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Abstract
Background The neuromuscular system generates human movement. The functional capacity of the neuromuscular system 
in patients with type 2 diabetes mellitus (T2DM) is decreased and this affects the generation of muscle force. Exercise is 
recommended as an effective treatment in such cases. Short-duration strength training causes neural adaptations in healthy 
participants, but the effects of strength training on T2DM are unclear. The present study aimed to evaluate the effect of 
strength training on neuromuscular efficiency of lower limb muscles in T2DM.
Methods Surface electromyograms (SEMG) of the knee flexors and extensors were recorded during isometric contractions. 
The ratio of peak torque to SEMG amplitude was calculated as neuromuscular efficiency. Measurements were taken before 
the intervention after 6 weeks of non-training, and after 6 weeks of strength training.
Results SEMG amplitudes did not differ among the subsequent measurement sessions. Flexor and extensor peak torque 
increased after the strength-training program. The neuromuscular efficiency of all muscles increased after the 6 weeks of 
strength training.
Conclusion A 6-week strength-training program increased the neuromuscular efficiency and peak torque in patients with 
T2DM; however, the electrical properties of the muscles did not change. These results may be related to increased neural 
adaptations and motor learning in the early stages of strength training.

Keywords Type 2 diabetes mellitus · Muscle strength · Surface electromyography · Isokinetic

Introduction

Movements in humans are controlled by the neuromuscu-
lar system. Using motor unit activation, the neuromuscular 
system transfers neural signals to muscle fibers and leads 
to muscle contraction and force generation [1]. Force pro-
duction and movement are the final outputs of the neuro-
muscular system [2]. Pathophysiological alterations of the 

neuromuscular system caused by diseases or aging lead to 
impaired force generation and movement [3].

Type 2 diabetes mellitus (T2DM) is associated with 
impaired neuromuscular system structure and function [4, 
5]. Neuromuscular dysfunction in T2DM could be attrib-
uted to the pathophysiological effects of hyperglycemia on 
the nerves and muscles. Decreased functional capacity of 
the neuromuscular system in T2DM has been reported [5]. 
T2DM leads to impaired motor neuron properties including 
reduced firing rates and altered motor neuron excitability [6]. 
T2DM has been associated with neuromuscular defects that 
contribute to reduced muscle strength [5]. Physical activity 
and exercise have been emphasized to improve neuromus-
cular performance and independent living in older adults 
with T2DM [4, 9]. Sacchetti et al. show that trained T2DM 
patients have less neuromuscular impairment than sedentary 
healthy participants [4].

The functional state of the neuromuscular system could 
be characterized by its ability to generate a certain degree 
of muscle activation called “neuromuscular efficiency” [7]. 
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Neuromuscular efficiency could be quantified as the ratio of 
produced force to the amplitude of the bioelectric signals of 
the muscles [8]. The amplitude of the bioelectric activity of the 
muscles can be assessed by surface electromyography (SEMG) 
signals, which reflect the peripheral and central strategies of 
neuromuscular systems, particularly during muscle contraction 
and force production [9]. The correlation between force and 
SEMG signals refers to neuromuscular system expenditures 
during force generation and movement [10]. Some musculo-
skeletal diseases including osteoarthritis [11], chronic neck 
pain [12], anterior cruciate ligament injury [8], or fatigue [13] 
or even aging [14] may lead to neuromuscular system defi-
ciencies. Decreased efficiency of the neuromuscular system in 
elderly individuals results in impaired locomotion and physical 
disability [15]. Exercise training can improve neuromuscular 
system performance and efficiency in healthy [7] and elderly 
[16] individuals, but its effects among T2DM patients has not 
been well documented.

The strength-training programs lead to numerous meta-
bolic advantages in T2DM, including improved muscle mass, 
quality, strength, and power [5]. Castaneda et al. reported that 
a 16-week progressive strength-exercise program leads to 
increased muscle strength in patients with T2DM. Similarly, 
a 16-week progressive strength-exercise program caused a 
42% increase in upper-extremity muscle strength and a 28% 
increase in lower-extremity muscle strength [17]. Larose 
et al. reported a 65% increase in knee extensor strength after a 
6-month progressive strength-training program [18].

Strengthening exercise causes neuromuscular and morpho-
logical adaptations in healthy and elderly participants [19]. 
Increased muscle strength is partly related to structural adapta-
tions in the muscles which resulting from the long-term effects 
of strength training; while, neural adaptations contribute to 
improved muscle strength, particularly in the early stages [20]. 
Understanding the nature of these neural adaptations is impor-
tant for optimizing training and rehabilitation protocols for 
patients with T2DM. Increased muscle strength in T2DM has 
been reported after various types and durations of strength-
training programs [21]. Hence, here we hypothesized that 
T2DM patients, due to their defective neuromuscular systems, 
may exhibit a specific adaptation pattern in the early stages of 
strength training. In the present study, we aimed to investigate 
the effect of a short-term (6 weeks) strength-training program 
on the lower-limb muscle force generation and neuromuscular 
properties of T2DM patients.

Methods

Participants

Thirteen T2DM patients aged 40–60 years participated in 
this study. The demographic characteristics of all T2DM 

patients is presented in Table 1. In all participants, T2DM 
was diagnosed 4–10 years prior by an endocrinologist. All 
patients used oral medications to control the diabetes. No 
changes in medications occurred during the study period. 
None of the participants had central or peripheral neuro-
logical or orthopedic diseases, retinopathy, foot ulcers, 
renal failure, hepatic, respiratory or cardiovascular dis-
eases, or thyroid disorders. None of the participants had a 
history of regular and professional exercise during the pre-
vious 6 months. All participants had a fasting blood sugar 
100–150 mg/dL, oral glucose tolerance test result > 200 mg/
dL, and glycated hemoglobin of 7–9%. All participants 
scored between 4 and 7 on the Michigan questionnaire. 
There was no history of drug or alcohol addiction or smok-
ing. Participants who were unwilling to continue the exer-
cise and test or failed to complete the training program were 
excluded. Patients who took medication affecting their basal 
metabolic rate or total body water content like insulin, diu-
retics, anti-depressants, or blood cholesterol-lowering drugs 
were excluded from the study. If autonomic neuropathy 
symptoms emerged during tests or exercise, the partici-
pants were excluded. All participants signed an informed 
consent form. The study was approved by the Medical Ethics 
Committee of Tarbiat Modares University on 18-01-2018 
(approval number: IR.TMU.REC.1395.507).

Study design

This study had a self-controlled design in which T2DM 
patients acted as their own control by the division of the 
study into two 6-week periods [22]. In the first 6-week 
period, participants performed their own normal activi-
ties (control period). During the second period, a 6-week 
strength-training program was applied (intervention period). 
All participants were tested at three stages: before the con-
trol period, at the end of the control period, and immedi-
ately before the intervention period. The intraclass cor-
relation coefficient (ICC) test was used to evaluate the 
reliability of the results between the first and second test 
sessions. This design allowed us to reassess the results 
after the 6-week control period. The protocol is approved 

Table 1  Characteristics of 
T2DM patients

SD standard deviation, BMI 
body mass index

Characteristics Mean ± SD

Age (years) 55 ± 4.48
Height (m) 167.00 ± 8.21
Weight (kg) 79.38 ± 11.50
BMI (kg/m2) 28.29 ± 3.31
Female (%) 53.84%
Male (%) 46.15%
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by the Iranian registry of clinical trials (approval no. 
IRCT20180216038744N1).

Strength training protocol

For 6 weeks, on three non-consecutive days per week, all 
participants followed a strength-training program involving 
the knee flexors and extensors, hip abductors and adduc-
tors, and calf muscles. The strength-training program was 
conducted using exercise machines (Technogym 2010). All 
trainings were supervised by an expert physiotherapist. Prior 
to the strength training protocol, all participants followed 
a warm-up program. The strength training protocol in this 
study was based on the reverse pyramid training method and 
consisted of three sets of repetitions. The first set was 80% of 
one repetition maximum (1RM) of six repetitions. The sec-
ond set was done with eight repetitions at 70% of 1RM. The 
final set was 12 repetitions at 60% of 1RM. A 90-s rest was 
provided between sets. The blood glucose concentration and 
blood pressure were recorded before and after each training 
session and the heart rate was monitored during the exercise.

Measurements

The primary outcome of this study is to clarify the effect 
of 6-week strength-training program on neuromuscular effi-
ciency of the knee flexor and extensor muscles in T2DM 
patients. The neuromuscular efficiency was measured based 
on the amplitudes of SEMG signals during submaximal tor-
ques production.

Isometric submaximal torque evaluation

Knee flexor and extensor isometric torques of the domi-
nant leg were evaluated using an isokinetic dynamometer 
(HUMAC NORM 2009). The tests included assessing iso-
metric knee flexion and extension moment at 65° of knee 
flexion (full extension of the knee joint represented 0°).

The tests were performed with the participants seated. 
Adjustment of the dynamometer seat was specific for each 
participant. The axis of rotation of the isokinetic dynamom-
eter was aligned with the frontal axis of the knee. The ankle 
pad was placed precisely above the lateral malleolus. First, 
for each subject, the maximal voluntary contraction (MVC) 
of the isometric knee flexors and extensors at 65° was 
determined. During the tests, the participants were asked to 
reach 80% of the MVC by visual feedback. The test protocol 
included five isometric contractions at 80% MVC.

Surface electromyography evaluation

SEMG is a non-invasive method that quantifies the bioelec-
tric activity of muscles. Although several limitations have 

been reported for SEMG recording [23], this method is safer, 
more applicable, more cost-effective, and more tolerable by 
patients than needle electromyography (EMG) during maxi-
mal force production and movement [24]. The accuracy of 
the SEMG method is reportedly 75–91% [25]. SEMG activ-
ity of the knee flexor muscles (medial hamstrings and lat-
eral hamstring) and knee extensor muscles (vastus medialis 
obliques, vastus lateralis, and rectus femoris) was recorded 
concurrent with the isometric evaluation of knee flexion and 
extension. A bipolar multichannel SEMG amplifier (Baya-
med Co.; https ://www.bayam ed.com 2016) was used to 
record the SEMG activity. The placement areas were shaved 
and abraded by alcohol, and a pair of disposable Ag–Ag/
Cl electrodes was positioned at 20-mm interelectrode dis-
tances on the muscular belly parallel with the muscle fiber 
orientation according to surface electromyography for the 
non-invasive assessment of muscles recommendations. The 
ground electrode was attached to the lateral malleolus of 
the other leg.

The raw SEMG signals were recorded at a sampling fre-
quency of 1000 Hz during force production of the isometric 
contraction. A bandpass filter with low and high cut-off fre-
quencies of 20 and 500 Hz, respectively, was applied. The 
on and off times of muscle activation were determined based 
on two standard deviations of the mean value of the baseline 
amplitude. The normalized root mean square (RMS) value 
of the SEMG signals of the knee flexor and extensor muscle 
during isometric contraction was calculated and considered 
the amplitude indicator. The average normalized RMS value 
of five repetitions was considered the SEMG output.

Neuromuscular efficiency

The neuromuscular efficiency was calculated by dividing the 
isometric peak torque of the knee flexor or extensor muscles 
by the RMS of the SEMG signal of each muscle separately.

Data analysis

All data are presented as mean and standard error. To 
evaluate the reliability of peak torques and SEMG signals 
between the first and second evaluation sets, the ICC test 
was performed. The statistical analyses were conducted 
using SPSS version 16.0 (SPSS, Inc., Chicago, IL, USA) 
and Medcalc version 8. To determine the normal distribu-
tion of the collected data, the Kolmogorov–Smirnov test was 
used. Friedman’s test and the Bonferroni post hoc test were 
used to identify the differences between the three sessions of 

Neuromuscular efficiency =

Isometric peak torque

RMS

https://www.bayamed.com
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measurements in T2DM patients. The significant limit was 
considered P < 0.05.

Results

Eight female and five male participants with a mean age of 
55.0 ± 6.4 years were included. All participants were diag-
nosed with T2DM 4–10 (7.1 ± 2.2) years prior. The ICC test 
between the first and second measurement stages of the peak 
torque of the knee extensors and flexors and the RMS of the 
flexors and extensors showed high reliability of the measure-
ment method (Table 2).

Over the training period, knee flexor isometric peak 
torque (P < 0.05) and knee extensor isometric peak torque 
(P < 0.05) increased significantly. Knee extensor and flexor 
isometric peak torque increased significantly by about 20 
and 10 Nm, respectively, during the training period (compar-
ing the second and third evaluation phases) (Table 3).

SEMG activity of the knee joint extensor and flexor mus-
cles did not differ significantly between the test sessions 
(Table 4).

The neuromuscular efficiency of all muscles improved 
significantly as a function of the strength-training program 
(Table 5).

Discussion

The present study aimed to evaluate the effect of short-term 
strength training on the neuromuscular properties of the 
knee flexor and extensor muscles in T2DM patients. The 
main result represented that a 6-week strength-training pro-
gram led to increased neuromuscular efficiency of the knee 
extensor and flexor muscles in patients with T2DM. In addi-
tion, the knee flexor and extensor isometric peak torques 
increased; while, the SEMG amplitudes of the knee flexor 
and extensor muscles remained unchanged after training.

Table 2  ICC of RMS and peak torques between the first and second evaluation sets

RMS root mean square, VMO vastus medialis oblique, VL vastus lateralis, RF rectus femoris, MH medial hamstring, BF biceps femoris

RMS of VMO RMS of VL RMS of RF RMS of MH RMS of BF Knee extensor peak torque Knee flexor peak torque

ICC 0.91 0.97 0.98 0.98 0.99 0.92 0.96

Table 3  Knee extensor and flexor peak torques

PT peak torque (Nm)
*Significant statistically
Values are mean ± std error

First test session 
before control period
Mean ±  Std. Error

Second test session 
before training
Mean ±  Std. Error

Third test session 
after training
Mean ±  Std. 
Error

Friedman test Post hoc analysis
P value

P value 1st and 2nd 
test sessions

1st and 3rd 
test sessions

2nd and 3rd 
test sessions

Extensor PT 142.41 ± 19.17 144.30 ± 18.06 162.84 ± 35.77 0.04* 0.67 0.01* 0.02*
Flexor PT 93.07 ± 16.53 93.3 ± 16.55 105.76 ± 16.35 0.01* 0.75 0.01* 0.01*

Table 4  RMS data of knee 
flexor and extensor muscles

RMS root mean square, VMO vastus medialis oblique, VL vastus lateralis, RF rectus femoris, MH medial 
hamstring, BF biceps femoris
Values are mean ± std error

First test session before 
control period
Mean ±  Std. Error

Second test session 
before training
Mean ±  Std. Error

Third test session 
after training
Mean ±  Std. Error

Friedman test
P value

RMS VMO 186.2 ± 52.34 182.48 ± 55.6 191.32 ± 51.26 0.60
RMS VL 203.91 ± 44.56 204.09 ± 46.02 203.37 ± 49.46 0.75
RMS RF 166.89 ± 48.55 168.39 ± 47.6 175.46 ± 49.06 0.23
RMS MH 151.006 ± 50.23 148.97 ± 51.27 155.45 ± 52.83 0.14
RMS BF 150.74 ± 51.98 152.03 ± 49.87 150.44 ± 49.39 0.31
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The peak torque is the most important parameter dur-
ing the maximal isometric contraction that specifies muscle 
force production [26]. The amplitude parameters of SEMG 
signals such as RMS can estimate the myoelectric activity 
of muscles [27]. A similar pattern of changes was reported 
between the peak torques and the RMS of the knee flexor 
and extensor muscles during maximal isometric contraction 
in patients with T2DM [28, 29]. The present study results 
showed that the RMS of the knee flexor and extensor mus-
cles and the corresponding peak torques showed incongru-
ous patterns of changes after training. These findings sug-
gest that a 6-week strength-training program may modify the 
relationship between peak torque and RMS during maximal 
isometric contraction.

Muscle strength increasing after a period of training sup-
ports the findings of previous studies [30, 31], although 
variability was seen in training types, durations, and inten-
sities [32]. The duration of the strength training program is 
a determining factor for training-induced adaptations [33]. 
The increased muscle strength after a short-term strength-
training program in the present study may be attributed to 
the effect of neural adaptions including motor unit recruit-
ment, rate coding, synchronization, reflex propagation, and 
agonist/antagonists interaction [20] in T2DM patients.

To our knowledge, the present study is the first to investi-
gate the effect of a short-term strength-training program on 
the neuromuscular properties of the knee extensor and flexor 
muscles in patients with T2DM. We used the relationship 
between force and SEMG amplitude to determine neuromus-
cular efficiency. Botton et al. showed that a 12-week strength 
training improved maximal strength and muscle thickness 
in patients with T2DM. Knee extensor muscle quality and 
rapid strength did not significantly increase in this study due 
to suitable glycemic control and the absence of neuropathy 
in the T2DM population of this study [31]. Bazzucchi stated 
that a 16-week strength- and endurance-training program 
improved the muscle torques and muscle fiber conduction 

velocity (MFCV) during the isometric contraction of the 
knee extensors in patients with T2DM. Bazzucchi et al. sug-
gested that the increased MFCV could be ascribed to the 
changes in neuromuscular recruitment strategies in T2DM 
[30].

It is interesting to note that the training-induced increase 
in neuromuscular efficiency in the present study was due to 
increased peak torques and non-significant changes in the 
RMS of the knee flexor and extensor muscles in T2DM. The 
RMS of force production reflects the neural drive to muscles 
including firing rates and active motor unit recruitment [20]. 
Hence, increased neuromuscular efficiency independent of 
RMS changes may be related to the central mechanism of 
motor control [20]. Cannon and Cafarelli reported that a 
force Cannon and Cafarelli reported a force increase with a 
decrease in IEMG during maximal isometric knee extension 
after an 8-week strength-training program in healthy male 
participants. The results are attributed to changes in ago-
nist–antagonist co-activation and variability of neural con-
trol in the multi-compartmental quadriceps muscle [34]. In 
contrast, Garfinkel et al. found that an 8-week strength-train-
ing program led to increased force production, an unchanged 
SEMG amplitude, and an increased cross-sectional area of 
the knee extensor muscles. The alteration in muscle strength 
without changes in SEMG amplitude was interpreted as a 
structural adaptation by Garfinkel and Cafarelli, because 
they observed an increased cross-sectional areas of the knee 
extensors after strength training [35]. Cadore et al. found 
that improved synergist co-activation and lower antagonist 
co-contraction were the main causes of the strength gain 
and neuromuscular economy in the early stages of strength 
training in elderly participants [36].

Another possible explanation for the higher neuromus-
cular efficiency after a 6-week strength-training program 
could be related to an improved central strategy of move-
ment. T2DM has some deleterious effects on the motor and 
cognitive function of the brain [37]. Physical activity and 

Table 5  Neuromuscular efficiency of knee flexor and extensor muscles

VMO vastus medialis oblique, VL vastus lateralis, RF rectus femoris, MH medial hamstring, BF biceps femoris
*Significant statistically
Values are mean ± std error

First test session 
before control period
Mean ±  Std. Error

Second test session 
before training
Mean ±  Std. Error

Third test session 
after training
Mean ±  Std. 
Error

Friedman test
(P value)

Post hoc analysis
P value

1st and 2nd 
test sessions

1st and 3rd 
test sessions

2nd and 3rd 
test sessions

NME VMO 0.78 ± 0.11 0.83 ± 0.08 0.95 ± 0.08 0.000* 0.99 0.16 0.00*
NME VL 0.67 ± 0.28 0.71 ± 0.27 0.85 ± 0.22 0.000* 0.99 0.06 0.00*
NME RF 0.87 ± 0.47 0.96 ± 0.38 1.09 ± 0.33 0.003* 0.99 0.22 0.01*
NME MH 0.73 ± 0.33 0.71 ± 0.31 0.78 ± 0.31 0.001* 0.83 0.06 0.02*
NME BF 0.70 ± 0.25 0.68 ± 0.27 0.79 ± 0.30 0.000* 0.00* 0.54 0.00*
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exercise could attenuate the adverse effects of T2DM on the 
brain; in particular, resistance exercise can improve brain 
function in patients with T2DM [38]. Improved interneu-
ron synaptic efficiency in the central nervous system [39], 
increased synchronizations, and an improved antagonist/
agonist interaction [20] may be possible mechanisms for 
increased neuromuscular efficiency in the early stages of 
strength training without obvious changes in EMG ampli-
tude. Hence, T2DM patients at the early stages of strength 
training learn to optimally produce force with better coordi-
nation and synchronization.

This study potentially demonstrates the concept of the 
neuromuscular system in T2DM and the use of strength 
training applications to increase neuromuscular system 
efficiency. Some limitations to the generalization of these 
results should be considered. First, the SEMG data may 
have been altered by methodological, biomechanical, or 
physiological factors. Second, controlling the morphologi-
cal adaptation including the crossover area of the muscles 
after training may provide better insight about the causes of 
our findings. Finally, more studies are required to detect the 
quota of each part of the neuromuscular system to enable 
maximal force production in patients with T2DM.

In conclusion, we observed that even a short-term 
strength-training program led to improved muscle strength 
in T2DM patients. The myoelectric activities of muscles do 
not contribute to increased muscle strength at the early stage 
of strength training in T2DM. Thus, the higher neuromuscu-
lar efficiency after the 6-week strength-training program in 
T2DM may be related to a central drive in T2DM patients.
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