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Abstract  25 
 26 
Here we examined changes in muscle coordination associated with improved motor performance after 27 
partnered, dance-based rehabilitation in individuals with mild-moderate idiopathic Parkinson’s disease. 28 
Using motor module (a.k.a muscle synergy) analysis we identified changes in the modular control of 29 
overground walking and standing reactive balance that accompanied clinically meaningful 30 
improvements on behavioral measures of balance, gait, and disease symptoms after three-weeks of daily 31 
Adapted Tango classes. In contrast to previous studies that revealed a positive association between 32 
motor module number and motor performance, none of the six participants in this pilot study increased 33 
motor module number despite improvements in behavioral measures of balance and gait performance. 34 
Instead, motor modules were more consistently recruited and distinctly organized immediately after 35 
rehabilitation, suggesting more reliable motor output. Further, the pool of motor modules shared 36 
between walking and reactive balance increased after rehabilitation, suggesting greater generalizability 37 
of motor module function across tasks. Our work is the first to show that motor module distinctness, 38 
consistency, and generalizability are more sensitive to improvements in gait and balance function 39 
following short-term rehabilitation than motor module number. Moreover, as similar differences in 40 
motor module distinctness, consistency, and generalizability have been demonstrated previously 41 
between in healthy young adults with and without long-term motor training, our work suggest 42 
commonalities in the structure of muscle coordination associated with differences in motor performance 43 
across the spectrum from motor impairment to expertise. 44 
 45 
 46 
Keywords: muscle coordination, muscle synergy, electromyography, dance, exercise 47 
 48 
New and Noteworthy:  49 
 50 
We demonstrate changes in neuromuscular control of gait and balance in individuals with Parkinson’s 51 
disease after short-term, dance-based rehabilitation. Our work is the first to show that motor module 52 
distinctness, consistency, and generalizability across gait and balance are more sensitive than motor 53 
module number to improvements in motor performance following short-term rehabilitation. Our results 54 
indicate commonalities in muscle coordination improvements associated with motor skill re-acquisition 55 
due to rehabilitation and motor skill acquisition in healthy individuals. 56 
 57 
 58 
  59 
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Introduction 60 
 61 
Features of muscle coordination associated with differences in gait and balance performance may 62 
provide important insight into neural mechanisms of motor performance, particularly in neurological 63 
disorders.  Motor module (a.k.a. muscle synergy) analysis has been used to provide such insight, and has 64 
identified differences in neuromuscular control across levels of motor performance in both healthy and 65 
impaired populations (for reviews see: Bizzi and Cheung 2013; Ivanenko et al. 2013; Ting et al. 2015). 66 
Motor modules are defined as groups of coactive muscles with a fixed spatial structure that are flexibly 67 
recruited over time to transform movement goals into biomechanical outputs (Allen and Neptune 2012; 68 
Berniker et al. 2009; Chvatal et al. 2011; d'Avella and Bizzi 2005; Ting and Macpherson 2005). In an 69 
effort to advance the analysis of muscle coordination we recently developed more refined motor 70 
module-based metrics of neuromuscular control. Specifically, we identified differences in the 71 
distinctness and consistency of motor modules as a function of motor skill in healthy, young adults 72 
(Sawers et al. 2015). However, it remains unclear whether similar changes accompany improvements in 73 
motor performance following rehabilitation. Understanding general principles of neuromuscular control 74 
that underlie improvements in motor performance with rehabilitation may help improve patient 75 
screening for rehabilitation prescription and guide the development of new interventions to enhance the 76 
re-acquisition of movement skills lost through injury or disease. 77 
 78 
The number of motor modules recruited to perform a motor task is frequently used as a measure of 79 
neuromuscular complexity, with higher complexity (i.e. more motor modules) associated with better 80 
motor performance. Increased neuromuscular complexity is observed as motor development progresses 81 
(Dominici et al. 2011) and due to long-term motor training (i.e. ballet dancers vs. non-dancers, Sawers et 82 
al. 2015). Conversely, reduced neuromuscular complexity has been identified in various populations that 83 
exhibit impaired motor performance such as individuals post-stroke (Cheung et al. 2012; Clark et al. 84 
2010), those with spinal cord injury (Fox et al. 2013; Hayes et al. 2014; Perez-Nombela et al. 2016), 85 
cerebral palsy (Steele et al. 2015; Tang et al. 2015), and Parkinson’s disease (Rodriguez et al. 2013). A 86 
single prior study has demonstrated changes in neuromuscular complexity within the same individuals 87 
due to rehabilitation where increased neuromuscular complexity, i.e. more motor modules, was 88 
associated with improved motor performance following rehabilitation (e.g., increased walking speed 89 
post-stroke; Routson et al. 2013). 90 
 91 
However, the number of motor modules alone may be insufficiently sensitive to distinguish important 92 
and clinically-relevant impairments in motor performance and, subsequently, any improvements with 93 
rehabilitation. Individuals with neurological motor impairments who recruit the same number of motor 94 
modules can exhibit widely varying levels of motor performance (e.g., stroke, Clark et al. 2010; spinal 95 
cord injury, Hayes et al. 2014, etc.). Among stroke survivors, rehabilitation that is successful in 96 
improving motor performance does not always result in increased motor module number (Routson et al. 97 
2013). Thus, a given number of motor modules does not directly translate to a specific level of motor 98 
performance. In the case of Parkinson’s disease (PD), movement may be substantially impaired yet the 99 
number of motor modules observed during gait is comparable to that of neurotypical controls 100 
(Rodriguez et al. 2013). Further, although treatment with L-dopa has beneficial effects on gait (Smulders 101 
et al. 2016), it does not alter the number of recruited motor modules (Roemmich et al. 2014).  102 
 103 
Whereas the number of motor modules identifies consistent features of muscle coordination underlying 104 
multiple movement observations, variation in muscle coordination within those same observations may 105 
also reflect differences in motor performance. Generating consistent and well-coordinated movements 106 
requires recruitment of motor modules that are consistently and distinctly organized around required 107 
motor output. However, increased variability in muscle recruitment (e.g., Miller et al. 1996; Robichaud 108 
et al. 2009), increased co-activation (e.g., Dietz et al. 1995; Lamontagne et al. 2000; Lunenburger et al. 109 
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2006), and less distinct motor module organization (e.g., Clark et al. 2010; Fox et al. 2013; Hayes et al. 110 
2014) have previously been identified in individuals with motor impairment. We recently observed 111 
greater consistency and distinctness of motor modules for walking and balance among expert 112 
professional ballet dancers compared to novice non-dancers (Sawers et al. 2015). These differences may 113 
reflect greater stability of motor output across repetitions of a task (consistency) that is organized around 114 
producing more well-defined biomechanical output (distinctness), leading to superior motor 115 
performance. Whether short-term, intensive rehabilitation in motor impaired populations results in 116 
similar improvements in motor module consistency and distinctness remains unknown.  117 
 118 
Generalization of motor modules, i.e. the ability to use the same motor modules across different motor 119 
behaviors, may also be an important feature of muscle coordination relevant to understanding the effects 120 
of rehabilitation. Animal studies suggest that shared motor modules across a range of hindlimb motor 121 
tasks may share a common neural substrates (Cheung et al. 2005; d'Avella and Bizzi 2005; d'Avella et 122 
al. 2003; Hart and Giszter 2004). Similarly in humans, shared motor modules have been identified 123 
across a range of lower-limb motor tasks, such as across gait and balance tasks (Chvatal and Ting 2013; 124 
2012; Oliveira et al. 2012; Oliveira et al. 2013a). However, because gait and balance performance can be 125 
differently affected by aging and Parkinson’s disease (Horak et al., 2016; Park et al., 2016), the same 126 
motor modules may no longer be recruited across these two motor tasks. Sharing of motor modules 127 
across motor tasks may be critical for practice of tasks during rehabilitation to generalize to other 128 
activities often performed in daily life. We previously found that long-term training over many years in 129 
professional ballet dancers leads to better motor performance on an untrained beam-walking task, which 130 
was associated with recruiting more common motor modules across motor tasks compared to non-131 
dancers (Sawers et al., 2015). Whether increased generalization of motor modules underlies improved 132 
motor performance after rehabilitation is unknown. 133 
 134 
Here, we hypothesized that changes in neuromuscular control similar to those associated with motor 135 
skill acquisition also underlie motor skill re-acquisition through rehabilitation. To test this hypothesis, 136 
we examined changes in neuromuscular control of gait and balance induced by an exercise-based 137 
Adapted Tango (AT) dance program. AT has previously been shown to improve clinical measures of 138 
both gait and balance performance in individuals with PD (Hackney and Earhart 2010; McKay et al., 139 
2016; McKee and Hackney 2013). While we recently demonstrated in a small cohort of individuals with 140 
mild-moderate PD that improvements in clinical tests of gait and balance after AT were accompanied by 141 
changes in ankle muscle co-activity during automatic postural responses to anterior/posterior balance 142 
perturbations (McKay et al. 2016), we do not know how muscle activity was changed across both gait 143 
and balance Therefore, in the current study we analyzed electromyography (EMG) data from muscles 144 
across the leg and trunk during overground walking and multi-directional postural perturbations to 145 
examine whether changes in multi-muscle coordination (i.e. motor modules) would be associated with 146 
observed motor improvements in both gait and balance. We predicted that post-AT rehabilitation, these 147 
individuals would 1) recruit more consistent and distinct motor modules, and 2) increase the proportion 148 
of motor modules shared between walking and reactive balance, suggesting that generalizability of 149 
neuromuscular control across motor tasks was improved after AT. 150 
 151 
Methods 152 
 153 
Study population and data sources 154 
 155 
We performed motor module analysis on EMG data collected as secondary outcome measures of a small 156 
pilot cohort study (McKay et al. 2016). Briefly, participants with a diagnosis of “definite” idiopathic PD 157 
(Racette et al. 1999) participated in a short-duration, high volume Adapted Tango rehabilitation 158 
intervention. Each participant completed fifteen 1.5-hour AT lessons taught by an experienced 159 
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professional ballroom dance instructor over the course of 3 weeks. In addition to the primary clinical 160 
outcome measures (below), a convenience sample (n=9) of the entire cohort (n=22) was allocated to 161 
additional balance and gait testing with electromyography before and after the intervention. Of these, 162 
complete EMG data suitable for motor module analysis were available for 6 participants (Table 1) due to 163 
an equipment failure at post-test for the remaining 3. All participants provided written informed consent 164 
before participating according to protocols approved by the institutional review boards at both Emory 165 
University and the Georgia Institute of Technology. All participants were prescribed and taking anti-166 
parkinsonian medications throughout the study. All assessments occurred at a self-determined, optimal 167 
time consistent between pre- and post-tests. While we did not explicitly control for medication wear off 168 
during the experiment, the amount of wearing off should be consistent within a participant at both pre- 169 
to post-test since they were tested at the same time of day corresponding to their self-determined optimal 170 
ON state. In addition, we did not observe any deterioration in movement quality during any session. 171 
Participants were classified as either tremor-dominant (TD), postural instability / gait disability 172 
dominant (PIGD), or indeterminate based on UPDRS-III scores following the methodology of Stebbins 173 
and colleagues (Table 1, Stebbins et al. 2013). Briefly, average scores for UPDRS-III items related to 174 
tremor and UPDRS-III items related to posture and gait were calculated for each participant. The ratio 175 
between these averages was used to classify participants as TD (≥1.5), PIGD (≤1), or indeterminate 176 
otherwise.  177 
 178 
Clinical outcomes 179 
 180 
Clinical outcomes included motor examination of PD symptoms (Unified Parkinson Disease Rating 181 
Scale (UPDRS, Motor Subscale III; Goetz et al. 2008)) and behavioral measures of balance and gait 182 
(Berg Balance Scale (BBS; Berg et al. 1995), Fullerton Advanced Balance scale (FAB; Klein et al. 183 
2011), Dynamic Gait Index (DGI; Shumway-Cook and Woollacott 1995), preferred gait speed, fast gait 184 
speed, and six minute walk test (6MWT; Enright 2003)).  185 
 186 
Muscle activity assessments 187 
 188 
During walking assessments, each participant walked overground at self-selected walking speed for 189 
approximately 7.5m. Participants were instructed to walk as they would normally while maintaining 190 
their head level. At least three trials were collected per participant.  191 
 192 
During reactive balance assessments, we recorded postural responses to ramp-and-hold translations of 193 
the support surface during standing while participants stood on an instrumented platform that translated 194 
in 12 equally spaced directions in the horizontal plane (see Fig. 1B). Participants were instructed to 195 
maintain balance without stepping. Three trials in each of the 12 directions were collected in random 196 
order. The perturbation level was adjusted for each participant such that they could perform the set of 197 
perturbations without stepping. This level was determined at pre-test by delivering three to six initial 198 
perturbations to select the highest perturbation level a participant could reliably maintain balance 199 
without stepping among six pre-determined levels. The same perturbation level from the pre-test 200 
assessment was used in the post-test, even if the participant could withstand a higher perturbation level 201 
at post-test. All participants used level 3 (displacement 7.5 cm, velocity 15 cm/s, acceleration 0.1g) 202 
except participants PR7 and PR9 who used level 4 (10cm, 20 cm/s. 0.2g). Stance width was self-selected 203 
by each participant at the beginning of the pre-test and enforced through all trials during pre- and post-204 
tests. In one participant (PR1), self-selected stance width was not correctly enforced and this participant 205 
used a 9.5-cm wider stance width at post-test.  206 
 207 
Surface EMG activity was recorded at 1080 Hz from thirteen muscles of the right side leg and lower 208 
back. Muscles recorded from included: rectus abdominus (REAB), external oblique (EXOB), erector 209 
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spinae (ERSP), gluteus medius (GMED), tensor fascia lata (TFL), biceps femoris long head (BFLH), 210 
rectus femoris (RF), vastus medialis (VMED), medial gastrocnemius (MGAS), lateral gastrocnemius 211 
(LGAS), soleus (SOL), peroneus longus (PERO) and tibialis anterior (TA). Three-dimensional 212 
kinematics were also measured using an 8-camera Vicon motion analysis system at 120 Hz and a custom 213 
25-marker set that included head-arms-trunk, thigh, shank and foot segments. 214 
 215 
EMG data processing 216 
 217 
All EMG data were high-pass filtered at 35 Hz, de-meaned, rectified, and low-pass filtered at 40 Hz 218 
using custom MATLAB routines. To extract motor modules, we first generated subject-specific EMG 219 
data matrices for each condition (4 conditions = 2 tasks [walking and reactive balance] x 2 time-points 220 
[pre-test and post-test]) as follows. In order to fully capture the underlying variability the EMG data 221 
matrices included the whole data set of EMG rather than averaged data (e.g., over trials for reactive 222 
balance or gait cycles for walking). Across both behaviors the EMG data matrices were normalized to 223 
the maximum activation observed during walking. 224 
 225 
For walking, at least 5 total gait cycles per walking condition were included in the analyses. EMG data 226 
were averaged over 75 ms bins and data from the first and last two steps as identified from kinematic 227 
markers on the heels were removed in order to avoid gait initiation and termination, as in a previous 228 
study (Chvatal and Ting 2013). Trials were concatenated end to end to form an m × t data matrix, where 229 
m is the number of muscles (13) and t the number of conditions (trials × time bins). The number of 230 
datapoints in the walking data matrix varied across subjects with a minimum size of 115 points.  231 
 232 
For reactive balance, EMG data were analyzed during four different time bins: one before the 233 
perturbation and three during the automatic postural response (APR, Fig. 1B), as in a previous study 234 
(Chvatal et al. 2011). Specifically, mean muscle activity was calculated during a 120 ms background 235 
period that ended 170 ms prior to the perturbation and during each of three 75 ms bins beginning either 236 
120 or 150ms after perturbation onset depending on the level of the applied perturbation. Latencies of 237 
150 and 120 ms were used for the level 3 (participants PR 1,2,3,8) and level 4 (participants PR 7,9) 238 
perturbations, respectively. These onsets are based on the earliest observed onset of muscle activity 239 
across all muscles and perturbation directions previously observed in healthy, young adults during 240 
identical levels of applied perturbations. Mean muscle activity values for each muscle during each bin 241 
during each trial were assembled to form an m x t data matrix where m is the number of muscles (13) 242 
and t the number of datapoints (3 trials x 12 directions x 4 time bins = 144).  243 
 244 
Motor module extraction 245 
 246 
Motor modules for each subject at each observation time point (pre-test, post-test) were extracted 247 
separately from the EMG data matrix derived from walking and from reactive balance using non-248 
negative matrix factorization (NNMF; Lee and Seung 1999) such that EMG = W*C, where W is an m × 249 
n matrix with n modules and C is the n × t matrix of motor module activation coefficients. Each column 250 
of W represents the weights of each muscle in a module and each row of C represents how much the 251 
corresponding module was activated over all data points. To ensure equal weighting on each muscle 252 
during the extraction process, each row in the EMG data matrices (i.e. muscle vector) was scaled to unit 253 
variance before motor module extraction and rescaled to original units afterwards (Torres-Oviedo and 254 
Ting 2007). 255 
 256 
The number of motor modules, n, per condition was chosen as follows. From each EMG data matrix 1-257 
13 motor modules (W) were extracted and the goodness-of-fit between actual and reconstructed EMG 258 
was evaluated using variability accounted for (VAF), defined as 100 x squared uncentered Pearson’s 259 
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correlation coefficient (Zar 1999). The number of motor modules was chosen such that the lower bound 260 
of the 95% confidence interval on VAF exceeded 90% (Cheung et al. 2009; Hayes et al. 2014). The 95% 261 
confidence interval was found by implementing a bootstrapping procedure where the EMG data matrix 262 
was resampled 500 times with replacement. The VAF of the reconstructed EMG was recalculated for 263 
each resampling and 95% confidence intervals were constructed from these bootstrapped VAF values at 264 
each module number (Fig. 2). 265 
 266 
Data Analysis 267 
 268 
Nine metrics were used to examine motor module changes with rehabilitation:  269 
 270 
Motor module number (nwalk, nbalance): Motor module number was defined as the number of motor 271 
modules independently extracted for each task  272 
 273 
Motor module co-activity (Wmus,walk, Wmus,balance): Motor module co-activity was defined as the number 274 
of significantly active muscles per module, which reflects the sparsity of motor module composition. 275 
Greater motor module sparsity has been hypothesized to reflect more efficient neuromuscular control 276 
(Hayes et al. 2014; Sawers et al. 2015). Significantly active muscles were computed by establishing 95% 277 
CIs for the contribution, i.e., the values of the elements Wij, to each muscle i in each module j extracted 278 
from the previously bootstrapped version of the EMG datasets. Significantly active muscles were 279 
considered those whose 95% CI did not include zero. 280 
                                                              281 
Motor module generalizability (%shared): Motor module generalizability was defined as the percentage of 282 
motor modules recruited across both walking and reactive balance. First, the number of similar motor 283 
modules across walking and reactive balance (nsimilar) was identified using Pearson’s correlation 284 
coefficients (r), as in a previous study (Chvatal and Ting 2013). A pair of motor modules were 285 
considered “similar” if r > 0.684, which corresponds to the critical value of r2 for 13 muscles at p=0.01. 286 
The amount of motor module similarity was expressed as a percentage to account for the fact that each 287 
participant recruited a different number of motor modules. The percentage of similar motor modules was 288 
calculated as 100×[nsimilar / (nwalk + nbalance – nsimilar)]. 289 
 290 
Motor module variability (R95walk, R95balance): Motor module variability was defined as the variability of 291 
motor module structure across different movement observations. This analysis quantifies the variability 292 
of motor module spatial structure (W) across different subsets of the EMG dataset using a multi-step 293 
process (Sawers et al. 2015). First, each EMG matrix was resampled 100 times in which 80% of the data 294 
were randomly sampled without replacement. From each resampled matrix a new set of motor modules 295 
was extracted, where the number of motor modules, n, was identical to the number previously identified 296 
from the entire dataset. Then, Sammon’s mapping was used to map and plot each subject’s set of 297 
resampled motor modules in a two dimensional space (De Marchis et al. 2013). This procedure 298 
generated a new set of 2D vectors from the set of 13D vectors (i.e., 13 muscles) while conserving the 299 
structure (point-to-point Euclidean distance) of the original dataset by minimizing differences in the 300 
distance between points from the two data sets (Sammon 1969). To allow comparison of the 2D maps 301 
across all conditions, Sammon’s mapping was applied to a matrix that contained all of the resampled 302 
motor modules (i.e., all motor modules from both walking and reactive balance across all participants at 303 
both pre- and post-test). Each data point in the resulting map is a two dimensional representation of one 304 
of the resampled motor modules. Finally, the resulting 2D motor module vectors for each participant and 305 
task were organized into clusters using K-means clustering, where the number of clusters was set equal 306 
to the number of motor modules, n, previously identified for that task. The variability of each motor 307 
module was quantified as the radius of a circle that encompassed all of the cluster points in that module 308 
to 95% confidence (R95, Fig 4) and was then averaged across all modules within a task. 309 
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 310 
Motor module distinctness (dwalk, dbalance): Motor module distinctness was defined as the mean distance 311 
between the R95 circles of each module (d, Fig. 4), where the more distinct the motor modules are for a 312 
task the greater the distance. 313 
 314 
Statistical Analyses 315 
 316 
For preliminary analysis, changes in the number of motor modules (nwalk, nbalance) from pre- to post-test 317 
were compared to the null value 0 with signed-rank tests. Due to the small sample size, we considered 318 
further analyses of individual motor module outcomes unlikely to be informative. Therefore to examine 319 
changes in motor module metrics with rehabilitation, we tested whether a composite outcome measure 320 
of all motor module outcomes described above would exhibit consistent changes across all participants  321 
from pre- to post-test. We defined a “direction of expected change” for each outcome measure 322 
separately based on observed and hypothesized changes (Table 3, and see results for description). We 323 
modeled the number of the nine separate motor module outcomes that changed in the expected direction 324 
from pre- to post-test for each participant as a binomial random variable with 9 independent Bernoulli 325 
trials with probability of success 0.5 (X ~ B(n = 9, p0 = 0.50)). That is, we compared the observed 326 
proportion of outcome measures that changed in the expected direction p  to that which would be 327 
expected under the null hypothesis that each participant tossed nine independent, but fair coins. We 328 
compared the averaged observed proportion, p, to the null value of p0=0.5 with a Wald test.  329 
 330 
Secondary analyses were applied to each outcome to calculate the effect size of the change induced with 331 
AT rehabilitation. Effect sizes were calculated using Cohen’s d, calculated as differences in means 332 
between post-test and pre-test divided by standard deviation at pre-test.  333 
 334 
Results 335 
 336 
Performance on clinical outcomes in the present study are summarized in Table 2. Using effect size 337 
cutoff points suggested by Cohen (1992), at post-test medium improvements were observed in PD 338 
symptoms (UPDRS-III, d=0.55), medium to large improvements were observed in clinical balance 339 
measures (BBS, d=1.17; FAB, d=0.83; DGI, d=0.87), small to medium effects were observed on 340 
overground gait (TUG, d=0.46; 6MWT, d=0.79), and negligible effects were observed on gait speed 341 
(preferred, d=0.08; fast, d=0.11). Where effects were observed, they were consistently larger than effect 342 
sizes reported previously for the entire cohort from which these participants were sampled (cf. McKay et 343 
al., 2016, UPDRS-III, d=0.47; BBS, d=0.59; FAB, d=0.56; DGI, d=0.53; TUG, d=0.31; 6MWT, 344 
d=0.37). 345 
 346 
In contrast with previous studies that have demonstrated that improvements in motor performance are 347 
associated with an increase in the number of recruited motor modules, no one in our study cohort 348 
increased the number of motor modules recruited in either walking or reactive balance (Fig. 2). Median 349 
(± interquartile range) changes in motor module number were -0.5±1 and -1±1 for nwalk and nbalance with 350 
effect sizes of -0.82 and -1.29, respectively. Results of signed-rank tests indicated that neither of these 351 
changes could be discriminated from the null value of zero (S=-3, p=0.25; S=-5, p=0.125; for nwalk and 352 
nbalance, respectively). To evaluate whether this observation is robust across different criteria to determine 353 
motor module number, we performed a post-hoc analysis in which we calculated the change in motor 354 
module number using four additional criteria: (1) overall VAF > 85%, (2) overall VAF > 90%, (3) 355 
overall VAF > 95%, and (4) lower bound of the 95% confidence interval on VAF > 85%. Across all 356 
criteria, we observed no increase in the number of motor modules after rehabilitation in both walking 357 
and reactive balance in any participant.  358 
 359 
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Similarly, in contrast with our previous study that demonstrated motor module co-activity (Wmus) is 360 
lower in individuals with superior balance performance (Sawers et al. 2015), at least half of the 361 
participants studied here increased motor module co-activity at post-test (Fig. 3C). Three and four out of 362 
six participants increased module co-activity for walking and reactive balance, respectively. Across all 363 
participants, motor module co-activity changed from 6.18 ± 1.03 to 7.61 ± 1.77 (effect size = 1.39) for 364 
walking and from 6.23 ± 0.96 to 8.32 ± 2.03 (effect size = 2.17) for reactive balance. Post-hoc 365 
correlation analyses revealed a significant relationship between a decrease in motor module number and 366 
an increase in motor module co-activity across both walking and reactive balance (r = -0.8523, p < 0.01; 367 
Fig. 5).  368 
 369 
Consistent with our prediction that motor modules would become more consistent and distinct after AT, 370 
most participants decreased motor module variability and increased motor module distinctness in both 371 
walking and reactive balance (Fig 4). Five and three participants decreased motor module variability at 372 
post-test in walking and reactive balance, respectively. Five and four increased motor module 373 
distinctness in walking and reactive balance, respectively. Across all participants, motor module 374 
variability decreased from 0.57 ± 0.29 to 0.33 ± 0.16 (effect size = -0.84) for walking and from 0.44 ± 375 
0.13 to 0.34 ± 0.18 (effect size = -0.37) for reactive balance. Motor module distinctness increased from 376 
0.50 ± 0.62 to 1.33 ± 0.45 (effect size = 1.17) for walking and from 0.35 ± 0.36 to 0.83 ± 0.56 (effect 377 
size = 0.59) for reactive balance.  378 
 379 
Consistent with our prediction that motor module generalization across walking and balance would 380 
increase after AT, five out of six participants increased the percentage of motor modules shared between 381 
walking and reactive balance at post-test with the remaining participant having no change (Fig. 3B; 11.6 382 
± 10.6% to 34.0 ± 13.5%; effect size = 2.11). To examine whether this increased generalization was due 383 
to motor modules for walking becoming more like those for reactive balance, or vice versa, post-hoc 384 
analysis was performed using Pearson’s correlation coefficients to examine how many of the motor 385 
modules at pre-test were similar to the ones recruited at post-test for each motor task. This analysis 386 
revealed a greater change in the motor modules recruited for walking than those recruited for reactive 387 
balance, with only 25.5 ± 25.0% of the motor modules recruited for walking in the pre-test also recruited 388 
in the post-test, compared to 46.7 ± 21.0% for reactive balance.  389 
 390 
Overall, we found that the proportion of participants who exhibited changes in our motor module 391 
metrics in the expected direction at post-test were higher than what would be expected by chance. The 392 
directions of expected change for each motor module metric for the overall statistical test (Table 3) were 393 
chosen as follows. For motor module number, direction of expected change was defined as lack of an 394 
increase in motor module number (i.e. reduction or no change in number), which was chosen due to the 395 
observation that all participants improved motor performance after rehabilitation without an increase in 396 
motor module number. Similarly, because decrease in motor module number was associated with an 397 
increase in Wmus, we defined the direction of expected change for Wmus as an increase in value. Lastly, 398 
the direction of expected change for motor module variability (decrease), distinctness (increase), and 399 
generalizability (increase) were defined based on our hypothesized changes. Using these definitions, the 400 
average proportion of outcomes that changed in the expected direction from pre- to post-test across all 401 
participants (our composite outcome measure) was 0.78 ± 0.32% (7.0±2.9 of 9 total outcomes, Table 3), 402 
which is significantly higher than the proportion 0.50 that would be expected by chance (ZW = 2.00, p = 403 
0.02). As an alternative approach, we also compared the average number of outcomes that changed in 404 
the expected direction for each participant (7.0 ± 2.9 of 9 total outcomes, 0.78 ± 0.32 %) to the value 405 
that would be expected under the null hypothesis (4.5) with a t-test that yielded test statistic t=2.11, p = 406 
0.09.  407 
 408 
Discussion 409 
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 410 
Here we show that efficacious gait and balance rehabilitation in individuals with PD is associated with 411 
changes in neuromuscular control during walking and reactive balance responses.  Our work is the first 412 
to show that motor module distinctness and consistency may act as markers of improved motor 413 
performance following rehabilitation. Further, we demonstrate that increased generalization of motor 414 
modules across gait and balance tasks that are controlled by different neural substrates may also indicate 415 
improved motor function after rehabilitation. As prior work demonstrates only a modest reduction in 416 
motor module number in PD compared to age-matched controls, the metrics of motor module 417 
consistency, distinctness, and generalizability may be more sensitive to changes in neuromuscular 418 
control underlying motor improvements with rehabilitation. Moreover, as similar differences in the 419 
distinctness, consistency, and generalization of motor modules have been demonstrated between young 420 
adults with and without long-term specialty motor training, there may be commonalities in the structure 421 
of muscle coordination associated with differences in motor performance across the spectrum ranging 422 
from impairment to expertise. 423 
 424 
Our work demonstrates that the number of motor modules recruited for a motor task may not always be 425 
the most appropriate metric to identify changes in neuromuscular control that contribute to 426 
improvements in motor performance with rehabilitation, particularly in individuals with PD. While the 427 
number of recruited motor modules is often associated with motor performance (Cheung et al. 2012; 428 
Clark et al. 2010; Fox et al. 2013; Hayes et al. 2014; Perez-Nombela et al. 2016; Tang et al. 2015), a 429 
prior study demonstrated that many individuals with PD have reduced motor performance without 430 
exhibiting differences in motor module number (Rodriguez et al. 2013). Moreover in PD, motor module 431 
number is not affected by dopaminergic medications that improve motor function (Roemmich et al. 432 
2014), suggesting that aspects of neuromuscular control not captured by motor module number can be 433 
affected by PD. Consistent with these prior findings, no increases in motor module number were 434 
observed in any of the participants studied here despite clinically-meaningful improvements on 435 
behavioral measures of balance, gait, and disease symptoms. Interestingly, some participants in our 436 
study actually decreased motor module number.  437 
 438 
Our novel motor module analysis reveals how consistently and distinctly the structure of each motor 439 
module, and therefore its corresponding motor output, is maintained over repeated movements. In 440 
contrast to standard motor module analysis based on analysis of the entire data set, we performed 441 
multiple analyses on subsets of the data for each participant to identify variations in the structure of 442 
motor modules (Sawers et al. 2015). Each analysis identifies slightly different muscle contributions to 443 
each motor module. Consistency reflects within-module difference in motor module structure, which we 444 
showed decreased after rehabilitation. Our consistency analysis revealed that some motor modules at 445 
pre-test were highly inconsistent, and may not have represented stable neural solutions (Fig 4A); in 446 
some cases these were eliminated after rehabilitation (Fig. 4B). Distinctness reflects between-module 447 
differences in motor module structure, which we showed increased after rehabilitation. Recruiting motor 448 
modules that are more distinct in structure may result in motor modules that are organized around 449 
producing more well-defined biomechanical output, leading to better motor performance.  450 
 451 
As a proxy for the efficiency of movement, our measure of motor module co-activation quantifies the 452 
sparsity of muscle representation within a module; the more significantly active muscles within a 453 
module the less sparse that module. Surprisingly, we found that most participants increased motor 454 
module co-activity after short-term rehabilitation, whereas healthy individuals who receive long-term 455 
motor training (>10 years) exhibit less muscle co-activation within their motor modules (Sawers et al. 456 
2015).  Specifically, it was those individuals who decreased motor module number that exhibited 457 
increased muscle co-activation within each module (Fig. 5). One possible interpretation is that 458 
participants prioritized the ability to reliably generate specific biomechanical output through the 459 
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consistent recruitment of a module over being more energetically efficient in their movements. It may be 460 
that once participants establish appropriate motor modules, continued rehabilitation would reduce the 461 
amount of muscle co-activation within each module, similar to what is seen after long-term training. 462 
Note that a prior analysis on the same cohort showed a decreased in the co-activation between two 463 
antagonistic ankle muscles (McKay et al. 2016); here, the increased co-activation within motor modules 464 
represents differences in the structure of multi-muscle coordination across multiple joints. Increased 465 
motor module co-activation was primarily a result of either a return toward more appropriate 466 
simultaneous activity of anatomically similar muscles (e.g., ankle plantarflexors) and/or co-activation of 467 
muscles crossing different joints.  468 
 469 
Finally, we found motor module generalizability across tasks to be lower in individuals with PD than 470 
reported previously in healthy, young adults, and to increase in association with improved motor 471 
performance after AT rehabilitation. Prior studies of motor impaired populations have quantified motor 472 
modules within a single motor task (e.g., locomotor tasks in Clark et al. 2010; Rodriguez et al. 2013; 473 
Steele et al. 2015). However, studies in unimpaired humans and in animals show that motor modules are 474 
typically shared across multiple behaviors due to common neural substrates (e.g., Cheung et al. 2005; 475 
Chvatal and Ting 2013; 2012; d'Avella and Bizzi 2005; d'Avella et al. 2003; Hart and Giszter 2004; 476 
Oliveira et al. 2012; Oliveira et al. 2013a). For example, we previously demonstrated in healthy young 477 
adults that a common set of motor modules are used across walking and reactive balance (Chvatal and 478 
Ting 2013; 2012), which are mediated by different spinal and brainstem circuits. In contrast, the 479 
individuals with PD tested here initially exhibited little sharing of motor modules across walking and 480 
reactive balance.  481 
 482 
Taken together with results from prior studies, the changes in module distinctness, consistency, and 483 
generalization observed after adapted tango rehabilitation in Parkinsonian patients are consistent with 484 
improved basal ganglia function. Prior studies have demonstrated that exercise can improve the trial by 485 
trial variability of fractionated EMG burst patterns observed during reaching tasks in individuals with 486 
moderate PD (David et al. 2016; Robichaud et al. 2009). Similar changes in EMG are observed with 487 
antiparkinsonian medications or stimulation of the subthalamic nucleus (Vaillancourt et al. 2004). 488 
Additionally, reduced gait variability has been reported after pallidotomy in PD patients (Siegel and 489 
Metman 2000). Thus, increased motor module consistency and distinctness could reflect changes within 490 
dopaminergic systems in the basal ganglia or their targets, perhaps by increasing the efficiency of striatal 491 
dopamine transmission through use-dependent plasticity (Petzinger et al. 2007). Further, the loss of 492 
automatic movements in favor of conscious control is a hallmark of PD (Kelly et al. 2012; Petzinger et 493 
al. 2013), and reduced cortical contributions to gait has been demonstrated in animal models of PD 494 
following exercise-based training (Petzinger et al. 2010). Successful partner dance involves concurrent 495 
performance of attention, navigation, memory, and gait tasks (Mckee and Hackney 2013). We speculate 496 
that increased generalization of motor modules across walking and reactive balance could indicate 497 
improved automatic control of gait–including dynamic balance during gait–after adapted tango. Our 498 
prior work demonstrates that reactive balance modules during standing are also used in balance 499 
responses during walking (Chvatal and Ting 2012, 2013). Increased gait automaticity is further 500 
supported by our observation that walking motor modules after AT became more similar to the reactive 501 
balance motor modules that are likely mediated by brainstem balance centers (Stapley and Drew 2009). 502 
 503 
In this pilot study we provide evidence that the motor module metrics of consistency, distinctness, and 504 
generalizability may be related to clinically-meaningful improvements in motor performance after 505 
rehabilitation that cannot be explained by increases in motor module number. However, there are several 506 
limitations that must be addressed to identify the relationship between these metrics and motor 507 
performance. Due to our small sample size (n=6) we were unable to associate changes in our motor 508 
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module metrics with overall improvement (or lack thereof) at the level of individual participants, nor to 509 
improvements in specific clinical gait and balance measures, although the trends in these relationships 510 
are promising (e.g., Fig. 6). Further, for these metrics to be clinically-relevant they must be stable across 511 
days (i.e. demonstrate no change) in individuals who do not participate in rehabilitation and have no 512 
motor performance improvements. While we did not include a control group in the current study, some 513 
support for the stability of our motor module metrics can be seen in the highest functioning participant 514 
(PR7) who experienced little change in the clinical domain (as measured with our subset of clinical 515 
tests) and was also unchanged in the motor module domain. Nonetheless, future studies incorporating a 516 
larger cohort of individuals with appropriate control groups will be necessary to examine the 517 
repeatability/robustness of these motor module metrics. In addition, larger cohorts will be necessary to 518 
identify the specific relationship of motor module consistency, distinctness, and generalizability to 519 
clinical measures of motor performance, and whether there are particular improvements that are induced 520 
by adapted tango compared to standard of care in PD. 521 
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Figure captions 693 
 694 
Figure 1: Example processed EMG from select muscles during A: overground walking and B: reactive 695 
balance. A: Muscle activity for walking was recorded while participants walked overground at their self-696 
selected speed for at least three trials of 7.5m each. For each trial, the first and last gait cycles were 697 
removed to avoid gait initiation and termination. Dashed lines represent right heel-strikes and the shaded 698 
region represents the gait cycles analyzed for one trial. Data from all trials for a subject were 699 
concatenated prior to motor module extraction to form an m × t data matrix, where m is the number of 700 
muscles and t the number of timepoints across all trials.  B: Muscle activity for reactive balance was 701 
assessed through ramp-and-hold perturbations in 12 evenly-spaced directions. left: Responses to 702 
backward, forward, and leftward perturbations are illustrated. EMG responses occurred approximately 703 
120-150 ms after perturbation onset (denoted by the vertical dashed lines). Mean EMG activity was 704 
calculated during a background period prior to the perturbation, and during three 75 ms timebins during 705 
the automatic postural response (APR, shaded regions). right: Tuning curves of mean muscle activity 706 
from perturbation responses as a function of perturbation directions for the first APR bin. Prior to motor 707 
module extraction, the tuning curves were assembled to form an m x t data matrix where m is the 708 
number of muscles and t the number of data points (3 trials x 12 directions x 4 time bins = 144). 709 
 710 
Figure 2: Number of motor modules and goodness of fit in A: overground walking and B: reactive 711 
balance. Left: The number of motor modules (mean ± SD) recruited during overground walking and 712 
reactive balance either decreased or remained the same after Adapted Tango (AT) rehabilitation. The 713 
connected circles denote the numbers of motor modules for each subject pre- and post-AT rehabilitation. 714 
Middle: the number of motor modules selected accounted for  ≥90% of the overall variability accounted 715 
for (VAF) as depicted by plots from an example subject. Right: EMG signals were well reconstructed 716 
using the extracted motor modules in both walking and reactive balance as depicted in the example 717 
original vs. reconstructed EMG plots from a representative subject (light solid lines: original EMG, dark 718 
dashed lined: reconstructed EMG).  719 
 720 
Figure 3: Motor module sharing and co-activity in overground walking and reactive balance. A: 721 
representative motor modules during left: walking and right: reactive balance. Motor modules were 722 
extracted from each behavior independently. Motor modules that were identified as similar between 723 
tasks are represented with the same color across tasks. B: The percentage of motor modules shared 724 
between walking and reactive balance increased from pre (solid red bars) to post (solid white bars) AT 725 
rehabilitation in 5 of the 6 participants. The connected circles denote the value for each participant. 726 
Shared motor modules are those pairs of motor modules across behaviors in which r ≥ 0.684. The 727 
amount of sharing was quantified as a percentage of the total number of unique motor modules (i.e., 728 
42.9% of the motor modules, or 3 of 7, were shared across behaviors in the representative subject in A). 729 
C: Motor module co-activity increase from pre (red bars) to post (white bars) AT rehabilitation in both 730 
walking (solid bars) and reactive balance (dashed bars) in most participants. Motor module co-activity 731 
was quantified as the average number of significantly active muscles per module (Wmus). Significantly 732 
active muscles represent those whose activation was consistently greater than zero, despite variations 733 
over movement repetitions and muscles were classified as significantly active if their 95% CI did not 734 
include zero, whereas nonsignificantly active muscle had 95% CIs that included zero (i.e. filled bars, 735 
solid border vs. open bars, dashed borders in the representative motor modules in A). 736 
 737 
Figure 4: Spatial motor module variability and distinctness. Example motor modules and cluster plots 738 
for walking A: pre-rehabilitation and B: post-rehabilitation depicting motor module consistency (R95) 739 
and distinctness (d). Left: The colored bars for each muscle weighting represent the contribution of a 740 
muscle within a module over each of the 100 different resampled module extractions. The black bars 741 
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indicate the mean across all resampled extractions. Middle: Each point in a cluster is a two-dimensional 742 
representation of one of the 100 resampled motor modules as depicted to the left. C: Motor module 743 
variability decreased from pre (red bars) to post (white bars) AT rehabilitation in most participants for 744 
both walking (solid bars) and reactive balance (dashed bars). D: Motor module distinctness increased in 745 
most participants after AT rehabilitation in both walking and reactive balance. The connected circles 746 
denote the value for each participant. 747 
 748 
Figure 5: Increased motor module co-activity was associated with a reduction in motor module number 749 
after AT rehabilitation. Motor module co-activity increased in those participants who decreased motor 750 
module number, whereas those participants who had no change in motor module number had only minor 751 
changes in motor module co-activity. Values for each participant for walking are represented by the 752 
closed circles and for reactive balance the open circles. 753 
 754 
Figure 6: Examples of associations between clinical scores versus changes in motor module metrics. 755 
The change in walking endurance (6MWT, vertical axis) is illustrated for each subject versus the change 756 
in Left: motor module number for walking, Middle: motor module distinctness for walking, and Right: 757 
percentage of motor modules shared between walking and reactive balance. In general, changes in motor 758 
module number did not appear related to improvements in motor performance (e.g., 6MWT). In 759 
contrast, other motor module metrics (e.g., distinctness and percentage shared across tasks) 760 
demonstrated trends such that increases in these metrics were in general accompanied by increases in 761 
motor performance. Values for each participant are represented by the closed circles. Shaded regions 762 
denote where there is an increase in both the clinical score and the motor module metric.  763 
 764 
  765 
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Table 1: Participant demographics. 766 
 

Age 
(y) Sex 

Height 
(m) 

Mass 
(kg) 

PD duration 
(y) 

UPDRS 
III H&Y 

 
CBF 

PD 
Phenotype Medications 

PR1 68 M 1.8 80.6 5 26 2 24 PIGD 
(0.14/1.00) C/L, Ent., Rop. 

PR2 79 M 1.68 68.0 3 40 2 19 PIGD 
(0.57/1.00) C/L, Ama. 

PR3 64 M 1.75 79.3 11 25 2.5 20 PIGD 
(0.00/0.50) C/L, Ent. 

PR7 36 M 1.83 74.7 6 29 2 24 TD 
(1.71/0.00) C/L 

PR8 81 F 1.65 48.9 14 31 3 22 PIGD 
(0.00/0/50 C/L, Rop. 

PR9 56 M 1.85 82.9 3 28 2 22 indet.  
(0.71/0.50) C/L 

Abbreviations: PD, Parkinson’s disease; UPDRS III, Unified Parkinson’s Disease Rating Motor 767 
Subscale III; PIGD, postural instability / gait disability dominant; TD, tremor dominant; L/C, 768 
levodopa/carbidopa; Ent., entacapone; Rop., ropinerole; Ama., amantadine; Ras., Rasagiline. Physical 769 
function reported using composite physical function (Rikli and Jones, 1999). PD phenotype presented as 770 
the ratio of average scores on the UPDRS III for posture and gait items / tremor items. Participant codes 771 
are as in (McKay et al. 2016). 772 
 773 
  774 
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Table 2: Clinical measures of balance and gait before and after the 3-week, high-volume Adapted Tango 775 
rehabilitation intervention.  776 
 Participants 
Clinical Outcome PR1 PR2 PR3 PR7 PR8 PR9 
UPDRS-III       
  Pretest 26 40 25 29 31 28 
  Posttest 26 33 26 19 30 27 
  Change 0 -7 +1 -10 -1 -1 
BBS       
  Pretest 51 52 54 56 51 54 
  Posttest 55 53 56 56 56 56 
  Change +4 +1 +2 0 +5 +2 
FAB       
  Pretest 29 23 30 36 26 34 
  Posttest 37 28 34 35 30 38 
  Change +8 +5 _4 -1 +4 +4 
DGI       
  Pretest 18 19 20 23 17 24 
  Posttest -- 22 21 24 23 23 
  Change -- +3 +1 +1 +6 -1 
TUG       
  Pretest 10.16 8.03 6.96 5.65 7.72 7.03 
  Posttest 7.87 8.66 6.13 5.65 7.34 6.5 
  Change -2.29 +0.63 -0.84 0 -0.38 -0.53 
6MWT (m)       
  Pretest 371.9 350.5 478.5 403.2 477.0 451.1 
  Posttest 433.4 387.1 452.6 442.0 528.0 548.6 
  Change +61.5 +36.6 -25.9 38.8 51 97.5 
Gait speed (m/s, preferred)       
  Pretest 1.11 0.95 1.32 1.19 1.66 1.36 
  Posttest 1.07 0.85 1.41 1.36 1.36 1.66 
  Change -0.04 -0.10 +0.09 +0.18 -0.29 +0.30 
Gait speed (m/s, fast)       
  Pretest 1.59 1.60 1.95 1.87 1.98 2.07 
  Posttest 1.57 1.31 2.19 1.95 1.93 2.24 
  Change -0.02 -0.29 +0.24 +0.08 -0.04 +0.17 
Abbreviations: UPDRS-III, Unified Parkinson’s Disease Rating Scale, Part III: Motor Exam; BBS, Berg 777 
Balance Scale; FAB, Fullerton Advanced Balance Scale; DGI, Dynamic Gait Index; TUG, Timed Up 778 
and Go Test; 6MWT, Six Minute Walk Test. Participant codes are as in (McKay et al., 2016) 779 
 780 
 781 
 782 
  783 
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 784 
Table 3: Frequency of outcome measures that did vs. did not change in the expected direction.  785 
 786 
Outcome 
Measure 

Direction of 
expected 
change 

# of Participants   # of outcome measures 
Expected 
change 

Non-expected 
change 

 Participant Expected 
change 

Non-expected 
change 

nwalk - or = 6 0  PR1 8 1 
nbalance - or = 6 0  PR2 9 0 
%shared + 5 1  PR3 9 0 
dwalk + 5 1  PR7 2 7 

R95walk - 5 1  PR8 9 0 
Wmus,walk + 4 2  PR9 5 4 
dbalance + 4 2     

R95balance - 3 3     
Wmus,balance + 4 2     
Abbreviations: n, motor module number (i.e. complexity); %shared, proportion of motor module shared 787 
across walking and reactive balance (i.e., generalizability); d, motor module distinctness, R95, motor 788 
module variability; Wmus, motor module co-activity. Participant codes are as in (McKay et al. 2016). 789 
 790 
 791 
  792 
 793 
 794 



0 31 2 4 5 6
Time (s)

0.8

2

0

0

0

0.6

First and last gait cycles per trial removed from analysis

A.    Overground Walking Muscle Activity

M
G

A
S

TA
TF

L

Tuning Curve
(APR bin 1)

0.8

2

0

0

0
0

0.6

1.50.5 1.0
Time (s)

(m
Vo

lts
)

(m
Vo

lts
)

(m
Vo

lts
)

1

0

1

0

1

0
0 27090 180

270° 90° 180° Perturbation
Direction

Perturbation 
OnsetBackground

Period 3 APR bins

0 1.50.5 1.0
Time (s)

0 1.50.5 1.0
Time (s)

B.    Reactive Balance Muscle Activity

M
G

A
S

TA
TF

L
(m

Vo
lts

)
(m

Vo
lts

)
(m

Vo
lts

)



Overall VAF with 95% CI

Pre Post

# 
of

 M
ot

or
 M

od
ul

es

0

2

4

6

A.    Overground Walking Motor Modules

B.    Reactive Balance Motor Modules

# 
of

 M
ot

or
 M

od
ul

es

0

2

4

6

Pre Post

Original
Reconstructed

Example EMG Reconstruction

Overall VAF with 95% CI
Example EMG Reconstruction

Number of Motor Modules
2 4 6 8 10 12

Perturbation Direction
(APR Bin 1)

0 90 180 270

M
G

A
S

T
A

T
F

L

V
A

F
 (

%
)

70

80

90

100

Time

M
G

A
S

T
A

T
F

L

Number of Motor Modules
2 4 6 8 10 12

V
A

F
 (

%
)

70

80

90

100

# modules = 4

# modules = 4



Wmus = 7

Wmus = 5

Wmus = 5

Wmus = 6

Wmus = 5

Wmus = 6

Wmus = 6

Wmus = 6

Wmus = 6

Wmus = 5

R
E

A
B

E
X

O
B

E
R

S
P

G
M

E
D

TF
L

V
M

E
D TA

B
FL

H R
F

M
G

A
S

LG
A

S
S

O
L

P
E

R
O

R
E

A
B

E
X

O
B

E
R

S
P

G
M

E
D

TF
L

V
M

E
D TA

B
FL

H R
F

M
G

A
S

LG
A

S
S

O
L

P
E

R
O

r = 0.89 

r = 0.80 

r = 0.73

Overground Walking Reactive Balance

Shared

Walking
specific

Balance
specific

A.  Motor Modules, Post-Rehabilitation B.  Percentage shared
      motor modules

 %
  T

ot
al

 M
ot

or
 M

od
ul

es

75

50

25

0

100

Pre Post

C.  Module coactivity 
      (Wmus)

Pre Post
WALKING REACTIVE

BALANCE

Pre Post
0

6

12
# 

Si
g.

 A
ct

iv
e 

M
us

cl
es



0

1

0.5

C.  Spatial Variability (R  )95

R
E

A
B

E
X

O
B

E
R

S
P

G
M

E
D

TF
L

V
M

E
D TA

B
FL

H R
F

M
G

A
S

LG
A

S
S

O
L

P
E

R
O

A.  Motor Modules for Walking, Pre-Rehabilitation (representative subject)

B.  Motor Modules for Walking, Post-Rehabilitation (representative subject) D.  Spatial Distinctness (d)

Pre Post
WALKING REACTIVE

BALANCE

Pre Post

0

2

1

Pre Post
WALKING REACTIVE

BALANCE

Pre Post

R
E

A
B

E
X

O
B

E
R

S
P

G
M

E
D

TF
L

V
M

E
D TA

B
FL

H R
F

M
G

A
S

LG
A

S
S

O
L

P
E

R
O -2 0 2

-2

0

2

R95

d

R95 =  0.258
d =  1.918

-2 0 2

R95 =  0.951
d = -0.089

-2

0

2



-2 -1

-1

1

2

3

4

5

Walking
Reactive Balance

 Change in Motor Module Number

 C
hange in M

otor M
odule C

o-A
ctivity

r = -0.8523
p < 0.01



-40

0

40

80

-2 0 2 -50 0 50-4 0 4


	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

