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Abstract—Previous work on neuromuscular impairments
following stroke has mainly focused on the chronic phase of
recovery, and relatively little is known regarding the acute
phase. Studies demonstrating impairments in muscle
activation have typically used single bipolar surface
electromyography (SEMG) recordings, which may lead to a
mischaracterization of muscle excitation. In this study, we
assessed neuromuscular function of patients undergoing
rehabilitation therapy in the acute phase post-stroke,
combining high-density SEMG (HDSEMG) decomposition
with isometric force recording to quantify changes in force
production and motor unit discharge rates in comparison
with global amplitude of a single bipolar SEMG. Seven
patients with acute hemiparetic stroke were tested, beginning
when a detectable dorsi- and plantarflexion movement could
be observed (T0) and then again 15 and 30 days later (T15 and
T30). The isometric maximal voluntary contraction (MVC) in
dorsi- and plantarflexion were measured at these time points.
HDSEMG signals recorded from tibialis anterior,
gastrocnemius lateralis and medialis, and soleus muscles
during isometric contractions at 10% and 30% MVC were
decomposed into motor unit discharge offline. Our main
results revealed significant impairments in maximal force
production at TO, which improved over the 30 days of
inpatient rehabilitation therapy. There were also increases in
mean motor unit discharge rate for TA and SOL muscles at
10% MVC. These neuromuscular changes could not be
captured by using the classical, bipolar sSEMG approach. Our
results suggest that the combination of force recordings with
HDSEMG analysis may provide useful information in the
acute phase of stroke and, longitudinally, during inpatient
rehabilitation therapy.
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. INTRODUCTION

It is well established that hemiparetic stroke results in
motor impairments that vary according to the area of the
central nervous system affected by the ischemic or
hemorrhagic event [1]. These impairments can significantly
affect the ability of stroke survivors to perform daily
activities and are compounded by subsequent inactivity and
physical deconditioning [2]. Early rehabilitation therapy can
improve a patient’s functional mobility and independence in
daily life [3-6]; however, for many patients, motor recovery
is suboptimal and substantial motor deficits persist. The vast
majority of our knowledge about neuromuscular alterations
following a stroke has come from studies examining
patients in the chronic phase (> 6-12 months post-stroke),
but little is known about how they evolve in the acute phase
[7]. A more complete understanding of early neuromuscular
changes and their time course during acute rehabilitation
therapy would help the development of novel, more
effective rehabilitation interventions.

Compelling evidence suggests that post-stroke
dysfunction in force production is likely caused by impaired
excitability in descending motor pathways [8] and resulting
changes in motor unit frequency coding and recruitment [9].
In both clinical and research settings, bipolar surface
electromyography (SEMG) has typically been used to infer
these neurological alterations and the following recovery.
For instance, SEMG has been applied for detecting
fibrillation potentials in the hemiparetic side [10], and as a
biofeedback intervention, for targeting motor impairments
in stroke patients [11]. However, there are several non-
physiological factors affecting the acquisition and
interpretation of bipolar SEMG, which may result in a
mischaracterization of muscle excitation during specific
motor tasks [12]. One possibility for minimizing these
factors to apply several electrodes over the muscle of
interest (i.e., high-density surface electromyography;
HDsEMG), which provides a more accurate assessment of



muscle excitation than single bipolar EMG recordings [13].
Additionally, when combined with convolutive blind source
separation techniques, HDSEMG allows for the non-
invasive assessment of the discharge patterns of many
individual motor units [14]. Considering the motor units are
the final common pathway of the neuromuscular system,
their assessment provides a direct window to the neural
control of human movement. Indeed, HDSEMG
decomposition combined with isometric  strength
measurements has provided insights into the motor unit
neural drive from multiple muscles in chronic stroke
patients [15, 16]. However, there is still a lack of this
information in the acute phase of the disease and the initial
stages of rehabilitation and recovery of function.

The primary objective of this study was to combine
HDsSEMG decomposition with isometric force recordings to
quantify changes in force production and motor unit
discharge rates in acute stroke patients during different time
points of inpatient rehabilitation therapy. Additionally, we
aimed to compare results from two different approaches,
bipolar EMG and HDSEMG decomposition, for assessing
neuromuscular alterations during the acute phase of stroke.
By comparing the results obtained from each method, we
sought to provide insights that can guide researchers in
selecting the most appropriate approach for evaluating
stroke patients in cross-sectional neuromechanistic studies
as well as when assessing the efficacy of rehabilitation
interventions.

Il. METHODS

A. Participants

Seven patients in the acute phase of stroke (mean + SD
age 52 * 19.98 years; time post-stroke < 12 weeks; 4
females) were recruited at Fondazione Teresa Camplani -
Casa di Cura Domus Salutis (Brescia, Italy). All patients had
severe lower limb impairment.

The inclusion criteria required that the participants have
suffered from either ischemic or hemorrhagic stroke and be
in the acute phase of the disease (< 12 weeks post-stroke).
Being able to perform plantarflexion and dorsiflexion of the
ankle and understanding and following the protocol were
also inclusion criteria. This ensured that only patients who
were cognitively and physically able to perform the tasks
were included in the study. All participants signed a written
informed consent before starting the experiments. This
study was conducted in accordance with the latest version
of the Declaration of Helsinki and approved by the local
Ethics Committee (NP2490).

B. Experimental protocol

The study consisted of three experimental sessions
during hospitalization and rehabilitation therapy of the
patients: when they recovered detectable dorsi- and
plantarflexion movements following stroke (T0), 15 days
after TO (T15), and 30 days after TO (T30). An additional
session was conducted to measure the ankle force
production of the non-affected side. During these 30 days,
they followed standard acute rehabilitation therapy. In each
experimental session, patients had their legs comfortably
positioned on a wooden design ergometer with their knee
fully extended [17]. The foot of the tested leg was fixed with
straps to an adjustable footplate that held the ankle at
specific angles. This footplate was connected to a load cell
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Fig. 1. (A) Schematic representation of the position of the participants,
the electrodes position for TA and GL, and the screen used for visual
feedback. (B) Trapezoidal profiles provided for the patients during the
submaximal tasks, with the plateau region reaching 10% and 30% MVC.
(C) and (D) shows the two approaches used to assess the neuromuscular
alterations in acute stroke patients: simulated bipolar surface EMG from
the grid (C) and decomposition of HDSEMG signals (D).

(SM-500 N, Interface, Arizona, USA) to record the dorsi-
and plantarflexion isometric forces produced by the ankle
(Fig. 1A).

Before starting the data collection, participants
underwent a brief training session to familiarize themselves
with the procedures. After that, they were asked to perform
three isometric maximum voluntary contractions (MVC) in
which they were instructed to achieve their MVC within
three seconds and hold it for five seconds [16]. The highest
force value achieved across the three trials was then set as
the reference value for the submaximal tasks. At least 2 min
after MV Cs, participants were asked to follow trapezoidal
profiles at two force levels, 10%, and 30% MVC.
Specifically, they had to isometrically increase the force
from 0% MVC to the target in 5 s, hold it for 40 s (10%
MVC) or 30 s (30% MVC), and decrease it to 0% MVC in
5 s (Fig. 1B). This trapezoidal profile was repeated two
times for each of two force levels, with a rest-in period of 2
min. During all submaximal trials, participants were
provided with visual feedback of the ankle force on a screen
(Fig. 1A). The protocol was repeated for both dorsi- and
plantarflexion contractions in a randomized order. The
ankle joint was positioned at 110° and 90° for the
dorsiflexion and plantarflexion tasks, respectively [18].

C. Data collection

In addition to the acquisition of isometric ankle forces,
HDsSEMG were recorded using four 64-electrode matrices
(Fig. 1A; 8 mm inter-electrode distance; OT Bioelettronica,
Turin, Italy). The matrices were positioned longitudinally
on the belly of the tibialis anterior (TA), gastrocnemius
lateralis (GL), soleus (SOL), and gastrocnemius medialis
(GM) muscles. Prior to electrode placement, the skin was
cleaned with abrasive paste (EVERI, Spes Medica, Genova,
Italy), and shaved when necessary. The reference electrode
was positioned on the ankle.

HDSEMG signals were recorded in monopolar
derivation and amplified by a variable factor across subjects
(from 2,000 to 5,000) using a 12-bit A/D converter (20-500
Hz; EMG-USB2+, OT Bioelettronica, Turin, Italy). The



force signal provided by the load cell and HDSEMGs were
sampled synchronously at a frequency of 2048 Hz.

D. Data Analysis

Force and HDSEMG were analyzed offline using Matlab
(The MathWorks Inc., Natick, Massachusetts, USA). First,
raw force signals acquired during MVCs were low-pass
filtered at 15 Hz using a third-order Butterworth filter. To
quantify changes in dorsi- and plantarflexion force
production, the peak force was computed as the average
force value over a 100 ms window centered at the peak. The
values obtained at TO, T15, and T30 were then normalized
with respect to the non-affected side.

Monopolar HDSEMG signals were filtered with a third-
order Butterworth filter (20-500 Hz cut-off frequencies).
After visual inspection, channels with low signal-to-noise
ratio or artifacts were discarded. We then used two
approaches to assess neuromuscular alterations in acute
stroke patients during different time points of inpatient
rehabilitation therapy: classical bipolar sSEMG (Fig. 1C) and
decomposition of HDSEMG signals (Fig. 1D).

1) Approach 1: classical bipolar SEMG

For this approach, we simulated one bipolar EMG
detection site over the muscle belly. We specifically
calculated the difference between the average monopolar
signals from two groups of 6 channels within the electrode
grid (dark blue electrodes in Fig. 1). Then the root-mean-
square (RMS) amplitude was calculated to estimate the
degree of TA, GL, SOL and GM activation. For the MVCs,
a time window of 250 ms before the peak force was used.
For the submaximal tasks, the RMS was calculated over the
steady part of the contraction (30 or 40 s) using non-
overlapping windows of 250 ms, and the average was
considered for further analyses. The averaged RMS
amplitude obtained was then normalized with respect to the
RMS of MVC, separately for each time (TO, T15 and T30)

2) Approach 2: decomposition of HDSEMG

For this approach, HDSEMG signals were decomposed
into motor unit spike trains using a convolutive blind-source
separation algorithm [14]. Briefly, after extending and
whitening HDSEMG signals, a fixed-point algorithm that
seeks sources that maximize a measure of sparsity was
applied to identify the motor unit pulse trains (see raster plot
in Fig. 1D). The spikes were then separated from the noise
and other potential sources using K-means and, while
iteratively updating the motor unit separation vectors, the
discharge times estimation was further refined by
minimizing the coefficient of variation of the inter-spike
intervals. This decomposition method has been previously
validated in simulated and experimental signals [14]. After
the automatic identification of motor units, all the motor unit
spike trains were visually inspected. Missing pulses or
incorrectly assigned pulses producing non-physiological
discharge rates were manually and iteratively edited by an
experienced operator [18]. Subsequently, the instantaneous
discharge rate of individual motor units was calculated as
the multiplicative inverse of the inter-spike interval (bottom
part of Fig. 1D). The mean discharge rate was then obtained
by averaging discharge rate values during the steady part of
the submaximal tasks.

E. Statistical analysis

All statistical analyses were performed in R (version
4.2.2), using RStudio environment. Linear mixed-effect
models (LMM) were applied for all statistical analysis, as
they account for the non-independence of data points
within each participant. For all variables (i.e., Peak MVC,
RMS amplitude, and mean discharge rate), random
intercept models with time (TO, T15 and T30) as fixed
effect and participant as random effect were applied.
LMMs were implemented using the package ImerTest [19]
with the Kenward-Roger method to approximate the
degrees of freedom and estimate the p-values. The
emmeans package was used, when necessary, for multiple
comparisons and to determine estimated marginal means
with 95% confidence intervals.

I1l. RESULTS

Fig. 2A shows a representative example of the
dorsiflexion isometric MV Cs acquired for each condition. It
is possible to see that there was a reduction of ~40% in the
dorsiflexion MVC at TO (orange line) compared to the non-
affected side (dark blue line). Conversely, the dorsiflexion
peak MVC at T15 (green line) and T30 (yellow line) was
much closer to the non-affected side (reduction of less than
10%). Similarly, for the group data, there was a significant
effect of time on the peak MV C values for both dorsiflexion
(Fig. 2A; LMM; F = 14.82; P = 0.002) and plantarflexion
(Fig. 2B; LMM; F = 7.54; P = 0.010). Specifically, for
dorsiflexion (Fig. 2B), the median peak MVC significantly
increased from 51.4 [22.2, 80.7] % at TO to 94.8 [65.5, 124]
% and 78.8 [49.5, 108] % at T15 and T30, respectively (P <
0.028 for both), with no significant differences between T15
and T30 (P = 0.246). For the plantarflexion (Fig. 2C), there
was also a significant increase from 62.2 [26.3, 110] % at
TO to 95.7 [53.8, 137] % at T30 (P = 0.011), but without
significant differences between TO and T15 (P = 0.069), as
well as between T15 and T30 (P = 0.895).

In order to assess the neuromuscular alterations in acute
stroke patients as classically done in the literature, we
estimated the degree of TA, GL, SOL and GM activation
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Fig. 2. (A) Example of dorsiflexion isometric MVCs acquired at TO
(orange), T15 (green), T30 (yellow), and for the non-affected side (dark
blue) of a representative participant. (B) and (C) shows the group results
of dorsi- and plantarflexion peak MVCs. Values are normalized with
respect to non-affected side. Horizontal traces, boxes, and whiskers,
respectively, denote median value, interquartile interval, and distribution
range.



through the calculation of the RMS amplitude of a simulated
bipolar from the grid of electrodes (normalized by RMS at
MVC). Fig. 3 shows the RMS amplitude results for all
muscles and for both force levels. At 10% MVC, there was
no significant effect of time on RMS amplitude for any of
the investigated muscles (LMM; F < 2,55 and P > 0.128 for
all cases). The SOL and GM activation also did not differ
over time at 30% MVC (LMM; F < 2.35 and P > 0.146 for
both). Conversely, the TA and GL activation significantly
changed over time at 30% MVC (LMM; F > 4.98 and P <
0.032 for both). For the TA, there was a significant
reduction in RMS amplitude between TO and T15 (P =
0.032), with no changes between TO and T30 (P = 0.285) or
between T15 and T30 (P = 0.672). For the GL, the RMS
amplitude significantly decreased at T15 and T30 when
compared to TO (P < 0.047 for both), with no significant
differences between T15 and T30 (P = 1.000).

Another approach we used to investigate the
neuromuscular changes during the acute phase of stroke and
subsequent days of rehabilitation was to assess the mean
discharge rate of individual motor units using the
decomposition of HDSEMG signals into motor unit spike
trains. The number of identified motor units varied
according to the participants, time of assessment, and
muscle. Overall, a greater number of motor units was
decomposed from the TA muscles than from the GL, GM,
and SOL muscles. Within the triceps surae, the SOL muscle
yielded the largest number of identified motor units. All
details regarding the number of motor units identified for
each participant are provided in Table 1 (10% MVC) and
Table 2 (30% MVC).

Mean discharge rate results for all muscles and both
force levels are shown in Fig. 4. For TA and SOL muscles,
there was a significant effect of time on mean discharge at
10% MVC (LMM; F > 6.72 and P < 0.002 for both), but not
at 30% MVC (LMM; F < 2.46 and P > 0.090 for both).
Specifically, the TA mean discharge rate significantly
increased from 8.47 [6.78, 10.2] pps at TO and 8.47 [7.08,
10.5] pps at T15 t0 9.98 [8.28, 11.7] pps at T30 (Fig. 4A; P
< 0.001 for both). Moreover, as displayed in Fig. 4C, the
SOL mean discharge rate significantly changed from 5.88
[5.28, 6.49] pps at TO to 6.80 [6.12, 7.42] pps at T15 (P =
0.027) and 7.20 [6.48, 7.92] pps at T30 (P = 0.004).
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Fig. 3. Group results of RMS amplitude for tibialis anterior (A),
gastrocnemius lateralis (B), soleous (C), and gastrocnemius medialis
(D) muscles. Values are normalized with respect the RMS value
obtained at MVC. Horizontal traces, boxes, and whiskers, respectively,
denote median value, interquartile interval, and distribution range.

Conversely, for GL and GM muscles (Fig. 4B and 4D), the
mean discharge rate did not significantly change over time
neither at 10% MVC (LMM; F < 1.45 and P > 0.246 for
both) or 30% MVC (LMM; F < 2.95 and P > 0.059 for
both).

TABLE I. NUMBER OF MOTOR UNITS DECOMPOSED FOR 10% MVC
o Participants
Muscle Condition

S01 | S02 | SO3 | S04 | SO5 | S06 | SO7

TO 4 1 - 0 22 5 6

T15 0 1 - 0 28 7 15

TA T30 12 0 - 6 26 19 9

Non-paretic 15 0 0 7 18 15 4

TO 3 1 7 - 5 2 4

T15 2 4 5 - 0 1 10

GL T30 1 3 0 - 1 1 9

Non-paretic 2 1 0 4 3 3 8

TO 7 6 13 - 6 1 15

T15 2 1 11 2 4 15

SOL T30 3 3 0 - 5 4 8

Non-paretic 7 1 0 10 11 5 7

TO 1 1 2 - 5 1 5

T15 6 0 1 3 1 3

GM T30 3 0 0 - | 5 | 47

Non-paretic 0 0 0 2 5 4 9

*A dash indicates data was not collected for the given condition.
TABLE Il NUMBER OF MOTOR UNITS DECOMPOSED FOR 30% MVC
. Participants
Muscle Condition

S01 | S02 | SO3 | S04 | SO5 | S06 | SO7

TO 3 0 - 2 15 4 11

T15 0 1 - 1 29 9 17

TA T30 4 0 - 7 20 13 9
Non-paretic 19 0 21 4 2 19 12

TO 0 2 1 7 2 7

T15 1 1 1 7 2 12

GL T30 3 0 11 6 3 8
Non-paretic 5 0 3 6 7 2 14

TO 0 5 11 6 1 19

T15 12 2 10 4 2 7

SoL T30 6 6 14 9 3 8

Non-paretic 8 1 7 9 18 5 7

TO 0 0 2 7 0 9

T15 5 0 1 9 3 7

GM T30 6 0 3 - 12 6 7

Non-paretic 6 0 4 1 3 4 6

*A dash indicates data was not collected for the given condition.

IV. DISCUSSION

In this paper, we combined isometric force recordings
with HDSEMG decomposition to longitudinally assess
changes in force production and motor unit discharge rates
during the initial stages of rehabilitation of individuals with
stroke. Moreover, we simulated a single bipolar sSEMG from
the grid of electrodes to investigate changes in global
muscle activation, as typically done in the literature. As
previsouly discussed, our main findings revealed that the
HDSEMG decomposition approach combined with
isometric force recordings, which has been previously
applied in chronic stroke patients, may provide rich
information in the acute phase of stroke and, longitudinally,
during the first 30 days of inpatient rehabilitation therapy.
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Results from seven individuals with acute stroke showed
significant decreases of ~50% and ~40% on average of
dorsiflexion and plantarflexion MVCs, respectively, when
compared to the non-paretic side at TO (i.e., time point when
they recovered detectable dorsi- and plantarflexion
movements following stroke). These results are in line with
the well-established loss in force production capability
following stroke [20, 21]. Interestingly, our study found that
dorsiflexion appears to be more affected than plantarflexion
at TO, as indicated by the interquartile ranges of peak MVC
in Fig. 2A and Fig. 2B. These findings are consistent with
previous research on stroke-related impairments in
dorsiflexor function in the chronic phase, which can lead to
an inability to effectively lift the toes during the swing phase
of walking, increasing the risk of falls and reducing mobility
and independence [23]. Another interesting finding from
our results is that these impairments identified at TO
progressively improved during 30 days of inpatient
rehabilitation therapy. As further discussed below, we
adopted two approaches to examine underlying mechanisms
of changes in force control in acute stroke individuals: a
classical bipolar EMG approach and HDSEMG
decomposition.

When assessing changes in muscle excitation using the
RMS amplitude of single bipolar SEMG, we did not find
differences over time for any muscle investigated at 10%
MVC. In contrast, at 30% MVC, there was a significant
reduction in normalized RMS amplitude over time for TA
and GL but not for SOL and GM. The decrease in amplitude
in T15 and T30 relative to TO is most notable in TA (10%
and 30% MVC; Fig. 3). The comparability high level of
activation at TO may indicate that acute stroke patients
require a larger neural drive input to perform submaximal
tasks at the acute phase. It could also indicate that
isometrically contractions for a duration of 40 s (10% MVC)
or 30 s (30% MVC) induced fatigue, which is typically
accompanied by marked increases in EMG amplitude [24].
However, there are several confounding factors affecting
the acquisition and interpretation of bipolar SEMG that,
when disregarded, may potentially lead to equivocal
conclusions [25,26]. In addition, global SEMG limits the
possibility to separate central and peripheral motor units

changes. Therefore, the results provided by this approach
need to be interpreted carefully.

Our data suggest that post-stroke individuals exhibit
decreased discharge rates of motor units on the paretic side
during the acute phase, as previously demonstrated in the
literature during the chronic phase [16, 27]. In addition, we
demonstrated that there were significant increases in the
mean discharge rate during one month of inpatient
rehabilitation therapy. These modifications were specific to
the TA and SOL muscles, and for the 10% MVC task (see
Fig. 4A and Fig. 4C). This may indicate that changes in
force control in acute stroke patients are muscle- and force-
level dependent, which is in line with muscle-specific
adaptations in motor unit behavior in chronic stroke
individuals [16]. Notably, these changes over time in TA
and SOL muscles at 10% MVC were not revealed using the
classical, bipolar sEMG approach, indicating that this
approach may not completely capture the changes
underlying the improvements in force control during the 30
days following the stroke event. Although some of these
changes could be inferred from global SEMG, the
confounding variables are fewer when interpreting results
from individual motor units, enhancing the robustness of the
obtained inferences.

In conclusion, gaining a deeper understanding of neural
adaptations following stroke and determining how to
optimizing physical rehabilitation interventions are crucial
goals for preventing long-term motor impairment in people
with hemiparetic stroke. As one step toward these goals, it
can be helpful to analyze the activity of multiple muscles
simultaneously [16] and objectively evaluate modified
muscle control strategies in the early stages of rehabilitation
[28]. Our results suggest that combining force recordings
with HDSEMG analysis may be a useful approach for
achieving these objectives. By providing a more
comprehensive understanding of muscle activation patterns
and force production capabilities, such approach could help
clinicians tailor rehabilitation programs to individual
patients' needs and improve their overall outcomes.
Ultimately, future research in this area may lead to the
development of more effective, personalized rehabilitation
strategies that can help stroke patients recover their motor
function and improve their quality of life.
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