in only 40% of the trials. It is fair to assume that the small preponderance of valid cues, with respect to a completely random distribution among the placeholders, did not represent a reliable predictor of the direction of the saccadic response. In the remaining 60% of invalid-cue trials, the cue occurred randomly at one of the three placeholders with a different spatial location from the saccade target. The aim of this experimental design was to reduce the difference in sample size between valid- and invalid-cue trials. Within each experimental session, we presented 80 valid-cue trials (equally distributed among the four placeholders) and 120 invalid-cue trials (with all possible cue-target combinations occurring with equal probability), yielding a total number of 200 trials. To reduce the level of fatigue and to maintain high level of attention, we divided the cue-target task into five blocks of 40 trials (each one lasting about 3 min), leaving a rest period of 5 min between blocks.

All subjects received practice trials of both tasks before performing the experimental session. The calibration of the eye tracker was repeated before each block, by using a five-point routine. A correct comprehension of task instructions was carefully ascertained verbally from each child. Unfortunately, some children were unable to complete all five blocks of trials in the cue-target task, by manifesting restlessness in the last part of the recording session. Thus, one CP child (CP5) was able to conclude just four blocks of trials, while only three blocks were recorded in two TDC (TD2 and TD7) and in two CPC (CP2 and CP7).



Data Processing

In order for a trial to be included in the quantitative analysis of the oculomotor response, participant gaze had to be directed within a circle of 1° radius around the central fixation cross (in the absence of eye blinking) at the time of the target appearance in the saccadic task or at the appearance of the cue in the cue-target task.

Oculomotor responses were analyzed off-line by a custom-written Visual Basic application, developed in a Microsoft Visual Studio 2015 environment. Statistical analyses were performed in the R environment (R Core Team, 2016).




RESULTS


Saccadic Task

The saccadic task was meant to ascertain whether CPC were able to perform visually-guided saccades with similar characteristics with respect to TDC. To this end, reaction time and spatial error (distance between target position and eye position at the end of the first saccadic movement following the target onset) were measured for simple visually-guided saccades in both groups of children.

The scatter plot of Figure 2 shows the mean latencies and the mean errors of saccadic movements for every CP and TD subject. The mean saccade latency across all TDC was 234.7 ms (SD ±39.14 ms), while the mean saccadic error was 1.83° (SD ±0.46°). The average values for CPC were 241.1 ms (SD ±91.14 ms) for the latency and 1.59° (SD ±0.39°) for the saccadic error. The mean values of both parameters were not statistically different for the two children groups (Wilcoxon Test, p > 0.39). However, the standard deviation of mean saccadic latencies was significantly larger for CPC than for TDC (F(6,12) = 5.422; two-tailed p = 0.013).
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FIGURE 2. Latency and accuracy of ocular responses in the saccadic task. Scatter plot of the mean latencies vs. the mean errors of saccadic movements for every cerebral palsy (CP) and typically developing (TD) participant, tested in the saccadic task. For Children with CP (CPC), subject identifiers are shown.



This larger variability was due to the very fast and very low response speed of subjects CP9 and CP5, respectively. The mean saccadic latency of CP9 (9 years) was 127.8 ms (SD ±34.4 ms). In fact, 76% of the responses of this child were express saccades, i.e., with a latency shorter than 140 ms (Fischer and Ramsperger, 1984; Fischer and Weber, 1993). By contrast, responses of CP5 ([image: image] years) had an average latency of 385.0 ms (SD ±151.1 ms), with no express saccades. Both mean latencies fell outside the 95% confidence interval of TDC distribution (t(12) = 2.842, p = 0.015 and t(12) = 4.220, p = 0.001, respectively).

Moreover, latency in TDC was shorter for upward than for downward saccades, the mean intra-subject difference being 31.4 ms (SD ±35.9 ms). A paired t-test demonstrated that this difference was statistically significant (t(12) = 3.153, p = 0.008). By contrast, the difference between upward and downward saccade mean latencies in CPC was found to be statistically non-significant (t(6) = 2.043, p = 0.087).



Cue-Target Task


Fixation Stability During Task Execution

Besides inhibiting a prepotent saccadic response towards the task-irrelevant visual cue, a correct execution of the cue-target task required the capacity of actively keeping a steady fixation, maintaining sustained attention for a long time at a specific point of the visual scene.

Fixation during trials was considered to be accurate when no eye movements larger than few degrees were made away from the central cross during the initial part of the task, or from the peripheral target once the latter was reached after the presentation of the cue-target sequence. Therefore, in our analysis, fixation accuracy measured the overall child’s ability to execute the task, independently of whether or not he/she succeeded in suppressing an eye movement towards the visual cue.

TDC were generally quite good in keeping a steady fixation. However, we found a significant correlation between fixation accuracy and child age. The graph of Figure 3 depicts the relationship between the percentage of the trials with inaccurate fixation and the participant age, for both TDC and CPC. It can be clearly seen that older TDC (14–16 years) were very good in performing the task, as eye movements breaking the fixation periods occurred, on average, in only 3.6% of the trials, while in younger TDC (9–12 years) the mean percentage increased to 20.2%. A linear regression analysis to test the dependence of the percentage of trials with inaccurate fixation on age yielded statistically highly significant results (β = −0.031; t = −4.606; p < 0.001).


[image: image]

FIGURE 3. Fixation stability during the cue-target task. Scatter plot showing the relationship between the percentage of trials with inaccurate fixation and participant’s age. Subject identifiers are reported near CPC data points. Statistically significant regression lines (dashed) are depicted for typically developing children (TDC; blue) and CPC (red), separately.



Figure 3 also neatly shows that younger CPC were much less accurate in task execution with respect to TDC, suggesting an impairment of executive functions. The most frequent observed incorrect behaviors were: looking towards empty areas of the visual field during task performance (sometimes even outside the computer screen), directing gaze towards “inactive” placeholders, returning to the fixation cross shortly after the eye response to the target (often with to-and-fro movements between central cross and target), “forgetting” to return to the fixation cross after the target turned off (sometimes remaining on the empty placeholder for the all duration of the next trial), or a combinations of these actions. Indeed, 62% of the trials, in the CPC below the age of 10, suffered on average of some type of error in task execution. Furthermore, these fixation inaccuracies were unlikely to depend on visual fatigue, since their frequency did not increase during a block of trials, neither towards the end of the experimental session.

Interestingly, fixation accuracy was much more accurate in the two older CPC (>15 years), at a level comparable to that of age-matched TDC. The percentage of trials with inappropriate saccadic movements was 6.1% for CP1 and 9.2% for CP5. A t-test to compare these values with those measured in the 7 TDC with age >14 years, yielded a statistically non-significant difference for CP1 (t(6) = 1.081; p = 0.321) and a marginally significant difference in CP5 (t(6) = 2.447; p = 0.050). The linear regression coefficient between percentage of trials with inaccurate fixation and age in CPC was highly significant (β = −0.072; t = −4.927; p = 0.004) and was twice as steep of that of TDC. Therefore, the difference between TDC and CPC in trial execution errors is large at a younger age but is virtually absent at an age of about 15.



Saccadic Intrusions Towards Placeholders

Saccadic intrusions towards “inactive” placeholders (i.e., when they did not exhibit any change in their luminance intensity) constituted the most common reason for fixation breakdown in both TDC and CPC.

Some representative examples of saccadic intrusions in CPC are shown in Figure 4. Panel A depicts an eye movement recording during a saccadic task trial in subject CP6. Although instructions were to keep a steady fixation of the central cross until target onset, the subject gaze was jumping from one placeholder to another, landing in the proximity of the central cross only 110 ms before the appearance of the peripheral visual stimulus. Nevertheless, the occurrence of a subsequent correct saccadic response to the target, with a very fast reaction time of 156 ms, denotes a normal performance of visually-guided saccades. Figures 4B,C show a correct and an erroneous response, respectively, in cue-target task trials, in another CP subject (CP4). In Figure 4B, an eye movement to the cue was correctly inhibited, but a saccade to an “inactive” placeholder was performed during the fixation period before stimulus presentation. In Figure 4C, instead, the first saccadic response was erroneously made towards the cue with a latency of 351 ms. Gaze eventually reached the target location about 1 s after its onset, but only after the intrusion of a task-inappropriate saccade to an “inactive” placeholder.
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FIGURE 4. Representative recordings of saccadic intrusions towards placeholders in CPC. (A) A saccadic task trial; (B,C) trials during the cue-target task. Color codes are used to identify more easily the placeholders on which visual stimuli are presented and eye movements are directed to. On the column at the left-hand side, traces represent the time courses of horizontal (H) and vertical (V) eye movement recordings (up: rightwards and upwards direction), with respect to central fixation cross (dashed line). Bold horizontal lines, with the color corresponding to the placeholder of appearance, indicate timing and position of saccadic target and cue. Eye movement traces are also drawn with the color code corresponding to the placeholder to which gaze was directed. Insets on the right-hand column depict the projections of the line of gaze on the computer screen during the trial. Numbers and arrows mark sequence and direction of saccades, respectively, to ease the comparison between the two ways of representing the eye movements. Bold frames indicate the placeholder of cue appearance; little green squares indicate the place of occurrence of the saccadic target.



Figure 5A depicts the frequency of occurrence of saccadic intrusions towards placeholders during the entire experimental session (measured as mean intrusions per trial) as a function of age, for both TDC and CPC. In TDC, they occurred on average about once every 12 trials (0.084 intrusions/trial, SD ±0.077). Moreover, as for fixation accuracy, also the frequency of saccadic intrusions to placeholders had an inverse linear relationship with age, reaching an almost perfect inhibition of these incorrect gaze shifts at the age of about 15 years. The regression analysis on TDC data yielded a statistically significant regression coefficient (β = −0.020; t = −2.742; p = 0.019).
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FIGURE 5. Saccadic intrusions towards “inactive” placeholders. (A) Scatter plot illustrating mean saccadic intrusions per trial as a function of participant age, for TDC and CPC. Subject identifiers are reported near CPC data points. The blue dashed line indicates the presence of a statistically significant linear regression for TDC data. (B) Distribution of saccadic intrusions among visual quadrants, made by CPC with a high rate of intrusion occurrence. In each plot, the circle areas are proportional to the relative frequency of intrusions in the corresponding quadrant (see text for details).



By contrast, younger CPC made much more frequent gaze movements towards “inactive” placeholders than TDC, often performing several saccadic intrusions within the same trial. The number of intrusions per trial ranged from 0.391 (CP2) to 0.884 (CP6), falling largely outside the two-tailed 95% confidence interval of the distribution found in the TDC population. Interestingly, saccadic intrusions were scanty in the two older CPC (CP1 and CP5), with a frequency of occurrence very similar to that of age-matched TDC (15–16 years). Not surprisingly, these two subjects were also very good in maintaining a steady fixation during the execution of the task (see Figure 3).

The execution of saccadic intrusions towards placeholders was of particular interest in CPC since most subjects showed a quadrant preponderance in their occurrence. Figure 5B represents the distribution of saccadic intrusions among visual quadrants, in each of the five CPC with a high rate of intrusion occurrence. For each participant, the total area of the four circles is proportional to the overall frequency of occurrence per trial. Moreover, the area of each circle reflects the proportion of intrusions (whose percent value is reported nearby) directed to the placeholder located in the corresponding visual quadrant. In all subjects shown in Figure 5B, a χ2 test indicates that the observed frequencies differed significantly (p ≤ 0.001) from those expected if the distribution of saccadic intrusions were the same among the four quadrants. Subjects CP2 and CP4 showed a neat left-right asymmetry, with a marked preponderance of saccadic intrusions to the right visual hemifield. By contrast, in subject CP9 the visual field preponderance was towards the upper quadrants. Finally, in CP6 and CP7 the distribution of saccadic intrusions was clearly non-uniform, with an obvious lower frequency of occurrence towards the lower-left and upper-left quadrants, respectively.



Responses to Cue

A goal of the cue-target paradigm was to ascertain the operation of the inhibitory control in CPC in presence of a stimulus-driven capture of attention: the task-irrelevant cue is a prepotent attentional stimulus, eliciting a foveating saccade that must be suppressed. For the purpose of this analysis, we considered a saccadic response as erroneously elicited by the cue appearance: (1) an invalid trial in which the first saccade following the presentation of the cue-target pair of stimuli was directed towards the cue; and (2) a valid trial in which the eye movement was directed towards the target with a latency shorter than 90 ms. In fact, below this very short latency, it is safe to assume that the response was driven by the luminance change of the placeholder (cue), rather than by the presentation of the target.

Interestingly, the ability to suppress an automatic response towards the cue was markedly affected by the subject’s “response readiness” in performing visually-guided saccades, as measured by the rate of the express saccades recorded during the saccadic task. Express saccades are saccades that are characterized by an extremely short latency (Fischer and Ramsperger, 1984; Fischer and Weber, 1993). It has been reported that a relatively high number of express saccades determines a reduced ability to suppress reflexive saccades (Fischer et al., 1997), suggesting the presence of a poorly developed fixation system. In this article, a saccade has been defined as “express” when its latency falls within the range of 90–140 ms. In agreement with literature data, we found, in both TDC and CPC, a statistically significant linear correlation between the percentage of eye responses elicited by the cue and the number of express saccades made by each subject (Figure 6A).
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FIGURE 6. Inhibitory control of reflexive saccades in the cue-target task. (A) Scatter plot depicting the percentage of eye responses towards the cue as a function of the percentage of express saccades made by each subject. Subject identifiers are reported near CPC data points. The red dashed line indicates the presence of a statistically significant linear regression for CPC data. (B) Distribution of responses towards the cue among visual quadrants for each CP subject. In each plot, the size of the red circles reflects the percentage of responses (whose value is reported nearby), with respect to the number of trials in which the cue fell in the corresponding quadrant (indicated as reference by a black circumference). Asterisks near the subject identifiers indicate a non-random distribution of cue-directed saccades.



A linear regression analysis was conducted to compare the relationship of the percentage of responses to cue to the rate of express saccades, for each group of children. The analysis yielded a highly significant correlation between the percentage of responses to the cue and the express saccade frequency, for both TDC (β = 0.396, R2 = 0.577, p = 0.003) and CPC (β = 0.892, R2 = 0.886, p = 0.002). A significant interaction in the relationship was found for the two groups of children (F(1,16) = 8.73, p = 0.009), indicating a statistically significant difference between the regression coefficients. Finally, the two groups of children did not show a significant difference in the rate of occurrence of expressed saccades (Wilcoxon test, p = 0.663), suggesting that CP does not determine per se a variation in the tendency to make saccades with a very short latency. Notwithstanding the lack of a statistical difference between the population means, it is worth noting that subject CP9 made an unusually high number of express saccades (78.9%), yielding an extremely short overall saccadic mean latency (127.8 ms).

To summarize, in both TD and CP children, the ability to suppress an eye movement towards a prepotent attentional stimulus strongly depends, in an inverse manner, on the individual leaning to make saccadic responses with very short latencies. Thus, CPC that idiosyncratically make most saccades with a regular latency are as successful as TDC to inhibit gaze shifts towards task-irrelevant captures of attention. An impairment of the inhibitory control of reflexive saccades with respect to TDC manifests only in CPC who have the tendency to make visually-guided saccades with very short reaction times: the highest the rate of express saccades, the worst is an effective suppression of a response to the cue stimulus.

Alike to the observed spatial preponderance for the saccadic intrusions towards placeholder, also the ability of most CPC to suppress a saccade towards the cue was not equally compromised in the various quadrants of the visual field. Figure 6B depicts, for every CP subject, the distribution among quadrants of the responses to cue. The size of the red circles reflects the percentage of responses (whose value is reported nearby), with respect to the number of trials in which the cue fell in the corresponding quadrant (indicated as reference by a black circumference). Asterisks near the subject identifiers indicate that the observed percentages of responses to cue differed significantly from those expected if they were equally distributed in all quadrants (χ2 test at p < 0.05 level). Specifically, differences in distribution among quadrants were found to be statistically highly significant (p < 0.001) in CP1, CP5 and CP6, while in CP2 the χ2 test yielded p = 0.021.

By taking into account the four CPC who manifested the biggest impairment in suppressing the responses to the cue, one can notice that inhibitory control was indeed normal or near-to-normal in some quadrants, but was highly defective in others. Thus, in CP1 inhibitory control was almost completely lost in the left visual hemifield, but was very similar to that of the TDC population on the right hemifield. In CP2, the impairment affected only the lower hemifield, while CP6 failed in suppressing cue-directed saccades in the whole visual field, except the lower-left quadrant. Finally, inhibitory control was almost completely lost in the whole visual field in CP9, with no statistically significant differences among quadrants (χ2 = 6.394; p = 0.094).

Interestingly, the quadrants in which a subject made more frequently saccadic intrusions to placeholders did not correspond, in general, to those in which responses to cue were prevailing. For instance, saccadic intrusions were almost absent in CP1, but saccades to the cue occurred in the large majority of trials in the left hemifield. Subject CP2 made saccadic intrusions mostly in the right hemifield but showed a preponderance of responses to the cue in the lower quadrants. Conversely, a good spatial correspondence of saccadic intrusions and responses to the cue was present in subject CP6.



Effect of Cue Validity on Saccade Latency

In the cue-target task, the participant had to perform a saccade to the peripheral target, after a visual cue was flashed a short time interval (150 ms) before the target onset, either at the same (valid cue) or at a different (invalid cue) spatial position. Under these conditions, saccadic responses were expected to be faster when the target occurred at cued, relative to uncued, locations.

Our cueing paradigm proved to be very effective in inducing faster responses in TDC when the cue occurred at the same location as the saccade target. We performed a two-way repeated-measure ANOVA, with “validity” and “target quadrant” as grouping factors, on the within-subject mean response latencies, computed from all correctly performed trials. Analysis yielded highly significant principal effects for both factors, with a non-significant interaction. Cue validity accounted for an average increase of 49.3 ms in saccade latency of invalid with respect to valid trials (F(1,84) = 66.293, p < 0.0001). Mean latency across subjects was 211.0 ms and 260.3 ms for valid and invalid trials, respectively. Also the “target quadrant” principal effect was highly significant (F(3,84) = 9.391, p < 0.0001). This effect was largely accounted for by the fact that response latencies towards the upper visual hemifield (221.7 ms, SD ±88.3 ms) were faster than those towards the lower hemifield (249.6 ms, SD ±94.2 ms). Accordingly, a two-way repeated-measure ANOVA yielded very significant “up-down” (F(1,36) = 15.141, p = 0.0004) and “validity” (F(1,36) = 47.298, p < 0.0001) principal effects, with a non-significant interaction.

The effect of cue validity on saccade latency was more difficult to ascertain in CPC as a population, because of a non-homogeneous behavior in the cue-target task relative to the visual quadrants and the scantiness of usable responses in some subjects. In fact, as described above, many trials had to be discarded for this type of analysis, either for the preponderance of cue-directed responses or for the presence of saccadic intrusions or other fixation inaccuracies. Nevertheless, a two-way repeated-measure ANOVA on the within-subject mean response latencies revealed a significant effect of the factor “validity” (F(1,45) = 4.427, p = 0.041) and a non-significant effect of the factor “target quadrant” (F(3,45) = 1.167, p = 0.333). The reason for the low level of significance of the “validity” effect is possibly to be ascribed to the large statistical variability of the data, due to the reduced number of available trials per quadrant in some subjects. In any case, the mean intra-subject increase in response latency for the invalid trials with respect to the valid ones was 57.7 ms, that is, quite similar to that found in the TDC population.





DISCUSSION

This article investigated attentional and inhibitory control in CPC, with normal IQ or mild cognitive impairment, by using oculomotor tasks. This approach was meant to overcome the difficulties arising from postural and limb movement disabilities when tests are based on manual responses. Furthermore, the intimate relationship between eye movements and spatial attention constitutes a vantage point to discern deviant attention engagements, increased distractibility or deficits in discarding irrelevant sensory stimuli to the ongoing task.

The present study extends recent research demonstrating that CPC might show significant impairments in inhibitory control (Christ et al., 2003) and of attentional and executive skills (Bottcher et al., 2010; Bodimeade et al., 2013). Indeed, our results indicate that CPC show severe deficits in maintaining sustained attention and complying with instructions of the oculomotor task. Furthermore, inhibitory control appears to be significantly impaired. Patients show great difficulties in suppressing saccades not only to the cue stimuli but also to “inactive” placeholders, which represent powerful attentional attractors that must be covertly attended during task execution. Altogether, results provide evidence that CPC often manifests significant executive impairments, even in the presence of normal or mildly impaired intelligence.

These findings have relevant implications from a clinical and rehabilitative viewpoint. It is widely accepted that the maturation of attentional control and of the ability to suppress responses to stimuli, that are irrelevant or conflicting with the ongoing task, is essential for the development of cognitive abilities through childhood and adolescence (Dempster, 1993; Anderson et al., 2002). Accordingly, a number of studies have shown that CPC often manifests specific learning disabilities, lower academic performance and problems in emotional and social relationships (Frampton et al., 1998; Nadeau and Tessier, 2006; Parkes et al., 2009; Whittingham et al., 2010).


Saccadic Inhibitory Control After Stimulus-Driven Captures of Attention

There is a large body of evidence that spatial attention and saccade programming are driven by overlapping neural mechanisms (Rizzolatti et al., 1987; Awh et al., 2006). Because of the drop in visual acuity with increasing retinal eccentricity, a saccade is the normal motor response to bring into the fovea a salient visual object for a better perceptual processing. However, the system has evolved to make covert shifts of attention (i.e., without the overt deployment of an eye movement), whenever the motor response is inadequate to the behavioral goal. Because of the tight link between selective attention and saccade planning, a covert shift of attention relays on a successful inhibition of the programmed eye movement. Our data show that a deficit in the saccadic inhibitory control following an attentive engagement is a common outcome of CP.

Capture of attention can be driven by two distinct mechanisms, controlled by two partially segregated neural systems (Corbetta and Shulman, 2002). Stimulus-driven (bottom-up) capture of attention takes place at the occurrence of an unexpected or salient stimulus. By doing so, these events gain high priority over brain activity, in order to advantage the perceptual processing of the novel stimulus. By contrast, goal-directed (top-down) shifts of selective attention are controlled by cognitive factors, such as expectancies, task-related instructions and behavioral goals. In the cue-target task of this study, both stimulus-driven and goal-directed captures of attention are present.

Cue stimuli in the cue-target task, although uninformative, represent novel events that increase the saliency of a specific spatial location and generate a stimulus-driven capture of attention. The attentive engagement by the cue event is demonstrated by a well-known spatial priming effect, which determines faster responses and an enhanced stimulus detection when a target stimulus occurs at the same location within a time interval shorter than 200 ms (Posner et al., 1984; Fecteau et al., 2005; as opposed to the phenomenon called “inhibition of return” occurring at longer time intervals; Posner and Cohen, 1984; Fecteau et al., 2005). At the cue-target onset asynchrony employed in this study of 150 ms, therefore, valid cues are expected to have a facilitatory effect on the latency of the eye movement towards the target. Accordingly, a significant decrease of the saccadic reaction time in the valid-cue trials, with respect to the invalid ones, is observed in both the TDC and CPC populations. This finding demonstrates that cue stimuli in our experimental protocol are effective in inducing a bottom-up engagement of spatial attention and that the basic mechanisms of stimulus-driven capture of attention are preserved in our sample of CPC. However, data show that many CPC have much greater difficulties, with respect to TDC, in suppressing a saccadic response towards the task-irrelevant visual cues. By comparison, TDC on average fail to inhibit an eye movement to the cue only in about 12% of the trials. Instead, there are quadrants of the visual field in which 4 out of 7 CPC make a saccade to the cue in more than 50% of the responses, reaching in some subjects percentages higher than 75–80%. The correct suppression in some quadrants of the responses to the cue in all CPC (except CP9), to a level comparable to TDC performance, demonstrates that, in spite of the presence of a mild cognitive impairment in some participants, the deficit in saccadic inhibitory control cannot be ascribed to a poor understanding of the instructions of the cue-target task. In fact, if performance errors were due to a lack of comprehension of the task, we would expect a uniform spatial distribution of the responses to the cue in the visual field. In addition, the number of execution errors does not seem to be related to the VIQ or FIQ scores of the participant (see Table 1).

Interestingly, in both TDC and CPC, the ability to inhibit stimulus-driven saccades towards the cue is inversely proportional to the frequency of express saccades made by the subject during a visually-guided saccade task. Express saccades are generally produced in low numbers, especially with an overlap paradigm as in the saccadic task of this study, i.e., when the fixation point remains visible during the presentation of the saccade target. According to Fischer et al. (1997), the rate of express saccades in the overlap condition is <20% in young subjects (less than 20 years old). Munoz et al. (1998), instead, reports a percentage range of 0–35% (mean 9.3%) in children with ages between 5 and 8.

In the present study, the rate of occurrence of express saccades does not show a statistical difference between TD and CP children. The percentage is <40% for the majority of participants, independently of age. It should be noted, however, that two children make an extraordinarily high number of express saccades: 56.3% (TD child) and 78.9% (CP9). The higher rate of express saccades in this study, with respect to that reported in the literature, may find a plausible explanation in the difference in the experimental protocol. In our paradigm, placeholders are always present, possibly exerting a priming effect on the locations where the saccade target will appear. In addition, a warning acoustic tone occurs at a fixed interval from the target onset, enhancing the subject readiness to respond to the visual stimulus. Finally, a note on the two children who perform a very high number of express saccades. One could hypothesize that, independently of being affected by CP, these subjects belong to the minority of individuals, known as “express saccade makers,” who produce unusually high numbers of express saccades in the overlap paradigm (Biscaldi et al., 1996; Cavegn and Biscaldi, 1996). This condition has been proposed to result from a poor development of the fixation system and is associated with a marked difficulty to suppress reflexive saccades and with a reduced voluntary control over saccade generation. Therefore, based on our data, it is not possible to conclude that the observed tendency in some CPC to make a high number of express saccades is a consequence of the early brain lesion.

The relationship between the percentage of responses to the cue and express saccade rate is also in full agreement with literature data. In fact, it has been reported that the capability of suppressing reflexive saccades in an antisaccade task (subject has to inhibit a saccade towards a visual stimulus and move his gaze to its mirror location; Hallett, 1978) or in a memory-guided saccade paradigm (execution of a delayed eye movement towards the spatial location of a briefly presented visual stimulus) is reduced as a function of the rate of express saccades that each subject makes in a visually-guided saccade task (Fischer et al., 1997; Munoz et al., 1998).

In this context, however, the most relevant result is that, at equal percentages of express saccade execution, CPC make more saccadic responses to the cue than TDC. This represents a clear demonstration of an impairment of the saccadic inhibitory control in the presence of a stimulus-driven capture of attention. Interestingly, this difficulty in suppressing task-irrelevant, reflexive saccades becomes manifest only in CPC who tend to make visually-guided saccadic responses with very low latencies. Patients normally performing saccades with regular/long reaction times are able to inhibit responses to the cue stimuli as efficiently as TDC.



Cognitive Control of Oculomotor Behavior

Placeholders in our experimental setup constitute powerful goal-directed attentional attractors, inasmuch as they are locations in which behaviorally relevant sensory stimuli are expected to occur. They are always present throughout the recording session, representing areas of interest that are covertly attended while the subject is looking to the detection of the target onset. The occurrence of a top-down attentive engagement (together with an associated oculomotor program) is indicated by the occasional presence, even in TDC, of escape saccades during the periods of visual fixation, bringing temporarily the subject’s gaze on an “inactive” placeholder. This interpretation is also supported by the notion that expectancy can induce a sustained neuronal activity in the fronto-parietal network subserving selective attention, even in the absence of a novel visual stimulus (Kastner et al., 1999). It is noteworthy that, in our group of TDC, the inhibitory control of inappropriate saccades towards goal-directed attentional attractors improves with age, attaining a very high level of performance at 15–16 years (Figure 5A).

As for stimulus-driven shifts of attention, our data show that saccadic inhibitory control in CPC is impaired also with goal-directed attentive engagements. This is especially evident in younger children, who make many more saccadic intrusions to placeholders than TDC. Also in this case, performance appears to improve with age. Although the low number of subjects does not allow drawing definitive conclusions, 15–16-year-old CPC exhibit an almost perfect ability to suppress saccades towards placeholders, to a degree that is virtually identical to that shown by age-matched TDC.

To summarize, the present study supports that an outcome of early brain lesions is a deficit in the saccadic inhibitory control in the presence of both stimulus-driven and goal-directed captures of attention. This impairment does not affect in equal manner the whole visual field but shows a marked spatial selectivity in each individual subject. Furthermore, the quadrant spatial preponderance of this deficit is often different for bottom-up and top-down attentive engagements. This result can find an explanation in the ordered spatial topography of the multiple neural representations of the attentive map (e.g., Fecteau and Munoz, 2006) and the fact that partially segregated brain networks control the two types of attention mechanisms (Corbetta and Shulman, 2002).



Maturation Timing of a Stable Fixation

Several studies in the literature investigated in TDC the maturation of the ability to suppress context-inappropriate saccades and to maintain a stable fixation for a prolonged time-span. There is a wide consensus that these abilities, like many other executive skills (e.g., Anderson, 2002), attain an adult level of performance by the age of 15–20 years (Fischer et al., 1997; Munoz et al., 1998). For instance, the rate of directional errors of saccadic responses in the antisaccade task decreases from about 50% to 10% between age 8–9 and 15–17 years, according to Munoz et al. (1998), and from 60% to 22% between age of 9 and 15 years, according to Fischer et al. (1997). The ability to maintain a stable central fixation, in the presence of distracting peripheral visual stimuli, also markedly improves between 9 and 10 years of age (Paus et al., 1990). However, 10-year-old children are still unable to suppress verbally forbidden saccades in about 40% of the trials, a rate well above adult level. Saavedra et al. (2009) reported similar results regarding the ability to maintain central fixation at the appearance of a peripheral target. In that study, the rate of fixation breakdowns in CPC decreases from 80% at the age of 6–9 to about 40% at the age of 11–16, against an about 20% of errors in age-matched TDC.

Our data in TDC are in good agreement with the literature. Task instructions were to keep a steady fixation either on the central fixation cross or on the target, depending on the phase of the task paradigm. Between the age of 9 and 12, the average percentage of trials with fixation inaccuracies is about 20%. More importantly, an inverse correlation is present between rate of fixation breakdowns and age, with the achievement of a high level of fixation accuracy at 15–16 years. Therefore, there is a clear evidence that, within the age-span of this study, the executive abilities required to perform the oculomotor tasks of this study are still undergoing a process of maturation.

The ability to maintain a stable fixation is far worse in younger CPC. If we take into account children below the age of 10, one or more fixation breakdowns occur in the large majority of trials, as described in more detail in the section “Fixation Stability During Task Execution” of the “Results” section. It should be noted that visual field is normal in younger CPC. Therefore, the more frequent execution of saccades cannot be ascribed to a compensatory strategy in the presence of a visual field constriction. It should be stressed, however, that both saccadic intrusions towards placeholders and fixation inaccuracies decrease with age more steeply in CPC than in TDC. This trend leads to a reduction over time of the gap in performance, until a similar executive high level is attained by the age of about 15 years. This time course of performance improvement is very similar to that described by White and Christ (2005), although in a different context of executive abilities.



Concluding Remarks

Our results provide compelling evidence that early brain injuries determine in childhood deficits of some executive skills in the oculomotor behavior, which recover to virtually normal level during adolescence. A development delay of executive abilities is not an adequate explanation for this observation, since: (1) also TDC exhibit, in the age-span of this study, an improvement of the saccadic inhibitory control and of fixation accuracy, although showing a considerably higher level of performance with respect to CPC; and (2) both TD and CP children attain the same high level of performance at about 15–16 years. Therefore, it looks more a matter of a greater incompetence of immature executive skills in CPC, rather than a delay in the attainment of abilities that are normally achieved at an earlier age.

We can make some speculations about the neural substrate underlying these observations. It is widely accepted that the development of the cognitive control is bound to the maturation of the frontal lobes and of basal ganglia thalamo-cortical circuits (Krasnegor et al., 1997; Casey et al., 2001), which typically occurs during the second decade of life. While the dependency of executive processes from the prefrontal cortex (PFC) in the adult brain is undisputed, recent studies have shown that the integrity of the entire brain is essential in childhood for typical executive performance (Jacobs et al., 2011; Long et al., 2011). During the maturation process, executive functions are not yet localized in the PFC but have a more diffuse neural representation. Accordingly, functional MRI studies have shown that children recruit different brain regions from adults in executive tasks involving response inhibition or interference suppression (Luna et al., 2001; Bunge et al., 2002) and early focal lesions induce similar patterns of executive deficits, regardless of their localization (Jacobs et al., 2011). Furthermore, contrary to adults and to 14–17-year-old adolescents (Luna et al., 2001), activation of PFC does not occur in younger children, in whom executive abilities are bound to an activation of more posterior cortical areas. One could then surmise that the deficits occurring at a younger age, following an early brain injury, could result from a greater difficulty of extra-frontal regions in providing for executive functions, which afterward will become a main prerogative of the frontal lobes.

Along this way of reasoning, it is possible to hypothesize that the maturation process of PFC circuits, and consequently the unfolding of the related cognitive abilities, do not have a very dissimilar time course in TD and CP children, leading to an alike executive competence at about the age of 15–16 years. By contrast, the lower level of performance we observed during the earlier development period (in abilities such as suppressing saccades towards attentive stimuli, focusing attention for extended periods and exerting a cognitive control of oculomotor responses) mainly occurs in the time epoch in which executive skills seem to depend on the involvement of extra-frontal regions, conceivably through alternative executive strategies. A possible explanation of the larger executive deficits in younger CPC is that early brain lesions make this functional substitution process more difficult, determining a worse capacity to control behavior from cognitive factors.

Obviously, this condition should not be considered as a temporary situation that produces only transitory effects. The first decades of life constitute a critical period for the cognitive development and the achievement of behavioral competence. An insufficient ability to discard task-irrelevant sensory stimuli, to engage sustained attention or to inhibit a prepotent motor response, may represent a relevant factor facilitating the emergence of learning disorders and social difficulties, frequently affecting CP children and adolescents (Frampton et al., 1998; Bottcher et al., 2010; Whittingham et al., 2014).
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Children With Unilateral Cerebral Palsy Utilize More Cortical Resources for Similar Motor Output During Treadmill Gait
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Children with unilateral cerebral palsy (CP) walk independently although with an asymmetrical, more poorly coordinated pattern compared to their peers. While gait biomechanics in unilateral CP and their alteration from those without CP have been well documented, cortical mechanisms underlying gait remain inadequately understood. To the best of our knowledge, this is the first study utilizing electroencephalography (EEG) during treadmill gait in older children with and without CP. Lower limb surface electromyographic (EMG) data were collected and muscle synergy analyses performed to quantify motor output. Our primary goal was to evaluate the relationships between cortical and muscle activation within and across groups and hemispheres to provide novel insights into neural control of gait and how it may be disrupted by an early unilateral brain injury. Participants included 9 children with unilateral CP, mean age 16.0 ± 2.7 years, and 12 with typical development (TD), mean age 14.8 ± 3.0 years. EEG data were collected during a standing baseline and treadmill walking at self-selected speed. EMG of 16 lower limb muscles were also collected bilaterally and synchronized with EEG. No significant group differences were found in synergy number or structure across groups. Six cortical clusters were identified as having gait-related activation and all contained participants from both CP and TD groups; however, the percent of individuals per group appearing in different clusters varied. Notably, the cluster least represented in CP was the non-dominant motor region. Both groups showed mu-band ERD in the motor clusters during gait although sustained beta-band ERD was not evident in TD. The CP group showed greater cortical activation than TD during walking as measured by mu- and beta-ERD in the dominant and non-dominant motor and parietal regions and elevated low gamma-activity in the frontal and parietal areas, a unique finding in CP. CP showed greater bilateral motor EEG-EMG coherence in the gamma-band with the hallucis longus compared to TD. In summary, individuals with CP display increased cortical activation during gait possibly relating to differences in distal motor control of the more affected side. Strategies that iteratively reduce cortical activation while improving selective motor control are needed in CP.

Keywords: electroencephalography, hemiplegia, muscle synergies, coherence, walking, pediatric, electromyography


INTRODUCTION

Cerebral palsy (CP) describes a group of functional motor disabilities that are the consequences of brain injuries early in development. Movement difficulties may be predominantly unilateral (one side of the body) or bilateral (both sides), and the range of disability can vary from mild coordination problems to being totally dependent for mobility and care, as categorized by the Gross Motor Functional Classification System (GMFCS) (Palisano et al., 1997). Nearly all children with unilateral CP learn to walk independently. However, their motor patterns and coordination differ from their peers without CP with distal limb involvement most prominent (Winters et al., 1987). While gait analysis has been used extensively to describe temporal, spatial and kinematic characteristics of walking in unilateral CP, the cortical mechanisms that influence gait function in CP are not well understood and are likely to vary across and within CP subtypes, and perhaps are best characterized at the individual level (Weinstein et al., 2018).

The advancement of mobile neuroimaging technologies [e.g., functional near infrared spectroscopy (fNIRS) and electroencephalography (EEG)] and associated signal processing techniques have provided novel insights on the role of cortical activity in walking. fNIRS measures the concentration of oxygenated and de-oxygenated hemoglobin in cortical tissue, corresponding to changes in neural activity. Gait-related increases in hemodynamic activity have been reported in multiple brain regions using fNIRS, including prefrontal, premotor, primary motor and supplementary motor areas (Miyai et al., 2001; Suzuki et al., 2004). Walking tasks of greater complexity (Koenraadt et al., 2014) or requiring increased precision (Kurz et al., 2012) have been shown to further elevate hemodynamic activity.

Electroencephalography has a higher temporal resolution than hemodynamic methods such as fNIRS and therefore is commonly used to quantify movement planning and execution. Despite its low spatial resolution, high density EEG provides scalp coverage that, when combined with sophisticated processing, can resolve movement-related activations to focal scalp and/or source regions. Notably, recent EEG studies have shown that modulation of cortical activity in multiple frequency bands and originating from distinct brain regions is coupled with gait cycle phases during walking in healthy adults (Gwin et al., 2011; Severens et al., 2012; Seeber et al., 2014; Bradford et al., 2015; Bulea et al., 2015). This cortical activity is typically evaluated using relative changes in the power spectra over time, termed event-related spectral perturbations (ERSPs) (Makeig, 1993). When computed for analysis of activity within a stride, ERSPs represent differences in spectral power between a given time point in the gait cycle relative to the mean. Cortical involvement in gait can also be characterized by increases or decreases in spectral power relative to a quiet baseline (e.g., standing), termed event-related synchronization (ERS) or event-related desynchronization (ERD), respectively. Mu- (8–13 Hz) and beta- (14–30 Hz) band ERD in the motor areas of the brain are well established correlates of movement preparation and execution while beta-ERS has been associated with movement suppression or inhibition (Pfurtscheller and Da Silva, 1999; Solis-Escalante et al., 2012). During walking in adults, mu- and beta-ERD have been reported in the sensorimotor and posterior parietal regions relative to quiet standing (Severens et al., 2012; Seeber et al., 2014; Bulea et al., 2015). Mu- and beta-ERD magnitude also appear to be proportional to task difficulty as studies have found enhanced ERD in more challenging walking conditions such as those requiring active speed control (Bulea et al., 2015; Nordin et al., 2019), walking with robotic assistance (Wagner et al., 2012) and during adaptation of step length in response to perturbations (Wagner et al., 2016). Cortical modulations in other frequency bands, in particular low gamma (25–50 Hz), have also been identified during gait in prefrontal, sensorimotor and parietal areas with preliminary evidence suggesting that these rhythms may also be task-related given their modulation across different walking tasks (Wagner et al., 2012, 2014; Bulea et al., 2015; Seeber et al., 2015).

Because of the relatively low signal-to-noise ratio, EEG signals recorded from scalp electrodes during walking contain broadband contamination from movement-related artifacts (Castermans et al., 2014; Kline et al., 2015). However, studies have also shown that decomposition of EEG channels using principal component analysis applied over sliding windows (Mullen et al., 2013; Bulea et al., 2014) and independent component analysis (ICA) (Snyder et al., 2015) can parse movement artifacts from cortical activity based on their power spectra, scalp maps, dipolarity, time-frequency decompositions and lack of correlation with neighboring channels (i.e., volume conduction). The same techniques can also be used to separate electrocortical activity from physiological sources of artifact such as scalp and neck EMG, EOG, and EKG and non-physiological noise such as parasitic voltage drops from sudden skin-electrode impedance changes and electrical line noise (Makeig et al., 1996; Delorme et al., 2012). Thus, careful application of advanced signal processing techniques is necessary to ensure that the ERSPs and ERD/ERS computed from EEG collected during walking represent signal changes originating from the cortex.

While data are beginning to accumulate in healthy adults, studies that utilize mobile neuroimaging techniques to evaluate gait in typically developing children or in individuals with brain injuries are very limited, especially in children with CP. One small pilot study found that children with bilateral CP exhibited increased sensorimotor and parietal activity during walking compared to children without CP, as measured with fNIRS (Kurz et al., 2014). Perhaps relevant to gait performance, another study showed that children with bilateral CP demonstrated stronger beta-band ERD in the premotor cortex and mu-band (or alpha-band) ERD, measured via magnetoencephalography, in the anterior cingulate cortex during the motor execution phase of a knee extension task (Kurz et al., 2017). To our knowledge, this is the first EEG study of walking in CP as well as in a healthy pediatric cohort. In upper limb tasks, EEG-based studies have found that, compared to children with typical development, individuals with child-onset brain injury (before age 13) have reduced ERD in the affected hemisphere during wrist extension (Kukke et al., 2015), hand grasping (Weinstein et al., 2018), and reach to grasp (Inuggi et al., 2018).

Muscle activation patterns as assessed by electromyography (EMG) have long been regarded as a major source of indirect evidence of central nervous system (CNS) control. Human gait involves extensive integration of CNS commands (e.g., supraspinal and spinal circuitry) and peripheral feedback, resulting in the coordinated recruitment of multiple muscles. Recent studies in the field of motor control have posed numerous theories regarding the characterization and quantification of modular control strategies describing this recruitment (Latash et al., 2007; d’Avella et al., 2015). One widely recognized interpretation of modularity suggests that groups of muscles are recruited via synergies representing motor outputs organized by the CNS (Tresch et al., 2002; Ivanenko et al., 2004; d’Avella and Bizzi, 2005). Sets of muscle synergies constitute task-specific and low-dimensional decompositions of complex movements. In this way, functional behaviors that require high-level coordination and balance, such as gait, are spatiotemporally simplified, thus minimizing the issues of redundancy in muscle recruitment and kinematic degrees-of-freedom. For example, previous studies have shown that six or fewer synergies, identified through non-negative matrix factorization (NNMF) of lower-limb EMG signals, account for over 90% variance of the EMG activity associated with asymptomatic walking patterns (Ivanenko et al., 2004; Chvatal and Ting, 2012; Kim et al., 2016). Furthermore, these synergies appear to activate concurrently with one or more phases of locomotion such as forward propulsion and leg deceleration during swing.

In individuals with brain injuries, the number of synergies identified during walking (based on the aforementioned 90% variance criteria) is reduced (Clark et al., 2009; Kim et al., 2018); and a lower synergy number has been shown to correlate with greater clinical severity in individuals post-stroke (Bowden et al., 2010) and with CP (Hashiguchi et al., 2018). Additionally, synergy structures exhibited by children with CP across a bout of walking show higher variability than by those with typical development (Kim et al., 2018) while maintaining repeatable weighting and activation matrices at the individual level (Steele et al., 2019) during overground walking.

In this study, we evaluated and compared cortical and muscle activation patterns in age-matched children with unilateral CP and typical development (TD) during treadmill walking. EEG source localization was used to examine and compare group and hemispheric differences in cortical activation in multiple brain regions. Cluster analysis of identified muscle synergies, as described previously (Kim et al., 2016, 2018), was utilized for the comparison of muscle activation patterns across groups. Finally, corticomuscular coherence was performed to relate cortical and EMG data. We did not expect to find a different number of cortical sources involved in gait between groups but hypothesized that there would be differences in the magnitude, extent and location of cortical activation, particularly in the sensorimotor areas of the predominantly affected hemisphere of those with unilateral CP. We also expected group differences in the power spectra modulation within the gait cycle. Consistent with previous gait studies, we hypothesized that the CP group would exhibit fewer synergies per stride on average as well as a broader range of synergy structures compared to the TD group. Finally, we hypothesized that children with TD and CP would display mu- and beta-band desynchronization during the gait cycle overlapping with significant synergy activations and that these relationships may differ in CP. The overall goal of this project was to link cortical and peripheral mechanisms and/or output to identify potential novel targets for neurorehabilitation aimed at improving mobility in those with unilateral CP.



MATERIALS AND METHODS


Participants

In this study, participants included 9 children with unilateral CP (7 females, 2 males; age: 16.0 ± 2.7 years) and 12 with TD (8 females, 4 males; age: 14.8 ± 3.0 years) (Table 1). In recruiting for this experiment, participants with TD were selected as age-matched controls. There were no significant differences in mean age (p = 0.345, independent t-test), height (p = 0.922) or weight (p = 0.556) between groups. Of the nine children with CP, six were GMFCS Level I and three were Level II (Table 1). This protocol was approved by the Institutional Review Board (#13-CC-0110). All participants and legal guardians provided informed assent and consent before participating, respectively.


TABLE 1. Participant Demographics.
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Procedure and Data Collection

The data analyzed in this study were part of a larger protocol investigating cortical and muscle activation differences across different treadmill walking conditions in children with CP and TD. Prior to data collection, each participant’s preferred treadmill walking speed was determined based on average pelvic velocity during overground walking, adjusted according to their level of comfort while walking on the treadmill. Participants walked for 5 min at this self-selected speed during data collection. Prior to the walking trials, participants were instructed to stand still for 2 min to obtain a non-walking (resting) baseline.

A 64-channel, wireless, active electrode EEG system (Brain Products, Morrisville, NC, United States) was positioned on each participant’s head using the 5% 10–20 international system (Easy Cap, Germany) for electrode placement and FCz as reference. Electrode impedance was maintained below 20 kΩ throughout the experiment. EEG data were collected at 1000 Hz. EMG was recorded wirelessly (Trigno Wireless, Delsys, Boston, MA, United States) at 1000 Hz from bipolar surface electrodes positioned bilaterally on the tibialis anterior (TA), medial gastrocnemius (MG), soleus (SOL), peroneus longus (PL), rectus femoris (RF), vastus lateralis (VL), medial hamstrings (MH) and hallucis longus (HL). Kinematic data were collected using ten motion capture cameras (Vicon, Denver, CO, United States) at 100 Hz. Reflective markers were placed over anatomic locations on the pelvis and lower extremities and kinematic data collection was synchronized with both EMG and EEG recordings via manual trigger. After the experiment, motion capture data were processed offline using Visual 3D (C-Motion, Germantown, MD, United States). All other data analyses were performed using custom scripts in Matlab (Mathworks, Natick, MA, United States) in conjunction with functions from the EEGLAB v13 software (Delorme and Makeig, 2004).



Motion Capture Analysis

Kinematic data from foot markers and force plate data were used to segment walking trials into gait cycles comprised of a dominant heel-strike (DHS) followed by a non-dominant toe-off (nDTO), a non-dominant heel-strike (nDHS), a dominant toe-off (DTO) and ending just before the next DHS. The synchronized EEG and EMG data were similarly segmented into gait cycles. After gait cycle segmentation, gait speed, cadence, stance time and step length (distance between feet at DHS and nDHS) were extracted from the kinematics and compared across groups using independent t-tests (alpha = 0.05, two-tailed).



EEG Data Analysis

EEG channel data were high-pass filtered at 1 Hz (5th order Butterworth). The filtered datasets of walking and quiet standing conditions were then concatenated to create a single, merged set for each subject. Channels were removed from the merged set based on the following criteria: prolonged, flat-line periods longer than 5 s, significant noise contamination indicated by a kurtosis greater than 4 standard deviations from the mean and channels insufficiently correlated with neighboring channel activity (r < 0.7) (Gwin et al., 2011). Channels removed from the merged data set were also removed from each individual condition (walking and standing). An average of 61 acceptable channels were retained per subject (range: 53–64). One participant in the TD group was excluded from EEG analysis because of an excessive number of noisy channels (n = 36). Next, an artifact subspace reconstruction (ASR) algorithm was utilized to remove movement related artifact and improve the accuracy of subsequent independent component analysis and source localization (Mullen et al., 2013). In brief, ASR identifies time periods which contain high amplitude artifacts in EEG data by comparison with a calibration EEG dataset recorded from the same subject. Channels identified to contain artifacts within each time window are removed and reconstructed from neighboring channels using a covariance matrix computed from the calibration data. For our analysis, a variance threshold of 4 standard deviations and a sliding window of 400 ms were used to identify channels containing corrupted data. The calibration dataset was derived from the merged (standing rest and walking) set, excluding time points where the fraction of removed channels using the above criteria was greater than 0.075. After ASR, EEG data were re-referenced to a common average. Channels that were removed were interpolated prior to common average referencing, but were not included in any subsequent analysis.

An extended independent component analysis algorithm (RUNICA) was applied to the merged, ASR-cleaned datasets (Makeig et al., 1996). RUNICA is a blind source separation technique that transforms EEG channel data containing cortical and non-cortical sources into static, spatially distinct and temporally independent components (ICs). Because ASR can potentially attenuate and/or remove cortical signals of physiological relevance, only the sphering and weighting matrices produced by the RUNICA decomposition of the ASR-cleaned data were kept for further analysis (Bulea et al., 2015). The IC sphering and weighting matrices were then applied to the preprocessed, unmerged datasets associated with each subject’s treadmill walking and standing conditions. These individual datasets were subject to the same process for noisy channel removal and common average referencing as the merged dataset, but were not subject to ASR. The best fitting dipole for each IC was computed using the DIPFIT toolbox in EEGLAB with a template 3-shell boundary element head model (Oostenveld and Oostendorp, 2002). EEG channel locations for each individual were warped to match the MNI brain template (Montreal Neurological Institute, Quebec, Canada) before dipole fitting. ICs with equivalent dipole fits containing greater than 20% residual variance (RV) were rejected (Bulea et al., 2015).

For the retained ICs of each subject, walking epochs (3 s in duration) were extracted starting 1 s before DHS to ensure a complete stride in each. Non-overlapping baseline epochs (3 s in duration) were generated from the quiet standing condition. Walking and standing epochs were rejected if the IC magnitude exceeded a manually determined noise threshold of 20 μV for more than one IC at any time point. To maintain consistency between measures, the same set of epochs were retained for the EEG and raw EMG data.

Power spectral density (PSD) was computed with a Fast Fourier Transform (FFT) for each walking epoch (0–500 Hz). We then computed the time-frequency decomposition [2–50 Hz, 400 points, time-warped to the median gait event latencies across groups (Bulea et al., 2015)] with FFT for the IC walking epochs to obtain gait cycle spectrograms. ERSPs were computed by subtracting the mean spectral power (averaged across time points and strides) from the epoched walking spectrograms (Gwin et al., 2011). Gait-related ICs were identified as those which had significant power modulations within the ERSP; significance thresholds were computed for ERSPs using the bootstat function in EEGLAB (1000 points of surrogate data shuffled across time points and strides, alpha = 0.05, two-tailed). Scalp topographies, PSDs and time-frequency decompositions were visually inspected to confirm and remove of any remaining artifactual components from each dataset (e.g., EMG components which have high power modulations above 20 Hz and topographies located at the periphery of the head model). An average of 5 dipoles were retained (range: 3–9) for each subject. One participant in the CP group was excluded from further IC analyses as no dipoles were retained (all but 2 ICs for this subject had greater than 20% residual variance; the remaining 2 were removed based on the above criteria). To assess cortical activity relative to rest, time-frequency decompositions (2–50 Hz, 400 points) were computed for the standing epochs; standing spectrograms (averaged across time points and epochs) were subsequently subtracted from the epoched walking spectrograms to produce gait-related ERD/ERS plots (Bulea et al., 2015).

Finally, ICs from both groups (CP and TD) were pooled and clustered globally by k-means using parameters from ERSPs (ERSP magnitudes from 8 to 30 Hz), PSD (2–50 Hz), scalp topographies (absolute value) and dipole coordinates (Talairach space). The first ten dimensions identified by principal component analysis (PCA) were retained for each clustering measure except for the dipole coordinates (3 dimensions) (Gwin et al., 2010; Bulea et al., 2015). The resulting feature vector was further reduced to 17 principal dimensions with PCA. Previous studies have used feature vectors incorporating some combination of dipole locations, scalp projections and PSD for clustering brain ICs with k-means (Gwin et al., 2010; Bulea et al., 2015; Luu et al., 2017). Because dipole locations and scalp projections were expected to be more variable across subjects in the CP group, we chose to include ERSPs in the feature space to more stringently classify the cortical function of each IC. The k-value was set to the total number of components divided by the total number of subjects across groups, rounded up to the nearest whole number. An IC was reallocated to an outlier cluster if it was 3 or more standard deviations from its assigned cluster centroid. For post hoc comparisons, global clusters were split into two subclusters: one containing the ICs from CP participants and one with ICs from TD participants. Owing to the unilateral involvement of our CP cohort, IC clusters that were lateralized and symmetric about the midline were reorganized from left and right to dominant (less affected) and non-dominant (more affected) clusters based on clinical assessment by the study physician in CP and the Edinburgh Handedness Inventory (Oldfield, 1971) in TD. In this data-driven approach to clustering, it is expected that not all individuals will appear in a given cluster. Overall, this method allowed for a more functionally relevant and direct comparison of ICs across groups.

Grand mean cluster ERSPs were computed by subtracting the mean spectral power (averaged globally across all time points and strides); significance thresholds for these ERSPs were recomputed using the bootstat function in EEGLAB (1000 points of surrogate data shuffled across time points and strides, alpha = 0.05, two-tailed). ERD/ERS plots were averaged across strides for each IC cluster. To compare the ERSPs and ERD/ERS between groups, a non-parametric bootstrapping function, condstat, was implemented in EEGLAB (1000 points of surrogate data shuffled across strides, alpha = 0.05, two-tailed). Time points exhibiting significant reduction in power (suppression) in the ranges of 8 to 13 Hz (mu-band) and 14 to 30 Hz (beta-band), respectively, were also marked for each IC. Previous studies have shown that frequency bands of motor related ERD can vary by age in children (Cuevas et al., 2014), however, no differences in group level ERD results were found when individual specific mu- and beta-bands were used in our cohort.



EMG Data Analysis

Electromyographic channel data were detrended, high-pass filtered (3rd order Butterworth, 35 Hz), full-wave rectified and low-pass filtered (3rd order Butterworth, 5 Hz) to create linear envelopes. Each EMG envelope was segmented by gait cycle (DHS to DHS), normalized by the maximum activation value per channel in each gait cycle and time-interpolated (cubic spline) to 150 points. EMG signals were linearly time-warped using the built-in EEGLAB function, timewarp (Delorme and Makeig, 2004) to match the EEG data and ensure gait events occurred at the same median latency across outcome measures. The resulting EMG signals were averaged across strides for each individual subject.

For each participant, muscle synergies were extracted from the pre-processed, averaged EMG data using non-negative matrix factorization (NNMF) (Lee and Seung, 1999). NNMF decomposes a set of EMG into weighting and activation matrices as described by the following equation:
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where, EMGo is the original, mean EMG matrix (muscles x time), n is the number of muscle synergies ranging from one to sixteen, W is a synergy matrix (muscles × n) representing weighting coefficients of individual synergies, C is a synergy matrix (n × time) representing temporal profiles of synergy activations and e is the residual error. Matrix multiplication of W and C results in the reconstructed EMG matrix, EMGr (muscles × time). Here, a 16-synergy reconstruction is equivalent to the original set of processed EMG signals. To prevent a local minima, the NNMF procedure was performed with 100 replicates for each synergy number.

Synergy number was determined by the total variance accounted for (VAF), computed as follows:
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where mEMGo is the channel-wise average of EMGo. We set a VAF threshold of 90% as in previous studies (Kim et al., 2016, 2018) and selected the lowest synergy number that satisfied this requirement. The weighting coefficients and activation profiles were normalized by the maximum channel weightings and activation values, respectively, confining the magnitude of each synergy to a range of 0 to 1.

To match similar synergies within each group, k-means clustering with 100 replicates was utilized with squared-Euclidean distance as the evaluative distance metric. Although previous gait studies have clustered synergies using only weighting coefficients (Steele et al., 2015; Kim et al., 2016, 2018; Shuman et al., 2016) here we added the latency of peak synergy activation during the normalized gait cycle (16 weights + 1 peak time index = 17-dimensional feature space) for clustering. The peak time index was divided by the length of the normalized time vector to ensure equal parameter weighting. Incorporating this temporal index is advantageous for correctly classifying and separating synergies which have similar weight coefficients, but differ in the time domain. Calinski-Harabasz (CH) index was used to evaluate the separation between synergies of different clusters and compactness of synergies within each cluster (squared-Euclidean distance) (Maulik and Bandyopadhyay, 2002; Cappellini et al., 2016). Clustering was repeated 100 times with k-values of two to the total number of synergies in each group; the k-value that produced the local maximum in the corresponding CH indices was identified as the optimal number. The most frequently occurring optimal cluster number and the greatest CH index across the 100 iterations was selected for further analysis. Finally, synergy cluster compactness within groups and clusters was computed using the mean intraclass correlation coefficient (ICC).



Synergy-IC Overlap

As a preliminary comparison of brain and muscle activity, we explored the relationship between IC and synergy activity at the group level for each IC cluster. Synergy activations extracted from individuals contained in each cluster were averaged and the overlap between significant periods of cluster mean ERSP modulation and temporal synergy activation was quantified. Percentage overlap (rather than correlation coefficient) was chosen due to the different frequency content between ERSP and synergy activation signal to provide a descriptive examination of the correlation between the brain and peripheral activity. Significant ERSP modulations were defined as above. Significant periods of synergy activation were marked as regions that exceeded half of the maximum temporal profile after offset subtraction and overlap were visually compared between significant ERSP modulations and synergy activations at the group level. The proposed analysis makes no assumptions regarding the type of relationship between cortical signals and synergy activations as in previously described, regression-based studies (Pirondini et al., 2017; Pei et al., 2019) and is used only as a preliminary investigation.



EMG-IC Coherence

Coherence between EMG channels and IC activations for the motor clusters (DM, NDM) was evaluated by computing the coherence between high-pass filtered (5th order Butterworth, 1 Hz) and rectified EMG signals and IC activations, both linearly time-warped by median gait cycle latencies. EMG-IC cross-coherence was computed using zero-padded FFT across fixed-windows (400 time points, 2–50 Hz, newcross in EEGLAB) and was masked for significance using bootstat (1000 points of surrogate data shuffled across time points and strides, alpha = 0.05). Coherence values are complex numbers and therefore can be decomposed into phase and magnitude components. Phase, in this computation, represents the time lag between input signals and can be used to determine which signal is leading/lagging relative to the gait cycle. For visualization of efferent activity, we additionally masked coherence magnitude plots to only display time points where IC activations were leading EMG signals.



RESULTS


Spatiotemporal Metrics

Non-dominant limb stance time relative to the gait cycle was significantly lower in the CP group (TD: 67.2 ± 0.90%, CP: 64.2 ± 2.30%; p < 0.001) with no significant difference in dominant limb stance time between groups (Table 2). There were no significant differences in mean treadmill speed, normalized step length and cadence between groups (Table 2), however, mean walking speed (TD: 0.99 ± 0.11 m/s, CP: 0.89 ± 0.10 m/s; p = 0.053), non-dominant step length (TD: 0.30 ± 0.02, CP: 0.29 ± 0.02; p = 0.052), and non-dominant limb cadence (TD: 104 ± 5.74 step/min, CP: 96.1 ± 10.9 steps/min; p = 0.055) were all greater in TD, but failed to reach statistical threshold. Comparing across limbs in the CP group, stance time (p < 0.001) and cadence (p = 0.002) were significantly lower in the non-dominant compared to dominant limb with no difference in normalized step length.


TABLE 2. Spatiotemporal metrics during treadmill walking.
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EEG Component Clusters

At the group level, global k-means clustering resulted in six IC clusters for preferred speed walking (2 outlier components). Clustered scalp topographies and grand mean ERSPs (Figure 1) were spatially determined to represent activity from the frontal (FR), dominant parietal (DP), dominant motor (DM), non-dominant motor (NDM), non-dominant parietal (NDP) and prefrontal (PF) regions based on the cluster centroid dipole locations in the MNI template. Brodmann areas were identified in a ±2 mm range of all individual dipoles within a given cluster (Table 3; Lancaster et al., 2000). Each of these clusters contained subsets of individuals that were considered to be representative of each group. With regard to group representation, the percentages of total subjects (respective of each group) contained in each IC cluster were most different between groups in the NDM cluster (91% of subjects with TD; 38% of subjects with CP) with differences also observed in the DP cluster (82% of subjects with TD; 56% of subjects with CP), the DM cluster (55% of subjects with TD; 75% of subjects with CP), and the PF cluster (36% of subjects with TD; 75% of subjects with CP).
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FIGURE 1. Time-frequency modulations relative to mean gait cycle activity during treadmill walking. Grand mean gait event related spectral perturbations (ERSPs) computed for each cortical cluster in (A) TD and (B) CP, displayed in dB. (C) Between group differences of spectrograms calculated by subtracting grand mean ERSPs in CP from TD, displayed in dB. ERSPs and difference spectrograms were masked for significance (alpha <0.05); non-significant values were set to 0 dB (green).



TABLE 3. IC Cluster characteristics.

[image: Table 3]At the group level, instances of mu- and beta-suppression most often occurred during single limb stance and/or swing, evidenced by the grand mean ERSPs (Figure 1). In the TD group, the DM and NDM clusters exhibited a consistent decrease in power for the duration of single stance and swing, respectively, across both the mu- and beta-bands. Low gamma-band power (25–50 Hz), in phase with mu- and beta-band modulations, also decreased in the TD motor clusters. In the CP group, the DM and NDM clusters showed periods of decreased power in the same phases of the gait cycle (single stance and swing); however, these instances were spectrally discontinuous across the mu- and beta-bands after significance masking. Additionally, gamma-band power in the DM cluster was in phase with beta-band power during early swing but appeared offset from mu- and beta-band modulations in the NDM cluster, exhibiting significant activity instead from initial contact through mid-stance.

Statistical comparison of ERSPs between groups showed significant differences in mu- and beta-band power in the DP, NDM, and FR clusters (Figure 1). In the DP cluster, the CP group had significantly more mu-band power centered around initial contact. In the NDM cluster, the CP group briefly displayed increased power in the mu-band at the beginning of single stance and decreased power in the same frequency range during loading response and terminal swing. While, descriptively, the CP group exhibited more mu-band power before and after toe-off in the FR cluster, differences in the mu- and beta-bands were not largely apparent. Significant changes in gamma-band power were observed between groups for all clusters except the DM cluster. In the DP, NDP, and PF clusters, the CP group consistently showed more gamma-band power during mid-stance. Similarly, the CP group had increased gamma-band power during double stance in the FR and NDM clusters.

The percentage of the gait cycle with mu-suppression relative to the mean was significantly greater in the TD group for the DM cluster (p < 0.001) (Table 4). For the NDM cluster, the percentage of mu-suppression was also greater in the TD group, however, this trend was not significant (p = 0.075). Conversely, the percentage of mu-suppression for the NDP cluster was greater, but not significantly, in the CP group (p = 0.055). No other significant differences were found when comparing mu- and beta-suppression between groups in the remaining IC clusters.


TABLE 4. Mu- and Beta-suppression percentage relative to gait cycle.

[image: Table 4]Spectrograms computed relative to quiet standing (i.e., ERD/ERS) revealed continuous desynchronization in the mu- and beta-bands across groups and clusters (Figure 2). In both groups, the strongest instances of mu-band desynchronization were present from mid-stance to initial contact in the NDM clusters and from swing to late stance in the DM clusters. In the TD group, increased gamma-band power was observed throughout the gait cycle in the DM, NDM, NDP, and PF clusters. The same clusters exhibited increased gamma-band activity in the CP group, with the addition of the FR cluster.
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FIGURE 2. Time-frequency activity relative to quiet standing during treadmill walking. Grand mean event-related desynchronization (ERD)/event-related synchronization (ERS) plots for each cortical cluster in (A) TD and (B) CP, displayed in dB. (C) Between group differences of spectrograms calculated by subtracting grand mean ERD/ERS plots in CP from TD, displayed in dB. Difference spectrograms were masked for significance (alpha <0.05); non-significant values were set to 0 dB (green).


When comparing ERD/ERS plots between groups (Figure 2), upper mu-ERD was significantly greater for the CP group in all motor and parietal clusters with significant differences persisting throughout the gait cycle. These differences were also present in various segments of the beta-band for the DP, DM, and NDM clusters. Despite predominant instances of greater ERD in the motor clusters of the CP group, we also found phasic periods of less ERD in the CP group. These phenomena occurred in the lower mu-band during single stance and swing for the DM cluster and during terminal swing and loading response for the DP cluster as well in the lower beta-band during single and double stance for the NDM cluster. Similarly, lower beta-ERD was significantly decreased before and after toe-off in the CP group for the FR cluster. In the PF cluster, upper mu- and beta-ERD were both lower for the CP group during single and double stance.

The CP group exhibited significantly greater gamma-band power throughout the gait cycle in all IC clusters excluding those from the dominant hemisphere (DP and DM). Interestingly, the TD group showed greater gamma-band power, particularly during single stance, in the DP and DM clusters. Delta- (2–4 Hz) and theta- (4–7 Hz) band differences varied between clusters. While power was significantly decreased throughout the gait cycle in the CP group for the DP and NDM clusters, power increased during all phases of the gait cycle except single stance in the CP group for the NDP cluster at these frequencies.



EMG Synergy Clusters

For all subjects and conditions, 4 to 6 synergies were extracted from the averaged strides using the 90% VAF criteria. The mean extracted synergy numbers for unrestricted walking in TD and CP were 5.0 ± 0.4 (12 subjects; VAF = 0.92 ± 0.02) and 5.0 ± 0.5 (9 subjects; VAF = 0.93 ± 0.02), respectively, with no significant differences discerned between groups (synergy number: p = 1.0; VAF: p = 0.74).

The optimal synergy cluster number from k-means was five for both the TD and CP group (Figures 3, 4). These five clusters were ordered by the peak timing of their activation profiles and determined to be similar across groups in terms of mean activation profiles (Figures 3A,B) and weight coefficients (Figures 4A,B) (Activation Profiles: r = 0.95 ± 0.02; Weight Coefficients: r = 0.77 ± 0.16). Descriptions of the synergy clusters (referred to as Synergy Cluster A, B, C, D and E for each group) are provided below and in Table 5. With regard to cluster compactness, the TD group generally had higher average ICC values computed across weight coefficients, but lower ICC values across activation profiles compared to the CP group.
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FIGURE 3. Muscle synergy activations. Mean (standard deviation) activation profiles for each synergy cluster in (A) TD and (B) CP. Mean intraclass correlation coefficients (ICC) are reported in the upper left corner of each plot.



[image: image]

FIGURE 4. Muscle synergy weightings. Mean (standard deviation) weight coefficients for each synergy cluster in (A) TD and (B) CP. Asterisks (*) indicate significant differences between groups for individual muscle weightings, relative to each synergy cluster (p < 0.01, independent t-test). Mean intraclass correlation coefficients (ICC) are reported in the upper left corner of each plot.



TABLE 5. Synergy structure characteristics.

[image: Table 5]Cluster A, active primarily during terminal swing and loading response, promoted knee extension and foot stabilization. In the TD group, this cluster was associated with dominant TA, RF, VL, MH, and HL activity as well as non-dominant SOL, PL, and RF activity. In the CP group, this cluster exhibited similar muscle activity, with the addition of increased non-dominant MG activity. Notably, in the CP group, this cluster exhibited the lowest average ICC calculated across weight coefficients (ICC = 0.30).

Cluster B was active from loading response through mid-stance and was primarily responsible for hip extension and knee stabilization for forward progression. In the TD group, this cluster involved dominant RF, VL and MH activity as well as non-dominant TA, RF and HL activity. In the CP group, dominant RF and VL (two primary knee extensors) activity were diminished while non-dominant TA and MG activity increased.

Cluster C, active primarily during terminal stance, accounted for hip and knee extension throughout the stance phase and ankle plantarflexion in preparation of toe-off. In the TD group, this cluster was associated with dominant MG, SOL, and PL activity as well as non-dominant TA, MH, and HL activity. In the CP group, muscle activity was similar with the exception of increased non-dominant MG, PL, RF, and VL activity.

Cluster D acts as a reciprocal to cluster B, promoting support and stabilization during terminal swing and initial contact of the contralateral leg. Muscle activity was similar between groups with the exception of increased non-dominant MG, SOL, and PL activity in the CP cluster.

Cluster E acts reciprocally to cluster C, maintaining extension and initiating leg lift during mid- to terminal stance of the contralateral leg. Muscle activity was again similar between groups with the exception of increased non-dominant MG, activity in the TD group and increased non-dominant MH activity in the CP group.



Synergy-IC Overlap

Plotting of significant synergy and IC activations across the gait cycle revealed no clear pattern of correlation between the two signals (Figure 5). The activation profiles of synergy clusters A-E were averaged relative to the subset of subjects contained in each IC cluster. Despite this reorganization, mean activation profiles were relatively consistent with grand mean results from Figures 3, 4. Synergy activation was distributed across strides, with each of the five synergy clusters locked to a particular phase of the gait cycle. Mu- and beta-suppression, as previously described, were typically coupled and occurred during multiple phases of the gait cycle, primarily during single stance and swing. Therefore IC activity overlapped with many synergies, but showed no preference in terms of timing to one particular synergy, regardless of IC cluster location or group. Most often, mu- and beta-suppression overlapped with synergy clusters B, C, and E, with the onset of suppression leading the onset of muscle activation in many cases.
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FIGURE 5. Overlap between synergy and cortical component activity. Significant periods of synergy activation plotted with mu- and beta-suppression throughout the gait cycle for each cortical cluster in (A) TD and (B) CP.




EMG-IC Coherence

For both groups, significant periods of coherence were found across many frequencies between EMG channels and IC activations (Figures 6, 7). In the DM cluster of the TD group (Figure 6), delta-band coherence was observed in the non-dominant MG and SOL during initial double stance. Similarly, in the DM cluster of the CP group, delta-band coherence appeared in the dominant MG and non-dominant VL during terminal double stance. The CP group additionally showed gamma-band coherence bilaterally in the HL during single stance. Mu- and beta-coherence were present in the DM cluster of both groups, though these instances were scattered and not consistent across muscles.
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FIGURE 6. EMG-IC coherence relative to dominant motor clusters. Linear coherence magnitudes between non-dominant (left)/dominant (right) EMG signals and dominant motor IC activations in (A) TD and (B) CP. Coherence plots were masked for significance (alpha <0.05); non-significant values and time points where EMG signals led IC activations (phase >0 radians) were set to 0 (gray).
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FIGURE 7. EMG-IC coherence relative to non-dominant motor clusters. Linear coherence magnitudes between non-dominant (left)/dominant (right) EMG signals and non-dominant motor IC activations in (A) TD and (B) CP. Coherence plots were masked for significance (alpha <0.05); non-significant values and time points where EMG signals led IC activations (phase >0 radians) were set to 0 (gray).


In the NDM cluster (Figure 7), the TD group displayed less coherence compared to the DM cluster, however, mu-coherence was observed briefly during terminal double stance in the dominant RF and VL. In the NDM cluster of the CP group, delta-coherence was present during initial double stance in the dominant MG, SOL, RF, and VL. The strongest gamma-coherence in this cluster occurred during single stance, appearing bilaterally in the HL and, to a lesser extent, unilaterally in the dominant PL. These instances of gamma-coherence were similar to those found in the DM cluster in terms of timing and frequency.



DISCUSSION

This study represents the first evaluation of cortical activity using EEG during walking in two pediatric cohorts, one with TD and one with CP. The evaluation was performed on a treadmill rather than overground for logistical reasons, mainly to minimize motion artifact and maximize the number of strides for EEG analyses. It is important to note that the participants in the CP group were at the highest levels of functional mobility in CP and were minimally, but not significantly, slower in comfortable gait speed and in cadence on the more involved side than those with TD. Consequently, the groups showed many similarities, particularly in the synergy analyses, however, some potentially important differences were also identified. In addition, both groups, while under 21 years of age, were comprised mainly of adolescents whose gait patterns are likely to be highly similar to those of adults.

With respect to the EMG data, consistent with previous studies, between 4 to 6 synergies extracted via NNMF were able to sufficiently recreate individual channel EMG during normal walking (Ivanenko et al., 2004; Chvatal and Ting, 2012; Kim et al., 2016). However, in contrast with other findings (Steele et al., 2015; Kim et al., 2018), no significant differences were found in mean synergy numbers and VAF between individuals with CP and TD across conditions with an average of 5 synergies identified for each group. This inconsistency could be attributed in part to the high level of functioning in the CP cohort as well the number of muscles used in the synergy extraction (Kim et al., 2016) and the procedure of averaging the EMG data across strides. Comparing synergy clusters between CP and TD, activation and weight matrices were highly correlated for paired clusters. Overall, though correlated between groups, the synergy weight coefficients of the CP clusters exemplified much more non-dominant (affected) limb activity, evidenced especially in Synergy Cluster C (Figure 4). The observed differences in weight coefficients can be attributed to abnormalities in selective motor control seen in children with CP (Leonard et al., 1991; Crenna, 1998), supported by previous synergy studies in this population (Kim et al., 2018).

A previous cohort study demonstrated that children with unilateral and bilateral CP exhibited a combination of similar and disparate synergies relative to those of children with TD on a stride-to-stride basis (Kim et al., 2018). Our observation of similar synergy numbers between groups after averaging can be interpreted to represent the most frequently occurring synergies of each group. While averaging and concatenating strides has been shown to exclude relevant stride-to-stride variability of muscle activity (Oliveira et al., 2014), this was deemed a necessary step in our methodology. EEG time-frequency analysis requires a relatively large number of trials to make meaningful conclusions. Consequently, in order to directly compare synergy results with cortical activity, this stride averaging procedure was utilized consistently for both the EMG and EEG datasets.

Similar to the finding of the same number of muscle synergies in each group, the IC clustering results showed six distinct clusters that all contained cortical sources from both CP and TD participants. At the group level, we observed roughly the same peripheral output (no extraneous, voluntary movements in CP and no significant difference in gait speed) but consistent differences in cortical activation between groups within each cluster. These differences may reflect altered cognitive and/or motor requirements for execution of the same task. These results are also similar to the results found in healthy adults using nearly identical methods (Bulea et al., 2015). However, the distribution of individuals across clusters revealed some important group and hemispheric differences. Fewer subjects with CP were found to have ICs in the non-dominant motor cluster; this cluster was represented by the lowest percentage of CP across all clusters. The highest percentages of individuals with CP were in the DM and PF clusters, both of which had appreciably lower percentages in TD. These results suggest an under-reliance on the NDM region and an over-reliance on the PF and DM regions in CP, which is not surprising based on upper limb studies that demonstrate a reorganization that favors use of the dominant hemisphere over the non-dominant one in both unilateral non-dominant side and bilateral tasks (Kukke et al., 2015; Inuggi et al., 2018; Weinstein et al., 2018). These results may also be attributed to the elevated functional role of the dominant limb during walking in our cohort, as evidenced by increased dominant limb stance time and cadence compared to the non-dominant side. While the representation of individuals within each cluster varied in both groups, the results for TD were more consistent than for CP, as shown by the high percentage (91%) of those with TD represented in the NDM cluster as one example. This result is similar to earlier findings from Weinstein et al. (2018), demonstrating that each child with CP likely has their own neural signature on how their brain develops in response to early injury. Neurorehabilitation strategies that demonstrate effectiveness in shifting the reliance more toward the NDM or in lowering the PF activation during tasks that involve the more affected side warrant further exploration and development.

In line with previous work from healthy adults (Gwin et al., 2011; Severens et al., 2012; Seeber et al., 2014; Bulea et al., 2015), we observed, for the first time in a younger cohort, cortical activity modulated relative to the gait cycle in mu-, beta- and low gamma-bands. The motor (dominant and non-dominant) regions in the TD group had stronger within stride modulations of mu- and beta-band activity and slightly different timing patterns but were generally quite similar to CP. In the low gamma-band, the CP group had significantly greater modulations in all regions except for the dominant motor cluster. This suggests more cortical activation during gait in brain regions beyond the affected sensory and motor areas in CP. Compared to standing, the CP group displayed a greater increase in low gamma-band activity than the TD group in the frontal areas, also suggesting increased cortical resources attending to the walking task. These findings are similar to results showing elevated frontal activity in more demanding walking tasks in adults (Bulea et al., 2015; Seeber et al., 2015; Wagner et al., 2016). The frontal cortex has been implicated in elevated top-down or executive control of motor tasks (Miller and Cohen, 2001; Danielmeier et al., 2011) and thus our results suggest that children with unilateral CP dedicate more executive control to the treadmill walking task than TD. Interestingly, low gamma-modulation is also elevated in the non-dominant (more affected) motor and parietal areas of CP compared to TD. Given previous studies indicating that greater sensorimotor gamma activity is linked to tasks requiring greater dynamic control (Mehrkanoon et al., 2014), this suggests that walking is also more challenging for children with CP.

When evaluating mu-band ERD, we found that both groups showed significant desynchronization, or elevated cortical activity, in walking compared to standing as had been shown previously in healthy adults. The TD group here, however, differed from earlier results in adults (Bulea et al., 2015; Seeber et al., 2015) in that, compared to standing, strong beta-ERD in the motor and parietal areas was not present. In general, the CP group showed greater cortical activations than TD during walking as measured by mu- and beta-ERD in the NDM, DM, NDP, and DP areas. These results are interesting because they are in disagreement with some upper extremity EEG studies that show less task-related ERD in the motor areas. However, fNIRS results from our group (Sukal-Moulton et al., 2018) also show that children with bilateral CP display more widespread motor cortex activation than those with TD for bilateral lower extremity tasks. Greater cortical activation was associated with greater muscle activation in our earlier study, suggesting that brain effort reflects peripheral effort. We found here that, whereas the overall synergy number did not differ between groups during walking, there was increased non-dominant limb activity across multiple synergy clusters in the CP cohort (Figure 4). Enhanced mu- and beta-ERD, particularly in motor areas, is indicative of elevated sensorimotor activation during walking (Pfurtscheller and Da Silva, 1999; Severens et al., 2012; Seeber et al., 2014; Bulea et al., 2015). Interestingly, recent results also show mu- and beta-ERD in parietal areas when comparing across walking tasks of varying difficulty [e.g., active vs. passive walking (Wagner et al., 2012; Bulea et al., 2015), fast vs. slow walking (Bulea et al., 2015; Nordin et al., 2019), and step shortening adaptations (Wagner et al., 2016)]. Collectively, these results suggest that children with CP require enhanced cortical output to achieve a similar motor output as those with TD.

The primary goal of this study was to relate cortical and muscle activity during a complex bilateral task. Characterization of this relationship can be explored through simultaneous evaluation of cortical activity and synergy output. This concept has been demonstrated in a previous study using multivariate regression to model the influence of EEG frequency-band power on kinematic synergies during hand grasping (Pei et al., 2019). Another study found significant similarities between EEG microstates and muscle synergies via canonical correlation during hand reaching and grasping (Pirondini et al., 2017). To our knowledge, comparative analyses incorporating EEG and muscle synergies have not been applied to ambulation. However, at this level of analysis, we failed to find significant correlations between synergies and activation in cortical sources. The cortical motor sources presented here were active throughout the gait cycle with some relative fluctuations at specific phases, differing slightly across groups. Given that ICs represent coherent activity of large groups (i.e., thousands or more) of neurons, it is perhaps not surprising that we did not find significant associations between ICs and synergy activations.

It is expected that for a task such as gait, which coordinates subcortical and spinal pathways to move the entire body while ensuring dynamic stability and forward progression, mapping cortical to peripheral output would be far more difficult, if not impossible. However, EMG–EEG coherence studies have identified significant relationships that tend to be stronger and more consistent in static tasks isolated to a few joints, requiring higher force or effort levels (Mima and Hallett, 1999). As a next step, we performed coherence analyses relating the motor sources to EMG activation of individual muscles, focusing on the efferent control where the cortical activity would presumably lead the muscle activity. Similar patterns of delta-band coherence were found across groups for the DM region. Coherence in this frequency range persisted for the NDM region in the CP group but was not apparent in TD. In both motor regions, the CP group uniquely showed gamma-band coherence for the HL, primarily on the dominant limb, a distal muscle predominantly affected in unilateral CP, with some evidence that the dominant side may try to overcompensate to maintain optimal mobility (Wiley and Damiano, 1998).

One limitation of this study is the loss of stride-to-stride variability via gait cycle averaging as well as intra-subject variability due to group-level analysis. Averaging spectrograms at the group-level has the potential to obscure subject-specific evidence of cortical contributions to muscle recruitment. This issue is more consequential in the CP group due to the distinctive nature of each individual’s brain injury and the subsequent reorganization of cortical processes. Of particular note is the inclusion of only three children with CP in the NDM cluster. To this effect, we clustered brain ICs with an equivalent focus on spatial and functional organization using dipole locations and time-frequency parameters. However, the chance of inaccurately grouping these ICs still persists. Therefore applying the same clustering analysis at the individual level may prove more effective in characterizing relationships between the CNS and periphery, which is particularly important for clinical applications where the rehabilitation program should be tailored to the individual. Regarding EMG processing, differences in specific parameters for time-interpolation, normalization and filtering can affect the results of synergy extraction by NNMF (Shuman et al., 2017) and should be considered when comparing synergy results across studies. Finally, the group results here are based on a relatively small number of subjects, especially when comparing ICs within clusters and therefore, we did not control for multiple comparisons when looking at ERSP and ERD/ERS difference plots. Also, the cohort with CP was mildly affected with unilateral involvement and thus, these results warrant further investigation in larger samples and in different CP subtypes.



CONCLUSION

Electrocortical measurements and muscle synergy analysis are independently, potentially powerful tools for neurorehabilitation to better understand and address motor control abnormalities that impact daily functional activities. However, a quantitative understanding of how motor control strategies are encoded by the CNS and communicated to the periphery is generally lacking. In this study, we compared a subtype of CP with the highest mobility levels to a group with typical development. Therefore, finding that muscle synergy weights and activations were not significantly different at the group level is not unreasonable. Still, we were able to detect unique differences in distribution of individuals across brain regions active during gait as well as significant differences that reflect the unilateral injury that primarily disrupts distal control and its cortical representation in the sensorimotor brain regions in CP. Based on our results, we advocate for the development and implementation of strategies for CP that are more personalized and which iteratively reduce cortical activation while improving selective motor control using brain-computer interface (BCI) methodologies similar to studies in stroke.
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Physics-based simulations of walking have the theoretical potential to support clinical decision-making by predicting the functional outcome of treatments in terms of walking performance. Yet before using such simulations in clinical practice, their ability to identify the main treatment targets in specific patients needs to be demonstrated. In this study, we generated predictive simulations of walking with a medical imaging based neuro-musculoskeletal model of a child with cerebral palsy presenting crouch gait. We explored the influence of altered muscle-tendon properties, reduced neuromuscular control complexity, and spasticity on gait dysfunction in terms of joint kinematics, kinetics, muscle activity, and metabolic cost of transport. We modeled altered muscle-tendon properties by personalizing Hill-type muscle-tendon parameters based on data collected during functional movements, simpler neuromuscular control by reducing the number of independent muscle synergies, and spasticity through delayed muscle activity feedback from muscle force and force rate. Our simulations revealed that, in the presence of aberrant musculoskeletal geometries, altered muscle-tendon properties rather than reduced neuromuscular control complexity and spasticity were the primary cause of the crouch gait pattern observed for this child, which is in agreement with the clinical examination. These results suggest that muscle-tendon properties should be the primary target of interventions aiming to restore an upright gait pattern for this child. This suggestion is in line with the gait analysis following muscle-tendon property and bone deformity corrections. Future work should extend this single case analysis to more patients in order to validate the ability of our physics-based simulations to capture the gait patterns of individual patients pre- and post-treatment. Such validation would open the door for identifying targeted treatment strategies with the aim of designing optimized interventions for neuro-musculoskeletal disorders.

Keywords: computational biomechanics, Hill-type muscle-tendon model, human locomotion, magnetic resonance imaging, muscle-tendon unit, optimal control, spasticity, synergy


1. INTRODUCTION

Cerebral palsy (CP) is the most common cause of motor disability amongst children, affecting 2 to 3 per 1000 live births in Europe (Surveillance of Cerebral Palsy in Europe, 2002). CP is caused by a non-progressive lesion in the immature brain that may induce inabilities to selectively control muscles, spasticity, and weakness. These deficits undermine walking performance and, over time, lead to secondary impairments, such as bone deformities and muscle contracture, that may further deteriorate walking abilities (Gage et al., 2009). Numerous treatments target these impairments with the aim of improving walking performance, such as single-event multi-level orthopedic surgeries (SEMLS) to correct multiple bone and muscle impairments in a single intervention (McGinley et al., 2012). Yet walking involves complex interactions between the musculoskeletal and motor control systems, which are both impaired in CP. Hence, the treatment outcome does not only depend on the success of the intervention in terms of musculoskeletal remediation but also on the remaining motor control (Schwartz et al., 2016). As a result, over the last decades, only modest, unpredictable, and stagnant treatment outcomes have been documented for children with CP (Schwartz, 2018). For example, SEMLS have been reported to improve walking performance in only 25 to 43% of the patients (Chang et al., 2006; Filho et al., 2008) and to lead to clinically meaningful improvements over natural progression in only 37% of the cases (Rajagopal et al., 2018). Physics-based computer models that can predict the functional outcome of treatments on walking performance have the potential to improve this success rate by allowing clinicians to optimize the clinical decision-making (e.g., by discriminating the effects of musculoskeletal restoration due to surgical interventions to those from tone reduction and physical therapy targeting motor control impairments). However, predictive simulations are not yet applied in clinical practice, in part due to computational and modeling challenges.

Physics-based predictive simulations generate novel movements based on a mathematical model of the neuro-musculoskeletal system without relying on measured movement data. Typically, these simulations consist in identifying muscle excitations that follow a certain control strategy and drive the musculoskeletal model to achieve a movement-related goal (e.g., moving forward at a given speed). The relationship between input muscle excitations and output joint kinematics is thus fully determined by physics-based models, which allows qualifying our simulations as predictive as typically referred to in the literature (e.g., Miller, 2014; Lin et al., 2018). For such simulations to be valuable in predicting the functional outcome of treatments on walking performance, they should be based on models that are complex enough to describe the musculoskeletal structures and motor control processes underlying walking that may be impaired and thus affected by treatment. Yet these complex models are computationally expensive in predictive simulations (Anderson and Pandy, 2001; Miller, 2014; Song and Geyer, 2015; Lin et al., 2018; Ong et al., 2019) and, therefore, their ability to predict the variety of gaits encountered under different conditions (e.g., healthy and pathological gaits) has been only scarcely explored in the literature. We recently developed a simulation framework to generate rapid (i.e., about 30 min of computational time) predictive simulations of gait with complex models (Falisse et al., 2019b). Further, we demonstrated the ability of our framework to predict the mechanics and energetics of a broad range of gaits, suggesting that our models and simulations were sufficiently generalizable for use in clinical applications. Nevertheless, the ability of our simulations to identify the main treatment targets in specific patients remains untested. Specifically, for children with CP, simulations should allow distinguishing the effects of musculoskeletal vs. motor control impairments on walking performance to be able to help clinicians optimize treatments.

Predicting the effects of impairments on walking performance in children with CP requires the neuro-musculoskeletal model to take these impairments into account. In this work, we focus on two types of impairments: motor control impairments that include spasticity and non-selective muscle control, and musculoskeletal impairments that include bone deformities and altered muscle-tendon properties.

The neural component of spasticity has been described as a velocity-dependent increase in tonic stretch reflex responses resulting from hyper-excitability of the stretch reflex (Lance, 1980). Following such description, models based on feedback from muscle velocity have been developed to describe spastic muscle activity [i.e., electromyography (EMG)] measured in response to passive stretches (van der Krogt et al., 2016). However, we previously showed that a model based on feedback from muscle force and force rate better explains the muscle activity response of spastic hamstrings and gastrocnemii to passive stretches than length- and velocity-based models (Falisse et al., 2018). Further, we found that a force-based model could predict muscle activity in agreement with pathological EMG during gait. Our simulations were nevertheless based on measured movement data, which prevents investigating the influence of spasticity on gait kinematics; an influence that remains subject to debate (Dietz and Sinkjaer, 2007). Predictive simulations have the potential to provide insights into the role of spasticity during gait. In more detail, incorporating the aforementioned spasticity models into the neuro-musculoskeletal model theoretically allows evaluating the impact of spasticity on gait performance by predicting the spastic contribution to the generated muscle activations as well as the resulting effects on the predicted joint kinematics and gait energetics. Modeling spasticity is also a prerequisite to simulating the effects of treatments aiming to reduce spasticity, such as botulinum toxin-A (BTX) injections.

The inability to selectively control muscles has been described through muscle synergies (Ivanenko et al., 2004), which are independent groups of muscles activated in a fixed ratio by a single input signal. Children with CP have been shown to use fewer synergies (i.e., a simpler neuromuscular control strategy) than typically developing (TD) individuals during walking (Steele et al., 2015) as well as to use synergies exhibiting a greater stride-to-stride variability (Kim et al., 2018). However, assessing the relationship between simpler neuromuscular control and impaired gait is difficult. For example, Shuman et al. (2019) showed that treatments such as BTX injections, selective dorsal rhizotomy, and SEMLS minimally affected synergies despite changing the walking patterns. Predictive simulations have the potential to relate synergy complexity to impaired walking abilities, which might help designing specific treatments (e.g., physical therapy protocols) targeting impaired selective motor control.

Bone deformities and resultant altered muscle path trajectories make the use of generic musculoskeletal models linearly-scaled to the subjects' anthropometry inappropriate for clinical analyses in children with CP. A well established approach to capture these aberrant geometries is the use of personalized models created from Magnetic Resonance Imaging (MRI) (Arnold et al., 2001; Scheys et al., 2009, 2011a), where personalized indicates that certain model parameters (e.g., muscle insertion points and joint axes) are fitted to the subject. Such personalization has been shown to improve, for example, the accuracy of moment arm estimation in children with CP (Scheys et al., 2011b). Besides geometries, the muscle-tendon properties are also altered in these children (e.g., smaller muscle volumes and shorter fiber lengths as compared to TD individuals) (Barrett and Lichtwark, 2010; Barber et al., 2011a,b, 2012; Smith et al., 2011). This makes the use of Hill-type muscle-tendon models with generic (i.e., anthropometry-based) parameters unsuited for clinical studies. Indeed, such parameters may not reflect altered muscle force generating capacities and, therefore, result in unrepresentative simulations. To capture the impact of altered muscle-tendon properties on walking performance, the muscle-tendon parameters should be personalized. Different approaches have been proposed for such purpose, including methods based on angle-torque relationships from functional movements (Lloyd and Besier, 2003; Falisse et al., 2017).

Predictive simulations have the potential to shed light upon the influence of altered musculoskeletal properties, impaired selective motor control, and spasticity on walking performance by evaluating the isolated effects of these impairments. Yet only few predictive analyses have used simulations for such purpose. Recent modeling work showed that a musculoskeletal model could reproduce an unimpaired walking pattern with five synergies but not with two synergies similar to those seen after neurological injury, suggesting that impaired control affects walking performance (Meharbi et al., 2019). Another predictive analysis explored the effects of aging on walking performance by adjusting skeletal and neuromuscular parameters and reported a predominant contribution of loss in muscle strength and mass to reduced energy efficiency (Song and Geyer, 2018). Both studies, however, relied on simple two-dimensional (2D) models, neglecting motor control mechanisms in the frontal plane. To the authors' knowledge, no study has yet attempted to relate patients' clinical examination reports to the outcome of predictive simulations evaluating the effects of musculoskeletal and motor control impairments on walking performance based on three-dimensional (3D) personalized models.

The purpose of this study was to evaluate the ability of our predictive simulation platform to differentiate the effects of musculoskeletal and motor control impairments on the impaired walking pattern (i.e., crouch gait) of a specific child with CP. To this aim, we evaluated the effect of these impairments on gait patterns predicted by performance optimization (Figure 1A). We first investigated the influence of using personalized rather than generic muscle-tendon parameters, thereby assessing the contribution of the child's altered muscle-tendon properties to the crouch gait pattern. We then evaluated the impact of imposing a number of synergies lower than typically reported for unimpaired individuals, thereby testing how reducing neuromuscular control complexity affects walking performance. We finally investigated the effect of spasticity modeled based on muscle force and force rate feedback. In all cases, we used a MRI-based musculoskeletal model of the child to take the aberrant geometries into account. We found that altered muscle-tendon properties rather than motor control impairments alone caused a crouch gait pattern. As an additional analysis, we investigated whether the child's impairments impede a walking pattern similar to TD walking or rather make such a walking pattern less optimal. To this aim, we extended the performance criterion of the predictive simulations with a tracking term that penalized deviations from a TD walking pattern. We found that the musculoskeletal impairments did not prevent an upright walking pattern resembling TD walking but that upright walking was less optimal than walking in crouch. Further work is necessary to extend this single case analysis to more patients in order to validate the ability of our physics-based simulations to capture the gait patterns of individual patients pre- and post-treatment.


[image: Figure 1]
FIGURE 1. Overview of (A) clinical questions and corresponding simulations, and (B) methodology. MRI images are used to generate a musculoskeletal model of the child with personalized geometries. This MRI-based model as well as experimental data collected during walking and instrumented passive spasticity assessments (IPSA) are inputs to optimization procedures providing personalized estimates of Hill-type muscle-tendon parameters characterizing altered muscle-tendon properties and personalized feedback gains characterizing spasticity. The framework for predictive simulations generates gait patterns by optimizing a cost function, describing a walking-related performance criterion, subject to the muscle and skeleton dynamics of the MRI-based musculoskeletal model. We investigated the effects of impairments on predicted gait patterns (dotted arrows): in Qi we evaluated the effect of altered vs. unaltered muscle-tendon properties by using personalized vs. generic muscle-tendon parameters in the muscle dynamics; in Qii we assessed the influence of reducing the neuromuscular control complexity by imposing a reduced number of muscle synergies; in Qiii we explored the impact of spasticity on walking performance. Details on how we modeled these impairments are described in the methods. As an additional analysis, Qiv, we evaluated how well the model was able to reproduce the gait pattern of a typically developing (TD) child by adding a term in the cost function penalizing deviations between predicted gait pattern and measured gait data of a TD child. All these analyses can be combined as well as performed in isolation. Details are provided in section “model-based analyses”.




2. MATERIALS AND METHODS

The overall process to evaluate the effects of impairments on walking performance through predictive simulations is outlined in Figure 1B. The following sections provide details of this process.


2.1. Experimental Data

We collected data from one child with diplegic CP (age: 10–15 years; height: 125–150 cm; mass: 30–40 kg). The data collection was approved by the Ethics Committee at UZ Leuven (Belgium) and written informed consent was obtained from the child's parents. The child was instrumented with retro-reflective skin mounted markers whose 3D trajectories were recorded (100 Hz) using a motion capture system (Vicon, Oxford, UK) during overground walking at self-selected speed. Ground reaction forces were recorded (1,000 Hz) using force plates (AMTI, Watertown, USA). EMG was recorded (2,000 Hz) using a telemetric Zerowire system (Cometa, Milan, Italy) from eight muscles of each leg (rectus femoris, biceps femoris short head, semitendinosus, tibialis anterior, gastrocnemius lateralis, vastus lateralis, soleus, and gluteus medius). EMG from the rectus femoris and vastus lateralis was of poor quality and excluded from the analysis.

On the same day as the gait analysis, spasticity of the right medial hamstrings and gastrocnemii was assessed using an instrumented passive spasticity assessment [IPSA; described in detail by Bar-On et al. (2013)]. Hamstrings and gastrocnemii were passively stretched by moving knee and ankle, respectively, one at a time from a predefined position throughout the full range of motion (ROM). The stretches were performed at slow and fast velocities. EMG was collected from four muscles (semitendinosus, gastrocnemius lateralis, rectus femoris, and tibialis anterior) using the same system and electrode placement as used for gait analysis. The motion of the distal and proximal segments were tracked using two inertial measurement units (Analog Devices, ADIS16354). The forces applied to the segment were measured using a hand-held six degrees of freedom load-cell (ATI Industrial Motion, mini45). The position of the load-cell relative to the joint axis was manually measured by the examiner.

Muscle strength, selectivity, and ROM were evaluated (Table 1) with a standardized clinical examination protocol (Desloovere et al., 2006). The child had close to normal ROM at the hip and ankle but bilateral knee extension deficits, bilateral spasticity in most muscles, good strength in most muscles although slight deficits in hip extensors, knee extensors, and hip abductors, and good to perfect selectivity in most muscles. MRI images were collected for the hip region [i.e., pelvis and femur according to the protocol described by Bosmans et al. (2014)]. The child was classified at a level II in the Gross Motor Function Classification System (GMFCS).


Table 1. Clinical examination.
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We processed the experimental gait and IPSA data, used as input for the estimation of muscle-tendon parameters and feedback gains (Figure 1; details below), with OpenSim 3.3 (Delp et al., 2007) using the MRI-based model described below.



2.2. Personalized Musculoskeletal Model Generation

A 3D musculoskeletal model with personalized geometries was created from MRI images (Scheys et al., 2009, 2011a; Bosmans et al., 2014). Bones of the lower limbs and pelvis were segmented using Mimics (Materialize, Leuven, Belgium). Anatomical reference frames, joint axes, and muscle origin and insertion points were defined using a previously developed workflow (Scheys et al., 2008). The model consisted of 21 degrees of freedom (six between the pelvis and the ground; three at each hip joint; one at each knee, ankle, and subtalar joint; and three at the lumbar joint), 86 muscles actuating the lower limbs (43 per leg), three ideal torque actuators at the lumbar joint, and four contact spheres per foot (Delp et al., 1990, 2007). We added passive torques to the joints of the lower limbs and the trunk to model the role of the ligaments and other passive structures (Anderson and Pandy, 2001). These passive torques varied exponentially with joint positions and linearly with joint velocities.

We used Raasch's model (Raasch et al., 1997; De Groote et al., 2009) to describe muscle excitation-activation coupling (muscle activation dynamics) and a Hill-type muscle-tendon model (Zajac, 1989; De Groote et al., 2016) to describe muscle-tendon interaction and the dependence of muscle force on fiber length and velocity (muscle contraction dynamics). We modeled skeletal motion with Newtonian rigid body dynamics and smooth approximations of compliant Hunt-Crossley foot-ground contacts (Delp et al., 2007; Sherman et al., 2011; Seth et al., 2018; Falisse et al., 2019b). We calibrated the Hunt-Crossley contact parameters (transverse plane locations and contact sphere radii) through muscle-driven tracking simulations of the child's experimental walking data as described in previous work (Falisse et al., 2019b). To increase computational speed, we defined muscle-tendon lengths, velocities, and moment arms as a polynomial function of joint positions and velocities (van den Bogert et al., 2013; Falisse et al., 2019b).



2.3. Personalized Muscle-Tendon Parameter Estimation

The force-length-velocity relationships describing the force generating capacity of the Hill-type muscle-tendon model are dimensionless and can be scaled to a specific muscle through five muscle-tendon parameters: the maximal isometric force [image: image], the optimal fiber length [image: image], the tendon slack length [image: image], the optimal pennation angle [image: image], and the maximal fiber contraction velocity [image: image] (assigned to ten times [image: image]). In this study, we used generic and personalized parameters when generating predictive simulations of walking (Figure 1).

The generic parameters were derived by linearly scaling the parameters of a generic musculoskeletal model (Delp et al., 1990) to the child's anthropometry. The linear scaling was only performed for the optimal fiber lengths and tendon slack lengths. The maximal isometric muscle forces were scaled based on body mass M (van der Krogt et al., 2016):

[image: image]

where gait2392 refers to the OpenSim gait2392 model (Delp et al., 1990, 2007).

The personalized parameters reflect the muscle force generating capacity of the subject. Only optimal fiber lengths and tendon slack lengths were personalized as gait simulations have been shown to be the most sensitive to these two parameters (De Groote et al., 2010). The personalization process was based on an extension of an optimal control approach to solve the muscle redundancy problem while accounting for muscle dynamics (De Groote et al., 2016; Falisse et al., 2017). Solving the muscle redundancy problem identifies muscle excitations that reproduce joint torques underlying a given movement while minimizing a performance criterion (e.g., muscle effort). We augmented this formulation in different ways. First, we added optimal fiber lengths and tendon slack lengths as optimization variables. Second, we introduced a term in the cost function minimizing the difference between muscle activations and scaled EMG signals where scale factors were included as optimization variables. Third, we assumed that muscles operate around their optimal fiber lengths, and that maximal and minimal fiber lengths across movements should hence be larger and smaller, respectively, than their optimal fiber lengths. Fourth, we assumed that resistance encountered when evaluating the ROM during the clinical examination may be, at least in part, attributed to passive muscle forces. Hence, we included a term in the cost function minimizing the difference between fiber lengths at these extreme positions of the ROM and reference fiber lengths generating large passive forces (Pitto et al., 2019). Finally, we minimized optimal fiber lengths, assuming that children with CP have short fibers (Barrett and Lichtwark, 2010). The problem thus consisted in identifying muscle excitations and parameters that minimized a multi-objective cost function:

[image: image]

where t0 and tf are initial and final times, a are muscle activations, [image: image] and [image: image] are simulated and reference fiber lengths, respectively, at the extreme positions of the ROM, ar are reserve actuators, w1−5 are weight factors, and t is time. This cost function was subject to constraints enforcing muscle dynamics, that resultant muscle forces should reproduce joint torques calculated from inverse dynamics, that fiber lengths should cross their optimal fiber lengths during the movement, and that the difference between activations and EMG should not be larger than 0.1. Reserve actuators are non-physiological ideal actuators added to muscle-generated torques to ensure that joint torques from inverse dynamics can be reproduced. The weights were manually adjusted to the following: [image: image], [image: image], [image: image], [image: image], and [image: image]. These weights primarily penalized the use of reserve actuators and encouraged the generation of passive forces in the extreme positions of the ROM. We solved this problem while simultaneously considering data from four gait trials of each leg and six passive stretches (IPSA measurements) of the right hamstrings, rectus femoris, and gastrocnemii at slow and fast velocities (one stretch per muscle per speed). Data from 14 trials (gait and passive trials combined) was thus included. Data from passive stretches of left leg muscles was not available. Hence, we imposed that corresponding parameters of both legs could not differ by more than 5%. The parameters were allowed to vary between 50 and 200% of the generic values.



2.4. Spasticity Model–Personalized Feedback Gain Estimation

We modeled spasticity through delayed feedback from muscle-tendon force and its first time derivative (i.e., force rate) (Falisse et al., 2018). The model relates sensory information s (i.e., muscle force and force rate) to feedback muscle activations as through a first order differential equation:

[image: image]

where Ts is a feedback threshold, gs is a feedback gain, and τs = 30 ms is a time delay.

We calibrated this model, separately for the hamstrings and gastrocnemii, to reproduce the spastic muscle activity measured in response to fast passive stretches during IPSA measurements. The resulting personalized models describe the neural component of spasticity measured through exaggerated muscle activity. In more detail, we first determined the threshold for force feedback as the value 20 ms before the EMG onset (Staude and Wolf, 1999) and used a zero threshold for force rate feedback. We then identified the personalized feedback gains that minimized the difference between muscle activations from muscle force and force rate feedback and EMG measured during fast passive stretches (IPSA measurements). We performed such optimization for the right medial hamstrings (i.e., biceps femoris long head, semitendinosus, and semimembranosus) and for the right gastrocnemii (i.e., gastrocnemius lateralis and medialis). We used semitendinosus EMG to drive the three hamstrings and gastrocnemius lateralis EMG to drive both gastrocnemii. We normalized EMG using scale factors identified when estimating the personalized muscle-tendon parameters. We described the optimization process in detail in previous work (Falisse et al., 2018). Finally, we incorporated the spasticity models with personalized feedback gains in our framework for predictive simulations to evaluate the spastic contribution to generated muscle activations and the resulting effects on predicted joint kinematics and gait energetics (Figure 1). Since we only had IPSA measurement for the right leg, we used feedback gains and thresholds identified with right leg data for left leg muscles. Gait EMG data and spasticity, as clinically assessed (Table 1), were comparable for both legs.



2.5. Muscle Synergies

We modeled the reduced neuromuscular control complexity through muscle synergies. These synergies consisted of two matrices: a Nsyn × Nf matrix H, where Nsyn is the number of synergies and Nf is the number of frames, containing synergy activations and a Nm × Nsyn matrix W, where Nm is the number of muscles, containing weights that determine the contribution of each muscle in each synergy. Individual muscle activations were composed from synergies as follows:

[image: image]

where a has dimensions Nm × Nf. Importantly, we did not impose personalized synergies when generating predictive simulations (Figure 1). Instead, we modeled the effect of reducing the neuromuscular control complexity by limiting the number of synergies per leg to four or three, thereby limiting the selection of independent muscle activations. This represents a reduction of the neuromuscular control complexity under the assumption that five synergies describe healthy human locomotion (Ivanenko et al., 2004).



2.6. Problem Formulation

We predicted gait patterns by optimizing a gait-related cost function, independent of measured movement data, based on the MRI-based musculoskeletal model described above. In addition to optimizing performance, we imposed average gait speed and periodicity of the gait pattern. We optimized for a full gait cycle to account for asymmetry of CP gait. We solved the resultant optimal control problem via direct collocation. The problem formulation and computational choices are detailed in previous work (Falisse et al., 2019b).

The cost function represents the goal of the motor task. Based on previous work (Falisse et al., 2019b), we modeled this task-level goal as a weighted sum of gait-related performance criteria including metabolic energy rate, muscle fatigue, joint accelerations, passive joint torques, and trunk actuator excitations:

[image: image]

where tf is unknown gait cycle duration, d is distance traveled by the pelvis in the forward direction, Ė are metabolic energy rates, a are muscle activations, [image: image] are joint accelerations, Tp are passive joint torques, et are excitations of the trunk torque actuators, w1−5 are weight factors, and t is time. We modeled metabolic energy rate using a smooth approximation of the phenomenological model described by Bhargava et al. (2004). This metabolic model requires parameters for fiber type composition and muscle specific tension, which we obtained from the literature (Uchida et al., 2016). We manually adjusted the weight factors until we found a set of weights that predicted human-like walking: [image: image], [image: image], w3 = 50/21, [image: image], and [image: image]. The weight factors were kept constant across simulations. We added several path constraints enforcing a prescribed average gait speed corresponding to the child's average gait speed (d/tf = 1 m s−1), imposing periodic states over the complete gait cycle (except for the pelvis forward position), and preventing inter-penetration of body segments. It is worth mentioning that the values of the weight factors strongly depend on the scaling of the cost function terms (Falisse et al., 2019b), which explains the different orders of magnitude. Proper scaling of the cost function terms might allow using the same weight factors across subjects. Yet it is also possible that such common cost function does not exist and that weight factors should be personalized to capture inter-subject differences in performance criteria. This is an area for future research.



2.7. Model-Based Analyses

We investigated the differential effects of altered muscle-tendon properties, reduced neuromuscular control complexity, and spasticity on gait patterns predicted with the MRI-based musculoskeletal model (Figure 1). In particular, we compared predicted joint kinematics and kinetics, muscle activity, and stride lengths to their experimental counterparts. We also evaluated how impairments affected the metabolic cost of transport (COT), defined as metabolic energy consumed per unit distance traveled.

First, we tested the influence of altered vs. unaltered muscle-tendon properties by using personalized vs. generic muscle-tendon parameters in the muscle dynamics (Qi in Figure 1). In this initial analysis, we did not include spasticity, nor imposed synergies.

Second, we assessed the impact of reducing the neuromuscular control complexity by imposing fixed numbers of synergies (Qii in Figure 1). To assess the effect of reducing the number of synergies, we compared the synergy activations resulting from simulations with three and four synergies using the coefficient of determination R2 and the synergy weights using Pearson's coefficient of correlation r. We generated simulations with both sets of muscle-tendon parameters to explore the effect of synergies in isolation as well as in combination with altered muscle-tendon properties.

Finally, we evaluated the effect of spasticity in the three medial hamstrings and two gastrocnemii of both legs (Qiii in Figure 1). We modeled muscle activations as the sum of feedforward muscle activations and feedback muscle activations determined based on the personalized (i.e., calibrated based on IPSA measurements) spasticity models:
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where aff are feedforward muscle activations, and aFt and adFt are muscle activations from muscle force and force rate feedback, respectively, computed based on Equation (3). Feedback and feedforward activations can be interpreted as spastic and non-spastic muscle activations, respectively. We only tested the effect of spasticity based on the model with personalized muscle-tendon parameters, since these parameters were used to estimate the feedback gains. We tested the effect of spasticity in combination with fine selective control (i.e., no synergy constraints) as well as with a reduced number of muscle synergies.

As an additional analysis, we investigated whether the child adopted an impaired crouch gait pattern because of neuro-mechanical constraints or because it was more optimal (Qiv in Figure 1). To this aim, we added a term in the cost function that penalized deviations from measured kinematics of a TD child:
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where q are joint positions, [image: image] are measured joint positions of a TD child, and w6 = 100/20 is a weight factor. We generated these simulations with personalized parameters as well as with and without synergies. We did not include spasticity in this analysis since it had little influence on the walking pattern in the simulations described above.

We formulated our problems in MATLAB using CasADi (Andersson et al., 2019), applied direct collocation using a third order Radau quadrature collocation scheme with 150 mesh intervals per gait cycle, and solved the resulting nonlinear programming problems with the solver IPOPT (Wächter and Biegler, 2006). We applied algorithmic differentiation to compute derivatives (Falisse et al., 2019a). We started each optimization from multiple initial guesses and selected the result with the lowest optimal cost. Initial guesses for joint variables were based on experimental data. Specifically, for all simulations, we used two initial guesses derived from experimental kinematics of the CP and TD child, respectively. For simulations accounting for synergies, we added initial guesses derived from simulated kinematics with the lowest optimal costs produced without synergies and with more synergies (e.g., with three synergies, initial guesses were derived from the best kinematic solutions with four synergies and without synergies). For simulations accounting for spasticity, we added initial guesses derived from simulated kinematics with the lowest optimal costs produced without spasticity. In all cases, initial guesses for muscle, trunk, and synergy variables were constant across time and not informed by experimental data. Initial guesses for synergy weights were constant across muscles and independent of experimental data.




3. RESULTS


3.1. Gait Analysis

The child walked with a pronounced crouch gait pattern characterized by bilateral knee extension deficits with reduced knee ROM during swing, a lack of right ankle dorsiflexion at the end of swing, excessive left ankle dorsiflexion, excessive and deficient right and left hip adduction, respectively, and excessive bilateral hip internal rotation (Figure 2 and Figure S1; Movies 1, 2).


[image: Figure 2]
FIGURE 2. Influence of the muscle-tendon parameters on the predicted walking gaits. Variables from the right leg are shown over a complete gait cycle; left leg variables are shown in Figure S1. Vertical lines indicate the transition from stance to swing. Experimental data is shown as mean ± two standard deviations. Experimental EMG data was normalized to peak activations. GRF is for ground reaction forces; BW is for body weight; COT is for metabolic cost of transport; lh is for long head. Gait snapshots cover a gait cycle starting at right heel strike; left leg segments are more transparent.




3.2. Influence of the Muscle-Tendon Parameters

Using personalized vs. generic muscle-tendon parameters resulted in a crouch (i.e., excessive knee flexion) vs. a more upright gait pattern (Figure 2 and Figure S1; Movies 3, 4). Personalized optimal fiber lengths and tendon slack lengths were generally smaller and larger, respectively, than their generic counterparts (Tables S1, S2). The use of personalized parameters resulted in decreased deviations [smaller root mean square error (RMSE)] between measured and predicted knee angles (RMSE of 17° and 11° for the left and right leg, respectively) as compared to the use of generic parameters (RMSE of 43° and 25°). The gastrocnemius lateralis and soleus (ankle plantarflexors) were activated earlier in stance with the crouch gait, as observed in the child's EMG. The vasti (knee extensors) activity was also increased during stance when the model walked in crouch. The COT was higher with the personalized parameters (crouch gait; 3.45 J kg−1m−1) than with the generic parameters (more upright gait; 3.18 J kg−1m−1). Predicted stride lengths were larger than the average stride length of the child but were within two standard deviations.



3.3. Influence of the Synergies With Generic Muscle-Tendon Parameters

Reducing the number of synergies in combination with generic muscle-tendon parameters did not induce the amount of crouch that was experimentally measured in the child, although it altered muscle coordination and increased COT (Figure 3 and Figure S2, Movie 5). The right knee flexion angles increased during stance with the reduction of the neuromuscular control complexity but were still smaller than experimentally measured. This was accompanied with increased rectus femoris (knee extensor) activity. The synergies had a limited effect on the left leg that had a straight knee pattern during stance. The COT increased with the reduction of the neuromuscular control complexity (3.58 and 3.90 J kg−1m−1 with four and three synergies, respectively). The synergies had little effect on the predicted stride lengths that were larger than the child's average stride length but were within two standard deviations. The synergies of the three-synergy case were similar to the first three synergies of the four-synergy case (average R2 and r over three common synergy activations and weight vectors, respectively, of both legs: 0.84 ± 0.19 and 0.83 ± 0.10). The additional synergy in the four-synergy case was activated in early stance and at the transition between stance and swing, and mainly consisted of hip adductors.


[image: Figure 3]
FIGURE 3. Influence of the synergies on walking gaits predicted with the generic muscle-tendon parameters. Variables from the right leg are shown over a complete gait cycle; left leg variables are shown in Figure S2. Vertical lines (solid) indicate the transition from stance to swing. Panels of synergy weights are divided into sections (A-I) to relate bars to muscle names provided in the bottom bar plot, which is an expanded version of the plot of weights with title 4 synergies: 3. Lh and sh are for long and short head, respectively. Weights were normalized to one. Experimental data is shown as mean ± two standard deviations. Gait snapshots cover a gait cycle starting at right heel strike; left leg segments are more transparent.




3.4. Influence of the Synergies With Personalized Muscle-Tendon Parameters

Reducing the number of synergies in combination with personalized muscle-tendon parameters had a minor effect on gait kinematics but altered muscle coordination and increased COT (Figure 4 and Figure S3, Movie 6). Specifically, synergies only had a slight effect on the kinematics during the swing phase of the right leg but affected the activation pattern of certain muscles (e.g., gastrocnemius medialis and lateralis). The COT increased with the reduction of the neuromuscular control complexity (3.94 and 4.09 J kg−1m−1 with four and three synergies, respectively). Stride lengths slightly decreased with synergies but remained larger than the child's average stride length. The synergies of the three-synergy case were similar to the first three synergies of the four-synergy case (average R2 and r: 0.85 ± 0.05 and 0.87 ± 0.09, respectively). The additional synergy in the four-synergy case was activated in early stance and at the transition between stance and swing, and mainly consisted of the gemellus, piriformis, tibialis posterior, and several ankle plantarflexors.


[image: Figure 4]
FIGURE 4. Influence of the synergies on walking gaits predicted with the personalized muscle-tendon parameters. Variables from the right leg are shown over a complete gait cycle; left leg variables are shown in Figure S3. Vertical lines (solid) indicate the transition from stance to swing. Panels of synergy weights are divided into sections (A-I) to relate bars to muscle names provided in the bottom bar plot, which is an expanded version of the plot of weights with title 4 synergies: 3. Lh and sh are for long and short head, respectively. Weights were normalized to one. Experimental data is shown as mean ± two standard deviations. Experimental EMG data was normalized to peak activations. Gait snapshots cover a gait cycle starting at right heel strike; left leg segments are more transparent.




3.5. Influence of Spasticity

Spasticity had a limited effect on muscle coordination and almost no influence on gait kinematics (Figure 5 and Figure S4, Movie 7). Specifically, spastic activity was predicted in the medial hamstrings in early stance but this had, overall, a minor effect on the total (i.e., combined spastic and non-spastic contributions) medial hamstrings activity when compared to simulations without spasticity. Bursts of spastic activity were also observed in early swing. Medial hamstrings activity contributes to knee flexion but since similar (timing and magnitude) activity profiles were predicted with and without spasticity, there was no difference in predicted knee flexion angles. A constant low spastic contribution was predicted for the gastrocnemius lateralis during stance, whereas a minor contribution was predicted for the gastrocnemius medialis during stance and at the transition between stance and swing. Spasticity hence does not explain the lack of right ankle dorsiflexion (i.e., increased plantarflexion) observed at the end of swing in experimental data. Similar observations hold with and without synergies. The COT increased when incorporating spasticity (3.75 and 4.18 J kg−1m−1 with zero and four synergies, respectively).


[image: Figure 5]
FIGURE 5. Influence of spasticity on the predicted muscle activity. Activations from right leg muscles only are shown over a complete gait cycle; left leg activations are shown in Figure S4. When accounting for spasticity, total activations (green) combine spastic (solid black) and non-spastic (dotted black) activations. Vertical lines indicate the transition from stance to swing. Experimental data is shown as mean ± two standard deviations. Experimental EMG data was normalized to peak activations. Lh is for long head. Gait snapshots cover a gait cycle starting at right heel strike; left leg segments are more transparent; the snapshots are for the case with no synergies.




3.6. Influence of Tracking the Kinematics of a TD Child

Tracking the TD kinematics while using personalized muscle-tendon parameters produced an upright gait pattern when not incorporating synergies, but decreased the overall gait performance (Figure 6 and Figure S5, Movie 8). Specifically, the simulated gait had a similar COT (3.46 J kg−1m−1) as the crouch gait pattern predicted without such tracking term but the contribution of most terms in the cost function increased, suggesting that walking upright is not prevented by mechanical constraints (i.e., aberrant musculoskeletal geometries and altered muscle-tendon properties) but is less optimal, due to these mechanical constraints, than walking in crouch for this child. The contribution of the muscle fatigue term increased by 29%, in part driven by higher activations of the glutei. The contribution of the joint acceleration, metabolic energy rate, and passive joint torque terms increased by 15, 15, and 36%, respectively, when walking upright. Similarly, passive muscle forces increased when walking upright for the iliacus and psoas (hip flexors), and biceps femoris short head (knee flexor). Knee flexion increased when adding synergies but did not reach the angle that was experimentally measured in the child (Figure S6). Nevertheless, this suggests that reduced neuromuscular control complexity may contribute to crouch gait. The gastrocnemius lateralis and soleus (ankle plantarflexors) were also activated earlier during stance with synergies. Imposing synergies increased the COT (4.12 and 4.05 J kg−1m−1 with four and three synergies, respectively).


[image: Figure 6]
FIGURE 6. Influence of tracking the TD kinematics on predicted walking gaits. Variables from the right leg are shown over a complete gait cycle; left leg variables are shown in Figure S5. Vertical lines indicate the transition from stance to swing. Experimental data is shown as mean ± two standard deviations. Muscle fatigue is modeled by activations at the tenth power. Passive muscle forces are normalized by maximal isometric muscle forces. Sh is for short head. Gait snapshots cover a gait cycle starting at right heel strike; left leg segments are more transparent. The influence of synergies on predicted walking gaits is depicted in Figure S6.





4. DISCUSSION

We demonstrated the ability of predictive simulations to explore the differential effects of musculoskeletal and motor control impairments on the gait pattern of a child with CP. In this specific case study, aberrant musculoskeletal geometries combined with altered muscle-tendon properties explained the key gait deviation of the child, namely the crouch gait pattern. Accounting for aberrant geometries alone (i.e., MRI-based model with generic muscle-tendon parameters) did not result in a crouch gait pattern. Despite altered muscle-tendon properties and aberrant geometries, the model could still adopt a more upright gait pattern (TD kinematics tracking). Yet such pattern was less optimal as it induced higher muscle fatigue compared to the crouch gait pattern. These simulations thus suggest that adopting an upright gait pattern for this child might produce an early onset of fatigue, which might explain in part why the child walks in crouch. Importantly, not only fatigue, but also joint accelerations, passive joint torques, and metabolic energy rates increased with an upright gait pattern, potentially contributing to the child's selection of a crouch gait pattern. It is worth underlining that we performed a single case study to demonstrate the ability of physics-based simulations to explore causal relations between musculoskeletal mechanics and motor control impairments on the one hand and gait mechanics and energetics on the other hand. This case study therefore does not validate the ability of our framework to predict subject-specific gait patterns. Future work will focus on validating the framework for predicting post-treatment gait patterns based on a larger population.

Decreasing the neuromuscular control complexity through a reduced number of synergies had, for this child, a lower effect on the simulated gait patterns than muscular deficits as evaluated when comparing simulated gait patterns obtained with personalized and generic muscle-tendon parameters. Nevertheless, the synergies resulted in increased knee flexion in several simulations, indicating that impaired selective motor control may contribute to gait deficits as suggested in prior simulation studies (Meharbi et al., 2019). In this study, we imposed the number of synergies but not the synergy structure (synergy weights and activations were optimization variables and not informed by experimental data). We thus explored the effect of reducing the neuromuscular control complexity but not the impact of imposing the child's experimental synergies. We expect this impact to be limited for this child since he had a good selectivity.

Our predictive simulations generated both movement patterns and the underlying synergies. Only imposing the number of synergies resulted in synergies that presented common features with those reported in the literature, such as one synergy activated during early stance and composed by the glutei and vasti, and one synergy activated during late stance consisting of the glutei, ankle plantarflexors, and iliacus (De Groote et al., 2014). This suggests that synergy structures might emerge from mechanical constraints and performance optimization during walking. Future research should explore this hypothesis based on a larger population.

Decreasing the number of synergies resulted in a larger COT for this child, as may be expected with a higher level of co-activations. This finding has been hypothesized in previous studies (Steele et al., 2017; Meharbi et al., 2019) but not tested explicitly. It is indeed difficult to dissociate the influence of the neuromuscular control complexity on the COT through experiments or based on measured data, since many other factors [e.g., spasticity (Hemingway et al., 2001) and weakness (van der Krogt et al., 2012)] might also play a role. Overall, our predictive simulations allow exploring the effects of isolated impairments on gait energetics, which was not possible through analyses based on measured data.

Spasticity had a minor influence on the predicted gait kinematics, suggesting a low impact of spasticity on gait performance for this child. This hypothesis is in agreement with several studies reporting a lack of correlation between spasticity as diagnosed during passive movements and determinants of gait (Ada et al., 1998; Marsden et al., 2012; Willerslev-Olsen et al., 2014). However, it would be premature to draw such conclusion based on this single case study. First, spasticity was only taken into account for the medial hamstrings and gastrocnemii, whereas the rectus femoris and several hip flexors and adductors were also reported to be spastic (Table 1). Including these other muscles may have an influence on walking performance. Second, experimental data from the spasticity assessment was only collected for the right leg, whereas bilateral spasticity was reported (Table 1). We optimized the feedback parameters using that data but used the resulting parameters for both legs, which might affect our predictions. Third, we used feedback parameters optimized from passive stretches to predict spasticity (i.e., reflex activity) during gait, assuming no reflex modulation. This assumption is in line with the decreased reflex modulation reported for patients with spasticity (Sinkjaer et al., 1996; Faist et al., 1999; Dietz, 2002; Dietz and Sinkjaer, 2007). Yet further research is needed to ensure that the same model is valid in passive and active conditions. Note that the current model does not distinguish between concentric and eccentric contractions, whereas spasticity is presumably only manifest upon muscle stretch. Finally, the optimized feedback gains depend on EMG that was normalized using scale factors optimized during the muscle-tendon parameter estimation. However, these factors may not truly reflect the magnitude of the spastic responses, which may result in an under- or over-estimation of the predicted spastic activity during gait. In previous work (Falisse et al., 2018), we showed that predicted spastic responses of the gastrocnemii were in agreement with large EMG signals observed in early stance in subjects landing on their toes. In this study, the child had a flat foot landing and we did not observe such EMG rise, therefore suggesting that the effect of spasticity of the gastrocnemii during gait might be limited for this child. Interestingly, our model captured this phenomenon as it did not predict large spastic activity in early stance.

Our analysis suggests that muscle-tendon properties rather than selective motor control and spasticity should be the target of interventions aiming to restore an upright posture for this child. This suggestion is in line with the surgical report and one-year post-operative gait analysis. Specifically, the child underwent SEMLS consisting of bilateral rectus femoris transfer, distal femur extension and derotation osteotomy, tibia derotation, and patella distalization that successfully addressed the knee extension deficits and restored the upright gait pattern. The intervention also included bilateral BTX injections in the psoas (hip flexor) and gracilis (hip flexor, adductor, and knee flexor) to reduce spasticity. However, BTX injections are unlikely to have had an effect one year post-treatment (Molenaers et al., 2010), suggesting a limited contribution of reduced psoas and gracilis spasticity on restored knee extension. Note that our study did not investigate the sensitivity of the predicted walking patterns to bone misalignment as we considered the same aberrant geometries for all analyses. Studying the effect of bone deformities on the gait pattern should be considered in future work.

Our simulations with personalized muscle-tendon parameters captured salient features of the child's walking pattern. Nevertheless, they deviated from measured data in different ways. In particular, our model did not adopt the observed flat foot landing. Such pattern might have different underlying roots. On the one hand, it might be an ankle strategy to add functional limb length and compensate for the knee extension deficits. Our simulations did not predict such compensation strategy but also lacked knee flexion in early stance as compared to measured data (Figure 2). Increased knee flexion might strengthen the need for ankle compensation, causing the model to adopt a flat foot landing. On the other hand, it might be due to contracture of the plantarflexors (Wren et al., 2005; Mathewson et al., 2015) although this hypothesis is less likely for this child who had a normal ROM in terms of plantarflexion.

Other factors might have contributed to the deviations between predicted and measured movements. First, the musculoskeletal model had generic rather than personalized (i.e., MRI-based) geometries for feet and tibias. Since the child later underwent a surgery that included bilateral tibia derotation, these generic geometries might have contributed to the gait deviations. Second, the clinical examination indicated that the child's trunk was leaning forward. This is likely a compensation strategy, since no fixed lordosis was reported. However, our model had a very simple trunk representation (i.e., one joint with three degrees of freedom), limiting the emergence of compensation strategies. How to model the trunk to capture such compensations remains an open question. Third, our control strategy likely did not capture all complex control mechanisms that might be at play during gait. For instance, we did not consider in our cost function criteria such as head stability (Menz et al., 2003) and pain that might contribute to gait control. Further, we designed our cost function based on previous work with a healthy adult but the same performance criterion might not hold for children with CP. Nevertheless, our cost function predicted, as expected, a crouch gait pattern with personalized parameters and a more upright gait pattern with generic parameters, suggesting that it captured at least part of the child's control strategy. Finally, the personalized muscle-tendon parameters might not accurately capture the effect of the child's altered muscle-tendon properties. In previous work (Falisse et al., 2017), we underlined the importance of incorporating experimental data from multiple functional movements when calibrating muscle-tendon parameters in order to obtain valid parameter estimates (i.e., representative of the subject). In this study, the available experimental data was limited to walking trials and passive stretches from one leg. Hence, it is likely that some parameters were calibrated to fit the experimental data but did not truly reflect the force-generating capacities of the child. When used in conditions different from the experiments, these parameters may hence result in non-representative force predictions. A challenge for upcoming research will be the design of experimental protocols to collect experimental data that contains sufficient information for providing valid muscle-tendon parameter estimates while accounting for physiological limitations of impaired individuals and practical limitations of clinical contexts. It is also worth noting that our parameter estimation procedure only adjusted optimal fiber lengths and tendon slack lengths, whereas other parameters may need to be personalized, such as maximal isometric muscle forces, tendon compliance, or maximal muscle contraction velocities. The muscle force-length-velocity relationships might also be altered in children with CP due to their longer sarcomere lengths. Overall, further tuning of the neuro-musculoskeletal model and validation of the simulation framework outcome with a large population are necessary for augmenting the representativeness of the simulations.



5. CONCLUSION

This study used predictive simulations to identify the main treatment targets for a child with CP. The results showed that, in the presence of aberrant musculoskeletal geometries, altered muscle-tendon properties rather than reduced neuromuscular control complexity and spasticity were the primary driver of the impaired crouch gait pattern observed for the child. Based on this observation, we would recommend altered muscle-tendon properties to be the primary target of clinical interventions aiming to restore a more upright posture, which is in line with the surgical report and one-year post-operative gait analysis. Validation of our simulation workflow through analysis of more cases is, however, necessary to build confidence in the simulation outcomes. Such validation would open the door for predicting the functional outcome of treatments on walking performance by allowing in silico assessment of the effect of changes in the neuro-musculoskeletal system on the gait pattern.
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Sensory dysfunction is prevalent in cerebral palsy (CP). Evidence suggests that sensory deficits can contribute to manual ability impairments in children with CP, yet it is still unclear how they contribute to balance and motor performance. Therefore, the objective of this study was to investigate the relationship between lower extremity (LE) somatosensation and functional performance in children with CP. Ten participants with spastic diplegia (Gross Motor Function Classification Scale: I-III) and who were able to stand independently completed the study. Threshold of light touch pressure, two-point discriminatory ability of the plantar side of the foot, duration of cutaneous vibration sensation, and error in the joint position sense of the ankle were assessed to quantify somatosensory function. The balance was tested by the Balance Evaluation System Test (BESTest) and postural sway measures during a standing task. Motor performance was evaluated by using a battery of clinical assessments: (1) Gross Motor Function Measure (GMFM-66-IS) to test gross motor ability; (2) spatiotemporal gait characteristics (velocity, step length) to evaluate walking ability; (3) Timed Up and Go (TUG) and 6 Min Walk (6MWT) tests to assess functional mobility; and (4) an isokinetic dynamometer was used to test the Maximum Volitional Isometric Contraction (MVIC) of the plantar flexor muscles. The results showed that the light touch pressure measure was strongly associated only with the 6MWT. Vibration and two-point discrimination were strongly related to balance performance. Further, the vibration sensation of the first metatarsal head demonstrated a significantly strong relationship with motor performance as measured by GMFM-66-IS, spatiotemporal gait parameters, TUG, and ankle plantar flexors strength test. The joint position sense of the ankle was only related to one subdomain of the BESTest (Postural Responses). This study provides preliminary evidence that LE sensory deficits can possibly contribute to the pronounced balance and motor impairments in CP. The findings emphasize the importance of developing a thorough LE sensory test battery that can guide traditional treatment protocols toward a more holistic therapeutic approach by combining both motor and sensory rehabilitative strategies to improve motor function in CP.
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INTRODUCTION

Sensory inputs are crucial for the developing nervous system because they allow for the proper synaptic organization of the brain. In particular, somatosensory information is important for motor learning in the early stages of development and provides the foundation for acquiring more complex behavioral skills (Cascio, 2010; Maitre et al., 2012). Abnormal somatosensory processing has been associated with communication, motor, and social skill deficits in a range of neurodevelopmental disorders like cerebral palsy (CP; Cascio, 2010). Even though CP has been traditionally characterized as a developmental disorder of movement and posture, the reclassification of CP acknowledges coexistent sensory information and sensory processing deficits associated with this pathology (Rosenbaum et al., 2007).

Sensory deficits in CP have been primarily attributed to the injury of the immature brain and, secondarily, stem as a result of limited learning experience (Clayton et al., 2003; Rosenbaum et al., 2007) because motor impairments may not allow environmental exploration; a crucial element in development. Numerous imaging studies showed thalamocortical pathway disruption and aberrant somatosensory cortical activation in children with spastic CP (Burton et al., 2009; Kurz et al., 2014a,b, 2015; Papadelis et al., 2014, 2018), suggesting sensory processing dysfunction. Further, evidence demonstrated that the desynchronization of neuronal discharges in the somatosensory cortex has been related to the amount of error in ankle force performance (Kurz et al., 2014b), indicating that impaired feedback mechanisms can affect the skeletal musculature’s ability of persons with CP to adapt in a changing environment. Abnormal sensorimotor oscillatory activity during a knee extension task has shown that children with CP may have anticipatory feedforward control deficits, as their limited environmental exploration early in life does not allow them to develop appropriate internal models for a successful motor response (Kurz et al., 2014a). Altogether, the aforementioned findings suggest that sensory processing deficits associated with this pathology may lead to impaired motor planning and diminished postural control.

Clinical studies have reported somatosensory impairments in upper extremities (Cooper et al., 1995; Wingert et al., 2008, 2010; Auld et al., 2012a,b) affecting up to 90% of children with hemiplegia (Bleyenheuft and Gordon, 2013). Most of these studies showed tactile deficits that have been associated with poor unimanual and bimanual motor performance and inability to characterize an object by its properties (i.e., weight, texture, shape, etc.; Auld et al., 2012b). Additionally, impaired somatosensory integration has negatively influenced feedforward motor control mechanisms during precision grip tasks even in cases where only one hand was primarily affected as in unilateral CP (Bleyenheuft and Gordon, 2013). By using a fingertip force paradigm, Gordon et al. (1999) showed that children with hemiplegia presented anticipatory control deficits in the affected hand due to disrupted sensory information (Gordon and Duff, 1999). In a systematic review of the precision grip and sensory impairments in CP, it was concluded that the relationship between sensory dysfunction and prehension deficits needs to be delineated to improve the design of more focused and effective neurorehabilitation approaches for manual function (Bleyenheuft and Gordon, 2013).

Studies have also found that children with CP exhibit lower extremity (LE) somatosensation deficits (McLaughlin et al., 2005; Wingert et al., 2009). Specifically, impairments in pain (McLaughlin et al., 2005), position sense of the knee (McLaughlin et al., 2005) and hip (Wingert et al., 2009), and direction of scratch (McLaughlin et al., 2005) have been reported in spastic CP. Kurz et al. (2015) provided evidence on the relationship between somatosensory cortical activation and mobility as they showed that an abnormal cortical response to plantar tactile stimulation may have a negative impact on walking ability and plantar flexors’ strength in this population. Also, hip proprioception deficits in children with unilateral and bilateral CP have been linked to increased postural sway and decreased gait velocity, even when visual information was upregulated (Damiano et al., 2013). Overall, deficits in sensory information and processing contribute to motor impairments; however, for children with CP, the relationship between foot and ankle somatosensory function and balance performance is not clear.

The aim of the current study was to delineate the contribution of decreased plantar cutaneous feedback and inaccurate ankle proprioceptive input on balance control and motor performance in children with CP. We hypothesized that plantar cutaneous and ankle proprioception deficits would be related to impaired balance and motor function in this population. The findings shed light on how to design more effective sensory-oriented rehabilitative protocols in CP.



MATERIALS AND METHODS


Participants

Ten ambulatory children with spastic diplegia, who were able to stand without any assistive device, were recruited from the outpatient CP clinic at Shriners Hospital for Children in Philadelphia, PA, USA. All participants were able to follow multiple-step commands to complete the somatosensory assessments and clinical measures. Children with a history of the selective dorsal rhizotomy, a score of 4 on the modified Ashworth scale, severe scoliosis (primary curve >40°), LE joint instability, and marked visual, hearing, and vestibular deficits were excluded from the study. Additional exclusion criteria were: LE orthopedic surgery or fracture in the year prior participation, botulinum toxin injections within the past 6 months, and pregnancy if the participant was female. The protocol was approved by the Western Institution Review Board (IRB) and the IRB of Temple University and the University of Delaware. Informed parental consent and child assent or consent forms in accordance with the Declaration of Helsinki were obtained prior to participation.



Experimental Procedures


Somatosensory Function

All the children completed a comprehensive clinical evaluation to document their foot and ankle somatosensory function. Light touch pressure sensation was assessed by using the 6-item Monofilaments kit (Baseline®, White Plains, New York, NY, USA) at the first and fifth metatarsal heads and heel of the plantar side of each foot (Meyer et al., 2004; Citaker et al., 2011; Cruz-Almeida et al., 2014). The light touch pressure threshold was defined as the thinner monofilament value the participant correctly identified twice out of three trials for each application site. Two-point discrimination was assessed by using an aesthesiometer (Baseline®, White Plains, New York, NY, USA) on the forefoot and heel of the plantar side of each foot (Meyer et al., 2004; Citaker et al., 2011), and scored as the minimum distance in mm between two stimulus points (Meyer et al., 2004; Citaker et al., 2011; Auld et al., 2012a), which were correctly identified as distinct points twice out of three trials for each site. Cutaneous vibration sensation was evaluated by using a 128 Hz tuning fork (Rydel–Seiffer graduated tuning fork, Martin Tuttlingen, Germany) at the first metatarsal head and medial malleolus bilaterally (McLaughlin et al., 2005; Citaker et al., 2011). This is a reliable and valid clinical tool that is used to evaluate vibration perception impairments (Alanazy et al., 2018; Marcuzzi et al., 2019). The duration of the perceived vibration stimulus (average of three trials) for each site was recorded. For the ankle joint position sense assessment, the participant was instructed to actively reproduce, as accurately as possible, a target joint angle position for each leg. The magnitude of error between the performance and target joint angle was recorded to the nearest degree (average of three trials) for each ankle (Wingert et al., 2009; Damiano et al., 2013).

All the aforementioned testing procedures were performed in random order, without visual feedback, and the total testing duration was approximately 1 h. To determine an individual’s threshold for each somatosensory test (overall score) and each site of sensory stimulus application (site-specific score), the average of the combined left and right side scores were computed. In addition, the overall score for each somatosensory test was calculated by averaging the values of all the application sites for every somatosensory modality. Both overall and site-specific scores were used in the analyses.



Balance Performance


Postural Control

The Balance Evaluation Systems Test (BESTest) is a 36-item physical performance scale and was employed to assess balance in the following postural control domains: (1) Biomechanical Constraints; (2) Stability Limits/Verticality; (3) Anticipatory Postural Adjustments; (4) Postural Responses; (5) Sensory Orientation; and (6) Stability in Gait (Horak et al., 2009). Each item was assessed on a four-point scale and percentage scores were calculated for each domain with higher scores suggesting better balance performance. An overall BESTest score was also computed. The BESTest can discriminate postural control abilities in children with typical development with high reproducibility (Dewar et al., 2017) and has been also used previously in children with CP to evaluate balance after the completion of a treadmill training protocol (Kurz et al., 2011).



Standing Balance

Standing balance was assessed by postural sway measures (COP-based measures; Zarkou et al., 2018). Children stood barefoot on two force plates with their feet in a neutral position—the distance between heels was approximately 11% of each subject’s height and at a 14° degrees angle between each foot and the midline (Hwang et al., 2014). Tape traces of the feet on the force plates were used to ensure consistent positioning between trials. The children were instructed to stay as motionless and upright as possible and were asked to keep their gaze straight ahead at the eye level. The duration of each trial was 25 s for a total of two trials and the resting interval between trials depended on each participant’s comfort and fatigue level. Finally, an overhead harness system was used to prevent falls during each trial.

For kinetic assessment of balance, two AMTI force plates (OR6-7-1000, Advanced Mechanical Technology Inc., Watertown, MA, USA) were used. The force plate data were collected by using Vicon Nexus software (v1.8.5) at 100 Hz sampling rate and filtered with a fourth-order, zero-phase response, low-pass Butterworth filter with a cutoff frequency of 5 Hz (Prieto et al., 1996; Ross et al., 2013). Then, the resultant COP velocity (COPV) and 95% COP Confidence ellipse area (COPA) were computed (Zarkou et al., 2018) and used to investigate their relationship with LE light touch pressure, two-point discrimination, cutaneous vibration, and ankle joint position sense.


Motor Performance


Gross Motor Ability

The Gross Motor Function Measure Item Set (GMFM-66-IS), the abbreviated version of Gross Motor Function Measure 66 (GMFM-66), is a standardized instrument designed to measure the change in gross motor function in children with CP (Russell et al., 2010). For GMFM-66-IS, an algorithm of three decision items from GMFM-66 (items 23, 67, and 85) was used to define which of the four available item sets can be administered (Russell et al., 2010) to more accurately represent each child’s function level. It has been reported that there is no systematic difference between different item sets (Russell et al., 2010) with high levels of validity and reliability (ICC > 0.98; Brunton and Bartlett, 2011). For the purposes of this study, the item sets 3 (n = 39 items) and 4 (n = 22 items) were used since our participants had only mild mobility impairments (GMFCS I- III; they were able to stand without the assistive device). Each item was graded on a four-point scale ranging from 0 (does not initiate the required task) to 3 (completes the required task) and was scored by a physical therapist using GMAE software.



Walking Ability

Spatiotemporal characteristics of gait were evaluated while children walked on an instrumented walkway (GAITRite®, CIR Systems Inc., Franklin, NJ, USA). The GAITRite mat was positioned on the floor and children started walking 1.2 m before the beginning of the mat (acceleration walkway) and continued walking 1.2 m after reaching the end of the mat (deceleration walkway). The acceleration and deceleration walkways ensured that the children walked on a steady speed over the instrumented walkway. Subjects were tested in bare feet walking at their fast speed and without using any assistive device. Two to six trials were collected depending on children’s number of steps per trial (i.e., at least 16 steps). To qualify as a valid walking pass, trials had to include at least four consecutive footfalls on the instrumented walkway. The first four gait cycles for each side (right and left) were used for further analyses; thus, collecting a total of eight strides allowed for reliable estimation of gait parameters in children with CP (GMFCS I-III; Redekop et al., 2008). The following spatiotemporal parameters were collected: gait speed and step length normalized to height (Non-Dimensional approach; Stansfield et al., 2003). All values from the selected gait cycles were averaged for each variable of interest.



Functional Mobility

The Timed Up and Go (TUG) test quantifies functional mobility. Children rose from a seated position, walked 3 m, turned around, and walked back to the chair and sat down as quickly and safely as possible (Williams et al., 2005). The test was repeated three times and the average time was recorded. Participants performed the test barefoot without using an assistive device. The 6-Minute Walk Test (6MWT) assessed children’s walking aerobic capacity (Maher et al., 2008; Fitzgerald et al., 2016). Each subject was asked to ambulate around a fixed course as safely and quickly as possible. The distance that the individual was able to traverse in the allotted time was recorded. Only one child with CP needed to use a walker to complete the test.



Strength

The Maximum Volitional Isometric Contraction (MVIC) of triceps surae, bilaterally, was assessed by a computerized controlled dynamometer (KinCom II, Chattecx Corporation, Chattanooga, TN). Children were positioned in the dynamometer for triceps surae testing as previously described in the literature (Stackhouse et al., 2005). A total of three trials for each side were collected with a 3-min resting period between trials. During each trial, visual feedback and enthusiastic verbal encouragement were provided to children. The peak MVIC value was normalized with each subject’s body weight and then the left and right MVIC were averaged and used for subsequent analyses.


Statistical Analyses

Due to the small sample size of this pilot study, median and interquartile ranges (IQR) were computed for the demographic characteristics and the sensory and motor function clinical assessments. Further, Spearman rank correlation coefficients were calculated to determine the relationships between somatosensory function and the respective clinical measures that assess balance and motor performance. According to Cohen’s standards, rho coefficients greater than 0.5 indicate strong relationships, 0.3–0.5 moderate relationships, and 0.1–0.3 weak relationships (Cohen, 1988). Statistical significance was set at p < 0.05. The SPSS (version 23; SPSS Inc., Chicago, IL, USA) statistical software was used for the analyses.









RESULTS

A total of 10 children with CP participated in this study. The median and IQR for age, height, and weight were 15.62 years (13.37–18.15), 165.8 cm (150.5–170), and 58.25 kg (38.25–74.23) respectively. The demographic characteristics of each individual are presented in Table 1.

TABLE 1. Participants’ demographic information. All children were diagnosed with spastic diplegic cerebral palsy (CP).
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For the rest of the foot and ankle somatosensory tests and motor function clinical measures, the median and IQR values are presented in Table 2.

TABLE 2. Median and Interquartile Range (IQR) values for somatosensory and motor function assessments in children with CP.
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Relationships Between Somatosensation and Balance

Spearman rho correlation coefficients, presented in Table 3, were computed to assess the relationship between somatosensory function (overall scores) and balance performance.

TABLE 3. Spearman’s rank correlations between the somatosensation thresholds and balance control scores in children with CP.

[image: image]

Two-point discrimination was strongly related with the BESTest score in all subdomains (rho = −0.57 to −0.83, p < 0.05)—except for the Anticipatory Postural Adjustments subdomain—and the COPA (rho = 0.86, p = 0.001). A strong relationship was also revealed between vibration sensation and the Stability Limits/Verticality subdomain of BESTest (rho = −0.56, p = 0.048) and COP measures (COPV: rho = 0.69, p = 0.014; COPA: rho = 0.73, p = 0.008). Scatterplots partially summarize these results (Figure 1).


[image: image]

FIGURE 1. Scatter plots of the relationships between two-point discrimination (A,B) and vibration (C,D) senses and balance ability using Spearman’s rank correlations in the children with cerebral palsy (CP). Each data point reflects a participant.



Ankle joint position sense was significantly associated with the Postural Responses subdomain of BESTest (Figure 2: rho = −0.70, p = 0.019). For all the above relationships, the rho coefficients’ negative value indicated that the higher the somatosensory assessment thresholds indicating greater impairment, the lower children’s score in the BESTest; whereas, the positive value suggested that the higher the somatosensory thresholds the larger the postural sway measures during the standing balance test.
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FIGURE 2. Scatter plot of the rank of the Balance Evaluation System Test (BESTest) score in the 4th Subdomain (postural responses) and the rank of the ankle joint position sense in the children with CP. Each data point reflects a participant.



Spearman rho correlation coefficients were also computed to characterize the relationships between the site-specific scores of the somatosensory tests and the balance clinical measures (Table 4). In particular, there was a negative correlation between the two-point discrimination in the forefoot area with two of the subdomains of the BESTest (Stability Limits/Verticality: rho = −0.68, p = 0.015; Stability in Gait: rho = −0.58, p = 0.04). Similarly, two-point discrimination in the heel area was strongly related to three of the subdomains of BESTest (rho = −0.62 to −0.65, p < 0.05). Vibration sensation in the first metatarsal site demonstrated a strong negative relationship with the overall BESTest score (rho = −0.60, p = 0.033) and the score in Stability Limits/Verticality, Postural Responses, and Stability in Gait subdomains of BESTest (rho = −0.62 to −0.70, p < 0.05). These correlations suggested that the higher the two-point discrimination thresholds and the longer the vibration stimulus was perceived the poorer that participants performed in the BESTest, showing impaired postural control in these children (Table 4).

TABLE 4. Spearman’s rank correlations between two-point discrimination and vibration senses, at different application sites, and balance ability measures in children with CP.
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Two-point discrimination in the forefoot and heel sites and cutaneous vibration sensation in the first metatarsal site showed a strong positive relationship with the COPA (rho = 0.72–0.77, p < 0.01). Additionally, increased two-point discrimination thresholds and longer vibration perception in the forefoot and medial malleolus areas, respectively, were significantly associated with the increased velocity of COP sway (rho = 0.65, p = 0.02 and rho = 0.77, p = 0.004). Finally, none to weak relationships were found between site-specific scores for light touch pressure and the balance performance measures.



Relationships Between Somatosensation and Motor Function

Children with higher light touch pressure thresholds in their plantar side of the foot (overall score) were more likely to cover a shorter distance during the 6MWT, as indicated by the negative rho coefficient of −0.55 (p = 0.048; Figure 3).
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FIGURE 3. Scatter plot of the rank of the 6-Minute Walk Test (6MWT) and the rank of the light touch pressure in the children with CP. Each data point reflects a participant.



Furthermore, only the cutaneous vibration sensation of the first metatarsal head demonstrated a significantly strong relationship with motor performance as measured by GMFM-66-IS, spatiotemporal gait parameters, TUG, and plantar flexor strength (Figure 4). More specifically, the longer the children were able to perceive the vibration stimulus in the first metatarsal area the more likely they were to have limitations in gross motor function (rho = −0.63, p = 0.025), and walking ability (gait velocity: rho = −0.78, p = 0.004; step length: rho = −0.59, p = 0.036), functionality (TUG: rho = 0.66, p = 0.02), and plantar flexors’ strength (rho = −0.61, p = 0.029). The rest of the somatosensory site-specific scores were weakly to moderately associated with motor function tests, and these relationships were not statistically significant.
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FIGURE 4. Scatter plots of the Spearman’s rank correlations between the rank of the vibration stimulus when applied in the first metatarsal area and the rank of motor performance variables [i.e., postural control (A), gross motor function (B), gait velocity (C), step length (D), functional mobility (E), and plantar flexors’ strength (F)] in children with CP. Each data point reflects a participant.






DISCUSSION

This study investigated the relationship between foot and ankle somatosensory and motor function in children with spastic diplegic CP. Our results demonstrated that foot and ankle somatosensation is strongly related to standing balance and motor performance; thus, supporting the notion that plantar cutaneous and ankle proprioceptive deficits may contribute to the postural control and mobility impairments in this population. These clinical findings emphasized the importance of developing a thorough LE sensory test battery that can identify subject-specific sensory deficits and, therefore, guide traditional treatment protocols toward a more comprehensive therapeutic approach by combining motor and sensory rehabilitative strategies to improve motor function in CP. Also, our findings are particularly noteworthy in light of existing evidence indicating that enhancing sensory inputs through stochastic resonance stimulation applications can improve balance in children with CP (Zarkou et al., 2018).


Relationship Between Somatosensation and Balance

Flexible postural control and motor planning require organizing and integrating visual, vestibular, and somatosensory inputs to efficiently coordinate motor actions (Shumway-Cook and Woollacott, 2012). Research indicates that individuals with CP may depend primarily on feedback from their visual and vestibular systems in environments that challenge balance compared to individuals without CP (Yu et al., 2019). Impairments in at least one of the aforementioned sensory systems could be a contributing factor in the poor balance control exhibited by children with CP. Postural control deficits in this population have been attributed to biomechanical changes in postural alignment as well as to central nervous system (CNS) sensory processing impairments (Papadelis et al., 2014; Kurz et al., 2015; Pavão et al., 2015). Our results showed that LE somatosensory function is strongly related to balance performance in CP and, therefore, impairments in the plantar cutaneous and ankle proprioceptive function may partially contribute to balance deficits.

Among the tested somatosensory modalities, two-point discrimination in the plantar side of the foot was significantly associated with all but one of the subdomains of BESTest and the area of COP sway during quiet stance. Specifically, the larger the distance between the two applied stimuli that children perceived as distinct, the poorer they performed in five different underlying systems that contributed to postural control, hence suggesting generalized balance problems in CP. When investigating the site-specific scores for two-point discrimination, we found that both the forefoot and heel areas contributed to the observed poor balance performance. These findings indicated that limited spatial and temporal tactile information from the anterior and posterior supporting zones of the foot (i.e., forefoot and heel areas; Kavounoudias et al., 1998) may result in inability to trigger the appropriate compensatory responses to maintain a stable upright stance in CP.

Vibration sensation in the first metatarsal area showed significant relationships with three subcategories of BESTest and the area of COP sway. These findings suggested that when children were able to perceive vibration sensation for a longer period of time, they showed decreased functional stability limits, impaired compensatory postural responses, and dynamic and static stability deficits. Previous research in vibration sensation reported that children with CP were not able to properly identify a vibration stimulus in their LE (McLaughlin et al., 2005). Further, we showed that children with CP, although they did not perform significantly different compared to controls, they perceived the vibration stimulus for a longer period (Zarkou, 2017). Conversely, for individuals with multiple sclerosis (Citaker et al., 2011) the duration of the perceived vibration is shorter compared to healthy adults and this has been attributed to spinal dorsal column abnormalities associated with this pathology (Zackowski et al., 2009). Temlett (2009) showed that the duration of the vibration sensation also declines with age due to nerve fibers degeneration and deterioration of Pacinian corpuscles, which are the primary mechanoreceptors of cutaneous vibration sensation. Evidence suggests that vibrotactile stimulation at the foot activates Pacinian corpuscles, but can also modulate ankle joint proprioception, thus indicating an interplay between tactile and proprioceptive inputs (Mildren and Bent, 2016) that both contribute to postural control (Kavounoudias et al., 2001). In this study, the recorded longer period of vibration sensation in CP may have indicated aberrant and prolonged processing and integration of the afferent vibratory input by the CNS that resulted in impaired balance control. This corroborates brain imaging findings proposing that sensory processing deficits contribute to the motor planning and execution impairments in spastic diplegia (Burton et al., 2009; Kurz et al., 2014a,b; Kurz et al., 2015).

Ankle joint position sense errors were significantly related to the Postural Responses subdomain of BESTest. In particular, for this category’s balance tasks, children were required to regain their equilibrium with and without taking a step following perturbations in different directions (i.e., forward, backward, or lateral) induced by the examiner’s hands (Horak et al., 2009). Children with CP were unable to elicit an appropriate postural response to unexpected perturbations, receiving a median group score of 30.55 out of the maximum 100. The lower they scored in this subdomain, they presented larger errors in reproducing the target ankle position during the joint position sense test. These findings potentially demonstrate that ankle proprioceptive deficits did not allow for proper sensory feedback during the execution of the motor response and, therefore, children with CP were unable to regain equilibrium during a challenging balance task. Similarly, Damiano et al. (2013) reported that increased hip proprioception errors were significantly related to increased postural sway during quiet stance and decreased gait velocity in CP. Altogether, the findings suggested that evaluation of proprioception should be incorporated into LE sensory battery tests, especially in light of evidence that proprioceptive deficits can be exacerbated by the loss of plantar cutaneous inputs affecting balance stability (Meyer et al., 2004).



Relationship Between Somatosensation and Motor function

In our previous work, we showed that light touch pressure thresholds significantly increased in children with CP compared to their age-matched typically developing peers (Zarkou, 2017). Although higher light touch pressure thresholds have been associated with poor balance performance in older adults (Cruz-Almeida et al., 2014), individuals with multiple sclerosis (Citaker et al., 2011), and peripheral neuropathy (Perkins et al., 2001; Kars et al., 2009), this study demonstrated that the only significant relationship in children with CP was between light touch pressure and the 6MWT, yet it was not associated with balance measures. Specifically, higher light touch pressure thresholds were significantly related to shorter distances covered over a 6 min period. A possible explanation is that during dynamic activities like gait, in which the loading response may be equivalent to several times the bodyweight of the individual, the plantar mechanoreceptors’ thresholds are more likely to be reached compared to simpler balance tasks that involve lower levels of plantar pressure like the ones that occur during postural shifts to maintain standing balance (Cruz-Almeida et al., 2014). Therefore, the impact of the plantar light touch pressure deficits on postural stability in CP may be more evident during a prolonged walking task, like the 6MWT.

Interestingly, the cutaneous vibration sensation at the first metatarsal head was the only sensory modality that was significantly related to the majority of the clinical motor assessments. In particular, longer duration of the vibration perception was significantly related to impaired gross motor and walking function, functional mobility, and plantar flexors’ strength. These findings implied that vibratory inputs from the first metatarsal head, as provided by the stimulation of Pacinian corpuscles that are located at both the subcutaneous tissue, bony periosteum, and joint ligaments (Temlett, 2009), are crucial for static and dynamic postural control. Moreover, our findings corroborate previous work reporting that decreased sensory inputs from the first metatarsal head area have been associated with decreased score in the Berg Balance Scale and walking speed in older adults (Cruz-Almeida et al., 2014). Hence, future studies should focus on delineating the reweighting of LE somatosensory cues—especially from the first metatarsal head area- and how it affects motor function not only during static but also dynamic and prolonged activities.

This work highlighted the strong relationship between somatosensory function and variables of balance and motor performance in CP even with small sample size. These observations may imply that somatosensory dysfunction is highly pervasive in children with CP, however, we urge caution in interpreting these results because of the small sample size. Furthermore, we acknowledge the fact that musculoskeletal deficits, along with poor somatosensory ability, can contribute to the noted motor impairments witnessed in children with CP as this pathology is multifactorial. Finally, over the course of the past decade, neuroimaging evidence has supported the existence of somatosensory processing deficits and abnormal sensorimotor connectivity in this population (Burton et al., 2009; Kurz et al., 2014a,b, 2015; Papadelis et al., 2014, 2018), however, there is limited research on the clinically detectable LE somatosensory impairments. Combining brain-imaging techniques with our clinical assessment methods may have further strengthened the results of this study.




CONCLUSION

Somatosensory system is essential to motor control by providing information for the formulation of the appropriate feedforward anticipatory strategy and for the regulation of the feedback mechanism, which allows the correction of performance errors during the execution of a motor plan (Ghez, 1991; Schmidt and Lee, 2011); therefore, impairments in this system may impact motor behavior. In support of prior imaging work (Burton et al., 2009; Kurz et al., 2014a,b, 2015; Papadelis et al., 2014, 2018), our clinical findings suggested that sensory processing dysfunction is partially contributed to the motor planning and execution impairments that affect postural control and motor function in CP. Specifically, we provided evidence that somatosensory deficits in the LEs, especially two-point discrimination and cutaneous vibration sensation, appear to strongly influence balance and motor performance in children with spastic diplegia. Therefore, addressing the reported somatosensory impairments may contribute to postural stability and functional mobility improvements in this population.

Our research proposed that using a simple battery of clinical tests to assess somatosensation allows for the identification of tactile and proprioceptive deficits, and thus provides important information for clinical care in CP. Further research is required to investigate the minimum necessary number of somatosensory assessments that should be included in the clinical practice. A short screening tool that includes modality and site-specific tests besides being administered in a timely manner can potentially identify motor function declines in CP. In addition, it can guide traditional treatment protocols toward a more holistic therapeutic approach by combining motor and sensory rehabilitative strategies to improve overall functionality and quality of life in CP.
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Unilateral Cerebral Palsy (UCP), the most frequent form of Cerebral Palsy, usually affects more the upper limb (UL) than the lower limb. Rehabilitation programs are addressed to improve manual abilities and UL use. In recent years, Information and Communication Technology (ICT) has been introduced in rehabilitation to increase treatment opportunities for patients, and also in home-based intervention. Moreover, the discovery of the Mirror Neuron System allowed to insert a new paradigm of treatment that is the Action Observation Training (AOT). The aim of the present study was to investigate the feasibility of a new rehabilitative home-based approach, called Tele-UPCAT (Tele-monitored UPper Limb Children Action Observation Training), based on the principles of AOT, in a group of Italian children and adolescents with UCP. This investigation was to provide information about the possibility of introducing ICT in telerehabilitation field. Twenty-nine children aged 11.73 ± 3.65 years (range 6.00–18.75) with a diagnosis of UCP participated in the study. They carried out 15 days of training based on the AOT paradigm with Tele-UPCAT system while wearing Actigraphs on both wrists. The feasibility of both training and study design and procedures was assessed through nine criteria taken from existent literature and from a questionnaire designed and realized ad hoc for the purpose, based on standard items of usability and acceptability. All feasibility criteria were met: 80% of training sessions were completed in the planned time and no significant technical issues were found. From the questionnaire, total scores were all above 82.15%, while the four sections obtained the following scores: (i) customization of exercises 80.00%; (ii) acceptability at home, 77.50%; (iii) required effort 80.00%; and (iv) suitability of manual and software 95.00%. No differences were found for age and sex. Tele-UPCAT demonstrated to be feasible as a home-based AOT for children and adolescents with UCP. Trial registration NCT03094455.

Keywords: feasibility, home-based training, action-observation training, upper limb, unilateral cerebral palsy, children


INTRODUCTION

Unilateral Cerebral Palsy (UCP) is the most frequent form of Cerebral Palsy, representing 30–40% of all affected children (1, 2). Due to the fact that in the majority of cases the upper limb (UL) is more affected than the lower limb (LL), rehabilitation programs are mainly addressed to improve manual abilities and UL use and integration. Together with the traditional methods of rehabilitative intervention, the discovery of the Mirror Neuron System allowed to insert a new paradigm of treatment, that is, the Action Observation Training (AOT) (3). The AOT is based on neurophysiological knowledge that the observation of a goal-directed action activates the same neural substrate, the Mirror Neuron System, as the physical execution of the same action (4, 5). AOT evidence is rising in literature, mainly in adult population, but in some works, it has been used also in pediatric samples (6–10).

Beside face-to-face trials, the recent introduction of Information and Communication Technologies (ICTs) has increased treatment opportunities for patients directly at home. Home-based therapies, defined as “therapeutic activities that the child performs with parental assistance in the home environment with the goal of achieving desired health outcomes” (11), represent a way to facilitate children and adolescent access to rehabilitation and to enhance motivation.

Innovative rehabilitation trainings based on ICT devices have been introduced to increase opportunities and to add objective data in rehabilitation. The use of ICT for rehabilitation purposes at home is referred to as telerehabilitation (12, 13). Telerehabilitation allows care continuity and limits time and economic demands for families and institutes. Moreover, it enables precise monitoring of patients' performance through online tracking (14, 15).

From the union between the innovative paradigm of treatment that is the AOT and the innovative approach represented by the home-based therapy, the Tele-UPCAT (Tele-monitored UPper Limb Children Action Observation Training), built by the BioRobotics Institute of Scuola Superiore Sant'Anna in collaboration with IRCCS Fondazione Stella Maris, has been recently introduced in the panorama of rehabilitative proposals for children with UCP (16).

Tele-UPCAT is a platform to practice AOT at home, designed to be user-friendly both for children and adolescents, at home in a playful setting with integrated smart features. In fact, two age-related interfaces have been developed, following the interest and motivational factors of the two age ranges; moreover, the management of the entire system is very simple for families, as the software has an automatic process of execution and continuation of the program just needs to push a button; finally, the integrated camera has a reminder for being turned on and off.

Given the economic and energy advantages that home therapy brings, the issues of usability and acceptability of a technology-based therapy into the home environment need to be investigated. It is crucial to investigate the end-user opinions during the use at home of a new tool. A new home rehabilitation system could be effective, but its use could be not feasible from the user's point of view; this highlights the importance of evaluating the feasibility aspects before evaluating the effectiveness.

Based on these aspects, the aim of the present study is to investigate the feasibility, acceptability, and usability of the Tele-UPCAT in a group of Italian children and adolescents with UCP. This investigation will provide information about the possibility of introducing ICT in the telerehabilitation field.



MATERIALS AND METHODS

This study was a part of a wider study, aimed to investigate if a new Information and Communication Technology platform, called Tele-UPCAT, could be able to deliver the AOT in a home setting and test its feasibility and efficacy in children and adolescents with UCP.

The study has been approved by Tuscany Pediatric Ethics Committee (169/2016), and it was registered (NCT03094455) on Clinical Trials.gov.

According to CONSORT guidelines (17), the sample size estimate has been based on projected treatment effect on the primary outcome measure, the Assisting Hand Assessment (AHA). Taking into account the study design and the stratification, a minimum sample size of 10 per group was required in order to detect a 1.40 effect size [the value based on our preliminary data; (8, 18)] at a significant level of 0.05% and 80% power. Considering 20% of possible dropouts, a minimum of 12 participants per group were recruited, with a total sample of 24 participants.

Protocol and system description, together with the psychometric properties of the selected outcome measures, have been already extensively reported elsewhere (16). Briefly, the study has been designed as a randomized, allocation concealed (waitlist control) and evaluator-blinded clinical trial with two investigative arms, which were AOT vs. standard care (SC). Both groups are assessed with clinical tools (Assisting Hand Assessment, Melbourne Assessment 2, Box and Block Test, ABILHAND-Kids, Participation and Environment Measure—Children and Youth and Cerebral Palsy Quality of Life Questionnaire) and technological outcome measures (a purpose-designed sensorized toy and Actigraphs). The experimental group, after the first assessment (T0), proceeded with a home-based 3-week AOT with the Tele-UPCAT system, then the assessment is repeated immediately after this period (T1) and after 8 (T2) and 24 (T3) weeks after the end of the training. The control group starts with a 3-week period of SC, then follows the same pathway as the experimental group, which meant the AOT and the follow-up assessments. Parents of the enrolled participants were asked to provide written informed consent in order to allow data collection and analysis for study purposes. All parents provided informed consent. For subjects of ages above 12 years, an additional consensus has been asked to the child, with a dedicated form.


Participants

Participants were recruited among children and adolescents with congenital UCP referring to IRCCS Fondazione Stella Maris (Pisa) and Unit of Children Rehabilitation of S. Maria Nuova Hospital (Reggio Emilia).

The main inclusion criteria were as follows: age between 5 and 20 years, confirmed diagnosis of spastic motor type of UCP, minimum ability of manual function defined as the ability to passively hold an object placed in the hand or hold and stabilize an object with a hand while the other manipulates it (i.e., House Functional Classification System, HFCS ≥ 2), a normal cognitive level (i.e., IQ ≥ 70), and no disabling behavioral disorders. The main exclusion criteria were as follows: previous orthopedic surgery or botulinum toxin A (BoNT-A) injection in the UL within 6 months prior to the enrolment of this study.

Patients' recruitment was conducted by a research team member who assisted, when necessary and requested, families during the AOT and proposed to fill in a questionnaire specifically designed for the purpose (described below) of assessing the feasibility at the end of the training. In case of assent, parents and/or children were requested to complete the questionnaire in the printed or electronic version.

Recruitment for this preliminary study on feasibility started after the approval of the research project by the Ethics Committee.



Study Design and Procedure

This study represents a part of the Tele-UPCAT trial, an exploratory randomized, allocation concealed (waitlist controlled) and evaluator-blinded clinical trial with two investigative arms using an AOT intensive rehabilitation program of home-based AOT compared with SC in children and adolescents with UCP, whose recruitment started on March 2017 and was completed on November 2018. The total minimum sample size was planned for 24 children.

As shown in the study design (16), participants were assessed at baseline and randomly allocated to the immediate AOT group or waitlist SC.

The primary outcome measure was the AHA. The Melbourne Assessment 2, Box and Block Test, ABILHAND-Kids, Participation and Environment Measure—Children and Youth, and Cerebral Palsy Quality of Life Questionnaire were included as secondary measures. In addition, quantitative measures from the available ICT were added, i.e., the assessment with a sensorized object and two wearable sensors on both wrists (Actigraphs GXT3+), used both during the assessments and in the intervention period (AOT and SC). The assessment points were the week before (T0) and after (T1) the period of AOT/SC. Further assessments were then carried out in the week after the AOT period for the waitlist group (T1 plus) and at 8 weeks (T2) and 24 weeks (T3) after the AOT.

Concerning the intervention, the experimental group performed the AOT at home for 3 weeks using a customized Tele-UPCAT system. Participants were asked to complete 15 sessions of the AOT at home for 45 to 60 min per working day for 3 weeks (5 days per week). Through the Tele-UPCAT system, they watched 3-min first-person video sequences of unimanual or bimanual goal-directed actions, and then they had to execute the same action for 3 min. Three different actions were proposed twice each day. The type and the order of the games were identical for all participants in terms of actions (unilateral or bilateral and increasing complexity) but variable in terms of objects (the same goal but different shape of toys) in order to be suitable for different hand abilities.

The Tele-UPCAT platform has been delivered to the participant's home by the engineers in charge of system installation together with a research team member, who assisted families for the beginning of the training. Weekly telephone-based contact with the participants and their parents was then conducted by the research team member, with the aim of assisting them for the training, sustaining training compliance and motivation, and recording the reasons of any eventual issue.

The control group received usual care for 3 weeks, which might include UL training, and then they were asked to receive the AOT at home by means of the Tele-UPCAT system after 3 weeks. In each case, participants were asked to wear an Actigraph at both wrists to measure the UL mean activity and to fill in a daily diary with notes related to the time of main activities of the day and the time with and without Actigraphs. In this way, some quantitative data were added not only during the assessments but also during the 3 week period of training and SC.

Data on training performance were collected on a remote database available at IRCCS Fondazione Stella Maris. The number of days for completing the program (15 days of training) and effective time with/without wearing Actigraphs were recorded for each patient. An ad hoc questionnaire has been created and administered to all participants at the post-training assessment (T1 for the AOT group and T1 plus for the control group) by an operator who structured it as an interview to the child/adolescents with the presence of parents.



Intervention

Tele-UPCAT system (Figure 1) is composed of two different modules: the observation module (OM), which is mainly dedicated to the presentation of videos for the “observational task,” and the motor performance module (MPM), for the “exercise execution,” which consists of objects and toys for executing the action observed in videos and two Actigraphs (wGT3X-BT) for recording UL activities.


[image: Figure 1]
FIGURE 1. The Tele-UPCAT system.


All the actions were chosen based on some daily activities, goal-directed to meaningful actions of children and adolescents that evocate hand and arm movements to be stimulated because of their impairment due to the UCP. In the first half of the sessions, movements require the use of the affected side and, in the second half, the bimanual cooperation. The selected objects are mainly toys (e.g., some glitter glue with some marbles to be attached to a plastic frame) or tools that remind one of some daily objects (such as a bottle and a glass). Details of actions of the training are presented in the study protocol description (16).

Each daily session is composed of three goal-directed actions with increasing difficulty within days of the training. As described above, the training is planned in 15 sessions to be performed once a day in 3 weeks, 5 days a week.

Each activity is presented with an age-appropriate software package for motivating participants and explaining the training rules: the cartoon with the adventures of an explorer called Ubi and its missions in the galaxy for children aged <12 years and a PowerPoint presentation with simple slides and voice guide for adolescents (>12 years).



Outcome Measures

The feasibility of the AOT with Tele-UPCAT was investigated by three measures: the acceptability and usability from the questionnaire, the criteria for the feasibility taken from the literature, and the acceptability in terms of wearing time of Actigraphs.

First, the study of the acceptability and usability was assessed through the ad hoc purpose-designed questionnaire (widely described below). According to the study design (16), the questionnaire was administrated during the post-training assessment (T1 or T1 plus for the immediate AOT and the waitlist group, respectively).

Moreover, feasibility outcome measures were taken from the literature (19–21), and they are criteria based on relevant recommendations for conducting research on feasibility. In details, there are nine feasibility measures: four relative to training intervention (accessibility, training motivation, technical smoothness, and training compliance) and five for the procedures and study design (participation willingness, participation rates, loss to follow-up, assessment timescale, and assessment procedures).

These criteria have been adapted for the Tele-UPCAT study and in details measures have been fixed as follows:

Feasibility of Intervention:

- Acceptability: intelligibility of rules of the activity in terms of preparation and execution;

- Training compliance: duration of the training (at least 3 weeks, that is, the fixed interval of the training);

- Technical smoothness: good functioning of the system, defined as the quantity of issues and malfunctioning experienced with the system;

- Training motivation: motivation and perceived effort in carrying out the training.

Feasibility of Study Design and Procedures:

- Participation willingness: Acceptance of the participation in the study;

- Participation rates: Completion of the training (no dropout);

- Loss to follow-up: Possibility to collect all data from all outcome measures;

- Assessment time scale: Required time for collecting all outcome measures (at least 1 week);

- Assessment procedures: Loss to follow-up rates.

The Questionnaire:

To assess the usability and acceptability of the whole therapy, a 32-query questionnaire was created. The questionnaire was tailored for the Tele-UPCAT program, but it is conformed to the standard definitions of usability (22–24) and acceptability (25, 26), respecting items generally evaluated in this kind of assessments.

The questions are divided into four sections composed of eight queries that analyze crucial items of the therapy, from exercises' features to the acceptability of the Actigraphs and enjoyment of the whole therapy. The groups are as follows:

- “Customization of the exercises”: how the participants perceived the exercises as personalized following their abilities and needs, how difficult they were perceived, their preference about the kind of exercise.

- “Acceptability of the Tele-UPCAT system at home in daily life”: how participants coped with a technology system directly installed in their home and the commitment to the therapy in everyday life.

- “Required effort”: whether the participants perceived the whole treatment as tiring and strenuous and the use of Actigraphs every day as bothersome.

- “Suitability of the manual/software”: whether the manual was complete and clear in delivering the instruction to use the system and if the software (including the program) was enjoyable and easy to use, without technical issues.

The questions were structured to be easy to understand for even the youngest participant. When necessary, the parent's perception was taken into account. The questions are followed by a five-point Likert scale, ranging from 1 to 5, where 1 identifies the most negative response and 5 the most positive one. Younger children were helped with a smiley meter to facilitate them in expressing their feelings: they had five illustrated faces with five different expressions, from the saddest to the happiest, and they were asked to indicate the one that better described their thoughts.

Every section of the questionnaire can range from a minimum of 8 (strongly negative) to a maximum of 40 (strongly positive), for a total of 160 for the whole questionnaire, indicating the greatest level of acceptability and usability.

Participants were asked to supply personal thought on every item of the questionnaire to have a wider view on the patient's feedback.

Finally, the wearing time of Actigraphs extracted both from the data and the diary has been considered to have an additional index of acceptability.



Data Collection

The questionnaire was delivered immediately after the end of the AOT therapy period (T1 or T1 plus) in a face-to-face interview with the patient, with or without the help of the parents. The face-to-face interview allowed the interviewer to explain the queries when necessary and the participant to give their perception more easily.

Daily diaries were also collected to have the data about the wearing time of Actigraphs and parameters about the training time for the analysis of the nine criteria of feasibility.



Statistical Analysis

Clinical and quantitative data were analyzed by means of the Statistical Package for Social Sciences (SPSS, version 20.0). Median and 95% confidence intervals were calculated. For the questionnaire, raw total score and total for each questionnaire groups and relative percentages were calculated. As a first step, a descriptive analysis of the whole enrolled sample was carried out. Normality of data distribution was verified by Shapiro–Wilk's test, and in relation to the non-normal distribution, we treated the data with nonparametric analyses. In order to assess potential differences between the experiences in the two different age-appropriated software packages (Ubi vs. slides), the Mann–Whitney U independent sample test was performed for the raw scores.




RESULTS

From the developers' point of view (clinicians and engineers), the Tele-UPCAT platform was designed, realized, and used for its features, judged as optimal at the end of the study: (i) it is possible to present videos and activities based on the developmental needs of each subject; (ii) it can provide a cycle of 15 sessions of daily training, more intensive than the traditional rehabilitative training (which occupies no more than once a week) with low daily duration (no more than 1 h a day), without requiring excessive efforts to be added to the everyday demands of school and other activities; and iii) it is easily transportable and adaptable for in-home use.


Participants

Participants of this feasibility study were those who were accepted to participate in the wider research project and answered to the ad hoc questionnaire, created and developed for the purpose: 29 children and adolescents carried out the Tele-UPCAT training, and all of them filled in the questionnaires on which the present feasibility study is based.

Demographic characteristics of the 29 participants are shown in Table 1. The mean age was 11.73 ± 3.65 years, with a similar number of males and females, 15 and 14, respectively. The affected limb was on the left side in 10 cases and on the right side in 19 cases. According to House Function Classification System (HFCF), five children were in the range between 2 and 3 (meaning a possible hold of the object passively with the affected hand); 13 in the range between 4 and 5 (which means that it is possible to actively stabilize the object with the affected hand); and 11 between 6 and 8 (that is a good or active use of the affected hand).


Table 1. Sample characteristics.
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Training Outcome

All participants completed the training. In details, the mean value of days for achieving the 15 sessions was 20.48 days, ranging from 17 to a maximum of 24, and this was due to the fact that seven patients required more than 21 days (the 3 weeks originally planned) to finish the training.

The wearing time of Actigraph was high in majority of the cases, with a mean of 74.56% and a range from 26.81 to 99.83%.



Feasibility Outcome


Feasibility of Intervention

All four criteria regarding the feasibility of the training intervention were met:


1) All participants figured out instructions both from the printed manual and the software without requiring further explanations and correctly understood goals and ways to proceed each training activity.

2) Overall, all participants reached the criterion of completing at least 80% of the training in 3 weeks; only seven participants completed the whole training in a period ranging from 22 to 24 days.

3) Only two participants experienced a technical issue in the software. These issues were fixed with a phone call with the technical support. One participant had an issue with the camera and it was substituted with a new one. Nevertheless, all participants managed to continue with the training.

4) Regarding the training compliance, all participants showed a positive score (only in one case, just a bit more than neutral) in the “required effort” section of the questionnaire.





Feasibility of Study Design and Procedures

All criteria regarding the feasibility of the study design and procedures were met:


5) All eligible participants (100%) agreed to join the project. In three cases, families asked to organize the training in periods in which the required time by the school was reduced (i.e., winter or summer holidays).

6) The totality of enrolled participants agreed to perform the training intervention (i.e., the AOT at home). In one case, a participant started with the SC period (see study design for further details) but did not give the consensus for carrying out the home AOT.

7) All outcome measures (both feasibility and efficacy measures) were collected during assessments and there were no missing data.

8) Follow-up data were collected within a week after the training period, as planned.

9) There was no follow-up loss for any participant who finished the training program; 100% of the participants completed all assessments.






The Questionnaire

All the 29 children and adolescents gladly accepted the interview or the online questionnaire, adding also some personal comments.

In general, all participants showed a good level of acceptability and usability, with total scores all above 103 points (64.38%). Regarding the four sections: “customization of the exercises” is the one with the lowest range of raw scores (range 18–38); then “acceptability of the Tele-UPCAT system at home in daily life” with a range of 22–38; “required effort” presented a range from 26 to 40; and “suitability of the manual/software" presented a range of 34–40.

There were no differences in the total scores of answers related to the sex of the subjects (p > 0.05) and the HFCS level (p > 0.05) or the different versions of the software used (Ubi or slides) (p > 0.05).

The general opinion of the interviewed sample was globally positive, and there were no significant differences within groups.

Median and 95% confidence interval of scores in the questionnaire (both total and section scores) are shown in Table 2.


Table 2. Results of Tele-UPCAT questionnaire.
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Even if the median values between the two age groups were similar, the younger subjects (Ubi) showed larger and higher ranges (Figure 2).


[image: Figure 2]
FIGURE 2. Total answers of the two groups.



Customization of the Exercises

This section showed the lowest scores. The median values between the two groups were similar, but the distribution of the answers was toward higher values in younger subjects and lower in older ones (Figure 3).


[image: Figure 3]
FIGURE 3. Answers of the section “Customization of the exercises” of the two groups.




Acceptability of the Tele-UPCAT System at Home in Daily Life

In this section, the younger children showed more variability in their answers than adolescents, who gave more similar answers (Figure 4).


[image: Figure 4]
FIGURE 4. Answers of the section “Acceptability of the Tele-UPCAT system at home in daily life” of the two groups.




Required Effort

This section presented similar median values between the two groups, but the distribution is different: in fact, for children aged <12 years (Ubi group), the required effort is perceived as feasible and the tendency of the scores is toward higher values, while for adolescents, the distribution is equal around the median value and globally lower than children's scores (Figure 5).


[image: Figure 5]
FIGURE 5. Answers of the section “Required effort” of the two groups.




Suitability of the Manual/Software

In the last section, one positive aspect is that almost no one needed technical assistance or encountered technical issues during the training, and this supports the stability of the system and its consequent appropriateness for home trainings (Figure 6).


[image: Figure 6]
FIGURE 6. Answers of the section “Suitability of the Manual/Software” of the two groups.






DISCUSSION

It is widely known that the success of a trial also depends on end users' opinions and satisfaction, which motivate patients to carry out the training and the research staff to improve and optimize the intervention; as a consequence, these two aspects can be positively influenced.

In the present work, we tested the feasibility of a rehabilitative intervention based on the AOT delivered at home, in a sample of children and adolescents with UCP, by the use of an ICT platform. Moreover, we tested also the feasibility of the study design and procedures. To test both these feasibility aspects, in addition to the ad hoc questionnaire and data about the wearing time of Actigraphs, a series of previously set and validated measures (21) based on relevant literature (19, 20) have been used.

Based on the data of the number of days to complete the training, the absence of dropouts, and the results of the questionnaires, the Tele-UPCAT platform was demonstrated to be acceptable and usable for home-based training. In addition to this, the platform has shown its stability; in fact, no errors of hardware or software issues have been experienced. In the ad hoc questionnaire on training acceptability, most participants indicated a positive commitment to the training program and, together with their parents, they reported high levels of perceived usefulness of the program. For this reason, also the training program can be considered sustainable and relevant, although if we can hypothesize that, weekly contacts with the staff could have a role in sustaining motivation and adherence to the training. This hypothesis has been already reported in the literature (27, 28); in fact, it has been demonstrated how the presence of a tutor could be motivating for participants of a trial. Another explanation could be that in telerehabilitation programs, subjects perceive the planning of competent drivers (i.e., the rehabilitation staff) who remotely guide the training to be behind the training activities. programs, while performed without the technologies, could leave the subjects alone. They can perceive the stress of executing the exercises, while the use of technology can give them the perception that they are executed as in the real rehabilitation setting.

As we included a sample of patients with a wide range of age, the current data can be considered quite representative of the population of children and adolescents with UCP; this suggests that the AOT exercises may be successfully proposed for a telemonitored intervention directly at families' houses. The use of telerehabilitation might increase the accessibility of rehabilitation to a large number of UCP children (e.g., children that live far from the clinical center). It could become cheaper than traditional treatment because telemonitored rehabilitation games could allow the possibility of reducing the “number of children per therapist,” guaranteeing an individualized and intensive training for each patient.

Concerning the feasibility of study design and procedures, we registered a high involvement of participants and families, since all the eligible families accepted to participate. This suggests that families of UCP children and adolescents are highly motivated to introduce ICT platforms for UL rehabilitation at their home.

The participation rate was extremely high, as none of the participants dropped out of the study neither during the AOT home training period nor at follow-up assessments, and also the adherence to the training was very good: only some participants required more than 3 weeks (21 days) to finish the 15 sessions. From their comments, it emerged that this was due to the period of the training execution, i.e., during the school, because during the week, they had many scheduled appointments (therapies, homework, sport, etc.), and they sometimes had a lack of free time to dedicate to the AOT. On the other hand, many participants asked to carry out the training during holidays (Christmas, Easter, and summer) in order to facilitate the organization.

According to the results of the questionnaires, the general opinion of the interviewed sample was globally positive, and there were no significant differences between children (<12 years, Ubi sample) and adolescents (>12 years, Slides sample). This is the first interesting data, because it means that the effort of creating a customized training, which takes care of sex and age preferences, was well-rewarded: all the opinions were coherent and showed appreciation and positive feedback.

When observing the total score of answers, the median values were similar in the two groups, but the score distribution showed higher values in younger subjects. This could be explained because children lived the training in a playful way and performed the exercises with a more motivational software package (Ubi had to achieve missions). This result could also be due to the presence of their parents during the treatment. On the other hand, some adolescents demonstrated to like less the training, and a deeper analysis of the answers of the four sessions gave a clearer view on this aspect.


Customization of the Exercises

This section showed that the lowest scores with similar values between groups, slightly higher in younger subjects and lower in adolescents.

This could be explained by the fact that the objects selected for the exercises were more suitable for younger children in terms of sizes and features. In fact, the pool of objects and toys has been originally selected to be suitable for a wide range of ages, thinking about making them more compliant for younger children. However, this could mean that sometimes the toys resulted to be not suitable or excessively small for adolescents; moreover, children aged <12 years probably preferred to play with toys, while adolescents could have appreciated something more appropriate for their age and interests. This could clarify the different opinions between the two groups.

In addition, the exercises maybe resulted poorly engaging and boring for adolescents because of their repetitiveness. Despite this, some interesting opinions came from the adolescents. Although they seem to have less appreciated the training, they were more conscious about its relevance, as reported by an example of their personal comments as follows: “I have used some movements of the training in daily life,” “I have used the hand to do certain movements I didn't know I was able to do,” “Now I think about the right movement I've seen during the training and I can do it better,” and “I'm more aware of my hand now.”



Acceptability of the Tele-UPCAT System at Home in Daily Life

Focusing on the specific answers, more variable in younger children than in adolescents, we noticed that an intensive training at home, which means dedicated time and space for subjects and their family, is feasible but requires organization of home spaces and daily activities. In the children's group, answers' variability is probably related to the weekly routine: there were subjects who had many therapies and other family activities during the days and consequently attending the daily training for them was more demanding; on the other hand, some others were less busy, and the steady commitment of the training represented an appreciated routine.



Required Effort

This section presented similar median values between the two groups, with a little difference between younger children and adolescents, in fact the second group presented values slightly lower and less variable.

The questions of this section were more focused on the use of Actigraphs and the level of difficulty of exercises. From the free comments in the questionnaire, it emerged that the wristbands were not quite comfortable; some adolescents reported itchiness or being bothered and, in some cases, also embarrassment while wearing Actigraphs in social contexts (school, parties, free time).

Furthermore, the difficulty in performing some actions emerged more in adolescents. It has been explained because they were more aware of exercise movement features, and they reported pain or complaint due to the frequency of the requested movements (done with two intervals of 3 min each).

Several subjects found the duration of the videos excessive, and thus the evaluation of the exercises as boring. They understood the meaning of the two observational intervals, and they demonstrated good levels of attention to the videos, but all of them judged the situation as boring and the videos a little bit too long.



Suitability of the Manual/Software

In the last section, emerged the stability of the system and its consequent appropriateness for home trainings.

The manual and software were overall considered as clear and complete. Especially the children found the game of their specific software amusing and fun. The slight difference in the answers is basically related to the already reported different software features of the two groups.




CONCLUSIONS

Action Observation Therapy is a new innovative tool that, according to the literature, seems to bring a significant improvement in activity and body function in ICF domains in children and adults. Since the first AOT treatment was carried out by Ertelt et al. (29), the number of studies on adults and children increased and, in this framework, also a new type of innovative therapy, such as the AOT with an ICT platform, has recently been proposed directly at patients' home (30).

We can gladly conclude that, thanks to the presented findings, the home-based AOT is feasible for children and adolescents with UCP. Of course, the next perspective will be to analyze the results of the RCT study in order to understand if this kind of training could have some effects in promoting UL use and performance, immediately after the training and both at the medium and long terms. These parameters will be extracted both from clinical scales and technological measures (Actigraphs).

More and more emphasis should be placed on home-based care and therapies for a number of reasons. Besides cutting costs, this would not only increase efficiency and alleviate the workload of the hospital staff, but also it would offer a wider population the opportunity to avail this treatment. If the ICT solution used in the Tele- UPCAT study was made available, cost-efficient rehabilitation programs could be developed. At the moment, children and young people in non-urban areas are usually at a disadvantage, as often they cannot access treatment easily due to the downsizing or closure of hospitals in their area. The use of technology for rehabilitation also allows an intervention provided remotely and in a non-medical setting, but in a more acceptable and comfortable environment, which is the child's home (14, 31).

Moreover, this type of approach would more than likely reduce family stress, as already demonstrated in another study where a rehabilitative training has been carried out at home with parents (32).

In addition to this, thanks to the remote role of the clinical staff, it is possible, on one hand, to follow in parallel many patients and, on the other hand, to have quantitative results that enrich the clinical data.

In order to investigate also therapists' point of view, it could be useful to develop also a questionnaire addressed to the clinical staff, and this tool is in fact under construction. The analysis of the different end user's perspectives is crucial for ensuring the optimal designing of study protocols and medical devices. There is a growing literature on the development of methods for assessing usability and acceptability of technologies for home-based rehabilitation (33).

From our data, what emerged is that the only disadvantage of an intensive home-based training could be represented by the daily and weekly family routine, as some participants reported to prefer holiday periods to carry out the training. A future perspective could be to organize the 15 sessions in free-time periods (e.g., summer time), perhaps structuring the training without weekend interruption in order to make it last only 2 weeks. On the contrary, another solution could be to shorten the daily training or to provide multiple shorter sections per day in order to guarantee the continuity of the treatment during longer periods. The use of technology gives an advantage of offering multiple and customized solutions in relation to the different rehabilitation needs.

In conclusion, this study demonstrated the feasibility of a home-based AOT with the Tele-UPCAT system in children and adolescents with UCP. The home environment represents an accessible opportunity for rehabilitation among population. Thanks to end users' opinion, the Tele-UPCAT platform can be improved and optimized to further increase its acceptability and usability and, as a consequence, motivation and adherence to the training.

This can, on one hand stimulate, the creation of new platforms for home rehabilitation and, on the other hand, sensitize to follow this methodology for the assessment of the feasibility of the systems to be used for rehabilitation.

The availability of ICT solutions and the rapid progresses of the technology could help to integrate in the Tele-UPCAT system also new hardware and software for better recording of the kinematic aspects of the movement.

Finally, near-future perspective also offers this kind of treatment to other participants, in particular those with bilateral forms of CP, as well as for LL rehabilitation.
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Botulinum NeuroToxin-A (BoNT-A) injections to the medial gastrocnemius (MG) and lower-leg casts are commonly combined to treat ankle equinus in children with spastic cerebral palsy (CP). However, the decomposed treatment effects on muscle or tendon structure, stretch reflexes, and joint are unknown. In this study, BoNT-A injections to the MG and casting of the lower legs were applied separately to gain insight into the working mechanisms of the isolated treatments on joint, muscle, and tendon levels. Thirty-one children with spastic CP (GMFCS I-III, age 7.4 ± 2.6 years) received either two weeks of lower-leg casts or MG BoNT-A injections. During full range of motion slow and fast passive ankle rotations, joint resistance and MG stretch reflexes were measured. MG muscle and tendon lengths were assessed at resting and at maximum dorsiflexion ankle angles using 3D-freehand ultrasound. Treatment effects were compared using non-parametric statistics. Associations between the effects on joint and muscle or tendon levels were performed using Spearman correlation coefficients (p < 0.05). Increased joint resistance, measured during slow ankle rotations, was not significantly reduced after either treatment. Additional joint resistance assessed during fast rotations only reduced in the BoNT-A group (−37.6%, p = 0.013, effect size = 0.47), accompanied by a reduction in MG stretch reflexes (−70.7%, p = 0.003, effect size = 0.56). BoNT-A increased the muscle length measured at the resting ankle angle (6.9%, p = 0.013, effect size = 0.53). Joint angles shifted toward greater dorsiflexion after casting (32.4%, p = 0.004, effect size = 0.56), accompanied by increases in tendon length (5.7%, p = 0.039, effect size = 0.57; r = 0.40). No associations between the changes in muscle or tendon lengths and the changes in the stretch reflexes were found. We conclude that intramuscular BoNT-A injections reduced stretch reflexes in the MG accompanied by an increase in resting muscle belly length, whereas casting resulted in increased dorsiflexion without any changes to the muscle length. This supports the need for further investigation on the effect of the combined treatments and the development of treatments that more effectively lengthen the muscle.

Keywords: cerebral palsy, tendon length, muscle length, spasticity, hyper-resistance, casting, Botulinum NeuroToxin, muscle stretch reflex


INTRODUCTION

Cerebral palsy (CP), the most common childhood disability, is caused by an injury to the developing brain that occurs prior to, or shortly after, birth. In case of spastic CP, disturbed muscle innervation and biomechanical loading is combined with progressively worsening muscle contractures and joint hyper-resistance to movement. In the ankle joint, this hyper-resistance impairs the joint's passive range of motion (ROM), resulting in gait impairments such as equinus or excessive knee flexion (1).

Numerous studies have tried to establish the mechanisms that contribute to the development of ankle joint hyper-resistance in spastic CP. Recent literature indicates that hyperactive stretch reflexes, commonly labeled as spasticity, are considered to have less impact (2, 3). Instead, alterations such as reduced muscle volume and atrophy, cellular and genetic factors have been related to the increased joint resistance (4–6). Despite the likelihood of multifactorial contributions, the most common non-surgical treatment for joint hyper-resistance is intramuscular injection of Botulinum NeuroToxin-A (BoNT-A) which, mainly targets hyperactive stretch reflexes by causing temporary muscle paralysis. There is no known effect of BoNT-A in treating the non-neural components of joint hyper-resistance. The effectiveness of BoNT-A in correcting gait deviations, and passive joint ROM on the short-term, has been shown to improve when BoNT-A is combined with casting (7–9). The rational of this treatment combination is that paralysis, followed by passive immobilization in a neutral position, results in tissue elongation through physiological adaptation to prolonged stretch. However, few clinical studies reported the effects of BoNT-A treatment at the muscle level (10–18). Synthesis of existing clinical studies that include post-treatment assessment of muscle morphology is hindered by methodological differences between studies and lack of normalization to account for natural muscle growth. Therefore, results are inconclusive and whether the improved joint ROM occurs due to muscle remodeling or at the expense of other soft tissues, is not well-understood (19).

Given the frequent use of BoNT-A and casting in clinical practice, and the current uncertainties about their effect on muscle, more research is required. Knowledge of the working mechanism of the treatments will help understand how to combine them more efficiently. This will support the development of individually tailored treatments, where BoNT-A and casting are prescribed according to individually assessed causes of joint hyper-resistance. As a first step toward such patient-tailored medicine, careful assessment of the individual effects of BoNT-A and casting on different levels, ranging from joint to muscle and tendon, is required. The aim of the current study is to contribute to the understanding of the individual mechanisms by comprehensively evaluating the separate short-term effects of BoNT-A and lower-leg casting on ankle joint hyper-resistance, plantar flexor stretch reflexes, and muscle-tendon complex lengths. Additionally, the effects between the two treatments will be compared and the relations between treatment effects at the different levels are explored within each treatment group. It is hypothesized that BoNT-A will reduce hyperactive stretch reflexes, whereas casting will reduce the joint hyper-resistance by lengthening the muscle and tendon. Furthermore, any changes that occur at the joint level will be more related to alterations in the muscle and tendon lengths than to a reduction in stretch reflexes.



METHODS


Participants

Children with spastic CP, aged between 4 and 17 years, were recruited from the Clinical Motion Laboratory of the University Hospital Pellenberg (Belgium), and included when the multidisciplinary clinical team concluded that there was an indication for BoNT-A treatment of the medial gastrocnemius (MG) and casting of their ankle joint. This decision was based on the results of routine clinical assessments of spasticity by means of Modified Ashworth scale (20) and Tardieu R1 angle (21), ROM (by means of goniometry), strength and selectivity (by means of manual muscle testing and clinical selectivity scores), and a 3D gait analysis. Furthermore, included children had a minimum of 20° ankle ROM in the most involved limb, no behavioral problems that would impede the ability to understand and perform the test procedure, and no dyskinesia, dystonic or ataxic features. Children who received BoNT-A injections in the calf muscles within 6 months prior to the first assessment, a Selective Dorsal Rhizotomy (SDR), or orthopedic surgery on the lower-leg, were excluded. Children with a Modified Ashworth Scale score of 2 or higher in the hamstrings and psoas muscles, indicating greater proximal compared to distal muscle involvement (and therefore not suited to receive ankle stretching casts without multilevel BoNT-A injections), were also excluded. The local University Hospitals' Ethics Committee (study number s57384) approved this study. All participants were informed on the content of the study and written informed consent for participation was obtained from all parents/legal guardians and children above the age of 12 years.



Interventions

This investigation describes the first part of a larger study including a crossover design whereby BoNT-A (Botox® Allergan Ltd, Buckinghamshire, UK) and lower-leg casting were applied in two treatment sessions, rather than during the same session. The treatment sessions were separated by a two-week period. This approach allowed investigation of the individual effects of BoNT-A and casting at a group level, but also ensured that all patients eventually received both of their prescribed clinical treatments. Patients were randomly allocated by an independent researcher to one of two groups by minimization such that each allocation minimized imbalance between the groups across multiple factors including Gross Motor Functional Classification Scale (GMFCS) level, topographic classification (unilateral or bilateral involvement), age, and gender. Children allocated to the first group received BoNT-A in the MG as part of their multi-level treatment. BoNT-A dosage and muscle selection was based on patient weight, medical history, findings of a clinical examination, 3D gait analysis, and the clinician's experience. Injection was given under short masked anesthesia, and was ultrasound guided for visual identification of muscles and needle depth.

Children allocated to the second group received two weeks of lower-leg casting. Polyester casts were applied conform clinical guidelines by a specialized nurse, supervised by the treating orthopedic surgeon.

In the two weeks following treatment, children in both groups continued with their usual post-treatment physical therapy. Children allocated to the BoNT-A group continued their usual use of their ankle-foot orthoses.



Assessments

Assessments were carried out on the most affected leg, defined by the most recent clinical examination. In the case of equal involvement, the left leg was assessed. Clinical examination of the plantar flexors including the Modified Ashworth Scale (20) and Tardieu R1 angle (21) as well as measurements of body weight and height were carried out before the treatment. Assessments of muscle and tendon lengths, ankle joint resistance and stretch reflexes were carried out before, and two weeks after, the individual treatments by the same experienced assessor.


Muscle and Tendon Lengths

Muscle and tendon lengths were assessed using 3D freehand ultrasound (3DfUS); combining conventional B-mode 2D ultrasound (Telemed EchoBlaster128, Vilnius, Lithuania) with 3D motion analysis (Optitrack NaturalPoint, USA), as previously described (22). The US acquisition parameters were kept constant between the different acquisitions (frequency, 10 MHz; depth, 5 cm; focus, 1.8–2.8 cm; gain, 46%; dynamic range, 44 dB and unaltered time-gain compensation) (23). This method has proven to be valid with a strong inter acquirer reliability in both healthy and pathological muscles (23, 24).

Subjects lay prone with the lower-leg supported by a small triangular cushion allowing ~20° of knee flexion and the ankle to rest comfortably over the edge of the cushion, to reduce bi-articular stretch on the plantar flexor muscles. This position is referred to as the resting ankle position. First, the MG was imaged at this resting ankle position. Secondly, imaging was carried out with the ankle at maximum dorsiflexion. Maximum dorsiflexion was achieved by a second examiner who manually fixated the ankle in this position while ensuring that maximal motion occurred at the subtalar joint, avoiding foot add-/abduction or pro-/supination. The US images were recorded by an experienced examiner starting from the medial femoral condyle until the most distal edge of the calcaneus. Two 3DfUS sweeps over the MG were carried out at each ankle position. The knee and ankle joint angles were measured with a goniometer at both positions.



Instrumented Assessment of Ankle Joint Resistance and Stretch Reflexes

A previously described assessment was used to distinguish between neural and non-neural components of ankle joint resistance during slow and fast passive joint rotations that stretched the plantar flexors (25). Participants were assessed supine with the lower-limb supported. Three inertial measurement units (IMU's) were used to track the movement of the upper-leg with respect to the lower-leg and the lower-leg with respect to foot. Calibration trials were carried out to define a known angular position and the direction of rotation. A six degrees-of-freedom torque load-cell (ATI mini45: Industrial Automation), attached to a foot orthosis, was used to move the ankle and measure the forces and moments applied to the ankle (25). Surface electromyography (EMG) data (Zerowire, Cometa, Milan, IT) were collected from the MG, lateral gastrocnemius, soleus and tibialis anterior. With the subject fully relaxed, three passive ankle rotations over the full ROM were performed, first at slow velocity (5 s to complete full ROM) and then as fast as possible. Between repeated rotations, there was at least a 7 s rest interval, to avoid post-activation depression (26).




Data Processing


Muscle and Tendon Lengths

An open-source software library, developed in Python, was used to create a 3-dimensional view of the MG by integrating 2D US data and motion tracking (22). The 3D reconstruction of the muscle-tendon complex was visualized in a custom-made workflow in Mevislab (www.mevislab.de) (22). Visualization in three planes allowed for accurate identification of the following anatomical landmarks: the most superficial part of the femoral condyle used to define the MG muscle origin; the muscle-tendon junction (MTJ), as the muscle insertion and tendon origin; and the most proximal point on the calcaneus as the tendon insertion. The lengths of the MG and corresponding tendon in the two ankle positions were extracted by calculating the Euclidean distances between these landmarks (Figure 1). Muscle-tendon complex length was calculated as the summation of muscle (ML) and tendon length (TL). The same assessor, who was blinded for group allocation and assessment session, extracted all lengths twice. Average lengths were calculated and used for the final statistical analysis. In addition, the standard error of measurement (SEM) associated with extracting the lengths was calculated from the square root of the mean square error from one-way ANOVA (27). The change in joint angle, ML and TL between the two joint positions was calculated and indicated the degree of the joint (Δ ankle angle) and muscle/tendon “extensibility.”


[image: Figure 1]
FIGURE 1. Sagittal US image with landmarks for extraction of muscle and tendon length C, calcaneus; MTJ, muscle tendon junction; MFC, medial femoral condyle.




Instrumented Assessment of Ankle Joint Resistance and Stretch Reflexes

Data collected during the ankle joint resistance assessment were processed offline using a custom-made Matlab program (Mathworks, R2015a) as previously described (25). Raw EMG signals were filtered with a 6th order zero-phase Butterworth bandpass filter from 20 to 500Hz. The root mean square (rms) envelope of the EMG signal was defined by taking the square root after applying a low-pass 30 Hz 6th order zero-phase Butterworth filter on the squared raw signal. Joint angle and angular velocity were calculated from the IMU data by applying a Kalman filter (28). The net ankle joint moment was calculated from the forces and moments applied on the load-cell, the external moment arms, and the predicted torque caused by gravity on the orthotic (25).

ROM and maximum angular velocity were extracted from slow and fast passive ankle rotations. Average rms-EMG was calculated during an interval 200 ms before maximum velocity to 90% of the ROM, thereby emphasizing the velocity dependency of the hyperactive stretch reflex and excluding the effects of end ROM. To quantify the hyperactive stretch reflexes, average rms-EMG during slow velocity rotations was subtracted from average rms-EMG during fast rotations.

To quantify joint resistance, work during slow and fast passive rotations was defined as the average area underneath the torque-angle graph from maximum velocity to 90% ROM (25). Work during the slow passive rotation represented the non-neural component of joint resistance. The work during slow rotation was subtracted from that during fast rotation to calculate the neural component of joint resistance (25).




Statistical Analysis

An overview of the used statistical analyses is included in Figure 2.


[image: Figure 2]
FIGURE 2. Overview of statistical analyses. 3DfUS, 3D freehand ultrasound; BoNT-A, Botulinum NeuroToxin-A.


Statistical analyses were performed using SPSS statistics (version 25 IBM). Normality of data distribution was evaluated using the Kolmogorov-Smirnov test. Outlier analysis was performed visually. Within-group treatment effects were evaluated with Wilcoxon signed ranks tests. Between groups, the treatment-induced changes were compared using Mann-Whitney U-tests. In addition to being statistically significant, treatment-induced changes were only considered meaningful when larger than the SEM.

Associations between treatment-induced changes in ankle angles, muscle/tendon lengths, extensibility, ankle joint hyper-resistance and stretch reflex parameters were assessed by Spearman rank correlation coefficients for both treatment groups separately. Correlation values of 0.6 or higher were considered as strong (29).

Effect sizes were calculated according the formula: [image: image] (30). The Z-score was extracted from the SPSS output of the Wilcoxon signed rank test. N represents the total number of observations. R-values of 0.5 or higher were considered as large effect sizes, whereas r-values above 0.3 were considered moderate.




RESULTS

Thirty-one children with spastic CP (GMFCS I-III, age 7.4 ± 2.6 years) were included in this investigation. During the course of this study, some data were lost due to dropout and/or technical issues with measurement equipment. The flowchart of the patient enrolment and all available data that were included in the final data analyses, and subdivided per outcome, are presented in Figure 3. At baseline (Table 1), the two intervention groups did not differ in age, body weight, height, maximum dorsiflexion ankle angle, Modified Ashworth Scale, Tardieu R1 angle, the difference in ankle angle between resting and maximum dorsiflexion position (Δ ankle angle), extensibility of the muscle or tendon, muscle/tendon lengths, ROM, angular velocity, hyperactive stretch reflexes, and work. The number of included patients and their characteristics per sub-analysis are included in Supplementary Table 1.


[image: Figure 3]
FIGURE 3. Flowchart of the inclusion of participants with an overview of the available and missing data. 3DfUS, 3D freehand ultrasound; GMFCS, gross motor functional classification scale; BoNT-A, Botulinum NeuroToxin-A.



Table 1. Participant characteristics.

[image: Table 1]


Muscle and Tendon Lengths

There was a positive significant treatment effect of casting on the resting (p = 0.004, pre median: −31.5°, inter quartile range (IQR): 20.0°; post median: −25.0°, IQR: 10.0°, effect size = 0.56) and maximum dorsiflexion (p = 0.026, pre median: 0.0°, IQR: 3.8°; post median: 10.0°, IQR: 10.0°, effect size = 0.44) angles (Figure 4). Knee angles remained constant between the assessments of muscle/tendon lengths before and after treatment. The SEM values for determining the muscle and tendon lengths were 2.25 and 2.54 mm, respectively. SEM values were found to be comparable to those previously reported (23). The absolute muscle and tendon lengths pre- and post-treatment are presented in Figure 4 and the treatment-induced change values are presented in Supplementary Table 2. Two weeks of casting caused a significant increase in the TL and muscle-tendon complex length at maximum dorsiflexion (5.6%, p = 0.039, effect size = 0.40, and 4.1%, p = 0.005, effect size = 0.63, respectively). These treatment-induced changes were also significantly larger than those found in the BoNT-A group (p = 0.002 and p = 0.001, respectively).


[image: Figure 4]
FIGURE 4. Results of muscle/tendon lengths, ankle joint resistance and stretch reflex assessments. (A) Change in ankle angles. (B) Muscle and tendon lengths at resting position. (C) Muscle and tendon lengths at maximum dorsiflexion. (D) Work at the ankle joint during slow and fast joint rotations. (E) Stretch reflexes of the plantar flexors during fast rotations. *significant results (p < 0.05, difference > SEM). mm, millimeter; J, Joule; rms EMG, root mean square of the electromyographic signal; μV, microvolt; MG, medial gastrocnemius muscle; LG, lateral gastrocnemius muscle; SOL, soleus muscle; BoNT-A, Botulinum NeuroToxin-A.


A significant increase in MG ML at the resting ankle position was found after BoNT-A injections (6.9%, p = 0.013, effect size = 0.53). Additionally, a significant increase in the TL at maximum dorsiflexion occurred, however this increase was within the range of the SEM. At the resting ankle position, ML after BoNT-A injections and the treatment-induced change in ML were significantly larger compared to those assessed following casting (p = 0.023 and p = 0.036, respectively).

Post-treatment, the extensibility of the ML and of the muscle-tendon complex length were significantly reduced after BoNT-A injections (−34.1%, p = 0.010, effect size = 0.55 and −36.3%, p = 0.013, effect size = 0.56, respectively), but unaltered by casting.



Instrumented Assessment of Ankle Joint Resistance and Stretch Reflexes

The ankle joint ROM and angular velocities applied during passive joint rotation remained unchanged after either treatment. Effects of the treatments on plantar flexor stretch reflexes and joint work are displayed in Figure 4. Two weeks of casting caused a significant reduction in the stretch reflexes of the lateral gastrocnemius (−29.5%, p = 0.047, effect size = 0.44), and soleus (−17.5%, p = 0.034, effect size = 0.43). Post-casting, the average work assessed during slow, and fast minus slow stretch remained unchanged.

BoNT-A injections resulted in a significant reduction in the stretch reflexes of the MG (−72.4%, p = 0.003, effect size = 0.56) together with a reduction in work during fast minus slow stretch (−22.4%, p = 0.013, effect size = 0.47). There was a trend that this reduction in work was larger in the group receiving BoNT-A compared to casting (p = 0.050).



Associations

Few correlations were found between the changes in joint angles, muscle/tendon lengths and ankle joint resistance. An overview of all correlation values and significance can be found in Supplementary Tables 4, 5.

In the casting group, there was a moderate positive correlation (r = 0.56, p = 0.049) between the change in TL at maximum dorsiflexion and the change in ankle angle (Δ ankle angle). Additionally, the increase in TL at maximum dorsiflexion was negatively related (r = −0.67, p = 0.050) to the reduction in stretch reflexes in the lateral gastrocnemius and the amount of work at high velocity (r = −0.60, p = 0.03). Furthermore, the increase in muscle-tendon complex length at rest was associated (r = −0.821, p = 0.02) with the reduction in stretch reflexes in the lateral gastrocnemius.

In the BoNT-A group, the reduction in hyperactive stretch reflexes of the soleus muscle was strongly correlated (r = 0.79, p = 0.036) to the increase in ML of the MG at rest. In addition, the reduction in work at fast minus slow velocity was strongly correlated (r = −0.77, p = 0.016) with the change in ML at the maximum dorsiflexion angle.




DISCUSSION


Summary of Findings

The aim of this study was to gain more insight into the working mechanisms of BoNT-A and casting at the joint and muscle levels in children with spastic CP. Our hypotheses that BoNT-A targets the muscles' stretch reflexes, whereas casting targets the muscle belly and tendon length, were partly confirmed. Two weeks of casting increased the dorsiflexion angle, lowered the stretch reflexes in the lateral gastrocnemius and soleus muscles and increased the tendon length measured at maximum dorsiflexion position. BoNT-A reduced the stretch reflexes in the MG, reduced the joint resistance measured during fast passive ankle joint rotation, and increased the muscle length measured at the resting ankle position. Only a few associations between the treatment-induced alterations in joint angles, muscle or tendon lengths and measures of ankle joint resistance, and stretch reflexes were found. In summary, this study found rather minor changes at the muscle level after either intervention, with limited relationships between the effects at the joint, muscle or tendon lengths and stretch reflexes.



Casting

We confirmed previous findings that maximum dorsiflexion increases after lower-leg casting (31, 32). However, since the joint angle at rest also moved toward greater dorsiflexion, the total joint ROM and change in ankle angle (Δ ankle angle) remained unchanged after treatment. While this result may make it easier to fit a foot into an ankle-foot orthosis configured toward dorsiflexion, it remains unclear to what extent this new biomechanical configuration is functionally useful. In the two subjects whose ROM did increase, this was mainly explained by an increase in their maximum dorsiflexion angle with an accompanied increased tendon length (Supplementary Figure 1). Interestingly, the three children who additionally received removable upper leg casts during the night showed an increase in muscle belly length at maximum dorsiflexion.

Since the plantar flexor muscles of children with spastic CP have been described as stiff and short (33), lengthening of these muscles through treatment is desirable. In clinical practice, it is thereby commonly hypothesized that an increase in dorsiflexion angle following casting is a result of lengthening the muscle. However, our results showed that the increase in maximum dorsiflexion angle post-casting was related to the increase in tendon length rather than alterations in muscle belly length. Hösl et al. (2015) reported increased tendon length following a period of ankle foot orthotic use (34) and Theis et al. (2013) reported similar results after a manual stretching intervention (35). As far as we are aware, our study is the first to report this effect following two weeks of casts.

Previous studies suggested that children with CP have a more compliant Achilles tendon (36, 37). In ambulant children with CP, this adaptation may be beneficial for achieving sufficient dorsiflexion during the stance phase of gait, but may compromise push-off power as the tendon may offer less resilience. Therefore, given that TL is already increased in CP, our findings highlight that caution has to be paid when applying passive stretches due to potentially enhancing the negative effects on the tendon. This is especially important when considering the coherence of the muscle-tendon unit as a complex and the efficiency of the muscle and tendon to interact during function. A recent study by Kalkman et al. (2019) concluded that increased tendon compliance in CP may result in reduced stretch stimulus to the muscle during ankle rotation, thus explaining the minimal effects of stretching interventions on muscle remodeling (38). In a follow-up study, they then confirmed that initially increasing tendon stiffness, by means of strength training, resulted in more efficient muscle stretch (38). Similarly, the group of Zhao et al. (2010) accomplished a reduction in Achilles tendon length and increased stiffness by combining passive stretching with active movement therapy (39). These findings suggest that stretching should be combined with strengthening exercises in order to optimally target the muscle belly.

The reduction in hyperactive stretch reflexes of the lateral gastrocnemius and soleus following casting was unexpected, but might be explained by the alteration in starting ankle angle, as the ankle was spontaneously more dorsiflexed after casting. Meinders et al. (1996) suggested that specifically at the ankle, stretch reflexes are reduced at a longer starting muscle-tendon complex lengths (40). Confirming this, we found that the reduction in hyperactive stretch reflex in the lateral gastrocnemius following casts was associated with an increase in tendon length.



BoNT-A

BoNT-A targets the neural component of ankle joint resistance by reducing the hyperactive stretch reflexes. Reduction of hyperactive stretch reflexes is thought to create the opportunity for the muscle to act over a larger ROM and thereby improve its function (41). Our results confirmed the reduction of MG stretch reflexes, shown by a reduction in rms-EMG of the MG and in the reduced work needed to move the ankle joint during a high-velocity stretch of the plantar flexors. The question remains whether these changes additionally translate to morphological changes at the muscle level. Post BoNT-A, we observed an increase in the resting length of the MG muscle belly. Since spastic muscles have been described with a higher resting muscle tone (42), the increased MG muscle belly length may be a direct result of muscle tone reduction and the ability of the muscle to relax in this position. On the other hand, there were no changes to the muscle length measured at maximum dorsiflexion. Therefore, we found little evidence that the reduction in hyperactive stretch reflex of the MG post BoNT-A induced muscle remodeling. It is known that the muscle needs more time than the current short-term (two weeks) follow-up to adapt and no conclusions can be drawn about the medium- and long-term effect of BoNT-A on muscle length (43). Furthermore, muscle remodeling might take place after combining with casting.



Combined Treatment

Answers regarding the combination of the treatments are currently being analyzed as the second part of this research project, which includes a crossover design with all the participants receiving the other treatment. In addition, this second part includes 3D gait analysis before and after receiving the two interventions allowing us to understand effects of the interventions on the functional level. Desloovere et al. (2007) showed that BoNT-A combined with casting was more effective in improving gait, compared to casting alone (44). However, it is unclear how these effects were achieved and additional insight, which we expect to gain with the second stage of this project, will likely facilitate the understanding of these findings. Following BoNT-A injections only, there were no changes in the ankle angles or joint ROM. Given the effects of casting on these parameters, there is reason to believe that the best results may be achieved when the two treatments are combined. Ideally, the changes seen on the muscle level following BoNT-A, in combination with static stretch as applied from casting, will result in the desired effect of increasing the joints ROM by promoting muscle length. Such an effect should result in greater ankle mobility that would be transferrable to the child's gait. However, given the finding that casting only increased the tendon length, very careful monitoring of how ankle mobility is achieved post-casting is essential, as it may be subject-specific. This highlights that an individualized and fine-tuned combination of the treatments is required. Furthermore, we can question whether a primarily passive stretch applied by casts is beneficial, as evidence shows that muscle activity is required to efficiently stretch the muscle and maintain an optimal configuration of the muscle-tendon complex (39).

Importantly, since neither treatment in isolation affected the increased joint resistance assessed during slow passive stretch, it is unlikely that the combination of the two treatments will affect resistance during slow stretch. If confirmed, this suggests that we need more effective treatments that address hyper-resistance over the full ROM, and not only increases the maximum dorsiflexion. If combined results are still not satisfactory, new treatment modalities should be developed to more efficiently target the muscle.

Our data showed a lack of strong responses on the group level. This reflects the large heterogeneity of the children with CP included in this study and therefore the need for larger samples. Given that the sample was taken from the clinical population seeking treatment for ankle joint hyper-resistance, this finding emphasizes the need to generate muscle-specific profiles and establish patient-tailored treatment. Furthermore, we highlight the importance of evaluating the underlying muscle and tendon structures rather than providing treatment based only on conclusions drawn from evaluations at the joint level.



Limitations

The study has limitations that need to be acknowledged. This study investigated only the very short-term effects of the treatments. This allowed us to evaluate the separate effects without having to compromise on the children's clinical intervention plan. A study design in which the same study sample received both treatments including a wash-out period would have been methodically stronger. However, implementing such an investigation would differ too much from normal clinical treatment and would not be considered ethical (nor would including control groups from whom treatment was denied). In addition, considering the long time span of such a study, other parameters would influence the response.

This clinical study included a small dataset with missing data. As a result, not all participants were included in all analyses. When only including subjects who underwent both assessments (n = 23, BoNT-A n = 9, casting n = 13), most of our conclusions were still valid (Supplementary Table 3). Nevertheless, more studies need to be conducted to confirm the initial results of this study. Randomization by minimization was applied in order to minimize differences between groups in terms of pathology, age, body weight and height. Even though the groups did not perfectly match, there were no differences reported at baseline. Heterogeneity in treatment history and current treatment adherence are limitations when performing randomized controlled trials in children with CP. It is well-described that muscle morphology of children with CP is different from typically developing peers, although it remains unclear to what extent treatment history contributes to these alterations. This should be focus for further investigation. In addition, given the wide age range, and the effect of age on the ability of the muscle fiber to adapt, it is possible that the muscle fiber stage influenced our results.

The full data set of this investigation is published (DOI: https://doi.org/10.6084/m9.figshare.12009375.v1). When more data becomes available, sub analyses according to baseline characteristics may be carried out that will contribute to clinical implementation.

This study only investigated the muscle and tendon lengths of the MG as this is the muscle that is most frequently treated with BoNT-A in daily clinical practice. Future investigations with larger samples investigating more muscles are needed to confirm these initial findings. Given recent validation of the clinical applicability of the methods used in this study (23, 45), such investigations should be feasible in the near future.

We studied the alterations in the length of the entire muscle belly. Yet, this does not provide information on the fascicle behavior, especially since the MG is pennated. More-over, local fascicle remodeling in specific regions of the muscle may have occurred. Furthermore, since neither muscle length nor fascicle length necessarily represent sarcomere number or length, it is important to continue investigations that combine macro- and micro-structure responses to the applied treatments.




CONCLUSION

This study presents initial findings on treatment response in a heterogeneous group of children with spastic CP. Intramuscular BoNT-A injections reduced the stretch reflex in the MG accompanied by an increase in resting muscle belly length, whereas casting resulted in increased dorsiflexion without any changes to the muscle length. These results indicate limited treatment-induced MG muscle remodeling. This supports the need for further investigation once the treatments are combined and for the development of treatments that more effectively lengthen the muscle belly. Additionally, future implementation of objective assessments will contribute to a better understanding of treatment effects, which could support clinical decision-making and help to identify responders.
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Reduced selective voluntary motor control (SVMC) is a primary impairment due to corticospinal tract (CST) injury in spastic cerebral palsy (CP). There are few studies of brain metabolism in CP and none have examined brain metabolism during a motor task. Nine children with bilateral spastic CP [Age: 6-11 years, Gross Motor Function Classification System (GMFCS) Levels II–V] completed this study. SVMC was evaluated using Selective Control Assessment of the Lower Extremity (SCALE) ranging from 0 (absent) to 10 (normal). Brain metabolism was measured using positron emission tomography (PET) scanning in association with a selective ankle motor task. Whole brain activation maps as well as ROI averaged metabolic activity were correlated with SCALE scores. The contralateral sensorimotor and superior parietal cortex were positively correlated with SCALE scores (p < 0.0005). In contrast, a negative correlation of metabolic activity with SCALE was found in the cerebellum (p < 0.0005). Subsequent ROI analysis showed that both ipsilateral and contralateral cerebellar metabolism correlated with SCALE but the relationship for the ipsilateral cerebellum was stronger (R2 = 0.80, p < 0.001 vs. R2 = 0.46, p = 0.045). Decreased cortical and increased cerebellar activation in children with less SVMC may be related to task difficulty, activation of new motor learning paradigms in the cerebellum and potential engagement of alternative motor systems when CSTs are focally damaged. These results support SCALE as a clinical correlate of neurological impairment.

Keywords: spastic cerebral palsy, PET—positron emission tomography, brain metabolism, selective voluntary motor control, ankle motor task


INTRODUCTION

Children with spastic cerebral palsy (CP) have developmental brain injuries primarily affecting the motor systems. Impairments of motor control are observed early in development (Fetters et al., 2004; Sargent et al., 2017) often preceding the detection of spasticity in children with CP. Deficits in gross motor function including mobility, strength, and balance are additional impairments. Spastic CP results from damage to the periventricular white matter containing descending motor tracts including the corticospinal tracts (CSTs) responsible for voluntary motor control (Bax et al., 2006; Volpe, 2009). White matter damage including the CSTs has been described and quantified in CP and correlated with motor and sensory function measures using magnetic resonance imaging (MRI) with diffusion tensor imaging (DTI) techniques (Hoon et al., 2009; Lee et al., 2011). While damage to the developing CSTs is a primary etiology in spastic CP, resulting compensatory adaptations have not been adequately studied relative to brain structure and activity, especially for lower extremity function in patients with bilateral involvement.

CSTs that originate in the motor cortex are responsible for skilled voluntary movement or selective motor control. The term “selective voluntary motor control” (SVMC) indicates the deliberate performance of isolated movements upon request (Fowler et al., 2010). Children with spastic CP and impaired SVMC may exhibit reduced speed of movement, mirror movements or abnormal reciprocal muscle activation patterns. Also, they are often unable to move their hip, knee and ankle joints in isolation, relying instead on closely coupled flexion and extension patterns to varying degrees (Fowler and Goldberg, 2009). In two studies, SVMC was more predictive of motor function than other aspects of CP (Østensjø et al., 2004; Voorman et al., 2007). Clinical measures of SVMC have been shown to correlate with mobility level (Fowler et al., 2009), gross motor function (Balzer et al., 2016; Noble et al., 2019) and gait (Fowler and Goldberg, 2009; Steele et al., 2015; Rha et al., 2016; Chruscikowski et al., 2017; Zhou et al., 2019).

Following a perinatal injury to the CSTs, alternative motor pathways develop that are forms of adaptive or maladaptive plasticity (Eyre, 2007; Friel et al., 2013; Gordon, 2016). This has been shown for animal models and the upper extremity of children with spastic hemiplegic CP. Ipsilateral CSTs from the uninvolved hemisphere can be preserved causing mirror movements and other impairments. In adults post stroke, it has been suggested that compensations by areas of the brain such as the rubrospinal tracts are utilized when damage to CSTs occur, producing synergistic flexor and extensor patterns in the involved extremities during voluntary movement (Yeo and Jang, 2010). While children with spastic CP sustain an early injury to the brain before the development of motor skills, similar compensatory pathways may be involved (Cahill-Rowley and Rose, 2014).

The structure of white matter tracts has been the focus of brain imaging studies in spastic CP (Scheck et al., 2012; Mailleux et al., 2020). Far less is known about neuromotor recruitment. Studies of brain activity during movement in CP have primarily focused on children with unilateral involvement during upper extremity fine motor or sensory tasks using functional magnetic resonance imaging (fMRI; Dinomais et al., 2013; Van de Winckel et al., 2013a,b). Only two fMRI studies investigating lower extremity movement in CP could be found (Phillips et al., 2007; Hilderley et al., 2018). All children were high functioning as they were able to walk and run independently (GMFCS level I) and could actively dorsiflex the ankle, which indicates a high level of selective movement. Despite these stringent inclusion criteria, excessive head movement during the motor task was problematic during fMRI data collection resulting in unusable data for some participants (Phillips et al., 2007) or limiting the number of available trials for analysis (Hilderley et al., 2018). Brain activation can also be studied using positron emission tomography (PET), a metabolic imaging technique that uses radioactive compounds to label functional brain metabolism (Phelps, 2000). A common biologically active molecule used is FDG, an analog of glucose. Regional glucose metabolism and accumulation represent the metabolic activity of the tissues (Alauddin, 2012). Radiotracer concentrations in specific regions of the brain are mapped on three-dimensional images of the brain that are reconstructed from MRI (Lee et al., 2007; Penny et al., 2011). Only one PET scan study could be found that investigated brain metabolism in CP (Lee et al., 2007) but it did not involve a motor task. An advantage of PET for evaluating neuromotor control is that motor task performance and tracer uptake occur before the imaging session. In contrast, the motor task occurs during imaging for fMRI requiring that head position be maintained during limb movement, excluding more children with CP from participation.

The purpose of this study was to examine the relationship between brain metabolism and SVMC in children with spastic bilateral CP during movement using PET. SVMC was evaluated using the Selective Control Assessment of the Lower Extremity (SCALE; Fowler et al., 2009). We hypothesized that a significant positive relationship between SCALE and the sensorimotor cortex would be found. Our secondary hypothesis was that significant correlations between SCALE and activation of other motor regions of the brain would be identified.



MATERIALS AND METHODS


Participants

Children with spastic bilateral CP were recruited from clinics and the community via mailings and flyers. This study was approved by the Human Subject Committee at the University of California, Los Angeles, CA, USA. Informed assents and consents were obtained from the participants and their guardians. Participants were recruited from the Center for CP at UCLA/OIC as well as the surrounding Los Angeles community. Data used for this analysis were collected as baseline information for a larger treatment intervention study. Inclusion criteria were: (1) age between 4 and 12 years; (2) diagnosis of spastic form of CP; and (3) ability to remain still for a minimum of 15 min. Exclusion criteria were: (1) attention deficit or hyperactivity disorder; (2) seizure within the last 6 months; (3) participation in a research study that involves the use of radiation in the past 12 months; (4) fear of enclosed spaces, breathing or swallowing problems, dizziness, or fainting spells; (5) pacemaker, intrathecal baclofen pump or metal implants in the head or neck, other than tooth fillings; and (6) mechanical, cystic or other structural abnormalities on MRI. Following informed consent, each participant received a structural MRI. Participants who were unable to lie still or who had MRI exclusion factors were discontinued from study participation. A physical therapist assessed mobility using the Gross Motor Function Classification System (GMFCS; Palisano et al., 1997) and gross motor function using the Gross Motor Function Measure (GMFM; Bjornson et al., 1998).



Selective Voluntary Motor Control Assessment

Before PET scanning, SVMC was assessed by a physical therapist using SCALE, a validated and reliable clinical tool, which was developed for individuals with spastic CP (Fowler et al., 2009; Balzer et al., 2016). This assessment incorporates components of CST function including selectivity, reciprocation, and speed as well as the presence of involuntary movement at other joints including mirror movements of the contralateral extremity. Hip, knee, ankle, subtalar and toe joints are assessed using an isolated, reciprocal movement pattern and each joint is scored 0 (Unable), 1 (Impaired) or 2 (Normal). Scores are summed resulting in a possible score from 0 (absent SVMC) to 10 (normal SVMC) for each lower limb.



PET Scan Data Acquisition

PET scanning was used to acquire regional cerebral metabolic data. Participants were asked to fast for 3 h before the procedure to optimize glucose uptake. The process of injection and PET scan required approximately 2 h for completion. An intravenous line was placed and 185 MBq (FDG) was administered using standard aseptic technique. A single small blood sample was obtained to establish the starting level of blood glucose. PET scans were performed 40 min post-FDG injection.

During this uptake period, the participant performed an ankle movement task with the lower extremity that demonstrated the least impairment. The task was limited to one lower extremity to examine regions of the brain that controlled movement for the ipsilateral vs. contralateral limb. The child was instructed by a physical therapist to perform a series of isolated ankle dorsiflexion and plantar flexion movements that were initiated every 2 min followed by a brief rest period. If movement occurred at other joints, verbal feedback was provided for initial attempts but the feedback was discontinued if the motion was obligatory.



Whole Brain Analysis

Relative quantification of regional brain activity was performed using NeuroQ™ (Syntermed Inc., Atlanta). This software corrects for tissue-based attenuation and then implements an algorithm for automatically measuring the number of radioactive events emitted by a positron source (gamma-ray lines of coincidence) per second detected by PET-scanner, emanating from pixel locations assigned by a computerized reconstruction algorithm. Statistical parametric mapping (SPM) methods were performed (Friston et al., 1995a,b) to co-register participant images and to reorient them into a standardized coordinate system using the SPM software package (Ashburner, 2009) from the Wellcome Department of Cognitive Neurology, Functional Imaging Laboratory (London, UK). Data were spatially smoothed and normalized to mean global activity as previously described (Silverman et al., 2011), except for a 12 mm (full-width half-maximum) smoothing filter that was applied to the images before statistical analysis. The set of pooled data were assessed with the t-statistic on a voxel-by-voxel basis, to identify the profile of voxels that significantly covaried with parameters characterizing each participant. To identify the anatomical label of the underlying voxel, we defined 240 standardized ROIs (sROIs) following the transformation of each PET scan to a template space (Tai et al., 1997) throughout the transaxial planes across the field of view. Normalized uptake values were determined for specific regions of the brain. Whole-brain voxel-wise Pearson correlations of metabolic activity vs. SCALE scores were performed. These results were correlated for multiple comparisons using cluster wise thresholding in SPM. All 240 sROIs and 47 volumes of interest (sVOIs) were used solely to obtain an anatomic parcellation of the brain and to identify the anatomical regions where there is cluster-wise statistical significance.



Secondary ROI Analysis

In the case of bilateral activation, it was necessary to further identify whether the FDG uptake was ipsilateral or contralateral to the moving limb. Therefore, a secondary ROI analysis was performed exclusively for those regions. Mean voxel activity for the bilateral ROIs was calculated following the transformation of each PET scan to a template space. This value was automatically normalized to the mean activity measured throughout that brain scan for each ROI and was used to correlate with SCALE. Importantly, for correlation analysis, only the anatomical ROI-based average instead of the statistical ROI-based average was used to avoid circular analysis.




RESULTS

Participant characteristics are shown for 10 children who were enrolled and underwent baseline testing in Table 1. The average age was 9 years, 4 months. Motor impairment ranged from mild (GMFCS Level II, GMFM 72.2, SCALE 7 bilaterally) to severe (GMFCS Level V, GMFM 36.0, SCALE scores ≤ 3). Two participants exhibited bilateral SCALE score = 0. Four children could walk and six used wheelchairs as their primary mode of mobility. One participant was dropped from the study after enrollment due to a significant structural abnormality that was identified on MRI. Of the remaining nine participants, eight had white matter damage including periventricular leukomalacia on MRI. Bilateral volume loss of the thalamus was additionally reported for one of these children.

TABLE 1. Participant characteristics.
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During the ankle motor task, obligatory movement at other joints was observed in most participants. All six participants with low limb SCALE scores (0–2) were unable to isolate ankle motion and exhibited simultaneous hip and knee synergistic movement. The remaining three participants with limb scores of ≥5 exhibited impaired SVMC at their ankle, due to an inability to perform at least 15° of isolated ankle motion or the presence of movement at another joint. Mirror movement at the ankle was observed for one participant.


Qualitative Visualization of Whole Brain Metabolic Activity

Exemplar metabolic activity maps for individuals with contrasting SCALE scores can be seen in Figure 1. The metabolic maps in the first two columns are color-coded (rainbow scale) showing normalized activity for sagittal and axial slices. A contrast between cerebellar activation levels for two participants with low vs. high SCALE scores can be seen.
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FIGURE 1. Metabolic activity maps are shown for (A) an individual with a low Selective Control Assessment of the Lower Extremity (SCALE) score and (B) an individual with a high SCALE score. Red arrows indicate the right cerebellum. The gray scale images (inset) for each row show 1. Participant’s original positron emission tomography (PET) scan, 2. Template PET scan on which standardized regions of interest are defined and 3. Activity resampled on the template. Relative hypoactivity was found in the cerebellum of the individual with a high SCALE score, indicated by the indigo color using a rainbow scale (violet being the lowest and red being the highest).





Whole-Brain Analysis

The results of SPM analyses examining correlations between metabolic activity and SCALE scores are shown in Figure 2. The sensorimotor (SM) and superior parietal (sPL) cortex contralateral to the moving limb were significantly positively correlated with SCALE scores (SM: t = 8.06, sPL: t = 6.70; p < 0.0005). In contrast, a significant negative correlation of metabolic activity with SCALE was found in the entire cerebellum (peak t = 7.23, p < 0.0005). As both sides of the cerebellum were correlated with SCALE, the level of activation for the side ipsilateral vs. contralateral to the moving limb was not apparent from the whole-brain analysis. Therefore, a secondary analysis at the ROI level was performed.
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FIGURE 2. (A) A three-dimensional volumetric rendering of significant positive correlations between SCALE and metabolic activity in the sensorimotor and the superior parietal cortex during movement of the contralateral limb shown on the lateral view and medial cross-section overlaid on an atlas (p < 0.0005, cluster corrected). (B) Voxels show significant negative correlations of metabolic activity with SCALE in the cerebellum (p < 0.01 cluster corrected) on the medial slice. Color indicates a significant relationship and yellow indicates a stronger relationship as compared to red. sPL, superior parietal lobe, SM, sensorimotor cortex.





ROI Analysis

We exclusively selected the cerebellum for further ROI analysis as it showed bilateral activation in the whole-brain analysis. Significant correlations between cerebellar ROI-averaged activity and SCALE score for the moving limb were found. As justified by tests of linearity, parametric Pearson correlation coefficients were used. A strong significant correlation was found between the SCALE scores for the moving limb and the ipsilateral cerebellum (t = 5.27, p < 0.001, Figure 3A). While the correlation between the activation level of the contralateral cerebellum and SCALE score was significant, the relationship was not as strong (t = 2.43, p = 0.045, Figure 3B).
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FIGURE 3. Correlation plots for ROI-averaged cerebellar activation (normalized units) vs. SCALE score (from 0 = absent to 10 = normal) for the moving limb. (A) Ipsilateral cerebellum vs. SCALE score, R2 = 0.80 and (B) Contralateral cerebellum vs. SCALE score, R2 = 0.46. Gross Motor Function Classification System (GMFCS) level for each participant are indicated as II–IV.






DISCUSSION

This is the first study to document a relationship between impaired lower extremity SVMC and brain metabolic activity in children with CP. Previous researchers reported greater metabolism in bilateral motor and visual cortices and the cerebellum in children with spastic CP relative to typically developing children using PET; however, a motor task was not performed (Lee et al., 2007). As expected, children with higher levels of motor control in the present study exhibited greater activity in the cortical areas associated with motor function (sensorimotor and superior parietal cortices) contralateral to the moving limb. This finding is consistent with the primary motor cortex being the largest source of CSTs and the sensory cortex providing feedback during motor tasks. Further, the superior parietal cortex is known to be involved in adjusting posture and guiding movement of the limbs, particularly concerning visual-spatial perception and body awareness (Wolpert et al., 1998; Wolbers et al., 2003). A related finding from a fMRI study has shown activations in the primary motor and sensory areas in healthy adults performing a similar ankle dorsiflexion and plantarflexion task (Orr et al., 2008).

The sensorimotor region associated with the lower extremity exhibited a stronger correlation with SCALE than that associated with the upper extremity (Figure 2B). While activation of the sensorimotor cortex associated with the upper extremity would not be expected during ankle movement, the location of cortical activation has been found to vary for individuals with CP. Recently, motor evoked potentials with cortical stimulation were compared between adults with and without CP (Condliffe et al., 2019). Researchers reported that the “hotspots” for the soleus muscle of normal controls were in a tight cluster 2–3 cm lateral from the vertex (an anatomical landmark at the superior midpoint of the skull). For participants with CP, however, the hot spots were farther away from the vertex, more dispersed and, in some cases more lateral. Some hot spots appeared to be closer to the typical atlas site for the upper as compared to the lower extremity.

A unique aspect of this brain activation study was the inclusion of children with absent or very low levels of SVMC for whom greater cerebellar activation was found. Historically, the role of the cerebellum in normal movement production has been attributed to the control of balance and coordination. Although the exact role of the cerebellum is not fully known, studies have shown that it is involved with motor learning and motor control (Manto et al., 2012). Authors of a consensus article concluded that the cerebellar motor systems consist of an intrinsically connected network involved in the optimization of movement performance during the early phases of motor learning. It may also contain internal feedback models associated with unconscious skilled movement (Manto et al., 2012). This may explain increased activation in our participants with poor SVMC for whom this motor task was novel and more challenging.

An alternative explanation for greater cerebellar activation in children with reduced SVMC may be recruitment via alternative pathways that communicate with the cerebellum during movement. Although isolated ankle motion was requested, children with low SCALE scores produced simultaneous hip and knee motion (abnormal obligatory synergies). Rubrospinal tracts, which originate in the red nucleus and communicate with the cerebellum, have been associated with these more primitive synergies (Cahill-Rowley and Rose, 2014). Major afferents project from the cerebellar and cerebral cortices to the red nucleus and the rubrospinal tract projects to cerebellar nuclei before reaching the spinal cord (Darras and Volpe, 2018). Animal studies have shown that when the cerebellar nuclei are stimulated, stereotyped motor synergies are produced (Rispal-Padel et al., 1982). This may explain why children with larger deficits in SVMC may have a greater reliance on the cerebellum resulting in the production of less skillful patterned movements when higher centers of motor control are impaired.

While a stronger relationship with SCALE was found for the ipsilateral cerebellum, significance was also found for the contralateral side. Typically, there is an ipsilateral association between the cerebellum and limb movement; however, bilateral activation during unilateral movement has been reported in normal controls and adults post-stroke (Cui et al., 2000; Ehrsson et al., 2002; Nair et al., 2003; Kapreli et al., 2006; Dong et al., 2007). Normal adults performing a finger tapping task primarily activated their ipsilateral cerebellum when using their dominant hand but activated their cerebellum bilaterally when using their non-dominant hand (Dong et al., 2007). In the same study, patients post-stroke recruited their contralateral as well as their ipsilateral cerebellum while performing the task with their involved hand. While our patient population had bilateral rather than unilateral limb motor impairment, these data support our findings. Children with CP with greater impairment exhibited higher levels of bilateral cerebellar activation than those with less impairment.



Limitations

This study had a small sample size but comparative fMRI studies contained even fewer participants with CP (Phillips et al., 2007; Hilderley et al., 2018). A control group of typically developing children was not studied. While the goal was to examine varying levels of brain metabolism based on selective motor control within CP, knowledge of normal activation patterns under the same conditions is unknown. A common limitation in PET is the low anatomical resolution when mapping metabolic activity. Further, there may be smoothing of the metabolic maps when they are resampled to the SPM anatomical template, especially due to the lack of subject-specific MRI anatomical scan. However, this smoothing may also potentially lead to a gain in the signal to noise ratio locally over the image. Finally, due to statistical correction for a large number of voxel-wise multiple comparisons, there may be a loss of power although this loss is mitigated by both cluster-wise thresholding methods and a separate a priori ROI-based analysis.



CONCLUSION

In this study, we examined neuromotor control during an ankle motor task that was challenging for children with spastic CP, particularly for those with low levels of motor control. As we hypothesized, there was a significant positive relationship between SVMC and metabolic activity in the sensorimotor cortex that was contralateral to the moving limb. Interestingly, we found that lower motor control was associated with greater cerebellar activation during the motor task. Decreased cortical and increased cerebellar activation in children with more impaired motor control may be related to task difficulty, activation of new motor learning paradigms in the cerebellum and potential engagement of alternative motor systems when CSTs are focally damaged. These results support SCALE as a clinical correlate of neurologic damage.
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While Botulinum NeuroToxin-A (BoNT-A) injections are frequently used to reduce the effects of hyperactive stretch reflexes in children with cerebral palsy (CP), the effects of this treatment vary strongly. Previous research, combining electromyography (EMG) with motion analysis, defined different patterns of stretch reflex muscle activation in muscles, those that reacted more to a change in velocity (velocity dependent –VD), and those that reacted more to a change in length (length dependent –LD). The aim of this study was to investigate the relation between the types of stretch reflex muscle activation in the semitendinosus with post-BoNT-A outcome as assessed passively and with 3D gait analysis in children with spastic CP. Eighteen children with spastic CP (10 bilaterally involved) between the ages of 12 and 18 years were assessed before and on average, 8 weeks post-treatment. EMG and motion analysis were used to assess the degree and type of muscle activation dependency in the semitendinosus during passive knee extensions performed at different joint angular velocities. Three-dimensional gait analysis was used to assess knee gait kinematics as a measure of functional outcome. Pre-treatment, 9 muscles were classified as VD and 9 as LD, but no differences between the groups were evident in the baseline knee gait kinematics. Post-treatment, stretch reflex muscle activation decreased significantly in both groups but the reduction was more pronounced in those muscles classified pre-treatment as VD (−72% vs. −50%, p = 0.005). In the VD group, these changes were accompanied by greater knee extension at initial contact and during the swing phase of gait. In the LD group, there was significantly increased post-treatment knee hyperextension in late stance. Although results vary between patients, the reduction of stretch reflex muscle activation in the semitendinosus generally translated to an improved functional outcome, as assessed with 3D gait analysis. However, results were less positive for those muscles with pre-treatment length-dependent type of stretch reflex muscle activation. The study demonstrates the relevance of categorizing the type of stretch reflex muscle activation as a possible predictor of treatment response.

Keywords: cerebral palsy, stretch reflex, spasticity, gait analysis, Botulinum toxin, treatment, tone reduction, muscle spindles


INTRODUCTION

Cerebral palsy (CP) is a common childhood physical disability caused by a non-progressive brain injury resulting in impaired development of the musculoskeletal system (1). The most common motor impairment among children with CP is spastic paresis (2), in which hindered development of the descending motor and sensory tracks results initially, in muscle paresis, followed very quickly by muscle alterations including increased sensitivity of the stretch reflexes (3, 4). When stretch reflexes, as measured at rest, are exaggerated in response to a changing stretch velocity, they are referred to as “spasticity” (5). In addition, studies carried out on different muscles of children with CP have reported exaggerated stretch reflexes in response to changes in muscle length, rather than velocity (6–9). In particular, length-dependent stretch reflex activation was most prevalent in the semitendinosus (6). Some hypothesize that this length-dependency reflects more severely affected muscles (2) or muscles with a more complex movement disorder (10). While several underlying pathophysiological mechanisms of the different types of stretch reflex muscle activation have been proposed (2), it is also relevant to verify whether treatment response differs between the two types of stretch reflex activation.

Reduction of hyperactive stretch reflexes is a key component of the therapy directed at children with spastic CP. For example, injections of Botulinum NeuroToxin-A (BoNT-A) to the semitendinosus are commonly included in a multi-level therapy approach (11). However, treatment success following BoNT-A injections varies strongly, especially in proximal leg muscles, such as the semitendinosus (12). This response variability necessitates more research to help delineate to whom such treatment should be directed. This is especially important given the concerns regarding the possible longitudinal impact of repeated BoNT-A injections on muscle growth (13, 14).

Instrumented assessments such as electromyography (EMG) and 3D motion analysis are becoming more accessible in clinical settings. Compared to ordinal clinical scales, these instruments allow more accurate diagnosis of impairments in children with CP, leading to more informed treatment decisions. In addition, given the low correlation between impairments assessed with the child at rest on an examination table and their assessment during gross motor function, such as gait, it is important that treatment effects are assessed in an instrumented way in both passive and active conditions (15). Therefore, using EMG and motion analysis during passive stretch and during gait, the aim of this study was to examine whether the type of stretch reflex muscle activation affects treatment outcome after BoNT-A injections in the semitendinosus of children with spastic CP. We hypothesized that those muscles with pure velocity-dependent reflexes pre-treatment will show greater improvement post BoNT-A compared to the muscles that show clear length-dependent reflex activations.



METHODS


Ethics Statement

Ethical approval was granted by the University Hospitals' Ethics Committee (B32220072814). Parents/guardians and subjects were informed of the procedure. Parents/guardians and children over the age of 12 provided written informed consent in accordance with the Declaration of Helsinki.



Participants

A convenience sample of 19 children with spastic CP aged 12–18 years were included (Table 1). Data from the instrumented spasticity assessment, but not their gait analysis, had also been analyzed for a previous study (16). One child from this sample did not undergo a gait analysis on the same day as the instrumented spasticity assessment and was therefore excluded from the current study, resulting in 18 subjects for final analysis. The exclusion criteria were as previously reported: a diagnosis (by a neurologist) of ataxia or dystonia; severe muscle weakness [<2+ on the Manual Muscle Test (17)]; poor selectivity (18); knee joint contractures that compromised passive knee joint motion to <20 degrees; cognitive problems that could impede the measurements; previous lower-limb orthopedic surgery; intrathecal baclofen pump; selective dorsal rhizotomy; BoNT-A injections 6 months prior to the first assessment.


Table 1. Included subject characteristics.
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Treatment

Subjects received BoNT-A injections in the semitendinosus as part of a multilevel treatment. BoNT-A dosage and muscle selection were based on patient weight, medical history, findings of a clinical examination, and 3D gait analysis. Injection was done under short general anesthesia, and ultrasound was used for visual identification of muscles and needle depth control (19). As part of the established and standardized integrated approach for BoNT-A treatment at the University Hospital, all patients received some casting during 1–2 weeks immediately following the injections. Some children only had ankle casting (i.e., below-the-knee), while for other children the ankle casts were combined with removable or non-removable full leg casts and an additional abduction-exorotation bar. As part of their regular care, physiotherapy was intensified during the first 4 weeks post-treatment such that three to five sessions of 30–60 min physiotherapy were provided per week. Details of the treatments are reported in Table 2.


Table 2. Treatment details: number of injected muscles, average amount (SD) of Botulinum neurotoxin-A (botox®) injected per muscle, number of subjects prescribed with upper leg casts and number of lower and/or upper-leg casts, average number of casting days, physiotherapy sessions per week and duration.

[image: Table 2]



Data Collection and Processing


3D Gait Analysis

Three-dimensional gait analysis data were collected using a 12 camera VICON system, operating at 100 Hz (VICON, Oxford Metrics, Oxford, UK). Fifteen reflective markers were placed at specific anatomical landmarks on the pelvis and lower limbs, according to the lower-limb Vicon Plug-in-Gait marker configuration (VICON, Oxford Metrics, Oxford, UK). All children walked barefoot at a self-selected walking speed along the walkway. A trial was considered successful when there was good marker visibility. At least three successful trials were collected per participant.

Gait cycle events of initial contact and toe-off were visually determined in Nexus, Vicon (Oxford Metrics Group, UK) which was also used to apply the lower limb Plug-in-Gait for extracting 3D kinematic data. Further analysis was only carried out on the sagittal plane knee kinematics of the most affected knee organized in gait cycles. Firstly, statistical analyses of the entire kinematic waveforms were carried out in order to identify those phases of the gait cycle that significantly differed pre-post intervention. Secondly, the minimum knee extension angles during stance and during swing were calculated. These angles were previously found to be sensitive to treatment with BoNT-A in the semitendinosus (12), and to spasticity (20).



Instrumented Assessments During Passive Stretch

The degree and type of stretch reflex activation in the semitendinosus and its effect on passive knee extension was assessed by combining surface EMG, inertial measurement units and a hald-held dynamometer via a custom-built modular measurement system (compactRIO, National Instruments, Austin, Texas). The method has been extensively validated for use in children with CP, proving reliable and sensitive to the effects of BoNT-A (16, 21).

In children with unilateral CP, only the affected side was tested. In children with bilateral involvement, the most involved side was tested. The most involved side was defined as the side with the highest Modified Ashworth Scale score in the hamstrings (22) or, in case of symmetrical scores, an earlier knee catch angle as defined by the Modified Tardieu Scale (23). When sides were equally affected, the left side was selected. Patients lay supine and were instructed to relax. Circular Ag/AgCl electrodes (diameter of 2 cm) were placed on the muscle bellies of the semitendinosus and the rectus femoris, on specific landmarks with an inter-electrode distance of 2 cm according to the SENIAM guidelines. To minimize cable related movement artifacts on the EMG signal, EMG cables and receivers were taped to the skin. EMG data were collected using the Zerowire system (Cometa, Milan, IT) at a sample rate of 2000 Hz. EMG recording were first collected at rest to define baseline activity. With the knee and hip stabilized by the examiner at 90 degrees, children were asked to carry out three repetitions of an isometric maximum voluntary contraction (MVC) with the knee flexors. The average recorded EMG data from the semitendinosus during the MVCs were used for normalization purposes of passive stretch EMG data collected pre-treatment. Since BoNT-A influences the EMG amplitude, the MVC pre- and post-treatment are not comparable. Therefore, much care was given to standardize the location of the EMG sensors, and EMG was not normalized post-treatment and when comparing pre to post-treatment.

Following the MVCs, the knee joint was passively moved by an examiner from knee flexion to full knee extension (from here on referred to as stretch trials). Firstly, the stretch was carried out at low velocity during ± 5s, then at an intermediate, medium velocity during ± 1s, and finally at high velocity, which was performed as fast possible. Three repetitions were carried out at each velocity. Repetitions were separated by 10 s intervals in order to avoid post-activation depression of the electrophysiological response to stretch (24).

A 6th order zero-phase Butterworth bandpass filter ranging from 20 to 500 Hz was applied to the raw surface EMG signal. The EMG envelope was extracted by taking the square root after applying a low-pass 30 Hz 6th order zero-phase Butterworth filter on the squared raw signal. Joint position and joint velocity were estimated from the data collected with the inertial measurement units using a Kalman smoother (25). From this, joint range of motion (ROM) and maximum angular velocity were obtained. All angular velocity-time profiles were bell-shaped. By visualizing the raw and processed data in a custom-made Matlab GUI, stretch repetitions were excluded when performed out of plane [see Supplement 1 in (21)], at inconsistent velocities between different repetitions within a velocity trial (difference of >5, 15, or 30°/s for low, medium, and fast stretch trials, respectively), in case of poor quality EMG (loss of signal, low signal-to-noise ratio or obvious artifacts), or in case of unexpected antagonist activation.

Stretch reflex sensitivity is related to the conditions from which the stretch is performed, including starting muscle length, stretch velocity and baseline muscle tone (26). To check whether these parameters were equal across groups and sessions, EMG recordings collected at rest, the average starting knee angular positions and maximum angular velocities from slow and fast stretch trials, and the average knee joint ROM from slow stretch trials, were extracted.

To quantify the amount of muscle activation during stretch, we studied the area under the EMG envelope relative to the position moved during stretch trials:
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Where t1 and t2 are times corresponding to particular joint positions. Length-dependent muscle activation, termed EMGLD, was expected to increase between the start and end of the slow stretch trials. Therefore, EMGLD was calculated from slow stretch trials as the average EMG envelope during 60–90% ROM minus the average EMG envelope during 10–30% ROM. The extremes of the ROM (0–10 and 90–100%) were excluded as they were more likely influenced by the performance of the examiner and the comfort of the patient. EMGLD was then expressed as a percentage of the pre-treatment average EMG envelope during the MVCs. Muscles with EMGLD values ≥5%, were categorized as length-dependent (LD) and muscles with EMGLD values <5%, as velocity-dependent (VD). Examples are provided in Figure 1.
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FIGURE 1. Examples of velocity- and length-dependence of the stretch reflexes in the semitendinosus. The average normalized EMG envelope collected from the semitendinosus during passive knee extensions is shown across equally spaced zones of the range of motion (P1-3) at low, medium and fast stretch velocities. In the velocity-dependent activation pattern, EMG increases with increasing stretch velocity, but not across position zones. In the length-dependent activation pattern, EMG increases with stretch velocity and across position zones.


In addition, the influence of increasing muscle stretch velocity on EMG amplitude was quantified using data from both the slow and the fast stretch trials. Specifically, the average EMG envelope during fast trials was computed over a time interval starting 200 ms prior to the time corresponding to maximum angular velocity and ending at the time corresponding to 90% of the ROM. Then, the average EMG envelope in the time interval corresponding to 10–90% ROM of the slow stretch trials was deducted from this value. This parameter is referred to as EMGVD, and was calculated for all muscles, irrespective of categorization as LD or VD.

After accounting for the forces caused by gravity and inertia [based on estimates of the lower leg weight (27)], the net knee torque applied by the examiner was calculated from the external forces, moments, and measured moment arms [Figure 1B in (21)]. The (compensated) knee torque at 70 degrees knee flexion (an angle that corresponded to the overall mid-ROM of all subjects), further referred to as “Torque,” was computed and the average value during slow stretch trials deducted from that during fast stretch trials. All data processing, visualization and analyses were carried out with custom-made MATLAB software (version 8.5.0 R2015a).




Statistical Analysis

Distribution normality of the data, divided by LD and VD groups, was assessed with Shapiro-Wilik tests and by inspection of q–q plots. Pre-treatment data were compared between LD and VD groups, while analysis of the effect of treatment was carried out separately for LD and VD groups as well as on the entire sample. Firstly, the knee kinematic waveforms in the sagittal plane during gait were compared with two-tailed unpaired (LD vs. VD) and paired (pre-post treatment) tests using a statistical parametric (SPM{t}) or non-parametric (SnPM{t}) map, over the gait cycle data (28). The minimum knee extension angles during stance and during swing were calculated per gait cycle and averaged per individual.

Discrete parameters (from passive stretch trials and gait) pre-treatment as well as the pre-post treatment change values were compared between LD and VD groups using unpaired t-tests or Mann Whitney U tests. Per group, as well as for the entire group, the effect of treatment on all discrete parameters (from passive stretch and gait) were carried out using paired t-tests or Wilcoxon Signed rank tests. Data of the groups were then combined to explore the relations between pre-post treatment changes in passive stretch parameters with changes in discrete gait parameters using either Pearson or Spearman correlation coefficients.

For all tests, the significance was corrected for multiple testing [p < 0.025 according to pcritical = 1–(1–α)1/N (29)]. In addition to significance, pre-post treatment change values had to be larger than the minimal detectable change values extracted from previous reliability analyses on similar samples (21, 30). All statistical analyses were carried out using SPSS (IBM Statistics 24) and custom-made scripts in MATLAB (version 8.5.0 R2015a).




RESULTS


Subjects and Treatments

Included subject characteristics are reported in Table 1. Nine semitendinosus muscles were classified pre-treatment as having VD and nine as LD pattern. Children classified with VD patterns, tended to have a greater number of previous BoNT-A injections compared to those classified with LD patterns. Assessments were performed on average 59 ± 13 days after BoNT-A treatment. On average, 4.4 ± 1.0 units/kg BoNT-A were injected in the medial hamstring muscles (semitendinosus, semimembranosus and gracilis). Other muscles that received treatment are listed in Table 2. Post BoNT-A, the children wore lower and/or upper leg casts for an average of 12.67 ± 1.97 days (ranging from 10 to 14 days).



Gait Analysis

The children's knee kinematic waveforms before and after treatment together with age-related normative database of the gait laboratory (gray bands) are displayed in Figure 2. There were no significant differences in the pre-treatment knee kinematic gait curves between children with pre-treatment VD and LD muscles (Figure 2A). On the other hand, post-treatment, children categorized with an LD pattern showed significantly greater knee extension from mid- to terminal stance (Figure 2B). Those children with a pre-treatment VD pattern indicated greater post-treatment knee extension at initial contact, mid-stance and swing (Figure 2D). Comparison of the discrete gait parameters per group can be found in Table 4.


[image: Figure 2]
FIGURE 2. Knee kinematics in the sagittal plane vs. normalized gait cycle and results of the statistical parametric mapping (SPM): (A) pre- and (B) post-treatment velocity vs. length-dependent muscles; (C) pre- vs. post-treatment for the length dependent muscles; and (D) pre- vs. post-treatment for the velocity dependent muscles. Gray curves are from a representative database of typically developing children.




Instrumented Assessments During Passive Stretch

EMGLD pre-treatment in those muscles categorized as LD was 45% higher than those muscles categorized as VD, indicating correct group allocation. In addition, pre-treatment EMGVD was about 2-fold in muscles categorized as VD compared to LD. On the other hand, the pre-treatment baseline average EMG envelope, starting angular positions, ROM, and applied stretch velocities were not different between groups (Table 3).


Table 3. Average (and standard deviation) values of pre-treatment parameters in velocity-dependent and length-dependent muscles from the instrumented assessments during passive stretch.

[image: Table 3]

Post-treatment results are reported in Table 4. Passive ROM significantly increased only in the VD group (+18%), while joint torque significantly decreased for the whole group (−30%) and for the LD group (−44%), but not for the VD group (−13%). EMGLD significantly decreased in the whole group (−53%) and in the LD group (−68%), but tended to increase, though not significantly, post-treatment in the VD group. EMGVD significantly decreased post-treatment by 60% for the whole group, and the reduction was significantly greater for the VD compared to LD group (−72% vs. −50%, p = 0.005). Significant positive correlations were found between the reduction in EMGVD and increased knee extension at terminal swing (r = 0.61, p = 0.021).


Table 4. Average and standard deviation values of parameters from the instrumented assessment during passive stretch and from the knee gait kinematics in the sagittal plane during gait pre- and post-treatment.
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DISCUSSION

In this study, we evaluated the outcome of BoNT-A treatment in the semitendinosus in children with CP on the impairment and activity level. We tested the hypothesis that the type of pre-treatment hyper-activation of tonic stretch reflexes during passive stretch (being velocity- or length-dependent) affects the outcome.

With the exception of highly trained athletes (31), a very high stretch velocity is needed to activate a tonic stretch reflex in a healthy relaxed muscle. In contrast, in subjects with an upper motor neuron lesion diagnosed with spasticity, this threshold is markedly reduced as stretch reflexes are hyperactive (32). Clinically, this results in an exaggerated velocity-dependent resistance to passively imposed movement about a joint (33). However, studies have reported that very low velocity joint rotations (<10–35 degrees/s) may already elicit a response in subjects diagnosed with spasticity (34). This would imply that in some cases, mechanisms other than velocity-dependency are at work when a muscle involuntarily contracts in response to an externally applied stretch. Furthermore, the dependency on velocity and/or length has been described as being muscle, subject and pathology-dependent (6, 7, 35). The current study is the first to report that, at least in the semitendinosus muscles of children with CP, the presence of length-dependent activation of tonic stretch reflexes helps characterize response to focal tone-reduction treatment. Those semitendinosus muscles with more length-dependency tended to react less favorably to treatment as assessed passively and during gait.

In children with CP, spasticity in the semitendinosus is thought to restrict knee extension at terminal swing, resulting in reduced step length and excessive knee flexion at initial contact (36, 37). In accordance, pre-treatment, the knee kinematic gait pattern of the children included in the current study had excessive knee flexion in the second half of swing and during the first 10% of stance (Figure 2A). Flexion at these time points was slightly more exaggerated in those children categorized as having VD semitendinosus muscles, but the differences were not significant. Post-treatment, improvements of the knee angle at initial contact and terminal swing were only significant in those children with pre-treatment VD patterns. In contrast, post-treatment, children with LD patterns indicated knee angles approaching hyperextension in stance, as well as reduced and delayed knee flexion during swing. This pattern was also evident pre-treatment in the LD group, but was even more noticeable post-treatment.

In an extensive review of the effects of BoNT-A on gait in children with CP, Nieuwenhuys et al. (12) reported that increased knee extension in stance, similar to that observed in our LD group, was the only significant effect at the level of the knee. If our findings are confirmed, lack of reported response in other critical gait phases such as initial contact and swing in the studies included in the review, may have been due to the inclusion of children with LD, rather than VD muscles.

Furthermore, knee hyper-extension at terminal stance is not desirable and may be indicative of remaining gastrocnemius spasticity resulting in a pathological plantarflexion knee extension couple (38). While LD is less common in the gastrocnemius than in the semitendinosus (6), it may be possible that those subjects with LD semitendinosus muscles also have LD activation of their gastrocnemius and therefore reduced treatment effects. Another possibility for knee hyperextension at terminal stance is quadriceps weakness. This suggests that it may be worthwhile to explore possible differences in underlying muscle strength between LD and VD muscles. If LD muscles are indeed weaker, it may be hypothesized that the benefits of tone reduction do not outweigh the loss of muscle strength. Alternatively, LD muscles may potentially benefit from additional strength training to outbalance the loss of muscle strength caused by treatment.

Although positive treatment response as assessed during passive stretch was evident in both groups, the reduction in EMGVD was significantly greater in those muscles with a pre-treatment VD categorization. This reduction was associated with an improved knee angle at terminal swing, confirming that treatment of hyperactive tonic stretch reflexes improved the children's gait pattern, in particular in those subjects categorized as having muscles with VD patterns.

Unexpectedly, muscles categorized as LD, rather than VD, demonstrated a reduction in the torque measured during passive stretch. This parameter was calculated by subtracting the torque measured during low velocity stretch from that during fast stretch at a given joint angle (70 degrees knee flexion). Therefore, a change in joint angle, rather than torque also determines the outcome of this parameter. Since ROM improved in the VD group, the lack of significant reduction in torque at 70 degrees knee flexion in the VD group may be a result of a changing joint angle-moment relationship.

Pre-treatment values of EMGLD helped categorize subjects into activation patterns. Therefore, EMGLD was not included in the estimation of treatment response. Furthermore, given the definition of spasticity as velocity-dependent, changes in EMGLD were not deemed directly meaningful to judge the effect of BoNT-A. Nevertheless, it was expected that BoNT-A results in general muscle paresis. This was indeed confirmed, since EMGLD in muscles categorized as LD decreased significantly post-treatment. It is surprising however, that in VD muscles, the opposite effect was observed, i.e., EMGLD tended to increase post-treatment. Yet, this increase was not significant and values were marginal to measurement errors reported from similar samples (21).


Limitations

The current study is not without significant limitations. Firstly, the study sample was small and heterogeneous, which did not allow us to explore more between-group differences. In particular, there were slightly more children classified as GMFCS level 1 in the VD group. Therefore, the distinction of the groups based on activation dependency alone, should be interpreted as preliminary. Additionally, previous studies included mixed forms of length and velocity dependency (6, 7). Such a mixed form is also evident in the LD example of Figure 1. Here, LD activation during slow and medium velocity stretch trials increases with increasing muscle length. Yet, this is not the case at fast velocity. This suggests an interaction between length and velocity dependent activation. While the current study is underpowered to do so, it may be interesting to further analyze the significance of these mixed patterns.

Secondly, while we refer to the semitendinosus only, its activity cannot actually be separated from that of the semimembranosus with surface EMG. Similarly, other muscles crossing the knee may have influenced the assessment of ROM and the calculation of net joint torque. Thirdly, some of the variation in post-treatment knee flexion during gait may be ascribed to the multilevel BoNT-A treatment and not by solely targeting the semitendinosus. Nevertheless, selected muscles and dosages were similar between groups (Table 2). Some subjects in the current study were also prescribed long-leg removable casts post- BoNT-A injection. While the number of children who received this were equally distributed among the groups, we are missing information regarding post-treatment cast adherence which may possibly have also influenced the results. Similarly, while all children received standardized post-treatment physiotherapy according to our hospital recommendations, we cannot exclude the possible effects of physiotherapy on treatment success.



Possible Etiology of Length and Velocity-Dependent Activations

The etiology behind why some muscles are more length, rather than velocity-dependent is unknown and beyond the investigations of the current paper. Nevertheless, there are some possibilities that may be considered.


Biomechanical Orientation

During passive muscle lengthening, motor neuron activation will be defined by excitation of different receptors: muscle-velocity sensing group Ia afferents, mono- and di-synaptic group II afferents that respond to a muscle's actual length, and poly-synaptic receptors from cutaneous mechanoreceptors, joint and tendon afferents. How and which sensors respond depends on the muscles starting lengths, morphological properties, stiffness, orientation of muscle fibers with regard to its tendon, as well as spinal and supraspinal control. Moreover, these characteristics are initially defined by posture and the muscles position within the limb. For example, studies have indicated biomechanical relationships between stretch reflex activation and starting muscle lengths (26, 39, 40). In the current study however, starting posture and joint orientation were similar between subjects and can therefore not explain the observed differences in activation thresholds between LD and VD muscles.



Muscle Properties

Compared to typically developing children, marked morphological alterations have been reported in the semi-tendinosus of children with CP, including smaller and shorter muscle bellies, and shorter fascicles that result in an altered moment-angle relationship (41). Short, stiff muscles may activate sooner as information is relayed more efficiently between fibers (3). Evidence for this has been reported in the elbow flexors of stroke survivors and in the medial gastrocnemius muscles of children with spastic CP, where muscle activation during slow passive joint rotation was related to reduced absolute fiber length (39) and reduced muscle lengthening (42). Therefore, it is likely that altered intrinsic muscle properties in CP are partly responsible for lowered activation thresholds during passive stretch.

In many studies examining muscles affected by spasticity in the passive state, EMG activation during low-velocity passive joint rotation is regarded as indicating lack of muscle relaxation, and the data is discarded (4, 41, 43). We are fairly confident that the data presented in the current study did not reflect active participation by the subject. We were rigorous in monitoring both agonist and antagonist muscles during the passive stretch trials and carefully inspected the timing of any activation. Therefore, data were only selected from stretch trials where activation at low velocity gradually increased over the ROM. Our findings suggest that, rather than disregarding this data, capturing it may help identify children who require a different treatment approach.



Treatment History

There are concerns in the clinical community that repeated treatments with BoNT-A may irreversibly affect muscle volume and quality. If the hypothesis mentioned in the previous paragraph (i.e., that shorter, stiffer and more atrophied muscles elicit earlier stretch reflexes and thus LD patterns) is true, then it may be expected that those children with LD patterns would have undergone a larger number of previous treatments with BoNT-A. However, in our study, children with VD semitendinosus muscles tended to have a larger number of previous treatments with BoNT-A. Therefore, the suggestion that repeated BoNT-A detrimentally affects muscle integrity is not directly supported by our results. Rather, our finding that children with VD patterns more often underwent BoNT-A injections may reflect an appropriate subject selection and clinical decision-making. However, these are assumptions that need to be verified in future research. Given ongoing concern (14), careful monitoring of the long term effects of BoNT-A in children with CP is paramount.



Baseline Tone

Recently, it has been suggested that muscle spindle firing is modulated by fiber force, secondary to history-dependent features. In other words, muscles that are pre-activated (for example, when sustaining a standing posture) fire more strongly as reaction to stretch than when fully relaxed (44). In a simulation study, De Groote et al. (45) found an interaction effect between baseline tone (indicating higher intrinsic muscle force) and a reduced knee oscillation pattern when a leg with spasticity was simulated to undergo a pendulum test. Therefore, a possible explanation for a reduced activation threshold in some spastic muscles may be a higher resting muscle tone resulting in increased force detection by the spindles. Supporting this theory, in the current study, the baseline resting average EMG envelope tended to be higher in LD compared to VD muscles.

In conclusion, the clinical picture of CP is marked by heterogeneity. This emphasizes the importance of CP research focusing on disentangling and categorizing the clinical symptoms. A traditional clustering method is by the type of motor impairment, the most accepted distinguishing spastic, from dyskinetic and ataxic forms (1). Clinicians encountering mixed patterns of motor impairment, provide a diagnosis according to the most dominant and direct their treatment accordingly (1). We suggest that even within those muscles termed as spastic, deeper characterization of the reaction to passive stretch may be clinically meaningful and help direct treatment. Half of the muscles investigated in this small study sample demonstrated an activation pattern during passive stretch disparate to their original diagnosis of velocity-dependent spasticity. It is possible that these muscles possess factors that interact with their stretch reflex control. This possibly more complex disorder may explain their reduced post-treatment reaction at the muscle and joint level as well as reduced functional adaptability. If the current results are validated in larger studies, alternative treatments and closer follow-up may be more desirable than BoNT-A in children with LD muscles.
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The interaction between brain damage and motor function is not yet fully understood in children with spastic cerebral palsy (CP). Therefore, a semi-quantitative MRI (sqMRI) scale was used to explore whether identified brain lesions related to functional abilities and gait pathology in this population. A retrospective cohort of ambulatory children with spastic CP was selected [N = 104; 52 bilateral (bCP) and 52 unilateral (uCP)]. Extent and location-specific scores were defined according to the sqMRI scale guidelines. The gross motor function classification system (GMFCS), the gait profile score (GPS), GPSs per motion plane, gait variable scores (GVS) and multiple-joint (MJ) gait patterns were related to brain lesion scores. In all groups, the global total brain scores correlated to the GPS (total: rs = 0.404, p ≤ 0.001; bCP: rs = 0.335, p ≤ 0.05; uCP: rs = 0.493, p ≤ 0.001). The global total hemispheric scores correlated to the GMFCS (total: rs = 0.392, p ≤ 0.001; bCP: rs = 0.316, p ≤ 0.05; uCP: rs = 0.331, p ≤ 0.05). The laterality scores of the hemispheres in the total group correlated negatively to the GMFCS level (rs = −0.523, p ≤ 0.001) and the GVS-knee sagittal (rs = −0.311, p ≤ 0.01). Lesion location, for the total group demonstrated positive correlations between parietal lobe involvement and the GPS (rs = 0.321, p ≤ 0.001) and between periventricular layer damage and the GMFCS (rs = 0.348, p ≤ 0.001). Involvement of the anterior part of the corpus callosum (CC) was associated with the GVS-hip sagittal in all groups (total: rpb = 0.495, p ≤ 0.001; bCP: rpb = 0.357, p ≤ 0.05; uCP: rpb = 0.641, p ≤ 0.001). The global total hemispheric and laterality of the hemispheres scores differentiated between the minor and both the extension (p ≤ 0.001 and p ≤ 0.001) and flexion (p = 0.016 and p = 0.013, respectively) MJ patterns in the total group. Maximal periventricular involvement and CC intactness were associated with extension patterns (p ≤ 0.05 and p ≤ 0.001, respectively). Current findings demonstrated relationships between brain structure and motor function as well as pathological gait, in this cohort of children with CP. These results might facilitate the timely identification of gait pathology and, ultimately, guide individualized treatment planning of gait impairments in children with CP.
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INTRODUCTION

Children with cerebral palsy (CP) suffer from a non-progressive brain lesion that occurs in the developing fetal or infant brain (Rosenbaum et al., 2007). As a consequence, motor deficits (e.g., spasticity and muscle weakness) and functional disabilities (e.g., upper limb dysfunction and gait pathology) emerge during early childhood (Graham et al., 2016). The clinical severity of motor and functional impairments is frequently described by the topographic classification, i.e., bilateral (bCP) and unilateral (uCP) CP (Rosenbaum et al., 2007; Graham et al., 2016) and by the levels of the Gross Motor Function Classification System (GMFCS) (Palisano et al., 1997).

An increasing number of studies have explored the link between brain structure and functional impairments (Arnfield et al., 2013; Meyns et al., 2016; Mailleux et al., 2017a, b; Zhou et al., 2017; Cahill-rowley et al., 2019). Previous explorations in children with bCP, for example, have shown that increased damage to the total corpus callosum (CC) volume and increased lateral ventricle volume were associated with increased gait pathology (Meyns et al., 2016).

Neuro-imaging has played a substantial role in describing the pathogenesis and structure-function relationship in CP (Krägeloh-Mann and Horber, 2007; Himmelmann and Uvebrant, 2011). Because conventional magnetic resonance imaging (MRI) findings add considerable information to the early diagnosis of CP in children, harmonizing definitions is crucial (Novak et al., 2017). The Surveillance of Cerebral Palsy in Europe has suggested using the MRI Classification System (MRICS), where the predominant pathogenic lesion pattern is classified in broad categories, based on the presumed timing of the brain insult (Himmelmann et al., 2016). However, this classification system is restricted in providing a detailed neuro-anatomical characterization of the brain injury.

A reliable, semi-quantitative MRI (sqMRI) scale has recently been developed to assess both the extent and specific locations (e.g., layers, lobes, and subcortical structures) of the lesion. The scale is applicable in children from the age of 3 years onward, i.e., when myelination appears to be complete in both lobes and subcortical regions (Parazzini et al., 2002). In this scale, higher sqMRI scores indicate a higher brain involvement (Fiori et al., 2014). To date, this assessment, which has been developed specifically for CP, has shown correlations with communication in children with CP (Coleman et al., 2016; Laporta-Hoyos et al., 2018), upper limb sensorimotor outcomes and function in only uCP (Fiori et al., 2015; Pagnozzi et al., 2015; Mailleux et al., 2017a, b), as well as motor function and cognition in children with dyskinetic CP (Laporta-Hoyos et al., 2018). As a result, this semi-quantitative scale confirmed its potential to investigate structure–function relationships in children with CP after the age of 3 years (Fiori et al., 2014).

Nevertheless, the relationships between the sqMRI scale and general functional abilities of children with spastic CP and, more specifically, gait have not yet been investigated. This is crucial, since gait is one of the most frequent functional impairments in children with CP. Indeed, approximately 70% of children with CP are ambulatory (Ahlin et al., 2016). Gait in CP is commonly assessed with three-dimensional gait analysis (3DGA), which constitutes the “golden standard” (Wren et al., 2011; Meldrum et al., 2014). Gait indices, such as the Gait Profile score (GPS) (Baker et al., 2009), are commonly used outcome measures quantifying the overall degree of gait deviations, in comparison with gait data of typically developing (TD) peers. In addition, gait classification systems describe the walking patterns of children with CP and may be considered complementary to overall gait indices because they provide more insight regarding the direction of the observed deviation(s). The combination of gait indices and gait classification according to multiple joint (MJ) patterns (Papageorgiou et al., 2019a) may be key to comprehensively delineate gait pathology in children with CP and its relations to the brain lesion.

Children with bCP and uCP display differences in brain lesions (Krägeloh-Mann and Horber, 2007; Zhou et al., 2017), gross motor function (Himmelmann and Uvebrant, 2011; Holmes et al., 2018; Papageorgiou et al., 2019b), and gait (Meyns et al., 2016; Holmes et al., 2018). These population-based differences necessitate in-depth exploration of the possible interactions between the brain lesions of each group and their function or gait characteristics. Previous studies on the brain-gait relation in uCP and bCP included small samples (Meyns et al., 2016). Additionally, the combination of extent and location of the brain lesions has not been thoroughly investigated. Studies on the relationships between brain structure and functional disabilities of children with CP have used various methods, without comprehensive quantification of the respective pathologies. With respect to brain analysis, qualitative scales based on conventional MRI (Romei et al., 2007; Himmelmann and Uvebrant, 2011; MacFarlane et al., 2012; Taufika et al., 2012) and different neuroimaging modalities, such as diffusion tensor imaging (DTI) (Rose et al., 2007; Meyns et al., 2016; Cahill-rowley et al., 2019), have been applied. Regarding functional abilities and gait pathology, previous studies frequently used the gross motor function measure (Romei et al., 2007) and the GMFCS (Rose et al., 2007; Himmelmann and Uvebrant, 2011), gait patterns (MacFarlane et al., 2012; Taufika et al., 2012), spatiotemporal parameters (Cahill-rowley et al., 2019) or quantified outcome measures (Romei et al., 2007; Rose et al., 2007; Meyns et al., 2016; Cahill-rowley et al., 2019). The use of various brain and motor outcome measures might impede drawing overall conclusions concerning the structure–function relationship in children with CP. A deeper understanding of the underlying neural contributions could bridge the gap between the heterogeneous clinical presentations, as well as provide information and guidance for targeted, life-long treatments in children with CP (Rose et al., 2007; Graham et al., 2016; Zhou et al., 2017; Meyns et al., 2019).

Therefore, the aim of this retrospective study was to explore the relationships between the observed brain lesions in children with CP and their functional impairments with validated and easily obtainable tools, and with a special focus on gait pathology. This explorative study is the first to combine several previously explored, isolated parameters. The integration of several parameters is a new step towards a generalization of the findings. This methodological approach allows the comparison of the new findings with previous studies and the delineation of novel associations that may have been lost in those previous studies. Hence, we explored whether the extent and location of the brain lesions scored according to the sqMRI scale were related to a comprehensive assessment of (a) the functional abilities, using the GMFCS, and (b) gait pathology, by means of the GPS and MJ patterns, in children with CP. These relationships were further separately explored in bCP and uCP children.



MATERIALS AND METHODS


Participants

A convenience sample was selected from the retrospective database of the Clinical Motion Analysis Laboratory of the University Hospitals Leuven, under the ethical approval provided by the Medical Ethical Committee of the University Hospitals Leuven (s56036). Permission to use and process retrospective patient data acquired during standard medical care was granted on condition that all patient information had been a priori anonymized and no patients would be included if they had requested so. Therefore, an informed written consent from all parents and/or patients was not acquired. This database comprised 3DGA sessions of more than 400 children, who were screened based on the following inclusion criteria: (a) a diagnosis of spastic bCP or uCP, (b) a 3DGA conducted between the ages of three and eight, (c) availability of a conventional brain MRI, acquired after the age of 3 years. Children were excluded if they showed marked clinical signs of dyskinesia or ataxia, if they had undergone any lower limb surgery in the past, more than three botulinum toxin type A (BoNT-A) treatments or if they had received a BoNT-A treatment less than 6 months before the 3DGA. These treatment criteria were applied in order to ensure homogeneity of the included sample, as well as to minimize the effect of treatment history on the analyses. In case multiple 3DGA sessions of the same patient fulfilled all criteria, the earliest one with sufficient data quality was chosen, to minimize the effect of treatment(s) or growth on gait. If multiple MRI scans were available, the first MRI after the age of 3 years and closest to the 3DGA was chosen. Additional data were collected and reported for all patients regarding commonly measured clinical impairments and comorbidities. Clinical impairments of the muscles acting in the sagittal plane were summed to form composite scores for spasticity, weakness, selectivity and passive range of motion (ROM) (Papageorgiou et al., 2019b). Comorbidities included visual, hearing and intellectual impairments, as well as a history of epilepsy. These were scored according to the guidelines of the Surveillance of CP in Europe (Cans et al., 2007).



Brain MRI

Each MRI scan was scored by a trained pediatric neurologist (EO) who was blinded to patient characteristics and 3DGA results, and who was also involved in the original reliability study of the sqMRI (Fiori et al., 2014). Firstly, the MRICS was used to qualitatively classify all children’s brain lesions based on presumed lesion timing (Himmelmann et al., 2016). Only the predominant pattern based on the presumed timing of the lesion was reported for children who had multiple brain lesions, in accordance with the guidelines of the Surveillance of CP in Europe (Himmelmann et al., 2016). Children with a normal brain classification (i.e., category E) were not further scored with the sqMRI scale. The sqMRI scale is used to score the extent and location of the lesion and is preferably applied to the axial fluid-attenuated inversion recovery (FLAIR) sequences, which allow a clearer visualization of white matter lesions. If no FLAIR sequence was available for a patient, standard T1 sequences were used. The procedure was identical to that reported in the original publication, whereby the lesions were drawn on a paper template with six axial slices and scores were calculated based on the drawing (Fiori et al., 2014). Scoring brain lesions according to the sqMRI scale allows to score the extent and location of the lesion. In general, higher scores indicate larger damage, representing the extent of the brain lesion.

The extent of the brain lesion was expressed with the global total brain score (0–40), the global total hemispheric (0–24) and global total subcortical (0–10) scores, as well as the total CC and cerebellum scores (0–3, each). In addition to these, an adjusted global total brain score (0–37) was computed in case a sagittal MRI view was not available or was of poor quality, hindering the scoring of the CC. Finally, the laterality of the hemispheres was calculated based on the formula by Desmond et al. (1995), following the adaption by Coleman et al. (2016) (i.e., the difference between the two global hemispheric scores was divided by their sum, ranging between 0 and 1).

The location of the lesion was calculated based on detailed scores of the four brain lobes (i.e., frontal, parietal, temporal, and occipital; 0–3, each) in the most affected brain hemisphere. In cases of bilateral symmetrical lesions, the hemisphere that referred to the contralateral side of the most affected lower limb was used. Each lobe was further divided into three layers, namely periventricular, middle and cortico/subcortical (0–4, each). Lastly, all subcortical structures (the lenticular and caudate nuclei, the posterior limb of the internal capsule – PLIC, the thalamus and the brainstem) along with the individual parts of the CC (i.e., anterior, middle and posterior) were investigated in more detail (all scored as 0 or 1, indicating intactness or involvement, respectively).



Gait Analysis

For children with uCP, only the lower limb that displayed neurological symptoms and motor deficits was taken into account. For children with bCP, the most spastic and/or weakest side was chosen based on the clinical records of each patient. This was decided in order to account for the interdependence between the motions of both affected sides, as well as for enhanced comparability between the two patient groups.

Standardized 3DGAs at a self-selected walking speed and in a barefoot condition were selected from the retrospective gait database for all included children. Kinematic, kinetic and electromyographic data were recorded at the time of the gait analysis, which was planned as a routine clinical assessment. However, only kinematic data were considered for the current study. The measurement system consisted of 10–15 optoelectronic cameras (Oxford Metrics, Oxford, United Kingdom) set up around a 10 m walkway. Markers were located on specific anatomical landmarks, according to the Vicon Plug-In-Gait model. Gait cycles were identified using the kinematic data as well as data from two force plates (Advanced Mechanical Technology Inc., United States) embedded in the walkway. After the identification of gait cycles, joint angles of the hip, knee and ankle, as well as segmental orientation of the pelvis and foot were calculated in Vicon Nexus software (Oxford Metrics, Oxford, United Kingdom). Next, all gait trials were imported into a custom-made Matlab® software (The MathWorks, Natick, MA, United States, 2015), to control for quality and any artifacts or potential outliers. To that end, the ROM and the knee varus-valgus angle values were taken into consideration as previously described (Schwartz et al., 2004). Outliers were defined by taking the average kinematic waveform of each lower limb as a reference and by inspecting the variability of the individual trials around the averaged waveform. A knee varus-valgus ROM ≥ 15°, a knee valgus angle ≤ −10° during swing phase or increased variability in comparison to the average kinematic waveform led to trial exclusion. Subsequently, all available, good-quality gait trials were averaged in this custom-made software, thus creating a new trial for each child. These new, averaged gait trials were used for all further analyses.

Firstly, the GMFCS was reported because it is a widely accepted, frequently reported and validated measure of gross motor function for children with CP (Palisano et al., 1997, 2000). Gait is one of the components of the GMFCS, with the levels I to III expressing the ability to walk, and higher level referring to severe gait impairments (Molloy et al., 2010; Hassani et al., 2011; Massaad et al., 2014; Õunpuu et al., 2015). Secondly, the GPS was calculated. The GPS is an overall gait index that summarizes all relevant kinematic deviations from gait kinematics of TD children. The TD database consisted of 23 children with a median age of 7 years, 2 months (range 4 years, 2 months – 7 years, 11 months) and no neurological or musculoskeletal disorders. The GPS constitutes the root mean square difference between the gait vector of each patient and that of TD peers and is expressed in degrees of motion (Baker et al., 2009). Apart from the overall GPS, a GPS per separate motion plane was calculated (i.e., GPS – sagittal/coronal/transverse), as well as individual gait variable scores (GVS) for nine relevant joint motions in the three motion planes (Baker et al., 2009). For the bCP children, laterality scores were also calculated for the four GPSs, based on the formula of Desmond et al. (1995). Even though the GPSs and GVSs represent the severity of overall gait deviations, the direction of these deviations remains unclear. To overcome this limitation, an additional gait measure was used, i.e., classification of the average gait trials according to a recently reported classification system of MJ gait patterns. These MJ gait patterns represent a series of combined motions at different lower limb joints accepted by the clinical CP community (Papageorgiou et al., 2019a). All assigned patterns were merged into three broad categories, indicating the general direction of the gait deviations. These three categories included: (i) ‘minor deviations,’ including the children displaying minor gait deviations and children classified with a drop foot, (ii) ‘extension patterns’, including children presenting with the genu recurvatum, true equinus or jump gait MJ patterns, and (iii) ‘flexion patterns,’ including children presenting with apparent equinus or crouch MJ patterns. A brief explanation of the GPSs, GVSs and MJ patterns’ classification can be found in Supplementary Figure 1.



Statistical Analysis

All patient characteristics, brain lesion scores and gait scores were summarized and descriptive statistics were extracted. Normality of the data was not confirmed in all cases based on the Shapiro–Wilk test, hence non-parametric statistics were applied. Between-group comparisons were carried out with the Mann–Whitney U (MWU) test, as well as the Pearson chi-squared test (χ2) for the categorical outcomes, to identify whether the children with bCP and uCP showed baseline differences.

Due to the different types of study datasets, different statistical analyses were performed. A summary of all analyses can be found in Supplementary Table S1. The strength of all correlations was reported following the classification of Chan (2003). Correlation coefficients < 0.30 were classified as poor correlations and will not be discussed further. Coefficients between 0.30–0.50 and 0.50–0.80 were classified as fair and moderate correlations, respectively. Coefficients ≥ 0.80 were classified as very strong correlations (Chan, 2003).

Spearman’s rank correlations (rs) were performed to identify the relationships between the continuous or ordinal extent and location sqMRI scores and the GMFCS, the GPSs and the GVSs.

Point-biserial correlations (rpb) were used to explore the relationships between the normally distributed dichotomous location scores and gait pathology. The MWU test was applied to identify differences in the ranks of continuous GPSs and GVSs between the non-normally distributed dichotomous sqMRI categories.

Kruskal–Wallis comparisons were carried out to explore the differences in the continuous sqMRI scores across the three MJ patterns. If differences were identified, post-hoc MWU tests were performed.

Finally, the Pearson chi-squared test (χ2) was used to study the associations between the ordinal and dichotomous sqMRI scores and MJ patterns. The χ2 test was also applied for the dichotomous scores and their associations with the GMFCS. In case of significant associations, their strength was defined based on Cramer’s V, which depends on the degrees of freedom (DF) and was subsequently classified as weak, moderate or strong (Cohen, 1988). The interpretation rules of these values are described in Supplementary Table S1. The direction of these associations can be further examined with the adjusted standardized residuals (i.e., standardized residuals to control for the variations due to the sample size). The latter indicate which specific combinations of scores contribute more strongly to the identified associations. Adjusted standardized residuals follow a normal distribution [with ‘0’ as mean and ‘1’ representing one standard deviation (SD)]. Hence, values of adjusted standardized residuals larger than the mean +2 SDs indicate that two scores are observed more frequently together and are thus associated with each other. Similarly, values smaller than the mean −2 SDs indicate combinations that are statistically negatively associated with each other. All statistical analyses were performed in SPSS (IBM SPSS Statistics for Windows, version 24—IBM Corp., Armonk, NY, United States) with α = 0.05. Due to the exploratory nature of the present study, correction for multiple testing was only applied for the post hoc MWU analyses that were run after the Kruskal–Wallis comparisons (α = 0.017 – Šidák correction).



RESULTS


Sample, Brain Lesion and Gait Characteristics

A total of 104 children with spastic CP fulfilled the inclusion criteria and were selected for study enrollment. Patient characteristics are summarized in Supplementary Table S2. At the time of MRI, the median age was 8 years, 5 months (range 3 years, 0 months – 17 years, 7 months) and the median age at which the 3DGA was performed was 5 years, 10 months (range 3 years, 7 months – 7 years, 10 months) with an average time of 2 years, 7 months between the two evaluations. The sample consisted of an equal number of children with bCP and uCP (n = 52). At the time of the gait analysis, 51% of the entire sample was naive to BoNT-A treatment, while less than 7% of the children had undergone three BoNT-A treatment sessions. In total, the sample consisted of children who were mildly affected by spasticity, weakness, impaired selectivity or contractures, as indicated by the median composite scores (e.g., 4 out of maximally 16 for spasticity). Moreover, most of the children had no reported associated comorbidities. Finally, all children received physical therapy (ranging from 1 to 6 sessions, with a median duration of 45 min per session). The majority of children (i.e., 81%) used ankle foot orthoses during the day, while 40% of the children additionally used night orthoses.

Brain lesion scores are summarized in Supplementary Table S3. A standard T1 sequence was used for only three children with no FLAIR sequence availability. Brain lesions classified following the MRICS showed that the vast majority of children had predominantly white matter injuries. Global total sqMRI scores presented a median score of 12 (interquartile range = 1.7–16.5) out of 40. Nine children (i.e., 8%) had a global total brain score of 20 or above, with the maximum score being 28.5 in one child. Adjusted global total brain scores were used for a total of 21 children. Of the remaining 83 children, 27 (33%) showed no corpus callosum involvement. Cerebellar involvement was even more uncommon, with 91% of the children having an intact cerebellum. As far as the lesion location scores of the most affected brain hemisphere are concerned, the periventricular layer displayed the highest damage (median = 3.5, interquartile range = 2–4), with 36% of the children having the maximum score of 4. With respect to the subcortical structures, almost 40% of the children had an involved PLIC and thalamus.

Gait parameters are summarized in Supplementary Table S4. Most of the children in the total group were highly functional, i.e., GMFCS level I (62%). The highest median scores were reported for the GPS-sagittal (8.69, interquartile range = 7.33 – 11.53) and the GVS-knee sagittal (12.19, interquartile range = 9.15 – 15.11). Most of the children (i.e., 48%) displayed an extension MJ pattern whereas 21 and 31% presented a minor and flexion MJ pattern, respectively.



Relationships Between sqMRI Scores and Motor Function

All relationships between the brain lesion scores and the GMFCS, GPS and its derivatives and the MJ patterns are summarized in Figures 1–3. In these figures, each statistically significant relationship that was identified across the various statistical analyses is represented with shapes for each group: i.e., square for the total, circle for the bCP and triangle for the uCP. Only the statistically significant results are reported in the tables, separately for each group (Tables 1–5). No relationships were established between the cerebellum and any of the motor function scores.
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FIGURE 1. Summary of all statistically significant relationships identified between the brain lesion extent scores and the functional and gait scores (i.e., GMFCS, GPSs, GVSs, and MJ patterns). The total group is depicted with a square, the bCP with a circle and the uCP with a triangle (from left to right: total, bCP, uCP). GMFCS, gross motor function classification system; GPS, gait profile score; GVS, gait variable score; MJ, multiple joint; bCP, bilateral cerebral palsy; uCP, unilateral cerebral palsy.
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FIGURE 2. Summary of all statistically significant relationships identified between the lobar and layers brain lesion location scores and the functional and gait scores (i.e., GMFCS, GPSs, GVSs, and MJ patterns). The total group is depicted with a square, the bCP with a circle and the uCP with a triangle (from left to right: total, bCP, uCP). GMFCS, gross motor function classification system; GPS, gait profile score; GVS, gait variable score; MJ, multiple joint; bCP, bilateral cerebral palsy; uCP, unilateral cerebral palsy.
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FIGURE 3. Summary of all statistically significant relationships identified between the dichotomous brain lesion location scores (i.e., subcortical structures and parts of the corpus callosum) and the functional and gait scores (i.e., GMFCS, GPSs, GVSs, and MJ patterns). The total group is depicted with a square, the bCP with a circle and the uCP with a triangle (from left to right: total, bCP, uCP). GMFCS, gross motor function classification system; GPS, gait profile score; GVS, gait variable score; MJ, multiple joint; bCP, bilateral cerebral palsy; uCP, unilateral cerebral palsy.



TABLE 1. Spearman’s rank correlations between the sqMRI extent scores and the scores of functional ability and gait for the total (N = 104), bilateral (n = 52), and unilateral (n = 52) groups.
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TABLE 2. Spearman’s rank correlations between the sqMRI location scores of the most affected brain side and the scores of functional ability and gait for the total (N = 104) and unilateral (n = 52) groups.
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TABLE 3. Point-biserial correlations between (i) dichotomous sqMRI scores and (ii) continuous gait scores for the total (N = 104), bilateral (n = 52), and unilateral (n = 52) groups.
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TABLE 4. Statistically significant differences based on Mann–Whitney U test between the continuous gait scores for the total (N = 104), bilateral (n = 52), and unilateral (n = 52) groups for the dichotomous sqMRI scores.
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TABLE 5. Statistically significant differences in sqMRI extent scores among the multiple joint patterns.

[image: Table 5]
Brain Lesion Extent Scores in Relation to the GMFCS and Gait Pathology

All statistically significant correlations are reported in Table 1. No correlations were found between the total CC and either the GMFCS or gait pathology.


Total group

The global total sqMRI score fairly correlated to the GPS (rs = 0.404, p ≤ 0.001) and the GPS-transverse (rs = 0.424, p ≤ 0.001), indicating that more extensive brain damage corresponds to higher gait pathology. The global total hemispheric score correlated to the GMFCS (rs = 0.392, p ≤ 0.001), GPS (rs = 0.387, p ≤ 0.001), GPS-sagittal (rs = 0.310, p ≤ 0.001), and GPS-transverse (rs = 0.372, p ≤ 0.001). None of these global scores were related to the GVSs. In addition, no correlations were identified for the total group regarding the global total subcortical score. Finally, the laterality hemispheres’ score was negatively related to both the GMFCS level and the GVS-knee sagittal, indicating that children with more symmetric lesions, are classified in higher GMFCS levels and have more knee gait pathology, respectively.



Children with bCP

Fair correlations were identified between the global total sqMRI scores and the GMFCS, as well as the GPS (rs = 0.325, p ≤ 0.05). The global total hemispheric score correlated fairly to the GMFCS (rs = 0.316, p ≤ 0.05). In addition, all four global brain scores correlated to the GPS-transverse (i.e., global total – rs = 0.474, p ≤ 0.01; adjusted global total – rs = 0.566, p ≤ 0.05; global total hemispheric – rs = 0.346, p ≤ 0.05; and global total subcortical scores - rs = 0.370, p ≤ 0.01). Additional correlations were identified between the laterality of the hemispheres and the GVS-hip transverse (rs = −0.394, p ≤ 0.01), as well as between both the adjusted global total score and the global total subcortical score and the GVS-foot transverse (rs = 0.595, p ≤ 0.05; rs = 0.344, p ≤ 0.05, respectively).



Children with uCP

The global total sqMRI and the global total hemispheric scores were fairly correlated with the GMFCS (rs = 0.336, p ≤ 0.05; rs = 0.331, p ≤ 0.05, respectively), and the GPS (rs = 0.493, p ≤ 0.001; rs = 0.422, p ≤ 0.01, respectively). Additional fair correlations were identified between both of these global brain scores and the GPS-sagittal, the GPS-transverse and the GVS-hip sagittal. In this group, relationships were found between all four global scores and proximal gait impairment scores (i.e., GVS-pelvis in the coronal and transverse planes and GVS-hip sagittal). The strongest relationships were reported between the adjusted global total score and both the GVS-hip sagittal and GVS-pelvis coronal (for n = 7: rs = 0.821, p ≤ 0.05; rs = 0.786, p ≤ 0.05, respectively).



Brain Lesion Location Scores in Relation to the GMFCS and Gait Pathology

All statistically significant results are reported in Tables 2–4. No relationships were found between the middle or the posterior parts of the CC and either the GMFCS or gait pathology.


Total group

The periventricular layer of the most affected brain hemisphere correlated fairly to the GMFCS (rs = 0.348, p ≤ 0.001), as did the parietal lobe score with the GPS (rs = 0.321, p ≤ 0.001) (Table 2). Furthermore, regarding the dichotomous variables of the sqMRI scale, the involvement of the anterior part of the CC was fairly correlated to the GVS-hip sagittal (rpb = 0.495, p ≤ 0.001) (Table 3). Differences based on the MWU test demonstrated that the involvement of the anterior CC is related to increasing gait impairments (Table 4). In addition, an involved PLIC points to less severe pathology at the level of the knee in the sagittal plane (p = 0.03).



Children with bCP

No relationships were identified between the scores of the lobes or the layers and functional ability and gait in children with bCP (Table 2). As far as the dichotomous scores are concerned, two fair relationships were found, namely between (i) the lenticular nucleus and the GPS (rpb = 0.430, p ≤ 0.001), and (ii) the anterior part of the CC and the GVS-hip sagittal (rpb = 0.357, p ≤ 0.05) (Table 3). Differences based on the MWU test revealed that involvement of the lenticular nucleus, the PLIC, the thalamus, the brainstem and the anterior CC were associated with increasing gait pathology (Table 4).



Children with uCP

Positive, fair correlations were identified between the lobes and layers and the GMFCS, the GPSs and the GVSs (Table 2), indicating that increasing involvement of these lesion locations is observed with more pathological motor function. For example, the temporal and occipital lobes correlated to the GMFCS (rs = 0.312, p ≤ 0.05; rs = 0.409, p ≤ 0.01, respectively). Similarly, periventricular layer involvement was related to the GMFCS (rs = 0.364, p ≤ 0.01). Moreover, the involvement in three lobes (i.e., parietal, temporal and occipital) and two layers (i.e., middle and cortico/subcortical) correlated to the GPS. Moderate correlations were identified between the periventricular layer score and the GVS-hip sagittal (rs = 0.512, p ≤ 0.001).

With respect to the dichotomous lesion location scores, the GMFCS showed only one weak association with the thalamus in the uCP group (χ2 = 4.13, p ≤ 0.05, Cramer’s V = 0.282, DF = 1). More specifically, GMFCS level I was associated with an intact thalamus, while the opposite was the case for children with GMFCS level II (Supplementary Table S5). Moreover, lesions of the subcortical structures and the anterior part of the CC were related to increasing gait pathology (Tables 3, 4), with a moderate correlation between the anterior CC and GVS-hip sagittal (rpb = 0.641, p ≤ 0.001), shown in Table 3.



Brain Lesion Scores in Relation to the MJ Patterns

All statistically significant results are reported in Table 5, Figure 4, and Supplementary Tables S6, S7.
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FIGURE 4. Example illustration of chi-squared analyses, shown in Supplementary Table S6. Upper row: (A) intact corpus callosum (score 0 out of 3) associated with (B) an extension MJ pattern (increased knee extension during midstance and reduced dorsiflexion). Lower row: (A) corpus callosum with score 2 out of 3 (involved middle and posterior parts) associated with (B) a minor deviations MJ pattern. MJ, multiple joint.



Total group

In the total group, significant differences in two of the global extent scores among the three MJ patterns were found (Table 5). The post-hoc MWU comparisons showed that significantly smaller global total hemispheric scores were found in the children with minor MJ patterns in comparison with the extension (p ≤ 0.001) and flexion (p = 0.016) MJ patterns. Additionally, higher laterality of the hemispheres scores were found in the minor deviations MJ patterns, compared to the extension (p ≤ 0.001) and flexion (p = 0.013) patterns.

The total CC was moderately associated with the MJ patterns (χ2 = 15.20, p ≤ 0.05, Cramer’s V = 0.303, DF = 2) (Figure 4 and Supplementary Table S6). An intact CC was associated with the extension MJ patterns, whereas an involvement of two parts (out of the three) of the CC was associated with the minor MJ patterns.

Furthermore, the periventricular layer was strongly associated with the MJ patterns of the total group (χ2 = 32.56, p ≤ 0.01, Cramer’s V = 0.396; DF = 2). This association further showed that a score of 2 was associated with the flexion patterns while the maximum involvement score of 4 was associated with the extension MJ patterns (Supplementary Table S7).



Children with bCP

Despite the observed differences in the global total hemispheric score among the MJ patterns (p = 0.046) none of the post-hoc comparisons was significant against the corrected α value (Table 5). Only the periventricular layer involvement was strongly associated with the MJ patterns (χ2 = 23.74, p ≤ 0.05, Cramer’s V = 0.478, DF = 2). A score of 1.5 (out of 4) was associated with minor MJ patterns, a score of 2 (out of 4) with flexion MJ patterns and total periventricular layer damage was associated with the extension patterns (Supplementary Table S7).



Children with uCP

The global extent scores were not associated with the MJ patterns in this group, with the exception of the total CC score (χ2 = 18.51, p ≤ 0.01, Cramer’s V = 0.454, DF = 2 – Supplementary Table S6). More specifically, an intact CC was associated with extension patterns, while a complete CC involvement was associated with flexion MJ patterns. Regarding the location scores, strong associations were found between the frontal lobe scores and the MJ patterns (χ2 = 25.09, p ≤ 0.05, Cramer’s V = 0.491, DF = 2 – Supplementary Table S7). A minimal frontal lobe involvement (i.e., score of 0.5 out of 3) as well as a higher involvement (i.e., score of 2.5 out of 3) were associated with minor MJ patterns while a score of 1 was associated with flexion patterns. Finally, a moderate association was found between the anterior CC score and MJ patterns (χ2 = 6.78, p ≤ 0.05, Cramer’s V = 0.388, DF = 1) and a strong association between the middle CC score and MJ patterns (χ2 = 12.47, p ≤ 0.01, Cramer’s V = 0.526, DF = 1). An intact middle CC was associated with extension patterns. Anterior and middle part involvement were associated with flexion patterns (Supplementary Table S7).



DISCUSSION

The need to understand the relationship between the underlying brain structure and motor function in children with CP is largely reflected in the breadth of studies over the last decade (Arnfield et al., 2013; Meyns et al., 2016; Mailleux et al., 2017a, b; Laporta-Hoyos et al., 2018). However, these studies have focused on upper limb deficits, toddlers with CP or children with dyskinetic CP, and the relationship between the brain lesion and functional impairments, such as gait, remains unknown, especially after the brain has reached a full myelination and the gait pattern has started to mature (Meyns et al., 2019). Therefore, the present study specifically aimed to investigate whether the extent and location of the brain lesion are related to measures of functional ability, as well as gait pathology, in children with spastic CP.

Differences in primary motor deficits (composite spasticity and passive ROM scores), as well as functional severity (i.e., GMFCS and gait) were found between the two CP groups, confirming that the children in the bCP group were more affected in comparison with the uCP group. When scored with the sqMRI scale, the structural damage of total hemispheres was larger in the bCP group, whereas the total subcortical and the laterality of the hemispheres scores were higher in the uCP group. For the latter, the lenticular, PLIC and brainstem were the most involved locations of the subcortical structures in the most affected brain side. The GMFCS levels were differently distributed among the two groups, with the children in the bCP group being less functional than those in the uCP group. All gait scores that were different between the two groups were significantly higher in children with bCP, representing a less impaired gait in children with uCP. Meyns et al. (2016) found the same trends of differences between bilateral and unilateral CP, even though they included fewer children in their study, with wider age ranges at the time of 3DGA and more uCP children with only unilateral brain lesions (4/25 versus 2/52 in the present study). In conclusion, our two groups reflected the expected differences in clinical presentation, extent, location and laterality of the lesion, as well as functional impairments (Fiori et al., 2015).


Brain Structure – Motor Function Relationship

The links between brain structure and motor function were firstly investigated between the brain lesion extent scores and measures of gross motor function. The overall white matter damage (i.e., global total hemispheric score) fairly correlated to the GMFCS in all groups. However, the global total brain score in the total group did not correlate to the GMFCS. This is contradictory with recent findings in dyskinetic CP, where the global brain score was found to be a significant predictor for the GMFCS (Laporta-Hoyos et al., 2018). This difference might stem from several factors. In the present study, children of up to level III of the GMFCS were analyzed, whereas in the study of Laporta-Hoyos et al. (2018), one third of the included children had GMFCS levels IV or V. Furthermore, one third of the patients in this study only had lesions in the basal ganglia or thalamus (Laporta-Hoyos et al., 2018), while all children enrolled in the present study had additional lesions. An additional explanation might be that lower global brain scores were reported by Laporta-Hoyos et al. (2018), with 49% of the participants presenting with a total global brain score of ≤5.5 (out of 40) (Laporta-Hoyos et al., 2018). In the present study, only approximately 10% of the patients presented with such low global brain scores. Lastly, the total group in this study showed an equal distribution between bCP and uCP children, whereas the study of Laporta-Hoyos et al. (2018) included mostly bCP dyskinetic children (Laporta-Hoyos et al., 2018).

Interestingly, the laterality of the two hemispheres in the total group showed a moderately negative correlation to the GMFCS, suggesting that more symmetrical brain lesions were observed in less functional children. This could also mean that these children showed a decreased potential for plasticity, through a diminished ability to retain or rewire locomotor circuitry (Fiori et al., 2015). Future studies focusing on the different associations between brain lesions and motor function, and, based on the amount of laterality of the brain lesion, may shed more light on this hypothesis.

The extent of the brain lesion (i.e., global total score) was fairly positively related to gait pathology (total GPS) in all groups. Furthermore, both the global total and the global total hemispheric scores were fairly related to the GPS-transverse in all groups, while in the total group, only the laterality scores correlated to any of the GVSs. It should be noted that none of these significant correlations were strong ones. Additionally, no correlations were observed for the adjusted global total and the global total subcortical scores with gait in this group. The observed relations between lesion extent and gait appeared to be different between the two CP groups. For example, in the transverse plane, two brain extent scores (i.e., the adjusted global total and the global total subcortical scores) were related to the GVS of the foot in children with bCP (moderate and fair correlations, respectively), whereas only the global total brain score was fairly related to the GVS of the pelvis in children with uCP. In addition, in this group, the brain extent scores were mostly related to gait pathology of the proximal joints, resulting in fair to strong correlations.

Stronger correlations were observed in the uCP group compared to the bCP and total groups. These findings could be the result of a more homogenous cohort of uCP children, with 86% being categorized as GMFCS level I and 62% being naive to BoNT-A treatment. Moreover, the global total brain scores and global total hemispheric scores were mostly related to overall gait outcomes, i.e., the GPS and GPS-transverse. Similar results were obtained in a study of Romei et al. (2007), which showed that children with more severe brain injuries had more gait deviations in comparison with children with milder brain lesions (Romei et al., 2007). The associations between brain extent scores and the GPS in children with uCP were not observed in the findings of Meyns et al. (2016). However, differences between the current and the previous study might explain the disagreement in findings, including the use of a different neuro-imaging modality (i.e., standard MRI versus DTI) and the variability in the included sample characteristics (e.g., number of patients and age).

The lesion location scores of the total group showed fair correlations between the parietal lobe scores and the GPS, as well as between the periventricular layer and both the GMFCS. Based on the MRICS classification, most of the children in this study had a predominant white matter injury (73%). This distribution and the present findings are in line with an earlier population-based study (Himmelmann and Uvebrant, 2011). Furthermore, the associations for these specific location scores are in agreement with previous studies that reported on the role of the white matter regions in gait pathology (Cahill-rowley et al., 2019; Toda et al., 2019), even though no associations, emerged between the middle white matter or the cortico/subcortical layer and any of the functional measures in the total group.

Overall, the lesion location showed different correlations between the children with bCP and uCP. In the bCP group, only the subcortical structures, with the exception of the caudate nucleus, and the anterior part of the CC were associated with various gait scores (e.g., GVS-foot in the transverse plane). On the contrary, each of the lobar and layer scores, as well as all five subcortical structures’ scores, fairly to moderately correlated to either the GMFCS or at least one gait measure in uCP. Because previous research also revealed fair to strong relationships between subcortical scores (i.e., PLIC and thalamus) and upper limb motor function in children with uCP (Mailleux et al., 2017a), the present findings further suggest a role of these lesion locations in the functionality of children with uCP.

MJ patterns were used in order to explore whether brain lesion scores differed according to the direction of the gait deviations. The global total hemispheric and laterality of the hemispheres scores indicated that the minor MJ patterns are different from both the extension and the flexion MJ patterns. Nonetheless, these lesion extent scores were not different between the more pathological MJ patterns. On the other hand, based on the total CC scores a differentiation between the extension and flexion MJ patterns in the total group was possible. Specifically, an intact total CC was moderately and positively associated with the extension MJ patterns and negatively associated with the flexion MJ patterns. Moreover, the lesion location scores additionally showed some differences between the two more pathological patterns. In the total and bCP groups, a score of 2 (out of 4) assigned in the periventricular layer was observed in children with flexion patterns while a fully involved periventricular layer was associated with extension patterns.

In the uCP group, strong positive associations were identified between an intact total CC and extension MJ patterns, but also between a fully involved total CC (score 3 out of 3) and flexion MJ patterns. Furthermore, an involved anterior or middle part of the CC was observed with flexion MJ patterns, whilst an intact middle part was related to extension patterns. Based on imaging studies, the anterior CC part seems important for actual and imagined walking, since premotor tracts are running through this location (Jahn et al., 2004; Bakker et al., 2008; la Fougère et al., 2010). The current results supported the emerging interest to investigate the CC and are in line with previous studies, where the anterior part of the CC was found to be significantly correlated to various gait metrics in toddlers (Rose et al., 2015; Cahill-rowley et al., 2019) or older children (Meyns et al., 2016). Those studies, however, have used more advanced imaging techniques (i.e., DTI). Hence, future investigations could explore the relationship of the CC –or its parts- to the GMFCS and gait patterns with more advanced measurements, such as measuring CC volume.

In summary, in the total group, the minor MJ patterns were associated with lower global total hemispheric and higher laterality scores, as well as an involvement of two CC parts and a score of 1.5 (out of 4) in the periventricular layer. The extension and flexion MJ patterns showed higher global total hemispheric and lower laterality scores in comparison with the minor MJ patterns. Additionally, for the extension MJ patterns, intactness of the total CC and maximal periventricular layer involvement were found. Lastly, the flexion MJ patterns were strongly positively associated with a score of 2 in the periventricular layer and were moderately negatively associated with an intact total CC.



Limitations and Future Directions

This study has some limitations related to brain and gait metrics. First, the vast heterogeneity in the clinical picture of CP poses numerous challenges. Unraveling the relationships between the structural lesions and functional impairments is not straightforward. Therefore, a sample as homogenous as possible was selected. MRI scans performed after the age of 3 years were included, as suggested in the protocol of Fiori et al. (2014). At that age, the brain lesion has reached quite a mature level, indicating that the lesion is more stable in comparison with the neonatal brain state (Parazzini et al., 2002; Hermoye et al., 2006; Welker and Patton, 2012). During the neonatal period, lesions might be incorrectly classified as normal, because periventricular lesions or lesions to the gray matter could remain undetected (Himmelmann et al., 2016). Previous research indicated that the myelination process is finished in both the lobes and subcortical regions by the age of 3 years (Parazzini et al., 2002), thus enabling assessment of white matter lesions. Even though brain maturation may still be ongoing in other regions, this study focused on presumably stable brain lesions. The children included in this study had undergone a 3DGA at a young age, namely after the age of three, but before the growth spurt or the development of severe secondary deformities. This age range restriction resulted in the inclusion of children who had not received neuro- or orthopedic surgery or were minimally treated with BoNT-A, further ensuring a homogeneous sample. Whether this minimal treatment history has an impact on the observed relationships remains to be explored.

Moreover, children are considered to have at least started to obtain a stable gait pattern around that age (Sutherland, 1997), with a mature gait pattern emerging around the age of 5 years (Simon et al., 1978). The current findings may be affected by the dynamic nature of gait in children with. Young children may be characterized by inconsistency between repeated gait trials, suggesting an immature gait pattern. However, at the time of the 3DGA, 86% of the children had already been ambulant for at least 24 months, ensuring sufficient maturation of their gait pattern. For the remaining 14%, who had only been ambulant for more than 12 months, the use of averaged gait data filters this inconsistency between the gait trials. It is important to highlight that the included study sample covers the current natural history of growing children with CP. Future studies with longitudinal data and large study samples may further explore to what extent changes in gait pathology throughout growth may influence the associations between brain lesions and motor outcomes. The choice of age ranges was necessary to ensure homogeneity of the included sample. Furthermore, even younger children have been included in previous studies investigating the relationships between brain lesions and gait metrics (Rose et al., 2015; Cahill-rowley et al., 2019). All studies have aspired to clarify these relationships, in light of timely and appropriate treatment administration for children with CP. Due to the retrospective nature of this study and based on data availability, there was a substantial gap between the age at MRI and 3DGA. The median difference was 2 years, 7 months, with the MRIs having mostly been acquired at an older age. Assuming that the studied brain lesions are static, this difference in acquisition timings should not have influenced the current results.

Neuroimaging has established its role in the diagnostic process of CP, with brain MRI being increasingly accessible to clinicians (Novak et al., 2017). However, other imaging modalities, such as DTI, have advantages over the use and interpretation of structural brain MRI. These include higher sensitivity to identify white matter lesions (Hoon and Faria, 2010) or the involvement of certain locations, e.g., the volume of the CC. The use of conventional MRI could explain the diverse results in comparison with Meyns et al. (2016). MRI based on DTI, however, is not routinely available or used in clinical settings, rather (still) mostly applied for research purposes (Sutherland, 1997). Given that knowledge of the functional and gait characteristics is essential for clinical decision-making and treatment planning, the aim of our study was to provide insights in the neural correlates via a standardized and detailed scale using conventional neuro-imaging methods. The current findings delineated fair to strong associations between the brain lesions and motor function, based on conventional structural MRI, which is more clinically accessible and less time-consuming. The automation of the sqMRI brain scale could be a promising future direction to facilitate and optimize the transfer to clinical practice (Pagnozzi et al., 2015).

This exploratory study did not establish predictions of functional abilities and gait pathology based on the extent and location of the investigated brain lesions, nor did it apply statistical corrections for multiple testing. This study is a first step in providing a comprehensive quantification of the relationships of brain lesions with functional abilities and gait pathology in children with CP, using an extensive set of outcome parameters. Moreover, prediction analyses would require larger sample sizes, since the brain-gait interaction is considered obscure. Indeed, additional to neural injury, other factors are also suspected to be the causes of gait pathology in children with CP, such as the combination of the effect of spasticity, muscle weakness, and other motor deficits, as well as aberrant growth or compensation strategies (Baker et al., 2016). Future analyses can apply different statistics (e.g., logistic or linear regression models) on larger sample sizes, in order to accommodate for all different variable types within the sqMRI scale and the various motor function measures. The ultimate goal is to identify whether motor function and gait pathology can timely be explained and guided based on the underlying neurological correlates. Based on the current study results, preliminary treatment guidance can be suggested, in particular with respect to MJ patterns. Such clinical reasoning could, for example, be based on the moderate to strong associations of the intact total CC and full periventricular layer involvement with extension MJ patterns. Should these associations be validated by future studies, clinicians could promote adequate ankle dorsiflexion or limit knee hyperextension by adapting the physiotherapeutic exercise program accordingly, by providing properly tuned orthoses that prevent hyperextension, or by providing stimulating activities that facilitate the desired motions. Nevertheless, caution is needed before advising targeted and individualized interventions before the age of 3 years, based on the current findings.



CONCLUSION

In general, this is the first study that used the sqMRI scale to investigate the relationships between, on the one hand, the brain lesion extent and location and, on the other hand, motor function, with a focus on pathological gait. A comprehensive gait assessment was studied, including not only the GPSs and the GVSs, but also MJ patterns. The preliminary study findings seem promising, yet caution is warranted when interpreting these results due to the exploratory nature of this study. Nevertheless, the analyses based on the GMFCS as well as the GPSs and GVSs demonstrated that children with more extensive brain lesions have increased gait pathology, and differences in brain lesion scores were found among the MJ gait patterns. This study focused not only on a generic sample of children with spastic CP but also included two separate patient groups based on topographic classification. These additional analyses revealed more relations between the lesion extent and location and the gait pathology in children with uCP, suggesting that it may be especially interesting to further investigate the specific locations of the brain injury firstly in children with uCP. In addition, this study identified the neuro-anatomical characterization of the brain injury and gait pathology after the age of 3 years, suggesting some guidelines of treatment planning in children with mature brain lesions and stable gait patterns. Finally, this exploratory study confirmed the existence of a structure – function relationship, with a focus on pathological gait, in children with spastic CP which has not been extensively documented in the past.
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All muscles (n = 18)

Pre Post

Passive stretch parameters

ROM slow (deg) 72.9(105) 79.2 8.0)
Torque (Nm) 89(35) 60(34)
EMGio (V) 98(87) 46(42)
EMGyp (1) 17.9(11.3) 6138

Gait analysis parameters
Min knee angle in stance (deg)
Min knee angle at terminal
swing (deg)

95(8.1) 53(83)
27.7(9.4) 24.1(25)

pvalue  Pre

Velocity dependent (n = 9)

Post

Change  p-value

Length dependent (n = 9)

Pre Post

0210 70.0(68) 82.7(6.0) 127 (10.4) 0.011 75.2(12.6) 76.4 (8:6) 1.2 (9.0)

0003 86(38 70@1) 16@5 0.107
0366 22(24) 45(44) -22(45 0205
0.002 257(12.2) 7.3(38) 184(89) 0.012"
0008 12289 72(07) 5165 0066
0026 27.6(10.1) 21.1 (10.9) 65(63) 0.072"

9.18.2)
15.8(7.0)
11.6(52)

52(35) 40@27)
4743 11.2(65)
53(38) 66(5.1)

68(68 840 34(.1)
27.8(9.2) 27.1(1.5) 07 (6.0)

LD, length dependent; VD, velocity dependent. *Wilcoxon's signed rank test for non-normally distributed data. p < 0.025.

Change p-value

0.683
0.001
<0.00
0.003

0.069
0.707

(VD vs. LD change)

pvalue

0.023
0.077
<0.001
0.002*

0.579
0.041
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Passive stretch parameters

Starting position slow (deg)
End position slow (deg)

Starting position fast (deg)

End position fast (deg)

Max velocity slow (deg/s)

Max velocity fast (deg/s)

ROM slow (deg)

Torque (Nrm)

Baseline EMG during slow stretch trials (%MVC)
Baseline EMG during fast stretch trials (%MVC)
EMGLo (%MVC)

EMGo (V)

EMGp (1V)

Pre-treatment stretch reflex activation pattern

Velocity dependent (n = 9)

1149(9.7)
438 (10.5)
115.9 (8.6)
37.6(68)
232(35)

2035 (208)
700 (68

86(38)
26(1.7)
28(20)
1.6(1.6)
22(24)
257 (12.2)

Length dependent (1 = 9)

1182(7.1)
43.0(8.0)
1189 (62)
43.6(9.9)
25.9(7.8)

261.4(332)
75.7 (12.6)

9.1@82)

7.705)
8.4(10.5)
21.6(23.8)
15.8(7.0)
11.6(6.2)

p-value

0.419
0.849
0.400
0.165
0.358
0.049
03156
0.752
0.065
0.067
0.012
<0.001
0.019

Max, maximum; ROM, range of motion; EMG, electromyography; MVC, maximum voluntary contraction; EMGyp, length dependent activtion; EMGiyp, velocity dependent activation.

p < 0.025.
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botox®

Psoas
Adductor
Rectus femoris

Medial hamstrings (semitendinosus,
semimembranosus, gracilis)

Gastrocnemius

Soleus

Casting

Removable upper-leg casts
Non-removable upper-leg casts
No upper-leg casts
Non-removable lower-leg casts
Physiotherapy

16

Pre-treatment stretch reflex activation pattern

All(n = 18) Velocity dependent (n = 9) Length dependent (n = 9)
Units/kg n Units/kg n Unitsrkg
1.85 (0.55) 6 1.50 (0.55) 7 2.14(0.38)
1.21(057) 3 0.83(0.29) 4 15 (0.58)
1.0 (0.50) 2 1.00 0.71) 1 1.0 (0.0)
4.44(1.09) 9 4.32(0.97) 9 456 (1.24)
3.04(1.33) 7 2.93 (1.64) 6 3.17 (0.98)
191(0.69) 4 1,69 (0.63) 4 2.13(0.63)
Days in casts n Days in casts n Days in casts
12.67 (1.97) 7 12.50 (2.07) 6 13.00 (2.00)
2 2
0 1
9 7

Sessions/week  Session duration (mir)  Sessions/wesk  Session duration (min)  Sessions/week  Session duration (i)

4.72(2.37)

36.94 (12.14) 4.44(1.01) 87.22(11.74) 5.00(3.28) 36.67 (13.23)
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Pre-treatment stretch reflex activation

All (0 = 18) Velocity dependent (n = 9) Length dependent (n = 9)
Mean age (SD) (years) 978 (1.87) 9.65(1.77) 9.89 2.07)
Male/ferale (n) 12/6 63 6/3
Bilateral involvernent (n) 1 4 7
Unilateral involvement (R/L) (n) 3/4 32 "
GMFCS (VI (r) 6/8/4 5/3/1 1/5/3
Median (range) number of previous 2(0-9) 209 0(0-5)

BoNT-A injections in the medial
hamstrings (semitendinosus,
semimembranosus, gracili)

GMFCS, gross motor functional classification scale; BoNT-A, botulinum neurotoxin-A.
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Demographics n=10
Age Mean Age (SD) year, month 9.4(1,4)
Age range years 6-11
Gender Male 6
Female 4
Ethnictty Hispanic 4
Race Afiican American 1
Caucasian 9
GMFCS 1 2
i 2
v 3
v 3
CP Diagnosis-distribution Diplegia 5
Quadriplegia 4
Total body involvement 1
GMFM Mean (SD) 53.2(11.9)
SCALE Left Mean (SD) 2725
Right Mean (SD) 2.5 (26)

SD, standard deviation; GMFCS, gross motor function classification system; GMFM,
gross motor function measurs; SCALE, selective control assessment of the

lower extremity.
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Age (years)
Body weight (kg)

GMFCS level

Involvement

Gender

MAS", knee extended

MTS R1*, knee extended (degrees)
Treatment details

Use of day orthoses, prior to treatment

Use of night orthoses, prior to treatment

Casting (1 = 14)

7(6-83)
23.6(18.4-28.7)

1=6,=6,ll=2

Unilateral = 7, Bilateral = 7

Male = 8, Female = 6

2(15-9)

~12.5(-35t0 -5)

2 weeks of lower-leg casting: n = 14

2 weeks of removable upper- leg casts worn during the
night: n = 3

Frequently used (=50% of the day) n = 11
Not frequently used (<50% of the day) n = 1
Not used n = 2

Frequently used (=50% of the night) n = 2
Not frequently used (<50% of the night) n = 7
Notusedn =5

BoNT-A (n = 17)

7(65-10.5)

25(19-27.6)

I=11,1=4,ll=2

Uniateral = 12, Biateral = 5

Meale = 12, Female = 5

2(1-3)

~125(~25100)

BONT-A (Botox®) plantar flexors: 4 Units/kg (2.33-6.12)
BONT-A (Botox®) MG: 2.47 Units/kg (1.93-3.66)
BoNT-A (Botox®) LG: 0.37 Units/kg (0.00-0.71)
BONT-A (Botox®) SOL: 1.49 Units/kg (0.00-2.04)
Frequently used (>50% of the day) n = 14

Not frequently used (<50% of the day) n = 1

Not used n = 2

Frequently used (250% of the night) n = 2

Not frequently used (<50% of the night) n = 4
Notusedn =11

Values are presented as medians with corresponding quartiles (p25-p75), or numbers (n). *median, minimum-maximum values. BoNT-A, Botulinum NeuroToxin-A; GMFCS, Gross Motor
Functional Classification Scale; MAS, modified ashworth scale; MTS, modified tardieu scale; MG, medial gastrocnemius muscle; LG, lateral gastrocnemius muscle; SOL, soleus muscle.
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Johnston et al. (39)
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PW, pulse width.
aFrom van der Linden et al.

Intervention

Device: Hasomed RehaStim GmbH (Maddeburg, Germany) and custom motion sensors.
Protocol: Five six-minute walking periods. NMES alternated onvoff every minute within each 6-min
walking bout. Achieved 60-80% maximum heart rate.

Timing: Typical muscle timing and clinical recommendations.

Duration: 12 weeks, 3 days/week, 30 min/day.

Dosage: 1,080 min.

Device: RT50-Z (Restorative Therapies, Baltimore, MD, USA).

Protocol: Manually triggered stimulation train at IC. 30 m walk for accommodation before data collection.
Timing: Typical muscle timing.

Duration: Single session, 10 trials walking through the viewing volume.

Dosage: <20min.

Device: Ness L300.

Protocol: Community ambulation.

Timing: Typical muscle timing.

Duration: 7 days, 15 min/day (accommocation) then 12 weeks, 7 days/week, 6 h/day (intervention).
Dosage: 80,345 min.

Device: Walkaide.

Protocol: Community ambulation

Timing: Typical muscle timing.

Duration: 8 weeks, 6 days/week, avg 6.2 h/day.

Dosage: 17,856 min avg.

Device: Walkaide.

Protocol: Community Ambulation.

Timing: Typical muscle timing

Duration: 7 days, 15 min/day (accommodation) then 12 weeks, at least 3 days/week, 2 h/day
(intervention).

Dosage: 4,425 min.

Device: Ness L300 Plus.

Protocol: (1) Walking only. (2) Walking and non-git related stimulation. (3) Walking and stair climbing 2
floors.

Timing: QF stimulation from heel strike through pre-swing,

Duration: (1) 20min of accommodation. (2) 8 weeks, 7 days/week, 25 min/day of walking, 20 min of
non-gait stimulation. (3) 16 weeks, 7 days/week, 30 min/day of walking and stair climbing.

Dosage: 4,780 min (gait) + 1,120 min (non-gait).

Device: Walkaide.

Protocol: Commurnity Ambulation.

Timing: Typical muscle timing.

Duration: 8 weeks, 6 days/week, 1 h/day.

Dosage: 2,880 min.

Device: Ness L300.

Protocol: Community Ambulation.

Timing: Typical muscle timing.

Duration: 1 year, continuous daily.

Dosage: Unknown.

Device: Walkaide.

Protocol: Community Ambulation.

Timing: Typical muscle timing.

Duration: 12 weeks, 7 days/week, 0.9-19.5 hrs/day.

Dosage: 25,724 min avg (range 6,384-55,974 min).

Device: Walkaie.

Protocol: Community Ambulation with (1) accommodation and (2) intervention phases.

Timing: Typical muscle timing.

Duration: (1) 4 weeks, 7 days/week, 30min to 6 hrs/day. (2) 12 weeks, 7 days/week, avg 5.6 h/day
(1.5-9.4 h/day).

Dosage: (1) >840min. (2) 28,224 min avg (7,560-47,376 min range).

Device: Odstock 2 channel stimulator (O2CHSP version 3.0, United Kingdorn).

Protocol: Subjects first received a botulin-toxin injection to the gastrocnemius, then home-based NMES
program.

Timing: Typical muscle timing.

Duration: 4 weeks, 5 days/week, 30 min/day.

Dosage: 600 min.

Device: Dual-channel TENS programmable stimulator model 120Z.

Protocol: Laboratory based walking with (1) accommodation and (2) intervention phases.

Timing: Continuous stimulation.

Duration: (1) 2 minutes. (2) 7 days, 3 x 15 min/day.

Dosage: 315 min.

Device: Odstock.

Protocol: (1) Non-gait stimulation applied at rest to either ankle DF o knee extensors in the treatment
group only, followed by (2) Community ambulation.

Timing: Typical muscle timing.

Duration: (1) 14 days, 1 h/day. (2) 8 weeks, 47 days/week, continuous.

Dosage: 11,520 mind.

Device: Respond Il Select (Medtronic Inc, Minneapolis, MN).

Protocol: Laboratory-based walking.

Timing: Stimulation applied from IC to toe-off.

Duration: Single session, 30 trials walking through the viewing volume.

Dosage: 20-30 min.

Device: Custom research device.
Protocol: Laboratory-based walking, participants assigned to either TA only, gastrocnemius only, or TA
and gastrocnemius.

Timing: Typical muscle timing.

Duration: 7 days, 2 x 45 min/day.

Dosage: 630 min.

Device: Surface FES (S-FES) EMPI 300PV stimulator (Empi, St. Paul, MN). Percutaneous FES (P-FES)
Custom research device.

Protocol: Laboratory-based walking, (1) first with S-FES, (2) then P-FES.

Timing: Typical muscle timing.

Duration: (1) 3 months, 30 min/week. (2) 8 months, 30 min/week.

Dosage: (1) 360 min S-FES. (2) 960 min P-FES.

Device: Custom research grade 24-channel stimulator
Protocol: All study subjects underwent surgical ablative operations; the experimental group received a
more limited surgery and NMES. Individualized muscle groups targeted (not reported). NMES program
consisted of (1) Non-gait exercise based NMES program, then (2) gait-specific NMES,

Timing: Typical muscle timing.

Duration: (1) 4 weeks, 5 days/week, 1 h/day. (2) 1 year, continuous day use.

Dosage: (1) 1,200min. (2) Unknown.

Device: Custom research device

Protocol: Laboratory-based walking, each participant underwent all 8 conditions: TA only, then TA and
gastrocnemius, then gastrocnermius only.

Timing: Typical muscle timing.

Duration: 7 days, 2 x 45 min/day.

Dosage: 630min.

“All children except one used the stimulator for 4-6 days or more a week and for 6 or more hours a day’.

Reported stimulator settings

Frequency: 40Hz.
PW: 275-440 pis.
Current: 35-60mA.

Frequency: 40Hz.
PW: 50 pis.
Current: 30mA.

Frequency: 30-45 Hz.
PW: 200-300 ps.
Current: Not reported.

Frequency: 33Hz.
PW: 25-100 ps.
Current: Variable.

Frequency: 33 Hz.
PW: 300 ps.
Current: Variable.

Frequency: 40Hz.
PW: 300 ps.
Current: 40mA.

Frequency: 25-33 Hz.
PW: 25-300 pis.
Current: Variable.

Indivicually
calbrated —not reported.

Frequency: Not reported.

Puise width 50 pis.

Curtent: Not reported.

Min time 0.3 sec, max time 0.6's.

Frequency: 16.7-33Hz.
PW: 25-300 pis.
Current: Variable

No parameters reported.

Frequency: 20 Hz.
PW: 20 ps.
Current: <20mA.

Frequency: 40Hz.
PW: 3-350 s.
Current: 20-70mA.

Frequency: 32 Hz.
PW: 300 pis.
Current: 10-40mA.

Frequency: 20-50Hz.
PW: 12-200 ps.
Current: 20mA.

SFES:
Frequency: 30 Hz. PW: 300 ps.
Current: 20mA.

P-FES:

Frequency: 20Hz.

PW: 17 ps.

Current: 20mA.

Frequency: 20Hz.

PW: up to 200 ps.

Current: 20mA.

Frequency:
20-50Hz (TA)
50Hz (gastroc)
PW: up to 200 ps.
Current: 20mA.
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Common data elements (CDE) reported

Improved

Step width', stride length*, walking distance*, knee and ankle
Kinematics®

]
COPM, DF at IC, BMWT, walking speed

Muscle volume (MRI of TA and Gastrocnemius®), Isometric DF
strength, DF at IC, maximum ankle DF in swing, time in
stance, step length, modified Tardieu®, COPM

Stride length, walking speed, cadence, percent stance, VO,

Kinematics (maximal knee extension at midstance and at the
stance phase)

Ankle ROM*, modified Tardieu*, isometric DF strength®,
concentric PF strength®

Kinematics (ankle DF, foot progression angle), GDI
Walking Speed

Kinematics (ankle DF in swing and at IC, ankle PF at TO),
Muscle volume (ultrasound of TA)"

Isometric PF strength
Walking speed, step length, stride length, hip adductor tone

Ankle DF in swing and at IC, GGI

Ankle DF in swing and at IC (TA and TA+GA only)
Ankle DF in swing and at IC

Passive ROM (hip extension/abduction, popliteal ange, knee
extension, ankle DF). Temporal-spatial (step length, cadence,
walking speed). GMFM (standing)

Ankle DF in swing and at IC (TA and TA+GA only)

No change Declined
VO, walking speed

Walking speed

SCALE, walking speed,

ROM (Ankle DF)

Walking speed, cadence,
step length,

Isometric DF strength,
walking speed

Walking speed
Stride length, cadence
Walking speed, stride length
Stride length

VO2, GMFM (crawling,
walking, running, climbing)

Cadence, walking speed

For cohort and randomized control trals, outcomes are reported as improved or decined only if reported as significent differences. For case studies, outcomes are reported as improved
or declined only if ubiquitous across all subjects, otherwise reported under no change.
*Denotes observation of a carryover; neurotherapeutic, effect.
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Outcomes Improved No change Declined Effect, level of evidence

Walking Speed 3,5,9,12 2,4,10,11,15 13,16 Mixed
Step Length 4,12,17 10 Improvement, I
Stride Length 1,512 14,15,16 Improverent, I
Step Width 1 Improvernent IV
Cadence 517 10,14 16 Improvement, I

Time in Stance 4.5 Improvement, Il

Ankle
DF in swing 1,4,8,10,13, 15, 16,18 Improvement, |
DFatIC 1,2,4,10,13, 15, 16,18 Improvement, |
PFat TO 10 Improvenent, I
Foot Progression Angle 8 Improvement, IV
Knee

Maximal Knee Extension 6 Improvement, IV

Muscle Volume

A 4,10 Improvement, I
Gastrocnerius 4 Improvement, I
Muscle Strength
Isometric DF 47 1 Improvement, Il
Isometric PF 1 Improvernent, IV
Concentric PF 7 Improvement, I
Modiified Tardieu
Ankle 47 Improvement, I
Energy Expenditure
VO 5 1,17 Improvement, I
Hip Adductor Tone (Mod. Ashworth) 12 Improvernent, I
SCALE 4 No Change, Il
7,17 9 Improvement, Iil
17 17 Improvement,
2,8 Improvernent, IV
13 Improvement, lil
3.4 Improvernent, I
3 Improvement, il
7 No Change, Il

Associated Oxford Centre for Evidence Based Medicine Level of Evidence is provided along with a cumulative assessment of the effect seen for a given CDE outcome metric. Randomized
control trials have been bolded.





OPS/images/fnhum-13-00305/cross.jpg
3,

i





OPS/images/fnhum-14-00045/fnhum-14-00045-t002.jpg
Sensory assessments

Median (IQR)

Motor ability assessments

Median (IQR)

Light touch pressre (level)
1t Metatarsal
5th Metatarsal
Heel
Overall
Two-point discrimination (mrm)
Forefoot
Heel
Overall
Vibration (5)
1st Metatarsal
Medial Malleolus
Overall
Joint Position Sense (degrees)
Ankle

4.31 (4.14-4.61)
431 (4.14-4.9)

4.38 (4.22-5.18)
4.33 (4.14-4.79)

17.5 (18.75-21.25)
17.5(16.88-25.63)
17.5 (16.56-21.56)

16.5 (14.46-20.58)
16.17 (11.09-19.25)
16.79 (12.83-19.19)

45(3.10-5.17)

Postural control (%)
BESTest Overall
BESTest 1 Biomechanical Constraints
BESTest 2 Stabilty Limits/Verticality
BESTest 3 Anticipatory Postural Adjustments
BESTest 4 Postural Responses
BESTest 5 Sensory Orientation
BESTest 6 Stabilty in Gait

Balance Performance
COPA (cm?)
COPV (em/s)

Gross Motor Abilty (%)
GMFM-66-15

Walking Abilty (ND)
Velocity
Step Length

Functional Abilty
TUG
BMWT (i)

Strength
MVIC (N/Kg)

62.96 (40.28-83.10)
56.67 (33.33-81.67)
78.57 (63.10-85.71
52.78 (48.61-91.67)
30.55 (19.44-55.55)
76.67 (48.33-100.00)
64.29 (28.57-95.24)

)
)
)
)

81.10 (15.49-109.39)
5.55 (4.16-7.25)

75.00 (68.78-89.03)

033 (0.26-0.36)
035 (0.31-0.87)

7.84(5.93-12.10)
467.72 (381.10-534.31)

4,69 (2.04-6.83)

Abbreviation: BESTest, Balance Evaluation Systems Test; COPV, center of pressure resuitant velocity; COPA, 95% edlipse area of center of pressure; GMFM-66-1S, Gross Motor

Function Measure ltem Set; ND, Non-Dimensional: TUG, Timed Up and Go; 6MWT, 6-Minute Walk Test: MVIC, Maximum Volitional Isometric Contraction.
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Somatosensory ability measures

Light touch pressure Two-point discrimination Vibration JPS
Postural control
BESTest overall 0.00 —0.64" —0.31 —0.28
BESTest 1 Biomechanical Constraints 0.01 —0.62" —0.12 —0.19
BESTest 2 Stabilty Limits/Verticallty 024 —0.83" —0.56" —0.34
BESTest 3 Anticipatory Postural Adjustments —0.25 —0.48 —0.39 000
BESTest 4 Postural Responses 035 —057" —0.26 —0.70"
BESTest 5 Sensory Orientation 0.06 —0.58" —0.14 —0.52
BESTest 6 Stabilty in Gait —0.14 —0.69" —052 —0.41
Balance Performance
COPA —0.81 086" 073" 023
CoPv 0.01 045 0.69* —0.09

Asterisks indlcate significant relationships ('p < 0.05; *p < 0.01). Abbreviations: JPS, Joint Position Sense; BESTest, Balance Evaluation Systems Test; COPV, the center of pressure
resultant velocity; COPA, 95% edlipse area of the center of pressure.
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Publication Evidence level Study design

1. Behbodi et al. (20) 4 Case
2. Roseeetal. (21) 4 Case
3. Bailes etal. (22, 23) 3 Gohort
4. Pool et al. (24-26) 2 RCT
5. El-Shamy et al. (27) 2 RCT
6. Khamis et al. (28) 4 Case
7. Pool etal. (29) 3 Gohort
8. Danino et al. (19) 3 Cohort
9. Meilahn (30) 3 Gohort
10. Prosser et al. (31); 3 Cohort
Damiano et al. (32)

11. Sefart et al. (33) 3 Gohort
12. Al-Abdulwahab and 2 RCT
Al-Khatrawi (34)

13. van der Linden et al. 2 RCT
(@)

14. Hoetal. (36) 3 Gohort
15. Orfin et al. (37) 3 Cohort
16. Pierce et al. (38) 4 Case
17. Johnston et al. (39) 3 Cohort
18. Pierce et al. (40) 4 Case

Number of channels

Mult
Mult

Single
Single
Single
Single
Single
Single
Single
Single

Mult
Single

Single

Single
Multi
Single
Multi
Multi

2Estimated GMFCS determined via inclusion criteria and quelitative descrition of participants.

PAll participants received some form of NMES treatment, see Table 3 for details.

CGillette Functional Assessment Questionnaire was reported, estimated GMFCS is reported (41).

Number of part
(# Control)

20
30
110
32(16)
34(17)
10
12(0)
40
10(0)
19.0)

5@
31(10)

14 (7P

600
8(0)
10
170©)
20

Age (SD)

13(0)
11.3(1.5)
9929
10.9(3.8)
10.6(0.8)
18
92(38)
185 (7.1)
93(1.7)
129

5.1(1.4)
7.42.0)

8(3.9)

82(26)
9.1(13)
1
7718
8,10

GMFCS

1=
Il
Il
-l
-l
1
Il

IR

e

il
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Two-point discrimination Vibration

Forefoot Heel 1st Metatarsal Medial Malleolus

Postural control

BESTest Overall —0.45 —0.60" -0.05

BESTest 1 Biomechanical Constraints -0.29 —0.54 0.13

BESTest 2 Stability Limits/Verticality —0.68" —0.69" -0.15

BESTest 3 Anticipatory Postural Adjustments -0.35 —0.54 -0.22

BESTest 4 Postural Responses -0.33 —0.70" 0.07

BESTest 5 Sensory Orientation —0.31 —0.51 0.21

BESTest 6 Stability in Gait —0.58" —0.62" —0.24
Balance Performance

COPA 0.72" 0.74 .77 0.46

COPV 0.65" 0.36 0.33 .77

Asterisks indlicate significant relationships ('p < 0.05; *'p < 0.01). Abbreviations: BESTest, Balance Evaluation Systems Test; COPY, the center of pressure resultant velocity; COPA,
95% eclipse area of the center of pressure.
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Publication Number of channels Stimulation trigger Percutaneous or surface Muscle groups stimulated

Behbodi et al. (20) Multi (3-4) Tilt-sensor Surface Glu, OF, TA, G-8*

Rose et al. (21) Muli (3) Manual Surface CF, Gluteus, G-S

Bailes et al. (22, 23) Single Footswitch Surface A

Pool et al. (24-26) Single Tit-sensor Surface T

El-Shamy et al. (27) Single Tilt-sensor Surface TA

Kharmis et al. (28) Single Tit-sensor Surface oF

Pool et al. (29) Single Tit-sensor Surface A

Danino et al. (19) Single Footswitch Surface TA

Meilahn et al. (30) Single Tit-sensor Surface TA

Prosser et al. (31); Single Tit-sensor Surface A

Darmiano et al. (32)

Seffart et al. (39) Muli 2) Footswitch Surface TAG

Al-Abdulwahab and Single Continuous Surface GMe

Al-Khatrawi (34)

van der Linden et al. (35) Single Footswitch Surface TA,QF

Ho et al. (36) Single Footswitch Surface Gs

Oriin etal. (37) Muli 2) Footswitch Percutaneous TAG

Pierce et al. (38) Single Footswitch Both TA

Johnston et al. (39) Mult Footswitch Percutaneous TA@©), S (10), BF (2), VM (14), VL(14),
PAM (2), GMe (16), GMa(16)°

Pierce et al. (40) Multi 2) Footswitch Percutaneous TAG

#Targeted muscle groups described as *ankle dorsiflexors” were assumed to be TA, and those described as “ankie plantarflexors” were assumed to be G-S.
bindividual participant data was not reported. Instead the cumulative number of electrodes implanted across all 8 participants was reported.
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Age Sex  GMFCS  Height Weight
1 9 years 1 month M I 142 cm a3kg

2 17 years8months M 1 1825cm  127kg
3 18yearsOmonths M I 1585cm  58.8kg
4 15 years 7 months M 1 1846cm  49.4 kg
5 13 years 1 month M I 146 cm 30.2kg
6 18years6months M i 170cm 86 kg

7 18years6months M | 170cm 58.2kg
8 15 years2months M 1 189 cm 989 kg
9 15 years 6months M 1 167 cm 59.3kg
10 13years5months  F i 152 cm 40kg

Abbraviatior

\MFCS, Gross Motor Function Classification Scale.
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Gastrocnemius Tardieu  0° 5°
Tibialis posterior MAS 0 0
Clonus o o
Alignment
Left Right
Femoral anteversion ~ 35°  35°
Tibiafemoral angle  25°  25°
Bimalleor angle 400 40°
Strength
Left Right
Hip flexion 4 4
Hip extension 3 3
Hip abduction 3 3
Hip adduction 4 4
Knee flexion 4 8+
Knee extension 3+ 3+
Ankle dorsiflexion 4 4
(Knee 90°)
Ankle dorsiflexion 4 4
(Knee 0°)
Ankle plantarflexion 4 8
Ankle inversion 4 4
Ankle eversion 4 4

ROM is range of motion. Spasticity, MAS is for Modiied Ashworth Scale: 1 i low, 1+ is
medium, and 2 is high spestic involvement. Selectivity: 1 is medium, 1.5 is good, and 2 s
perfect selective control, Strength: 3 is medfum and 4 is good strength; strength from 3
indicates abillty to move against gravity. Clinically meaningful deviations from unimpaired

individuals are in bold.
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ID Age (Years) Handedness Epilepsy GMFCS MACS MA hemisphere Lesion type
CH 1 4 Left Y 2 2 Left Perinatal Stroke
CH2 5 Right Y 1 1 Right Perinatal Stroke
CH3 6 Left Y 1 1 Left Perinatal Stroke
CH4 7 Right N 2 1 Right PV-WMI

CH5 7 Right Y 1 1 Left CE

CHE 7 Left N 1 1 Left Perinatal Stroke
CH7 8 Right Y 3 3 Right Perinatal Stroke
CHB 8 Left Y 2 2 Left Perinatal Stroke
CH9 10 Right Y 2 2 Left PVNH

CH 10 10 Right Y 2 2 Left Perinatal Stroke
CH 11 10 AMBI Y 1 1 Left CE

CH 12 10 Left Y 2 3 Left Perinatal Stroke
CH 13 11 Right Y 1 1 Left CE

CH 14 11 Right N 1 2 Right Perinatal Stroke
CH 15 11 Right N 1 1 Left Parenchymal Atrophy
CH 16 11 Left Y 1 1 Left Perinatal Stroke
CH 17 11 Right Y 2 2 Right CE

CH 18 11 Left Y 1 1 Left CE

CH 19 11 Left Y 2 3 Right Perinatal Stroke
CH20 12 AMBI Y 1 1 Right Perinatal Stroke
CH 21 12 Left Y 1 1 Left PV-WMI

CH22 13 Left Y 2 2 Left CE

CH23 13 Left N 1 1 Left PV-WMI

CH24 14 Right N 1 2 Right Perinatal Stroke
CH25 14 Right N 1 2 Left Parenchymal Defect
CH26 15 Right Y 2 2 Right CE

CH27 15 Right Y 1 1 Right Perinatal stroke
CH28 16 Right Y 1 1 Right Perinatal stroke
CH29 16 Right Y 2 2 Right CE

CH 30 16 Right N 1 1 Right PV Gliosis

CH 31 16 Left Y 1 1 Left Perinatal stroke
CH 32 17 Left N 1 2 Left CE

CHa3 17 AMBI Y 1 1 Right CE

CH24 17 Right Y 1 2 Left CE

CH35 18 Left Y 1 2 Left Perinatal stroke
CH36 18 Left N 1 2 Right CE

Patient demographics include age in years; handedness; epileptic status; Gross Motor Function Clessification System (GMFCS) level; Manual Abilties Classification Scale (MAGS)
level; the MA hemisphere; Lesion Type. AMBI, ambidextrous; PV-WMI, Periventricular White Matter Injury; PV Gliosis, Penventricular Gliosis; CE, Cystic Encephalomalecia; PYNH,

Periventricular Nodular Heterotropia.
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Total

Kruskal-Wallis (p)
Minor vs. extension?
Minor vs. flexion?
Extension vs flexion?
bCP

Kruskal-Wallis (p)
Minor vs. extension?
Minor vs. flexion?
Extension vs flexion?

Global total hemispheric

0.003

0.001

0.016
NS

0.046
NS
NS
NS

Laterality hemispheres

0.003

0.001

0.013
NS

NS

sgMRI, semi-quantitative MRI scale [15]; NS, not significant; bCF, bilateral cerebral
palsy; uCP, unilateral cerebral palsy; a = 0.017. Only the statistically significant

results are shown.
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Subcortical structures

Corpus callosum?

Lenticular nucleus

Caudate nucleus PLIC

Thalamus

Brainstem

Anterior

Total

GPS

GPS - sagittal

GVS - pelvis sagittal
GVS - knee sagittal
GVS - pelvis transverse

bCP

GPS - coronal

GPS - transverse
GVS - pelvis sagittal
GVS - hip coronal
GVS - hip transverse
GVS —foot transverse
Laterality GPS

uCP

GPS

GPS - coronal

GPS - transverse
GVS - hip sagittal
GVS - pelvis coronal
GVS - pelvis transverse

0.043
0.006

0.020

0.004

0.039

0.031

0.006

0.030"

0.012

0.048
0.011

0.012

0.041 0.014

0.046

0.028

0.010
0.008

0.017

0.009
0.009
0.032

0.039

0.045

0.006

0.041

sqMRI, semi-quantitative MRI scale [15]; PLIC, posterior limb of internal capsule; GPS, gait profile score; GVS, gait variable score; bCR, bilateral cerebral palsy; uCR,
unilateral cerebral palsy; 2n = 83, 37, 46, respectively; Tan intact PLIC was related to a higher GVS — knee sagittal score. Only the statistically significant results are shown.
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Subcortical structures Corpus callosum?

Lenticular nucleus Caudate nucleus Anterior
Total
GVS - hip sagittal 0.495**
bCP
GPS 0.430"**
GVS - hip sagittal 0.357*
uCP
GPS 0.449**
GPS - sagittal 0.439*
GPS - transverse 0.426™*
GVS - hip sagittal 0.641**

o < 0.05 “p < 0.01;, *p < 0.001; sgMRI, semi-quantitative MRI scale [15];
PLIC, posterior limb of internal capsule; GVS, gait variable score; GPS, gait profile
score; bCR, bilateral cerebral palsy; uCR unilateral cerebral palsy; n = 83, 37, 46,
respectively. Only the statistically significant results are shown.
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Lobes Layers

Frontal Parietal Temporal Occipital PV M CsC
Total
GMFCS 0.348**
GPS 0321
uCP
GMFCS 0.312* 0.409** 0.364**
GPS 0.450"** 0.371** 0.305* 0.444** 0.338*
GPS - sagjttal 0.357** 0.369** 0.312* 0.395**
GPS - transverse 0.331* 0.309*
GVS - pelvis sagittal 0.372*
GVS - hip sagittal 0.340* 0.408** 0.438*** 0.440*** 0.512%% 0.486"** 0.315*
GVS - pelvis coronal 0.306* 0.316*

*0 <0.05; *p < 0.01; *p < 0.001; sqMRI, semi-quantitative MRI scale [15]; PV, Periventricular; M, middle white matter; CSC, cortico/subcortical; uCR, unilateral cerebral

palsy; GMFCS, gross motor function classification system; GPS, gait profile score; GVS, gait variable score. Only the statistically significant results are shown.
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Global total® Adjusted global total® Global total hemispheric Global total subcortical Laterality hemispheres

Total

GMFCS 0.392** —0.523***
GPS 0.404** 0.387**

GPS - sagittal 0.310"*

GPS - transverse 0.424** 0.372**

GVS - knee sagittal —0.311"
bCP

GMFCS 0.325* 0.316*

GPS 0.335*

GPS - transverse 0.474** 0.566* 0.346* 0.370**

GVS - hip transverse —0.394**
GVS - foot transverse 0.595" 0.344~

uCP

GMFCS 0.336* 0.331*

GPS 0.493** 0.422**

GPS - sagjttal 0.396** 0.379**

GPS - transverse 0.339" 0.335*

GVS - hip sagittal 0.469** 0.821* 0.485***

GVS - pelvis coronal 0.786" 0.304*

GVS - pelvis transverse 0.320" 0.308*

*p < 0.05; “p < 0.01; *p < 0.001; sqMRI, semi-quantitative MRI scale [15]; GMFCS, gross motor function classification system,; GPS, gait profile score; GVS, gait
variable score; bCP, bilateral cerebral palsy; uCR, unilateral cerebral palsy; @n = 83, 37, 46, respectively; °global score when sagittal view MRI was missing, n = 21, 14, 7,
respectively. Only the statistically significant results are shown.





OPS/images/fnhum-14-00275/fnhum-14-00275-g004.jpg
80

80

80

40

20

60
0 "
20 -
0

-20 -
20 -
0

-20

8 40
c
X 20 ]
<@
~
c
<
80

40

20

H
o o o

N
SIA|od






OPS/images/fnhum-14-00275/fnhum-14-00275-g003.jpg
Subcortical structures

Corpus Callosum

Lenticular nc

Caudate nc

PLIC

Thalamus

Brainstem

Anterior

Middle

Posterior

GMFCS

A

GPS

A

GPS - sagittal

GPS - coronal

GPS - transverse

GVS - pelvis sagittal

GVS - hip sagittal

GVS - knee sagittal

GVS - ankle sagittal

GVS - pelvis coronal

GVS - hip coronal

GVS - pelvis transverse

GVS - hip transverse

GVS - foot transverse

Laterality GPS

Laterality GPS - sagittal

Laterality GPS - coronal

Laterality GPS - transverse

Multiple joint patterns






OPS/images/fnhum-14-00275/fnhum-14-00275-g002.jpg
Lobes Layers
Frontal ; Parietal:Temporal:Occipital PV M CSC

GMFCS A A A
GPS A A A A A
GPS - sagittal A A A A
g
GPS - transverse A A
GVS - pelvis sagittal A
GVS - hip sagittal A A A A A A A
VS~ Knae ot SR
GVS - ankle sagittal
GVS - pelvis coronal A A

GVS - hip coronal

GVS - pelvis transverse

GVS - hip transverse

GVS - foot transverse

Laterality GPS

Laterality GPS - sagittal

Laterality GPS - coronal

Laterality GPS - transverse

Multiple joint patterns






OPS/images/fnhum-14-00275/fnhum-14-00275-g001.jpg
Global Adjusted Global total gGIobaI total:Total Total Laterality
total iglobal ‘hemispheric subcortical corpus icerebellum hemispheres
total callosum
GMFCS ® A H O A N
GPS o A H A
GPS - sagittal A H A
GPS - coronal
GPS - transverse e A ® HO A
GVS - pelvis sagittal
GVS - hip sagittal A A A
GVS - knee sagittal |
GVS - ankle sagittal
GVS - pelvis coronal A
GVS - hip coronal
GVS - pelvis transverse A
GVS - hip transverse o
GVS - foot transverse ®

Laterality GPS

Laterality GPS - sagittal

Laterality GPS - coronal

Laterality GPS - transverse

Multiple joint patterns






OPS/images/fnhum-14-00040/inline_5.gif





OPS/images/fnhum-14-00040/inline_19.gif
LY





OPS/images/fnhum-14-00040/inline_2.gif





OPS/images/fnhum-14-00040/inline_3.gif





OPS/images/fnhum-14-00040/inline_4.gif





OPS/images/fnhum-14-00040/inline_15.gif
25086/ body mass)x 107






OPS/images/fnhum-14-00040/inline_16.gif





OPS/images/fnhum-14-00040/inline_17.gif
0/15x10%






OPS/images/fnhum-14-00040/inline_18.gif





OPS/images/fnhum-14-00040/inline_14.gif





OPS/images/fnhum-14-00036/fnhum-14-00036-g002.jpg
|eluoay

|eloled

Jueuiwoq

10101\
Jueulwoq

10101\

JueuIWOQ-UoON

|eloled
JueuIWOQ-UoON

o o o o o
Is] IS} o Is] Is]
= = = = =
o o o o o
© © © © ©
-
o o o o o
© © _6 © ©
d
o o o _O o
<+ <+ <+ _4 <+
o o o o o
« « « « «
o o o o o
o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o
O B I 6 « - L + ® N « L + ® N « LB + ® N « LB I+ ® « «~ L + ® N «
o o o o o
= Is] o o Is] Is]
e e i e e e ‘_.
o o | o o o
© © © © ©
o o o o o
© © © © ©
o o o o o
<+ < < < <
il o o o o o
'2 « « « « ‘
o o o o o :
o o o o o o o o o o o o o o o o o o o o o o o o o
m ® ¥ ®© « = » ¥ ®© « - DB ¥ ® « - LB 3 ® & +~ L»B I ® N +~
\m\Q o o o o o
' Is] o o Is] o
=4 = = < =)
o o o o o
o © © © © ©
<o {
Yy o o o _0 o
0% © © © © ©
<, 4 i |
o o o o o
<+ 4' <+ <+ <+
<o, | o o o o o
QA\.r QZ « « « «
(% o o o o ©o @ © o o o
o o o o o o o o o o o © o o o o © o o o o o o o o LB I ® § «
< O ¥ ®© «§ - LB I ® N « L * ® N + LB I ® N « LB * ® « «

(zH) Aousnbaig

|eluouaid

40 60 80 100

20

40 60 80 100

20

40 60 80 100

Gait Cycle (%)

20

-3

-2

dB

dB





OPS/images/fnhum-14-00036/fnhum-14-00036-g003.jpg
Synergy Synergy Synergy
Cluster B

Cluster C

Synergy
Cluster D

Synergy
Cluster E

Cluster A

20

40 60

80

100

ICC=0.41

20

40 60

80

100

20

40 60

80

100

20

40 60

80

100

20

40 60
Gait Cycle (%)

80

100

20 40 60 80 100

ICC=0.70

20 40 60 80 100






OPS/images/fnhum-14-00036/fnhum-14-00036-g004.jpg
Synergy
Cluster A

Synergy

Cluster B

Synergy
Cluster C

Synergy
Cluster D

Synergy
Cluster E

A icc=080 B icc=030 [E=INon-Dominant I Dominant]

1h

TA MG SOL PL RF VL MH HL TA MG  SOL PL RF VL MH HL

|[1Icc=0.62 ICC =0.50
*

TA MG SOL PL RF VL MH HL TA MG  SOL PL RF VL MH HL

[iIcc=0.70 ICC=0.78

TA MG SOL PL RF VL MH HL TA MG  SOL PL RF VL MH HL

ICC=0.61 ICC=0.64

TA MG SsOL PL RF VL MH HL TA MG  SOL PL RF VL MH HL

ICC=0.83 ICC =0.62

TA MG SOL PL RF VL MH HL TA MG SOL PL RF VL MH HL





OPS/images/fnhum-14-00036/fnhum-14-00036-g005.jpg
Frontal

Dominant

Non-Dominant Non-Dominant Dominant

Prefrontal

Motor Motor Parietal

Parietal

© « ° o > B
S § & & &
0 20 40 60 80 100 0 20 40 60 80 100
0 20 40 60 80 100 0 20 40 60 80 100
0 20 40 60 80 100 0 20 40 60 80 100
0 20 40 60 80 100 0 20 40 60 80 100
0 20 40 60 80 100 0 20 40 60 80 100
0 20 40 60 80 100 0 20 40 60 80 100
Gait Cycle (%)

B Synergy Cluster A

B Synergy Cluster B

B Synergy Cluster C

m Synergy Cluster D

" Synergy Cluster E

B Beta-Suppression

B Mu-Suppression





OPS/images/fnhum-14-00036/cross.jpg
3,

i





OPS/images/fnhum-14-00036/fnhum-14-00036-e000.jpg
n n
EMG, = Z W;C; + e, EMG, = z WiC;

i=1






OPS/images/fnhum-14-00036/fnhum-14-00036-e001.jpg
||EMG, — EMG,||>

VAF=1- 207 22
|[EMG, — mEMG,|P?





OPS/images/fnhum-14-00036/fnhum-14-00036-g001.jpg
80
80
80
80

|
.
100
100
| —
100
=
100

100

80

60

60 )
60 r
5
60

60

i,
40
—
40
40
e
40

-
40

|eloled 10101\ 10101\
|eluoay Jueuiwoq Jueulwoq JueuIWOQ-UoON

|eloled
JueuIWOQ-UoON

| o o d o i o o
« « « « «
% | ) |
- i i i
o o o o o
o O O O o o O O O o aQ Qo O o O c o o 8 o o O O o o o O O o o
O ©° ¥ o 8 = L ¥ O N - L ¥ O N - L ¥ O N - L ¥ O N - L ¥ O § -
o o o o o
o o o o o
e - = =} q1 =1
o o o o —,0
® @ @ | © @
el . ot . 5
, © © © © ©
]
o o o o =)
= \ = = ‘4 \ = V
i o o o o o
« -2 « « Y ﬁ
o o -0 | o
Q O O o o o O O o o 2 O O O O o O O o o o O O o o 2 O O O O
m ©® ¥ & Q& - L ¥ ® § - LB ¥ ® § - LB ¥ ® q - L ¥ O « - L ¥ ® § -
Ry
\m\o o o o o o
o o o o o
- - - - -
[
o o - o o o
[ee] [ee] [ee] [ee] [ee]
(@)
<o
o o o o o
&N\O © © © © ©
(4
o =) o o 2
< <+ <+ <+ <+
Q J
o o o o o
QA\ 13 13 137 £« «
O o o o ) o o
Q Q O O O o O O O o o O O O o o O O O o o O O o o o O O o o
g ® T ® & = L ¥ O N - L ¥ O § - L ¥ O N - L ¥ O § - L ¥ O q -
(zH) Aousnbaig

|eluouaid

40 60 80 100

20

40 60 80 100

20

40 60 80 100

Gait Cycle (%)

20

4

dB





OPS/images/fnhum-13-00392/fnhum-13-00392-i001.gif
—l
"





OPS/images/fnhum-13-00392/fnhum-13-00392-t001.jpg
Participant ~ Handedness ~ GA  CPtype Motor Motor Associted Visual  Visual FIQ VIQ Brain images Brain injury

code (weeks)  (Hagberg) abnormalities:  abnormalities:  impairments: acuity  acuity causation and
nature and functional epilepsy righteye left eye timing
typology motor
abilities
CP1 Left 39 Right Unilateral GMFCS: 1 focal epilepsy 10110 1010 83 93 Multicystic Chronic circulatory
hemiplegia spastic MAGS: 2 encephalopathy (eft insuficiency
hypertonia parietal-occipital-
temporal areas;
MRI)
cP2 Left na  Right Unilateral GMFCS: 1 no 10110 1040 99 112 Bilateral Periventricular na.
hemiplegia spastic MACS: 1 leukomalacia (MR)
hypertonia
cP3 Right 40 Lefthemiplegia  Unilateral GMFCS: 1 focal epilepsy 8/10 &10 70 63  Right porencephaly MR)  Prenatal
spastic MACS: 3
hypertonia
CP4 Left 40 Right Unilateral GMFCS: 2 focal epilepsy 10110 1010 55 77 Leftperiventricular Hypoxic-ischemeic
hemiplegia spastic MAGS: 3 leukomalacia (MR) damage; perinatal
hypertonia
cP5 Left 4 Right Unilateral GMFCS: 2 no 10110 1010 67 86 Leftcortical-subcortical  Stroke; perinatal
hemiplegia spastic MAGS:2 frontal-temporal-parietal
hypertonia encephalomalacia (MR)
cPs Right 29 Diplegia Biateral spastic ~ GMFCS: 2 focal epllepsy 10110 1010 82 89  Bilateral Periventricular Hypoxic-ischemeic
(left > right) hypertonia MACS: 1 leukomalacia (MR) damage; perinatal
cP7 Left a7 Right Unilateral GMFCS: 1 no 6310 6310 99 92 Left periventricular Hypoxic-ischemeic
hermiplegia spastic MACS: 2 leukomalacia (MR) damage; perinatal
hypertonia
cP8 Right 31 Diplegia Bllateral spastic ~ GMFCS: 2 no 910 910 87 99 Bilateral Periventricular Hypoxic-ischemeic
(left > right) hypertonia MACS: 1 leukomalacia (MR) damage; perinatal
cPY Left 40 Right Unilateral GMFCS: 2 no 10110 1010 99 101  Bilateral basal ganglia Hypoxic-ischemeic
hemiplegia spastic MACS: 2 (putamen, thalamus) damage; perinatal
hypertonia hyperintensity (MRI)
CP10 Right 29 Diplegia Biateral spastic ~ GMFCS: 1 no 10110 1010 100 104  Right periventricular Hypoxic-ischemeic
(left > right) hypertonia MAGS: 2 leukomalacia (CUS) damage; perinatal

CUS, cranial ultrasoundi; FIQ, Full-scale inteligence quotient; GA (weeks), Gestational Age (weeks); GMFCS, Gross Motor Function Classification System; MACS, Manual Ability Ciassification System; MR|, Magnetic Resonance Imaging;
n.a., not available; VIQ, verbal intelligence quotient.





OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fnhum-14-00040/crossmark.jpg
©

2

i

|





OPS/images/fnhum-14-00040/fnhum-14-00040-g001.gif
o,
ettt s

o,
esdres et
ey s






OPS/images/fnhum-14-00040/fnhum-14-00040-g002.gif
1 Generic parameters.

= personalized parameters
M Reference TO child

1 Experimental CP child





OPS/images/fnhum-14-00036/fnhum-14-00036-t002.jpg
Preferred treadmill speed (m/s) Normalized step length? Stance time (%) Cadence (steps/min)

Non-dominant Dominant Non-dominant Dominant Non-dominant Dominant Average
D 0.99 £ 0.11 0.30 £ 0.02 0.31 £0.01 67.2 £0.90 67.4 +£0.82 104 £ 5.74 104 £ 4.92 104 £ 517
CP 0.89 & 0.10 0.29 £ 0.02 0.30 4+ 0.03 64.2 +2.30 68.4 &+ 1.61 96114109 108 £10.8 102 £ 10.1
P 0.053 0.052 0.539 <0.001 0.072 0.055 0.287 0.598

Mean + standard deviation; Bold values indicate significant differences between groups (p < 0.05, independent t-test) 2Step length was normalized by participant
height in meters.
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IC Cluster location Brodmann areas® Scalp topographies® # of Subjects (ICs) % of total subjects

™ cp ™ cp ™ cpP
Frontal 6,8,32 ' ' 5(6) 3(5) 45% 38%
Dominant parietal 5,7,18, 19,31, 89, 40 ' ' 9(10) 50) 82% 56%
Dominant motor 3,4,6,8,9,22 ' ' 609 6(7) 55% 75%
Non-dominant motor 3,4,6,8,22,24 ' ' 10(12) 3@ 91% 38%
Non-dominant parietal 5,7, 13, 18, 19,22, 31, 89, 40 ' ' 7013 6(12) 64% 75%
Prefrontal 6,8,9,10, 24,32 ' ' 4(6) 6 36% 75%

Brodmann Areas were found within a 2 mm area of allindividual dipoles in each cluster PIndividual scalp topographies were inverted to best match the cluster polarity;
individual topographies of the motor and parietal clusters were mirrored about the y-axis accordling to hemisphere dominance.
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IC cluster location

Mu-suppression (%)

Beta-suppression (%)

TD CP P TD CP P
Frontal 253+ 115 32.9+6.78 0.228 43.4+10.8 46.3+13.4 0.707
Dominant parietal 2294820 2591145 0.697 32.1+£12.6 39.0+6.17 0.209
Dominant motor 42,8 +12.7 17.0 + 8.42 <0.001 48.1 £10.8 447 £16.2 0.621
Non-dominant motor 38.6 £ 16.2 188+ 132 0.075 443+ 155 45.8 £ 16.1 0.884
Non-dominant parietal 175 +189 218+ 118 0.065 38.3+13.3 44.8 +£9.68 0.175
Prefrontal 19.8 £ 13.9 30.3 +8.99 0.109 39.8+14.8 35.3+16.8 0.616

Mean + standard deviation; Bold values indicate significant differences between groups (o < 0.05, independent t-test).
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Synergy cluster # of Subjects (Synergies)

TD CP
A 11 (1) 9(10)
B 8(8) 9(10)
C 12 (15) 9(9)
D 12 (14) 8(8)
E 12(12) 8(8)

Activation profiles

Weight coefficients

TD

0.64
0.67
0.41
0.40
0.55

ICC

CP

0.70
0.68
0.83
0.70
0.71

Between groups

0.94
0.94
0.98
0.92
0.94

TD

0.80
0.62
0.70
0.61
0.83

ICC

CP

0.30
0.50
0.78
0.64
0.62

Between groups

0.86
0.52
0.86
0.70
0.92

r indicates Pearson correlation coefficient computed between mean structures for each cluster.
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CP1
cP2
CP3
CP4
CP5
CP6
CP7
CP8
CP9
™1
D2
D3
D4
D5
TD6
D7
D8
TD9
D10
D11
D12

Age (yrs)

14
21
12
16
17
17
13
17
17
14
14
16
18
16
14
17
18
16
13
7

15

Height (cm)

162
166
149
180
161
178
156
156
174
171
167
165
166
171
154
160
177
164
168
123
183

Weight (kg)

43.7
54.0
41.2
89.2
75.7
63.3
51.1
57.2
82.9
56.5
81.6
56.4
62.8
92.4
50.5
73.9
100.4
65.9
63.9
20.8
81.1

Handedness

Right
Left
Right
Left
Right
Right
Left
Left
Left
Right
Right
Right
Right
Right
Right
Right
Right
Right
Right
Right
Right

Gender

Female
Female
Female
Male
Female
Male
Female
Female
Female
Male
Female
Female
Female
Female
Male
Female
Male
Female
Female
Female
Male

Gross motor functional classification system (GMFCS).
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All Sample (n = 29) Ubi (n = 14) Slides (n = 15) Ubi vs. Slides

Median [95% CI] Median [95% CI] Median [95% CI] 2z score*
®F

Raw scores % Raw scores % Raw scores %
Customization of 32,00 80.00 33.00 80.00 32.00 80.00 —1.642
exercises 29.23-33.38) [71.23-82.03) 31.18-35.15) [73.04-86.55) [25.31-33.01) 63.83-82.54] (0.104)
Acceptabiity at 31.00 7750 32,00 77.50 31.00 7750 ~0.957
home. 29.43-33.00] [73.07-81.71) (29.72-34.78) [73.27-85.47) 27.30-32.88) (68.24-82.21) (0:347)
Required effort 32.00 80.00 33.00 80.00 30.00 75.00 ~1.360
30.96-33.99] [76.73-83.49) [81.21-35.79) [76.77-86.57) 29.23-33.49) [73.08-83.73) (0.190)
Sutability of 38,00 95.00 3850 96.25 36.00 90.00 —1.761
manualsoftware  [36.78-38.35) 91.37-95.58) [87.39-31.11) 91.88-97.70) 35.48-38.16) 88.70-95.39) (0.001)
TOTAL 132.00 82.15 135.50 84.69 130.00 81.25 —1.666
[127.70-137.43) [79.81-85.90] [130.56-143.77] (81.60-89.86) [120.61-134.48] [75.38-84.05) (0.104)

*Mann-Whitney semple test.
§2-sides significant level at 0.05.
Cl: 95% confidence interval.
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Age (year) Mean 11.73

sD 365
Sex F 14
M 15
Affected side Right 19
Left 10
HFCS 2-3 5
4-5 13
6-8 1

HFCS, House Function Classification System; SD, Standard Deviation.
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Corpus Callosum Body of corpus callosum

Bilateral regions:

Genu of the corpus callosum

Splenium of the corpus
callosum

Amygdala
Angular gyrus
Anterior corona radiata

Anterior limb of the internal
capsule

Caudate nucleus
Cingular part of cingulum

Cingulum gyrus

Cuneus

External capsule

Fornix

Frontal medial orbital gyrus
Fusiform gyrus

Globus pallidus

Gyrus rectus

Hippocampal part of the
cingulum

Hippocampus

Inferior frontal gyrus

Inferior fronto-occipital
fasciculus

Inferior occipital gyrus
Inferior temporal gyrus
Insular cortext

Lateral orbitofrontal gyrus
Lingual gyrus

Middle frontal gyrus

Middle occipital gyrus
Middle temporal gyrus
Parahippocampal gyrus
Postcentral gyrus

Posterior corona radiata

Posterior limb of the
internal capsule

Posterior thalamic
radiation

Precentral gyrus
Precuneus

Putamen
Retrolenticular capsule
Sagittal stratum

Stria terminalis
Superior corona radiata
Superior frontal gyrus

Superior longitudinal
fasciculus

Superior occipital gyrus

Superior occipitofrontal
fasciculus

Superior parietal gyrus
Superior temporal gyrus
Supramarginal gyrus
Tapetum

Thalamus

Uncinate fasciculus
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Without cross-validation

With cross-validation

Variable Brain region (DTl measure) Coefficients AUC Sensitivity Specificity AUC Sensitivity Specificity

Velocity R inferior frontal gyrus (FA) —-3.13 0.93 0.93 0.87 0.90 0.93 0.79
L hippocampus (AD) 1.98
Genu (MD) 2.81

Step width L lingual gyrus (FA) -3.13 0.93 0.85 0.85 0.90 0.85 0.80
L hippocampus (FA) 1.98
R putamen (RD) 2.81

Step length (R) Genu (MD) 2.22 0.93 0.91 0.88 0.89 0.91 0.85
L hippocampus (AD) —3.60
R inferior frontal gyrus (FA) 1.64

Step length (L) L supramarginal gyrus (MD) —1.36 0.85 0.93 0.79 0.80 0.93 0.76
R superior parietal gyrus (AD) 1.32
R hippocampus (MD) -1.29

Single-limb support (R) R fusiform gyrus (FA) —30.68 1 1 il il 1 1
Splenium (AD) 61.98
Genu (FA) —43.26

Single-limb support (L) R middle frontal gyrus (RD) —18.83 1 1 1 1 1 1
R superior occipital gyrus (RD) 47.97
L lateral fronto-orbital gyrus (FA) 33.94

Toddle TDI R parahippocampal gyrus (RD) —0.88 0.88 0.90 0.84 0.83 0.85 0.75
R posterior corona radiata (MD) —2.21

L sagittal striatum (AD)

1.71

The three most predictive brain regions for each gait metric are listed. Right (R), Left (L). Significance of all AUC values, p < 0.0001.
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Velocity Step width Step length Single-limb support Toddle TDI

Right Left Right Left
Methods True + False + True + False + True + False + True + False + True + False + True + False + True + False +
DTl logistic regression 13/14 5/38 11113 6/39 10/11 5/41 13/14 8/38 4/4 0/48 5/5 0/47 18/20 5/32

DTl logistic regression with 13/14 8/38 1113 8/39 10/11 6/41 13/14 9/38 4/4 0/48 5/5 0/47 17/20 8/32
cross-validation

White matter abnormality 0/14 3/38 113 2/39 o/11 3/41 014 3/38 0/4 3/48 0/5 3/47 0/20 3/32
Cerebellar signal abnormality  0/14 6/38 113 5/39 o/11 6/41 114 5/38 0/4 6/48 0/5 6/47 0/20 6/32
Cerebellar asymmetry 114 4/38 113 4/39 o/11 5/41 014 5/38 0/4 5/48 0/5 5/47 1/20 4/32
Intraventricular hemorrhage,  0/14 2/38 0/18 2/39 o/11 2/41 0/14 2/38 0/4 2/48 0/5 2/47 0/20 2/32
grade 3 or 4

Logistic regression with exhaustive feature selection was able to predict gait impairment, while standard MRI findings were not. Single-limb support (SLS) was perfectly
predicted by logistic regression, bilaterally.
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Without With
cross- cross-
validation validation

Variable Brain regions Adj. R2 Adj. R2
Velocity L parahippocampal cingulum (RD) 0.32 0.22
Genu (RD)
R inferior frontal gyrus (FA)
Step width R tapetum (FA) 0.45 0.34

L globus pallidus (AD)
R globus pallidus (RD)

Step length (R) L cingulum cingular part (AD) 0.28 0.16
L cuneus (FA)
L superior occipital gyrus (FA)
Step length (L) L supramarginal gyrus (MD) 0.28 0.15
L inferior temporal gyrus (FA)
Genu (RD)
Single-limb L anterior limb of the internal 0.32 0.19
support (R) capsule (MD)
Genu (RD)
R inferior frontal gyrus (RD)
Single-limb R retrolenticular part of internal 0.30 0.16
support (L) capsule (RD)
Genu (RD)
R superior occipital gyrus (FA)
Toddle TDI L insular cortex (RD) 0.27 0.16

L inferior temporal gyrus (FA)

L anterior limb of the internal
capsule (RD)

Right (R), Left (L).
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All neonates Neonates with

(n=102) DTI and gait
assessment
(n =52)
Males, n (%) 42 (41) 20 (38)
Females, n (%) 60 (59) 32 (62)
GA (weeks) mean (SD) 28.7 (2.4) 29.0 (2.4)
BW (g) mean (SD) 1087.3 (278.8) 1081.5 (270.0)
Maternal age (years) mean (SD) (n = 99; 51)  31.6 (6.0) 32.1(6.0)
PMA at scan (weeks) mean (SD) (n = 102) 36.6 (1.8) 36.5(1.2)
Multiple gestation mean (SD) 1.7(1.0) 1.9(0.9)
Apgar at 5-minute mean (SD) (n = 100; 51) 7.4(1.9) 7.5(1.8)
Days on ventilation mean (SD) (n = 99; 51) 11.1(18.4) 8.5(14.7)
BPD?, n (%) 30 (29) 15 (29
NEC, n (%) 14 (14) 5(10)
ROP®, n (%) 29 (28) 15 (29
Sepsis®, n (%) 12 (12) 5(10)
Mean CRPY, mg/dl, mean (SD) (n = 97; 49)  0.45 (0.58) 0.31(0.35)
Peak CRPY, mg/dl, mean (SD) (n = 97; 49) 1.00 (1.49) 0.63 (0.84)

BPD, bronchopulmonary dysplasia; BW, birth weight, GA, gestational age; NEC,
necrotizing enterocolitis; PMA, postmenstrual age; ROP, retinopathy of prematurity.
aBPD: history of respiratory distress syndrome, treated with oxygen >21% at 36 wk
PMA. PPresence of ROP stage 2 or 3. Sepsis, confirmed by positive blood culture.
9Measured over first two postnatal weeks.
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Region DTI Total Goal Normalized

variables movement synchronization movement
time overlap
R p value R p value R pvalue
Whole CC FA —0.008 0.98 -0.07 0.69 —-0.15 0.39
Streamlines —0.12 047 -0.28 017 —-0.09 0.61
Voxels —0.14 0.39 -0.26 0.12 —0.07 0.70
AD —0.33 0.037* —0.33 0.04* 0.09 0.61
RD 0.18 0.28 D.22 0.18 —0.02 0.93
MD —-0.24 0.14 -0.28 0.17 —-0.06 0.77
GenuCC FA —0.033 0.84 -0.08 0.87 —-0.08 0.62
Streamlines —0.20 0.23 -0.27 0.11 0.06 0.72
Voxels -0.19 026 -0.28 0.09 0.10 0.56
AD —-0.29 0.075 -0.28 0.09 —-0.15 0.38
RD —-0.14 0.40 -0.14 0.42 —0.06 0.72
MD —-0.23 0.16 -0.22 0.18 —-0.11  0.51
Midbody  FA —0.02 092 -0.03 0.87 —0.03 0.85
CC Streamlines —0.10 0.55 -0.21 0.20 0.09 0.56
Voxels —-0.11 052 -0.22 0.19 0.11 051
AD —0.30 0.064 -0.27 0.11 —-0.18 0.29
RD —0.08 0.65 —0.05 0.76 —0.06 0.70
MD —-0.21 022 -0.17 0.30 —0.13 0.44
Splenium  FA —0.08 0.63 —-0.14 0.40 —0.02 0.93
CC Streamlines —0.34 0.038* —0.40 0.01* 0.07 0.68
Voxels —0.35 0.032* —0.42 0.01# 0.01 0.95
AD -0.17 0.40 -0.19 0.25 —0.03 0.87
RD 0.004 0.98 0.04 0.82 0.01  0.93
MD 0.08 0.62 -0.07 0.67 —0.01  0.98

CC, corpus callosum; DTI, diffusion tensor imaging; FA, fractional anisotropy; AD,
axial diffusivity; RD, radial diffusivity; MD, mean diffusivity; Streamlines, number of
streamlines; Voxels, number of voxels; *, significant correlation.
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AHA Total Goal Normalized
movement time synchronization movement overlap
R p value R p value R p value R p value
Total movement time —0.33 0.041*
Goal synchronization —-0.35 0.03* 0.92 0.001*
Normalized movement overlap —0.016 0.33 —0.42 0.009* —0.55 0.001*
Trunk control —0.33 0.042* 0.74 0.055 0.63 0.08 0.20 0.21
AHA, assisting hand assessment; *, significant correlation.
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Affected Side Right (n = 15) Left (n = 24)

Mean Age (SD) y,m 9,9 (3,2 9,3(3,3
Age range y 6-17 6-17
Gender

Male 6 14
Female 9 10
MACS

| 4 8

Il 8 12

1l 3 4

AHA (SD) AHA units 55.60 (7.43) 56.33 (10.11)

SD, standard deviation; MACS, manual ability classification system for individuals
with cerebral palsy; AHA, assisting hand assessment.





