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Modulation of spatial and temporal
modules in lower limb muscle
activations during walking

with simulated reduced gravity

Shota Hagio?*, Makoto Nakazato® & Motoki Kouzaki'2

Gravity plays a crucial role in shaping patterned locomotor output to maintain dynamic stability
during locomotion. The present study aimed to clarify the gravity-dependent regulation of modules
that organize multiple muscle activities during walking in humans. Participants walked on a

treadmill at seven speeds (1-6 km h™* and a subject- and gravity-specific speed determined by the
Froude number (Fr) corresponding to 0.25) while their body weight was partially supported by a lift

to simulate walking with five levels of gravity conditions from 0.07 to 1 g. Modules, i.e., muscle-
weighting vectors (spatial modules) and phase-dependent activation coefficients (temporal modules),
were extracted from 12 lower-limb electromyographic (EMG) activities in each gravity (Fr~0.25) using
nonnegative matrix factorization. Additionally, a tensor decomposition model was fit to the EMG
data to quantify variables depending on the gravity conditions and walking speed with prescribed
spatial and temporal modules. The results demonstrated that muscle activity could be explained by
four modules from 1 to 0.16 g and three modules at 0.07 g, and the modules were shared for both
spatial and temporal components among the gravity conditions. The task-dependent variables of the
modules acting on the supporting phase linearly decreased with decreasing gravity, whereas that of
the module contributing to activation prior to foot contact showed nonlinear U-shaped modulation.
Moreover, the profiles of the gravity-dependent modulation changed as a function of walking speed.
In conclusion, reduced gravity walking was achieved by regulating the contribution of prescribed
spatial and temporal coordination in muscle activities.

All whole-body movements on Earth, such as upright posture and locomotion in humans, are strongly deter-
mined by the gravitational force equal to 1 g"?. Since being born in these terrestrial circumstances, the nervous
system has been organized to encode the gravity-related sensory information®. In addition, progress in space
science has enabled the human race to challenge space exploration to the moon or Mars, which involves a sud-
den transition between different gravity conditions. These challenges require rapid movement corrections, such
as for preventing a fall during locomotion, in novel gravitational environments by recalibrating gravity-related
sensorimotor transformation*®. However, questions still exist regarding the modulation of neuromuscular control
depending on gravity.

Gravitational load plays a crucial role in shaping patterned motor output during walking in humans®. Walk-
ing under reduced gravity has been frequently simulated with a body weight support (BWS) system and parabolic
flight, revealing that the walking is mechanically impeded as gravity decreases'®!!. The external mechanical work
is reduced by low gravity, mostly due to the reduction in potential energy of the body centre of mass'*"'°. This
reduction negatively affects the pendulum-like saving mechanism of walking based on the exchange of poten-
tial and kinetic energy to minimize muscular work. Moreover, low gravity also changes the molecular, cellular
and neuromuscular mechanisms of the nervous system that underlie the control of walking movement'®. These
effects of low gravity on the mechanical and physiological aspects change muscle activity, which is an important
parameter for determining a preferred gait pattern in a low gravity environment'’. For instance, the amplitude
of activity in the ankle extensors systematically decreases with decreasing simulated gravity, consistent with
their antigravity function®!®!°. By contrast, the quadriceps muscles demonstrated an increasing amplitude of

!Laboratory of Neurophysiology, Graduate School of Human and Environmental Studies, Kyoto University,
Yoshida-nihonmatsu-cho, Sakyo-ku, Kyoto 606-8501, Japan. 2Unit of Synergetic Studies for Space, Kyoto
University, Kyoto 606-8502, Japan. “’email: hagio.shota.3r@kyoto-u.ac.jp

Scientific Reports |

(2021) 11:14749 | https://doi.org/10.1038/541598-021-94201-9 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-021-94201-9&domain=pdf

www.nature.com/scientificreports/

ji

w1,

Ty

/&

——

Figure 1. Reduced gravity simulator during walking. Participants walked on a treadmill while a body weight
support system vertically pulled up on the participants’ torsos using a harness attached to their thighs and waist
to reduce the load on supporting legs corresponding to 0, 40, 62, 84, or 93% of their body weights. This figure
was created by one of the authors of this paper, Shota Hagio, using Adobe Illustrator 2020 (Adobe Inc., San Jose,
CA, USA; https://www.adobe.com/jp/products/illustrator.html).

their activity, which could not be predicted simply based on the static load during stance'. Thus, the locomotor
system characterizes individual muscle activations during walking under low-gravity conditions, while how the
muscles are coordinated depending on gravity levels remains not fully understood.

The use of a computational decomposition technique has revealed that the movement-related complex acti-
vation patterns in multiple muscles could be captured by the combination of a small number of modules, i.e.,
groups of muscles?*-*. Electromyographic (EMG) activity during locomotion can be decomposed into several
sets of weighting coefficients on individual muscles, i.e., spatial modules, and activation coefficients related to
the phase of locomotion, i.e., temporal modules, in each module?*~%". Previous studies have reported that a wide
range of muscle activation in locomotor-like movements, such as walking, running and obstacle clearance, can
be explained by shared spatial and temporal modules with several movement-dependent modules*>?-%. A study
in walking with body weight unloading demonstrated that the temporal modules shared by multiple muscles
were similar across each simulated gravity condition between 1 and 0.05 g, whereas the spatial modules were
considerably different among conditions®'. Furthermore, individual muscle activities, especially in thigh muscles,
also showed large variability across participants with BWS, which may lead to large inter-subject variability of
extracted modules'®*%. Accordingly, how the spatial and temporal locomotor modules are modulated as a func-
tion of gravity has not been systematically elucidated.

Therefore, we seek to reveal the gravity-dependent modulation of muscle activation patterns in walking
regarding both spatial and temporal modules. Walking under 1 g of gravity was simulated using a vertical BWS
system (Fig. 1). First, we needed to test whether individual spatial and temporal modules were shared among the
different gravity levels. To this end, spatial modules and temporal modules in each participant and gravity condi-
tions were extracted from the EMGs using nonnegative matrix factorization?**. The representative modules that
resulted from classifying the modules in each participant into several clusters were then compared among differ-
ent gravity levels. Second, how pairs of spatial and temporal modules are modulated should be tested depending
on the gravity levels. Tensor decomposition techniques make it possible to unravel this question by extracting
task-dependent variables that vary in gravity, walking speed and participants in addition to fixed spatial and
temporal modules***. The present results will provide a better understanding of neuromuscular control during
walking under hypogravity conditions.
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Gravity level 1g 06g 038g 0.16 g 0.07g
Mean (km/h) 5.05 391 3.11 2.02 1.34
SD (km/h) 0.11 0.09 0.07 0.05 0.03

Table 1. Treadmill speed determined by the Froude number (Fr) corresponding to 0.25.
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Figure 2. Muscle activity across each gravity. Rectified and filtered electromyographic (EMG) activity
normalized to the peak activity in a gravity condition of 1 g are shown. The activation profiles for the individual
gravity levels (1 g, 0.6 g, 0.38 g, 0.16 g, and 0.07 g) are distinguished by colour. Each data point is an average
across all participants and 10 gait cycles (from the onset of the right leg to the next; normalized to 200 time bins)
at a walking speed corresponding to the Froude number (Fr) ~0.25. The abbreviations of the muscles are as
follows: medial head of the gastrocnemius muscle (MG), lateral head of the gastrocnemius muscle (LG), soleus
(SOL), tibialis anterior (TA), vastus intermedius (VL), rectus femoris (RF), biceps femoris (long head, BFL),
biceps femoris (short head, BFS), adductor longus (AL), tensor fasciae latae (TFL), gluteus medius (GMed), and
gluteus maximus (GMax).

Results

Muscle activity. The amplitude of the EMGs in the plantar flexor muscles, including the medial head of
the gastrocnemius muscle (MG), lateral head of the gastrocnemius muscle (LG) and soleus (Sol), hip abductor,
gluteus medius (GMed), and the extensor muscle, and gluteus maximus (GMax), decreased with decreasing
simulated gravity at a Froude number (Fr) of ~0.25 (Table 1), whereas the temporal profiles of the EMGs were
similar among the different gravity levels (Fig. 2). In a dorsiflexor muscle and the tibialis anterior (TA), the
spatiotemporal EMG characteristics were similar from the gravity conditions of 1 g to 0.16 g but changed at
0.07 g. Although the temporal features in the muscle activity described above were approximately maintained
despite the changing gravity levels, the EMGs in the other muscles located in the thigh demonstrated compli-
cated changes in temporal features in addition to their amplitudes.

In general, the amplitude of EMG activity increased with increasing walking speed in the reduced gravity
conditions as well as the gravity condition of 1 g (Fig. 3). However, in the quadriceps muscles, the vastus lateralis
(VL) and rectus femoris (RF), this relationship was inverted at lower gravity levels, i.e., 0.16 and 0.07 g. In con-
trast, increasing walking speed led to less recruitment of the GMed, and the relationship was also reversed under
a gravity condition of 0.38 g. The EMG activity of the biceps femoris (long head, BFL) decreased with decreasing
gravity at Fr~0.25, while this modulation depended on walking speed rather than the change in gravity levels.
Importantly, some walking speeds required monotonic modulation of the EMG amplitude depending on the
gravity levels, but in others, the EMG amplitude was modulated as a U-shaped or inverted U-shaped function
of the gravity. For example, the inverted U-shaped function of the adductor longus (AL) peaked at 0.38 g and
0.16 g with walking speeds of 6 km/h and under 5 km/h, respectively. Furthermore, the EMG amplitude of the TA
monotonically increased with decreasing gravity at a walking speed under 3 km/h, but above 4 km/h, it reached
a peak value at a gravity of 0.16 g. These results indicate that the interaction between the gravity level and the
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Figure 3. Mean muscle activity over time for all gravity levels and treadmill speeds. The processed EMGs
shown in Fig. 2 are averaged across a series of gait cycles. The circles and lines for the individual treadmill speeds
(1-6 km/h and speed corresponding to Fr~0.25) are distinguished by colour.

walking speed changed lower limb muscle activities and that the gravity- and speed-dependent modulation
patterns varied in individual muscles.

Selection of the number of spatial and temporal modules. Spatial and temporal modules were
extracted from the complex EMGs to compare the low-dimensional representation of multiple muscle activities
among the gravity conditions during walking at Fr~0.25. We needed to test whether the numbers of modules
changed among the gravity levels by comparing the variability of EMG data accounted for (VAF) by the recon-
structed data across conditions (Fig. 4). Significant main effects of the number of modules (F(11, 88) =2082.0,
p<0.001, partial #>=1.00) and conditions (F(4, 32)=12.38, p<0.001 partial #*=0.61) and a significant interac-
tion between the number of modules and the conditions (F(44, 352)=12.52, p<0.001, partial #*=0.61) were
observed in the VAF value. Accordingly, the fewest number of modules was determined to be 4 in the simulated
gravity conditions from 1 to 0.16 g and 3 in the gravity condition of 0.07 g, and it could explain more than 90%
of the total variance in the original EMG signals. Post hoc pairwise comparisons also revealed that the VAF
value was higher in the gravity condition of 0.07 g than in the gravity conditions from 1 to 0.16 g if the number
of modules was 3 (p<0.05).

Spatial modules. The spatial modules extracted during walking at Fr~0.25 were classified into 4 clusters
across participants in each gravity condition (Fig. 5). The number of cluster modules was determined according
to the largest mean silhouette value (see “Methods”; Table 2). The similarity analysis after further classification
among gravity conditions demonstrated that the cosine similarity of almost all pairs of the spatial modules
(SP,_,) between the gravity condition of 1 g and each of the remaining gravity levels was above chance level (see
r value in Fig. 5), indicating that the underlying structure of the spatial modules was shared among each gravity
level. The spatial module SP; consisted of the plantar flexor muscles, including the MG, LG and Sol, which acti-
vated approximately 40% of a gait cycle corresponding to the propulsive phase. The statistical analysis for testing
the differences in muscle weights of SP, revealed significant main effects of muscles and gravity conditions and a
significant interaction between the muscles and the conditions (SP; in Table S1). The post hoc analysis for test-
ing the difference in muscle weights between the gravity condition of 1 g and the remaining gravity conditions
demonstrated larger weights of the biceps femoris (short head, BES) in the gravity condition of 0.38 g (p=0.027).
Module SP, was constructed by a dorsiflexor muscle, the TA, and knee flexion muscles, the BFL and BFS, which
contributed to the last swing phase. Significant main effects of muscles and a significant interaction between
the muscles and the conditions were observed, whereas no effect was found in the gravity conditions (SP, in
Table S1). The post hoc tests revealed differences in the muscle weights of the BFL between the gravity conditions
of 1 g and 0.38 g and between the gravity conditions of 1 g and 0.07 g and in the muscle weights of the tensor
fasciae latae (TFL) between the gravity conditions of 1 g and 0.38 g. Moreover, the cosine similarity between
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Figure 4. Goodness of fit of the EMG data reconstruction. The variability of the original EMG data matrix
accounted for by 1-8 modules is shown. The circles and lines for the individual gravity levels are distinguished
by colour. Each data point and bar are an average + standard deviation across participants at a speed
corresponding to Fr~0.25.

the pair of spatial modules in the gravity conditions of 1 g and 0.38 g was lower than the chance level (r=0.68).
Module SPs, constructed by the TA; a knee extensor and hip flexor muscle, the RF; and an adductor muscle, the
AL, was recruited early in the swing phase. While significant main effects of muscles and a significant interac-
tion between the muscles and the conditions were observed, no significant effect of the gravity conditions was
found (SP; in Table S1). A knee extensor muscle, the VL, and muscles spanning the hip joint, the TFL, GMed and
GMax, composed module SP,, which was activated in the initial contact phase. Although significant main effects
of the muscles and a significant interaction between the muscles and the conditions were observed, no signifi-
cant effect of the gravity conditions was found (SP, in Table S1). The post hoc tests showed that there was no
significant difference in muscle weights between the gravity conditions of 1 g and the other gravity conditions.
Moreover, the overall similarity of modules between the gravity conditions of 1 g and each of the remain-
ing gravity levels was quantified as the median value of the cosine similarity for all pairs of modules that were
matched to each other. The median cosine similarity between pairs of spatial modules was above a chance level
in the gravity condition of 0.6 g but below a chance level in the simulated gravity conditions from 0.38 t0 0.07 g
(Fig. 7A). Moreover, a significant main effect of the pairs of gravity conditions on the cosine similarity value was
observed (y*=15.10, p=0.0017). The value of the cosine similarity was smaller below the gravity condition of
0.38 g than the value between the gravity conditions of 1 g and 0.6 g. These results indicate that the spatial mod-
ules extracted in each gravity condition were classified into 4 clusters whereas the individual muscle weights of the
spatial modules in the gravity conditions of 1 g was partially changed as decreasing the gravity levels below 0.38 g.

Temporal modules. The temporal modules were classified into 4 clusters across participants in each gravity
condition corresponding to the classification observed in the spatial modules (Fig. 6, Table 2). The activation
profiles of temporal modules were similar among each gravity level (see r value in Fig. 6), indicating that the
underlying temporal profile of the modules was preserved among each gravity level. However, in modules TE,
TE; and TE,, significant main effects involving gravity levels were observed depending on the walking phase
(Table S2). In module TE, contributing to the late swing phase for walking, no significant effect of the differ-
ence in the gravity levels was found (TE, in Table S2). The change in the correlation coefficient between pairs of
temporal modules was similar to that observed in the spatial modules; the median correlation coefficient was
above a chance level in the gravity condition of 0.6 g and equivalent to a chance level in the simulated gravity
conditions from 0.38 to 0.07 g (Fig. 7B).

Gravity-dependent modulation of spatial and temporal modules. The reduced gravity partially
changed the spatial and temporal modules, while how these modules were modulated in a gravity-dependent
manner remains unclear. The results described above also showed that the underlying structure of the spatial
and temporal modules was shared among each gravity level that was classified into each of 4 clusters (Figs. 5
and 6). Accordingly, the subsequent analysis was performed from the perspective of how the shared spatial and
temporal modules were modulated depending on the reduced gravity condition.
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Figure 5. Modules clustered based on the spatial modules. Modules extracted from the EMG data matrix

at Fr~0.25 are shown. (A) The bar graphs represent weighting vectors for each muscle, i.e., a spatial module.
Spatial modules identified from all participants were classified into a set of 4 clusters in each gravity level.

The grey individual bar graph indicates a spatial module identified in each participant, and the coloured solid
bar graph indicates the average over participants. (B) The line plots indicate the amplitude of the activation
coeflicient, i.e., a temporal module, averaged across participants. The different columns of the spatial modules
and different colours of the temporal modules denote the 5 different gravity levels. The spatial modules
corresponding to the same cluster, i.e., SP; to SP,, and the corresponding temporal modules are arranged in
the same row. The similarity of the spatial modules between the gravity condition of 1 g and each of the other
gravity levels in each cluster (SP,_,) is shown as the cosine similarity (r). Symbols (*, #) indicate a significant
difference in the weighting vectors of all or each muscle; *p <0.05 and *p <0.01.

#Clusters 2-3 4 5 6 7 8 9 10
spatial module 0.73* 0.64 0.57 0.53 0.51 0.50 0.51
temporal module 0 0.84* 0.81 0.76 0.73 0.71 0.70 0.70

Table 2. Silhouette value in each number of clusters. The number of clusters for the spatial and temporal
modules was defined as 4 based on the largest silhouette value. *Indicates the optimal number of clusters.

The tensor decomposition technique enabled us to estimate the gravity-dependent variables in addition to
fixed spatial and temporal modules (ST modules). The number of extracted modules was defined as that cor-
responding to the number of clusters, i.e., 4, which was determined in the extraction of spatial and temporal
modules in each gravity level (Figs. 5 and 6). The 4 modules could explain 47.7% of the total variance in the
original EMG signals. Despite the low data reconstruction relative to that in previous studies, the spatial and
temporal modules extracted at each gravity level could be reconstructed by the combination of the spatial and
temporal components of the ST modules (Figs. S1 and S2). Here, we focused on the gravity-dependent variables
in each ST module. The ANOVA results for the effect of gravity levels on the task-dependent variables in each ST
module are shown in Table 3. The post-hoc power analysis revealed a calculated power >0.99 for the ST modules.

The task-dependent variable in ST, involved with SP,, SP;, TE, and TE; appeared to be constant throughout
all the gravity levels. A significant main effect of gravity levels was observed whereas the post hoc pairwise
comparisons did not show a difference in the task-dependent variables estimated in each pair of gravity levels.
However, the other ST modules demonstrated the modulation of gravity-dependent variables. In ST, related to
SP, and TE,, the task-dependent variables monotonically decreased below 0.6 g compared with the gravity con-
dition of 1 g. In ST} involved with SP, and TE; or TE,, the task-dependent variables were equivalent between 1
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Figure 6. Modules clustered based on the temporal modules. Modules extracted from the EMG data matrix
at Fr~0.25 are shown. (A) The line plots represent a temporal module. Temporal modules identified from
all participants were classified into a set of 4 clusters in each gravity level. The grey individual line indicates a
temporal module identified in each participant, and the coloured solid line indicates the average. (B) The bar
graphs indicate spatial modules averaged across participants. The different columns of the temporal modules
and different colours of the spatial modules represent the 5 different gravity levels. The temporal modules
corresponding to the same cluster, i.e., TE, to TE,, and the corresponding spatial modules are arranged in
the same row. The similarity of the temporal modules between the gravity condition of 1 g and each of the
other gravity levels in each cluster (TE,_,) is shown as the correlation coefficient (r). Symbols (*, #) indicate a
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Figure 7. Structural change in the modules. The similarity of the spatial (A) and temporal (B) modules
between the gravity condition of 1 g and each of the remaining gravity levels was calculated across all pairs of
modules that were matched to each other by maximizing the cosine similarity between each spatial module pair
and the correlation coefficient between each temporal module pair. Each dot indicates the similarity of each
module pair, and the boxplot represents their distribution. The red crossed line indicates the chance level.
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i |F P Partial 1
ST, 4,32 2.94 0.036 | 0.27
ST, 4,32 |29.32 <0.001 | 0.79
ST, 4,32 | 47.37 <0.001 | 0.86
ST, 4,32 4.07 0.0088 | 0.34

Table 3. One-way repeated-measures ANOVA tables for the effect of gravity levels on the task-dependent
variables, t, of ST modules.

and 0.6 g but monotonically decreased below 0.38 g. Importantly, the disappearance of SP, and TE, in the gravity
condition of 0.07 g that was observed in the results of matrix factorization (Figs. 6 and 7) was represented as the
task-dependent variable of ST; close to 0, indicating that the different decomposing techniques could extract the
common characteristics of gravity-dependent modulation of the spatial and temporal modules. Surprisingly, the
task-dependent variables in ST, relevant to SP; and SP, and TE, or TE, were modulated as a U-shaped function
of gravity; the variables decreased in gravity conditions of 0.6 and 0.38 g but were comparable under gravity
conditions of 0.16 and 0.07 g compared with the gravity condition of 1 g. These results indicate that spatial and
temporal coordination of multiple muscle activities was modulated in a module-dependent manner as a func-
tion of gravity levels.

Gravity-dependent modulation of modules at different walking speeds. We also investigated
the gravity-dependent modulation of ST modules at different treadmill speeds (Fig. 9). Notably, the ST modules
shown in Figs. 8 and 9 did not completely correspond to each other because of the different composition of the
EMG tensor for the tensor decomposition (see “Methods”), but the spatial structure and the temporal profile
were similar to each other. The behaviour of modulation of task-dependent variables in ST, and ST, was similar
to the different treadmill speeds. However, the modulation profiles in ST; and ST, were different among the
treadmill speeds. In ST}, the task-dependent variables monotonically decreased from 1 to 0.07 g at speeds below
4 km/h but were approximately constant at speeds above 5 km/h. In ST,, the variables monotonically decreased
from 1 to 0.07 g at speeds above 5 km/h, whereas a monotonic increase in the variables was observed at speeds
below 2 km/h. Therefore, the interaction between the gravity level and walking speed could determine the mod-
ulation of spatial and temporal coordination of multiple muscle activities.

Discussion

This study investigated how the spatial and temporal modules for the activity of multiple muscles during walk-
ing were modulated depending on gravity. All of the spatial and temporal modules extracted from the EMG
data matrix in each gravity level were classified into 4 clusters shared among the different gravity levels whereas
individual muscle weights and the time profiles of activation coefficients in a gait cycle were partially changed due
to the reduced gravity compared with those under the gravity condition of 1 g. Moreover, the gravity-dependent
variables estimated using EMG tensor decomposition revealed that some sets of spatial and temporal modules
were modulated in a monotonical manner, and the other was recruited in a nonlinear U-shaped fashion as a
function of gravity. The results also demonstrated that the form of the gravity-dependent modulation of modules
systematically changed depending on the walking speed.

The pendulum-like mechanism of walking is mechanically impeded as gravity decreases'®!!, resulting in a
change in the desired muscle activity®!#1°*. Indeed, consistent with previous studies, the amplitude of muscle
activities was modulated depending on gravity levels, and behaviours were different among individual muscles
(Figs. 2 and 3)®". However, the changes in muscle activity as a function of gravity levels could be explained by
the combination of fixed spatial modules comparable with those reported in previous literature (Fig. 5)%*31:338,
Previous physiological and simulation studies have reported that a wide range of locomotor-like movements,
such as walking, running and obstacle clearance, can be captured by the combination of a few shared spatial
modules with task-specific modules®**#, indicating that the modules represent functional units as locomotor
primitives?*”#42 The shared structure of the spatial modules among different gravity conditions would reflect
the robustness of the locomotor primitives against the mechanical effects of low gravity on the locomotor system.

On the other hand, the individual muscle weights partially changed below the gravity condition of 0.38 g;
however, the systematic relationship to gravity was weak (Figs. 5 and 7). This partial modulation of the spatial
modules was involved with the altered contribution of the spinal circuit depending on the gravitational load”'°.
A previous study demonstrated that after deafferentation, most deafferented spatial modules were consistent with
the intact modules, whereas individual muscle weights of several spatial modules were partially altered during
swimming and jumping movements of bullfrogs®’. In the present study, the altered loading of the lower limbs
might change the responses of individual muscles to load-related mechanoreceptor stimuli and subsequently
lead to modulation of the individual muscle weights.

In addition to the spatial modules, the temporal modules were shared at each gravity level (Fig. 6). The invari-
ant profiles of temporal modules were previously observed during locomotion with voluntary tasks and a BWS
condition, implying locomotor programs that determine basic activation timing of muscles?®**>>!. However, the
profiles of several temporal modules in some phases were partially variable among gravity levels (Figs. 6 and 7).
The partial changes in the temporal modules reflect the effect of gravity on sensory flow which modulates the
activation coefficients of the modules rather than the muscle weights*’. Acute changes in activation coefficients

10,11
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Figure 8. Spatial and temporal modules and task-dependent variables. Spatial (A) and temporal (B) modules
and corresponding task-dependent variables (C) extracted from the EMG data tensor at Fr~0.25 are shown.

A denotes the scaling factor. Each circle of the task-dependent variables indicates the data for individual
participants. The mean and standard error of the means are represented as horizontal and vertical lines of a
coloured crossed line in each gravity level. Symbols (¥, #) indicate a significant difference in the task-dependent
variables between a gravity condition of 1 g and the other gravity levels; *p <0.05, **p<0.01 and *p <0.001.

rather than muscle weights were also observed in a previous parabolic flight study regarding the control of upright
posture during short-term exposure to microgravity**.

The task-dependent variables estimated using a tensor decomposition demonstrated the gravity-dependent
modulation of both spatial and temporal modules (Fig. 8). With decreasing gravity, the task-dependent variables
in the ST, module monotonically decreased, consistent with an antigravity function of the relevant muscles, i.e.,
the plantar flexors®". This module was activated in the propulsive (ST,) phase to produce mass acceleration of
all body segments that are represented in ground contact forces**. Thus, the decremental pattern of the task-
dependent variables corresponds to a linear reduction in the peak of the ground contact force with decreasing
simulated gravity’.

The peak activation timings of modules ST; and ST, corresponded to the moment of foot contact; therefore,
these modules would begin to act prior to foot contact (Fig. 8)*°. Gravity-dependent modulation of the lower limb
muscle preactivation has been previously reported in locomotor-like tasks, such as bouncing and drop landing
movements**%. The reduced gravity monotonically decreased the task-dependent variables in the ST; module
and decreased the muscle activity observed in the aforementioned studies, while the task-dependent variables
in the ST, module, which consisted of the knee extensors, were modulated in a U-shaped fashion as a function
of gravity. With body weight unloading, EMG activity in the knee extensors paradoxically increased, and this
could not be predicted simply by the static load during stance'. The pre-activation of the module rather than
the response to load-related sensory feedback should be adjusted by modifying the internal representation of
walking movement based on the interaction between the body and the gravitational environment. The gravity-
dependent nonlinear modulation of the module might reflect a higher level contribution of locomotor control.
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Figure 9. Spatial and temporal modules and task-dependent variables across walking speeds. Spatial (A) and
temporal (B) modules and corresponding task-dependent variables (C) extracted from the EMG data tensor at
7 walking speeds (1-6 km/h and a speed corresponding to Fr~0.25) are shown. A denotes the scaling factor. The
circles and lines for the task-dependent variables in the individual treadmill speed are distinguished by colour.

The vertical BWS system is one of the more commonly used systems to simulate reduced gravity
locomotion'®*’. However, the limitation of the simulator is that the load on the supporting limbs can be reduced,
while the swinging limb experiences 1 g*°. Indeed, although gravity-dependent modulation was observed only
in the ST, , modules, relevant to the supporting phase during walking, definite differences in the task-dependent
variables of the ST; module involved with the swinging phase were not observed among the gravity levels (Fig. 8).
However, the significant effect of the gravity conditions on the task-dependent variables of ST}, indicating that the
unloading during the supporting phase affected the modulation of muscle activities during the swinging phase,
cannot be overlooked. Simulators close to real reduced gravity conditions are needed for a comprehensive under-
standing of the gravity-dependent modulation of the modules, including the features in the swinging phase®*°.

Thus far, we have discussed the gravity-dependent modulation of the modules at a roughly optimal walking
speed corresponding to Fr~0.25 in which the dynamic state of the body was geometrically similar among each
gravity level because of the pendulum-like behaviour of the limbs®*2. However, not only gravitational load but
also walking speed affect the generation of muscle activation patterns and their regulation based on
modules'®**233, As reported in previous studies, muscle activity at different walking speeds could be represented
by spatial and temporal modules comparable with those at each walking speed*>***, in which task-dependent
variables were systematically changed as a function of both gravity and treadmill speed in a related phase-
dependent manner (Fig. 9). With reduced gravity, the task-dependent variables in the ST; module recruited just
after foot contact linearly decreased, especially at slower walking speeds. Because the net load due to gravity has
a great effect on the lower limbs early in the supporting phase, as observed by the correlation between the first
peak of the ground reaction force and a gravity level", the characteristics of the modulation of the task-dependent
variables, i.e., the linear decrease with reduced gravity and a higher value at lower walking speeds, can be
explained by the response to the dyamic principle because of the inverted pendulum-like behaviour of the limbs

as follows: [netload] ~ m (g - % where m is the body mass, L is the characteristic leg length, g is the accelera-

tion of gravity, and v is the walking speed®!. As the walking speed increased, however, the module recruitment
pattern was altered compared with the slower walking speeds, presumably because the dynamic principle was
broken, i.e., "—L > 1. In the ST, module acting in the acceleration phase for forward propulsion of body mass,
linear modufation of the task-dependent variables was observed depending on the gravity levels as well as the
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case of the ST; module, whereas the value of the task-dependent variables was higher at faster walking speeds.
During walking, mechanical energy is largely conserved by the conversion of kinetic energy for forward accelera-
tion of body mass into gravitational potential energy**. The pattern of module modulation in ST, might be related
to mechanical energy consumption, which decreases with decreasing gravity and walking speed'*. In the ST,
module, while load-dependent modulation of the task-dependent variables was observed at higher walking
speeds, the pattern at slower walking speeds was systematically shifted to an incremental pattern with decreasing
gravity. This paradoxical modulation was previously reported regarding the quadriceps muscles and their relevant
module as well as the ST, module, which may reflect different biomechanical demands on postural stability and
the altered dynamics of the lower limb movements between higher and slower walking speeds'**. Future studies
that use dynamic simulation of walking, including the modularity of multiple muscle activities in various gravi-
tational environments and walking speeds, will help improve the understanding of the modulation of the modules
that are involved with locomotor dynamics in relation to gravity and walking speed®*>.

In the present study, the spatial and temporal modules were first extracted using matrix factorization (Figs. 5
and 6); then, the task-dependent variables under the assumption of fixed spatial and temporal modules were
estimated using tensor decomposition (Fig. 8). The two different types of analysis are needed not only to eluci-
date the effect of gravity on locomotor control in different dimensions but also to test a supposition for tensor
decomposition. The several models were advocated that explained modularity in both spatial and temporal
muscle activation patterns, such as a time-varying modularity model*>*® and a space-by-time modularity model*’.
However, the shared underlying structure of both the spatial and temporal modules among the gravity condi-
tions that was identified with the matrix factorization were corresponding to the basic assumption of the tensor
decomposition (CP) model. Indeed, the spatial and temporal modules extracted in the two different types of
techniques were related to each other (Figs. S1 and S2), as seen in a previous locomotion study*. Furthermore,
the unweighted SP, and TE, modules in a gravity condition of 0.07 g were represented by the task-dependent
variable close to 0 in the ST; module that was involved with SP, and TE,. These results indicate that the gravity-
dependent modulation of the modules was demonstrated as the task-dependent variable while maintaining the
features of the extracted modules using matrix factorization. However, the percentage of EMG data variance
accounted for by the ST modules yielded a low value. This was because the limitation of the ST modules that
reflected generic features of muscle activities was shared among all participants and gravity levels but could not
explain the inter-subject and inter-gravity variabilities of the modular structures, as demonstrated in the vari-
ability of the spatial and temporal modules extracted using NMF.

Extraterrestrial space development, such as on the moon or Mars, has been challenged by the human race. In
unexperienced gravitational environments, humans must maintain the dynamic stability of locomotion by rapidly
recalibrating the gravity-dependent sensorimotor transformation®’. Failure of locomotor control on extrater-
restrial planets can cause a fall that may be life threatening’. Therefore, understanding how locomotor control
is corrected against sudden transitions between different gravity states is crucial. In this study, we simulated
extraterrestrial walking, such as on Earth, Mars, the moon, and Pluto, and gained a systematic understanding
that locomotor stability can be maintained by regulating motor output based on robust spatial and temporal
modules depending on hypogravity levels. Moreover, partial BWS gait therapy is the most common medical
practice to facilitate regaining the interaction between body mechanics and gravitational forces impaired by
neurological insults such as spinal cord injury and stroke®®-%’. Furthermore, our results provide a perspective
about the gravity-dependent modulation of locomotor muscle activity not only in the field of space science but
also in clinical rehabilitation.

Conclusion

The simulated reduced gravity changed the amplitude of lower limb muscle activities during treadmill walking.
However, the locomotor modules coordinating multiple muscle activation patterns are shared among different
hypogravity conditions despite partial changes being observed in individual muscle weights and phase-dependent
activation coefficients. The contribution of the prescribed spatial and temporal modules was systematically
modulated as a function of gravity and walking speed. We speculate that the gravity-dependent modulation of
the locomotor modules can be controlled by higher locomotor centres based on load-related sensory feedback
and biomechanical demands according to movement dynamics. We provided a systematic understanding of
the regulation of module-based muscle activity to maintain walking stability in various hypogravity conditions.

Methods

Participants. Nine healthy male subjects participated in this study. The age, height, and body mass of the
participants (mean +standard deviation) were 24.2+3.0 years, 172.2+7.8 cm, and 64.4+6.7 kg, respectively.
They gave their informed consent for the study after receiving a detailed description of the purpose, potential
benefit, and risks during the experiment. All procedures used in this study were in accordance with the Declara-
tion of Helsinki and were approved by the Committee for Human Experimentation at the Graduate School of
Human and Environmental Studies, Kyoto University (approved number: 29-H-16).

Experimental setup. The participants were asked to walk on a motorized treadmill (T652 Treadmill,
SportsArt co., Tainan city, Taiwan). The running surface of the treadmill was 1.53 m long and 0.55 m wide. The
participants were instructed to fixate on a visual target placed in front of them at eye level. The treadmill speed
was maintained at seven different speeds: 1, 2, 3,4, 5 and 6 km h™! and a subject-specific speed determined by the
Froude number (Fr) corresponding to 0.25 based on the leg length and the simulated gravity levels (Table 1)*2.
During walking, the BWS system vertically pulled up on the participants’ torsos using a harness attached to
their thighs and waist to reduce the load on the supporting legs. The rope pulling up their bodies was connected
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to weights corresponding to 0, 62%, 84%, 93% or 40% of their body weights. These BWS conditions simulated
walking with 5 kinds of gravity conditions: 1 g, 0.38 g, 0.16 g, and 0.07 g, corresponding to gravity on Earth,
Mars, the moon, and Pluto, respectively, and 0.6 g. Therefore, the participants underwent a total of 35 walking
trials: 7 treadmill speeds x5 gravity levels. All participants initially walked with a gravity of 1 g, and then the
order of the other simulated gravity levels was randomized across participants. In each simulated gravity level,
the trials at 7 different treadmill speeds were randomly assigned over 40 cycles. Between each gravity condition,
the participants walked for 3 min with a gravity of 1 g at Fr~0.25. The participants familiarized their walking
with each simulated gravity level so as not to run or jump up when the gravity level was switched and so that they
could perform stable walking after a few minutes'.

Data recording. During walking, the positions of reflective markers attached at the greater trochanters
(GT) and lateral malleolus (LM) on the right leg were recorded at 100 Hz using a motion capturing system
(OptiTrack V100, NaturalPoint Inc., Oregon, United States of the America). Surface electromyograms (EMGs)
were recorded from 12 muscles on the right leg: the medial head of the gastrocnemius muscle (MG), lateral head
of the gastrocnemius muscle (LG), soleus (SOL), tibialis anterior (TA), vastus lateralis (VL), rectus femoris (RF),
biceps femoris (long head, BFL), biceps femoris (short head, BES), adductor longus (AL), tensor fasciae latae
(TFL), gluteus medius (GMed), and gluteus maximus (GMax). The EMGs were recorded using bipolar Ag-AgCl
electrodes. Each electrode had a diameter of 10 mm, and the interelectrode distance was 20 mm. The EMG
electrodes were placed according to the recommendations from SENIAM (seniam.org). The skin was prepared
by shaving the hair, surface abrasion and alcohol cleansing. Reference electrodes were placed on the LM. Each
electrode was taped on the muscle belly and connected to an amplifier (§X230, Biometrics Ltd., Newport, United
Kingdom), where the EMG signal was bandpass filtered (5-480 Hz) and amplified (total gain, 1000). All electri-
cal signals were recorded and stored at a sampling frequency of 1,000 Hz on the hard disk of a personal computer
using a 16-bit analogue-to-digital converter (PowerLab/16SP; AD Instruments, Sydney, Australia).

Data processing. The limb axis was defined as GT-LM. The moment of foot contact was determined as
the time of maximum elevation of the limb axis'>®!. The gait cycle was defined as the time between foot contact
and the next ipsilateral foot contact in the right leg. The raw EMG signals were high-pass filtered at 100 Hz
using a zero phase-lag fourth-order Butterworth filter, demeaned, rectified, and low-pass filtered at 10 Hz using
custom MATLAB routines. We used the relatively aggressive high-pass filter (100 Hz) because such high-pass
filtering improves the information density of the movement-related signals, which captures a better relationship
between neuromuscular activity and mechanical variables, such as muscle force and torque, than conventional
filtering®>%*. The EMG traces were time-interpolated over individual gait cycles to fit a normalized 200-point
time bins®® and then averaged across 10 gait cycles only for the analysis of ensemble data in each participant,
gravity level and treadmill speed”. We subtracted the minimum over the cycle from each EMG trace and nor-
malized the EMG amplitude to the maximum computed over all conditions in individual participants?’. Unless
otherwise noted, the downstream analysis was performed regarding data during walking at Fr~0.25.

Extracting modules using matrix factorization. A data matrix was created by the processed EMGs,
which consisted of 12 muscles x 200 time points in each condition. Each muscle vector in the data matrix was
normalized to the unit variance, thus ensuring that the activity in all muscles was equally weighed. The unit
variance was removed after module extraction to restore the original scaling®. Spatial modules and temporal
modules in each condition were extracted from the EMG data matrix using an algorithm of nonnegative matrix
factorization (NMF)?**433, NMF assumes that a muscle activation pattern M in a given time period comprises a
linear combination of a few spatial modules, wﬁp , and temporal modules, CZE. Therefore, the (i, j)th element of

the EMG data matrix M;; is represented as follows:

i,n"n,j =

N
M;; = ZWSPCTE + e(wip > 0,¢p > 0)
n=1

where we specify the relative contributions of the muscles involved in the module, n. N denotes the number of
modules. ¢ is the residual. To prevent local minima, the extraction procedure was repeated 20 times, each time
with Wand C initiated with different uniformly distributed random values between 0 and 1. The solution yield-
ing the highest VAF value was selected for the analysis®.

To select the number of spatial and temporal modules needed for data reconstruction, between 1 and 12
modules were extracted from the EMG data matrices. The goodness-of-fit of the data reconstruction was quan-
tified for each number of modules by the average of the variability accounted for (VAF), which was defined as
100 x the coefficient of determination from the uncentred Pearson’s correlation coefficient®®*”. At each number of
modules, we performed cross-validation®. In the cross-validation procedure, the EMG data matrices were first
divided into five equal partitions. Modules were extracted from the pooled data set that consisted of four of the
five partitions. These modules were fit to the remaining unused partition by only updating C with fixed W using
the NMF algorithm, and the goodness of fit was quantified as the VAF value. This cross-validation procedure
was repeated 20 times at each number of modules, each time with different randomly selected data partitions.
The number of modules was determined to be the minimum number required for a VAF of >90%.

Clustering modules. To facilitate comparison of the spatial modules among the different gravity levels,
the spatial modules identified from all participants in each gravity level were classified into a set of clusters
using an unsupervised classification, k-means clustering, according to the cosine of the angle between the pair
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of vectors, i.e., cosine similarity, of the coordination patterns in the 12-dimensional Euclidean space®. If more
than two spatial modules extracted from a given participant were classified into the same cluster, the modules
that denoted the longer Euclidean distance from the centroid of the cluster were excluded from the analysis. The
cluster centroids were defined as the representative spatial modules (SPc modules) in each gravity level. These
processes were performed to enhance the focus on features of the modules regarding gravity by minimizing the
intersubject variability of the extracted modules. Consecutively, clustering was further implemented on the SPc
modules of all gravity levels. Here, we used k-means clustering with pairwise constraints; the SPc modules in
the same gravity level cannot be classified into the same cluster®®. We calculated the silhouette values of each
classification while changing the number of clusters from 2 to 10 to define the optimal number of clusters as one
that yielded the largest mean silhouette value across all SPc modules®. The series of clustering procedures was
analogously followed for the comparison of the temporal modules among the different gravity levels. The clus-
ter centroids were defined as the representative temporal modules (TEc modules) in each gravity level. Before
each of the classifications, the spatial and temporal modules were normalized such that the individual muscle-
weighting vector and temporal coefficient vector were the unit vector.

Extracting modules using tensor decomposition. Matrix factorization of the EMG data enabled us
to identify the differences in spatial and temporal modules in each gravity level, whereas how the spatial and
temporal modules were modulated depending on the gravity levels could not be clearly demonstrated. Therefore,
a tensor decomposition model (CANDECOMP/PARAFAC; CP) was fit to the EMG data to quantify the task-
dependent variable in addition to the spatial and temporal (ST) modules*?. For the tensor decomposition, the
EMG data at Fr~0.25 were arranged in a 3-dimensional array comprising 12 muscles x 200 time points x 5 grav-
ity levels across all participants (i.e., 45). The CP model assumes that a muscle activation pattern P comprises a
linear combination of a few spatial modules, w n T and temporal modules, c T with a task- dependent variable, ¢,
Therefore, the (i, j, k)th elements of the 3-dimentional EMG data array P are represented as follows:

,]k—zﬂ w;n ]ntkn+8(wlﬂ >0, Cin > 0,tg, >0)

where the relative contributions of the module, #, are specified. N denotes the number of modules. ¢ is the
residual. A, > 0 represents the scaling factor for the combination of the nth spatial and temporal modules and the
task-dependent variables of the nth ST modules under the conditions wlw, = 1,clc, = 1,and tLt, = 1. The
parameters were estimated to minimize the sum-of-squared error between the orlgmal and the reconstructed
EMG data under nonnegative constraints for w, ¢ and t. We relied on the tensor toolbox in MATLAB”%7!, The
function “cp_nmu” was used for the analysis.

Furthermore, the modulation of spatial and temporal modules was investigated in relation to the treadmill
speed at which the 3-dimensional EMG data array comprised 12 muscles x 200 time points x [5 gravity levels x 7
treadmill speeds across all participants (i.e., 315)]. The CP model was also applied to the EMG data to quantify the
task-dependent variables depending on both the gravity conditions and walking speeds with prescribed spatial
and temporal modules. The number of modules shown in the main results was determined as that corresponding
to the maximum number of SPc and TEc modules.

Testing the similarities and differences in modules. The similarities of muscle-weighting vectors in
the SPc modules were calculated between the module with the gravity of 1 g and the module classified into the
same cluster in each of the remaining gravity levels based on the cosine similarity*®. Thus, a cosine similarity
closer to 1 indicated a greater similarity in the directions of the two vectors. The similarity of activation coef-
ficients in the TEc modules was also quantified based on the correlation coeflicient’®*”. Moreover, the similari-
ties of modules between a gravity of 1 g and each of the remaining gravity levels were calculated across all pairs
of modules that were matched to each other by maximizing the cosine similarity between each spatial module
pair and the correlation coeflicient between each temporal module pair®®. The overall similarity of modules was
quantified as the median value of the cosine similarity and the correlation coefficient across all module pairs and
participants.

To identify the similarity between the SPc/TEc modules and the spatial/temporal components of the ST
modules, we modelled the SPc and TEc modules as a linear combination of the spatial components and temporal
components of ST modules, respectively, as follows:

N
= ST e

N
E TE ST
= anhch te
=1

where wy! and cIF are the SP and TE modules, respectively, and wy! and ¢j are the spatlal and temporal com-
ponents of the ST modules, respectively?”’2. ¢ is the residual. The coefﬁaents e wpand fop IZ > 0 specify how the
nth SPc and TEc modules, respectively, are fractionated into the hth component of ST modules The coeflicients
f ft ,and f1F wp were identified usin nonnegatlve least squares. The goodness-of-fit was quantified between the
original SP¢ and TEc modules, wS’ and ¢2F, respectively, and the reconstructed modules as the VAF value.
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Statistics. Normality in the data were assessed using Shapiro-Wilk tests (p >0.05). If the assumption of the
normality was not confirmed, a non-parametric test was used.

The difference in VAF values among conditions and the numbers of modules was tested using two-way
repeated-measures ANOVA. After selecting the number of modules, post hoc pairwise comparisons were per-
formed with Bonferroni’s method to test the difference in VAF values among the gravity levels regarding the
selected number of modules.

The differences in the muscle-weighting vectors and activation coefficient vectors among the different gravity
levels and muscles were also tested using two-way repeated-measures ANOVA. Post hoc pairwise comparisons
were performed with Bonferroni’s method to test the differences in the vectors among the gravity levels. To test
the differences in activation coefficient vectors, a gait cycle normalized to 200 time points was equally divided
into 10 intervals and averaged in each interval; 10 points in total were used for the statistical analysis. Moreover,
a non-parametric Friedman’s test with a post hoc test was performed to test the difference in the overall cosine
similarity and correlation coefficient between pairs of each gravity levels.

One-way repeated-measures ANOVA was performed to test the differences in task-dependent variables of
each ST module among the gravity levels at Fr ~ 0.25. Post hoc pairwise comparisons were applied with Bonfer-
roni’s method. Post hoc power analyses for the ANOVA were performed using G*Power”>. The differences in
task-dependent variables were also tested among the gravity levels and treadmill speeds using two-way repeated-
measures ANOVA.

The confidence interval for all similarity tests was estimated using a bootstrapping procedure with 10,000
rounds of resampling of muscle-weighting vectors and activation coefficients and recalculating the cosine simi-
larity, correlation coefficient, or VAF value across each pair of vectors’. A chance level was defined as the lower
bounds of the 95% confidence interval.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.

Received: 29 January 2021; Accepted: 5 July 2021
Published online: 20 July 2021

References
1. Lacquaniti, E. et al. Human locomotion in hypogravity: From basic research to clinical applications. Front. Physiol. 8, 1293-1318
(2017).
2. Sylos-Labini, E, Lacquaniti, F. & Ivanenko, Y. P. Human locomotion under reduced gravity conditions: Biomechanical and neu-
rophysiological considerations. Biomed. Res. Int. 2014, 1-12 (2014).
3. Ritzmann, R., Gollhofer, A. & Freyler, K. In Sensory Motor and Behavioral Research in Space (eds Hilbig, R. et al.) 1-36 (Springer
International Publishing, 2017).
4. White, R. J. & Averner, M. Humans in space. Nature 409, 1115-1118 (2001).
5. White, O. et al. Towards human exploration of space: The THESEUS review series on neurophysiology research priorities. npj
Microgravity 2, 1 (2016).
6. Harkema, S. J. et al. Human lumbosacral spinal cord interprets loading during stepping. J. Neurophysiol. 77, 797-811 (1997).
7. Duysens, J., Clarac, E. & Cruse, H. Load-regulating mechanisms in gait and posture: Comparative aspects. Physiol. Rev. 80, 83-133
(2000).
. Ivanenko, Y. P. et al. Gait transitions in simulated reduced gravity. J. Appl. Physiol. 110, 781-788 (2011).
9. Labini, E S., Ivanenko, Y. P,, Cappellini, G., Gravano, S. & Lacquaniti, F. Smooth changes in the EMG patterns during gait transi-
tions under body weight unloading. J. Neurophysiol. 106, 1525-1536 (2011).
10. Minetti, A. E. Walking on other planets. Nature 409, 467-469 (2001).
11. Margaria, R. & Cavagna, G. A. Human locomotion in subgravity. Aerospace Med. 35, 1140-1146 (1964).
12. Pavei, G. & Minetti, A. E. Hopping locomotion at different gravity: Metabolism and mechanics in humans. J. Appl. Physiol. 120,
1223-1229 (2016).
13. Pavei, G., Biancardi, C. M. & Minetti, A. E. Skipping vs. running as the bipedal gait of choice in hypogravity. J. Appl. Physiol. 119,
93-100 (2015).
14. Cavagna, G. A., Willems, P. A. & Heglund, N. C. The role of gravity in human walking: Pendular energy exchange, external work
and optimal speed. J. Physiol. 528, 657-668 (2000).
15. Cavagna, G. A., Willems, P. A. & Heglund, N. C. Walking on mars. Nature 393, 636-636 (1998).
16. Kohn, E P. M. & Ritzmann, R. Gravity and neuronal adaptation, in vitro and in vivo—from neuronal cells up to neuromuscular
responses: A first model. Eur. Biophys. J. 47, 97-107 (2018).
17. Ackermann, M. & van den Bogert, A. J. Predictive simulation of gait at low gravity reveals skipping as the preferred locomotion
strategy. J. Biomech. 45, 1293-1298 (2012).
18. McGowan, C. P, Neptune, R. R,, Clark, D. J. & Kautz, S. A. Modular control of human walking: Adaptations to altered mechanical
demands. J. Biomech. 43, 412-419 (2010).
19. Ivanenko, Y. P, Grasso, R., Macellari, V. & Lacquaniti, F. Control of foot trajectory in human locomotion: Role of ground contact
forces in simulated reduced gravity. . Neurophysiol. 87, 3070-3089 (2002).
20. Hagio, S. & Kouzaki, M. The flexible recruitment of muscle synergies depends on the required force-generating capability. J.
Neurophysiol. 112, 316-327 (2014).
21. Bizzi, E., Cheung, V. C. K., d’Avella, A,, Saltiel, P. & Tresch, M. Combining modules for movement. Brain Res. Rev. 57, 125-133
(2008).
22. dAvella, A., Saltiel, P. & Bizzi, E. Combinations of muscle synergies in the construction of a natural motor behavior. Nat. Neurosci.
6, 300-308 (2003).
23. Ting, L. H. & McKay, J. L. Neuromechanics of muscle synergies for posture and movement. Curr. Opin. Neurobiol. 17, 622-628
(2007).
24. Tresch, M. C,, Saltiel, P. & Bizzi, E. The construction of movement by the spinal cord. Nat. Neurosci. 2, 162-167 (1999).
25. Hagio, S., Fukuda, M. & Kouzaki, M. Identification of muscle synergies associated with gait transition in humans. Front. Hum.
Neurosci. 9, 48 (2015).
26. Dominici, N. et al. Locomotor primitives in newborn babies and their development. Science 334, 997-999 (2011).

ol

Scientific Reports |

(2021) 11:14749 | https://doi.org/10.1038/s41598-021-94201-9 nature portfolio



www.nature.com/scientificreports/

27.
28.

29.
. Cappellini, G., Ivanenko, Y. P, Poppele, R. E. & Lacquaniti, F. Motor patterns in human walking and running. J. Neurophysiol. 95,

31.
32.
. Lee, D. D. & Seung, H. S. Learning the parts of objects by non-negative matrix factorization. Nature 401, 788-791 (1999).
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.

44,

49.
50.
51.
52.
53.

54.
55.

56.
57.
58.
59.

60.

66.
67.
68.

69.
70.

71.
72.

73.

Sylos-Labini, E. et al. Distinct locomotor precursors in newborn babies. Proc. Natl. Acad. Sci. USA 117, 201920984 (2020).
Ivanenko, Y. P, Cappellini, G., Dominici, N., Poppele, R. E. & Lacquaniti, F. Coordination of locomotion with voluntary move-
ments in humans. J. Neurosci. 25, 7238-7253 (2005).

Ivanenko, Y. P, Poppele, R. E. & Lacquaniti, F. Motor control programs and walking. Neuroscience 12, 339-348 (2006).

3426-3437 (2006).

Ivanenko, Y. P, Poppele, R. E. & Lacquaniti, F. Five basic muscle activation patterns account for muscle activity during human
locomotion. J. Physiol. 556, 267-282 (2004).

Sylos-Labini, E. et al. EMG patterns during assisted walking in the exoskeleton. Front. Hum. Neurosci. 8, 423 (2014).

Takiyama, K., Yokoyama, H., Kaneko, N. & Nakazawa, K. Speed-dependent and mode-dependent modulations of spatiotemporal
modules in human locomotion extracted via tensor decomposition. Sci. Rep. 10, 680 (2020).

Williams, A. H. et al. Unsupervised discovery of demixed, low-dimensional neural dynamics across multiple timescales through
tensor component analysis. Neuron 98, 1099-1115.e8 (2018).

Duysens, J., van Wezel, B. M. H., van de Crommert, H. W. A. A, Faist, M. & Kooloos, J. G. M. The role of afferent feedback in the
control of hamstrings activity during human gait. Eur. . Morphol. 36, 293-299 (1998).

Clark, D.J., Zajac, F E., Neptune, R. R, Kautz, S. A. & Ting, L. H. Merging of healthy motor modules predicts reduced locomotor
performance and muscle coordination complexity post-stroke. J. Neurophysiol. 103, 844-857 (2010).

Oliveira, A. S., Gizzi, L., Farina, D. & Kersting, U. G. Motor modules of human locomotion: Influence of EMG averaging, concat-
enation, and number of step cycles. Front. Hum. Neurosci. 8, 335 (2014).

Aoi, S. et al. Neuromusculoskeletal model that walks and runs across a speed range with a few motor control parameter changes
based on the muscle synergy hypothesis. Sci. Rep. 9, 369 (2019).

MacLellan, M. J. Modular organization of muscle activity patterns in the leading and trailing limbs during obstacle clearance in
healthy adults. Exp. Brain Res. 235,2011-2026 (2017).

Nishida, K., Hagio, S., Kibushi, B., Moritani, T. & Kouzaki, M. Comparison of muscle synergies for running between different foot
strike patterns. PLoS ONE 12, e0171535 (2017).

Kibushi, B., Hagio, S., Moritani, T. & Kouzaki, M. Speed-dependent modulation of muscle activity based on muscle synergies
during treadmill walking. Front. Hum. Neurosci. 12, 4 (2018).

Cheung, V. C. K., dAvella, A., Tresch, M. C. & Bizzi, E. Central and sensory contributions to the activation and organization of
muscle synergies during natural motor behaviors. J. Neurosci. 25, 6419-6434 (2005).

Holubarsch, J. et al. Stumbling reactions in hypo and hyper gravity—muscle synergies are robust across different perturbations of
human stance during parabolic flights. Sci. Rep. 9, 10490 (2019).

. Winter, D. A. The Biomechanics and Motor Control of Human Gait: Normal, Elderly, and Pathological. (1991).
. Santello, M. Review of motor control mechanisms underlying impact absorption from falls. Gait Posture 21, 85-94 (2005).
. Gambelli, C. N., Theisen, D., Willems, P. A. & Schepens, B. Human motor control of landing from a drop in simulated microgravity.

J. Appl. Physiol. 121, 760-770 (2016).

. Ritzmann, R,, Freyler, K., Krause, A. & Gollhofer, A. Bouncing on Mars and the Moon—the role of gravity on neuromuscular

control: Correlation of muscle activity and rate of force development. J. Appl. Physiol. 121, 1187-1195 (2016).

Gravano, S. et al. A novel approach to mechanical foot stimulation during human locomotion under body weight support. Hum.
Mov. Sci. 30, 352-367 (2011).

Sylos-Labini, E. et al. Changes of gait kinematics in different simulators of reduced gravity. J. Motor Behav. 45, 495-505 (2013).
Alexander, R. M. Optimization and gaits in the locomotion of vertebrates. Physiol. Rev. 69, 1199-1227 (1989).

Donelan, J. M. & Kram, R. The effect of reduced gravity on the kinematics of human walking: A test of the dynamic similarity
hypothesis for locomotion. J. Exp. Biol. 200, 3193-3201 (1997).

den Otter, A. R,, Geurts, A. C. H., Mulder, T. & Duysens, J. Speed related changes in muscle activity from normal to very slow
walking speeds. Gait Posture 19, 270-278 (2004).

Cavagna, G. A, Saibene, F. P. & Margaria, R. External work in walking. J. Appl. Physiol. 18, 1-9 (1963).

Hasaneini, S. J., Schroeder, R. T, Bertram, J. E. A. & Ruina, A. The converse effects of speed and gravity on the energetics of walking
and running. Biorxiv https://doi.org/10.1101/201319 (2017).

d’Avella, A., Portone, A., Fernandez, L. & Lacquaniti, F. Control of fast-reaching movements by muscle synergy combinations. J.
Neurosci. 26, 7791-7810 (2006).

Delis, I., Panzeri, S., Pozzo, T. & Berret, B. A unifying model of concurrent spatial and temporal modularity in muscle activity. J.
Neurophysiol. 111, 675-693 (2014).

Sale, P, Franceschini, M., Waldner, A. & Hesse, S. Use of the robot assisted gait therapy in rehabilitation of patients with stroke
and spinal cord injury. Eur. J. Phys. Rehabil. Med. 48, 111-121 (2012).

Barbeau, H. & Fung, J. The role of rehabilitation in the recovery of walking in the neurological population. Curr. Opin. Neurol. 14,
735-740 (2001).

Mignardot, J.-B. et al. A multidirectional gravity-assist algorithm that enhances locomotor control in patients with stroke or spinal
cord injury. Sci. Transl. Med 9, eaah3621 (2017).

. Borghese, N. A,, Bianchi, L. & Lacquaniti, F. Kinematic determinants of human locomotion. J. Physiol. 494, 863-879 (1996).
. Potvin, J. R. & Brown, S. H. M. Less is more: High pass filtering, to remove up to 99% of the surface EMG signal power, improves

EMG-based biceps brachii muscle force estimates. J. Electromyogr. Kinesiol. 14, 389-399 (2004).

. Staudenmann, D,, Potvin, J. R., Kingma, I, Stegeman, D. F. & van Dieén, J. H. Effects of EMG processing on biomechanical models

of muscle joint systems: Sensitivity of trunk muscle moments, spinal forces, and stability. J. Biomech. 40, 900-909 (2007).

. Torres-Oviedo, G. & Ting, L. H. Muscle synergies characterizing human postural responses. J. Neurophysiol. 98, 2144-2156 (2007).
. Cheung, V. C. K., Zheng, X.-C., Cheung, R. T. H. & Chan, R. H. M. Modulating the structure of motor variability for skill learning

through specific muscle synergies in elderlies and young adults. IEEE Open J. Eng. Med. Biol. 1, 33-40 (2019).

Torres-Oviedo, G., Macpherson, J. M. & Ting, L. H. Muscle synergy organization is robust across a variety of postural perturba-
tions. J. Neurophysiol. 96, 1530-1546 (2006).

Zajac, E E. & Gordon, M. E. Determining muscle’s force and action in multi-articular movement. Exerc. Sport Sci. R. 17, 187-230
(1989).

Wagstaff, K., Cardie, C., Rogers, S. & Schrédl, S. Constrained k-means clustering with background knowledge. In Proceedings of
the Eighteenth International Conference on Machine Learning 577-584 (2001).

Oku, T. & Furuya, S. Neuromuscular incoordination in musician’s dystonia. Parkinsonism Relat. Disord. 65, 1 (2019).

Bader, B. W. & Kolda, T. G. Algorithm 862: MATLAB tensor classes for fast algorithm prototyping. ACM Trans. Math. Softw. 32,
635-653 (2006).

Bader, B. W. et al. MATLAB Tensor Toolbox Version 3.0. (2017).

Cheung, V. C. K. et al. Muscle synergy patterns as physiological markers of motor cortical damage. Proc. Natl. Acad. Sci. USA 109,
14652-14656 (2012).

Faul, F, Erdfelder, E., Buchner, A. & Lang, A.-G. Statistical power analyses using G*Power 3.1: Tests for correlation and regression
analyses. Behav. Res. Methods 41, 1149-1160 (2009).

Scientific Reports |

(2021) 11:14749 | https://doi.org/10.1038/s41598-021-94201-9 nature portfolio


https://doi.org/10.1101/201319

www.nature.com/scientificreports/

74. Hagio, S. & Kouzaki, M. Modularity speeds up motor learning by overcoming mechanical bias in musculoskeletal geometry. J. R.
Soc. Interface 15, 20180249 (2018).

Author contributions

Conception and design of the experiments: S.H., N.M, M.K. Collection and assembly of the data: N.M, M.K.
Analysis and interpretation of data: S.H., M.K. Drafting of the article and revising it critically for important
intellectual content: S.H., M.K. Final approval of the version to be published: S.H., M.K.

Funding

This work was supported by the Japanese Council for Science, Technology and Innovation (CSTI); and the Cross-
ministerial Strategic Innovation Promotion Program (SIP Project ID 14533567 Funding agency: Bio-oriented
Technology Research Advancement Institution, NARO).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-94201-9.

Correspondence and requests for materials should be addressed to S.H.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:14749 | https://doi.org/10.1038/s41598-021-94201-9 nature portfolio


https://doi.org/10.1038/s41598-021-94201-9
https://doi.org/10.1038/s41598-021-94201-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Modulation of spatial and temporal modules in lower limb muscle activations during walking with simulated reduced gravity
	Results
	Muscle activity. 
	Selection of the number of spatial and temporal modules. 
	Spatial modules. 
	Temporal modules. 
	Gravity-dependent modulation of spatial and temporal modules. 
	Gravity-dependent modulation of modules at different walking speeds. 

	Discussion
	Conclusion
	Methods
	Participants. 
	Experimental setup. 
	Data recording. 
	Data processing. 
	Extracting modules using matrix factorization. 
	Clustering modules. 
	Extracting modules using tensor decomposition. 
	Testing the similarities and differences in modules. 
	Statistics. 

	References


