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Abstract

Introduction/purpose: Most US adults (54%) do not meet the minimum exercise

Key Words

recommendations by the American College of Sports Medicine. Neuromuscular electrical » NMES
stimulation (NMES) is a novel alternate strategy to induce muscle contraction. However, » insulin resistance

the effectiveness of NMES to improve insulin sensitivity and energy expenditure is

» glycemic control

unclear. The purpose of this study was to investigate the effects of 4 weeks of NMES on
glucose tolerance in a sedentary overweight or obese population.

Methods: Participants (n = 10; age: 36.8 + 3.8 years; BMI =32 + 1.3 kg/m?) were
randomized into either control or NMES group. All participants received bilateral
quadriceps stimulation (12 sessions; 30 min/session; three times/week at 50 Hz and

300 ps pulse width) altering pulse amplitude to either provide low-intensity sensory level
(control; tingling sensation) or at high-intensity neuromuscular level (NMES; maximum
tolerable levels with visible muscle contraction). Glucose tolerance was assessed by a 3-h
oral glucose tolerance test (OGTT), and substrate utilization was measured by indirect
calorimetry and body composition via dual X-ray absorptiometry at baseline and after

4 weeks of NMES intervention.

Results: Control and NMES groups had comparable fasting blood glucose, glucose
tolerance, substrate utilization, and muscle mass at baseline. Four weeks of NMES
resulted in a significant improvement in glucose tolerance measured by OGTT, whereas
no change was observed in the control group. There was no change in substrate
utilization and muscle mass in both control and NMES groups.

Conclusion: NMES is a novel and effective strategy to improve glucose tolerance in an

at-risk overweight or obese sedentary population.
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Introduction

Exercise is highly effective in improving insulin sensitivity
and metabolic health (1). However, the majority of US
adults do not meet the recommended physical activity
guidelines, which has significantly contributed to a
dramatic increase in obesity, insulin resistance, and type

2 diabetes mellitus (T2DM) (2). Adherence is further
challenging for those with obesity and T2DM suffering
from defects in lipid oxidation capacity, musculoskeletal
pain, and peripheral neuropathy that limit their ability
to exercise (3, 4, 5, 6). Walking extended beyond the
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periods of time may be challenging, uncomfortable, and/
or painful for individuals with severe obesity, arthritis,
physical disabilities, and/or T2DM complications (7).
Obese individuals face challenges during weight-bearing
movements such as jogging or running and are at a greater
risk for injury and pain-related intolerance (8). Individuals
with insulin resistance and/or T2DM have a lower physical
performance threshold, such as energy expenditure and
cardiorespiratory fitness, often due to lower mitochondrial
oxidative capacity, presenting a physical burden preventing
them from achieving the recommended intensity and
duration of exercise (9). Muscle contraction induced by
electrical stimulation in human myotubes (in vitro) as
well as in isolated rat muscle has been effective to increase
glucose uptake in skeletal muscle (10, 11). 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
physically inactive and/or are insulin resistant.
Neuromuscular electrical stimulation (NMES) is an
alternative strategy to induce involuntary contraction
of skeletal muscle via depolarization of the motor axons
and nerves being stimulated through an electrical current
(12). NMES is a practical, non-invasive, cost-effective, and
innovative method to promote an alternative mode of
muscle contraction among individuals who are less likely
or unable to engage in conventional physical activity.
NMES is used frequently in clinical settings utilizing the
application of electrical pulses as a mimetic of voluntary
contractions for improving neuromuscular function
and strength in disused/immobilized limbs (13). It has
been well established that muscle contraction effectively
increases glucose uptake via an insulin-independent
signaling pathway (14, 15). Human studies on the effects of
NMES-induced muscle contraction on insulin sensitivity
are limited to the population with T2DM (16, 17, 18, 19,
20, 21, 22, 23) and spinal cord injury (SCI) (24, 25, 26, 27).
Two studies conducted in healthy individuals reported
an increased acute glucose disposal rate measured by a
hyperinsulinemic-euglycemic clamp (28, 29). Although
the present literature indicates the promising potential
of NMES to acutely increase glucose uptake in healthy
individuals and to improve insulin sensitivity in a
population with T2DM, comprehensive randomized
controlled trials to determine the effects of NMES on insulin
sensitivity and substrate utilization are limited. Therefore,
the primary purpose of this study was to determine the
effects of 4 weeks of NMES-induced muscle contractions
on glucose tolerance, energy metabolism, and muscle mass
in sedentary overweight or obese adults. We hypothesize
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4 weeks of NMES will increase glucose tolerance, energy
metabolism, and muscle mass.

Materials and methods

This study, performed at the Metabolic, Nutrition, and
Exercise Research (MiNER) Laboratory of the University of
Texas at El Paso (UTEP), was approved by the institutional
review board of the University of Texas at El Paso. All
subjects provided their written informed consent. Subjects
were recruited from the US-Mexico border region of El
Paso, TX, a region that consists of 82.1% of individuals
who are identifed as being of Hispanic heritage (30).
Inclusion criteria for this study were between the ages of
18 and 54, a BMI above 25 kg/m?, less than 150 min per
week of voluntary exercise, and a regular menstrual cycle
for premenopausal women. Ten overweight or obese
healthy, sedentary Hispanic subjects were enrolled in
the study intervention and were randomized in a single-
blinded fashion into two groups: control group or NMES
group. Subjects with <60 min per week of physical activity
were determined sedentary via physical activity monitors
(ActiGraph Corp., Pensacola, Florida). Subjects were
excluded from the study if they were diagnosed with
hypertension, cardiovascular disease, or for the evidence
of taking anti-hypertensive, lipid-lowering, or insulin-
sensitizing medications, smoking, excessive alcohol,
pregnant, or unwilling to adhere to the study intervention.
Participants were assessed for glucose tolerance, substrate
utilization, body composition, and strength at baseline
following the 4-week intervention (Fig. 1). Subjects had no
prior experience with using NMES.

Neuromuscular electrical stimulation protocol

All participants received NMES intervention at the UTEP
MiNER Laboratory under supervision with the QuadStar®
I Digital Multi-Modality Combo Device (TENS-INF-NMYS)
(BioMedical Life Systems, Vista, CA, USA) and eight 5.08
cm x 5.08 cm square electrodes (BioMedical Life Systems,
Vista, CA, USA). Electrodes were placed bilaterally in the
proximal location of the quadriceps motor point using
anatomical reference points. The stimulation device was
set to the cycled biphasic waveform with a pulse duration
of 300 us and frequency set to 50 Hz (31). Via alteration in
the pulse amplitude, participants assigned to the NMES
group received stimulation up to maximum tolerable
levels (ensuring protocol adherence) to induce visible
muscle contraction, and those assigned to control received

© 2022 The authors
Published by Bioscientifica Ltd

https://ec.bioscientifica.com
https://doi.org/10.1530/EC-21-0533

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0
International License.

@)oo


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1530/EC-21-0533
https://ec.bioscientifica.com

. M J Galvan et al. Effects of NMES on glucose 11:2 e210533
Endocrine elorancs
CONNECTIONS
[ Pre-Intervention Week 1 Week 2-3 Week 4 ]—9[ Post-| |nterventl0n
o [l QQQ-Q Q-H B0
3X per Week
Activity NMES NMES NMES NMES NMES NMES
Monitor
Worn & & (LAC)
(LAC) Pre- and Post- Intervention Assessments: \

Phone Interview: S1
Physical Assessment/Health History: S1 and P1
Activity Monitor (Accelerometer): Worn for 7 days

Blood Sample: B1 and P1

Oral Glucose Tolerance Test (OGTT): B1 and P1
Resting Metabolic Rate (RMR): B1, D1 of Week 1; D5/SD3 of Week 4, and P1
Body Composition (DXA): B1 and P1

@ngth (Biodex): B1 and P1

Standard Diet (55% CHO/15% Protein/30% Fat) SD1 and SD2; D5 and D6 of Week 4 (SD3 and SD4 respectively)

Blood Lactate (LAC, Acute Changes): During first and last bout of NMES stimulation; D1 of Week 1 and D5/SD3 of Week 4

*Less than 24-36 hours elapsed after SD4 of Week 4

/

Figure 1

Study design. B, baseline testing; CHO, carbohydrate; D, day; DXA, dual-energy X-ray absorptiometry; Lac, blood lactate level; NMES, neuromuscular
electrical stimulation; P, post-testing; S, screening; SD, standard diet. “Less than 24-36 h elapsed after D5 (SD4) of week 4.

stimulation on the lowest possible setting (sensory
level: described previously as a tingling sensation). It has
previously been demonstrated that NMES between 2 and 8
weeks with two to three sessions per week decrease fasting
blood glucose when conducted on quadriceps muscle
for 20-30 min per session (16, 20, 21, 23, 27, 32, 33, 34).
Therefore, in the current study, we employed 30 min of
NMES per session three times per week over a 4-week
period. All participants sat upright with their upper body
supported (hips 90°) and their legs elevated (knees 180°)
during the stimulation/session.

Body composition

Body composition was assessed via dual-energy X-ray
absorptiometry (DXA) (GE Medical Systems, Madison,
WI, USA) during the fasted state. Measurements of total
lean mass, total fat mass, bone mineral density, percent
body fat, percent android fat, percent gynoid fat, legs
percent fat, legs percent lean, leg fat mass/total fat mass
ratio, and visceral adipose tissue volume and mass were
obtained. Anthropometric measurements of height (cm)
via Seca Telescopic Height Measuring Rod and weight (kg)
via Tanita WB/11A Class 3 digital scale were obtained to
determine and verify a BMI (kg/m?) classified as overweight
(25-29.9 kg/m?) or obese (>30 kg/m?). Furthermore, the
circumference measures of the hips, waist, and mid-thigh
were obtained as previously described (2).

Strength

An Isokinetic Dynamometer Biodex System 3 Pro (Shirley,
NY, USA) was used to measure lower limb strength following
the standard laboratory protocol. In brief, the participant
was seated in the chair, stabilized with cross-body shoulder
straps, a waist strap, and thigh straps. The participant’s
knee was aligned appropriately with the dynamometer
shaft and secured to the knee attachment proximal to
the medial malleoli. The participant was instructed to
fully extend/contract their leg to set the maximum range
of motion in both directions. Furthermore, participants
were instructed to fully extend their legs again and the
knee attachment was locked into place to weigh the leg.
The participant was then instructed to perform a series of
maximal flexions and extensions of the dominant limb (at
60° per second).

Dietary control

Participants were provided with food for 2 days prior to
OGTT to control the dietary effects on insulin sensitivity
and blood profile. Meals were designed to comply with the
USDA 2015-2020 Dietary Guidelines for Americans (35)
and individualized to participant preferences/allergies.
The standardized diet consisted of macronutrient energy
contents of ~55% carbohydrates, ~15% protein, and ~30%
fat (<10% of total fat consisting of saturated fat). The Mifflin
St. Jeor equation was utilized to match participants to
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their estimated energy requirements (36). Although daily
dietary intake was not monitored for the duration of the
intervention, participants were encouraged to follow the
USDA Dietary Guidelines for Americans (35) and consume
an energy-balanced diet.

Glucose tolerance

Participants were instructed to avoid drinking alcohol,
smoking, and strenuous exercise 24-48 h prior to test days.
Following a (12-h) overnight fast, participants arrived at
the UTEP Health Sciences Building and were instructed
to lie down for 5 minutes prior to obtaining the fasting
blood glucose sample. The participant was then asked to
orally ingest a drink containing 75 g of glucose as quickly
as possible. Blood samples were then collected at timed
intervals of 15, 30, 60, 90, 120, and 180 min following
glucose ingestion using CONTOUR® NEXT One, Ascensia
Diabetes Care hand-held glucose monitoring system
(Parsippany, NJ, USA). Glucose tolerance was assessed by
calculating glucose area under the curve (AUC) over the
3-h test. The trapezoid method was used to calculate AUC.

Substrate utilization

Resting metabolic rate (RMR) and respiratory quotient
(RQ) were measured via indirect calorimetry using a
Parvomedics TrueOne 2400 metabolic measurement
cart (Salt Lake City, UT, USA). On the same day as the
OGTT, participants’ RMR and RQ were determined by
indirect calorimetry prior to glucose ingestion. The acute
effect was obtained during the first and last sessions of
NMES. RMR and RQ were measured during the 30 min
of NMES application. Energy expenditure was measured
using oxygen consumption (VO,) and carbon dioxide
exhalation via indirect calorimetry using Parvomedics
TrueOne 2400 metabolic measurement care (Salt Lake City,
UT, USA).

Blood lactate

Blood lactate level was measured during the first and last
NMES intervention. Blood lactate was measured by whole
blood samples using a hand-held Lactate Plus blood lactate
meter (Nova Biomedical, Waltham, MA, USA). A resting/
fasted (~3-h fast) blood sample was obtained using a lancet
prick. Samples from a fingertip were collected prior to
stimulation, in intervals of 5§ min during the 30 min of
stimulation. Lactate level over the 30 min of stimulation
was assessed by calculating lactate AUC. Data from the first
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and last NMES sessions were combined to assess the acute
effect of NMES on blood lactate level.

Blood assay samples

On the same day of the OGTT, a fasting blood sample was
obtained via antecubital venipuncture for the analysis
of complete blood count (CBC) with differential and
platelet count, complete metabolic panel, thyroid profile,
plasma lipids, and plasma insulin. The blood samples
were evaluated by the Laboratory Corporation of America
(Burlington, NC, USA), using their standardized protocols.

Statistical analysis

Statistical analyses were conducted using GraphPad Prism,
version 7.0 (GraphPad Software). Two-way ANOVA with
repeated measures and Sidak post hoc analysis were used
to compare groups (control and NMES), time (before and
after), and group by time effects. For all comparisons,
a P < 0.05 was considered significant, and values are
presented as means * S.E.M.

Results

Tables 1 and 2 summarize the participant’s baseline
characteristics and outcomes following 4 weeks of NMES.
Overweight and obese participants (7= 10; age: 36.8 + 3.8
years; BMI=32 + 1.3 kg/m?; body fat: 43.4 + 1.7%; waist-to-
hip ratio (WHR): 0.85 + 0.12) were randomized into either
control or NMES group. At baseline and post-testing, age,
blood pressure, body composition, fasting glucose, lipid
profile, thyroid hormones, C-peptide, substrate utilization,
and strength were not significantly different between the
control and NMES groups. There were no significant changes
in CBC parameters, except for a slight decrease in white blood
cells after NMES intervention; however, all CBC parameters
at baseline and post-testing were within the normal range.

Improvement in glucose tolerance after 4 weeks
of NMES

Fasting blood glucose and glucose levels during an OGTT
were not different between groups at baseline as were
glucose AUC and C-peptide. While no change in fasting
glucose levels was observed (Fig. 2A), there was a significant
decrease in glucose AUC (P=0.0014; Fig. 2B) following
4 weeks of NMES. There was no change in C-peptide in the
control and NMES groups following 4 weeks of NMES.
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Table 1 Descriptive statistics. Data are presented as mean + S.e.m.
Control (n = 5) (M/F: 1/4) NMES (n = 5) (M/F: 1/4) Interaction
Baseline Post-intervention  P-value Baseline Post-intervetion P-value P-value
Age (years) 42.2 £4.95 30.33+4.49
Blood pressure
Systolic (mmHg) 1040 1032 0.97 112+6 102+3 0.1 0.18
Diastolic (mmHg) 69 £ 2 68 1 0.96 796 68 +4 0.03 0.08
Body composition
Height (cm) 162+5 163 +2
Body weight (kg) 87.18 +5.85 86.66 + 6.22 0.65 87.22+7.12 86.76 + 7.31 0.71 0.94
BMI (kg/m?) 32.84+1.44 32.65+1.51 0.70 32.70+2.29 32.47 +2.38 0.52 0.83
Waist circumference 101.05+3.33 98.8 +4.27 0.34 96.10+4.73 95.63 +5.54 0.94 0.44
Hip circumference 114.99 £ 2.86 112.7 £1.85 0.13 115.80 +4.57 115.27 £+ 4.60 0.86 0.28
Waist-to-hip ratio 0.88 +0.01 0.88 +0.03 0.98 0.83+0.02 0.83+0.02 0.99 0.94
Lean mass (kg) 48.55 +5.54 47.98 £ 5.56 0.14 47.30£4.29 46.77 + 4.24 0.17 0.92
Fat mass (kg) 35.73+2.18 35.61+1.99 0.97 37.02+3.54 37.21 +£3.93 0.92 0.69
Body fat (%) 42.94 £ 3.00 43.2£2.83 0.78 43.82£1.95 4412 +£2.29 0.72 0.94
Android fat (%) 51.32+2.73 52.16 £ 2.39 0.42 48.72 £2.97 50.04 + 3.40 0.15 0.62
Gynoid fat (%) 42.22 £3.10 4278 £2.94 0.13 47.58 £ 3.01 47.06 + 3.11 0.16 0.02
Android-to-gynoid fat ratio 1.23+£0.04 1.23+£0.04 0.96 1.04 £ 0.07 1.07 £ 0.07 0.09 0.18
Lean leg mass (kg) 16.61 £1.88 16.29+£0.12 0.12 16.58 £ 1.91 16.29 £ 1.91 0.15 0.90
Complete blood count
White blood cells (x10%/L) 6.70 £ 0.46 6.50 £ 0.58 0.76 6.84 £0.90 5.76 £ 0.62 0.01 0.06
Red blood cells (x10'2/L) 5.00 £0.15 4.90 £ 0.20 0.41 4.78 £0.19 4.93+0.21 0.11 0.04
Plateletes (x10°/L) 298.2+19.60 299.00+25.12 0.99 323.80+20.98 315.00 + 13.66 0.84 0.69
Hemoglobin (g/dL) 14.08 £ 0.22 13.68 +0.36 0.15 13.54 £ 0.97 13.82 £1.02 0.36 0.04
Hematocrit (%) 4294 +0.74 41.48 £1.10 0.14 41.18£2.28 42.20 +2.47 0.35 0.04
Lipid panel
Total cholesterol (mmol/L) 188.40 + 11.77 199.4+10.28 0.13 183.80+17.35 191.2 +18.70 0.35 0.64
Triglycerides (mmol/L) 169 £31.72  144.8+£9.86 0.50 162.20+37.08 191.2 £ 26.05 0.99 0.44
HDL (mmol/L) 42.40 +5.09 452 +6.74 0.45  45.80+2.33 45.2 +1.01 0.96 0.32
VLDL (mmol/L) 33.80 + 6.37 29+2.04 0.52 32.40+7.44 32.4+5.22 0.99 0.46
LDL (mmol/L) 112.20+£7.92 125.2 £8.03 0.03 105.60+11.28 113.6 £ 14.07 0.18 0.42
Thyroid profile
Triiodothyronine (ng/dL) 109.20+7.10 103.20 £ 7.62 0.52 122.80+2.92 114.80 + 6.60 0.33 0.8
Thyroxine pg/dL 6.38 +0.47 6.84 +0.67 0.31 7.72 +0.32 7.36+£0.36 0.47 0.09
Thyroid- stimulating 3.44 +0.90 2.52+0.43 0.26 3.34+0.71 3.26 £+ 0.35 0.99 0.32
hormone ( plU/mL)
C-peptide (ng/mL) 4.06 £ 0.56 3.94 +0.51 0.79 3.10+0.57 3.04+0.42 0.79 0.26

Bold indicates statistical significance P < 0.05.

Acute and chronic effects of NMES on energy
expenditure and substrate utilization

Four weeks of NMES (chronic effect) showed no significant
difference in resting energy expenditure and resting whole-
body substrate utilization measured by RQ (Table 2). The
acute effect of stimulation showed no significant change
in oxygen consumption (VO,; Fig. 3A) at any specific
time point or overall during NMES compared to baseline,
or when cumulative oxygen consumption was assessed
(Fig. 2B). During the 30 min of NMES, no change in whole-
body substrate utilization was observed (data not shown).
However, lactate concentration significantly increased
during min 5 and min 10 (P < 0.05) and tended to increase
during min 15 (P=0.05) in the NMES group compared to the
respective resting lactate level (Fig. 3C). Moreover, lactate

concentration after 5 and 15 min of NMES stimulation
was also greater compared to the respective time points in
the control group (P < 0.05) (Fig. 3C). Finally, lactate AUC
assessed during 30 min of NMES was significantly greater
compared to that of the control group (P=0.03; Fig. 3D). It
should benoted that when lactate concentration was assessed
only for the first session of NMES, a significant increase in
lactate concentration was observed at min 10 compared to
baseline (P=0.04), and lactate AUC did not reach statistical
significance when compared to control (P=0.10).

No change in body composition but decrease in
diastolic blood pressure after 4 weeks of NMES

Body weight, BMI, waist circumference, hip circumference,
WHR, blood pressure, body mass, fat mass, percent body
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fat, lean mass, lean leg mass, android percent fat, gynoid
percent fat, and android-to-gynoid (A/G) fat ratio were
similar between groups at baseline, with no changes
observed following 4 weeks of NMES (Table 1). There was
a non-significant trend to decrease the systolic blood
pressure (P=0.1) and a significant decrease in diastolic
pressure (p=0.03) within group for the NMES group
following 4 weeks of intervention (Table 1). There were no
changes in blood pressure in the control group. Peak torque
per body weight (TQ/BW) and work to fatigue in both legs
were similar between groups at baseline and did not alter
following the intervention (Table 2).

No change in lipid profile after 4 weeks of NMES

Total cholesterol, triglycerides, HDL, VLDL, and LDL
showed no difference between the groups at baseline and
did not alter following the 4-week intervention in either
group (Table 1).

Discussion

The purpose of this study was to determine the effects of
NMES on glucose tolerance, substrate utilization, and
muscle mass in a sedentary overweight or obese population.
Our data indicate that 4 weeks of NMES resulted in
improvement in glucose tolerance, without any effect on
resting substrate utilization and muscle mass. Moreover,
we demonstrate greater lactate accumulation during
acute application of NMES compared to sensory level
stimulation (control group). To our knowledge, this is the
first randomized comprehensive longitudinal study using
NMES in an overweight or obese Hispanic population. This
study in the Hispanic population is important as those
who are identified as Hispanic have a much greater risk
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of developing T2DM (37) and thus intervention in this
population is required.

Our findings show improvement in glucose tolerance
after NMES intervention agreeing with previous studies in
populations with T2DM and SCI. An increase in insulin
response in patients with T2DM was reported after 2 weeks
of NMES treatment (50 Hz of quadriceps stimulation)
without any change in lipid profile (21). Furthermore,
Catalogna et al. 2016 reported an improvement in blood
glucose control in patients with T2DM after daily 5-min
stimulation for 2 weeks at 16 Hz on the anterior aspects
of both legs below the kneecap (38). A previous study
has shown a greater insulin sensitivity with increasing
stimulation intensity (39). Only one study by Wittman
et al. 2016 reported no change in fasting blood glucose
following a once a week stimulation for 26-week
intervention in a sarcopenic obese population (40). The
loss of muscle mass that is seen with sarcopenia may
explain why no changes were noted in the fasting blood
glucose (40). Additionally, there was only one study that
reported a decrease in both blood glucose and homeostatic
model assessment for insulin resistance following four
times a week for 8-week intervention in a population with
cystic fibrosis (41).

In our study, NMES treatment significantly increased
blood lactate level during the duration of the stimulation,
indicating an increase in glucose utilization. Similar
results were also reported acutely in a T2DM population
in a daily 12-week high-frequency intervention (42).
Miyamoto et al. 2012 investigated the acute effect of lower
limb NMES for 30 min at 4 Hz, 30 min after a standard
meal in the T2DM population resulting in an increase in
RQ, lactate accumulation, and energy expenditure (19).
Woelfel et al. 2017 measured the acute effect of NMES on
the quadriceps and hamstring muscles over a period of
60 min at 1 Hz than at 3 Hz in the SCI population resulting

Table 2 Resting substrate utilization and strength parameters. Data are presented as mean + s.e.m.

Control (n = 5) (M/F: 1/4) NMES (n = 5) (M/F: 1/4) Interaction
Baseline Post-intervention  P-value Baseline Post-intervention P -value P-value
Substrate utilization
Resting metabolic rate (kcal) 1801.27 +153.20 1902.08 + 130.42 0.53  2050.82 +214.24  1927.74 + 204.35 0.40 0.13
Fasting substrate utilization 0.78 £ 0.01 0.73+0.02 0.26 0.78 £+ 0.01 0.78 £ 0.01 0.85 0.16
(respiratory quotient)
Strength parameters
Peak torque per body weight ~ 182.87 + 20.70 176.79 £ 22.47 0.65 163.18 £ 17.85 160.77 £ 20.77 0.93 0.71
right leg (%)
Peak torque per body weight ~ 167.43 + 21.96 173.47 £ 18.55 0.39 163.37 £ 17.07 155.56 + 16.65 0.23 0.06
left leg (%)
Work to fatigue right leg (%) 0.66 +4.72 -3.18 £3.51 0.78 11.14+7.09 10.39 +2.31 0.99 0.72
Work to fatigue left leg (%) 9.11+£1.27 8.5+ 6.08 0.99 7.29 +3.89 3.94+4.94 0.83 0.75
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Figure 2

Improvement in glucose tolerance after 4 weeks of NMES, measured by
OGTT. Pre- and post-intervention fasting blood glucose (A) and glucose
AUC (B) are shown. AU, arbitrary unit; AUC, area under the curve; NMES,
neuromuscular electrical stimulation; OGTT, oral glucose tolerance test.
*Significant difference in pre- vs post-intervention.

in an increase in energy expenditure (43). However, in the
present study, oxygen consumption or energy expenditure
showed no changes during NMES stimulation at 50 Hz.
The increase in lactate accumulation indicating reliance
on glucose utilization is similar to previous studies that
investigated the effectiveness of NMES on glycemic
control (19, 28, 29, 44). In the present study, lactate AUC
was acutely increased in the NMES group. However, our
study did not show any effect on whole-body substrate
utilization during stimulation, measured by RQ. Given the
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RQ represents the whole-body glucose utilization capacity,
insulin-sensitive individuals have been shown to be more
reliant on whole-body fat oxidation during exercise and
are more metabolically flexible (4). It is possible that our
study, despite detecting changes in blood lactate levels,
was not appropriately powered to detect changes in energy
expenditure and whole-body substrate utilization within
this small sample size.

Although we observed no improvement in resting
energy expenditure and substrate utilization after 4 weeks
of NMES, our study is the first, to our knowledge, that
evaluated the long-term effect on substrate utilization in an
overweight or obese population. Given our study showed
a significant increase in lactate AUC in the NMES group
compared to the control group, it suggests the role of NMES
in muscle contraction-induced glucose utilization, which
is in agreement with previous research (45). However, our
study showed no significantincrease in energy expenditure,
contrary to previous research (19, 43, 45).

Ourstudy showsnochangeinbody compositionandleg
muscle mass which is in agreement with previous research
using DXA, indicating NMES does not change muscle mass
after the intervention; however, it is in disagreement with
other research (17, 26) in SCI populations after 10 weeks
of NMES. Griffin ef al. 2008 showed an increase in muscle
power and work and a 4% increase in lean muscle mass by

Oxygen Consumption

Control NMES

Lactate
*

Figure 3

Acute effects of NMES on oxygen consumption
(A), oxygen consumption AUC (B), blood lactate
level (C), and lactate AUC (D) measured during
intervention. AU, arbitrary unit; AUC, area under
the curve; NMES, neuromuscular electrical
stimulation. #Significantly different compared to
baseline. *Significantly different between the
control and NMES groups.
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DXA using cycling functional electrical stimulation for
10 weeks in a SCI population (26). Two other studies in
patients with SCI found an increase in total work output for
30 min/session, three times per week, for 8 weeks at 30 Hz
(25) and increases in other variables of power, muscle fiber
area, and capillarization for two to three times per week
for 10 weeks at 50 Hz (26). Previous studies have shown
increases in muscle mass to be accompanied by increases in
cross-sectional area and capillary density following NMES
interventions (26). The disagreement between our findings
and other research could be explained by the differences
in neuronal signaling and muscle stimulation following
NMES in a SCI population compared to the participants in
the current study that was a relatively healthy population
without habitual movement impairment.

The primary outcome of our study is an improvement
in glucose tolerance in an overweight or obese Hispanic
population using a high-stimulation frequency and
allowing the participant to use the tolerable intensity to
ensure adherence. Our study is the first, to our knowledge,
to measure the effects of NMES on android fat, gynoid fat,
A/G ratio, and visceral adipose tissue. While, however,
the study duration (4 weeks) and/or the stimulation
(50 Hz) may not be adequate to see changes in these
measurements or muscle mass, it is possible that there was
an improvement in insulin sensitivity indicating possible
local effects of muscle contraction-induced signaling
pathways to improve glucose uptake.

Our study is limited by the small sample size. However,
this study, which is the first randomized control study in
a healthy overweight or obese Hispanic population, who
are at high risk for developing T2DM, provides compelling
evidence for considering NMES asan alternative mechanism
to increase insulin sensitivity in this at-risk population.
Lack of measurement of insulin is another limitation of our
study that does not allow us to directly measure the effects
of the intervention on fasting insulin levels or insulin
response following the OGTT. Although glucose tolerance
has been closely associated with insulin sensitivity,
future research is required to confirm our observations of
improvement in glucose tolerance measured via OGTT,
with the gold standard measurement of insulin sensitivity
via a hyperinsulinemic-euglycemic clamp.

In summary, we have demonstrated that 4 weeks
of NMES (12 sessions) improves glucose tolerance in a
sedentary overweight or obese population. NMES also
led to an acute increase in blood lactate concentration
during the NMES stimulation. However, this adaption
in glucose tolerance occurred without any improvement
in resting substrate utilization and muscle mass. Future

Effects of NMES on glucose 11:2 e210533
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studies should determine whether the NMES-induced
improvement in glucose tolerance offers a novel and
effective strategy to improve long-term insulin sensitivity,
energy expenditure, and body composition in an at-risk
overweight or obese Hispanic population.
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