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Abstract

Background: Neuromuscular electrical stimulation (NMES) is an effective method to induce
involuntary muscle contraction, particularly for populations that are more prone to physical
incapacities and metabolic disease.

Purpose: To evaluate existing evidence to determine the effectiveness of NMES on glycemic
control and insulin sensitivity.

Methods: Electronic search consisted of MEDLINE (PubMed), EMBASE, Cochrane Library,
Google Scholar, and Web of science to identify existing original research studies that investigated
the effects of NMES on glycemic control and insulin sensitivity in humans. Studies that met
inclusion criteria for the systematic review were then considered for meta-analysis if the studies
were designed as randomized controlled trials. Risk of bias and quality assessment were performed
for all studies. Effect sizes were calculated as the standardized mean difference and meta-analyses
were completed using a random-effects model.

Results: 31 studies met the inclusion criteria for systematic review and of those, 10 studies
qualified for the meta-analysis. The meta-analysis comprised of 189 subjects which reported
NMES resulted in an improvement in insulin sensitivity (MD: 0.41; 95% CI, 0.09 to 0.72; p=0.01;
P=11%).

Conclusions: Existing evidence suggest that NMES can effectively improve glycemic control
(acute) and insulin sensitivity (chronic) predominantly in middle-aged and elderly men and women
with type 2 diabetes, obesity, and spinal cord injury. NMES could be considered as an alternate
therapeutic strategy to improve insulin sensitivity in populations that are faced with physical

incapacities and metabolic disease.
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Background

Physical inactivity increases risk for metabolic diseases such as insulin resistance, obesity,
type 2 diabetes and is the fourth leading risk factor for death worldwide. [1-4] Adhering to CDC
recommended physical activity (150 min/week) could prevent 1 in 12 cases of diabetes, which
may decrease the financial burden on the health care system. [5] It is well established that muscle
contraction through endurance and resistance exercise is effective in improving insulin sensitivity
in all populations. [6-8] Muscle contraction induced by electrical pulse stimulation in human
myotubes (in-vitro) as well as in isolated rat skeletal muscle have also been shown to upregulate
glucose uptake. [9, 10] Therefore, the possibility of improving insulin sensitivity by inducing
muscle contraction as an alternative therapeutic approach has been of particular interest for
populations that are unable to perform regular physical activity and/or are insulin resistant.

Neuromuscular electrical stimulation (NMES) is an alternate strategy to induce involuntary
contraction of skeletal muscle via depolarization of the motor axons and nerves being stimulated
through an electrical current. [11-13] NMES has been widely used across the field of rehabilitation
to prevent muscle loss and to regain muscle mass and function in individuals who experience spinal
cord or sports injuries, as well as metabolic disease. [14-17] Electrically induced muscle
contraction has also shown to be effective in acutely preventing hyperglycemic response when
used preoperatively for those undergoing general anesthesia. [18] Skeletal muscle being the major
site for insulin stimulated glucose uptake [21, 22], plays an important role in glycemic control and
regulation of whole-body glucose metabolism. Muscle contraction, on the other hand, can
effectively lead to glucose uptake in the absence of insulin. [19-21] Use of electrical stimulation
of the quadriceps femoris muscle following spinal cord injury resulted in increased muscle cross
sectional area. [72] Translocation of glucose transporter (GLUT-4) to muscle membrane has been
reported after insulin stimulation (insulin dependent) as well as with muscle contraction that uses
an insulin independent glucose uptake pathway. [22, 26-28] It has been suggested that an increase

in glucose metabolism with electrical stimulation is due in part to the preferential activation of



glycolytic Type IIA muscle fibers due to its larger axonal diameter. [22-24] This is also supported
by rodent studies reporting preferential recruitment of axons with larger diameter through NMES.
[25-28] Electrical stimulation leads to activation of anaerobic pathways [74] as a source of ATP.
An accelerated amount of hydrogen ions follows the increased accumulation of skeletal muscle
lactate during electrical stimulation. [62] It has also been reported that a single bout of NMES
significantly increased carbohydrate oxidation and whole-body glucose uptake. [35, 46] Therefore,
it is important to evaluate if acute and chronic use of NMES as an effective therapeutic strategy to
improve glycemic control and insulin sensitivity, respectively in both healthy and metabolically
diseased populations. [8, 9, 14, 29]

NMES is frequently used in clinical settings for improving neuromuscular function and
strength in disused/immobilized limbs [16,29-32], and have primarily focused on populations with
spinal cord injury (SCI), obesity, and type 2 diabetes (T2DM). [13, 14, 22, 33-36] Existing
literature that assessed the effectiveness of NMES in improving glycemic control, insulin
sensitivity and metabolic health is not clear. This gap in knowledge is due to highly variable NMES
protocols used (frequency, duration, and length of intervention), population studied, variable
testing methods used to access insulin sensitivity, and lack of control group in several studies.
Therefore, the primary purpose of this comprehensive systematic review and meta-analysis was to
evaluate the existing evidence to determine the effectiveness of NMES as an alternative therapeutic
approach to improve glycemic control (acute use) and insulin sensitivity (chronic use). As
improvements in insulin sensitivity has often been connected to whole body substrate utilization
and lean mass, we have also explored the existing literature to determine the effects of NMES on

substrate utilization and body composition



Table 1: Characteristics of included studies

Number of Study NMES NMES NMES NMES NMES Method to IS Body Substrate  Study Design (Notes)
participants population  Intervention duration frequency pulse Intensity measure outcome composition  utilization

(min) (Hz) width(us) IS (Methods) (Methods)

Arisianti  N=20 Men and 3x/week for4 30min 20 Hz 200 ps 60 mA Fasting BG: NA NA BG was measured before and
etal. 2016 NMES=10 women with  weeks Blood Decreased after intervention.
Passive T2DM (=55 Glucose
Stretching=10  years old)
Arisianti  N=20 Men and 3x/week for4 30min 20 Hz 200 us  NA Fasting BG: NA NA Breakfast of 2 pieces of bread
et al. NMES=10 women with  weeks Blood Decreased and a cup of tea (26g carb)
2017 Control=10 T2DM (=35 Glucose before intervention.
years old) Measured BG 30 min
pre/post.
Belliveau N=8 Men with One session 60 min 8§ Hz 200 ps 30-60mA  OGTT BG: NA NA Following 12 hour fast, BG
et al. NMES=8 T2DM (41-65 (acute) Decreased measured during OGTT (75g)
2006 Control=8 years old) at rest (0 min), 60 min, and
120 min.
Catalogna N=12 Men and Tx/week for 2 5 min 1.33Hz/ 150 ps 5-10 mA MGTT BG: NA NA Following 8 hour fast, BG
et al. NMES=5 women with ~ weeks burst mode Decreased was monitored prior to
2016 Control=6 T2DM (45-75 of 16 Hz Postprandial breakfast (50g carbohydrate)
Drop out=1 years old) Glucose: and then every 30 min for 2
Decreased hours.
Chilibeck NMES=5 Middle-aged 3x/week for8 30min 30 Hz NA 10-140 mA OGTT IS index: NA NA Following 12 hour fast, BG
et al. Control=NA men and weeks Increased measured during OGTT (75g)
1999 women with at rest (0 min) and at 30 min,
SCI (31-50 60 min, 90 min, and 120 min.
years old)
Erickson NMES=14 Men and 3-5x/week for 10-75min 2-7 Hz 200 ps Visual OGTT BG: No Bilateral NA Following overnight fast,
et al. Control=NA women with 16 weeks vigorous change quadriceps blood measured during
2017 SCI (30-63 muscle HOMA-IR: muscle: OGTT (75g) at rest (0 min),
years old) contraction No change No change 30 min, 60 min, 90 min, and
HbAlc: (MRI) 120 minutes.
Decreased



Galvan et
al.
2019

Giggins et
al.
2017

Gorgey et
al.
2011

Griffin et
al.
2007

Number of
participants

N=10
NMES=5
Control=5

NMES=13
Control=NA

N=9
NMES+Diet=5
Diet group=4

NMES=18
Control=NA

Guzman et NMES=16

al.
2019

Control=NA

Study
population

Overweight/.
obese men
and women
(18-54 years
old)

Men with
T2DM (45.1-
58.9 years
old)

Men with SCI
(26-44 years
old)

Men and
women with
SCI (25-57
years old)

Men and
women with
T2DM (18-30
years old)

NMES
Intervention

NMES
duration
(min)

3x/week for 4
weeks

30 min

6x/week for 8
weeks

60 min

2x/week for
12 weeks

NA

2-3x/week for 30 min
10 weeks

1x/week for 4 20 min
weeks

NMES
frequency
(Hz)

pulse

50 Hz 300 ps
4-19 Hz 760 ps
30 Hz 450 ps
50 Hz NA
5,10,and 400 pus
50 Hz

NMES

width(us)

NMES
Intensity
IS

Max OGTT

tolerable

Max Fasting

tolerable Blood
Glucose

Raised until OGTT
visible
contraction

Increased to OGTT
promote a

cadence of

49

revolutions

Max
tolerable

Fasting BG

Method to IS
measure

outcome

BG:
Decreased
Postprandial
Glucose:
Decreased
Glucose
AUC:
Decreased

BG:
Decreased
HbAlc: No
change

Glucose
AUC:
Decreased
Insulin
AUC: No
change
HOMA-IR:
No change

BG:
Decreased
Insulin level:
Decreased

BG:
Decreased

Substrate
utilization
(Methods)

Body
composition
(Methods)

BW: No RQ: No
change change

BMI: No Lactate:
change Increase

FM: No change (Indirect
LM: No change Calorimetry)
(DXA)

BW: Decreased NA
Body fat:

Decreased

LM: No change
(DXA)

BW: No
change

BMI: No
change

FM: No change
LM: No change
CSA: Increased
(DXA)

NA

BW: Increased NA
FM: No change
LM: Increased
(DXA)

NA NA

Study Design (Notes)

All participants provided diet
55% carb, 15% protein, 30%
fat. Tests were performed
after overnight fast. Blood
measured during OGTT (75g)
at rest (0 min), and 30 min,
60 min, 90 min, 120 min, 150
min, and 180 minutes.

Following overnight fast.
Blood sample was collected
to determine BG and HbAlc.

Two groups; NMES+diet vs
Diet. Tests were performed
following 12 hour fast to
measure fasting and post
challenge glucose, insulin and
lipid profile. NMES session
was determined by the
completion of 40 leg
extensions.

Following 12 hour fast,
Blood samples were drawn
during OGTT (75g) at rest (0
min), 30 min, 60 min, 120
min, and 180 min

First session (control
condition) evaluated
glycemic response to meal.
NMES applied other three
sessions.

20 min, 30 min, 60 min, 90
min after NMES
measurements performed.



Study Number of Study NMES NMES NMES NMES NMES Method to IS Body Substrate  Study Design (Notes)
participants population  Intervention duration frequency pulse Intensity measure outcome composition  utilization

(min) (Hz) width(us) IS (Methods) (Methods)

Hamada et NMES=8 Young One session 20 min 20 Hz 0.2 us Limit of 80 Clamp GDR: NA RER: Blood samples for insulin
al. Control=NA healthy males (Acute) mA Increased Increased  measurements were obtained
2003 (24.2-254 Lactate: at the beginning and the end
years old) Increased  of ES and every 30 min
VO2: during the poststimulation
Increased  period of 90 min
(Indirect
Calorimetry)
Hamada et NMES=8 Young One session 20 min 20 Hz 0.2 us Limit of 80 Clamp GDR: NA RER: Blood samples for insulin
al. Control=NA healthy males (Acute) mA Increased Increased  were obtained at pre/post of
2003(Jan) (22.8-24 Blood Lactate: ES and every 30 min during
years old) Glucose: No Increased  the poststimulation
change VO2:
Insulin Increased
Level: No (Indirect
change Calorimetry)
Jabbour et NMES=8 Middle-aged One session 60 min 8 Hz 200 ps Max OGTT BG: NA NA First session: Familiarization
al. Control=NA men and (Acute) tolerable Decreased of NMES protocol. Tests
2015 women with were performed following 12
T2DM (39-65 hour fast. Blood measured
years old) during OGTT (75g) at rest (0
min), and at 60 min, and 120
min.
Jeon et al. NMES=7 Middle-aged 3x/week for 8 30min 30 Hz NA 10-140 mA OGTT/ BG: NA NA Following 12 hour fast. BG
2002 Control=NA men and weeks Clamp Decreased was measured during OGTT
women with (76g) at rest (0 min), 30 min,
SCI (30-53 60 min, 90 min, and 120 min.
years old)
Jeon et al. N=8 Middle-aged 3-4x/week for 2 min NA NA Max Fasting BG BG: BW: Decreased NA Following overnight fast, two
2010 NMES=6 men with SCI 12 weeks tolerable Decreased  FM: Decreased blood samples were obtained
Drop out=2 (24-56 years HbAlc: No LM: No change pre/post 12 weeks of NMES-
old) change (DXA) rowing training. NMES

session was determined by
the completion of 25-30
strokes per min with
maximum power output for 2
minutes



Study Number of Study NMES NMES NMES NMES NMES Method to IS Body Substrate  Study Design (Notes)
participants population  Intervention duration frequency pulse Intensity measure outcome composition  utilization

(min) (Hz) width(us) IS (Methods) (Methods)

Joubert et NMES=18 Men and One session 25 min 35 Hz 350 us Max Clamp Insulin NA Energy IS was assessed with EHC at

al. Control=NA women with  (Acute) tolerable sensitivity Expenditure: baseline, 1 hour after a single

2014 T2DM (49-68 followed by index: No change NMES session, and 12—-15
years old) 6x/week Increased hours after the last session of

a training week with daily
NMES sessions

Kameda et NMES=14 Middle-aged One session 20min 4 Hz 0.2 us Max Fasting BG BG: NA RQ: No Following 12 hour fast.
al. Control=NA obese and (Acute) tolerable Decreased change Experimental trial: 12 hour
2010 pre-obese Glucose Lactate: fasted blood draw followed
men (42.1- AUC: Increased by breakfast (48% carbs, 50%
47.7 years Decreased (Indirect fat, and 2% protein). 10 min
old) Insulin Calorimetry) after eating, NMES 20 min
AUC: session. Blood samples
Decreased collected at 30 min, 60 min,

90 min, and 120 min.

Li et al. N=11 Middle-aged 3x/week for8 30min 50 Hz 450 pus  NA OGTT BG: Body Mass: NA Following 1-12 hour fast. BG
2018 NMES=6 men and weeks Decreased  Decreased measured during OGTT (75g)
High protein women with Insulin FM: Decreased at rest (0 min), 60 min, 90
diet=5 SCI (37-58 AUC: LM: No change min, and 120 min.
years old) Decreased  Android Fat

Fasting Mass:

insulin: No  Decreased

change (DXA)

Matsuda

Index: No

change.

HOMA-IR:

No change

Glucose

AUC: No

change
Mahoney NMES=5 Men with SCI 2x/week for NA 30 Hz 450 pus  NA OGTT BG: Trend  Quadriceps NA Following overnight fast. BG
et al. Control=NA (30.7-40.5 12 weeks decreased  femoris muscle was measured during OGTT
2005 years old) Insulin: No CSA: Increased (75g) at rest (0 min), 60 min,

change (MRI) 90 min, and 120 min. BG and

insulin measured pre/post
resistance exercise training.
NMES session was
determined by the completion
of 4 sets of 10 unilateral,
dynamic knee extensions.



Number of Study NMES NMES NMES NMES NMES Method to IS Body Substrate  Study Design (Notes)
participants population  Intervention duration frequency pulse Intensity measure outcome composition  utilization

(min) (Hz) width(us) IS (Methods) (Methods)

Man et al. N=52 Middle-aged One session 30 min 15 Hz 10mA NA Fasting BG BG: NA NA Plasma glucose and insulin
2011 TENS=26 women (Acute) and Insulin Decreased measured before, 30 min, 60
Control=26 (35-75 years HOMA-IR: min, 90 min, and 120 min
old) Increased after TENS.
Miyamoto NMES=11 Middle-aged One session 30min 4 Hz 0.2 us Max Fasting BG BG: NA RQ: Analyzed at rest (0 min), and
et al. Control=NA men with (Acute) tolerable Decreased Increased 30 min, 60 min, 90 min, and
2011 T2DM (54.3- Insulin Lactate: 120 min following breakfast
59.7 years Level: No Increased  (61% carbs, 21% fat, and
old) change VO2: 18% protein). Two sessions;
Increased one 30 min EMS , and one 30
(Indirect min complete rest.
Calorimetry)
Miyamoto N=18 Men and One session  30min 4 Hz 0.2 us 6.0 Fasting BG BG: NA RQ: 30-min NMES vs complete
et al. Men=10 women with  (Acute) ml/kg/min Decreased Increased  rest. Blood samples taken 30
2014 Women=8 T2DM (47.1- oxygen HbAlc: No Lactate: min before NMES and 30
75.8 years consumption change Increased  min, 60 min, 90 min, and 120
old) HOMA-IR: VO2: min after NMES.
No change Increased
(Indirect
Calorimetry)
Miyamoto N=14 Elderly men 5x/week for 8 40min 4 Hz 0.2 us Max Fasting BG BG: BW: No NA Baseline evaluation and after
et al. NMES=14 with T2DM  weeks tolerable Decreased  change 8 weeks assessed all
2018 Control=14 (60.2-66.2 HbAlc:No BMI: No parameters
years old) change change

FM: Increase
LM: No change

(BIA)
Mohret NMES=10 Middle-aged 3x/week for 30min 30 Hz 350 us 120 mA OGTT/ BG: No NA NA OGTTs performed pre and
al. Control=NA men and 12 months Clamp change post 12 and 18 months of
2001 women with  followed by training. The first blood
SCI (27-45 1x/week for 6 sample (time 0) drawn after
years old) months 20 min of rest, and the

subject ingested 75g of
glucose solution. Blood
samples drawn every 5 min
for both OGTT and Clamp.



Poole et al.
2005

Sharma et
al.
2010

Van
Buuren et
al.

2015

Vivodtzev
et al.
2013

Wall et al.
2012

Number of
participants

NMES=5
Control=NA

N=20
NMES=10
Control=10

NMES=15
Control=NA

N=14
NMES=7
Control=7

NMES=6
Control=NA

Study
population

Middle-aged
men and
women with
T2DM (21-55
years old)

Men and
women with
T2DM (>55
years old)

Elderly men
and women
with T2DM
(57.91-65.5
years old)

Men and
women with
Cystic
fibrosis (21-
43 years old)

Elderly men
with T2DM

(68-72 years
old)

NMES
Intervention

1x/day for 12
weeks

3x/week for 2
weeks

2x/week for
10 weeks

4x/week for 6
weeks

One session
(Acute)

NMES
duration
(min)

240 min

40 min

20 min

30 min

60 min

NMES NMES
frequency pulse
(Hz)

50 Hz NA
50 Hz NA
80 Hz NA

35Hzfor2 400 ps
weeks

followed

by 50 Hz

for 4 weeks

60 Hz 500 ps

width(us)

NMES

Intensity

40 mA

Max
tolerable

Max
tolerable

Max
tolerable

Max
tolerable

Method to
measure

IS

OGTT/
Clamp

Fasting BG

Fasting BG

Fasting BG

OGTT

IS
outcome

BG: No
change
Insulin level:
No change
HbAlc: No
change

BG:
Decreased

BG:
Decreased
HbAlc:
Decreased

BG:
Decreased
HOMA-IR:
Decreased

BG:
Decreased
Insulin level:
No change

Substrate
utilization
(Methods)

Body
composition
(Methods)

BW: No
change

BMI: No
change

FM: No change
LM: No change
(BIA)

Energy
expenditure:
Increased

NA NA

BW: No
change

FM: No change
LM: No change
(BIA)

NA

Mid-Thigh NA
circumference

and quadricep
strength:

Increased

NA NA

Study Design (Notes)

Acute changes in glucose
uptake measured in 5
subjects.

Body composition and insulin
sensitivity measured before
and

after 12 weeks daily use of
NMES

Two pieces of bread and a
cup of tea consumed 3 to 4h
before the start of experiment
to reduce risk of
hypoglycemia 40 min NMES
. Blood samples taken at the
baseline and end of first and
sixth session.

Measurements occurred
before and within 1 week of
finishing NMES intervention.

Two groups; NMES+ERGO
training and contol+ERGO
training. Parameters
evaluated at baseline and at
the end of NMES and Ergo
program.

Participants provided
standardized meal day pre-
testing (62%carb, 12%fat,
16% protein). Plasma glucose
and insulin concentrations
were measured before, during
and after 60 min of NMES.



Number of Study NMES NMES NMES NMES NMES Method to IS Body Substrate  Study Design (Notes)
participants population  Intervention duration frequency pulse Intensity measure outcome composition  utilization

(min) (Hz) width(us) IS (Methods) (Methods)

Wittmann N=75 Elderly Ix/week for 11t020 85Hz 350 us Borg rates of Fasting BG BG: No Waist NA Following overnight fast both
et al. NMES=24 women with 26 weeks min perceived change Circumference: before and 6 months after
2016 NMES+Diet=21 Sarcopenic exertion of Decreased NMES intervention.
Control=22 obesity (>70 5-6onal0 (DXA) NMES+Diet group was
Drop out=8 years old) point scale provided with a high protein
supplement (caloric value of
638KJ and contained 21g
whey protein 10g carb 3g
fat).
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DXA: Dual energy X-ray Absorptiometry
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RER: Respiratory Exchange Ratio
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Methods

Electronic Search Strategy and Eligibility Criteria

This systematic review and meta-analysis were performed in accordance with the
Cochrane Collaboration [37] and Preferred Reporting Items for Systematic Review and Meta-
analysis (PRISMA) guidelines [38] (Figure 1). The protocol of the study was registered on
International Prospective Register of Systematic Review (PROSPERO)
(CRD42020192491). Randomized controlled trials that evaluated the effects of NMES on
glycemic control and/or insulin sensitivity were included. A computerized search was performed
on MEDLINE (PubMed), EMBASE, Cochrane Library, Google Scholar, and Web of science to
identify all potential literature. Various combinations of keywords and mesh words relating to
neuromuscular electrical stimulation were used in the search (Appendix A). References of selected
studies were further reviewed to include any additional studies that may not have been found
through search terms. The search was not restricted to any geographical region, gender or
population, but was restricted to studies published in English language and conducted on human
subjects.
Study Selection

In the initial search, four researchers (MS, MG, AM, SS) independently located and
reviewed all articles by title and abstract text to ensure that the following inclusion criteria were
met for the systematic review: 1) studies administered neuromuscular electrical stimulation on
skeletal muscle, 2) articles reported data from original research and 3) articles reported glycemic
control and/or insulin sensitivity data. Studies that met inclusion criteria for the systematic review
were then considered for meta-analysis if the following additional criteria were met: 1) studies

were conducted with a placebo or equivalent control group and 2) articles presented both pre and
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post NMES intervention data for primary outcome measures with mean and standard deviation or
standard error of mean values. All reviewers reviewed the selected articles and collectively
resolved any discrepancies for initial inclusion. After the potential articles were identified based
on the initial criteria, a full text review of all articles was performed before proceeding to data
extraction.

Data Collection/Extraction

Authors independently extracted all relevant data needed for both systematic review and
meta-analysis. Extracted data included characteristics of participants (age, gender, body mass
index (BMI), and health status), sample size, intervention type (acute or chronic), anatomical
location of NMES application, NMES application protocols (frequency, intensity, duration/session
and length of intervention), testing methods used to assess insulin sensitivity, and effects of NMES
on glycemic control, insulin sensitivity, substrate utilization and body composition. Meta-analysis
was limited to analyzing the effects of NMES on glycemic control and insulin sensitivity. Due to
the limited number of studies that met the inclusion criteria, it was not achievable to conduct a
meta-analysis to determine the effects of NMES on substrate utilization (n=1) and body
composition (n=4). Following the data extraction phase, all reviewers verified entered data to

confirm the accuracy.

Risk of Bias and quality assessment

Reviewers independently assessed the risk of bias for the studies included in meta-analysis
using the Cochrane Collaboration’s Risk of Bias tool (RoB;). [39] Studies were assessed for the
following criteria: random sequence generation, allocation concealment, blinding participants,

blinding of outcome assessment, incomplete data reporting, and selective reporting.
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Data Analysis

The meta-analysis was carried out to determine the effects of NMES on insulin sensitivity,
the primary outcome measure of the study. Continuous outcomes were reported as the mean
difference (MD) and standardize mean difference (SMD) from pre to post treatment in each group
with 95% confidence interval (95% CI). Random effect models were used to combine data in
Review Manager (version 5.3). The statistical heterogeneity among studies was tested using
I2 statistics. I? values 25-50% were considered indicative of low heterogeneity, 50-75% were
considered moderate heterogeneity and values above 75% were considered to have a high degree

of heterogeneity. A p value < 0.05 was considered statistically significant.
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Results

Study Selection

The PRISMA flow diagram details the database search results along with all exclusion
rationale (Figure 1). Of the 330 original identified studies through the database search, 280 studies
were excluded for having been identified as a duplicate or ex-vivo or animal studies. Of the
remaining 50 studies, 19 studies were removed after a thorough full-text assessment revealed that
studies did not report on primary outcome measures. The remaining 31 studies met the inclusion
criteria for the systematic review, while 10 randomized controlled longitudinal studies met

inclusion criteria for the meta-analysis.

Population Characteristics

Table 1 describes the population characteristics of the reviewed studies. The 31 studies in
this systematic review were conducted on healthy individuals (n=3) and populations with obesity
(n=3), T2DM (n=15), spinal cord injuries (n=9), and cystic fibrosis (n=1). Data from these 31
studies consisted of a total of 472 young, middle age, and elderly (18 to 76 years old) healthy
weight, obese, population with T2DM or spinal cord injury where sample size in each intervention
study ranged from 5-75. Among all included studies, 18 studies included male and female genders
whereas 11 studies were conducted on only male subjects and two studies were conducted on only
female subjects. 10 longitudinal studies included in the meta-analysis consisted of a total of 189
young healthy weight, obese, population with T2D or spinal cord injury where sample size in each
intervention ranged from 9-46. In the meta-analysis a total of 96 participants were allocated to

NMES group while 93 participants were allocated to control/placebo group.

Study design and methods used to measure primary outcome

Table 1 reports the study design and testing methods used to measure glycemic control,

insulin sensitivity, substrate utilization and body composition in all studies included in this
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systematic review. 10 studies reported on acute effects and 22 studies reported on chronic effects
of NMES, with one of those studies reporting on both acute and chronic effects of NMES. Studies
reported one or multiple measures of insulin sensitivity including the fasting blood glucose (n=14)
[18, 35, 40-51], fasting insulin (n=11) [13, 18, 31, 35, 44-46, 52-55], homeostatic model
assessment index (HOMA-IR) (n=4) [18, 35, 44, 52], Matsuda index (n=1) [56], oral glucose
tolerance test (OGTT) (n=13) [13, 22, 31, 32, 52-60], meal glucose tolerance test (MGTT) [57],
HbAlc (n=5) [13, 14, 35, 42, 49], and hyperinsulinemic euglycemic clamp (n=6) [13, 14, 33, 34,
55, 60]. Among all longitudinal studies that met the inclusion criteria for meta-analysis (N=10),
all reported fasting blood glucose before and after NMES intervention. Additionally, other relevant
insulin sensitivity measures were also reported. This includes fasting insulin (n=4) [50, 56,57, 61],
HOMA-IR (n=3) [50, 56, 61], Matsuda index (n=1) [56], MGTT (n=1) [57], OGTT (n=2) [56, 58],
Glucose area under the curve (AUC) (n=3) [56, 58, 61], Insulin area under the curve (AUC) (n=2)
[56, 61], and Glycated Hemoglobin (HbA1c) (n=2) [47, 50].

Overview of Neuromuscular Electrical Stimulation Parameters

The NMES protocols used in included studies are outlined in Table 1. This includes
information reported on frequency, intensity, number of sessions, duration of sessions, and length
of NMES interventions. NMES frequency below 50 Hz has generally been accepted as a low
frequency [22, 33, 62], and a frequency of 50 Hz or above is considered as high frequency. [52,
58, 62-64] Therefore, alongside presenting the specific frequency reported in articles, we have also
reported frequency as “low” or “high” for a better understanding of the role of NMES frequency
on outcome measures. Twenty studies reported to use low frequency, eight reported to use high
frequency, two studies reported to use both low and high frequency, while one study did not specify
the selected frequency for NMES application. Although most studies reported on frequency and
duration, NMES intensity was inconsistently reported across studies. Most of the studies reported

intensity as up to maximum tolerable levels (n=13), whereas some studies reported a range from
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5-140 mA (n=9). One study reported intensity by oxygen consumption, and eight studies did not
report on NMES intensity. Duration of NMES session varied among studies whereas majority of
the studies reported 20-30 minutes of NMES per session. Most studies ranged from 2-8 weeks in
duration of NMES intervention. Among the 10 studies included in meta-analysis, five studies
reported to use low frequency, four reported to use high frequency, while one study reported to
use both low and high frequency for NMES application. Four studies reported intensity as up to
maximum tolerable level, one reported intensity at 60 mA, one study reported intensity at 5-10
mA, and four studies did not report NMES intensity. Duration of NMES session and length of
NMES intervention also varied among studies included in meta-analysis. Majority of the studies
reported session times ranging from 5-40 minutes with the most common intervention duration

lengths of 2-8 weeks.

Risk of bias

Figures 2 and 3. summarizes the assessment of quality and risk of bias of the studies. All
reviewers used the Cochrane Collaboration’s risk of bias (ROB) tool when evaluating the included
studies (Figures 3). Risk of bias assessment reported an overall outcome of low to moderate, as

illustrated in Figures 2, which shows quality assessment results for each risk of bias item.

Assessment of bias (percentage)

Selective reporting
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Figure 2: Assessment of bias (percentage) for studies included in meta-analysis.
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Outcome of Included Studies

Acute effects of NMES on glycemic control

Among 31 studies included in this systematic review, 10 studies investigated acute effects
of NMES on glycemic control in populations with hyperglycemia and T2DM (n=6), obesity (n=1),
as well as in a healthy population (n=3). All studies reported NMES being effective at acutely
improving glycemic control. Seven studies [18, 22, 35, 46, 47, 55, 60] reported a significant
decrease in blood glucose and remaining three studies reported an increase in glucose disposal
measured during hyperinsulinemic euglycemic clamp [33, 34] with acute application of NMES.

Overall, present evidence strongly indicates increased glycemic control during NMES.

Chronic effects of NMES on Insulin Sensitivity

There were 22 longitudinal studies that investigated the chronic effects of NMES on insulin
sensitivity were included in this systematic review. Except for four studies that investigated young
adult population [13, 43, 50, 58], all studies were conducted in middle-aged and elderly men and
women. Majority of the studies (n=16) reported improvement in insulin sensitivity measured by
various methods including fasting blood glucose [40-42, 44, 47, 48], OGTT [31, 32, 53, 56, 61],
MGTT [57], HbAlc [49, 52], and hyperinsulinemic euglycemic clamp [14, 60], while two studies
reported no changes in blood glucose as measured by fasted blood glucose [51], and

hyperinsulinemic euglycemic clamp. [55]

Meta-Analysis

10 longitudinal studies met the inclusion criteria for a meta-analysis to examine the
effectiveness of NMES on insulin sensitivity. There was a significant effect of NMES on
improving insulin sensitivity (MD: 0.41; 95% CI: 0.09 to 0.72; p=0.01; I>= 11%) (Figure 3). The
methods used to assess insulin sensitivity varied among studies, and different marker of insulin

sensitivity was reported. Therefore, additional analysis was performed to determine the effects of
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NMES on fasting glucose, which was reported in all the included studies except one (n=9) (Figure
4). Similarly, there was a significant effect of NMES on lowering fasting blood glucose (MD: 0.48;
95% CI: 0.17 to 0.78; p=0.002; I’=0%). In order to understand the impact of methods used to
assess insulin sensitivity, we stratified the analysis by methods used to assess insulin sensitivity in
all the included studies. Although meaningful effects of NMES cannot be concluded due to limited
number of studies reporting specific methods, a forest plot has been presented to describe the

outcome for each study (Figure 5).

Control NMES Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD_Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Arsianti et al. 2016 Fasting glucose -16.9 39.19 10 -27.6 33.54 10 11.3% 0.28 [-0.60, 1.16] ]
Arsianti et al. 2017 Fasting glucose -6.14 18.16 10 -22.37 17.35 10 10.4% 0.88 [-0.05, 1.80]
Ctalogna et al. 2016  Fasting glucose 0 30.86 6 -262 2541 5 5.9% 0.84 [-0.43, 2.10] ]
Galvan et al. 2019 OGTT (Glucose AUC) 63.95 155 5 -40.19 58.68 5 5.4% 0.80 [-0.52, 2.12] ]
Gorgey et al. 2011 OGTT (Glucose AUC) -59 158 4 -59 128 5 5.5% 0.00 [-1.31, 1.31] -1
Lietal 2018 OGTT( Glucose AUC)  -1,734 3,717 5 731 5,223 6 6.4% -0.49 [-1.70, 0.73] |
Miyamoto et al. 2018  Fasting glucose 0.7 1.05 14 -0.5 0.94 14 131% 1.17 [0.36, 1.98] D —
Sharma et al. 2010 Fasting glucose -11 50.39 10 -28 407 10 11.3% 0.36 [-0.53, 1.24] R B —
Vivodtzev etal. 2013  HOMA-IR 0.08 0.45 7 -035 1.08 7 8.0% 0.49 [-0.58, 1.56] B
Wittmann et al. 2016 Fasting glucose -3.6 10.87 22 -3 14.59 24 22.7% -0.05[-0.62, 0.53] -
Total (95% CI) 93 96 100.0% 0.41[0.09, 0.72] <
Heterogeneity: Tau? = 0.03; Chi? = 10.08, df = 9 (P = 0.34); 2= 11% _52 51 o 1’ %

Test for overall effect: Z =2.52 (P = 0.01) Favours [Control] Favours [NMES]
Risk of bias legend

(A) Random sequence generation (selection bias)

(B) Allocation concealment (selection bias)

(C) Blinding of participants and personnel (performance bias)

(D) Blinding of outcome assessment (detection bias)

(E) Incomplete outcome data (attrition bias)

(F) Selective reporting (reporting bias)

(G) Other bias

Figure 3: Forest plot indicating effects of NMES on insulin sensitivity. Risk of bias assessment,

blank areas indicate unclear risk of bias.

control NMES Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Arsianti et al. 2016 -16.9 39.19 10 -27.6 33.54 10 11.7% 0.28 [-0.60, 1.16] T
Arsianti et al. 2017 -6.14 18.16 10 -22.37 17.35 10 10.6% 0.88 [-0.05, 1.80] —
Ctalogna et al. 2016 0 30.86 6 -26.2 2541 5 57% 0.84[-0.43, 2.10] —
Galvan et al. 2019 15.05 25.66 5 -3 774 5 51% 0.86 [-0.47, 2.19] T
Lietal 2018 -3 10.55 5 -98 18.12 6 6.3% 0.41[-0.80, 1.61] N
Miyamoto et al. 2018 0.7 1.05 14 05 094 14 13.8% 1.17[0.36, 1.98] —_
Sharma et al. 2010 -11 50.39 10 -28 407 10 11.6% 0.36 [-0.53, 1.24] N B
Vivodtzev et al. 2013 0.3 0.88 7 -03 121 7 79% 0.53 [-0.54, 1.60] -
Wittmann et al. 2016 -3.6 10.87 22 -3 14.59 24 27.2% -0.05 [-0.62, 0.53] .
Total (95% CI) 89 91 100.0% 0.48[0.17, 0.78] 2 2
Heterogeneity: Tau? = 0.00; Chi2 = 7.56, df = 8 (P = 0.48); I2= 0% 4 2 5 2 jt

Test for overall effect: Z = 3.09 (P = 0.002) Favours [control] Favours [NMES]

Figure 4: Forest plot indicating effects of NMES on fasting blood glucose.
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control NMES Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI IV, Random, 95% CI
5.1.1 Fasting insulin

Ctalogna et al. 2016 -0.8 1.45 6 -1 1.38 5 6.9% 0.13[-1.06, 1.32] -
Lietal 2018 -4.4 1455 5 -37 16.17 6 7.0% -0.04 [-1.23, 1.15] -
Vivodtzev et al. 2013 0.1 4.15 7 -08 494 7 88% 0.18 [-0.87, 1.24] T
Subtotal (95% Cl) 18 18 22.7% 0.10 [-0.56, 0.75] <&
Heterogeneity: Tau? = 0.00; Chi? = 0.08, df =2 (P = 0.96); I> = 0%

Test for overall effect: Z = 0.29 (P = 0.77)

5.1.2 HOMA-IR

Gorgey et al. 2011 0.06 0.14 4 -0.03 0.23 5 5.5% 0.41[-0.93, 1.75] -
Lietal 2018 1.4 3.21 5 -13 446 6 7.0% -0.02 [-1.21, 1.16] -
Vivodtzev et al. 2013 0.08 045 7 -0.35 1.08 7 85% 0.49 [-0.58, 1.56] T
Subtotal (95% Cl) 16 18 21.0% 0.30 [-0.39, 0.98] <>
Heterogeneity: Tau? = 0.00; Chi* = 0.43, df =2 (P =0.81); I?= 0%

Test for overall effect: Z = 0.85 (P = 0.39)

5.1.3 Matsuda

Lietal 2018 7 8.34 5 -1.3 3.29 6 5.4% 1.25[-0.11, 2.60] —
Subtotal (95% CI) 5 6 5.4% 1.25[-0.11, 2.60] i
Heterogeneity: Not applicable

Test for overall effect: Z = 1.81 (P = 0.07)

5.1.4 Glucose AUC

Galvan et al. 2019 6,395 155 5 -4,019 5,868 5 3.1% 2.27 [0.49, 4.04]

Gorgey et al. 2011 -59 158 4 -59 128 5 5.7% 0.00 [-1.31, 1.31] I
Lietal 2018 -1,734 3,717 5 731 5,223 6 6.7% -0.49[-1.70, 0.73] -1
Subtotal (95% Cl) 14 16 15.5% 0.47 [-1.01, 1.94] -~
Heterogeneity: Tau? = 1.17; Chi? = 6.49, df = 2 (P = 0.04); 1> = 69%

Test for overall effect: Z = 0.62 (P = 0.54)

5.1.5 Insulin AUC

Gorgey et al. 2011 72 9343 4 -180 127.67 5 3.1% 1.96 [0.18, 3.75]

Lietal 2018 -6,472 25,793 5 -4,507 16,523 6 7.0% -0.08 [-1.27, 1.10] 1
Subtotal (95% Cl) 9 11 101% 0.82 [-1.17, 2.82] i
Heterogeneity: Tau? = 1.49; Chi2 = 3.50, df =1 (P = 0.06); I>=71%

Test for overall effect: Z=0.81 (P = 0.42)

5.1.6 HbA1c

Miyamoto et al. 2018 0.1 0.52 14 -02 052 14 16.6% 0.56 [-0.20, 1.32] =
Vivodtzev et al. 2013 0.1 0.31 7 0 031 7 87% 0.30 [-0.75, 1.36] T
Subtotal (95% Cl) 21 21 25.3% 0.47 [-0.14, 1.09] L
Heterogeneity: Tau? = 0.00; Chi? = 0.15, df = 1 (P = 0.70); I> = 0%

Test for overall effect: Z = 1.50 (P = 0.13)

Total (95% ClI) 83 90 100.0% 0.36 [0.05, 0.68] *

Heterogeneity: Tau? = 0.01; Chi? = 13.29, df = 13 (P = 0.43); 1= 2%
Test for overall effect: Z = 2.26 (P = 0.02)
Test for subaroup differences: Chi? = 2.64. df =5 (P = 0.76). I>=0%

4 2 0 2 4
Favours [control] Favours [NMES]

Figure 5: Forest plot indicating effects of other methods used to assess insulin sensitivity.

Substrate Utilization

To our knowledge five studies have reported the acute effects of NMES on substrate
utilization measured by Respiratory Quotient (RQ) or Respiratory Exchange Ratio (RER), oxygen
consumption (VO2), and lactate production. All of these studies indicate increased glucose
utilization during NMES application as measured by increased RQ [33-35, 46], increased lactate
level [33-35, 45, 46] and elevated oxygen utilization [33-35, 46] (Table 1). Additionally, two

studies reported energy expenditure during NMES. One of these studies reported an increase [13],
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and another study [14] reported no change in energy expenditure. Only one study, to our
knowledge, investigated the chronic effects of NMES on substrate utilization [59] and reported no

change in resting substrate utilization and energy expenditure after four weeks of NMES.

Body Composition

Table 1 summarizes the outcomes of body composition in nine studies among the articles
selected for systematic review that reported the body composition parameters at baseline and at
the end of the NMES intervention. Six studies [31, 42, 56, 58, 60, 61] used dual-energy X-ray
absorptiometry (DXA), and three studies [13, 47, 49] used bio-electrical impedance assessment
(BIA) to assessed body composition. No significant changes in body composition were reported
in majority of the studies [13, 49, 58, 61], two studies [42, 44] reported a significant reduction in
total body weight and body fat without any changes inlean body mass.One study
reported significant increase in body mass and lean muscle mass [31] and one study [47] reported
a significant increase in body fat after NMES treatment without any change in body weight and
lean mass. One study [56] was a combination of exercise and NMES and reported a significant

decrease in body mass and fat mass, as well as a trend for decrease in android fat mass.
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Discussion

The aim of this systematic review and meta-analysis was to investigate the effects of
NMES on glycemic control and insulin sensitivity. Based on the existing evidence we conclude
that acute application of NMES is effective in increasing glucose utilization and improving
glycemic control, while chronic use of NMES is effective in improving insulin sensitivity

especially in populations with type 2 diabetes and spinal cord injury.

NMES is an alternate strategy to induce muscle contraction and has been widely used in
rehabilitation settings to prevent loss of muscle mass and strength. [16, 29-32] The electrical
current that is produced with application of NMES results in changes to the membrane potential
of the stimulated axon terminals, which in turn releases calcium. This initiates the signaling
cascade that leads to skeletal muscle contraction. Although muscle contraction is generally an
energy requiring mechanism, there is lack of data in literature that assessed energy expenditure
during NMES. Two studies [13, 58] reported an elevated level of energy expenditure during
NMES while one reported no change. [14] Elevated ATP utilization has been shown in skeletal
muscle after intermittent NMES application. [65] Several studies indicated use of glycolytic source
as substrate during NMES application. [40-42, 57-59, 62] Electrical stimulation has been shown
to increase glucose uptake in cell culture model [66] as well as in isolated muscle using animal
model. [67] Increase in GLUT4 content and GLUT4 translocation to cell membrane has been well
documented during exercise performance in both healthy and population with type 2 diabetes. [68,
69] Muscle contraction induced by electrical stimulation, on the other hand, has also shown to
effectively increase CAMKII and Akt phosphorylation [70], upregulate GLUT4 content and
translocation [53], deplete muscle glycogen content [63], increase glucose uptake from peripheral
circulation [18, 22, 33-35, 45, 46, 54, 59] and increase whole body glucose utilization. [33-35, 46,
49, 58] Downregulation of insulin dependent glucose uptake pathway has often been reported in

upstream signaling molecules such as IRS1, PI3K, and Akt phosphorylation [70] with little to no
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impact on GLUT4 content and GLUT4 translocation in insulin resistant and population with
T2DM. [68] Therefore, NMES induced muscle contraction may serve as an alternative therapeutic
strategy to improve glycemic control and insulin sensitivity especially in sedentary and insulin
resistant population via calcium signaling. [19] This hypothesis is further supported by studies
reporting increase AMPK-a and CaMKII, that stimulates muscle glucose uptake in patients with
SCI. Moreover, a study by Joubert et al. also reported a greater degree of improvement in insulin
sensitivity measured by hyperinsulinemic euglycemic clamp after one week of NMES in

population with T2DM who were relatively more insulin resistant and a higher BMI. [14]

Acute effects of NMES on glycemic control

Existing evidence strongly suggests the effectiveness of NMES to improve glycemic
control. Several studies reported decrease in blood glucose level [14, 18, 22, 33-35, 45, 46, 54,
59], increased whole body glucose utilization measured by RQ [33-35, 46], increased lactate
production [33-35, 46], and elevated glucose uptake measured by hyperinsulinemic euglycemic
clamp [14, 33, 34], during or immediately after NMES application. Additionally, increased
glycolytic enzyme activity [70] and recruitment of type II fibers [24] have also been reported
during the NMES session. Hamada et al. reported an increased glucose uptake during NMES that
lasted for at least 90 minutes following the NMES, suggesting elevated level of glucose utilization
after cessation of NMES. Among all studies that reported glucose utilization during NMES,
reported increased glucose utilization during NMES regardless of stimulation frequency (low or
high) and NMES intensity. Effectiveness of NMES in glucose utilization was evident in healthy
as well as population with T2DM and SCI. Therefore, use of NMES holds promising potential as
an alternative strategy to improve glycemic control in all populations. Future investigation to
determine optimum frequency, intensity, and duration for NMES use could be beneficial for

population with hyperglycemia and insulin resistance. It should be noted that although longitudinal

22



studies evaluated effects of NMES on insulin sensitivity, were mainly limited to populations with

type 2 diabetes and spinal cord injury

Chronic effects of NMES on insulin sensitivity

This is the first systematic review, to our knowledge, to investigate the effectiveness of
NMES on insulin sensitivity. The majority of the studies indicated an improvement in insulin
sensitivity after NMES intervention. To further confirm this conclusion, a meta-analysis was
performed including only randomized controlled trials conducted in humans. Meta-analysis results
strongly suggest that NMES can be used as an alternative strategy to improve insulin sensitivity.
Methods used to assess insulin sensitivity varied across studies. However, all but one study [61]
included in meta-analysis, reported on fasting blood glucose before and after the intervention. A
significant decrease in fasting blood glucose was reported by all studies, with the exception of
Wittman et al. [51] This lack of improvement may be due to use of NMES only once a week and/or
due to very low intensity of NMES used in this study. Due to small number of studies that met the
inclusion criteria for meta-analysis, it is unknown how the methods used to assess meta-analysis
may impact the effectiveness of NMES. However, as our analysis strongly suggest an impact of
NMES on fasting glucose, it can be expected that the effectiveness can be confirmed using more
sensitive methods to measure insulin sensitivity, such as hyperinsulinemic euglycemic clamp.
However, future studies should confirm this. With the exception of Wittman et al, all studies in
the meta-analysis reported favoring NMES as an effective intervention in improving insulin
sensitivity, regardless of frequency (low or high), varied session times, duration and intensity.

NMES intervention was shown to be effective in improving Insulin sensitivity.

NMES Protocol

Although our findings strongly suggest the effectiveness of NMES to improve glycemic

control and insulin sensitivity, a specific recommendation of NMES protocol has not been
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established. Lack of randomized control trials along with varied study population makes this
challenging to determine effective recommendation. Present literature indicates both low and high
intensity NMES with varied frequency has been effective in acute increase in glucose utilization
as well as improving insulin sensitivity. It is important to note that many patients complain of
discomfort, pain and limitations on subjective tolerance [14,22], particularly under high frequency
and high intensity stimulation. While considering NMES protocol, it is important to consider safety
and comfort of the individuals, and the target population (e.g. insulin resistant or having physical
limitations to perform physical activities etc.). Jabbour et al., reported a significant decrease in
glucose concentrations after an acute (1 hour) session of low frequency NMES (8 Hz) in a middle-
aged population with T2DM and reported to be tolerable by all participants [22]. Several studies
with use of low frequency NMES reported increase in glucose utilization with variable NMES
intensity. [14, 18, 22, 32-35,40-43, 45-47,52, 53,57, 59-61] It has been suggested that use of low
frequency is effective in largely activating glycolytic type II muscle fibers [22, 24] and improve
insulin sensitivity. These findings are also supported by Joubert et al., 2015 [14], demonstrating
that after a single session of 25-minutes of low frequency (35 Hz) NMES, a significant increase in
glucose uptake measured by the hyperinsulinemic euglycemic clamp in a population with T2DM.
On the other hand, when a chronic high frequency protocol was applied to individuals with T2DM,
no significant changes to glucose uptake was reported and it was noted that participants were
unable to tolerate NMES intensities above 40 mA (approximately 10% of maximum voluntary
contraction). [13] Poor tolerability is often explained as a limiting factor in many studies. Many
studies used a maximum tolerable intensity which indicates a varied intensity among study
participants. Present literature supports the improvement in insulin sensitivity when high
frequency NMES was used. High frequency NMES has been shown to be effective in majority of
the studies [31,43,48,49, 54, 56, 58], except for two studies [13, 51] that have not only used very
low NMES frequency, but also used NMES only once a week, which might explain no significant
improvement in insulin sensitivity. Limited studies have specifically investigated the role of

NMES frequency and intensity on glycemic control. Jabbour et al. showed that a greater glucose
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uptake was achieved when higher intensity of NMES was applied compared to a lower intensity
[22], and showed a significant correlation between stimulation intensity and blood glucose levels
noting that the contraction intensity substantially contributes to acute glucose metabolism. Most
of the studies that reported improvement in insulin sensitivity have used between 2-3 sessions per
week of NMES and 4-8 weeks NMES intervention.

Taken together, the present evidence suggests that regardless of frequency and intensity
used, NMES is effective in improving insulin sensitivity while higher intensity indicating greater
glycemic control. NMES use between 2-3/week with a minimum duration of 2 weeks seems to
effectively improve insulin sensitivity in population with insulin resistance or those with inability

to exercise on a regular basis.

Effects of NMES on substrate utilization and body composition

Although the primary purpose of this review was to determine effects of NMES on
glycemic control and insulin sensitivity, we also explored the effects of NMES on whole body
substrate utilization and body composition. A greater reliance on whole body fat oxidation and
metabolic flexibility has been well established with insulin sensitivity. [73] Given skeletal muscle
is the largest site for insulin stimulated glucose uptake and has been associated with insulin
sensitivity [31,32,61], we aimed to determine if NMES is also effective in improving whole body
substrate utilization and body composition. There were only five studies that reported on whole
body substrate oxidation during acute use of NMES, measured by indirect calorimetry. These
studies indicated increased in whole body carbohydrate utilization during NMES. There is lack of
longitudinal studies that assessed effects of chronic use of NMES on whole body substrate
utilization. To the best of our knowledge, there is only a pilot study that investigated the chronic
effects of NMES on whole body substrate utilization and reported no effects of NMES. Effects of
chronic use of NMES on body composition is also limited. Most studies indicated there was no

change in body composition [47, 56, 58] or gain in muscle mass. However, it should be noted that
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one study reported that NMES has the capability to increase lean body mass [31], as well as muscle
force and strength when stimulated at a frequency of at least 50 Hz. Overall, the limited data
indicates no change in body composition after NMES use. Future studies should investigate long
term effects of NMES on substrate utilization and body composition to be understand if the NMES
induced improvement in insulin sensitivity can be achieved independent of concurrent

improvement in substrate utilization and muscle mass.

Limitations

Our study has some limitations. First, our meta-analysis is limited by small number of
randomized controlled trial that has been conducted to determine the effects of NMES on insulin
sensitivity. However, this is the first comprehensive review that has reviewed all existing literature
to address the effectiveness of NMES on improving insulin sensitivity. The systematic review with
meta-analysis strongly indicates the effectiveness of NMES in improving glycemic control and
insulin sensitivity. Second, two studies included in this meta-analysis incorporated exercise in
addition to NMES treatment. However, the outcome does not change when those two studies were
excluded from the analysis. Third, most of the studies that utilized NMES were predominantly
conducted in population with T2DM and SCI. Therefore, present evidence may not be translatable
to all population. Future studies should investigate the effectiveness of NMES in healthy

population.

Summary

In summary, this is the first comprehensive systematic review with meta-analysis to
determine the effects of NMES on insulin sensitivity. Our analysis strongly suggests that NMES
can effectively improve glycemic control (acute) and increase insulin sensitivity (chronic), mainly
in population with T2DM and those incapable of doing regular exercise (SCI). Present literature

is not adequate to conclude the effects of NMES on substrate utilization or body composition. Our
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results strongly suggest the promising potential of NMES use as an alternative therapeutic to

improve insulin sensitivity.

27



—

[\S)

N

~

References

. Must A, Spadano J, Coakley EH, Field AE, Colditz G, Dietz WH. The disease burden

associated with overweight and obesity. JAMA. 1999;282(16):1523-1529.

. Burton, BT, Foster WR, Hirsch J, Van Itallie TB. Health implications of obesity: An NIH
consensus development conference. International Journal of Obesity. 1986;10(1):155-

176.

. The World Health Organization. Obesity and overweight. World Health Organization.

[https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight]

. Centers for disease prevention and control. Insulin resistance and diabetes.

[https://www.cdc.gov/diabetes/basics/insulin-resistance.html]

. Centers for disease control and prevention. Physical activity-why it matters.

[https://www.cdc.gov/physicalactivity/about-physical-activity/why-it-matters.html |

. J. Gao, E. A. Gulve, J. O. Holloszy. Contraction-induced increase in muscle insulin
sensitivity: Requirement for a serum factor. American Journal of Physiology -

Endocrinology and Metabolism. 1994;266(2):186-192.

. Polly A. Hansen, Lorraine A. Nolte, May M. Chen, John O. Holloszy. Increased GLUT-4
translocation mediates enhanced insulin sensitivity of muscle glucose transport after

exercise. Journal of Applied Physiology. 1998;85(4):1218-1222.

28



8. Eric Arthur Gulve. Exercise and glycemic control in diabetes: Benefits, challenges, and

adjustments to pharmacotherapy. Physical Therapy. 2008;88(11):1297-1321.

9. Nikoli¢ N, Bakke SS, Kase ET, et al. Electrical pulse stimulation of cultured human skeletal

muscle cells as an in vitro model of exercise. PloS one. 2012;7(3):¢33203.

10. Santos JM, Benite-Ribeiro SA, Queiroz G, Duarte JA. The interrelation between aPKC and
glucose uptake in the skeletal muscle during contraction and insulin stimulation. Cell

Biochemistry and Function. 2014;32(8):621-624.

11. Bergquist A, Clair J, Lagerquist O, Mang C, Okuma Y, Collins D. Neuromuscular electrical
stimulation: Implications of the electrically evoked sensory volley. Eur J Appl Physiol.

2011;111(10):2409-2426.

12. Samiee F, Zarrindast M. Effect of electrical stimulation on motor nerve regeneration in

sciatic nerve ligated-mice. European journal of translational myology. 2017;27(3):6488.

13. Poole RB, Harrold CP, Burridge JH, Byrne CD, Holt RIG. Electrical muscle stimulation
acutely mimics exercise in neurologically intact individuals but has limited clinical
benefits in patients with type 2 diabetes. Diabetes, Obesity and Metabolism.

2005;7(4):344-351.

14. Joubert M, Metayer L, Prevost G, et al. Neuromuscular electrostimulation and insulin
sensitivity in patients with type 2 diabetes: The ELECTRODIAB pilot study. Acta

diabetologica. 2015;52(2):285-291.

29



15. Doucet BM, Lam A, Griffin L. Neuromuscular electrical stimulation for skeletal muscle

function. The Yale journal of biology and medicine. 2012;85(2):201-215.

16. Lake DA. Neuromuscular electrical stimulation. an overview and its application in the

treatment of sports injuries. Sports medicine (Auckland, N.Z.). 1992;13(5):320-336.

17. Sheffler LR, Chae J. Neuromuscular electrical stimulation in neurorehabilitation. Muscle &

Nerve. 2007;35(5):562-590.

18. Man K, Man S, Shen J, et al. Transcutaneous electrical nerve stimulation on ST36 and SP6
acupoints prevents hyperglycaemic response during anaesthesia: A randomised controlled

trial. European Journal of Anaesthesiology. 2011;28(6):420-426.

19. L. J. Goodyear, M. F. Hirshman, E. S. Horton. Exercise-induced translocation of skeletal
muscle glucose transporters. American Journal of Physiology - Endocrinology and

Metabolism. 1991;261(6):795-799.

20. L. J. Goodyear, P. A. King, M. F. Hirshman, C. M. Thompson, E. D. Horton, E. S. Horton.
Contractile activity increases plasma membrane glucose transporters in absence of

insulin. American Journal of Physiology - Endocrinology and Metabolism.

1990;258(4):667-672.

21. Lund S, Holman G, Schmitz O, Pederson O. Contraction stimulates translocation of glucose
transporter GLUT4 in skeletal muscle through a mechanism distinct from that of insulin.

Proc. Proceedings of the National Academy of Sciences. 1995;92(13):5817-5821.

30



22. Jabbour G, Belliveau L, Probizanski D, et al. Effect of low frequency neuromuscular
electrical stimulation on glucose profile of persons with type 2 diabetes: A pilot study.

Diabetes & Metabolism Journal. 2015;39(3):264-267.

23. Thériault R, Boulay MR, Thériault G, Simoneau JA. Electrical stimulation-induced changes
in performance and fiber type proportion of human knee extensor muscles. European

Jjournal of applied physiology and occupational physiology. 1996;74(4):311-317.

24. Sinacore DR, Delitto A, King DS, Rose SJ. Type II fiber activation with electrical

stimulation: A preliminary report. 1990.

25. Roy D, Johannsson E, Bonen A, Marette A. Electrical stimulation induces fiber type-specific
translocation of GLUT-4 to T tubules in skeletal muscle. American journal of physiology:

endocrinology and metabolism. 1997;273(4):E688.

26. E. Johannsson, J. Jensen, K. Gundersen, H. A. Dahl, A. Bonen. Effect of electrical
stimulation patterns on glucose transport in rat muscles. American Journal of Physiology

- Regulatory, Integrative and Comparative Physiology. 1996;271(2):426-431.

27. Kugelberg, E., Edstrom, L. Differential Histochemical Effects of Muscle Contractions on
Phosphorylase and Glycogen in Various Types of Fibres: Relation to Fatigue. Journal of

Neurology, Neurosurgery & Psychiatry, 31(5), 415-423.

28. Edgerton VR, Barnard RJ, Peter JB, Simpson DR, Gillespie CA. Response of muscle
glycogen and phosphorylase to electrical stimulation in trained and nontrained guinea

pigs. Experimental Neurology. 1970;27(1):46-56.

31



29. Castro MJ, Apple Jr DF, Hillegass EA, Dudley GA. Influence of complete spinal cord injury
on skeletal muscle cross-sectional area within the first 6 months of injury. Eur J Appl

Physiol. 1999;80(4):373-378.

30. Dudley GA, Castro MJ, Rogers S, Apple Jr DF. A simple means of increasing muscle size

after spinal cord injury: A pilot study. Eur J App! Physiol. 1999;80(4):394-396.

31. Griffin L, Decker MJ, Hwang JY, et al. Functional electrical stimulation cycling improves
body composition, metabolic and neural factors in persons with spinal cord injury.

Journal of Electromyography and Kinesiology. 2008;19(4):614-622.

32. Mahoney ET, Bickel CS, Elder C, et al. Changes in skeletal muscle size and glucose
tolerance with electrically stimulated resistance training in subjects with chronic spinal

cord injury. Archives of Physical Medicine and Rehabilitation. 2005;86(7):1502-1504.

33. Taku Hamada, Hideki Sasaki, Tatsuya Hayashi, Toshio Moritani, Kazuwa Nakao.
Enhancement of whole body glucose uptake during and after human skeletal muscle low-

frequency electrical stimulation. Journal of Applied Physiology. 2003;94(6):2107-2112.

34. Taku Hamada, Tatsuya Hayashi, Tetsuya Kimura, Kazuwa Nakao, Toshio Moritani.
Electrical stimulation of human lower extremities enhances energy consumption,
carbohydrate oxidation, and whole body glucose uptake. Journal of Applied Physiology.

2004;96(3):911-916.

32



35. Miyamoto T, Fukuda K, Watanabe K, Hidaka M, Moritani T. Gender difference in metabolic
responses to surface electrical muscle stimulation in type 2 diabetes. Journal of

Electromyography and Kinesiology. 2014;25(1):136-142.

36. Stringhini, Silvia, Tabak, Adam G., Akbaraly, Tasnime N., Sabia, Severine, Ship, ey, Martin
J., Marmot, Michael G., Brunner, Eric J., Batty, G David, Bovet, Pascal, Kivimaki, Mika.
Contribution of modifiable risk factors to social inequalities in type 2 diabetes:

Prospective whitehall II cohort study. BMJ. 2012:345.

37. Higgins JPT, Thomas J, Chandler J, Cumpston M, Li T, Page MJ, Welch VA (editors).
Cochrane handbook for systematic reviews of interventions. Version 6.0 (updated July

2019) ed. Cochrane, 2019.

38. Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred

reporting items for systematic reviews and meta-analysis: The PRISMA statement.

39. Higgins Julian P T, Altman Douglas G, Gotzche Peter C, Juni Peter, Moher David, Oxman

Andrew D et al. The cochrane collaboration's tool for assessing risk bias in randomized

trials . BMJ 2011:343.

40. Arsianti, Rika Wahyuni, Parman, Dewy Haryanti, Lesmana, Hendy. Comparison electrical
stimulation and passive stretching for blood glucose control type 2 diabetes mellitus

patients. American Institute of Physics. 2016.

33



41. Arsianti RW, Parman DH, Lesmana H, Taufigqurohman M. Effect of electrical stimulation in
lower extremity as physical exercise in type 2 diabetes mellitus patients. The Indonesian

biomedical journal. 2018;10(1):62-5.

42. Giggins OM, Crowe L, Coughlan GF, Caulfield B. Neuromuscular electrical stimulation
exercise: A potential alternative to conventional exercise in the management of type 2

diabetes. British Journal of Diabetes. 2017;17(2):46.

43. Guzman-Gonzalez B, Llanos P, Calatayud J, Maffiuletti NA, Cruz-Montecinos C. Effect of
neuromuscular electrical stimulation frequency on postprandial glycemia, current-related

discomfort, and muscle soreness. A crossover study. Applied physiology, nutrition, and

metabolism. 2019;44(8):1-6.

44. Jeon JY, Hettinga D, Steadward RD, Wheeler GD, Bell G, Harber V. Reduced plasma
glucose and leptin after 12 weeks of functional electrical Stimulation—Rowing exercise

training in spinal cord injury patients. Archives of Physical Medicine and Rehabilitation.

2010;91(12):1957-1959.

45. Kimura T, Matsumoto K, Kameda N, Tanaka S, Hayashi T, Moritani T. Percutaneous
electrical muscle stimulation attenuates postprandial hyperglycemia in obese and pre-

obese japanese men. International journal of sport and health science. 2010;8:1-6.

46. Miyamoto T, Fukuda K, Kimura T, Matsubara Y, Tsuda K, Moritani T. Effect of
percutaneous electrical muscle stimulation on postprandial hyperglycemia in type 2

diabetes. Diabetes Research and Clinical Practice. 2012;96(3):306-312.

34



47. Miyamoto T, Iwakura T, Matsuoka N, et al. Impact of prolonged neuromuscular electrical
stimulation on metabolic profile and cognition-related blood parameters in type 2
diabetes: A randomized controlled cross-over trial. Diabetes Research and Clinical

Practice. 2018; 142:37-45.

48. Sharma D, Shenoy S, Singh J. Effect of electrical stimulation on blood glucose level and
lipid profile of sedentary type 2 diabetic patients. International Journal of Diabetes in

Developing Countries. 2010;30(4):194.

49. Van Buuren F, Horstkotte D, Mellwig KP, et al. Electrical myostimulation (EMS) improves
glucose metabolism and oxygen uptake in type 2 diabetes mellitus Patients—Results

from the EMS study. Diabetes technology & therapeutics. 2015;17(6):413-419.

50. Vivodtzev I, PhD, Decorte N, PhD, Wuyam, Bernard, MD, PhD, et al. Benefits of
neuromuscular electrical stimulation prior to endurance training in patients with cystic

fibrosis and severe pulmonary dysfunction. Chest. 2013;143(2):485-493.

51. Wittmann K, Sieber C, Stengel Sv, et al. Impact of whole body electromyostimulation on
cardiometabolic risk factors in older women with sarcopenic obesity. Dove Press

Journal. 2016.

52. Erickson ML, Ryan TE, Backus D, McCully KK. Endurance neuromuscular electrical
stimulation training improves skeletal muscle oxidative capacity in individuals with

motor-complete spinal cord injury. Muscle & Nerve. 2017;55(5):669-675.

35



53. Chilibeck PD, Bell G, Jeon J, et al. Functional electrical stimulation exercise increases
GLUT-1 and GLUT-4 in paralyzed skeletal muscle. Metabolism. 1999;48(11):1409-

1413.

54. Benjamin T. Wall, Marlou L. Dirks, Lex B. Verdijk, et al. Neuromuscular electrical
stimulation increases muscle protein synthesis in elderly type 2 diabetic men. American

Journal of Physiology - Endocrinology and Metabolism. 2012;303(5):614-623.

55. Mohr T, Dela F, Handberg A, Biering-Serensen F, Galbo H, KjaZr M. Insulin action and
long-term electrically induced training in individuals with spinal cord injuries. Medicine

and science in sports and exercise. 2001;33(8):1247-1252.

56. LiJ, Polston KFL, Eraslan M, et al. A high-protein diet or combination exercise training to
improve metabolic health in individuals with long-standing spinal cord injury: A pilot

randomized study. Physiological Reports. 2018;6(16):e13813-n/a.

57. Catalogna M, Fishman S, Halpern Z, Ben-Shlomo S, Nevo U, Ben-Jacob E. Regulation of
glucose dynamics by noninvasive peripheral electrical stimulation in normal and insulin-

resistant rats. Metabolism. 2016;65(6):863-873.

58. Bajpeyi, S., Galvan, M., Sanchez, M. J., Boyle, J. B., Min, K., Agullo, F. J., Covington, J. D.
Improvement in Glucose Metabolism with Four Weeks of Neuromuscular Electrical

Stimulation in Sedentary Adults. Diabetes. June 2020, 69(Supplement 1) 846-P

36



59. Belliveau, L. (2006). The Impact of Low Frequency Neuromuscular Electrical Stimulation on
Glucose Regulation in Individuals with Type 2 Diabetes. Lakehead University, Ontario,

Canada.

60. Jeon J, Weiss C, Steadward R, et al. Improved glucose tolerance and insulin sensitivity after
electrical stimulation-assisted cycling in people with spinal cord injury. Spinal cord.

2002;40(3):110-117.

61. Gorgey, Ashraf S., Mather, Kieren J., Cupp, Heather R., Gater, David R. Effects of resistance

training on adiposity and metabolism after spinal cord injury. A/para. 2011.

62. Hultman, E., & Spriet, L. L. (1986). Skeletal muscle metabolism, contraction force and
glycogen utilization during prolonged electrical stimulation in humans. The Journal of

Physiology, 374(1), 493-501.

63. Simoneau J, Lortie G, Johnson MJ, Boulay MR. Glycogen depletion of human skeletal
muscle fibers in response to high-frequency electrical stimulation. Canadian Journal of

Applied Physiology. 2003;28(3):424-433.

64. Yocheved Laufer, Michal Elboim. Effect of burst frequency and duration of kilohertz-
frequency alternating currents and of low-frequency pulsed currents on strength of

contraction, muscle fatigue, and perceived discomfort. Physical Therapy.

2008;88(10):1167-1176.

65. D. Chasiotis, M. Bergstrom, E. Hultman. ATP utilization and force during intermittent and

continuous muscle contractions. Journal of Applied Physiology. 1987;63(1):167-174.

37



66. Park S, Turner KD, Zheng D, et al. Electrical pulse stimulation induces differential responses
in insulin action in myotubes from severely obese individuals. The Journal of Physiology.

2019;597(2):449-466.

67. L. J. Goodyear, P. A. King, M. F. Hirshman, C. M. Thompson, E. D. Horton, E. S. Horton.
Contractile activity increases plasma membrane glucose transporters in absence of

insulin. American Journal of Physiology - Endocrinology and Metabolism.

1990;258(4):667-672.

68. J W Kennedy, M F Hirshman, E V Gervino, et al. Acute exercise induces GLUT4
translocation in skeletal muscle of normal human subjects and subjects with type 2

diabetes. Diabetes. 1999;48(5):1192-1197.

69. Knudsen JR, Steenberg DE, Hingst JR, et al. Prior exercise in humans redistributes
intramuscular GLUT4 and enhances insulin-stimulated sarcolemmal and endosomal

GLUT4 translocation. Molecular Metabolism. 2020;39:100998.

70. Ceren Yarar-Fisher, C. Scott Bickel, Samuel T. Windham, Amie B. McLain, Marcas M.
Bamman. Skeletal muscle signaling associated with impaired glucose tolerance in spinal
cord-injured men and the effects of contractile activity. Journal of Applied Physiology.

2013;115(5):756-764.

71. Cabric M, Appell H-. Effect of electrical stimulation of high and low frequency on maximum
isometric force and some morphological characteristics in men. International Journal of

Sports Medicine. 1987;8(4):256-260.

38



72. Dudley, G. A., Castro, M. J., Rogers, S., & Apple Jr, D. F. (1999). A simple means of
increasing muscle size after spinal cord injury: A pilot study. European Journal of

Applied Physiology and Occupational Physiology, 80(4), 394-396.

73. Kelley, D. E., Goodpaster, B., Wing, R. R., & Simoneau, J. (1999). Skeletal muscle fatty acid
metabolism in association with insulin resistance, obesity, and weight loss. American

Journal of Physiology: Endocrinology and Metabolism, 277(6), E1130-E1141.

74. Hultman, E., & Sj6holm, H. (1983). Energy metabolism and contraction force of human
skeletal muscle in situ during electrical stimulation. The Journal of Physiology, 345(1),

525-532.

39



Appendix

APPENDIX A: Literature Search Strategies
Electronic databases: MEDLINE (PubMed), EMBASE, Cochrane Library, Google
Scholar, and Web of science.

Neuromuscular electrical stimulation OR
NMES OR

electromyostimulation OR

EMS OR

electrical stimulation OR

electrical muscle stimulation OR

electrical pulse stimulation OR

EPS

AND

blood glucose OR

insulin sensitivity OR

glucose OR

insulin OR

metabolic health OR

metabolic improvement OR

metabolic

AND

muscle
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