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Abstract

Objective. Stroke affects the expression of muscle synergies underlying motor control, most notably
in patients with poorer motor function. The majority of studies on muscle synergies have
conventionally approached this analysis by assuming alterations in the inner structures of synergies
after stroke. Although different synergy-based features based on this assumption have to some
extent described pathological mechanisms in post-stroke neuromuscular control, a biomarker that
reliably reflects motor function and recovery is still missing. Approach. Based on the theory of
muscle synergies, we alternatively hypothesize that functional synergy structures are physically
preserved and measure the temporal correlation between the recruitment profiles of healthy
modules by paretic and healthy muscles, a feature hereafter reported as the FSRI. We measured
clinical scores and extracted the muscle synergies of both ULs of 18 chronic stroke survivors from
the electromyographic activity of 8 muscles during bilateral movements before and after 4 weeks of
non-invasive BMI controlled robot therapy and physiotherapy. We computed the FSRI as well as
features quantifying inter-limb structural differences and evaluated the correlation of these
synergy-based measures with clinical scores. Main results. Correlation analysis revealed weak
relationships between conventional features describing inter-limb synergy structural differences
and motor function. In contrast, FSRI values during specific or combined movement data
significantly correlated with UL motor function and recovery scores. Additionally, we observed
that BMI-based training with contingent positive proprioceptive feedback led to improved FSRI
values during the specific trained finger extension movement. Significance. We demonstrated that
FSRI can be used as a reliable physiological biomarker of motor function and recovery in stroke,
which can be targeted via BMI-based proprioceptive therapies and adjuvant physiotherapy to boost
effective rehabilitation.

Abbreviations and acronyms EMG electromyography
FMA Fugl-Meyer assessment
FSRI functional synergy recruitment index MAS modified Ashworth scale
BMI brain—machine interface VAF variance accounted for
UL upper limb nCC normalized correlation coefficient
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1. Introduction

Recent evidence suggests that complex neuromuscu-
lar coordination may be achieved through a com-
bined activation of a limited number of motor prim-
itives in different vertebrate animal models [1-4] and
humans [5-7], which are hypothesized to be encoded
in neuronal networks at brainstem and spinal levels
rather than in the cortex [1, 8, 9]. These primit-
ives, commonly referred to as muscle synergies, are
described as individual control modules defined as
constant weight coefficients related to an ensemble
of muscles. When synchronously recruited by cor-
tical descending neural commands (described as syn-
ergy activation patterns [5, 10, 11]), these individual
neural modules co-activate in turn the motoneurons
of a group of muscles with specific weight coefficients,
simplifying motor control [5, 10, 12-17].

In stroke survivors, disruptions in the descend-
ing motor control signals arise as a consequence
of the cerebrovascular accident, leading to abnor-
mal recruitment of muscle synergies [1, 8, 9]. Con-
sequently, inappropriate muscle coordination [5] res-
ults in poor motor performance of the affected UL
[17-19]. Due to their potential to convey information
on the neurophysiology of the altered nervous system
and subsequent motor impairment, different muscle
synergy features have been proposed as quantitative
biomarkers for UL motor function in stroke [20-25].

Most studies have approached muscle synergy
analysis by investigating differences in synergy struc-
ture expression between healthy and paretic ULs in
stroke patients. Chronic patients with diverse brain
lesions have shown a high level of preservation (i.e.
degree of similarity between paretic and healthy syn-
ergy structures), despite the presence of abnormal
EMG patterns and moderate impairment [5]. In con-
trast, severely impaired patients with heterogeneous
chronicity and lesions presented a significantly lower
degree of preservation [22, 23, 26]. Likewise, the level
synergy structure preservation has been found to be
related to the degree of motor function in patients
with mild-to-moderate impairment [27] and occa-
sionally to directly correlate with arm motor func-
tion scores [22]. Additionally, certain non-preserved
synergy structures in severely affected ULs could be
explained as a merging or fractionation of healthy
structures [23], mechanisms that have been found
to correlate with UL motor impairment level and
chronicity, respectively. Moreover, some longitudinal
studies have reported non-significant changes in the
degree of synergy structure preservation in severely
impaired subacute [28] and moderately impaired
chronic [29] patients after significant motor improve-
ment, while others have described slight structural
changes [30], in some cases toward a healthy struc-
ture pattern [31, 32].
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Based on muscle synergy theory, it could be
hypothesized that stroke does not necessarily affect
the inner structure of synergies but their temporal
recruitment by altered descending supraspinal sig-
nals, thus compromising contralateral motor per-
formance [5, 28, 33, 34]. Some authors argue that
merging and fractionation could be indeed explained
by the inability of patients to independently and
simultaneously activate physically preserved normal
synergy structures, respectively, rather than by alter-
ations of their intrinsic structure [8]. In fact, previ-
ous findings in lower limb muscle synergies have con-
firmed a high similarity of paretic synergy modules
in comparison to healthy subjects whereas changes
in their temporal recruitment patterns directly cor-
related with motor impairment [35]. Various groups
have also reported altered synergy activation patterns
in the paretic UL with respect to the healthy activation
coefficients in mild-to-moderately impaired subacute
[28, 36] and chronic patients [5]. Moreover, various
groups have documented slight modifications in the
correlation between paretic and healthy synergy tem-
poral activations after rehabilitation [28, 29], indicat-
ing a certain degree of adaptability in the flow of des-
cending cortical commands. However, it is unclear if
the reshaping of recruitment patterns shifted towards
the direction of healthy coefficients or maladaptive
patterns [28, 29]. These previous studies have con-
ventionally compared temporal recruitment profiles
of homologous but slightly different pathological and
functional synergy structures expressed in the paretic
and healthy muscle activity, respectively. Thus, these
approaches inevitably entail inter-limb variability in
temporal activations of synergies due to the assumed
differences in their structures rather than to the pos-
sibly different cortical strategies for their recruitment,
which could potentially reflect the degree of motor
function of the affected limb.

In our work, based on previous evidence and
muscle synergy theory, we hypothesize that func-
tional synergy modules, although not explicitly
expressed in the paretic EMG, are physically pre-
served in stroke patients. Thereby, in contrast to
conventional synergy analyses assuming inter-limb
differences in synergy structure, we propose a fea-
ture to measure the ability to elicit correct temporal
recruitment patterns of a common set of functional
synergies during paretic limb motor control in com-
parison to the healthy one. Thus, we investigated
this and other conventional muscle synergy features
before and after intensive BMI-based motor rehab-
ilitation combined with physiotherapy in a group of
severely unilaterally impaired chronic stroke patients
and explored the correlations between these features
and motor function as well as recovery. Finally, we
explore the relevance of the BMI contingency to
modify task-specific synergy recruitment.
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2. Methods

2.1. Patients

A total of 36 severely impaired chronic stroke patients
were initially considered in this study. All patients ful-
filled the following inclusion criteria: (a) no residual
finger extension in the paretic hand (modified FMA
score for hand and fingers at admission: 3.69 £ 3.03,
range: 0—11); (b) time since stroke at least 10 months;
(c) age between 18 and 80 years; (d) no psychiatric or
neurological condition other than stroke; (e) no cere-
bellar lesion or bilateral motor deficit; and (f) ability
to understand and follow instructions (mini-mental
state score above 21). Further inclusion criteria were
described in [37]. After a patient selection procedure
based on the quality of EMG recordings (see figure S1
in supplementary material and section 2.5 (available
online at stacks.iop.org/JNE/18/046061/mmedia)),
a final pool of 18 patients (12 males, mean age
54.66 + 12.01 years, mean time after stroke
82.11 £ 65.20 months) were included in this ana-
lysis. Ten patients had a subcortical lesion and eight
had a mixed (subcortical and cortical) lesion. A cor-
tical lesion was considered to be localized exclusively
at the sensorimotor cortex. The assessment of lesion
extension was carried out by an experienced radiolo-
gist based on the patients’ T1 MR images (table 1).
The study was approved by the ethics committee of
the Faculty of Medicine of the University of Tiibin-
gen and all the patients gave informed consent before
entry.

2.2. Rehabilitative intervention

Patients underwent a neurorehabilitative intervention
that consisted in a daily BMI training (1 h) followed
by behavioral physiotherapy (1 h) during a total mean
period of 17 £ 1.8 d. All patients received hand-BMI
therapy by controlling a hand orthosis that performed
the extension/flexion of the fingers. Some patients
additionally received arm-BMI training using an arm
orthosis attached to their paretic upper- and fore-arm
that enabled the extension/flexion of the arm and the
elbow (0-11 sessions, mean: 5.11 & 4.27 sessions)
depending on their initial arm function score (i.e.
individuals with a lower aFMA score received more
sessions of arm orthosis BMI control). All patients
were instructed to voluntarily attempt to move their
paralyzed hand or arm, thus causing the desynchron-
ization of sensorimotor rhythms (SMR) in the ipsile-
sional motor cortex that were measured with electro-
encephalography. During BMI operation, the exper-
imental group received a contingent positive (C+,
n = 10, orthosis movement feedback concurrent with
their movement intention) feedback, whereas the
control group (n = 8) received either a random (R,
n =15, i.e. orthosis movement was not associated with
the patient’s SMR oscillations) or contingent negat-
ive (C—, n = 3, i.e. orthosis movement was oppos-
ite to the decoded movement intention) feedback.

3
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Further details of the intervention are described in
[37]. Demographics, lesion location and intervention
group are summarized in table 1.

2.3. Clinical assessment

The level of motor impairment of the affected UL of
each patient was evaluated before and after the inter-
vention using the modified version of the FMA for
the hand/fingers (hFMA, 0-24), for the upper-arm
(aFMA, 0-30) and their combination (cFMA, 0-54),
excluding items related to upper extremity sensation,
pain, coordination, speed and reflexes [37, 38]. The
MAS was used for measuring spasticity (0-56). The
level of motor function of the affected UL of each
patient was assessed two months before the rehabilit-
ative intervention (prel), one day before the first ses-
sion (pre2) and immediately after intervention (post
measurement). For comparative purposes of the col-
lected clinical scales before and after intervention,
prel and pre2 measurements were averaged and con-
sidered as a baseline score (pre) to reduce variability
between measurements that was not ascribed to the
effect of the intervention [37, 39, 40].

2.4. EMG recordings and motor tasks
EMG activity of each patient was also measured
before (pre) and after (post) the rehabilitative inter-
vention. Surface EMG activity of the paralyzed and
healthy ULs were recorded using Ag/AgCl electrodes
placed on the following muscles in both limbs:
(a) extensor carpi ulnaris (ExtCU), (b) extensor
digitorum (ExtDig), (c) flexor carpi radialis, palmaris
longus, flexor carpi ulnaris (FLEX), (d) biceps (BIC),
(e) triceps (TRI), (f) anterior (AD), (g) medial (MD),
and (h) posterior part of deltoid and infraspinatus
(PD). The ground electrode was placed over the
affected side clavicle (figure 1(B)). EMG signals were
acquired with a BrainAmp amplifier from Brain
Products GmbH (Munich, Germany) at 2500 Hz.
Patients performed on average 40—60 trials of five
different bilateral movements simultaneously with
both ULs (paretic and healthy): starting from a
relaxed position with both hands resting on their lap,
(a) shoulder flexion (SF), (b) shoulder external rota-
tion (SER), (c) elbow extension (EE), (d) wrist exten-
sion (WE) and (e) finger extension (FE) (figure 1(A)).
These motor tasks were selected specifically because
of their analogy to the items used to evaluate the
affected extremity function in the FMA scale. After
an instruction period of 6 s in rest posture, a ‘Go’
cue was presented and a movement period of 6 s was
given to attempt to reach and maintain the instruc-
ted final posture by eliciting isometric co-contraction
of muscles. Compensatory movements were discour-
aged. The end of the movement period was indic-
ated by a second cue ‘End’ and immediately after
an inter-trial period between 4 and 7 s was given to
return to the initial resting position (figure 1(C)).
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Table 1. Patient demographic information and description of lesion location.

ID

BMI Feed-
back group

Sex

Age

Months

since stroke Lesion

Lesion location

10

11

12

13

14

15

16

17
18

Exp

Exp

Exp

Exp
Exp

Exp

Exp

Exp

Exp

Exp

Control

Control

Control

Control

Control

Control

Control
Control

29

65

60

57

47

72

69

55

48

53

66

69

47

54

50

59

30
54

25

45

130

122

80

44

72

45

45

30

23

89

232

121

215

14

15
131

Mix

Sub

Sub

Sub

Sub

Sub

Sub

Sub

Sub

Sub

Mix

Mix

Mix

Mix

Sub

Mix

Mix
Mix

Frontal and parietal lobe. Inferior frontal gyrus;
precentral gyrus. Insula cortex, external capsule, CI,
head of caudate nucleus, genu, putamen, thalamus.
Parietal lobe. White matter of inferior frontal gyrus;
pre and postcentral gyrus; supramarginal gyrus.
Corona radiata, thalamus, genu, partially CI, external
capsule. Also affection of the white matter underlying
the right insular cortex.

Parietal lobe. White matter of Precentral gyrus. Corona
radiata, anterior CI, putamen, external capsule,
thalamus, insula.

Corona radiata, external capsule, putamen, posterior
CI, thalamus.

CI, genu, external capsule, claustrum, putamen, head
of caudate nucleus, thalamus.

Frontal and parietal lobe. White matter of inferior
frontal gyrus; pre and poscentral gyrus; supramarginal
gyrus. Multiple nectrotic vesicles. Trunk of corpus
callosum, head of caudate nucleus, corona radiata,
putamen, external capsule, CI, genu, thalamus.
Frontal and parietal lobe. Extensive white matter hypo-
density of inferior frontal gyrus and precentral gyrus.
Corona radiata, head of caudate nucleus, CI, genu,
external capsule, putamen, thalamus, insula.

Corona radiata, head of caudate nucleus, external
capsule, CI, genu, putamen, thalamus, globus pallidus,
claustrum.

CI, genu, external capsule, putamen, thalamus, claus-
trum, head and tail of caudate nucleus, corona radiate,
insula.

Corona radiata, external capsule, thalamus, putamen,
CI, genu.

Frontal and parietal lobe. Superior, medial, middle and
inferior frontal gyrus; pre and postcentral gyrus
Frontal, parietal and temporal lobe. Middle and
inferior frontal gyrus; pre and postcentral gyrus; supra-
marginal gyrus; middle and inferior temporal gyrus.
Corona radiata, head of caudate nucleus, CI, genu,
external capsule, claustrum, putamen, truck of corpus
callosum, insula, thalamus.

Frontal and parietal lobe. Precentral gyrus. Corona
radiata, thalamus, putamen, posterior CI, claustrum,
external capsule, insula.

Frontal and parietal lobe and the adjacent white
matter. Superior, medial, middle and inferior frontal
gyrus; pre and postcentral gyrus; supramarginal gyrus.
Corona radiata, head of caudate nucleus.

Corona radiata, CI, genu, thalamus, external capsule,
putamen, claustrum, insula and adjacent white matter.
Parietal and occipital lobe and the adjacent white
matter, multiple necrotic vesicles in the parietal lobe
underneath the post-central and pre-central gyrus,
gray matter of the post- and precentral gyrus partly
intact

Cortical stroke affecting the frontal- and parietal lobe
(pre- and postcentral gyrus). Corona radiata, capsula
externa affected. Hypodense white matter of the frontal
and parietal lobe.

Frontal and parietal lobe. Pre-postcentral gyrus.
Frontal and parietal lobe. Inferior frontal gyrus;
precentral gyrus. Insula cortex, external capsule, CI,
head of caudate nucleus, genu, putamen, thalamus.
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Figure 1. EMG electrodes location and assessed movements. (A) Stroke individuals attempted to perform 40-60 repetitions of five
different movements simultaneously with their unaffected and affected UL: (1) shoulder flexion (SF), (2) shoulder external
rotation (SER), (3) elbow extension (EE), (4) wrist extension (WE) and (5) fingers extension (FE). (B) Muscle activity was
acquired with eight surface bipolar EMG electrodes positioned on the (1) extensor carpi ulnaris (ExtCU), (2) extensor digitorum
(ExtDig), (3) flexor carpi radialis, palmaris longus, flexor carpi ulnaris (FLEX), (4) long head of the biceps (BIC), (5) the external
head of the triceps (TRI), (6) anterior part of deltoid muscle (AD), (7) medial part of deltoid muscle (MD), and (8) posterior part
of deltoid over the teres minor and infraspinatus muscles (PD). (C) Concurrently recorded EMG from the paretic (blue) and
healthy (yellow) limbs were epoched in trials of 7 s from —0.5 s to +6.5 s relative to the ‘Go’ cue and subsequently used for muscle

Wrist Extension Fingers Extension

(EE) (WE) (FE)

2.5. EMG pre-processing and rejection

of artefacted data

EMG signals were band-pass filtered (4th order But-
terworth filter, 20450 Hz) and notch filtered (50 Hz
and harmonics). The envelope of the rectified EMG
signals was calculated using a low-pass filter of 1 Hz
(2nd order Butterworth filter) and re-sampled to ten
samples per second. The activity of all electrodes from
the same limb (healthy or paretic) were normalized
to the mean variance of all EMG channels activity
of that same limb in order to correct for inter-arm
and inter-session EMG amplitude differences due to
changes in electrode impedance, while keeping the
inter-muscular relative amplitude. EMG data were
epoched in trials of 7 s (from —0.5 s to +6.5 s rel-
ative to the ‘Go’ cue), thus including a 0.5 s rest
interval before the initiation of the movement and
0.5 s after the instruction cue to return from the
final movement position to rest (figure 1(C)). Each
trial and EMG channel were baseline-corrected by
subtracting the average activity during the inter-trial
interval in rest position that preceded each follow-
ing activity window. All trials in each EMG electrode
were visually examined for each patient and meas-
urement for artifacts detection. Patients that presen-
ted at least one electrode with more than 50% arte-
facted trials or constant bad impedance during the
entire measurement were discarded from the sub-
sequent analysis with the objective of maintaining
data dimensionality across subjects for comparat-
ive purposes. For each remaining patient, we created

two datasets (pre and post intervention) comprising
EMG activity from identical number of muscles [8]
and identical number of trials of each type of move-
ment for each UL (defined by the minimum num-
ber of artifact-free trials for each movement between
limbs).

2.6. Muscle synergies extraction and optimal
number of synergies

After EMG pre-processing and subsequent artefac-
ted data rejection, muscle synergies were extrac-
ted from the pre-processed and concatenated EMG
data including trials of the performed five move-
ments by applying a non-negative matrix factoriz-
ation (NNMF) algorithm [41, 42]. NNMF consists
in the factorization of multi-muscle EMG signals
into two matrices that represent those time-invariant
weighted activations of a group of muscles (W, syn-
ergy structures) and time-variant activation profiles
(C, synergy recruitment patterns) [17, 26, 43, 44].
Thus, the factorization of EMG signals into these two
matrices aims at representing the individual control
modules encoded in neuronal networks at brainstem
and spinal levels [1, 8, 9] and the neural drive for the
control of such modules, respectively [45, 46]. The
factorization of muscle activity is represented by the
following equation:

m(t):ZCi(t)-Wi

5
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where m () represents the EMG activity vector (m X t
matrix; m = number of muscles, 1 = time points),
Ci(¢) are the time-varying activation patterns of each
synergy i in each time point ¢t (n X ¢ matrix; # = num-
ber of synergies, t = time points) and Wi denote fixed
weighting vectors whose elements represent the rel-
ative contribution of the muscles to each synergy i
(m x n matrix; m = number of muscles, # = number
of synergies). An example of this matrix factorization
is represented in figure 2(A).

In order to determine the optimal number of
synergies for each dataset, this factorization proced-
ure was performed increasing the number of syn-
ergies from 1 to 8 (number of recorded muscles in
each limb) and repeated in a 20-fold cross-validation
procedure [26, 47]. This procedure was performed
for real and shuffled EMG data that was generated
by randomizing the order of the EMG data points
across muscles and time. The VAF [17, 36, 48] was
calculated for each muscle and the minimum num-
ber of synergies that enabled an EMG reconstruction
with a global VAF (mean VAF of all eight muscles)
above 95% [2, 27, 49] and that adding another syn-
ergy did not increase global VAF > 3% [17] was ini-
tially selected as the optimal number of synergies for
each patient, session and limb. In order to avoid vari-
ances due to the dimensionality of the reference set of
healthy synergies and enable an inter-session compar-
ison, we opted for setting the same number of healthy
modules for all patients [17, 27, 28, 49] and sessions.
We defined this number based on the most frequent
optimal number of synergies among all patients and
both assessment sessions together. In contrast, the
optimal number found in the paretic limb was main-
tained unequal for each subject in order to capture
possible reduced synergy dimensionality and mer-
ging or fractionation mechanisms in each individual
[23] (further details on methods for muscle synergy
extraction, VAF and selection of optimal number of
synergies in supplementary methods). Therefore, the
synergy structures of the healthy and paretic limbs
used for subsequent analyses (cluster analysis, pre-
servation, merging and fractionation indexes, and
FSRI) were extracted based on the number of syner-
gies selected for each limb according to the aforemen-
tioned conditions.

2.7. Cluster analysis on muscle synergies

Cluster analysis was applied as a descriptive approach
to visualize the general modular organization, as well
as possible overall modifications over time in the
affected and non-affected limbs. Synergy structures
(vectors including the weightings of eight muscles)
extracted from every patient before and after the
intervention in each limb (healthy and paretic) were
pooled together in four independent datasets (healthy
modules in PRE and post, paretic modules in PRE and
POST) and were clustered for a general comparison
of muscle modules in each limb between assessment

6
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sessions. Optimal synergies extracted from each UL
of all patients before and after the intervention were
normalized to the Euclidean norm, separately pooled
and clustered for characterizing the stability and gen-
eral modifications in synergy weightings in the non-
affected and affected limbs, respectively. An inde-
pendent hierarchical cluster analysis was applied for
each limb’s dataset using statistic-toolbox functions
in Matlab. The similarity indices between the muscle
weights of every pair of synergies were calculated
using pdist function (Minkowski distance option,
p = 2, equivalent to Euclidean distance), which were
subsequently considered to group their related syn-
ergies into a binary, hierarchical cluster tree by apply-
ing the linkage function (Ward option) and finally the
optimal extension and objects distribution of such
tree was determined by the cluster function [26, 44,
50]. The optimal amount of clusters was determ-
ined based on the silhouette index [26], where val-
ues close to one reflect a low intra-cluster variance
and a high inter-cluster difference, and thus a more
optimal clustering. The number of clusters from 2 to
16 with the highest silhouette index and with clusters
including at least two synergy structures was selec-
ted as the optimal number of groups of synergies
that most adequately represented the general synergy
expressions across all patients. The degree of sim-
ilarity of synergy cluster mean weightings obtained
before and after therapy was measured by comput-
ing the scalar product and clusters showing highest
similarity were paired and considered as homologous
synergy clusters.

2.8. Preservation, merging and fractionation
indexes

We first studied the three principal features widely
adopted in the literature investigating inter-limb
(healthy and paretic) structural differences in muscle
synergies. Preservation index was computed by aver-
aging the scalar product between paired synergy
structures of the healthy and paretic limbs after nor-
malization of weighting vectors to the Euclidean
norm [6, 47]. Each synergy in the paretic limb was
matched to any of the still un-paired synergies of the
healthy that presented the highest degree of similarity
when compared to it (i.e. highest scalar product, with
a maximal value of 1). This procedure was performed
in a one-to-one basis, limiting the matching of each
paretic synergy to a single healthy one and occa-
sionally leaving additional unpaired healthy modules
(superior in number) not considered for inter-limb
synergy comparison. Preservation index indicates the
degree of similarity of synergy structures found in the
paretic limb with respect to the healthy one.

Merging and fractionation patterns were com-
puted as described in [23], considering them as
separate processes from preservation (i.e. all extrac-
ted synergy structures were included for mer-
ging and preservation analysis). Briefly, merged
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Figure 2. NNMF and muscle synergy features analysis. (A) The concatenated EMG envelope of eight muscles is factorized into a
fixed synergy structure matrix (W, left) and a time-dependent activation matrix (C(t), middle) representing five synergies. The
height of each bar in W represents the fixed contribution of each muscle (X axis) in each synergy (rows). C(t) represents the
temporal recruitment of each synergy over the concatenated trials that include the same amount of trials of each movement (SF,
SER, EE, WE, FE). The sum of the matrix multiplications results in the reconstruction of the EMG activity envelope (m(t), right)
of each muscle (rows) during trials of different movement type separated by vertical gray dotted lines. (B) EMG activity from the
healthy (H, gray) and paretic (P, blue) UL, and clinical scales were assessed before (PRE) and after (POST) the intervention in the
experimental and control groups. Muscle synergy features were computed based on W and C(t) extracted from the EMG activity
in each assessment. Firstly, synergy structures were extracted from healthy and paretic EMG datasets including all movement
types in a 20-fold cross-validation procedure. Preservation, merging and fractionation indexes were computed by comparing
synergy structures from the healthy and paretic limbs. Secondly, the W matrix of the healthy limb extracted in PRE was
considered as a reference set of functional synergy structure and used to compute the synergy temporal recruitment based on the
EMG activity from the healthy (gray) and paretic (blue) limbs. Both signals were normalized to the maximum activation of the
unaffected side for visualization, so that paretic activity above or below the healthy pattern corresponds to an over- or
under-activation of the synergy, respectively. FSRIGjobal and FSRIsgser ge,wE,rE represent the mean cross-correlation between
affected and unaffected functional synergies activations including all movement types and during specific tasks, respectively.
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synergies in the paretic limb were considered as
linear combinations of unaffected synergies, while
fractionation was described as the linear combina-
tion of affected synergies that could fairly reconstruct
a healthy synergy. For merging and fractionation
index calculation, the contribution of each paretic
module was limited to either one or several merged
modules, or to a single fraction of a healthy synergy,
determined by the mechanism that led to a higher
synergy reconstruction (for further details on model
computation and constraints see [23]). In both cases,
affected modules were considered as combinations
(merging) or fractions of healthy synergies if the sim-
ilarity between the compared merged/fractionated
paretic and healthy synergies was >0.75 [26]. The
merging or fractionation indexes were considered 0
if the mechanism was not present in the studied syn-
ergies. Thus, merging index was represented by the
ratio between number of paretic modules that could
be reliably represented as combinations of healthy
synergies and the total number of paretic modules,
whereas fractionation index was defined as the ratio
between the number of affected synergies that were
considered as fractions of healthy modules and the
total number of paretic modules.

2.9. FSRI

We considered the synergy structures extracted from
the healthy limb before treatment in each subject as
the patient-specific reference set of functional syner-
gies (FSRI computation approach is represented in
figure 2(B)) whose structures have not been influ-
enced by any familiarization/adaptation process to
the evaluated motor task [51]. These synergies rep-
resent the potential motor units that the ipsilesional
sensorimotor cortex should aim at recruiting in order
to produce normal motor performance. After defin-
ing the set of functional synergies of each patient in
PRE, the temporal activation patterns of such syn-
ergy structures were calculated independently from
the simultaneously recorded healthy and paretic EMG
recordings during bilateral movements. Finally, the
normalized cross-correlation coefficient (nCC, range:
[0,1]) at lag O (i.e. assuming simultaneous bilateral
movements) was computed between temporal activ-
ations (C(¢)) [27] derived from each of synergy struc-
ture (W) of the reference set of functional synergies.
We calculated these correlations between the sequen-
tially concatenated trials of temporal synergy recruit-
ment profiles for all movement conditions together
and individually for each individual movement type
(SE, SER, EE, WE, FE). We denominated the mean of
these five nCC coefficients (from the set of five healthy
synergy structures) as the FSRI, resulting in FSRIgjopa
and task-specific FSRI values (FSRIggsgr gg,wrre for
individual movements).We considered this feature as
the degree of temporal similarity of the activation
profiles of healthy functional control modules mani-
fested in the paretic muscles in reference to a healthy
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homologous pattern. This feature was calculated sep-
arately for the PRE and POST assessment sessions.

2.10. Statistical analysis

Normality of variables and homogeneity of variances
of the data were first assessed by applying a Shapiro—
Wilk and a Levene’s test, respectively, to determine
if the required assumptions to carry out paramet-
ric tests were met. If violation of any of these con-
ditions occurred, data were either log-transformed
(log(x + 1), in order to handle zero values) to meet
parametric conditions or non-parametric tests were
alternatively applied.

General pre-post changes in clinical scores and
synergy features were analyzed by applying paired
t-test and Wilcoxon signed-rank test for normally
and non-normally distributed data, respectively. Cor-
relations between (a) pre-therapy and (b) pre-post
differences in synergy features and (a) pre-therapy
and (b) pre-post changes in clinical (ordinal) scores
and chronicity were computed with Spearman’s rank
correlation coefficient. All patients (n = 18) were
included for this test and statistical significance was
set at p-value <0.05 for all tests.

Additionally, pre-post intervention changes in
clinical scales and synergy features were compared
in the experimental and control groups to study the
effect of the BMI feedback contingency. For variables
fulfilling normality and homogeneity of variance,
a mixed ANOVA with one within-subjects factor
(TIME: pre, post) and one between-subjects factor
(GROUP: C, NC) was performed. For non-Gaussian
variables, we compared the pre-post difference in
the analyzed scores between intervention groups by
applying a two-tailed unpaired test (normal distribu-
tion) or a non-parametric Mann—Whitney U test.

3. Results

3.1. Clinical improvement

Although not all patients improved motor function
after therapy, the analysis of pre-post changes in clin-
ical scales of the entire group of patients (n = 18)
revealed a general significant improvement in cFMA
(p = 0.012) and aFMA (p = 0.026) (figure S2).
Moreover, the intervention led to a non-significant
increase in hFMA (p = 0.054) (figure S2). Patients did
not present a significant reduction in the level of spas-
ticity (MAS, p = 0.29) after the intervention. Pre and
post-therapy clinical scores of individual patients are
reported in table 2.

3.2. Number of optimal synergies

Original EMG activity presented a modular organ-
ization evidenced by the abruptly increase in the
global VAF (blue lines in figure S3(A)), while the
shuffled (structureless) data increased linearly (gray
lines in figure S3(A)). Modular activity of the healthy
UL could be typically represented using four (five
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Table 2. Clinical scores before and after neuro-rehabilitative intervention.

cFMA aFMA hFMA MAS
Patient PRE POST PRE POST PRE POST PRE POST
P1 15 18 13.50 15 1.50 3 5.50 11
P2 3.50 5 1.50 3 2 2 8.50 8
P3 9.50 12 6 10 3.50 2 21.50 16
P4 17 20 12 15 5 5 19.50 21
P5 12 16 9.50 13 2.50 3 3.50 1
P6 2 3 1.50 3 0.50 0 5.50 0
P7 5.50 9 5 7 0.50 2 13 14
P8 16.50 24 9 16 7.50 8 3 2
P9 7.50 14 3.50 9 4 5 3.50 5
P10 5 5 5 4 0 1 27.50 25
P11 16.50 21 14.50 17 2 4 6 6
P12 26 22 24 19 2 3 2 2
P13 13.50 10 10.50 8 3 2 8.50 10
P14 16 26 10.50 15 5.50 11 4.50 3
P15 33.50 34 22.50 23 11 11 8.50 3
P16 18 16 15 13 3 3 2.50 2
P17 33.50 37 24 26 9.50 11 7.50 6
P18 8.50 10 5 7 3.50 3 12.50 14

Total 1439 +£9.23 16.78 £9.55 10.69 +£7.20 12.39 £ 6.59 3.69 £3.03 4.39 +3.50 9.06 +7.20 8.28 £7.25

mean
=+ std

p-value p=0.012 p=0.026

p=0.054 p=0.29

aFMA: arm FMA; hFMA: hand FMA; cFMA: combined arm and hand FMA; std: standard deviation. Statistically significant pre-post

differences are highlighted by p-values in bold.

patients in PRE, nine patients in POST) or five syn-
ergies (nine patients in PRE, six patients in POST),
with only three and two patients needing less mod-
ules in pre and post sessions, respectively (see figure
S3(B)). Although a single subject required at least six
synergies in both assessment sessions to strictly fulfill
predefined conditions, five synergies already enabled
amean global VAF very close to the adopted threshold
(94.88% in pre and 94.22% in post). In view of these
results and with the objective of simplifying healthy
vs. paretic synergy comparisons across patients, the
optimal number of healthy modules was set to five for
all subjects, as previously adopted by other authors
[17, 27, 28, 49]. The optimal number of synergies of
the paretic limb was set to the number of modules
that fulfilled the predefined criteria in order to cap-
ture the adopted modular control in the paretic limb
of each patient and compare possible modifications
due to the intervention.

3.3. Cluster analysis

Cluster analysis revealed that eight and seven groups
of muscle synergies could optimally represent
the general modular organization of the healthy
(figure 3(A)) and paretic (figure 3(B)) muscle activ-
ations in the whole group of patients in both assess-
ment sessions based on the highest Silhouette index.
Clustered weightings of synergy structures did not
significantly vary between sessions as indicated by a
high mean dot product between homologous pre and

9

post clusters in the healthy limb (0.90 £ 0.03), con-
firming a general global consistency of the synergy
structure over time (figure 3(C)). Paretic synergy
clusters also presented a general high inter-session
similarity in structure, with an inter-session mean
scalar product of 0.88 4= 0.05 between paired clusters,
respectively, with the cluster that involved the most
distal extensor and flexor muscles (C1 in figure 3(D))
being the one with lower similarity index (i.e. with
greater changes in synergy internal structure), as a
consequence of a slightly increased co-activation
of the biceps muscle. In comparison to functional
healthy structures, paretic modular control exhibited
a slight lower complexity characterized by a lower
number of optimal clusters. This reduction in clusters
dimension is derived from the merging of clusters
Cl1 and C2 in the healthy limb (figure 3(C)) into a
single cluster (C1) in the paretic limb (figure 3(D)),
which indicates a general inability for selective fin-
gers (ExtDig) or wrist (EXTCU) extensor activation.
Moreover, the activity of these distal and most com-
promised muscles is accompanied by larger antagon-
ist flexor (FLEX) and biceps (BIC) muscles activations
(classical flexor synergy).

3.4. Pre-post therapy changes in muscle synergy
features

We observed a significant general increase in
FSRIgjopar (including all movements) as an effect
of the intervention (p = 0.015), supporting a gen-
eral increase in the correlation between the temporal
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Figure 3. Cluster analysis of muscle synergy structures for all patients (N = 18). The optimal number of clusters is determined by
the number of clusters that is associated to the highest Silhouette index in the healthy (A) and the paretic (B) limbs, in the PRE
(gray) and POST (blue) intervention session. The Silhouette Index (axis Y) is represented as a function of the number of clusters
(axis X) from 2 to 16. Optimal clusters of synergy structures before (gray) and after (blue) the rehabilitation intervention in the
healthy (C) and paretic (D) limbs. C1-C8 (healthy) and C1-C7 (paretic) correspond to the number of the clusters. Boxplots
represent the mean and standard deviation of the weight of each muscle in each cluster. Thinner vertical bars inside each boxplot
represent the singular synergy structures of individual patients that were included in the cluster, thus the number of thinner bars
corresponding to the number of included synergy structures. Labels on the horizontal axis of clustered synergy weightings are:
extensor carpi ulnaris (ExtCU), extensor digitorum (ExtDig), flexor carpi radialis, palmaris longus, flexor carpi ulnaris (FLEX),
biceps (BIC), triceps (TRI), anterior part of deltoid (AD), medial part of deltoid (MD), and posterior part of deltoid and
infraspinatus (PD) muscles. The similarity index is the scalar product between the mean weightings of homologous clusters and is

indicated between homologous synergy clusters.

recruitment of functional synergies by the healthy
and paretic limbs after the intervention. In contrast,
no significant differences were found in the optimal
number of synergies in the paretic limb (p = 0.85), the
inter-limb synergy structure preservation (p = 0.123),
merging (p = 0.058) or the fractionation (p = 0.797)
indexes between pre and post-therapy time points
(figure 4).

3.5. Correlations between muscle synergy features
and clinical scores

3.5.1. Number of synergies, preservation, merging

and fractionation indexes

Before the intervention (pre), a weak but signific-
ant correlation was found between the number of
optimal synergies found in the paretic side and aFMA
(r = 0.46891, p = 0.0496) (figure S4(A)). The time
elapsed since the trauma was also found to correlate
proportionally with the merging index (r = 0.48826,
p = 0.0398) (figure S4(B)) and negatively with the
number of optimal paretic synergies (r = —0.502,
p =0.0336) (figure S4(C)).

Correlations between modifications in different
synergy features and changes in clinical scores showed
a weak but significant positive relationship between
the change in the number of synergies and the gen-
eral level of motor performance of the paretic limb
(cFMA score) (r = 0.486, p = 0.04, figure S4(D)).
Gains in aFMA score were also found to correlate
with a reduction in the merging index (r = —0.518,
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p = 0.028) (figure S4(E)), suggesting that an increase
in the motor performance of the paretic limb could be
attributed to a reduction in pathological co-activation
of muscles. No other significant correlations were
found between structural features and clinical scales
values in pre or in their pre-post therapy differences
(table 3).

3.5.2. FSRI
Pre-therapy level of motor function and the retained
global ability to recruit healthy synergy modules
(measured by FSRIGjoba1) showed a significant positive
correlation between each other (figures 5(A)—(C)). In
an additional analysis to investigate to what extent
FSRI values evaluated during specific movements
correlated with motor impairment, we observed
that hFMA positively correlated with the FSRI of
every individual movement, aFMA with FSRI dur-
ing elbow extension (FSRIgg) movement (r = 0.5697,
p = 0.0136), and cFMA with FSRIgr (r = 0.5207,
p = 0.0267) and FSRIgg (r = 0.6787, p = 0.002). As
for the level of spasticity (MAS score), a significant
negative correlation with FSRI was found exclusively
for EE movement (r = —0.48, p = 0.0431). Note that,
although not always significant, the sign of the cor-
relation is generally positive for FMA scores and neg-
ative for MAS, what denotes a coherent relationship
with motor performance in both cases (table 3).
Moreover, pre-post therapy changes in global
FSRI (AFSRI) correlated significantly with changes
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Figure 4. Changes in features derived from muscle synergies from pre to post-intervention in the whole group of patients

(n = 18). From left to right: optimal number of synergies found in the paretic limb, preservation index, merging index,
fractionation index and global FSRI. Mean values before (pre, black boxplots) and after (post, gray boxplots) the intervention are
shown separately. The median is indicated by horizontal lines inside the boxes. The edges of the boxes represent the 25th and 75th
percentiles, the whiskers extend to the most extreme datapoints (not considered as outliers). A significant general increase

(denoted by *) was found only for the global FSRI (p = 0.015).

in aFMA (r = 0.6974, p = 0.0013) and cFMA
(r = 0.5602, p = 0.0156) but not hFMA (r = 0.029,
p = 0.908), as shown in figures 5(D)-(F). Addi-
tionally, significant correlations were found between
AcFMA and AFSRIgk (r = 0.505, p = 0.032), as
well as between AaFMA and AFSRIg: (r = 0.716,
p = 0.0008) (table 3). Generally, patients with a sig-
nificant motor improvement after the intervention
(i.e. increasing FMA scores) concurrently exhibited
an increment in FSRI scores. Examples of the changes
in FSRI value from PRE to POST of two represent-
ative patients with and without significant clinical
improvement are shown in figure 6.

3.6. Effect of the BMI feedback contingency

on muscle synergy features

When separated by feedback, the interaction between
the intervention type and time was significant for
ESRI variable during the finger extension (FE) move-
ment only (FSRIpg) (mixed ANOVA, F; s = 5.59,
p =0.031) (figure 7), which coincides with the motor
task that was trained by all patients and most intens-
ively in the BMI therapy. In fact, we observed that the
experimental group increased their FSRI value dur-
ing FE movement, whereas the control group who
received random or contingent negative BMI feed-
back was characterized by a decrease in the correct
temporal recruitment of functional synergies dur-
ing this gesture. Post-hoc analyses revealed that the
main effects for the TIME and FEEDBACK variables
were not significant (p > 0.05). We also observed
that the significance of the feedback type effect on
the pre-post FSRI change presented values closer to
significant p values for individual motor tasks that
were trained with less intensity within the BMI inter-
vention (elbow extension, p = 0.12) or movements
that included BMI-trained tasks as sub-movements
(shoulder flexion, including partial elbow extension
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as sub-movement, p = 0.158), and furthest for move-
ments that were not included in the undergone BMI
interventions (shoulder external rotation, p = 0.66,
and wrist extension, p = 0.765) (figure 7). Over-
all, mean FSRI values of individual movements were
higher for the tasks involving most proximal joints
(i.e. involving less impaired muscles) and lower for
movements requiring most distal and therefore more
compromised muscles (i.e. FSRIgr was the highest,
followed by FSRIsgr, FSRIgg, FSRIwg and finally
FSRIgg). The TIME x FEEDBACK interaction was
not found to be significant for the global FSRI either
(mixed ANOVA, F; 1 = 0.904, p = 0.356). The task-
specific FSRI values were generally higher for the con-
trol group before the intervention (PRE) in all move-
ments except for SER (see figure 7). In fact, a similar
tendency can be also observed in the clinical scores
of motor function (cFMA, hFMA and aFMA) of the
patients in PRE when divided in experimental (exp)
and control feedback groups as shown in figure S5.
This tendency is therefore in line with the significant
correlations that we have found between the clinical
scores of motor function (cFMA, hFMA and aFMA)
and FSRI values (general and task-specific) in PRE.

4. Discussion

In this study we investigated diverse features derived
from muscle synergies and evaluated their potential
to reliably reflect the status and changes in neuromus-
cular control in a representative cohort of severely
paralyzed stroke patients. Based on muscle synergy
theory, we proposed a novel synergy-based muscle
activity feature (FSRI) to measure the remaining abil-
ity of stroke patients to correctly recruit theoretically
preserved functional muscle synergies based on their
paretic muscle activity. Our analyses revealed that the
degree of correlation of the temporal recruitment of a
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Figure 5. Correlations between FSRI and clinical scores. Above: Spearman’s rank correlation coefficient (r) and its significance
(p-value) between global FSRI and ordinal clinical scales (A) cFMA (r = 0.668, p = 0.002), (B) aFMA (r = 0.617, p = 0.006) and
(C) hFMA (r = 0.67, p = 0.0023). Below: Spearman’s rank correlation between the pre-post change in FSRI (AFSRI) and the
change in ordinal clinical scales: (D) AcFMA (r = 0.5602, p = 0.0156), (E) AaFMA (r = 0.6974, p = 0.0013) and (F) AhFMA
(r =0.029, p = 0.908). Black dots show the FSRI value in pre (motor function, above) or pre-post change (motor recovery,
below) (X axis) and clinical scores (Y axis) for each patient (n = 18) and the blue lines represent the regression lines. Significant
correlations are highlighted in bold.

Functional Synergies — Healthy limb
Synergy Structures Temporal Recruitment Paretic limb Change in FSRI
PRE POST .
. @-syn C1
H i _-* @synC2
Patient WITH | ol Jll: — LLM._AAMMM A MM Wik j ol wmuwr 0.8 T syn C3
| " ; i -
i P A P TR P gomos
motor i i
| H i #Mean
mprovement €3 e i oo b o Wkl oo D
3 o o«
AaFMA=+55 C4 . I M bl 1. G M&’“ " 05+ w T
ARFMA=+1 | A — I —
o o oo L Ul i 08 e
o nag i i i
@é 228 SF *SER' EE * WE ' FE SF i SER' EE | WE © FE -
ol PRE POST
PRE POST 0.9 ®syn C1
Patient i ®syn G2
. 1 08
witHout ¢ €1 i bl - : ol S e o
significant 2 _I_ a5 " o 0.7 TTt--e l®synCs
motor : " ) ; #Mean
improvement | C3 =W sl 1 Ml — ity il 06
] : : ]
porva-2s| ¢ Hm FPTISERUS 7Y WPV RIS Ay A
abrmas=-1 boes o B e (PSR A R B
: 3 fat=t=) ! i i e | 0.4
@'5 229 SF ' SER' EE 'WE  FE SF ' SER' EE ' WE ' FE
S5 03

PRE POST

Figure 6. Changes in clinical scores and FSRIGjoba in two representative patients. Two representative patients with (above) and
without (bottom) significant motor recovery denoted by positive and negative changes in FMA scores, respectively. Left: Set of
functional synergy structures (C1)—(C5) extracted from the healthy limb muscles in measurement PRE. Middle: the respective
temporal recruitment profiles calculated from healthy (gray) and paretic (blue) sSEMG activity before (PRE) and after (POST)
therapy. Trials of the temporal recruitment of each synergy during the five motor tasks (SE, SER, EE, WE, FE) were concatenated
and normalized to the maximum amplitude the temporal activation of the synergy in the healthy limb for visualization. Right:
changes in the global FSRI values from pre to post-intervention calculated from the temporal recruitment profiles (healthy and
paretic) of each individual synergy structures (syn Cl-syn C5, dashed lines) and the mean FSRIgjopa (black, continuous line).

13



10P Publishing

J. Neural Eng. 18 (2021) 046061

Global FSRI

N Irastorza-Landa et al

Individual movements FSRI

T T T T T T

0.8 L. 4

FSRI
(@]
[#)]
|
I+
|

0.5 1
1 ]
iE | 1o
0.4 1 ro 1
1 L 1o
I » i o : ;
0.3 I : L L JI- L |- i o
1 1 &L 1 1
ol 11 e
0.2 + i 1
L 1 1 1 1 1 1 1 1 L L 1 L 1 L 1 L ! L 1 1 ! 1 L 1
IR O - CR CHLE LRSS LHLE LsLs
TETE S IE PP P E EFRE PR
exp control  exp control exp control exp control exp control exp control
SF SER EE WE FE

Figure 7. BMI feedback contingency effect. FSRIsgser g, wrre before (pre, left) and after (post, right) the intervention for the
experimental (exp, black) and control (control, gray) BMI feedback groups. The pre-post change in FSRI was significantly
different between experimental and control groups (TIME x GROUP interaction effect) only for finger extension movement
(mixed ANOVA, Fy 16 = 5.59, p = 0.031, *: p < 0.05) and non-significant for the rest of task-specific FSRI values.

set of functional muscle synergies between the paretic
and healthy muscles could document motor per-
formance more accurately than structure-based fea-
tures at least for chronic patients with severe paresis.
Moreover, a contingent positive proprioceptive feed-
back during BMI training was found to be relevant
for the adaptation of the pathological temporal con-
trol of modular muscle control towards similar tim-
ings observed in the healthy patterns.

4.1. Reduced dimensionality and over-time
consistency of synergy structures

On average, our data showed that less synergies would
suffice for the same minimal EMG reconstruction cri-
teria in the paretic limb in comparison to the healthy
one (figure 3(A)) which is in line with previously
reported results in severely affected chronic stroke
patients [26, 52]. Cluster analysis revealed a global
reduced dimensionality in paretic modular organiz-
ation as indicated by a lower number of clusters in
the paretic limb in comparison to the healthy side,
commonly reported for stroke patients [52]. Addi-
tionally, we observed that both healthy and paretic
muscle synergy clusters showed a high similarity in
grouped synergy structures between the two differ-
ent measurement times, indicating a consistent and
repeatable modular organization of muscle control in
the unaffected and affected ULs. Our results also evid-
ence a lack of an independent control pattern of the
extensor muscle of the fingers (since a similar cluster
to healthy C2 with predominant fingers extensor
activity is not present among the affected ones) in
both measurements, which is precisely related to
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the most compromised function in this cohort of
patients that did not significantly recover hand func-
tion. Biceps activity was considerably more present in
co-activation with wrist and fingers extensors in the
paretic limb after the intervention (Cl in figure 3(D)),
which could indicate that certain patients generated
these ill-formed coupled activations that could be
interpreted as maladaptive or compensatory mech-
anism. Furthermore, coactivation of deltoid muscles
was also present in some patients, which is com-
mon in severely affected patients [44]. Generally, we
found one or two primary muscles to have a high con-
tribution in each healthy cluster structure, whereas
mean weights of the rest of the muscles (second-
ary) were minimal, indicating an ability for isolated
muscle recruitment. As for the paretic clusters, the
contribution of the secondary muscles appeared to
be higher (e.g. triceps, anterior deltoid and posterior
deltoid in coactivation with main middle deltoid
activity), denoting a larger muscle co-activation and
lower muscle-specific recruitment, which has been
previously reported ([23], supplementary material),
indicating spasticity and/or maladaptive muscle co-
activations typically found in chronic phases of stroke
[53].

4.2. FSRI based on the theory of physically
preserved muscle synergies after stroke

The generation of novel synergies or the recov-
ery of missing healthy ones have been identified in
combination with a motor recovery process [52].
However, according to the increasing evidence of
altered temporal coefficients of muscle synergies
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rather than their intrinsic structure [5, 28], the altered
expression of paretic muscle synergies poststroke
could also be understood as an implicit consequence
of modified temporal activation of preserved syn-
ergies, rather than the creation of new synergetic
structures or the modification of existing ones. In
mildly affected patients with highly preserved syn-
ergy structures, an inter-limb comparison of syn-
ergy activations is feasible based on an identical
set of structures extracted from pooled EMG activ-
ity of both limbs [23]. Nevertheless, on patients
with higher impairment, temporal recruitment pro-
files are conventionally computed with respect to a
set of paretic-healthy ‘paired’ or homologous’ syn-
ergy weightings (of individual patients or group-
averaged after clustering) exhibiting highest sim-
ilarity [27, 28, 54]. These inter-limb comparisons
must inevitably assume variabilities between the com-
pared temporal recruitment profiles due to differ-
ences in the basis synergy structures, rather than
in the neurophysiological conditions between limbs.
Thus, and in contradiction to the increasing evid-
ence that synergy structures might remain physic-
ally preserved in neuronal networks at brainstem and
spinal levels [1, 8, 9], paretic temporal recruitment
profiles are still commonly computed based on the
pathologically expressed synergy structures extracted
from paretic EMG rather than considering theoretic-
ally preserved functional modules. In our work, we
alternatively considered a fixed and common set of
synergy structures expressed in the healthy limb for
the computation and subsequent comparison of tem-
poral activation patterns between the limbs within
each individual patient. We thereby considered these
healthy synergies as a correct and functional model
of synergy modules that could represent the potential
motor units that the ipsilesional sensorimotor cor-
tex should aim at correctly recruiting after a stroke in
order to produce functional muscle activity. We also
assumed that no pathological changes occur in syn-
ergy expression in the unaffected limb of a hemiplegic
stroke patient with the elapse of time [5, 6, 55]. We
therefore considered that the FSRI feature, a meas-
urement of the temporal correlation between func-
tional healthy synergy recruitment activation patterns
expressed in the healthy and paretic EMG signals,
can reflect the ability of supraspinal structures to
recruit these functional muscle control modules. In
fact, superior correlated activity of perilesional high-
gamma activity and preserved synergy modules in
comparison to abnormally expressed ones [56] sup-
ports the idea that cortical networks may still target at
accessing remained functional control modules after
stroke. Although FSRI values below maximum tem-
poral correlation could be mainly ascribed to altered
neuromuscular control, they could also be partially
associated to different temporal activation strategies
between right and left limbs previously demonstrated
in healthy subjects [45].
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4.3. FSRI as a reliable biomarker of motor function
and recovery

Our results demonstrated a direct relationship
between FSRI and motor function evidenced by
significant correlations between FSRIgjobas and
UL clinical performance at all joint levels (arm,
hand and combined FMA) before the intervention
(figures 5(A)—(C)). In addition, although not always
significant, the relationship between FSRI values
and clinical scales showed a coherency with motor
performance (i.e. positive correlation with FMA
and negative with MAS scores). Moreover, changes
in FSRI significantly correlated with longitudinal
changes induced in aFMA and cFMA as an effect
of the intervention, coinciding with the only clin-
ical scores that presented a significant improvement
in the overall group of patients (table 2, figure S2).
Furthermore, higher values of task-specific FSRI for
movements involving upper-arm proximal muscles
(shoulder flexion) in contrast to lower FSRI dur-
ing tasks involving most distal and affected muscles
(fingers extension) suggested again the potential of
this feature to describe the residual neuromuscular
control of a patient. The results presented in this
study suggest that the proposed FSRI feature could
be potentially used as a reliable biomarker that rep-
resents the degree of preserved functional neural
recruitment of muscle synergies during voluntary
movement after stroke. However, it is important to
note that muscle synergy calculation is potentially
sensitive to intrinsic (biomechanical or task con-
straints) and extrinsic factors (selection and number
of muscles used for factorization), which are not
necessarily related to putative neural control [44].
Although the same group of muscles was used for
every muscle synergy calculation to ensure compar-
ability among subjects and measurements, it remains
to be tested if the FSRI is a generally valid biomarker
of motor function by evaluating this feature under
different conditions independent of neural con-
trol (e.g. using different groups of muscles or dur-
ing biomechanically constrained isometric motor
tasks).

4.4. Poorer characterization of motor function

and recovery by features based on inter-limb
synergy structural differences

Different features based on muscle synergies have
been proposed in the literature due to their poten-
tial to reflect underlying neurophysiological mech-
anisms of motor performance and modified con-
trol strategies in healthy subjects [45], as well as
motor function and recovery in stroke [27]. The study
of synergy dimensionality (optimal number of syn-
ergies) and synergy structures permits to quantify
to what extent the modular organization of muscle
control is still reflected in the paretic motor sys-
tem of a patient after a stroke. Recent literature
has mainly proposed three mechanisms to describe
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the functional preservation and re-adaptation pro-
cesses, either functional or maladaptive, that might
occur at the post-injury central nervous system and
can be captured in the peripheral system: preserva-
tion, merging and fractionation [23]. In our data,
merged paretic synergies could be found in most of
the patients (15/18), while fractionation mechanisms
were less common (7/18), as previously reported in
patients with severe paralysis [26]. Our correlation
analysis between muscle synergy features and clinical
scales before the intervention has served for the char-
acterization of post-stroke motor function in a group
of severely paralyzed chronic patients. In this cohort,
the number of synergies extracted from the affected
limb was found to weakly correlate with aFMA scores,
suggesting an association between the number of syn-
ergies and the level of arm motor function as pre-
viously reported elsewhere for the upper [30] and
lower limbs [48]. This analysis also revealed that the
ratio of paretic modules that resulted from a mer-
ging process was proportional to the time elapsed
after the stroke, suggesting that coactivation of muscle
groups could be a result of maladaptive compensat-
ory strategies adopted over time in response to the
impairment caused by the lesion [57], which are more
present in the chronic state than in the subacute
phases [53]. Moreover, we found a higher number of
muscle activity modules (i.e. more complex muscle
coordination) in the paretic limb of patients with bet-
ter arm performance (higher aFMA score) and more
recent brain lesions (i.e. less time elapsed after the
stroke). Furthermore, we found merging index negat-
ively correlating with motor function, which is in line
with previous work reported for lower limb motor
function in subacute patients, where reduced mer-
ging levels correlated with increased motor perform-
ance measured in terms of muscle strength and gait
kinematics [58]. In contrast to previous works on
moderately-to-severely impaired stroke patients, this
group of patients did not reveal any significant correl-
ation between their merging index and motor impair-
ment (i.e. FMA scores) [23, 26, 27], between their
fractionation index and chronicity [23] or between
the optimal number of paretic synergies and MAS
scores [26]. Moreover, even in presence of signific-
ant upper arm recovery, we did not find substan-
tial general changes in the weighting structures of
muscle synergies as an effect of the intervention as
previously reported elsewhere [28]. Thus, our res-
ults from the correlation between clinical scores and
features derived from the inter-limb comparison of
muscle synergy structures revealed that these features
commonly used in literature do not always reliably
describe the level and variations of motor perform-
ance, at least in severely paralyzed stroke patients. The
fact that our results are not consistent with previous
evidence might be partially ascribed to differences in
the methods applied for the calculation of parameters
and the patient cohort. Features derived from muscle
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synergies have been defined and computed in slightly
different manners in the literature, which has not
allowed the field to unequivocally describe or stand-
ardize the alterations that occur in muscle coordin-
ation after a disruption at muscle synergy level. A
standardized analysis of features based on muscles
synergies would allow a better replicability of results
in different cohorts of patients and a universal quant-
itative measurement of the underlying neural disrup-
tions causing the impairment [59].

4.5. The relevance of proprioceptive BMI
contingency on FSRI

Unlike movement therapy [30], robot-assisted ther-
apy [28, 29, 49] or FES therapy [31, 32], to our
knowledge, the effect of a BMI intervention in syn-
ergy expression had not been studied to date. In this
first work analyzing the effects of the combination
of BMI-controlled robot therapy and physiotherapy
on muscle synergy enrolment in chronic stroke, we
found a significant change in the temporal recruit-
ment of synergies while structures remained con-
sistent, similarly to previously reported effects of a
robot-assisted therapy in acute patients [28]. The
study on the relevance of the BMI feedback on task-
specific FSRI revealed that the degree of correct tem-
poral recruitment increased significantly greater in
the experimental group in comparison to the control
group exclusively for the finger extension assessment
task, the gesture that was trained most intensively
and by all patients under BMI operation. Although
not significant, the level of the BMI feedback con-
dition effect during therapy on movement-specific
FSRI values coincided with the intensity of addition-
ally trained motor tasks (i.e. elbow extension was
trained only by some of the patients for a few ses-
sions). Thus, our results indicate that training the
modulation of sensorimotor brain oscillatory activ-
ity with a BMI does not necessarily affect the syn-
ergy modular expression but might facilitate a cor-
rect task-specific temporal modulation of synergies
only when providing contingent positive proprio-
ceptive feedback of motor-related neural correlates
of specific motor tasks, even in chronic stroke. It
is important to note that in our study, the experi-
mental and control groups were not homogeneous
with regard to their brain lesion location (subcortical
or mixed), which has been demonstrated to influence
the sensorimotor brain oscillatory activity modula-
tion of stroke patients [60, 61]. Additionally, modific-
ations in brain oscillatory activity have been recently
associated with BMI control improvement and func-
tional recovery undergoing this intervention in partly
the same cohort of patients [62]. Therefore, changes
in synergy recruitment could not be unequivocally
ascribed to the BMI feedback type and they could
be additionally conditioned by the lesion location.
Unfortunately, our study does not explain how the
observed modifications in muscle synergy temporal
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recruitment were possibly originated by changes in
descending cortical activity [45]. Protocols including
concurrent brain and EMG activity recordings may
allow to further verify the relationship between cor-
tical activity and muscle synergy recruitment pro-
files as previously demonstrated for perilesional high-
gamma oscillations and preserved synergy modules in
a chronic stroke patient [56], as well as the existence
of correlated adaptations in brain and muscle activity
associated with recovery.

4.6. Clinical application of muscle synergies

and FSRI

By no means conclusive due to the heterogeneity of
the studied populations, various cross-sectional stud-
ies [5, 17, 22, 23, 26, 27, 44] have nonetheless per-
mitted to a certain extent the characterization of the
post-stroke muscle motor function based on muscle
synergies [25]. However, although muscle synergies
have been also proposed to characterize motor recov-
ery [25], to date only a small number of studies have
investigated over-time modifications in muscle syn-
ergies in groups of patients with a significant motor
improvement in response to a rehabilitative interven-
tion in longitudinal studies [28-32, 49]. Although
clinical scales are considered the primary outcome
measure in clinical trials, works investigating modi-
fications in muscle synergies of patients undergoing
a motor improvement process are essential to under-
stand the neurophysiology of underlying mechanisms
of motor recovery to design clinically effective ther-
apies.

Several authors have proposed the idea of using
features based on the reinforcement of muscle syn-
ergy recruitment in the paretic limb towards a healthy
pattern [21, 36]. In this work, we designed a protocol
to concurrently acquire the sEMG activity of paretic
and healthy muscles of the UL during bilateral sym-
metric/mirrored attempted movements. This allowed
us to measure the continuous temporal recruitment
of non-pathological muscle activity from the non-
paretic limb, which could serve as a healthy reference
for continuous comparison with the paretic limb. The
FSRI feature could therefore offer valuable patient-
specific information about their global remaining
capacity of correctly recruiting functional muscle syn-
ergies during bilateral intended motor tasks. More
specifically, the individual study of each synergy
activation profile (i.e. the individual nCC value of
each synergy module) could help detect preserved
or pathological patterns of recruitment of particular
muscle ensembles, enabling the design of rehabilit-
ative approaches to specifically reinforce or correct
such patterns, respectively. A similar mirroring idea
has been recently implemented as an interventional
tool to prove continuous feedback of the similarity of
paretic muscle activations to the healthy limb based
on robotic exoskeleton kinematics decoding [63].
Thereby, mirror approaches allowing continuous
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feedback of the similarity of paretic muscle activa-
tions to the healthy limb [63] could be applied to tar-
get features as the FSRI by providing specific real-time
feedback of their pathological activations and retrain-
ing correct activation timing of functional muscle
synergies [21, 35, 36] leveraging BMI or myoelectric
interfaces [31, 64].

5. Conclusion

The FSRI feature can reflect the ability to recruit
a healthy muscle modular control measured in the
affected muscles and reliably document not only
motor function but also motor recovery in stroke
patients. We therefore propose that FSRI could be
used as a potential biomarker for quantitative assess-
ment of neuromuscular behavior to be targeted in
approaches for motor rehabilitation.
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