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Abstract Objective: To evaluate muscle activity in the arms of adult stroke survivors with lim-
ited or no arm movement during acute care.
Design: Prospective observational study.
Setting: Acute care regional stroke center.
Participants: We recruited adults (N=21) who had a stroke within the previous 5 days who were
admitted to a level 1 trauma hospital and had a National Institutes of Health Stroke Scale score
>1 for arm function at the time of recruitment. A total of 21 adults (13 men, 8 women) with an
average age of 60§15 years were recruited an average of 3§1 days after their stroke. Eleven (7
men, 4 women; age, 56§11y) had no observable or palpable arm muscle activity (Manual Muscle
Test [MMT]=0) and 10 (6 men, 4 women; age, 64§1y) had detectable activity (MMT>0).
Interventions: Dual mode sensors (electromyography and accelerometry) were placed on the
anterior deltoid, biceps, triceps, wrist extensors, and wrist flexors of the impaired arm.
Main Outcome Measures: The number of muscle contractions, as well as average duration,
amplitude, and co-contraction patterns were evaluated for each participant.
Results: Muscle contractions were observed in all 5 muscles for all participants using electromy-
ography (EMG) recordings. Contractions were easily identified from 30 minutes of monitoring for
participants with an MMT >0, but up to 3 hours of monitoring was required for participants with
an MMT=0 to detect contractions in all 5 muscles during standard care. Only the wrist extensors
demonstrated significantly larger amplitude contractions for participants with an MMT>0 than
those with an MMT=0. Co-contraction was rare, involving less than 10% of contractions. Co-con-
traction of 2 muscles most commonly aligned with the flexor synergy pattern commonly observed
after stroke. For participants with an MMT=0, the number of contractions and maximum ampli-
tude were moderately correlated with MMTscores at follow-up.
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Conclusions: Muscle activity was detected with surface EMG recordings during standard acute
care, even for individuals with no observable activity by clinical examination. Wearable sensors
may be useful for monitoring early muscle activity and movement after stroke.
© 2021 The Authors. Published by Elsevier Inc. on behalf of American Congress of Rehabilitation
Medicine. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
The initial days after stroke are a time of rapid change and
uncertainty. Although 80% of stroke survivors initially pres-
ent with arm or hand impairments,1 early prognosis for
motor recovery remains challenging.2,3 Clinicians routinely
assess these impairments by measuring an individual’s ability
to volitionally perform a movement.4 Manual muscle testing
(MMT) is recommended for initial assessments because it is
quick and provides standardized measures of motor func-
tion.5 However, for individuals with no volitional movement,
the MMT alone cannot determine whether muscle activity is
present. An MMT score of 0 can indicate severe paresis with
no muscle activity, that the muscle activity is below the
level necessary to produce observable contractions, or that
the patient was unable to fully participate in the assess-
ment. For patients with an MMT of 0, this can be frustrating
as the patient and their clinical team take a “wait-and-see”
approach to determine whether muscle activity will
return.6,7

Patterns of recovery can be highly variable during the
first week after stroke.8 Much of our current knowledge of
early recovery is still based on Twitchell’s observations from
the 1950s using surface electromyography (EMG) recordings
to monitor muscle activity.9 He used EMG recordings from
major arm muscles to outline common patterns of recovery.
He documented that flexor contractions were often first
observed and recovery generally progressed from proximal
to distal joints, although patterns of recovery were highly
variable. Of the 25 patients he followed, 17 could not ini-
tially move their arm. In these patients, he often could not
detect muscle activity with EMG but only monitored for
short periods during specific movements. Whether modern
EMG sensors or extended monitoring could identify contrac-
tions in this early period after stroke remains unknown.

Despite significant technical advancements, there are
still few studies of motor function during the initial weeks
after stroke,10-12 with most relying on clinical tests or obser-
vation. The presence of shoulder abduction and finger
extension at 72 hours after stroke have been suggested as
indicators of good recovery potential, whereas dense hemi-
plegia is believed to be an indicator of poor long-term recov-
ery.13,14 However, in 2012, Prager and Lang found that initial
paresis at day 3 only accounts for 28% of upper extremity
function at 3 months poststroke.15 Stroke survivors are typi-
cally discharged from acute care within 7 days after stroke,
which requires clinicians to make decisions about discharge
destinations, therapy interventions, and prognosis based on
these early assessments.5,16 This makes the need for more
detailed and informative assessments during acute care a
priority. At the same time, acute care represents a hectic
and uncertain environment where there is limited band-
width for additional examinations or assessments.

Wearable sensors may provide more detailed quantitative
measurements in acute care.17 Clinicians have recognized
the potential of EMG as a prognostic tool, but challenges in
evaluating EMG signals and deploying this technology have
limited broader use.18,19 In research, EMG has been shown
to be superior to clinical assessments because it can identify
changes in patterns of motor function that are not otherwise
evident.20 Accelerometers have also been used extensively
to monitor arm movement after stroke, including during
inpatient rehabilitation and in the community.21,22 Although
these sensors are useful for monitoring movement, they
have limited use before muscle activity can produce move-
ment and provide limited insight into muscle recruitment
and coordination. EMG sensors have been developed that
can be worn for extended periods and are integrated with
accelerometers or inertial measurement units to simulta-
neously monitor movement.23-26 These technologies provide
promising opportunities to expand upon Twitchell’s observa-
tions and use wearable sensors to enhance care. Conse-
quently, the goal of this study was to use wearable sensors
during standard care in an acute stroke clinic to monitor
muscle activity and movement for patients with limited or
no arm movement.
Methods

We recruited 21 adult stroke survivors who had an upper
extremity motor impairment (score≥2 on the National Insti-
tutes of Health Stroke Scale for Motor Arm) within the first
5 days after admission to a level 1 trauma hospital (table 1).
This included 11 stroke survivors who had an MMT score of 0
and 10 stroke survivors with upper extremity impairment
but MMT scores >0. MMT scores range from 0 (no observable
or palpable contraction) to 5 (complete range of motion
against gravity with full resistance). The participants with
no observable muscle activity were aged between 32 and
67 years old and included 6 who had experienced an ische-
mic stroke and 5 who had experienced an intraparenchymal
hemorrhagic stroke. The participants with an MMT score >0
were between 29 and 85 years old and included 8 who had
experienced an ischemic stroke and 2 who had experienced
an intraparenchymal hemorrhagic stroke. Independent sam-
ple t tests indicated that the 2 groups were not significantly
different by age (P=.26), sex (P=.87), days after stroke
(P=.43), length of stay in acute care (P=.58), type of stroke
(P=.24), hand dominance (P=.33), or stroke side (P=.84). We
obtained approval of the described protocols from the insti-
tutional review board, and all participants or their legal
authorized representative provided informed consent.

Muscle activity and movement were monitored with wire-
less sensors placed on the impaired arm. Given the hectic
environment during acute care, we prioritized monitoring
during standard care to minimize the burden on the patient
and clinical team. We used commercially available, dual
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Table 1 Participant characteristics

MMT=0
Participant Age Data Day Acute LOS Final MMT Sex Stroke Type Stroke Location Dominant Hand Stroke Side

1 57 1 8 0.3 F Ischemic Basal ganglia Right Left
2 67 1 3 0.0 M Ischemic Basal ganglia Right Left
3 50 2 7 4.2 M IPH Basal ganglia Left Right
4 49 2 7 3.0 F IPH Thalamic Right Right
5 60 2 8 0.0 M Ischemic ACA Right Right
6 67 2 10 3.7 F IPH Parietal Right Right
7 58 3 17 1.8 M Ischemic Pontine Left Left
8 70 3 13 0.0 M Ischemic MCA Right Left
9 64 4 5 2.5 F IPH Thalamic Right Right
10 32 4 8 3.2 M Ischemic Insular Right Left
11 45 4 8 N/A M IPH Thalamic Left Left
Average 56 2.5 8.5 1.9 7 men,

4 women
5 IPH, 6 Ischemic 8 right,

3 left
6 right,
5 left

SD 11 1.1 3.8 1.7

MMT > 0
Age Data Day Acute LOS Final MMT Sex Stroke Type Stroke Location Dominant Hand Stroke Side

1 85 1 11 1.6 M Ischemic MCA Right Left
2 67 2 10 2.6 M Ischemic MCA/ICA Right Left
3 80 2 5 1.8 M IPH Basal ganglia Right Right
4 71 2 6 3.0 F Ischemic Basal ganglia Right Left
5 65 2 13 3.0 M Ischemic MCA Left Right
6 74 3 6 3.6 M Ischemic MCA Right Right
7 61 4 7 3.0 F Ischemic MCA Right Left
8 70 4 10 3.0 F Ischemic MCA Right Right
9 29 5 6 2.0 F IPH Basal ganglia Right Right
10 36 5 3 4.5 M Ischemic Putamen Right Left
Average 64 3.0 7.7 2.8 6 men,

4 women
2IPH, 8 ischemic 9 right,

1 left
5 right,
5 left

SD 18 1.4 3.1 0.9

NOTE. Data Day indicates the number of days after stroke that data collection occurred. MMT indicates the average score. Final indicates
the follow-up MMTscore.
Abbreviations: ACA, anterior cerebral artery; ICA, internal carotid artery; IPH, intraparenchymal hemorrhage; LOS, length of stay; MCA,
middle cerebral artery.
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sensors that simultaneously monitor muscle activity from
EMG recordings and movement from accelerometers (Bio-
Stamp RC Sensorsa).27-30 The Bluetooth interface and low
profile (measuring 3.4 £ 6.6 £ 0.3cm) also made these sen-
sors appealing for extended monitoring without interfering
with care. We placed 5 sensors on the anterior deltoid,
biceps, triceps, wrist flexors, and wrist extensors of the
impaired upper extremity using Surface Electromyography
for Non-Invasive Assessment of Muscles guidelines and palpa-
tion (fig 1). The sensor area on the upper extremity was
shaved, if necessary. The sensors were secured to the skin
with manufacturer-provided double-sided tape, and a strip
of Tegadermb transparent dressing was placed over each
sensor in addition to Cobanc self-adherent wrap around the
arm to ensure that the sensors would not fall off or move
during clinical care.

For participants with an MMT of 0, after the EMG sensors
were placed, we also performed an MMTexamination to con-
firm the clinician’s documented assessment. The researcher
asked the participant to attempt to move their arm. If no
movement or contraction by palpation was detected, the
researcher then performed a passive range of motion
examination, repeatedly moving the shoulder, elbow, and
wrist sequentially through their range of motion 3 times.
The passive range of motion examination was only com-
pleted on 9 of the 11 participants with an MMT of 0 due to
clinical constraints. After completing these assessments,
the sensors were left on for 3-4 hours, during which the par-
ticipant continued with standard care. Because we sought to
capture muscle activity without other interventions or spe-
cific activities to minimize interruptions in acute care, we
focused on recording during standard clinical activities. An
activity check was performed every 30 minutes to briefly
document activity (eg, sleeping, eating, working with nurse,
watching TV). Times when the participants were sleeping
were not used in subsequent analyses.

Raw EMG data were recorded at 1000 Hz. EMG data were
processed using a fourth-order Butterworth bandpass filter
between 20 and 400 Hz. Outlier data were discarded to
remove high-magnitude hardware artifacts. Rectified EMG
data were then smoothed using a moving median. The
smoothed signal was used to manually identify contractions.
For each participant, the EMG and accelerometer recordings
from all muscles were evaluated concurrently in 5- to 10-



Fig 1 The dual mode sensors were placed on 5 muscles—the anterior deltoid, biceps, triceps, wrist flexors, and wrist extensors—of
the affected arm. Each sensor monitored muscle activity with EMG recordings and movement with a triaxial accelerometer. An exam-
ple contraction is shown for one of the participants with an MMTof 0 while they were watching TV in their hospital room. Accelerome-
ter recordings from the upper arm and forearm show no movement, and the biceps had an extended contraction with some wrist
flexor and extensor activity.
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second windows, and the start and end times of each con-
traction were manually identified when the EMG signal’s
magnitude exceeded baseline noise. For each participant,
baseline noise was assessed by evaluating signal magnitude
and the frequency spectrum across multiple periods of rest.
The concurrent raw accelerometer data were also used to
classify whether movement of the arm was present during
each contraction. Specifically, the triaxial accelerometer
data were viewed for all sensors during each contraction to
determine which body segments were moving. If no move-
ment was detected from any of the sensors, the contraction
was labeled as no movement. Contractions were also labeled
based on the confidence during manual identification (1,
high confidence to 3, low confidence) and evaluated by the
research team. No significant differences in contraction
characteristics were identified across participants between
contractions identified with high or low confidence, and thus
all contractions were included in subsequent analyses.

For all participants, contractions were identified during a
30-minute period during standard care when the participant
was awake and not involved in therapy (as documented from
activity checks). Additional 30-minute periods were evalu-
ated until contractions were identified from all 5 muscles or
no data remained for analysis. The number of contractions
was reported for each participant as a count of the number
of contractions divided by the number of 30-minute time
windows analyzed for that participant.
For each contraction, we calculated the maximum ampli-
tude, median amplitude, and duration from the manually
identified start and end times. For each muscle, the average
amplitude and duration of contractions were then calculated
for each participant. Although amplitudes are commonly nor-
malized to a maximum voluntary contraction or other action,
these participants could not perform these actions and we
chose to evaluate and report absolute amplitudes. For each
participant, the average duration and maximum and median
amplitude was calculated across all identified contractions
with or without movement. We compared the contractions
identified with and without movement for each group using
unadjusted nonparametric Wilcoxon signed-rank tests (2-
sided). We compared contractions between participants with
MMT of 0 and MMT >0 using unadjusted nonparametric Wil-
coxon rank sum tests (2-sided).

Regression analyses were also used to evaluate factors
that may influence contraction characteristics during acute
care. Given the limited number of participants, these were
exploratory analyses. For each group, linear regression was
used to evaluate associations between the number, dura-
tion, and magnitude of contractions. For the participants
with an MMT >0, linear regression was also used to compare
the number of contractions with or without movement to
their average MMTscore (see table 1, acute MMT).

We also evaluated co-contraction by evaluating whether
multiple muscles were active at the same time. Co-



Fig 2 Contractions identified from EMG recordings for participants with no observable muscle activity (MMT=0) and participants
with some arm movement (MMT >0). The number of contractions per 30-minute time window, maximum amplitude, median ampli-
tude, and contraction duration are shown for contractions with or without movement. For each participant, the average duration
and maximum and median amplitudes were calculated across all identified contractions. Bars represent the median value, with black
dots showing individual participants. All participants had contractions in all 5 muscles, although not all participants had contractions
both with and without movement. *Significant difference between contractions with or without movement. ySignificant difference
between participants with an MMTof 0 and an MMT >0.
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contraction was defined as any overlap in the start and end
time between muscles. For each contraction, periods of
overlap were identified and classified based on the number
of muscles active. For 5 muscles, there are 21 potential co-
contraction combinations: 10 pairs of muscles, 10 sets of 3
muscles, 5 sets of 4 muscles, or all 5 muscles.

All of the participants with an MMTof 0 continued to inpa-
tient rehabilitation (IPR) after acute care. MMTscores at IPR
discharge and follow-up were also collected for these partic-
ipants and used for exploratory analyses comparing contrac-
tion characteristics to MMTat follow-up. One participant did
not return for follow-up. Univariate linear regression was
used to compare the number, duration, and maximum ampli-
tude of contraction with average MMT score at follow-up
(see table 1, final MMT). Only 4 of the participants with an
MMT>0 continued to IPR. Owing to the limited number and
ceiling effect of MMT (ie, scores of 4+ at IPR discharge),
these exploratory analyses were only conducted with the
group with MMTof 0.
Results

Contractions were identified from the EMG recordings for all
5 muscles in all participants during standard care (fig 2). For
the participants with observable muscle activity (MMT >0),
contractions were identified from all muscles in just 30
minutes of monitoring while awake in their hospital room.



Fig 3 Contractions during the MMT and passive range of
motion (PROM) assessments for the participants with an MMT of
0. EMG recordings were collected for 9 participants during these
assessments. The number of participants who had identifiable
contractions, as well as the maximum amplitude, median ampli-
tude, and duration of contractions are shown for each muscle.
Bars represent the median amplitude and duration across par-
ticipants, with the black dots showing the median for individual
participants.
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For 5 of the participants with no observable muscle activity
(MMT=0), we were also able to identify contractions from a
single 30-minute period. The other participants with an MMT
of 0 (n=6) required monitoring for an additional 30-150
minutes before contractions were identified in all 5 muscles,
with the biceps and triceps typically requiring the longest
time periods to identify contractions.

Most contractions for the participants with no observable
muscle activity (MMT=0) were during times of no movement.
Participants with observable muscle activity (MMT >0) had
significantly more contractions with movement than partici-
pants with an MMTof 0 for all muscles except the wrist flex-
ors (P=.003-0.01; P=.07 for wrist flexors). For these
participants (MMT >0), the majority of contractions
occurred with movement (59%-66% of contractions, but 45%
for the wrist flexors); higher MMTscores were modestly asso-
ciated with more contractions with movement (r2=0.16-
0.42).

The maximum and median amplitudes of contractions
were similar across muscles and between participants with
and without observable muscle activity, with the average
maximum amplitude between 0.03 and 0.42 mV and median
amplitude between 0.01 and 0.18 mV (see fig 2). Only the
wrist extensors demonstrated significantly larger median
amplitudes (P=.02) for participants with an MMT>0 than
those with an MMT of 0. There were no significant differen-
ces in maximum (P=.08-0.99) or median (P=.16-0.81) ampli-
tudes between contractions with or without movement.
Durations of contractions were also not significantly differ-
ent between groups, with most contractions lasting less
than 1 second. We also evaluated the correlation between
the number of contractions, amplitude, and duration. For
the participants with an MMTof 0, individuals with more con-
tractions had greater maximum amplitude (r2=0.16-0.62)
and longer duration (r2=0.16-0.83) contractions. We
observed weak or no correlation between the number of
contractions, amplitude, and duration for participants with
observable muscle activity (MMT >0).

The participants with an MMT of 0 were also monitored
during the MMT and passive range of motion assessments
(n=9) (fig 3). Although the MMT examination confirmed no
muscle activity via observed movement or palpation, we
identified contractions from EMG during these activities. At
the beginning of the examination, when asked if they could
move their arm, we identified muscle contractions among 4
of the participants, even though the examiner observed no
movement or muscle activity. During the passive range of
motion tests, muscle contractions were identified in all 9
participants during elbow range of motion and in 7 partici-
pants during both shoulder and wrist range of motion exami-
nations. As would be expected from reflexes, the deltoid
was only active during attempted movement or shoulder
range of motion.

Co-contraction was rare for all participants. For the par-
ticipants with an MMT of 0, more than 90% of contractions
involved only a single muscle (fig 4). Co-contraction was sig-
nificantly more common during contractions with movement
(P=.003). Three of the 4 most common co-contraction pat-
terns observed among the participants with an MMT of 0
aligned with a flexion synergy, involving activation of the
deltoid and wrist flexors (17% of co-contractions), biceps
and wrist flexors (16% of co-contractions), or deltoid and
biceps (11% of co-contractions). There were no co-contrac-
tions aligned with the extension synergy among participants
with an MMT of 0. Co-contraction was significantly more
common among the participants with an MMT>0 than those
with an MMT of 0. For participants with an MMT>0, co-con-
traction was more common during contractions with move-
ment (P=.048); the most common co-contractions were
activation of the biceps and wrist extensors (23% of co-con-
tractions) and activation of the wrist flexors and extensors
(17% of co-contractions).

All of the participants with an MMTof 0 continued to IPR.
At IPR discharge (range, 13-35d after stroke), 7 of the 11
participants still had an MMT score of 1 or less for all



Fig 4 (A) Co-contractions (percent of total number of con-
tractions) were rare among participants without (MMT=0) and
with (MMT >0) observable muscle activity. (B) Co-contraction
involving 2 muscles were classified as aligning with the flexion
or extensor synergy, antagonist pairs, or other patterns. The
flexion synergy includes co-contraction of the deltoid, biceps,
and wrist flexors. The extension synergy includes co-contraction
of the triceps and wrist extensors.
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muscles. At follow-up (range, 1-12mo after stroke; average,
5mo), 5 participants had regained some arm function with
MMT scores greater than 2. The number of contractions and
maximum amplitude at the initial evaluation were associ-
ated with MMT scores at follow-up for the biceps, triceps,
and wrist flexors (fig 5). Participants with fewer contractions
and lower maximum amplitude in acute care had greater
MMTscores at IPR follow-up. The wrist extensors showed the
opposite trends, in which the few participants with more
contractions, greater maximum amplitude, and longer dura-
tion contractions in acute care demonstrated the greatest
improvements in MMTat follow-up.
Discussion

We found that monitoring muscle activity with dual mode
sensors during acute care could detect contractions in the
major arm muscles of stroke survivors, even among those
who had no observable activity from clinical examination.
We did not detect large differences in contraction charac-
teristics—number of contractions, amplitude, or duration—
between muscles or participants with varying arm function.
This may reflect the wide variety of contractions that are
captured when monitoring while a patient is in their hospital
room, or that our signal quality was not good enough to
detect more subtle differences. Regardless, the presence of
contractions among all participants with MMT scores of 0
indicates that EMG may help clinicians and patients evaluate
muscle activity that is currently not observable with other
methods to inform care and recovery. Wearable sensors
facilitated deployment in acute care, which represents a
challenging environment; similar methods may further sup-
port care when deployed in inpatient, outpatient, or other
rehabilitation settings.

For the participants with an MMT of 0, the majority of
contractions occurred without movement detected from the
accelerometers. This aligns with expectations because these
participants have no voluntary movement. Whether these
contractions represent volitional muscle activity or random
activity remains unknown. After stroke, the upper motor
neuron lesion can cause random signals to be sent to the
lower motor neurons. The observed contractions without
movement may reflect this random, uncontrolled muscle
activity. Contractions during times of movement among par-
ticipants with an MMT of 0 likely reflect events when some-
one else was moving their arm (eg, nurse repositioning in
bed). This movement may have triggered reflex activity or
some voluntary activity when the patient was trying to
assist. During the passive range of motion tests, we also
observed contractions for all participants with an MMT of 0,
which supports the hypothesis that some of this activity rep-
resents reflex activity. Co-contraction was also significantly
more common during contractions with movement, which
may also reflect reflex activity when the arm was moved.
Spasticity is generally assumed to start 1-6 weeks after
stroke. Because our participants were monitored in the first
5 days after stroke, these contractions may reflect reflex
activity or early signs of spasticity. Future research during
controlled activities or with sensors that enable frequency
spectrum or motor unit analyses could provide greater
insight into the origin of these contractions.

The patterns of muscle activity we observed in acute care
reflected those documented by Twitchell and others.8,31-33

Like Twitchell’s observations,9 we saw wide variety in mus-
cle activity after stroke, reflecting the unique deficits and
recovery of each brain injury. Twitchell observed shoulder
flexion emerging 6-38 days after stroke, with elbow and
wrist flexion following shortly after. We also observed a large
number of deltoid and biceps contractions in the first 5 days
after stroke, which may precede the return of shoulder and
elbow flexion. Flexor activity was more prevalent than
extensor activity, which may reflect greater reliance and
activity from the rubrospinal tract.34-36 Patterns of co-con-
traction were also similar to previously documented



Fig 5 Exploratory analyses were conducted to evaluate whether contraction characteristics during contractions without movement
were associated with MMT scores at follow-up (1-12mo after stroke) among the participants with an MMT=0. R2 values are shown for
correlations >0.5. For the biceps, triceps, and wrist flexors, fewer contractions and lower maximum amplitudes in acute care were
associated with greater improvement at follow-up. The wrist extensors had the opposite trend, showing that more contractions,
higher amplitudes, and longer durations during acute care were associated with higher MMTscores at follow-up.
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patterns.37-40 The flexion synergy and antagonist co-contrac-
tion were the most prevalent patterns. Participants with an
MMT of 0 demonstrated no contractions aligning with the
extensor synergy, which is generally believed to appear later
in recovery.

Adopting wearable sensors in acute care will ultimately
require that these sensors provide unique and valuable
insights that are not available with current methods.41,42

Detecting muscle activity alone may be sufficient to address a
patient’s question of whether or not their muscles are firing
or to give therapists a tool to plan and evaluate their training
sessions. For example, using EMG during the MMT or other
clinical examinations may help patients and clinicians see
activity, encourage engagement, and give clinicians confi-
dence in their assessment. Beyond detecting muscle activity,
longitudinal evaluations will determine the diagnostic and
prognostic value of EMG in acute care. Predicting future func-
tion has been attempted by many researchers.43-46 In our
exploratory analyses, we found modest correlations between
contraction characteristics and future function for the partic-
ipants with an MMT of 0. Surprisingly for the biceps, triceps,
and wrist flexors more and larger amplitude contractions
were associated with worse outcomes at follow-up. These
may reflect involuntary, reflex-driven contractions, but larger
longitudinal studies will be required to link EMG-based meas-
ures with neurophysiology and recovery. Identifying opportu-
nities for integrating wearable sensors into acute care can
help support translation of this technology to the clinic.

Study limitations

For this research, we recruited a convenience sample with
broad inclusion criteria to test the deployment of wearable
sensors in acute stroke care. Evaluating specific types of
stroke or groups with specific movement deficits may eluci-
date differences in contraction characteristics between
individuals. We also relied on the MMT to evaluate arm func-
tion, which only provides a coarse ordinal scale that lacks
the sensitivity to detect subtle improvements in strength.47-
49 We chose to use this examination because it is conducted
multiple times per day to evaluate function and inform clini-
cal decision-making. Other examinations, such as the Fugl-
Meyer Assessment,50 could provide more detailed measures,
but are not commonly used in acute care. To minimize dis-
ruption to care, we also chose to passively monitor with
EMG, vs having the participant attempt to complete specific
activities or observing their activities. EMG amplitude is usu-
ally normalized by maximum voluntary contractions or other
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controlled activities, which our participants could not per-
form. This limited the types of analyses and normalizations
we could perform on the EMG data; motivating our choice to
report absolute amplitudes (mV) and focus on number and
duration of contractions. More detailed records of the activi-
ties they were performing could further help decode and
classify different types of contractions.

There were also numerous technical challenges that lim-
ited the methods we could use to process and evaluate the
EMG data. The wearable sensors had an excellent form fac-
tor for use in the clinic, but had several limitations com-
pared with research-grade systems that affected signal
quality.51 In particular, there was hardware interference in
the sensor board design that introduced noise, which made
traditional processing techniques challenging. We
attempted to use filtering and automated contraction classi-
fication methods extensively.52-56 Contractions could be
identified manually from amplitude and frequency analyses,
but this process was incredibly time intensive and severely
limits clinical translation. The interelectrode distance was
also wide, which increased crosstalk and limited our ability
to target specific muscles.57 Although these sensors work
well for large muscles, we report wrist flexor and extensor
group activity. We are confident these technical limitations
can be overcome, which will increase the potential effect of
wearable sensors in acute care and rehabilitation.
Conclusions

Muscle activity is present in the first week after stroke, even
among participants with no signs of muscle activity during
traditional examinations. We were able to use dual mode
sensors to monitor and detect muscle activity for 21 stroke
survivors with impaired arm function during acute care.
Whether these contractions represent voluntary activity or
random events remains unknown and represents an interest-
ing area for future inquiry, especially with higher fidelity
EMG sensors. Our exploratory analyses identified modest
correlations between contraction characteristics and future
function for individuals with an MMT of 0. Whether or not
EMG can be used to predict future function represents an
important area for further research. Using EMG to detect
contractions, evaluate common synergistic patterns, and
track changes during routine care may provide new path-
ways to support recovery of stroke survivors.
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