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Muscle synergy analysis yields an efficient
and physiologically relevant method of
assessing stroke
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The Fugl-Meyer Assessment is widely used to test motor function in stroke survivors. In the Fugl-Meyer Assessment, stroke survivors
perform several movement tasks and clinicians subjectively rate the performance of each task item. The individual task items in the
Fugl-Meyer Assessment are selected on the basis of clinical experience, and their physiological relevance has not yet been evaluated. In
the present study, we aimed to objectively rate the performance of task items by measuring the muscle activity of 41 muscles from the
upper body while stroke survivors and healthy participants performed 37 Fugl-Meyer Assessment upper extremity task items. We used
muscle synergy analysis to compare muscle activity between subjects and found that 13 muscle synergies in the healthy participants
(which we defined as standard synergies) were able to reconstruct all of the muscle activity in the Fugl-Meyer Assessment. Among the
standard synergies, synergies involving the upper arms, forearms and fingers were activated to varying degrees during different task
items. In contrast, synergies involving posterior trunk muscles were activated during all tasks, which suggests the importance of pos-
terior trunk muscle synergies throughout all sequences. Furthermore, we noted the inactivation of posterior trunk muscle synergies in
stroke survivors with severe but not mild impairments, suggesting that lower trunk stability and the underlying activity of posterior
trunk muscle synergies may have a strong influence on stroke severity and recovery. By comparing the synergies of stroke survivors
with standard synergies, we also revealed that some synergies in stroke survivors corresponded to merged standard synergies; the mer-
ging rate increased with the impairment of stroke survivors. Moreover, the degrees of severity-dependent changes in the merging rate
(the merging rate—severity relationship) were different among different task items. This relationship was significant for 26 task items
only and not for the other 11 task items. Because muscle synergy analysis evaluates coordinated muscle activities, this different de-
pendency suggests that these 26 task items are appropriate for evaluating muscle coordination and the extent of its impairment in
stroke survivors. Overall, we conclude that the Fugl-Meyer Assessment reflects physiological function and muscle coordination im-
pairment and suggest that it could be performed using a subset of the 37 task items.
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FMA =Fugl-Meyer assessment; NMF =non-negative matrix factorization; VAF =variance accounted for
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Electromyography of 37 Fugl-Meyer Assessment
task items were measured from
|20 stroke paticipants and 7 healthy participants

J/

Standard Synergies of Healthy Participants

Evaluation of Stroke Synergies

Muscle synergy analysis extracted 13 synergies
commonly used among healthy participants:
the so-called “standard synergies”
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Synergies involving the upper arms, forearms,
and fingers activated sequentially.

Synergies involving posterior trunk muscles
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using standard synergies

A one-to-one relationship between stroke synergies
and standard synergies gradually disappeard with
severity, and merging of synergies appeared.
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Merging-severity relationships were significant for
a majority of task items, but not all items, indicating
that several task items are not useful for evaluating
the functionality of synergetic mucle activities
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Introduction

Stroke and traumatic injury to the brain and spinal cord can

cause

paralysis and

reduce movement functionality.

Effective clinical interventions require reliable, sensitive and

quantitative assessments of patient motor function and recov-
ery. More than 40 years ago, the Fugl-Meyer Assessment
(FMA)" was proposed as the first quantitative test for evaluat-

ing recovery from sensorimotor impairments. Currently, it is
the test most widely used by clinicians for evaluating
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stroke-related motor impairments. When completing the
FMA for upper extremities, stroke survivors are asked to per-
form actions for 37 items. The items assess simple movements,
motor coordination and reflex actions for the shoulder, el-
bow, forearm, wrist and hand. Clinicians rate patient per-
formance for each task item subjectively and then generate
the FMA score by summing the scores for all items.

Although the FMA is well established in terms of its reli-
ability,” validity® and responsiveness,* there is one major cri-
tique: each item in the test is chosen on the basis of clinical
experiences, but the physiological relevance of the items is
never evaluated. Although several attempts have been
made to re-evaluate the relevance of the FMA,’ most re-
searchers use a subjective approach such as comparing scores
generated by experienced and inexperienced clinicians.®
Because the implicit assumption regarding the FMA test is
that the score represents physiological processes and recov-
ery status of the injured brain,' the test itself should ideally
be evaluated using physiological measurements.

In the present study, we used muscle synergy analysis to
assess the physiological relevance of the FMA in terms of
movement coordination. Groups of muscles temporarily
working together, known as muscle synergies, have been
proposed as functional building blocks underlying the coord-
ination of complex motor behaviours.””® In muscle synergy
analysis, dimensionality reduction is performed on electro-
myography (EMG) activities measured simultaneously
from many muscles so that temporally consistent muscle pat-
terns are clustered. Muscle activity containing diverse spatio-
temporal patterns can be decomposed into muscle synergies,
that is, a group of muscles with a specific balance of relative
muscle activation as well as a set of specific temporal activa-
tion waveforms. Muscle synergy analysis is now widely used
to characterize a variety of human motor behaviours, includ-
ing reaching,”'® posture control'' and locomotion.'*!?
Recent studies have found that the spatiotemporal structure
of muscle synergy is flexible.'*'* Furthermore, ‘merging’ of
synergies has been found in stroke survivors,'® with the ex-
tent of merging reflecting the degree of residual motor func-
tionality;'”>'® this finding suggests that muscle synergy
analysis in the FMA might also depict recovery from motor
coordination impairment. Importantly, relevant neuronal
substrates of muscle synergies have recently been proposed
in the cortex*?° and downstream regions.*! Muscle synergy
analysis may therefore be a method to evaluate both stroke
severity and recovery from a physiological perspective.

The purpose of the current study was to assess the physio-
logical relevance of the FMA test via muscle synergy analysis.
To our knowledge, this study represents the first attempt to
validate any clinical scale using muscle synergy analysis.
First, we sought to identify the muscle synergies underlying
the entire upper extremity FMA test (which includes 37 task
items) and re-evaluate each task item according to muscle syn-
ergy structures found in healthy participants. Based on the
synergy merging—related properties for each item, we selected
a subset of the items that may be appropriate for evaluating
motor coordination in stroke survivors. Overall, our findings
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support the physiological relevance of the FMA test but also
demonstrate that the number of task items can be reduced
when a selective diagnosis of muscle coordination function
impairment is required.

Materials and methods

Twenty stroke survivors (two trials per participant; 40 trials
in total) and seven healthy participants (four trials for one
participant and three trials for all other participants; 22 trials
in total) were recruited (see Supplementary Table 1 for the
clinical data of stroke survivors and Supplementary
Table 2 for the dates and locations of the experiments).
The stroke survivors and healthy participants were age and
sex matched. Note that all stroke survivors in this study vo-
lunteered to participate and all subjects in both the patient
group and the age- and sex-matched control group were en-
tirely male. This is likely because female candidates were re-
luctant to expose their skin for the placement of multiple
EMG electrodes on the upper body. Nevertheless, we assume
that there are no differences in muscle synergies between
males and females. We determined the number of partici-
pants on the basis of previous research'” into stroke synergy,
where 21 and 10 stroke survivors from two hospitals per-
formed different movement tasks depending on the hospi-
tals. Because our experiment assigned the same tasks for all
stroke survivors and each participant repeated the tasks
twice, we set the number of participants to be approximately
that of the first hospital from the previous study.'” In the ex-
periment, each participant performed movements of the
upper extremities for 37 task items from the FMA (for the
complete list of FMA items, see Supplementary Table 3).
All participants were able to complete all task items. We
measured EMG activity from 41 muscles in the upper body
and trunk (for the complete list of measured muscles, see
Supplementary Table 4) using wireless EMG sensors (chan-
nels 1-31: Mini Wave Infinity, Cometa, Italy) and wired
EMG sensors (channels 32-41: Biolog DL-141, S&ME,
Japan). Performance was recorded using a conventional vi-
deo camera. After the experiment, one experienced neurolo-
gist replayed the recorded videos and evaluated the
performance of each task item to obtain the FMA score for
each participant.

Measured EMG data were preprocessed using digital filters
(0.1 Hz cutoff high-pass and 20 Hz cutoff low-pass filters)
and rectification (see Preprocessing in Supplementary
Methods). Subsequently, EMG data from 37 different task
epochs were extracted using the recorded movie of the ex-
periment. Muscle synergies were then extracted using non-
negative matrix factorization (NMF) (see Synergy Analysis
in Supplementary Methods). The number of muscle
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synergies was determined so that their variance accounted
for (VAF) exceeded 0.8.

To assess the stroke-induced changes in muscle synergies,
we first defined a set of standard synergies characteristic of
healthy participants. We defined the standard synergies as
the synergies most frequently observed in healthy partici-
pants and searched for them using a cluster analysis. If one
type of synergy (cluster of synergies) was used by more
than half of participants (i.e. the cluster included synergies
from more than half of participants), the type of synergy
was regarded as one of the standard synergies (see Standard
Synergies in Supplementary Methods, and see Supplementary
Note, Supplementary Fig. 1, and Supplementary Fig. 2 for the
effects of small EMG activities). To reduce deviations in
movement for each task item, and to improve the robustness
of the obtained standard synergies, we recorded EMG data
from healthy subjects performing each FMA task item re-
peatedly (three or four times), and included the data in our
analysis to obtain the standard synergy. To understand the
role of each synergy, we selected the muscles with relatively
high contributions within the muscles assigned for each syn-
ergy. To do this, we selected muscles whose average magni-
tude of activity among participants exceeded 40-60% of
maximal activation.

We also assessed the contribution of each standard syn-
ergy to the generation of muscle activity in each of the
37 task items. For this purpose, we calculated the temporal
coefficient of standard synergies (see Standard Synergies in
Supplementary Methods). We separated the time series of
each temporal coefficient by 37 task epochs and averaged
them. The active synergies in each task item were the syner-
gies whose averaged temporal coefficient exceeded a thresh-
old. We summarized these active synergies as a synergy—task
relationship. We also evaluated the standard synergy-task
relationship for stroke survivors. We calculated the temporal
coefficient of standard synergies for stroke survivors and
then obtained the standard synergy—task relationship.

To evaluate how stroke severity impacts muscle synergies, we
compared the synergies of stroke survivors with the standard
synergies. At first, the similarity between each synergy from a
patient and each standard synergy was calculated as the nor-
malized scalar product (cosine coefficient). Next, the patient
synergies were represented as a combination of standard syn-
ergies. The average number of standard synergies that repre-
sented the synergies of patients with stroke was calculated as
the merging rate (see Merging of Synergies in Supplementary
Methods).!” The merging rates were then compared with
stroke severity (FMA score). We summarized this as the mer-
ging rate-stroke severity relationship.

The merging rate-stroke severity relationship can vary
across task items. Thus, we calculated the merging rate for
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each task item (see Merging Rate-Severity Relationship of
Task Items in Supplementary Methods). We extracted the ac-
tive synergies in each task item and evaluated the merging
rate for only the extracted active synergies. We obtained
the merging rate—stroke severity relationship for each task
item by comparing the merging rate of each task item with
stroke severity.

The experimental protocol was approved by the Institutional
Ethics Committee/Institutional Review Board of Morinomiya
Hospital (Approval No. 0221) and the Department of
Engineering at the University of Tokyo (Approval No. 16—
81). All participants received the written experimental proto-
col and all signed an informed consent form prior to study ini-
tiation in accordance with the declaration of Helsinki.

With the exception of specified cases, we evaluated statistical
significance using -tests. The relationships between the mer-
ging rate and the FMA score were evaluated using robust lin-
ear regression with bisquare weighting.”> The regression
assumption was checked for the equal variance of the resi-
duals, the independence of the residuals and the normal dis-
tribution of the residuals using the Breusch—-Pagan test, the
Durbin—Watson test and the Anderson-Darling test, respect-
ively. We then calculated the regression coefficient and the
significance of the incline. We used the Matlab “fitlm’ func-
tion to compute the robust linear regression. Merging rate
of healthy, mild and severe stroke survivors were compared
with one-way analysis of variance (ANOVA), and then dif-
ferences among the three groups were tested using Tukey-
Kramer multiple comparison tests. In addition, we used
two-way ANOVA to evaluate the effects of body region
and participant type on the standard synergy—task relation-
ship. Regarding the sensitivity to parameters, the thresholds
for the standard synergy—task relationship, corresponding
muscles for synergies, synergy merging and VAF were inves-
tigated using variable parameters (see Discussion).

The data that support the findings of this study are available
from the corresponding author upon reasonable request. The
program code for the analysis is available from https:/fma-
synergy-programs.funato.jp.

Results

We collected a full sequence of FMA items from seven
healthy participants (total number of trials =22) and twenty
stroke survivors (total number of trials =40) and obtained
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EMG data from all participants (Supplementary Table 3 lists
the FMA task items and Supplementary Table 4 lists the mea-
sured muscles). The average duration for completing all
tasks was 7 min 42 s + 2 min 18 s (mean + standard devi-
ation) for healthy participants and 11 min 7 s + 4 min 27 s
for stroke (mild stroke: 9 min 24 s + 3 min 0 s; severe stroke:
14 min 18s + 5 min 2s). We extracted muscle synergies
from EMGs measured in 41 muscles throughout the FMA
protocol, including all 37 task items (see Supplementary
Fig. 3). Then, we determined the number of synergies for
each participant as the minimum number of synergies neces-
sary to adequately reconstruct the EMGs (VAF >0.8, see
Methods) for the entire FMA sequence. Overall, the mean
numbers of synergies for healthy participants and those
with stroke were 16.4+ 1.2 (mean + standard deviation)
and 16.1+ 1.9, respectively. When severity of stroke was
considered, we found that the number of synergies was smal-
ler in those who had experienced severe stroke (mild stroke:
16.9+1.2; severe stroke: 14.7+2.3, P<0.001, t=3.9,
t-test). Although the number of synergies did not differ sig-
nificantly between healthy participants and those with mild
stroke (P=0.16, t=-1.4, t-test), as in previous reports, it
was significantly smaller in survivors of severe stroke (P =
0.008, t=2.8 versus healthy participants, #-test).'®!” This
indicates that FMA performance in patients who had experi-
enced severe stroke relied on a smaller number of muscle syn-
ergies. However, the average number of synergies in stroke
participants was close to that of healthy subjects; this finding
was different from the results of previous research.'®!” The
way in which the tasks were given potentially caused this dif-
ference. Whereas previous studies used relatively simple
tasks, such as reaching,'” our experiment imposed a variety
of movements in the FMA. FMA task items were more chal-
lenging for the stroke patients than for healthy participants,
and the stroke patients needed to perform more ineffectual
movements to accomplish each task. We therefore consider
that the increased number of muscle synergies that stroke pa-
tients used to achieve difficult tasks counterbalanced the de-
creased synergies from merging, thus resulting in a nearly
equal number of synergies between the healthy participants
and the stroke patients. Next, to evaluate the extracted mus-
cle synergies, we examined how the 41 muscles contributed
to each muscle synergy (Fig. 1). An example of the resulting
muscle weights for one synergy can be seen in Fig. 1A.

We identified 13 ‘standard synergies’ from the healthy par-
ticipant data (Fig. 1B). These standard synergies represent
the synergies commonly observed in the majority of the
healthy participants (see Methods). Each standard synergy
was then classified based on the characteristics of the muscles
that were a significant part of it (Supplementary Table 5). We
found that the standard synergies could thus be classified as
primarily upper arm (synergy 1 and 2), forearm (3 and 4),
finger and thumb (5), chest (6 and 7), abdomen (8-10) and
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Figure | Muscle synergy analysis. (A) A visualization of the
muscle synergies. Muscles are arranged at the node of the circle
(see Supplementary Table 4 for the full name of each abbreviated
muscle). Hand and finger muscles are arranged mainly at the upper
right side, muscles around the arm are at the lower right side, upper
trunk muscles are at the lower left side and lower trunk muscles are
at the upper left side of the circle. The blue line, which indicates the
rate of involvement of the different muscles, shows the muscle
synergy. The radius of the circle is set to be the maximum value of
synergy. (B) Standard synergies obtained as common synergies
among healthy participants. Each colour shows one trial from a
healthy participant, and synergies with similar patterns are grouped
in a circle as a single standard synergy. The numbers at the top left
indicate the index of each standard synergy.

posterior trunk (11-13). This result indicates that the muscle
synergies coordinating different parts of the upper body are
recruited by the entire sequence of FMA items.

Next, we investigated how these standard synergies were
recruited in each of the 37 task items on the FMA test. For
each item, we assessed the extent to which each standard syn-
ergy contributed to the movements, calculated as the fre-
quency with which it was recruited among the participants
(Fig. 2A). We found that each standard synergy was differen-
tially recruited throughout the time course of the full FMA
sequence. The synergies of the upper arm (synergy 1 and 2)
were primarily recruited early in the FMA sequence (i.e.
items 4-10), those of the forearm (synergy 3 and 4) were re-
cruited in the middle of the sequence (i.e. items 16 to 25) and
those of the finger and thumb (synergy 5) were used late in
the sequence (i.e. items 31 to 36). Synergies of the anterior
trunk (synergy 6-10) were recruited sparsely. Interestingly,
the synergies involving posterior trunk muscles (synergy
11-13) were recruited for most items, and one of these
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Figure 2 Standard synergy-task relationship. (A) A standard synergy—task relationship in healthy participants. The synergies observed in
each task item are displayed according to the number of active trials normalized by the total number of trials, which was 22. The right-most
column, labelled ‘Muscle Area’, displays the corresponding muscle area with synergies (Supplementary Table 5). (B) The difference in the standard
synergy—task relationship between those with mild/severe stroke (see also Supplementary Fig. 4) and the healthy participants (A). Positive values
(higher activity in patients than in healthy participants) are shown in red and negative values (lower activity in patients) are shown in blue.

synergies (synergy 12) was recruited for all of the task items.
This result implies that posterior trunk muscle synergies are
important throughout the entire FMA sequence, both for
performing distal, discrete movements and as part of reflex-
ive movements.

In summary, we found that (i) muscle activity during a
complete sequence of FMA items could be characterized by
13 muscle synergies that primarily represent coordination
within different parts of the body, (ii) different task items
were performed using different combinations of muscle syn-
ergies, and (iii) the synergies for posterior trunk muscles were
recruited for almost all items. Next, we evaluated how these
characteristics were affected by stroke severity.

We first used standard synergies from healthy participants
to examine how muscle activity differed in stroke survivors.

The results can be seen in Fig. 2B (see also Supplementary
Fig. 4). Specifically, we examined how frequently stroke
survivors recruited each standard synergy when performing
each task item. Positive values (red) indicate that the corre-
sponding standard synergy was used more frequently in pa-
tients with mild (top) or severe (bottom) symptoms than in
healthy controls, and negative values (blue) indicate the
standard synergies that were used less frequently. A two-
way ANOVA with Participant Type (healthy, mild stroke
and severe stroke) and Body Region (arm, anterior trunk
and posterior trunk) revealed significant differences in
both Participant Type (patient trial 1: F,,=93.0, P<
0.001; patient trial 2: F»,=169.6, P<0.001) and Body
Region (patient trial 1: F, , =143.3, P < 0.001; patient trial
2:F,,=122.8, P <0.001). A z-test comparing mild and se-
vere cases of stroke in terms of individual body areas found
significant differences in arm synergies (synergy 1-4, trial 1:
P=0.01,t=-2.5;trial 2: P <0.001, t=-6.1) as well as anter-
ior trunk synergies for trial 2 (synergy 6-10, trial 1: P=0.06,
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t=-1.9;trial 2: P <0.001, t =-7.4); in contrast, there were no
significant differences in posterior trunk synergies (synergy
11-13, trial 1: P=0.11, #=1.6; trial 2: P=0.79, t=0.3). A
t-test comparing healthy participants and patients with mild
stroke revealed significant differences in synergies for all
body areas (P <0.001).

After using the standard synergies to characterize mus-
cle activity in patients with mild or severe stroke (Fig. 2B),
we next computed and characterized the muscle synergies
of each patient (patient synergy) directly from patient
EMG recordings and compared them with the standard
synergies (Fig. 3A). The three different similarity matrices
shown in the figure represent the correlations between the
standard synergies in healthy participants and stroke syn-
ergies in a mild (FMA score = 64), moderate (FMA score =
32) and severe (FMA score = 12) stroke survivor, classified
according to FMA score (see Supplementary Fig. 5 for de-
tailed data regarding all stroke survivors). The rows of the
matrices refer to standard synergies (number of rows =13)
and the columns refer to stroke synergies (number of col-
umns = 13-18). In these matrices, the value of each correl-
ation coefficient is indicated by the grey level, with black
reflecting the highest value. The stroke synergies are or-
dered according to their similarity with respect to the
standard synergies such that stroke synergies most strong-
ly correlated with the first standard synergy are placed in
the column at the far left. With this arrangement, a perfect
match between stroke and standard synergies would result
in a black diagonal. By comparing the three similarity ma-
trices, we found that the structure was close to diagonal
for the patient with mild symptoms, suggesting a
one-to-one relationship between standard synergies and
stroke synergies. In contrast, the black diagonal was in-
complete in the matrices representing those with moderate
or severe stroke, suggesting that the one-to-one relation-
ship was progressively disrupted with increasing stroke se-
verity. Interestingly, we observed a high degree of
similarity between individual stroke synergies and mul-
tiple standard synergies (i.e. multiple dark entries in one
column), suggesting the ‘merging’ of multiple standard
synergies in the stroke survivors.'”

Fig. 3B represents the degree of stroke synergy mer-
ging.'” The average number of standard synergies used to
reconstruct each stroke synergy is displayed as a function
of the FMA score. All values were greater than 1, indicating
that each stroke synergy could be generated by merging
multiple standard synergies. More importantly, the degree
of merging (the merging rate) increased with stroke severity
(lower FMA score, linear regression coefficient r=-0.016
for trial 1 and r=-0.010 for trial 2; significance of the in-
cline P=0.002 for trial 1 and P=0.002 for trial 2). Here,
the relationship also satisfied the assumption of linear
regression (equal variance of the residuals in the Breusch—
Pagan test: P=0.58 for trial 1 and P =0.05 for trial 2, inde-
pendence of the residuals in the Durbin—-Watson test: P=
0.75 for trial 1 and P =0.49 for trial 2, and normal distribu-
tion of the residuals in the Anderson-Darling test: P=0.23
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Figure 3 Relationship between standard synergies and
stroke synergies. (A) Correlation of synergies. The rows show
the |3 standard synergies and the columns show the stroke
synergies. The colours indicate the value of the correlation
coefficient between the row (standard synergy) and the column
(stroke synergy). The black shade indicates a high value and white
indicates a low value. The IDs of each stroke patient are attached to
each figure. The subscript of the ID number is the trial number. The
numbers next to the IDs are the FMA scores. The results for
patients with mild (score: 64), moderate (32) and severe (12) stroke
are presented. (B) The merging rate for each participant. Each point
shows the merging rate for stroke patients in terms of FMA score
(n=20). The black line is the linear regression line. The regression
coefficient r and significance of the incline P indicated that the
merging rate increased as FMA score decreased (increasing severity
of motor deficit). (C) Comparison of the merging rate with two
stroke severity levels. Patients with severe stroke were those with
FMA scores <30 (n=7), and patients with mild stroke were those
with FMA scores > 30 (n = |3). Healthy data are from one trial of
each healthy participant (n=7). *P < 0.05, ¥***P < 0.00| (Tukey-
Kramer multiple comparison test). P=0.001, F=17.0 (trial |) and
P<0.001, F=27.5 (trial 2) in the one-way ANOVA. P <0.001
(trial | and trial 2) between severe and mild patients; P=0.208 (trial
1) and P=0.028 (trial 2) between mild patients and healthy
participants; P<0.001 (trial | and trial 2) between severe patients
and healthy participants in the Tukey-Kramer test.

for trial 1 and P =0.84 for trial 2). These results largely con-
firmed our observations in Fig. 3A. By comparing merging
rates among healthy participants and stroke survivors with
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different severities (FMA score <30: severe, FMA score
>30: mild), we found a significant difference between
healthy, mild and severe stroke survivors (Fig. 3C; trial 1:
P<0.001, F=17.0 and trial 2: P<0.001, F=27.5 in the
one-way ANOVA). Tukey-Kramer multiple comparison
test results show significant differences between severe
and mild patients for both trials (P < 0.001 for both trials)
and a significant difference between mild patients and
healthy participants for trial 2 (trial 1: P=0.208 and trial
2: P=0.028). From these results, we concluded that the
merging rate increases with the severity of stroke.

Our data indicate that the severity of stroke is reflected by how
much synergy structure deviates from the standard synergy
structure (i.e. the extent of synergy merging). Although our
data clearly indicated that the FMA reflects underlying physio-
logical processes and recovery, we wanted to determine
whether all task items are necessary for arriving at this conclu-
sion. To address this issue, we computed the relative contribu-
tion of each task item in determining the degree of synergy
merging. Fig. 4A shows the merging rate for each task item.
We only evaluated the merging rate for the active synergy of
patients in each task. The non-active synergies, which were in-
dependent from the standard synergies (i.e. lower than the
merging threshold), were handled as no merging rate data.

T. Funato et al.

Each element in the matrix in Fig. 4A represents the merging
rate for one task item (columns) during one FMA trial in one
participant (rows). Participants are arranged from top to bot-
tom according to the FMA score obtained in each trial. Each
column in Fig. 4A therefore represents the relationship be-
tween stroke severity and the merging rate observed for each
task item. We computed the linear regression between severity
and merging rate for each task item (i.e. the relationship in
each column). Here, some tasks did not satisfy the assump-
tions for linear regression. Thus, we removed the data with
the largest regression from up to two subjects as outliers,
and the assumptions were then satisfied for all tasks
(Supplementary Table 6 lists the removed subject data). The
resulting linear regression P-values are shown in Fig. 4B.
The merging rate changed significantly according to stroke se-
verity for some task items (small P-values) but not for others
(large P-values). Specifically, 11 tasks had large P-values for
patient trial 1 (tasks 12, 13, 14 and 37: P> 0.035; tasks 1, 2,
3,10, 11, 27 and 29: 0.05> P> 0.01). In patient trial 2, 12
tasks had large P-values (tasks 1, 3, 12, 13, 14, 36 and 37:
P>0.05; tasks 9, 11, 18, 20 and 27: 0.05 > P> 0.01). Eight
task items overlapped in both trials. Task items with large
P-values hardly contributed to the evaluation of patient sever-
ity in terms of the merging rate. Thus, the ‘merging’ profile of
muscle synergies could be represented using a smaller number
of task items. Based on the average amount of time required to
perform each task item, eliminating the task items that had
large P-values (trial 1: 11 out of 37; trial 2: 12 out of 37; green

Task Item Trial 1 Task Item Trial 2
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Figure 4 Task dependency of the severity-merging rate relationship. (A) Averaged merging rate for each patient and each task item.
Data in each row show one trial for each patient. Patients are displayed with FMA scores in descending order. Deeper green represents a higher
merging rate. Grey represents cases in which the activity of patient synergy for a given task item was too small to evaluate. (B) The P-values for the
linear regression. Each bar represents the results of the linear regression between the FMA score and the merging rate displayed in Fig. A. The two
green lines in the P-value chart represent P=0.05 and P=0.01. Bars with a green background indicate task items with P < 0.05 (dark green) and P <

0.0l (light green).
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bars in Fig. 4B) would reduce the duration of the whole FMA
sequence by 22.4% (10 min 46 s versus 8 min 21 s) for trial 1
and 28.4% (11 min 28 s versus 8 min 13 s) for trial 2.

Discussion

The FMA is one of the most widely used test batteries for as-
sessing motor deficits and recovery in stroke survivors world-
wide. In rehabilitation therapy, improving one’s FMA score'
is considered to be an important milestone toward motor re-
covery because it is thought to represent an individual’s level
of motor function. However, despite its widespread use,
physiological assessments have not been used to test the valid-
ity of the FMA in this respect. Thus, information is needed re-
garding precisely which aspects of motor functionality and
recovery are measured, as well as the degree to which the
FMA test reflects the extent of damage and recovery in the
CNS of stroke survivors. Here, we addressed this issue by con-
sidering the processes that underlie coordinated muscle activ-
ity, which is crucial for everyday activity. When we evaluated
the performance of the entire FMA test battery sequence using
muscle synergy analysis, which is an established physiological
measure of coordinated muscle activity, we found that (i) mus-
cle activities that comprise the FMA task battery for the upper
extremities were composed of 13 different muscle synergies,
(ii) each group of synergies had a unique contribution to the
performance of each of the 37 FMA task items in all partici-
pants, and (iii) the FMA score reflected stroke-related changes
in muscle synergy characteristics (synergy merging). These re-
sults indicate that the FMA test is a valid tool for assessing the
coordinated activity of muscles in the upper arms and fingers
as well as stroke-related changes and recovery. We further
propose a shorter test battery for measuring muscle coordin-
ation in stroke survivors by selecting task items that strongly
represent severity-dependent profiles of muscle synergy.

As shown in Fig. 2A, muscle coordination throughout the
FMA task was constructed from 13 synergies that spanned
all regions of the upper body. Specifically, coordination in
the upper arm was associated with synergies 1 and 2, the fore-
arm with 3 and 4, the finger and thumb with 3, the chest with
6 and 7, the abdomen with 8-10, and the posterior trunk with
11-13. Notably, many task items preferentially related to one
of the upper limb synergies (synergy 1-5). For example, the
upper arm synergy (synergy 1 and 2) seemed to underlie the
tasks in FMA items 4-10, while the forearm synergy was im-
plicated in items 17 to 27, and synergy of the finger and thumb
muscles was related to items 30 to 34. Therefore, we conclude
that a majority of the FMA task items are valid tools for evalu-
ating coordinated muscle activities in specific parts of the
upper arm. Some task items, however, were insensitive to
any upper-arm synergy (for example, items 1-3 and 12-15).
All of the insensitive items were meant to evaluate reflex
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function (Supplementary Table 3). Thus, the FMA also in-
cludes task items that are designed for evaluating functions
other than muscle coordination in the upper arm.

In contrast to the aforementioned specificity, we were un-
able to identify comparable task-item selectivity in the an-
terior trunk (synergy 7-10) or the posterior trunk
(synergy 11-13). The former was inactive for most task
items, while some synergies in the latter group (i.e. synergy
12) were active for all task items. As a consequence, the se-
lective recruitment of a given upper arm synergy (synergy
1-5) was always achieved in combination with the recruit-
ment of posterior trunk synergy (synergy 12). We propose
that this nonselective pattern of activity in trunk muscle
synergy indicates that the recruitment of most upper arm
synergies while performing FMA tasks might be associated
with the constant recruitment of posterior trunk synergy
(synergy 12). This view is likely supported by our observa-
tions regarding muscle activities in patients with stroke
(Fig. 2; see also Supplementary Fig. 4). Particularly, when
compared with healthy subjects, the activity of synergy 12
(posterior trunk) was significantly increased in the majority
of task items in the patient with mild stroke (see red-toned
cells in most ‘synergy 12’ columns in Fig. 2B) but was de-
creased in the patient with severe stroke (blue-toned cells
in most ‘synergy 12’ columns in Fig. 2B). These results sug-
gest that, while the patient with mild stroke performed the
FMA tasks with elevated activity of synergy 12 (posterior
trunk), the patient with severe stroke performed them
with lower activity of this posterior trunk synergy. In con-
trast, the other arm and finger synergies (i.e. synergy 1-7)
had increased activity in both mild and severe patients.
We therefore suggest that posterior trunk synergy activity
might be a key feature for dissociating mild and severe pa-
tients and may thus cause the lower FMA scores of severe
patients. While mild patients were able to activate the pos-
terior trunk synergy together with arm and finger synergies,
severe patients may have lost this coupling between axial
and upper limb synergies and were thus forced to perform
the task using lower trunk synergy activation. This uncoup-
ling might be a hallmark of severe patients. Woodbury
et al.*® reported that people categorized as having severe
impairment were only able to perform distal, single-joint
movement, whereas those with moderate impairment
were also able to perform proximal, multi-joint movement.
It is clear that trunk stability is more crucial for proximal
and multi-joint movement than for distal movement using
the fingers. It is therefore possible that their patients with
severe impairment lost posterior trunk muscle activity,
similar to the patients in the present study. This view is
also supported by a previous report indicating that an
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intervention to increase trunk stability facilitated function-
1 f hi 24,25 h 26

al recovery of reaching and reach to grasp”® move-

ments during stroke rehabilitation.

We recently reported that spatiotemporal patterns of hand
muscle synergies are represented by spinal premotor inter-
neurons in non-human primates.”! We found that while spa-
tial properties of muscle synergies were represented in the
activity of individual spinal premotor-interneurons, tem-
poral activity was not (see Cheung and Seki?” for a review).
Thus, the temporal activity of muscle synergy might be regu-
lated upstream in the CNS, e.g. by the descending motor
tract.”® Assuming that the fundamental circuit of the spinal
cord is not affected by stroke, including premotor-
interneurons that may code for spatial synergies, impaired
muscle activity coordination in patients with stroke could
be attributed to an impaired ability to generate/assign tem-
poral activity for each spatial synergy. For example, the in-
creased merging rate observed in patients with severe
stroke (Fig. 3) might reflect the degree to which descending
motor tracts responsible for generating the temporal activity
of a given muscle synergy were affected by a stroke.
Consequently, the affected spatial synergy (represented by
spinal interneurons) may have been activated by a compen-
satory drive from a source that was originally responsible
for the temporal activity of other spatial synergies. We sug-
gest that the lower FMA scores observed in patients with
stroke reflect the extent of damage in the region of the
CNS responsible for activating spatial synergy that is pre-
dominantly represented in the spinal cord. Furthermore, in-
creases in FMA scores after rehabilitation therapy might
reflect the degree to which each patient is able to recruit those
compensatory mechanisms>*~>! to improve coordination of
muscle activity. Future studies may elucidate the areas in
the CNS that are responsible for both synergy activation
and recruited compensation by directly measuring them
and relating them to the results of muscle synergy analyses.

As discussed, coordinated activity in trunk muscles, espe-
cially posterior trunk synergy (synergy 11-13), could be a
key element in improving FMA performance, irrespective
of the differences between the task items. Two descending
motor tracts, the vestibulospinal and reticulospinal tracts,
are known to coordinate activity in trunk muscles.>>=>*
During limb movement, the vestibulospinal tract maintains
postural equilibrium while the reticulospinal tract regulates
postural muscle tone.>* Because their axons are known to
terminate in multiple segments of the intermediate layer of
grey matter in the spinal cord, neurons in these tracts might
be involved in generating activity associated with trunk-
muscle synergies. Further, the corticobulbar projection,
which regulates the activity of the two descending pathways,
might be more sensitive to stroke than is the corticospinal
tract, which regulates limb-muscle synergies. Thus, recovery
of the vestibulospinal and reticulospinal tracts might be

T. Funato et al.

critical in improving upper limb functionality and thus
FMA score. Recent experiments using an animal model of
brain injury have indicated that enhanced cortical projec-
tions to subcortical descending tracts are associated with
the recovery of arm/hand function.?”~>"

The analysis shown in Fig. 2 indicates that the FMA is a com-
prehensive test that can be used to evaluate the activity of
muscle synergies in different parts of the upper extremities.
Our data also indicate that the FMA is appropriate for asses-
sing stroke-related impairments of muscle coordination be-
cause it differentiated muscle coordination among the
participant group with sufficient sensitivity (Fig. 3).
Although our analysis further revealed that some of the
task items may not be appropriate for evaluating muscle co-
ordination in the upper extremities, these items may be suf-
ficiently sensitive to assess other motor functions (e.g.
reflexes) (Fig. 4). Further research is necessary to address
this issue. Taken together, our data indicate that the FMA
is a valid test for comprehensively evaluating motor func-
tionality in the upper extremities.

The comprehensiveness of the FMA enabled us to identify
task items that were less correlated with deficits of muscle co-
ordination and to propose a battery of sub-task items for se-
lectively assessing muscle coordination in stroke patients.
The proposed task battery consists of 25 or 26 task items.
Because all of these task items were selected from the FMA
test, which is already familiar to most clinicians, it should
be easy to apply in a clinical setting. Fewer task items, and
thus a shorter testing duration than the full FMA test, might
help to minimize the effort required by both clinicians and
patients. The proposed test battery would be particularly ad-
vantageous in situations that require the quick assessment of
muscle coordination, even if it compromises the comprehen-
siveness of the FMA.

A number of clinically established test batteries are used to
assess motor functionality (e.g. the Box and Block Test*® and
Action Research Arm Test>® to evaluate upper limb function,
the Barthel Index®” to evaluate activities of daily living and
the Stroke Impairment Assessment Set>® and The Brunnstrom
Approach®” to evaluate impairment). Because most of these
tests have been designed and refined using mainly clinical
knowledge about a target medical condition, direct quantita-
tive assessments of their physiological relevance, like those
conducted in this study, are likely to be beneficial. Such as-
sessments may enhance an understanding of the clinical
symptoms from a physiological perspective and also facili-
tate the future development of novel test batteries with high-
er physiological relevance.

Several previous attempts have been made to reduce the
set of task items and thus generate a shorter version of the
FMA. For example, Hsieh et al.* selected six FMA items
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for assessing the upper extremities based on a psychometric
analysis of a large pool of FMA test data. They confirmed
the validity of their test by comparing scores with those
on the full FMA. Importantly, their approach was different
from ours because the aim of the present study was not sim-
ply to make a shorter version of the FMA test but to propose
a test battery that could efficiently measure muscle coordin-
ation functionality in stroke survivors with a smaller set of
task items. Nevertheless, we found that our new test battery
included all six of the task items selected by Hsieh et al.*°
Therefore, we hope that our test battery has significantly
enhanced sensitivity to coordinated muscle activity at the
individual level compared with the previous short version
of the FMA test.*!

This research used several fixed parameters in the analysis;
thus, we examined how each parameter affected the results.
When we changed the thresholds of the standard synergy—
task relationship for healthy subjects to 0.1, 0.2, 0.4 and
0.5 (Supplementary Fig. 6A), the number of active
standard synergies for each task item increased with lower
thresholds and decreased with higher thresholds. However,
regardless of the threshold, synergy 12 (posterior trunk)
was still active across most task items, and synergies
were sequentially active starting with synergies related to
the upper limbs. We also tested the effects of the threshold
that was used to examine the relationship between each
standard synergy and muscles, by changing the threshold
to 0.4, 0.5 and 0.6 (Supplementary Table 5). Although the
standard synergy included more muscles when a lower
threshold was used, the newly added muscles were mostly
from the same anatomical group. This result indicates that
the association between each standard synergy and the mus-
cle activity in each body part hardly changes with differing
thresholds.

Next, we examined the effects of thresholds on merging in
the merging rate-stroke severity relationship in stroke pa-
tients. When the threshold for merging (0.1) was varied
from 0.08 to 0.12, there was a larger number of merging syn-
ergies for patients with smaller FMA scores (Supplementary
Fig. 6B) irrespective of thresholds. The same analysis re-
vealed a lower number of merging synergies with a
higher threshold, which caused an overall increase in
P-values for the merging rate-stroke severity relationship
(Supplementary Fig. 6C). Nonetheless, the changes in
P-values with the changes in threshold were smaller than
the differences in P-values between task items, thus confirm-
ing that the merging rate-stroke severity relationship had a
certain robustness with respect to the threshold for merging.

Finally, we tested the influence of higher VAF thresholds
(0.8, 0.85 and 0.9) on each of the results that was presented
(Supplementary Fig. 7). We confirmed an increased number
of synergies [0.8: 16.4 +1.2 (see Fig. 1), 0.85: 19.7+1.0,
0.9: 24.0 + 1.2] and standard synergies (13 for 0.8, 19 for
0.85 and 25 for 0.9) with higher thresholds, as expected.
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We also noted that some of the standard synergies that
were defined using the 0.8 threshold were divided into mul-
tiple standard synergies using the 0.85 and 0.9 thresholds
(Supplementary Fig. 7A). Nevertheless, both the consistent
involvement of posterior trunk synergy (synergy 12)
throughout the FMA and the link between each task item
and responsible standard synergy seemed to be unchanged
using higher VAF thresholds. Furthermore, the relationship
between the number of merging synergies and severity was
unchanged when larger VAF thresholds were used
(Supplementary Fig. 7B). Although the results of the mer-
ging rate-stroke severity relationship for each task item
showed an overall trend toward larger P-values when the
VAF thresholds were larger than 0.8 (Supplementary Fig.
7C), the task items with larger P-values remained
unchanged.
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