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ABSTRACT. Objective: While prolonged sedentary behaviors (SBs) increase cardiovascular disease (CVD) 
risk, interrupting prolonged sitting (PS) with frequent light exercise reduces arterial functional decline. Skel-
etal muscle electrical stimulation (EMS) enhances peripheral circulation through passive muscle contraction, 
suggesting that EMS reduces CVD risk by providing an alternative to active exercise for prolonged SBs. This 
study aimed to investigate the effects of EMS to skeletal muscles during PS on the endothelial function of the 
brachial artery (BA). Methods: Study participants included 12 healthy adult men who were subjected to 15 min 
of supine rest, followed by 1 h of PS only (control [CON] trial), or 20 min of EMS to the lower extremities at 
50% of the maximum tolerance intensity during PS (EMS trial). Flow-mediated dilation (FMD) of the BA was 
measured before and 30 min after PS, and normalized FMD (nFMD) was calculated. Results: The nFMD of 
the CON trial significantly decreased 30 min after PS completion (6.21% ± 1.13%) compared with that before 
PS (7.26% ± 0.73%), and there was no significant change in the EMS trial before and after PS. The EMS trial 
showed a significant increase in the nFMD 30 min after PS completion (1.14 ± 0.77) compared with that before 
PS (0.84 ± 0.43). However, no significant difference was observed in the CON trials. Conclusion: Passive con-
traction of the lower extremity muscles by EMS increases BA nFMD, suggesting that prolonged sedentary 
lower extremity EMS use may reduce the risk of vascular endothelial dysfunction.
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Most international physical activity guidelines recom-
mend that adults engage in at least 150 minutes of moderate- 
intensity physical activity per week for health promotion and 
prevention of lifestyle-related diseases1). Those who do not 
adhere to this recommendation are considered physically 
inactive, accounting for 27.5% of the population in other 
countries2). Technological innovations and changes in the 
work environment, such as the mechanization of work, long 
hours of TV viewing or desk work, low-intensity physical 

activity, or sedentary behaviors (SBs), account for most of 
the waking hours in a day3).

The prevalence of such physical inactivity has been 
exacerbated by the recent increase in home-based work 
modules and restrictions on movement due to the COVID-19 
pandemic4). Studies on SB have shown that they are directly 
related to hypertension, obesity5), decreased blood flow to 
the lower extremities, decreased shear stress (mechanical 
stress on the vascular wall that reflects vascular endothelial 
function) resulting in reduced flow-mediated dilation 
(FMD)6), and an increased risk of atherosclerosis and cardio-
vascular disease (CVD)7). Furthermore, since prolonged sit-
ting (PS) increases the risk of total mortality, even when the 
recommended amount of physical activity is met8), it is 
urgent to promote the primary prevention of SB from the 
viewpoint of preventive and industrial rehabilitation.

FMD is an indicator of vascular endothelial function and 
an independent predictor of CVD9). It has been reported that 
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vascular endothelial function is impaired by SB, hypertension, 
and obesity and can be improved by lifestyle modifications9). 
Endothelial dysfunction is one of the earliest pathological 
changes in the etiology of atherosclerosis and is associated 
with increased cardiovascular risk10,11), a valid and noninvasive 
physiological indicator widely used as a research tool to quan-
tify endothelial function10). Increased blood flow velocity due 
to exercise induces mechanical and shear stress in vascular 
endothelial cells. These cells release endothelium-dependent 
vasodilators such as nitric oxide (NO), which relaxes vascular 
smooth muscle, causing vessels to dilate10). The effects of SB 
on vascular function have been reported previously.

Prolonged SB negatively affects vascular function and the 
development of CVD; however, interrupting SB with frequent 
light physical activity has been shown to reduce the risk of 
CVD. In a previous study, while the endothelial function of the 
superficial femoral artery decreased after 3 h of SB, this func-
tional decline was suppressed by intervals of physical activity 
during SB12). Additionally, two physical activity sessions during 
breaks in prolonged SB significantly reduced FMD of the pop-
liteal artery compared with the condition without physical 
activity13). However, the physical activities conducted to inter-
rupt PS in these previous studies were intermittent aerobic 
exercises primarily designed for the lower extremities, involv-
ing treadmills, bicycle ergometers, and similar equipment. 
Additionally, it is difficult for workers who are forced to sit for 
long periods, such as those working at desks, to incorporate 
these activities into their daily lives because of the problems in 
securing the time, places, and equipment to perform the exer-
cises. In contrast, the use of other dynamic exercises, such as 
electrical stimulation, as an alternative to active exercises may 
lead to a decrease in vascular endothelial function risk.

Electrical muscle stimulation (EMS) of skeletal muscles 
has been reported to glucose metabolism and energy consump-
tion14,15) in transient and interventional studies. Similarly, EMS 
has been shown to activate endothelial nitric oxide synthase 
(eNOS), a vasodilator; induce endothelium-derived vasodila-
tion; and increase blood flow16). Therefore, it is suggested that 
EMS during prolonged sedentary activities, as an alternative to 
active exercises, such as bicycle pedaling and jogging, can 
reduce the risk of decline in vascular endothelial function.

Therefore, this study aimed to investigate the assump-
tion that EMS of the lower extremity can reduce the endo-
thelial function of the brachial artery (BA) during PS.

Methods

Participants
The study participants were 12 healthy adult men (age: 

21.6 ± 1.8 years, height: 173.7 ± 6.6 cm, weight: 67.4 ± 6.2 kg, 
body mass index: 22.3 ± 1.6 kg/m2) who had never smoked 
or taken any regular medications. This study was approved 
by the Research Ethics Committee of the Department of 
Physical Therapy, Faculty of Health Science, Osaka Yukioka 
College of Health Science (#33-0005), Japan. Additionally, 
the participants were provided with an oral explanation of 
the content and purpose of the study, refusal, withdrawal, 
and interruption of participation, and the study was initiated 
with their consent.

Protocol
The protocol for each trial is shown in Figure 1. All 

participants were randomly assigned to either EMS of the 
skeletal muscle or the control (CON) trial, with a minimum 

Fig. 1  Experimental protocol of test sessions 

All subjects performed each test in random order. 

Arterial function measurements: SBP, DBP, HR, Di, FV, and FMD

EMS, electrical muscle stimulation; CON, control; SBP, systolic blood pressure; DBP, diastolic blood 
pressure; HR, heart rate; Di, vessel diameter; FV, blood flow velocity; FMD, flow-mediated dilation
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interval of one week between the two trials. In the EMS 
trial, EMS was administered to the lower extremities in the 
seated position from 20 to 40 min after the start of the seated 
behavior, whereas in the CON trial, the seated behavior was 
continued without EMS. The electrode belts were placed at 
five locations: waist, bilateral thighs, and bilateral ankle 
joints. The maximum tolerance of all participants was mea-
sured before the stimulation intensity was set.

EMS
In the EMS trial, belt electrode-skeletal muscle electri-

cal stimulation (G-TES; Homer Ion, Tokyo, Japan) was per-
formed at a frequency of 4 Hz, pulse width of 250 µs17), and 
exponentially increasing waves with a stimulation intensity 
of 50% of the maximum tolerance. EMS was applied to the 
calf and thigh muscles, including the quadriceps femoris, 
hamstrings, gastrocnemius, and hip adductor muscles using 
a stimulator. A frequency of 4 Hz was adopted because 
high-frequency EMS induces tonic contraction of skeletal 
muscles and induces muscle fatigue more easily than 
low-frequency EMS18). The value of 4 Hz was selected 
because this study aimed to promote peripheral circulation 
through aerobic exercises19). One silicon-rubber electrode 
band (5.3 × 93.3 cm) was wrapped around the lumbar region, 
two bands (5.3 × 69.6 cm) were wrapped around both distal 
parts of the thighs, and two bands (5.3 × 54.6 cm) were 
applied to both ankles (Fig. 2A and 2B). As the stimulation 
cycles of the bilateral thighs and lower legs were synchro-
nized, the bilateral lower-extremity muscle groups were 
stimulated simultaneously. The stimulation was set to 50% 

of the maximum tolerance without causing discomfort 
(39–82 mA on the thighs, below 30 mA on the ankles).

Measurements

BA endothelial function
In this study, the endothelial function of the BA was 

assessed. The endothelial function of the BA is an indicator 
of systemic endothelial function11), and FMD of the BA is 
highly significant because it is a predictor of CVD20).

The participants were asked to rest in the supine posi-
tion for at least 15 min to obtain resting arm systolic blood 
pressure (SBP) and diastolic blood pressure (DBP) using a 
standard sphygmomanometer on their left arm. An occlusion 
cuff was placed around the right forearm while two ECG 
leads were attached to the wrists to measure heart rate (HR). 
FMD was quantified by high-resolution ultrasonography 
(UNEXEF 38G; UNEX, Nagoya, Japan) to measure endo-
thelial function. The BA was scanned longitudinally 5–10 
cm proximal to the elbow joint. To occlude blood flow, the 
cuff was inflated 50 mmHg above the SBP for 5 min. Upon 
cuff deflation, the blood flow velocity and artery diameter 
were measured for an additional 3 min, and the change in BA 
diameter was immediately expressed as the percentage 
change relative to the vessel diameter before cuff inflation. 
FMD was calculated as the baseline value (Dibase) before the 
cuff was released to the peak value after cuff release (Dipeak). 
FMD was calculated using the following equation: FMD (%) 
= {(Dipeak - Dibase)/Dibase} × 100. A detailed description of the 
measurements is provided in a previous study21).

Fig. 2  �(A) Belt and stimulation electrodes, and (B) belt electrodes (anode and cathode) were attached to the waist, bilateral 
distal parts of the thigh, and ankle with a strap. 
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All participants were instructed to limit alcohol con-
sumption, caffeine intake, and strenuous exercise from the 
day before to the end of the experiment.

In this study, to compare FMD under different trials, 
we calculated the peak shear rate (PSR) from the vessel 
diameter and blood flow rate. The blood flow velocity was 
calculated from the color Doppler data and displayed as a 
waveform in real time. PSR was calculated as the difference 
in flow velocity between the hyperemic response (peak after 
cuff deflation: FVpeak) and baseline (FVbase) divided by the 
baseline BA diameter. Subsequently, normalized FMD (nFMD) 
was calculated using the following equation22):

PSR (s–1) = (FVpeak – FVbase)/Dibase

nFMD (a.u.) = FMD/PSR

All measurements were performed after 15 min of 
supine rest and 30 min after PS. The HR during PS was mea-
sured every 10 min using thoracic bipolar induction (POLAR 
H10; Polar, Tokyo, Japan).

Work efficiency
To examine the effect of EMS on work efficiency, the 

participants typed a specified novel on a personal computer 
(PC) for 60 min. The same novel was used for both trials, 
and different chapters were typed for each trial. The text and 
typing paper were set up as a 400-word manuscript, and the 
percentage of correct responses was calculated from the 
number of words typed and the number of words missed 
during the 60-min task.

Statistical analysis
The results of this study were analyzed for normality 

using the Shapiro–Wilk test to confirm the normal 

distribution of data. The measurements for each trial were 
compared using two-way ANOVA with repeated measures 
to test for the presence or absence of an interaction, and the 
Bonferroni test was performed for posterior analysis. All 
measurements are expressed as mean and standard deviation 
and were considered statistically significant at a significance 
level of <5%.

Results

HR during each trial
The changes in HR during the two trials are shown in 

Figure 3. No significant differences were observed between 
the two trials in all tests.

Work efficiency after each trial
The number of characters that could be typed in the 

novels in the EMS and CON trials was 1944.6 ± 467.1 in the 
EMS trial and 1962.8 ± 364.5 in the CON trial, with no sig-
nificant differences between the trials. The percentage of cor-
rect responses was 96.4% in the EMS trial and 98.2% in the 
CON trial, with no significant differences between the trials.

BA function before and after each trial
The changes in SBP, DBP, HR, Dibase, Dipeak, FVbase, 

FVpeak, PSR, and FMD before and after each trial are shown 
in Table 1. In both trials, DBP showed a significant increase 
30 min after PS compared to before PS (p <0.05), and HR 
decreased significantly after each trial (p <0.01). There was 
no significant main effect or interaction between SBP, Dibase, 
Dipeak, FVbase, FVpeak, and PSR before PS and 30 min after PS 
completion in both trials. There was a significant interaction 
for FMD (F(1,11) = 5.258, p <0.05), and in the CON trial, 
there was a significant decrease 30 min after PS completion 
compared with that before PS (p <0.05). The changes in 
nFMD before PS and 30 min after PS completion are shown 
in Figure 4 (0.84 ± 0.43 and 1.14 ± 0.77 in the EMS trial and 
0.84 ± 0.43 and 0.74 ± 0.55 in the CON trial, respectively; 
F(1,11) = 6.884, p <0.05). In the EMS trial, a significant 
increase was observed 30 min after PS completion com-
pared with that before PS (p <0.05).

Discussion

This study investigated the effects of EMS during PS 
on vascular endothelial function in healthy adult men. The 
results showed that the EMS trial with EMS to the lower 
extremities increased the nFMD of BA 30 minutes after the 
end of the trial compared to before PS. It was found that 
giving EMS during PS had a beneficial effect on nFMD.

Vranish et al.23) reported that blood flow and shear stress 
in the lower extremities decreased within 10 min of the start 
of sitting, indicating that these are factors that induce a 
decrease in FMD in the lower extremities due to PS. In con-
trast, walking for 5 min during 3 h of SB suppressed the 
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Fig. 3  Changes in HR during each trial 

Gray areas represent EMS trials during electrical stimulation.

Values are presented as mean ± SD.

CON, control; EMS, electrical muscle stimulation; HR, heart rate; 
SD, standard deviation
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decline in FMD, indicating that aerobic exercise during SB 
suppresses the decline in vascular endothelial function12). 
Overall, these results indicate that physical activity during 
prolonged SB suppresses vascular endothelial dysfunction.

Most importantly, this study indicates that nFMD 
increased significantly in the EMS trial 30 min after PS 
completion compared to that before PS. This may be due to 
the increase in blood flow caused by the dynamic skeletal 
muscle contraction in response to EMS; vasodilation caused 
by the enhanced production of NO, lactate, and H+; meta-
bolic products of muscle contraction; and the inhibition of 
muscle sympathetic nerve activity (MSNA). The rhythmic 
rise and fall of intramuscular pressure due to skeletal muscle 
contraction increases blood flow24); increases shear stress, 

which is a mechanical stress on vascular endothelial cells; 
and promotes the production of NO, resulting in a vasodila-
tor response. Previous studies have shown that eNOS is acti-
vated during EMS and exercise16). In addition, previous 
studies have shown that endothelium-derived vasodilatation 
occurs in patients with heart failure, causing an increase in 
the blood flow. Janssen et al.25) reported that EMS to the 
lower extremity muscles at a frequency of 3 Hz and maxi-
mum tolerance intensity increased blood flow in the com-
mon femoral artery. In the present study, we used a low 
frequency of 4 Hz, which may have increased the blood flow 
in the lower extremities, as in a previous study. Furthermore, 
compared with voluntary exercise, EMS provides electrical 
stimulation to the entire lower extremity and produces mus-
cle contraction; thus, blood flow can be expected to increase. 
EMS stimulation also releases substance P and calcitonin 
gene-related peptide from nociceptive C fibers; these sub-
stances have vasodilating effects and act on skin vasodila-
tion26). Furthermore, a comparison of changes in skin blood 
flow under high-frequency stimulation (110 Hz) and low- 
frequency stimulation (4 Hz) revealed that low-frequency 
stimulation increases skin blood flow at stimulation sites27). 
Since these increases in cutaneous blood flow increase blood 
flow in conduit arteries, increased cutaneous blood flow is 
one possible mechanism for increasing FMD in conduit 
arteries. It is, therefore, a factor in the increased blood flow 
in the conduit arteries of the lower extremities, the site of 
EMS stimulation. In voluntary exercise, type I fibers are 
sequentially mobilized, whereas, in EMS, mobilization 
begins with type II fibers, which have a lower threshold, and 
the mode of mobilization is different28). Because of the dif-
ferent energy metabolism characteristics, metabolic vasodi-
lators that inhibit sympathetic nerve activity such as lactate, 
H+, and acidosis are easily produced in the lower limbs, 

Table 1.  Characteristics of SBP, DBP, HR, Di, FV, PSR, and FMD before and after each trial

EMS trial CON trial

Pre Post 30
Time effect  

within group
p-value

Pre Post 30
Time effect 

within-group
p-value

Group × time 
interaction

p-value

SBP (mmHg) 119.7 ± 6.5 117.2 ± 6.5 0.10 116.5 ± 6.8 115.3 ± 8.6 0.50 0.23

DBP (mmHg)   64.7 ± 3.4   67.6 ± 4.7 0.01**   65.7 ± 7.7   70.0 ± 7.7 0.01** 0.60

HR (b ⋅ min–1)   64.9 ± 8.8   59.5 ± 7.0 0.01**   64.7 ± 8.5   61.1 ± 7.5 0.01** 0.04*

Dibase (mm)   3.8 ± 0.3   3.8 ± 0.2 0.28   3.9 ± 0.3   3.9 ± 0.3 0.85 0.48

Dipeak (mm)   4.1 ± 0.3   4.1 ± 0.3 0.29   4.2 ± 0.3   4.1 ± 0.3 0.57 0.97

FVbase (cm ⋅ sec–1)   13.2 ± 5.8   11.8 ± 5.0 0.20   14.0 ± 8.5   9.9 ± 4.3 0.06 0.21

FVpeak (cm ⋅ sec–1)   52.4 ± 18.7   46.4 ± 20.7 0.08   50.3 ± 16.2   47.8 ± 14.8 0.61 0.43

PSR (s–1)   10.4 ± 4.4   9.3 ± 5.6 0.80   9.4 ± 2.8   9.8 ± 3.3 0.77 0.26

FMD (%)   7.2 ± 0.9   7.3 ± 1.1 0.17   7.3 ± 0.7   6.2 ± 1.1 0.04* 0.04*

*p <0.05, **p <0.01 vs. Pre

SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; Dibase, diameter baseline; Dipeak, diameter peak line; FVbase, 
flow volume base; FVpeak, flow-volume peak; PSR, peak shear rate; FMD, flow-mediated dilation; EMS, electrical muscle stimulation; 
CON, control
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Fig. 4  Changes in nFMD before and after each trial 

*Significantly different from Pre (p <0.05)

CON, control; EMS, electrical muscle stimulation; nFMD, nor-
malized flow-mediated dilation
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which are active muscles. Kimura et al. have shown that 
EMS at an intensity that is not uncomfortable increases 
blood lactate concentration29). In the present study, the same 
effect may have occurred because of MSNA inhibition. 
Venous blood stasis induced by sitting posture causes an 
increase in MSNA30), which dominates the vascular smooth 
muscle; an increase in blood pressure31); and a decrease in 
FMD32). However, in large muscles, such as the lower- 
extremity muscles, MSNA innervating the vascular smooth 
muscle is suppressed by a low-intensity bicycle pedaling 
exercise of approximately 50 W33). In addition, it has been 
shown that light-intensity activity and walking also suppress 
MSNA by inducing skeletal muscle contraction and promot-
ing venous return34). These results suggest that the EMS trial 
in this study promoted venous return, suppressed blood flow 
congestion, and inhibited MSNA-induced vasoconstriction, 
whereas vasodilation was not inhibited.

On the other hand, FMD in the CON trial in the present 
study significantly decreased 30 min after PS completion 
compared with that before PS, and no significant change was 
observed in nFMD. In a previous study, a significant decrease 
in FMD was observed in the superficial femoral artery 1 h 
after PS initiation, whereas no significant change in FMD 
was observed in the BA35). In Thosar et al. study, upper- 
extremity activity during PS was not quantified because of 
the high degree of freedom of the upper extremities during 
PS, such as psychologically stress-free reading and PC use35). 
However, since the present study assumed desk work for 
workers, typing work using a PC was conducted during PS, 
suggesting that vasoconstriction was affected by prolonged 
mental tension and sympathetic hyperactivity. In the CON 
trial of the present study, the FVbase showed a decreasing trend 
30 min after the end of sedentary activity compared with that 
before sedentary activity, suggesting that FMD decreased in 
the CON trial, whereas nFMD, which takes into account the 
blood flow velocity, did not show a significant change. In this 
study, all participants performed typing tasks using a PC with 
PS to assess work efficiency, but there were no significant 
differences between the two tests. Thus, the results suggest 
that the decrease in vascular function is suppressed without a 
decrease in work efficiency.

In summary, our results suggest that EMS to the lower 
extremities during sedentary work improves vascular endo-
thelial function. Compared with other countries, workers in 
Japan, especially office workers, mainly work at desks and 
spend a lot of time in the sitting position36). In addition, the 
results of this study may provide basic data for comparing 
electrical stimulation tools that can be implemented during 
sedentary activities such as desk work.

This study has some limitations. Due to the transient 
nature of this study, the long-term impact of the intervention 
remains to be investigated. In the future, the effects of different 
intensities of EMS and the production of vasoactive sub-
stances, such as NO, could be examined, but this is unknown 
because biochemical tests have not been performed, nor have 

the effects of PS and EMS on the sympathetic nervous system. 
In addition, because the intensity of EMS stimulation is deter-
mined subjectively by the individual, there is a possibility that 
individual differences may occur in the amount of muscle con-
traction. Furthermore, factors such as exercise habits and age 
were predicted to cause differences in the vascular responses 
to the protocol used in this study. Future studies should con-
sider differences in EMS intensity, duration, frequency, and 
amount of muscle contraction considering these factors.

Conclusion

These results suggest that the use of EMS as an alterna-
tive to aerobic exercises may reduce the risk of endothelial 
dysfunction when it is difficult to interrupt PS and exercises.
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