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Background: Intensive care unit (ICU) prolonged
immobilization may lead to lower-extremity
muscle deconditioning among critically ill patients,
particularly more accentuated in those with 2019
Novel Coronavirus (COVID-19) infection. Electrical
stimulation (E-Stim) is known to improve
musculoskeletal outcomes. This phase | double-
blinded randomized controlled trial examined the
safety and efficacy of lower-extremity E-Stim to
prevent muscle deconditioning.

Methods: Critically ill COVID-19 patients admitted
to the ICU were randomly assigned to control
(CQ) or intervention (IG) groups. Both groups
received daily E-Stim (1 h) for up to 14 days on
both gastrocnemius muscles (GNMs). The device
was functional in the IG and non-functional in the
CG. Primary outcomes included ankle strength
(Ankleg) measured by an ankle-dynamometer, and
GNM endurance (GNM,) in response to E-Stim
assessed with surface electromyography (SEMG).
Outcomes were measured at baseline, 3and 9
days.

Results: Thirty-two (IG = 16, CG = 16) lower
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efficacy of early E-Stim therapy to potentially
prevent deterioration of lower-extremity muscle
conditions in critically ill COVID-19 patients
recently admitted to the ICU. If confirmed in a
larger sample, E-Stim may be used as a practical
adjunctive therapy.

T —

Clinical trial registration:
[https://clinicaltrials.gov/], identifier
[NCT04685213].

Introduction

Bed rest and immobilization are time-honored
treatments for managing trauma and acute or
chronic illnesses. Problems arising from this
treatment modality can complicate a primary
disease, worsening the initial cause of admission
(1). For instance, critically ill patients who require
prolonged immobilization due to intensive care
unit (ICU) stay often suffer from muscle weakness
(2). Particularly, this condition may originate from
neuro-myogenic disturbances in lower extremities
(3, 4) that, when immobilized, major pathways
involving inflammation, impaired oxygen delivery,
and hyperglycemia arise (5, 6). These
consequences are highly prevalent among
hospitalized patients with 2019 Novel Coronavirus
(COVID-19) in need of intensive care (7, 8).
Particularly, this population receive concomitant
standard therapy of paralytics and glucocorticoids
that leads to inhibition of acetylcholine receptors
in the neuromuscular junctions (9); ultimately,
causing deleterious effects on the musculoskeletal
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to prevent muscle deterioration of bedbound
patients, particularly those with severe COVID-19
infection.

Physical therapy (PT) greatly benefits
neuromuscular outcomes in patients with muscle
deconditioning and weakness (17). However,
reduced personnel and resources can be a
limitation for ICU COVID-19 patients. Additionally,
the rapid loss of muscle mass within hours after
ICU admission (5) requires an immediate
approach, making this condition time-dependent.
One practical solution is the use of electrical
stimulation (E-Stim) therapy. This modality
prevents muscle deconditioning (18), improves
muscle strength, and restores functionality in ICU
patients (19). While it may be a suitable treatment
to facilitate the rehabilitation pathways for COVID-
19 patients (20), empirical evidence is needed (11).
Today, this technology has been demonstrated to
improve muscle strength in ICU COVID-19
patients (21). However, there is still a lack of
randomized studies (22) to confirm its efficacy.
Thus, it is unclear whether this adjunctive therapy
prevents lower-extremity muscle deconditioning
in ICU COVID-19 patients.

This study examines the potential safety and
efficacy of lower-extremity E-Stim therapy to
prevent lower-extremity muscle deconditioning in
ICU COVID-19 patients. We hypothesized that
patients receiving short-term E-Stim therapy will
show significant improvement in lower-extremity
outcomes [i.e., muscle endurance, ankle strength
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Consolidated Standards of Reporting Trials
(CONSORT) guidelines for randomized clinical
trials.

Participants

To be eligible, patients must have been admitted
to the ICU due to COVID-19 infection within 3
days prior to initiating E-Stim therapy, received
assisted ventilation therapy, and indicated bed rest
for at least 7 days. These conditions were based
on the judgment of clinical intensivist investigators
(MS and JPH). Patients were excluded if they were
medically paralyzed (i.e., rocuronium,
cisatracurium) or under vasopressor therapy (i.e.,
norepinephrine, epinephrine, vasopressin) at the
moment of enrollment; expected to be discharged
from critical care in the next 24 h; had below the
knee amputations or lower-extremity wounds;
demand-type cardiac pacemaker, implanted
defibrillator, or other implanted electronic devices;
and any conditions that may interfere with
outcomes or increase the risk of the use E-Stim
based on the judgment of clinicians.

Intervention

Patients were randomized (ratio: 1:1) to either
control (CG) or intervention (IG) groups through a
computer-generated list followed by sequential
allocation. Participants and care providers were
blinded to the group allocation. The IG received E-
Stim through two electrode adhesive pads (2 cm X
2 cm, Conductive electrode pads, Avazzia Inc.,
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Figure 1. Study
setup: electrical
stimulation device,
plugs and pads,
and surface
electromyography
Sensors.
Participants
received electrical
stimulation
through electrode
adhesive pads
placed on both
proximal and distal
gastrocnemius
muscles using a
bio-electric
stimulation
technology®
(BEST) micro-
current platform
(Tennant
Biomodulator®).
Electrical
stimulation (E-
Stim) was active in
the intervention
group and non-
functional in the
control group.
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included for
analysis. SEMG,
surface
electromyogram;
GNM,
gastrocnemius
muscle; E-Stim,
electrical
stimulation.

The E-Stim application was set at 50 V with an
interactive high voltage pulsed alternative current
(HVPAC) in the shape of an asymmetrical damped
sinusoidal biphasic pulsed waveform (25), which
allows for muscle relaxation and avoids fatigue
during therapy (26). An intensity level from 50 to
250 V has been previously FDA-cleared for the use
of pain relief (25). The pulse duration was between
400 and 1400 microseconds (us), and pulse
frequency between 20 and 121 hertz (Hz). These
same intensity level and pulse characteristics were
shown to be harmless in a previously published
clinical trial for lower-extremity ischemic lesions
(27). E-Stim was discontinued if the patient
presented rapid deterioration [i.e., arterial blood
oxygen desaturation < 93% under ventilation
assistance, hemodynamic instability, septic shock,
thigh extracorporeal membrane oxygenation
(ECMO) placement, or generalized gross edemal]
despite intensive care treatment. Intubation was
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30). The filtered sSEMG data was full-wave rectified
and smoothed using a moving average to estimate
the sEMG linear envelope (29, 30). Furthermore,
the area under the envelope was calculated to
estimate the integrated EMG (iEMG) to quantify
the level of muscular activity (31, 32). EMG analysis
was performed using custom-made software
programmed in MATLAB (The MathWorks Inc.,
Natick, MA, USA).

Efficacy outcomes

Lower-extremity muscle outcomes included
voluntary and involuntary contraction metrics.
First, in a standardized supine position (33), Ankleg
was determined by the average of three 5 s
dorsiflexion maximum voluntary isometric
contractions (MVIC) per 30 s of relaxation in-
between (Figure 2) assessed with a dynamometer
(RoMech Digital Hanging Scale). Second, GNM
endurance [GNM,, defined as sustained muscle
involuntary contraction (34)] in response to 5 min
of E-Stim therapy was assessed with iEMG analysis.

Figure 2
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Lower-extremity perfusion outcomes included
plantar tissue oxygen saturation (SatO2), a
surrogate of muscle oxygen consumption in
response to E-Stim (35). SatO2 was measured
using a validated Near Infra-red Spectroscopy
(NIRS) camera (Snapshot NIR, KENT Imaging Inc.,
Calgary, AB, Canada) that detects an approximate
value of real-time SatO2 level in superficial tissue.
SatO2 levels were examined in the metatarsal
area, including the five toes. Muscular and
perfusion outcomes of the lower extremity were
assessed at baseline, 3 and 9 days.

Lower-extremity functional outcome was the
likelihood of falling assessment via Morse Fall
Scale (MFS) (36). This scale is a standardized
assessment performed by hospitalists at BSLMC
that assesses functional aspects of the lower
extremity such as ambulatory aid, gait, and
transferring, among other features related to risk
of falling. As the score increases, it indicates
proportionally worse outcomes (low risk < 24;
moderate risk 25-44; high risk > 45). The
functional outcome was collected from the

Alamtvmimim manAdi~al vamAavAA~ A lnacAliicAa Al A A A
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averaye Ol pducrit c=aurrr uierapy Corrpleuort,
average of measured outcomes at each time point
(i.e., 3 and 9 days) excluding non-study-related
adverse events (i.e., death, intubation, deep vein
thrombosis, rapid deterioration) (37, 38).
Acceptability outcomes included interference with
ongoing COVID-19 standard of care procedures
(i.e., mechanical ventilation, prone rotation, PT,
other clinical trials), and interaction with the ICU
staff (i.e., nurses, respiratory and occupational
therapists, nutritional specialists, machinery
technicians).

Sample size justification and power analysis

The sample size was estimated based on a Najafi
et al. study (39), in which the effectiveness of daily
lower-extremity E-Stim demonstrated a significant
improvement in motor performance (Cohen effect
size, d = 1.35). To observe the benefit of functional
E-Stim (IG) to prevent or improve lower-extremity
muscle outcomes compared to non-functional
(CQG), we conducted a power analysis following a
(1) Conservative effect size (Cohen’s d = 0.6); (2)
80% generated power; (3) Alpha of 5%; (4) two
number of groups; and (5) two repeated
measurements, utilizing G *Power software
(version of 3.1.6) (40). Each lower extremity was
considered as an independent sample due to the
variability in muscular and vascular status (41, 42).

Statistical analysis

Shapiro—-Wilk test (p > 0.05) was used to assess the
normality of the data. Independent t-test was used
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O yroup (two levels. L driu gy, urme [two ievei.
baseline, 3/9 days (muscle and perfusion
outcomes), or discharge time (MFS Score)], and
their interaction on the outcome measures. For all
tests, an alpha level of < 0.05 was considered
statistically significant. All calculations were made
using IBM SPSS Statistics 27 (IBM, IL, USA).

Ethical consideration

This study was approved by the local Institutional
Review Board (IRB) at Baylor College of Medicine
(Houston, TX, USA) in accordance with the
Declaration of Helsinki (approval number H-
47781). All participants read and signed the IRB-
approved informed consent forms before initiating
assessments or data collection. If the participant
was cognitively impaired, consenting was
performed via telephone call with a legal
representative. The informed consent was
obtained from all participants and/or their legal
guardians.

Results

Clinical characteristics

The progress through the phases of screening,
allocation, follow-up, and data analysis is shown in
Figure 3. The vast majority of patients were
excluded from initial screening due to anticipated
discharge from critical care within 24 h. Nineteen
participants satisfied the inclusion and exclusion
criteria. From these, three were withdrawn due to
rapid deterioration before the mid-point (3 davs).
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\LUU /) Uriueryolrrny corucosLieroig uierapy. Lirieu
or null mobility persisted for a mean of 3.3 + 3.5
days (p = 0.54, d = 0.38) and after 7.5 + 5.7 days (p
= 0.93, d=0.05), 68.7% (p = 0.59, V= 0.13) of the
participants began vigorous activity involvement
(i.e., physical/occupational therapy, standing up,
walking to chair). All others (31.3%) remained
immobile during their ICU stay.

Figure 3

Figure 3. Consort
flow diagram. N,
number of
patients. n,
number of lower
extremities. ECMO,
extracorporeal
membrane
oxygenation. First
time point = 3
days. Second time
point = 9 days.
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whereas the CG showed a non-significant
deterioration for GNMg in comparison to baseline
(=3.9%, p = 0.08). At 9 days, the IG showed a
significant improvement compared to the CG with
large effect size for GNM, (p = 0.04, d = 0.97,
Figure 4C). In comparison to baseline, the IG’s
GNM, showed a significant improvement (+6.3%,
p = 0.029). Lower-extremity oxygen consumption
(SatO2) values remained stable between and
within groups through time (p > 0.05, Table 2). At
the time of ICU discharge, the IG showed a
significant improvement compared to the CG with
small effect size for MFS score (p = 0.05, d = 0.36,
Figure 4D). In comparison to baseline, the IG's
MFS score showed a significant improvement
(=12.7%, p = 0.05), opposite to the CG, which
showed a significant worsening score (48.1%, p =
0.04). All other parameter comparison are shown
in Table 2.

Figure 4

Figure 4.
Comparison of
outcomes within
and between
groups through
time. Ankleg, ankle
strength; kg,
kilograms; GNM,
aastrocnemius
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baseline. (D)
Comparison of
MES within and
between groups at
the time of
intensive care unit
(ICU) discharge
(18.00 + 10.19
days) from
baseline; severity is
proportional to
high score. P-
value and Cohen’s
d effect size are
noted from time
group interaction
at each
determined time
point.

Table 2

o s o Table 2. Outcome
comparison across
time between both

groups.
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26/26 samples), and the average for involuntary
metrics (muscle endurance and SatO2) was 100%
(32/32 samples). At the second time point (9 days),
the average of measured outcomes from
independent lower-extremity voluntary metrics
(Ankleg) data excluding non-study-related adverse
events (i.e., intubation = 10, early discharge = 2,
death = 2, deep vein thrombosis = 1) was 94.1%
(16/17 samples), and the average for involuntary
metrics (muscle endurance and SatO2) excluding
non-study-related adverse events (i.e., intubated =
4, early discharge = 2, death = 2) was 91.6% (22/24
samples). Data for MFS functional assessment at
the time of ICU discharge (18.0 + 10.2 days, p =
0.81, d = 0.11) was collected in 100% (32/32
samples) of the participants.

Discussion

This study examined the safety and efficacy of
lower-extremity E-Stim adjunctive therapy to
prevent muscle deconditioning. Our main goal
was to determine whether this system can
improve musculoskeletal outcomes at the earliest
application from ICU admission. Results suggest
that patients undergoing active E-Stim to the GNM
had an improvement in Ankleg and muscle
endurance after 3 days compared to those that
utilized sham devices. Comparison at 9 days
showed there was significantly higher muscle
endurance in patients undergoing active
stimulation compared to those that did not. We
believe these findings are due to the prompt
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units that are used for greater levels of force
production (49), aiding lower-extremity muscle
strength preservation for voluntary activation (50).
In a recent prospective cohort study in (n = 5) ICU
COVID-19 patients, Righetti et al. stated daily E-
Stim to the quadricep muscles in mechanical
ventilated patients is feasible at improving strength
at 5 and 8 days per interrupted sedation
assessment (21). Similar non-COVID population
studies utilizing E-Stim to the peroneus longus (n
= 24) (51) and anterior tibialis (n = 11) (52) found a
significant improvement in ankle dorsiflexion
strength. Moreover, a randomized control trial
(RCT) (53) delivering E-Stim to the GNM of ICU
patients (n = 36) showed an improvement in
strength at 9 days. The present RCT in ICU
COVID-19 patients undergoing active E-Stim to
the GNM showed an improvement in ankle
dorsiflexion strength compared to controls with a
medium effect size (p = 0.06, d = 0.77, Figure 4A)
after 3 days of starting therapy. Unfortunately,
results at 9 days were limited due to the high
morbimortality status (i.e., deep vein thrombosis,
intubation, death) impeding patients from
performing voluntary tests, and limiting further
assessment post-sedation.

2019 Novel Coronavirus reviews have also claimed
E-Stim therapy may improve muscle endurance
(18); however, evidence is supported by different
types of immobilized populations (54). Hence,
Veldman et al. suggested that E-Stim may result in
a fast-to-slow muscle fiber type transition, which
could potentially enhance endurance in patients
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improvement with a large effect size at 9 days (p =
0.04, d = 0.97, Figure 4C) by increasing 6.3% (p =
0.029) from baseline (Table 2). This was especially
noteworthy since all patients had null mobility
over the first ~3 days from ICU admission,
avoiding any confounding effect of physical or
nutritional therapy. This suggest that daily E-Stim
may gradually improve GNMg, in ICU COVID-19
patients.

Multiple studies (58) have suggested applying E-
Stim therapy immediately after ICU admission to
prevent lower-extremity neuromuscular damage
in ICU patients (59-61). The physiology behind
this suggestion relies on the fact that early
introduction to E-Stim can ensure early
activation/contraction of the motor unit (15). This
is important because there is an abrupt decline in
amplitude of nerve action potential and motor
depolarization within 24 h from ICU admission
(62). In ICU COVID-19 patients, there is an
additional degenerative transformation and
shrinkage of skeletal muscle due to sarcopenia,
oxidative stress, and hyper-catabolism induced by
cytokine storms and malnutrition (11, 63). In the
present study, E-Stim was provided within ~1.8
days from ICU admission; thus, an early
involuntary contraction of motor units may have
led the IG muscle outcomes to improve as early as
3 days. However, we believe therapy should be
provided for prolonged periods, even after ICU
discharge. Further studies are needed to explore
musculoskeletal outcomes with the continuous
use of E-Stim after hospital discharge.

We use cookies

Our website uses cookies that are essential for
its operation and additional cookies to track
performance, or to improve and personalize our
services. To manage your cookie preferences,
please click Cookie Settings. For more
information on how we use cookies, please see
our Cookie Policy

( Submit your research >

Editorial board

Q Search


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine/articles
https://www.frontiersin.org/journals/medicine/research-topics
https://www.frontiersin.org/journals/medicine/editors
https://www.frontiersin.org/
https://www.frontiersin.org/journals
https://www.frontiersin.org/articles
https://www.frontiersin.org/submission/submit?domainid=2&fieldid=39&specialtyid=0&entitytype=2&entityid=602
https://www.frontiersin.org/search?tab=top-results&origin=https%3A%2F%2Fwww.frontiersin.org%2Fjournals%2Fmedicine%2Farticles%2F10.3389%2Ffmed.2022.1017371%2Ffull
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy
https://www.frontiersin.org/legal/privacy-policy

:' frontiers All journals All articles

Frontiers in M... Articles Research Topics

WILNMOUUITILETICTITIY WILTT UIE TESPOTISIvIutesS ol uie
hospital staff. The short-time therapy effect was
reflected in the significantly lower likelihood of
falling in the |G compared to the CG (p = 0.05,
Figure 4D) at the time of ICU discharge.
Nonetheless, a longer follow-up period with larger
sample sizes targeting functional objective
measurements is warranted to assess limb
functionality in critically ill COVID-19 patients
undergoing E-Stim therapy.

Under E-Stim therapy, oxygen consumption of the
lower extremity increases to supply energy to the
lower-extremity muscles and thus maintain
isometric muscle contraction (35, 68). At hypoxic
levels, glycogen substitutes oxygen for energy
supplementation via the anaerobic metabolism
pathway (69) that, when depleted, may result in
muscle fatigue and subsequent injury (70).
Although no study has explored the effect of E-
Stim on the tissue perfusion in the lower
extremities of ICU COVID-19 patients (71),
Gerovasili et al. examined it the thenar muscle of
(n = 29) ICU patients. With a provoked vascular
occlusion, they found that mean SatO2 assessed
with Near Infra-red Spectroscopy (NIRS) did not
differ before and after E-Stim therapy. With the
severe hypoxia and blood oxyhemoglobin
disassociation that critically ill COVID-19 patients
present (72), one could expect this population
may be more susceptible to muscle perfusion
deterioration after undergoing stress (73). In the
present RCT, the IG’s lower-extremity distal
perfusion showed a similar pattern to the CG by
remaining stable during the study period, meaning
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9 days time point. Based on the observed effect
sizes (d = 0.69-0.77, Table 2) at the 3 days time
point, the available 26 samples (lower extremities)
resulted in a generated power in range of 92-96%
for Ankles, whereas for muscle endurance, the
available 32 samples (lower extremities) resulted in
a generated power in range of 97-99%. At the 9
days time point, the generated power for muscle
endurance was greater than 80% (available
samples = 22, d = 0.97, Table 2). However, the
power was insufficient for Ankleg (less than 80%)
because of the reduced available samples (n = 15)
in patients with deep vein thrombosis, intubation,
or death due to COVID-19; thus, were not
reported. This study was preventative; therefore,
patient selection focused on those at high risk of
muscle deconditioning but not clinically
diagnosed with established guidelines for
myopathy or neuropathy. COVID-19 variants were
not reported. Creatinine phosphokinase, serum
lactate, nor blood indicators for muscle damage
were measured. SatO2 was not directly measured
from the GNM. There were no other muscles
stimulated or assessed. The duration of follow-up
was short due to the high mortality rate in this
particular population. Despite these limitations,
the observed medium effects for benefit of E-Stim,
ease of administration without overwhelming the
nursing staff, and high acceptability encourage
future studies to confirm the observed effects in
preventing muscle deconditioning among
clinically ill patients who require prolonged bed
rest.
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ICU admission. However, E-Stim does not replace
PT, but rather enhances gastrocnemius muscle
endurance and Ankleg as an adjunctive treatment.
Moreover, a portable and practical system that is
easy to use does not interfere with the daily duties
of the ICU staff. In addition, E-Stim did not alter
vital signs or lower-extremity oxygen
consumption, nor did it show adverse events
during the study period. Further studies with larger
sample sizes and longer follow-ups are warranted
to examine the effectiveness of E-Stim to prevent
muscle deconditioning in critically ill COVID-19
patients.
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