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� Persons with Parkinson’s disease required fewer motor modules than did healthy older adults to recon-
struct 95% of the variability in the physiological processed EMG signals during treadmill walking.
� Compared to healthy older adults, activation profiles were altered in persons with Parkinson’s disease
while muscle weighting vectors were unchanged.
� These patterns of simplified neuromuscular control complexity were associated with decreased gait
performance in persons with Parkinson’s disease.

a b s t r a c t

Objective: Individual muscle activation patterns may be controlled by motor modules constructed by the
central nervous system to simplify motor control. This study compared modular control of gait between
persons with Parkinson’s disease (PD) and neurologically-healthy older adults (HOA) and investigated
relationships between modular organization and gait parameters in persons with PD.
Methods: Fifteen persons with idiopathic PD and fourteen HOA participated. Electromyographic record-
ings were made from eight leg muscles bilaterally while participants walked at their preferred walking
speed for 10 min on an instrumented treadmill. Non-negative matrix factorization techniques decom-
posed the electromyographic signals, identifying the number and nature of modules accounting for
95% of variability in muscle activations during treadmill walking.
Results: Generally, fewer modules were required to reconstruct muscle activation patterns during tread-
mill walking in PD compared to HOA (p < .05). Control of knee flexor and ankle plantar flexor musculature
was simplified in PD. Activation timing was altered in PD while muscle weightings were unaffected. Sim-
plified neuromuscular control was related to decreased walking speed in PD.
Conclusion: Neuromuscular control of gait is simplified in PD and may contribute to gait deficits in this
population.
Significance: Future studies of locomotor rehabilitation in PD should consider neuromuscular complexity
to maximize intervention effectiveness.
� 2013 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.
1. Introduction modules are composed such that activation of a single motor
Walking is a complex neuromechanical process involving activ-
ity across a range of muscles. The central nervous system forms
motor modules to coordinate activation of different muscles and
muscle groups simultaneously (Ivanenko et al., 2005; Neptune
et al., 2009). Motor modules are individual groups of synchro-
nously-activated skeletal muscles that demonstrate coincident
firing patterns to reduce complexity of motor control. These motor
module co-activates a series of individual muscles to efficiently
execute the desired task. During walking in neurologically-healthy
older adults (HOA), five motor modules generally account for 95%
of the cycle-by-cycle variability in the activation of all unilateral
lower extremity muscles across a range of walking speeds
(Ivanenko et al., 2004). Although researchers have used several
computational methods to identify these modules (i.e., principal
component analysis, independent component analysis, and non-
negative matrix factorization (NNMF)), these different algorithms
have identified similar modules. This finding suggests that these
analyses do not produce arbitrary fits to the data but rather
describe underlying physiological aspects of muscle activation
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patterns (Ivanenko et al., 2005; Tresch et al., 2006). Modular orga-
nization findings suggest that relatively few modules are scaled
continuously to consolidate a larger number of constantly-chang-
ing individual muscle activation and deactivation patterns, ulti-
mately producing the desired human gait kinematics and kinetics
(Ivanenko et al., 2005).

Irregularities in the modular control mechanisms can cause
significant deficits in gait, as recent research has revealed a reduction
in the number of modules accessed on the paretic side by persons
with post-stroke hemiparesis compared to HOA (Clark et al., 2010)
and that the number of modules significantly correlates with clinical
and laboratory based assessments of walking performance (Bowden
et al., 2010). Persons post-stroke typically demonstrate a reduction
in corticospinal drive (Nielsen et al., 2008), which influences muscle
activity patterns during walking (Petersen et al., 2001; Pijnappels
et al., 1998). Researchers have suggested that a reduction in the
corticospinal drive post-stroke could reduce the ability to activate
gait-related modules (Clark et al., 2010). Thus, consolidation of motor
modules during gait appears to reduce movement complexity and
locomotor performance in this population (Bowden et al., 2010).
These results further suggest that the modular organization of muscle
activation serves as a quantitative indicator of complexity changes in
muscle firing patterns and neurological coordination of gait.

To date, research on motor modules in populations character-
ized by neuropathology has been largely limited to persons
post-stroke. However, Parkinson’s disease (PD) is one of the most
common neurodegenerative movement disorders worldwide and
also often causes debilitating effects on gait. PD is characterized
by motor deficits resulting from the degradation of dopaminergic
neurons in the basal ganglia (Obeso et al., 2008). The basal ganglia
receive input from multiple cortical areas and extend projections
to premotor and supplementary motor areas that play significant
roles in motor planning and early motor execution (Alexander
et al., 1986). The basal ganglia also share reciprocal connections
with the pedunculopontine nucleus (PPN), a brainstem nucleus
with significant influence on gait (Mena-Segovia et al., 2004). In-
deed, neuromuscular control and execution of gait is altered in
PD, as persons with PD exhibit increased co-activation of antago-
nistic muscles (Dietz et al., 1995) and reductions in amplitude of
the distal lower-extremity musculature (Cioni et al., 1997; Mitoma
et al., 2000). These neural control deficits are particularly debilitat-
ing, as slower walking speeds (Knutsson, 1972), increased gait var-
iability (Hausdorff, 2009), and increased frequency of falling
(Pickering et al., 2007) are hallmarks of parkinsonian gait. While
abnormalities in EMG signals have been observed in individual
muscles in PD, no studies have evaluated the complexity of neuro-
muscular organization during gait based on analysis of motor mod-
ules that control individual EMG signals in this population.

The purposes of this study were (1) to investigate whether par-
kinsonian gait is accomplished using a similar set of motor modules
available to HOA, (2) to compare the activation profiles and muscle
weighting vectors that comprise the motor modules between per-
sons with PD and HOA, and (3) to investigate relationships between
motor modules and biomechanical gait characteristics in HOA and
persons with PD. As gait deficits accompany impaired ability to plan
and execute motor actions efficiently in persons with PD, we
hypothesized that the number of motor modules controlling gait
would be reduced in PD and that this reduction may be associated
with biomechanical gait deficits frequently observed in PD.

2. Methods

2.1. Participants

Fifteen persons with idiopathic PD (66.6 ± 7.8 years,
172 ± 9.5 cm, 80.2 ± 13.6 kg) and fourteen age-matched HOA
(66.2 ± 7.1 years, 166 ± 13.3 cm, 69.7 ± 17.8 kg) participated. Inclu-
sion criteria for the PD participants included diagnosis of idiopathic
PD by a fellowship-trained movement disorders neurologist based
on UK Brain Bank criteria (Gibb and Lees, 1988). HOA inclusion cri-
teria included lack of a history of neurological impairment and
within a two-year age-match of one of the PD participants. None
of the participants had experienced any lower-extremity orthope-
dic injury for at least one year prior to inclusion. Each participant
signed an informed consent form approved by the university’s
institutional review board.

2.2. Procedures

Thirty-five passive reflective markers were attached to lower
and upper body bony landmarks in accordance with the Vicon
Plug-in-Gait marker set. Bipolar surface electrodes were placed
bilaterally over the soleus (SOL), medial gastrocnemius (GAS), tib-
ialis anterior (TA), vastus medialis (VM), rectus femoris (RF), semi-
membranosus (SM), biceps femoris (BF), and the gluteus medius
(GM). Surface EMG signals were recorded with a telemetric EMG
system (Konigsburg Instruments, Pasadena, CA) at a sampling rate
of 1200 Hz. Kinematic data were collected using a 7-camera mo-
tion capture system (120 Hz; Vicon Nexus, Oxford, UK) while par-
ticipants walked on a split-belt instrumented treadmill (Bertec
Corporation, Columbus, OH). The EMG, kinematic, and kinetic data
were time-synchronized and collected simultaneously. Preferred
walking speed (PWS) was determined using a technique outlined
by Dingwell and colleagues (Dingwell et al., 2007). Participants
walked for 10 min at the PWS with EMG, kinematic, and kinetic
data collected over the last 4 min.

2.3. Data analysis

The raw EMG signals were high-pass filtered (35 Hz) with a zero
lag fourth-order Butterworth filter, demeaned, rectified, and finally
low-pass filtered (7 Hz) with a zero lag fourth-order Butterworth
filter. Our filter selection is similar to previous research on motor
modules during gait (Clark et al., 2010). To account for differences
in signal amplitude, we normalized the amplitude of the processed
EMG signal from each muscle to its peak value during treadmill
walking. We also normalized each EMG signal temporally to
0–100% of the gait cycle. For each subject and leg, the processed
physiological EMG signals (EMG0) for all muscles were combined
into a matrix consisting of eight rows (one for each muscle being
recorded) and a separate column for each processed EMG0 data
point. The total number of columns for a given subject and leg
was 101 (the number of data points after temporal normalization
to 100% of the gait cycle) multiplied by the total number of gait cy-
cles collected across the 4 min of treadmill data.

Our NNMF analysis was conducted using previously-published
procedures (Clark et al., 2010; Dingwell et al., 2007; Ting and
Chvatal, 2010). Specifically, the NNMF algorithm in Matlab (The
Mathworks, Natick, MA) was altered to implement the methodol-
ogy described in Ting and Chvatal (Ting and Chvatal, 2010). For
each subject, we applied our NNMF algorithm to the previously-
described matrix containing the EMG0 data across all gait cycles
from the 4 min of PWS trials. The number of modules, n, was ini-
tially specified. The NNMF algorithm subsequently decomposed
the EMG0 signals into a smaller number of motor modules, where
each module was defined by a muscle weighting vector and a sin-
gle corresponding time-varying activation profile. The muscle
weighting vector was an 8 � n matrix that identified the relative
contributions of individual muscles to each module. The activation
profiles were collected in an n � 101 matrix that represented the
firing patterns of the modules across the 101 points of the tempo-
rally-normalized gait cycle. Reconstructed EMG signals (EMGr)



Fig. 1. Number of modules needed to account for 95% the individual gait cycle
variability at PWS by percentage of participants in HOA and PD. The majority of PD
participants needed four modules, while HOA required significantly more (p < .05).
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were then generated by multiplying the 8 � n matrix of muscle
weightings by the n � 101 matrix of activation timing profiles on
a cycle-by-cycle basis. Each gait cycle was analyzed separately
with the assumption that muscle weightings were fixed for that
cycle while activation profiles were allowed to vary across gait cy-
cles (Ting and Chvatal, 2010). The NNMF algorithm minimized the
sum of squares of the errors (R (EMG0 � EMGr)2) by adjusting each
module’s muscle weighting vector and activation profile given the
specified number of modules.

2.4. Modules

The NNMF analyses were performed assuming one through six
modules. The minimum number of modules needed to reconstruct
the EMG0 in each leg of each subject was determined by first
calculating the percent variability accounted for (%VAF = 1 �
(EMG0 � EMGr)2/EMG0

2) for all muscles analyzed together (Ting
and Macpherson, 2005). The number of modules assumed was in-
creased until modular configuration eclipsed 95% VAF of all mus-
cles combined (Ivanenko et al., 2004, 2003). For instance, if for a
given leg a four-module configuration achieved a maximum total
%VAF of 93% and upon expansion to a five-module configuration
achieved 96% VAF, this leg would be classified as reaching 95%
VAF at five modules. In addition to calculating the %VAF for all
muscles analyzed together, we also calculated %VAF for individual
muscles (Ting and Chvatal, 2010). This type of analysis provides in-
sight into which individual muscle activation patterns are poorly
reconstructed by the NNMF, thus affecting the complexity of the
entire eight-muscle NNMF EMG reconstructions.

We organized the motor modules based on the dominant con-
tributors of their respective muscle weighting vectors to maintain
consistency for comparison between groups. The dominant con-
tributor to each module was defined as the muscle with the high-
est individual weight within the module’s muscle weighting
vector. For example, module one was defined by SOL as the domi-
nant contributor since SOL had the highest weight within this
module; module two was defined by TA as the dominant contrib-
utor, etc. Each leg of each participant was aligned to these defini-
tions. After the motor modules had been organized for each
participant, the amplitude and timing of the peaks of the activation
profiles in each motor module were calculated. All parameters
were calculated for each leg individually and thus every leg re-
mained independent in the statistical analyses (i.e., each partici-
pant contributed two legs to the group).

2.5. Gait kinetics

Inverse dynamics techniques within Vicon Nexus were used to
calculate sagittal plane joint moments at the hip, knee, and ankle.
The ground reaction forces (GRFs) were collected using force plates
embedded within the split-belt treadmill (Bertec Corporation,
Columbus, OH) sampling at 1200 Hz. The moments and GRFs were
normalized to participant body mass and temporally to the gait cy-
cle. The propulsive phase was defined as the second half of stance
phase (from 50% of stance until toe-off) (Turns et al., 2007). The
propulsive GRF impulse was calculated as the time integral of
the anterior–posterior GRF component over the propulsive phase.
For each participant, all variables were averaged across all strides
of the four-minute treadmill trials.

2.6. Statistical analyses

Pearson’s Chi-Squared test analyzed differences in the propor-
tions of HOA and PD accessing varying numbers of modules at
95% VAF. Independent samples t-tests were performed to compare
the following variables between groups (PD and HOA):
(1) Amplitude of the individual contribution of each muscle to
the muscle weighting vectors for four- and five-module
configurations.

(2) The amplitude and timing of activation profile peaks for
four- and five-module configurations.

(3) %VAF for individual muscles for four- and five-module
configurations.

(4) Propulsive GRF and sagittal hip, knee, and ankle moment
impulses.

(5) Preferred treadmill walking speed.

We also calculated Cohen’s d effect sizes for these between-
group comparisons as an estimate of the meaningfulness of differ-
ences. An effect size of .2 is typically considered small, .5 medium,
and .8 large (Cohen, 1988).

One-tailed Pearson’s correlation coefficients were calculated to
investigate the following relationships:

(1) The number of modules required to reach 95% VAF vs. sagit-
tal hip, knee, and ankle moment impulses during the propul-
sive phase of gait.

(2) The number of modules required to reach 95% VAF vs. walk-
ing speed.

(3) The total %VAF for four- and five-module configurations vs.
sagittal hip, knee, and ankle moment impulses during the
propulsive phase of gait.

(4) The total %VAF for four- and five-module configurations vs.
walking speed.

3. Results

3.1. Neuromuscular complexity

Persons with PD generally required fewer modules than did
HOA to achieve 95% VAF at PWS. The majority of PD participants
utilized four modules to reconstruct 95% of the unilateral variabil-
ity in eight lower extremity muscle activations. Of the 30 PD legs,
3.3% required three modules, 83.3% required four modules, and
13.3% required five modules. In contrast, HOA participants gener-
ally required more modules for the reconstruction (Fig. 1;
p < .05). Of the 28 HOA legs, 7.1% required three modules, 50% re-
quired four modules, 35.7% required five modules, and 7.1% re-
quired six modules.

3.2. Muscle weighting vectors

The individual muscle weights within any of the modules’ mus-
cle weighting vectors were similar between groups. Regardless of
whether the participants required four or five modules to recon-



Fig. 2. Module muscle weightings when 95% of variability was accounted for. A (5 modules assumed) and B (4 modules assumed) represent the averaged reconstructed
modules for PD participants. C (5 modules assumed) and D (4 modules assumed) represent the average reconstructed modules for HOA participants. There was no significant
difference between each reconstructed muscle at four or five modular output between the groups (all p > .05).
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struct 95% VAF in EMG0, the muscle weightings in each module
were comparable between groups; contributions of each muscle
to PD modules were very similar to contributions of each muscle
to HOA modules when the number of modules was constant
(Fig. 2).

3.3. Amplitude and timing of activation profile peaks

When four modules were assumed, we typically observed one
distinguishable peak in the activation profiles in the first and
fourth modules and two peaks in the activation profiles in the sec-
ond and third modules (Fig. 3). If one of the peaks of the activation
profiles of the second or third modules was absent in the activation
profile of any individual leg, this peak was omitted from the anal-
ysis for that leg. This issue did not occur in more than three partic-
ipants in either group in any of the analyses and typically did not
occur at all as the general shapes of the activation profiles were
quite consistent across participants.

We observed that the first peak in the activation profile of the
third module occurred significantly later in the gait cycle of PD
compared to HOA (PD: 9.14 ± 4.74% of gait cycle (%GC), HOA:
5.86 ± 2.24%GC; p < .05, d = 0.90). We also observed trends suggest-
ing that the magnitude of the second peak of the third module was
lower (PD: 0.138 ± 0.090, HOA: 0.187 ± 0.111; p = .082, d = 0.49)
and temporally occurred later in the gait cycle (PD: 64.54 ±
7.00%GC, HOA: 60.93 ± 7.43%GC; p = .072, d = 0.51). Further, a
trend suggested that the magnitude of the peak of the fourth
module (PD: 0.489 ± 0.119, HOA: 0.547 ± 0.089; p = .051, d = 0.56)
was lower in PD compared to HOA.
When five modules were assumed, we typically observed one
distinguishable peak in the activation profiles in the first and
fourth modules and two peaks in the activation profiles of the sec-
ond, third, and fifth modules (Fig. 3). When comparing the activa-
tion profiles of PD to HOA, we observed delayed onset of the peaks
across several modules. The second peak within the second module
(PD: 71.50 ± 4.99%GC, HOA: 66.18 ± 7.65%GC; p < .05, d = 0.84), the
peak of the fourth module (PD: 95.33 ± 3.43%GC, HOA:
93.30 ± 2.40%GC; p < .05, d = 0.70), and the first peak of the fifth
module (PD: 11.17 ± 6.96%GC, HOA: 6.67 ± 7.40%GC, p < .05,
d = 0.64) occurred significantly later in the gait cycle in PD. Further,
the magnitude of the first peak of the third module was signifi-
cantly higher in PD (PD: 0.457 ± 0.122, HOA: 0.388 ± 0.120;
p < .05, d = 0.58) while the peak of the fourth module (PD:
0.483 ± 0.133, HOA: 0.554 ± 0.088; p < .05, d = 0.64) and the first
peak of the fifth module were significantly lower (PD:
0.353 ± 0.208, HOA: 0.456 ± 0.098; p < .05, d = 0.64). We also ob-
served trends suggesting that the first peak of the third module oc-
curred later (PD: 15.62 ± 10.28%GC, HOA: 10.82 ± 9.20%GC;
p = .073, d = 0.50) and that the magnitude of the second peak of
the third module was lower (PD: 0.157 ± 0.126, HOA: 0.227 ±
0.120; p = .055, d = 0.58) in PD compared to HOA.

3.4. EMG0 %VAF by individual EMGr muscle reconstructions

When four modules were assumed (Table 1), the %VAF of GAS
(PD: 0.951 ± 0.023, HOA: 0.927 ± 0.037; p < .05, d = 0.80) and SM
(PD: 0.961±.020, HOA: 0.936 ± 0.027; p < .05, d = 1.09) were higher
in PD compared to HOA. When five modules were assumed, the



Fig. 3. Module activation profiles when 95% of variability was accounted for. Profiles in columns A and B correspond to those observed when four and five modules were
assumed, respectively. The solid vertical lines indicate the peaks of the HOA profiles while the dashed vertical lines indicate the peaks of the PD profiles. ⁄indicates a
significant difference (p < .05) in the magnitude of the peaks while + indicates a significant difference (p < .05) in the timing of the peaks.
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%VAF of GAS (PD: 0.968 ± 0.017, HOA: 0.951 ± 0.026; p < .05,
d = 0.77), SM (PD: 0.976 ± 0.016, HOA: 0.958 ± 0.018; p < .05,
d = 1.09), and BF (PD: 0.971 ± 0.019, HOA: 0.960 ± 0.018; p < .05,
d = 0.57) were higher in PD compared to HOA. Thus, the NNMF
analysis was able to reconstruct GAS, SM, and BF EMG0 signals
more accurately in PD compared to HOA when the number of mod-
ules was constant (Ting and Chvatal, 2010).
3.5. Gait biomechanics

Walking speed was lower in PD but not significantly different
between the two groups (PD: 0.90 ± 0.34 m/s, HOA: 1.04 ± 0.26 m/
s, p = .101, d = 0.47). We observed a significant decrease in sagittal
hip (PD: �8.85 ± 16.34 Nm�%GC/kg, HOA: 0.96 ± 9.09 Nm�%GC/kg;
p < .05, d = 0.73) and knee (PD: �4.92 ± 11.62 Nm�%GC/kg, HOA:



Table 1
Percent variability accounted for (%VAF) by each individual muscle and module. When four modules were assumed, the
%VAF of the GAS and SM were higher in PD compared to HOA (p < .05). When five modules were assumed, the %VAF of the
GAS, SM, and BF were higher in PD compared to HOA (p < .05). Bold text and asterisks indicate p < .05.

Muscle Modules %VAF PD %VAF HOA Significance

SOL 4 95.6 ± 2.1 95.0 ± 2.7 0.38
5 97.1 ± 1.7 97.1 ± 1.6 0.82

GAS 4 95.1 ± 2.2 92.7 ± 3.7 0.005⁄

5 96.8 ± 1.7 95.1 ± 2.6 0.006⁄

TA 4 97.0 ± 3.3 95.1 ± 5.1 0.10
5 99.2 ± 1.3 98.5 ± 2.6 0.25

VM 4 94.2 ± 2.1 92.7 ± 3.9 0.07
5 96.4 ± 1.8 95.3 ± 3.4 0.15

SM 4 96.1 ± 2.0 93.6 ± 2.6 <0.001⁄

5 97.6 ± 1.5 95.8 ± 1.8 <0.001⁄

BF 4 95.0 ± 3.2 93.7 ± 2.6 0.09
5 97.1 ± 1.9 96.0 ± 1.8 0.04⁄

RF 4 95.4 ± 2.3 94.6 ± 2.3 0.19
5 96.8 ± 1.7 96.3 ± 2.2 0.37

GM 4 93.2 ± 3.3 94.5 ± 3.9 0.17
5 96.9 ± 1.9 97.7 ± 1.9 0.09
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�12.86 ± 6.89 Nm�%GC/kg; p < .05, d = 0.82) moment impulses in
PD compared to HOA during the propulsive phase. We also ob-
served a statistical trend suggesting lower sagittal ankle moment
impulses in PD during propulsion (PD: 27.52 ± 8.61 Nm�%GC/kg,
HOA: 31.82 ± 5.53 Nm�%GC/kg, p = .07, d = 0.59). Propulsive GRF
impulse was lower in PD but not significantly different from HOA
(PD: 22.85 ± 8.59 N�%GC/kg, HOA: 26.28 ± 6.27 N�%GC/kg, p = .14,
d = 0.46) (Fig. 4).
Fig. 4. (A) Displays the propulsive GRF impulse in PD and HOA. Propulsive GRF
impulse was lower in PD but not significantly so (p = .14). (B) Displays the sagittal
knee and ankle moment impulses in PD and HOA during propulsion. We observed a
significantly lower sagittal knee moment impulse (p < .05) and a trend towards a
lower sagittal ankle moment impulse during the propulsive phase of gait in PD
(p = .07).
3.6. Relationships between neuromuscular complexity and gait
mechanics

We did not observe any significant relationships between the
number of modules required to reach 95% VAF in EMG0 and either
walking speed, propulsive sagittal hip moment impulse, propulsive
sagittal knee moment impulse, propulsive sagittal ankle moment
impulse, or propulsive GRF impulse. However, we did observe sig-
nificant associations between walking speed and the total %VAF in
both four- and five-module configurations within the PD group
(r = �0.363, p = 0.024; r = �0.435, p = 0.008, respectively). These
associations were not observed in HOA.
4. Discussion

This study demonstrated that some persons with PD exhibit a
reduced number of motor modules during gait when compared
to HOA. Our results provide novel evidence that neuromechanical
control of gait tends to be less complex in PD and the motor mod-
ule activation profiles differ between PD and HOA during gait.
Ninety-five %VAF was achieved with four or fewer modules in
86% of PD limbs but only 57% of HOA limbs. Clark and colleagues
demonstrated that simplification of modular control resulted in
slower walking speeds, reduced propulsion, and increased gait
asymmetry in persons post-stroke (Clark et al., 2010). In the pres-
ent study, we observed a relationship between simplified neuro-
muscular complexity at four- and five-module configurations and
slower walking speeds in persons with PD. Indeed, our findings
are somewhat similar to those observed by Clark and colleagues
in persons post-stroke (Clark et al., 2010). As previously observed
in persons post-stroke, the reduction of the number of modules
may represent potential merging of multiple modules available
to healthy participants. For example, the GM shifts from character-
izing predominantly its own module in the five-module configura-
tion (module 3, Fig. 2) to a module with strong contributions from
the quadriceps and, to a lesser extent, the hamstrings in the four-
module configuration (module 3, Fig. 2). While organization of
weighting vectors for the four- and five-module configurations
was not different between PD and HOA, our finding that a signifi-
cantly larger proportion of persons with PD achieve 95% VAF with
four modules indicates that persons with PD may merge control of
the GM with control of the knee extensors to a greater degree than
in HOA. However, the deficits do not appear to be as severe as
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those previously observed in persons post-stroke as only one of the
ambulatory persons with mild-to-moderate PD included in this
study reached 95% VAF with fewer than four modules.

This potential merging of control between the GM and quadri-
ceps musculature may have important functional consequences
on the control of locomotion in PD. Though these muscles have
somewhat similar activation patterns, they act primarily on differ-
ent joints and thus serve different roles at similar points in the gait
cycle. GM stabilizes the hip throughout a large portion of stance
while the knee extensors control knee flexion and extend the knee
primarily during weight acceptance (Winter, 1991). Therefore, it
seems conceivable that it would be beneficial to maintain indepen-
dent control over these two modules, though it would also be pos-
sible to exert functional control over gait by merging the two (as
may be the case in PD and stroke).

Various studies on motor modules during gait have presented
conflicting results in terms of the number of modules necessary
to account for sufficient variability within EMG signals – some
have identified five modules (Ivanenko et al., 2005, 2004, 2003)
and others have identified four (Clark et al., 2010). We identified
five modules and suggest that this finding may be explained by
our selection of a 95% VAF threshold whereas Clark and colleagues
identified four modules utilizing a less-stringent VAF threshold of
90%. The muscle weighting vectors identified in this study were
not significantly different between HOA and PD, suggesting that
persons with PD retain access to the same muscle grouping pat-
terns as HOA during modular activation. Further, the muscle
weighting vectors presented here are very similar to those demon-
strated in previous studies of human walking in healthy persons
(Ivanenko et al., 2004; Clark et al., 2010; Cappellini et al., 2006).
On the contrary, several of the activation profile peaks differed in
both timing and amplitude in PD when compared to HOA. Indeed,
when five modules were assumed, the peaks of the activation pro-
files were altered in all modules except module one when compar-
ing PD to HOA. Specifically, the peak of the activation profile in
module four (the module whose muscle weighting vector was de-
fined by knee flexor musculature as the dominant contributors)
was diminished in magnitude and temporally shifted in PD. This
finding is of potential clinical significance as both knee flexor mus-
cles recorded in this study (SM and BF) demonstrated simplified
control in PD when compared to HOA, as evidenced by higher
%VAF by individual musculature.

It therefore appears that persons with PD have access to similar
muscle weighting vectors as HOA but demonstrate altered control
of temporal modular activation patterns. Considering our present
findings regarding coincident reduction in control complexity of
SM and BF and modification of activation profiles in modules char-
acterized by these muscles, we suggest that altered timing of mod-
ular activation may be a significant contributor to the simplified
neuromuscular control of gait observed in PD. However, altered
activation profiles were observed in the absence of simplified con-
trol in other modules and thus our hypothesis requires further
investigation.

4.1. Implications for supraspinal control of locomotion

Prior investigations of animal locomotion have suggested that
organization of muscle coordination is encoded within central pat-
tern generators (CPGs) of the spinal cord (Grillner, 2006; McCrea
and Rybak, 2008; Kiehn, 2011). Our results add to the limited liter-
ature of supraspinal importance in human modular organization of
gait. Moreover, the simplified modular organization that we ob-
served in PD participants is likely related to motor control deficits
resulting from dysfunction of the basal ganglia and PPN. Impor-
tantly, the degradation of dopaminergic neurons in the basal gan-
glia (Obeso et al., 2008) leads to consequent impairments in
descending pathways in persons with PD (Spann and Grofova,
1989). For instance, the PPN of the midbrain locomotor region re-
ceives input from the basal ganglia and has been demonstrated to
play a significant role in brainstem control over CPGs during loco-
motion (Grillner et al., 2008). Indeed, degeneration of cholinergic
neurons in the PPN has been reported in persons with PD (Hirsch
et al., 1987) and linked to decreased gait performance in this pop-
ulation (Karachi et al., 2010). Thus, it has been suggested that loco-
motor control may be diminished in PD as a result of PPN
cholinergic degeneration coupled with disruptions in the bidirec-
tional signals between the PPN and basal ganglia due to dopami-
nergic degeneration of basal ganglia (Mena-Segovia et al., 2004).
It is important to consider that the methodology used in this study
is limited to measures of peripheral muscle activation only and
does not directly examine central processes; however, we postu-
late that basal ganglia and downstream brainstem dysfunction in
PD may simplify the complexity of neuromuscular modular organi-
zation during gait even in an optimally-medicated state.

4.2. Specific regions of deficits

To further our understanding of the functional effects of the
neuromuscular simplification observed in PD, we analyzed the
%VAF within each individual muscle and module. Of the eight mus-
cles collected, only ankle plantarflexor and knee flexor muscula-
ture (GAS, SM, and BF) reached a higher %VAF (and hence lower
complexity) in PD than in HOA for the same number of modules.
Indeed, we demonstrated that propulsive knee moment impulses
(which are typically knee flexor impulses) were diminished in PD
when compared to HOA. Thus, we suggest that therapeutic mech-
anisms targeting the knee flexor musculature in PD may enhance
(or at least compensate for) overall neuromuscular complexity of
locomotion.

4.3. Future directions

We have shown that there is a decrease in locomotor output
complexity during gait in persons with PD compared to HOA. The
question then prevails – is it possible for PD participants to regain
a higher level of locomotor output complexity? Recent studies
have demonstrated the capacity for neurons to adapt structurally
and functionally not only during development but even after a
traumatic brain injury or disease (Kleim, 2011). For instance, pre-
vious research on animals has suggested that synaptogenesis in
the motor cortex increased with exercise complexity (Kleim
et al., 1996). Further work by Nudo and colleagues demonstrated
the potential for motor training to elicit neuroplastic changes
and reorganization in the pathological brain (Nudo et al., 1996).
Accordingly, we postulate that there may exist some potential for
complex locomotor exercise protocols to facilitate restoration of
neuromuscular complexity in persons with PD. Future evaluation
of intervention techniques using motor modules as a dependent
variable may be useful in identifying the most effective rehabilita-
tion mechanisms for persons with PD. Furthermore, the field of
rehabilitation has recognized the importance of individualizing
therapy for individual patients. Characterizing the organization
and activation patterns of each patient’s available motor modules
may guide the development of specific therapies that maximize
the opportunity for neural plasticity and ultimately enhance func-
tional outcome (Kleim, 2011).

4.4. Limitations

Our modular analysis of motor control complexity during gait in
persons with PD possesses several important limitations. Our anal-
ysis was limited to treadmill as opposed to overground walking.
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Though treadmill gait differs slightly from overground gait (Alton
et al., 1998), it is unlikely to have significantly affected our results
as the same approach was applied to both PD and HOA partici-
pants. In addition, PWS of persons with PD were slower than those
of HOA, though modular composition in previous studies remained
relatively unchanged over a wide range of walking speeds within
the range of speeds selected by our participants (Ivanenko et al.,
2004; Clark et al., 2010). We also tested all participants with PD
in their self-reported best-medicated state. Thus, dopaminergic
treatment may have had an effect on locomotor complexity in
the PD group. However, we would expect dopaminergic treatment
to have a positive effect on locomotor complexity if indeed any ef-
fect exists. It should also be acknowledged that no correction for
multiple comparisons was applied to the correlational analyses.
However, even if a strict Bonferroni correction was applied to our
analysis, the result that total %VAF at 5 modules is related to walk-
ing speed in PD remains significant and our interpretation of these
findings remains the same. Further, all of the comparisons elicit
large Cohen effect sizes, suggesting that the observed differences
are in fact meaningful. It is also possible that we would have iden-
tified additional modules had we collected from a more diverse set
of motor tasks or a larger set of muscles.

5. Conclusions/implications

The purpose of this study was to investigate whether PD sub-
jects control gait using a similar organization of motor modules
available to neurologically-healthy peers. We were able to analyze
motor module organization in persons with PD and age-matched
controls using an NNMF analysis of EMG data collected during
treadmill walking at preferred walking speeds. We demonstrated
that persons with PD generally demonstrate a reduction in the
number of motor modules during gait when compared to aged-
matched neurologically-healthy peers. Furthermore, we identified
the specific reduced modular complexity of ankle plantarflexor
and knee flexor regions in PD and consequential functional disabil-
ity. Our results suggest that modular organization of muscle acti-
vation serves as a quantitative indicator of complexity changes in
muscle firing patterns and neurological coordination of walking
ability in PD. Future interventions should consider addressing neu-
romuscular complexity as an important deficit in persons with PD.
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