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Abstract
Introduction: Belt electrode-skeletal muscle electrical stimulation (B-SES) is a treatment prescribed for
individuals with difficulty performing exercise therapy that improves muscle strength, exercise tolerance,
and glucose metabolism. However, the effects of B-SES on the hemodynamics of the central and lower
extremity conduit arteries have not been studied. Therefore, this study compared the acute effects of B-SES
on the central and lower extremity conduit arteries in healthy young males.

Methods: This randomized crossover study included nine healthy young males (mean age: 21.0±1.1 years).
Participants were assigned to the following experimental conditions, with a washout period of one week:
condition 1 included 20 min of electrical stimulation of the lower extremity at the participant’s sensation
threshold intensity (Sham, n=9) and condition 2 included 20 min of electrical stimulation of the lower
extremity at the maximum intensity the participant can tolerate (B-SES, n=9). The heart rate (HR), stroke
volume (SV), cardiac output (CO), mean arterial pressure (MAP), and total peripheral vascular resistance
(TPR) were measured as central hemodynamics. The hemodynamics of the lower extremity conduit arteries
were measured and calculated for the shallow femoral artery (SFA), including vessel diameter, mean blood
flow velocity (MBFV), shear rate (SR), and mean blood flow (MBF) rate. These indices were measured before
stimulation (Pre), 10 min after the start of stimulation (Stimulating), and immediately after the end of
stimulation (Post). These indices were compared using a repeated two-way analysis of variance.

Results: In B-SES, HR (Pre: 63.2±8.6; Stimulating: 73.7±6.9; Post: 70.0±4.2 bpm, p<0.01), CO (Pre: 5.1±1.0;
Stimulating: 6.5±1.5, p<0.01; Post: 6.3±1.2 L/min, p=0.02), and MAP (Pre: 104.0±11.5; Stimulating:
116.4±10.8, p<0.01; Post: 109.6±9.7 mmHg, p=0.02) increased significantly. In addition, B-SES significantly
increased MBFV (Pre: 19.2±4.0; Stimulating: 50.5±14.9; Post: 30.1±4.0 cm/s, p<0.01), SR (Pre: 118.9±28.8;
Stimulating: 302.7±91. 2, p<0.01; Post: 182.1±70.1/s, p=0.02), and MBF (Pre: 382.0±61.5; Stimulating:
1009.6±321.4; Post: 626.8±176.6 mL/min, p<0.01). However, there were no significant changes in SV and
TPR.

Conclusions: The findings of this study indicate that B-SES in healthy young males increases CO without
increasing SV or TPR and improves the MBFV and SR in the SFA.

Categories: Preventive Medicine, Physical Medicine & Rehabilitation
Keywords: shallow femoral artery, hemodynamics, stroke volume, shear rate, cardiac output, neuromuscular
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Introduction
Cardiovascular disease (CVD) is the largest contributor to mortality worldwide, accounting for
approximately half of the annual deaths attributed to noncommunicable diseases [1]. Notably, considerable
scientific literature indicates that increasing physical activity is essential for reducing both the risk of
developing and dying from CVD [2-4]. However, many patients are unable to exercise adequately due to
increased age-related multimorbidity (comorbidity of multiple chronic conditions) and exercise intolerance
[5,6]. Neuromuscular electrical stimulation (NMES) has been used to solve such problems. It is characterized
by nonselective muscle contraction and contracts many muscle groups [7], making it effective in preventing
skeletal muscle atrophy even when effortful voluntary exercise is difficult [8]. Thus, NMES is suitable for
patients who are unable to exercise [9] and can be used as an alternative for patients who cannot participate
in exercise-based treatment programs [10].

Recently, belt electrode-skeletal muscle electrical stimulation (B-SES) has attracted particular attention
among different types of NMES. B-SES uses belt-type electrodes for electrical stimulation, making it possible
to generate muscle contraction not only in a single muscle but also in the entire lower limb [11-13]. In
addition, it can stimulate most muscles, including deep areas, without specifying the stimulation site,
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resulting in significantly less discomfort [14]. These advantages have enabled B-SES to be widely used in a
multitude of clinical situations, including that of postoperative orthopedic patients [15], patients
undergoing hemodialysis [16-18], patients after allogeneic hematopoietic stem cell transplantation [12],
patients with diabetes after lower limb amputation [19], patients in intensive care units [20,21], and patients
with severe COVID-19 [22]. However, studies on B-SES have primarily focused on improving muscle mass,
strength, physical function, exercise tolerance, and glucose metabolism. To our knowledge, there are no
reports on central or lower extremity conduit artery hemodynamics. Conventional NMES of a single muscle
improves lower-extremity blood flow and vascular function [23,24]. Therefore, it can be inferred that a B-
SES with a wide stimulation range also positively affects hemodynamics. Understanding the physiological
mechanisms by which B-SES affects hemodynamics in the central and lower extremity conduit arteries may
further expand the indications for B-SES and provide new treatment options to reduce the risk of developing
CVD.

To address this gap in the literature, this study aimed to determine the acute effects of B-SES on central and
lower extremity conduit artery hemodynamics. We hypothesized that (1) B-SES increases cardiac output
(CO) by promoting an increase in venous return due to lower extremity muscle pumping and (2) the increase
in CO is accompanied by increased blood flow velocity and shear rate in the lower extremity conduit
arteries. Thus, this study will help identify physiological factors that affect vascular function and apply B-
SES as a new treatment to reduce the risk of CVD in the future.

Materials And Methods
Study design
This was a randomized controlled crossover trial. Figure 1 shows the experimental conditions and
measurement indices used in this study. Two experimental conditions were used in this study. Condition 1:
participants received 20 min of electrical stimulation of the lower limb at the sensation threshold intensity
(Sham, n=9). Condition 2: 20 min of electrical stimulation of the lower extremity at the maximum intensity
the participant could tolerate (B-SES, n=9). Participants were randomly assigned to experimental conditions
to eliminate the influence of the order of the experiments. A one-week washout period was allowed to
exclude any hemodynamic effects of previous experimental conditions [25].

FIGURE 1: Experimental conditions and measurement index.
Two experimental conditions were used in this study. The sham condition (Sham) was stimulated at the intensity
of the sensation threshold. In contrast, the B-SES condition (B-SES) was stimulated at the maximum intensity the
participant could tolerate. In both conditions, the stimulus frequency was 4 Hz, the pulse width was 250 μs, and
the stimulus duration was 20 min.

Central hemodynamic measurements were performed throughout the experiment. The hemodynamics of the
shallow femoral artery were measured before stimulation, 10 min after the stimulation, and at the end of
stimulation.

B-SES: belt electrode-skeletal muscle electrical stimulation

Study participants
The inclusion criteria for this study were male participants aged ≥18 years and <30 years, with a BMI of ≥18.5
and <25.0. Exclusion criteria were a history of smoking, cardiovascular or metabolic diseases, medications or
supplements that may affect vascular function, and a regular exercise routine. Regular exercise habits were
defined as moderate physical activity of >150 min weekly or high-intensity physical activity of >75 min
weekly [26]. This criterion was used to exclude the influence of daily physical activity on vascular function.
Participants self-reported their medication use and medical history. The International Physical Activity
Questionnaire (IPAQ-short form) was used to assess physical activity [27]. Nine healthy young males (mean
age: 21.0±1.1 years, height: 1.73±0.05 m, weight: 62.8±3.9 kg) voluntarily participated in the study. Table 1
shows the participants’ characteristics.
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Variable Value

N 9

Age (years) 21.0±1.1

Height (m) 1.73±0.05

Weight (kg) 62.8±3.9

BMI (kg/m2) 21.0±1.0

SBP (mmHg) 121.7±7.2

DBP (mmHg) 72.2±5.9

MAP (mmHg) 88.7±5.9

HR (bpm) 73.0±5.3

MVPA (min/week) 38.3±45.7

VPA (min/week) 0

TABLE 1: Participant demographics.
Data are presented as mean±SD.

BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; MAP: mean arterial pressure; MVPA: moderate-to-vigorous physical
activity (3-6 METs); VPA: vigorous physical activity (>6 METs)

This study was conducted following the principles of the Declaration of Helsinki and was approved by the
Ethics Committee of Niigata University of Health and Welfare (approval number: 19197-231208). The study
was registered with the University Hospital Medical Information Network Center (trial ID: UMIN000052787).
All participants provided written informed consent before enrollment in this study.

Experimental procedures
The participants were instructed to eat a light meal or not have breakfast for at least 2 h prior to the start of
the experiment. In addition, they were instructed not to consume caffeine or alcohol and not to engage in
strenuous exercise for at least 24 h before the start of the experiment. All experiments were conducted at
room temperature (24-26°C). The participants arrived at the laboratory between 8:00 AM and 10:00 AM.
Each measurement was performed after 30 min of supine rest.

NMES Procedure

A belt-electrode electrical stimulator was used for NMES (ZB-SES; Tokyo, Japan: Homer Ion Co. Ltd.). Two
belt electrodes were attached to the lumbar region (belt width: 5.5×39.0 cm), bilateral distal thighs (5.5×53.5
cm), and ankles (5.5×30.0 cm). Anode was placed on the distal thigh, cathode on the lumbar region and
ankle, and the muscles from the gluteal region to the lower leg were stimulated. Electrical stimulation was
performed with an exponentially increasing wave of 250 μs pulses at 4 Hz for 20 min, and all muscle groups
were contracted simultaneously. Furthermore, 4 Hz was selected as the stimulation frequency because
previous studies have shown that combining 4 Hz B-SES and upper extremity crank exercise positively
impacts vascular function [28]. The duty cycle included continuous repeated twitching. The stimulus
intensity was defined as the stimulus intensity for each condition. The participants’ pain intensity was rated
on a scale of 0-10 using the numerical rating scale (NRS) (10=maximum pain; 0=no pain at all). The NRS
target value was set to 7-8. The upper limit of the NRS value was set to 8, and the stimulation intensity was
immediately lowered if the NRS value exceeded this limit [8]. In addition, the NRS value changed during
electrical stimulation. Therefore, the NRS value was assessed once every 5 minutes, and the electrical
stimulation intensity was adjusted each time accordingly.

Central Hemodynamics

The heart rate (HR), stroke volume (SV), and CO were measured using a noninvasive impedance cardiac
output meter (PhysioFlow Q-Link, Paris, France: Manatec Biomedical) for each heartbeat and the results
were averaged per second [29]. The accuracy of the noninvasive impedance cardiac output meter in normal
participants has been previously compared directly with the Fick method [30]. The electrode-applied area

2024 Tamiya et al. Cureus 16(6): e62988. DOI 10.7759/cureus.62988 3 of 11

javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)


was wiped thoroughly with cotton alcohol to optimize the impedance signal. Electrodes were fixed to the
skin using a piece of tape to prevent movement during the experiment.

A finger photoplethysmograph (Finapres NOVA; Amsterdam, The Netherlands: Finapres Medical Systems)
was used to record the systolic blood pressure (SBP), diastolic blood pressure (DBP), and mean arterial
pressure (MAP) beat-by-beat from the middle finger of the left hand using the volume clamp method.
Analog data were converted into digital data at a sampling frequency of 1000 Hz using an analog-to-digital
converter (PowerLab; Bella Vista, Australia: ADInstruments). Total peripheral resistance (TPR) was
calculated from the CO and MAP obtained from the measurements using the below formula [31].

TPR = 

Central hemodynamics were measured continuously from before to immediately after the end of electrical
stimulation. One-minute averages at points before the start of electrical stimulation, 10 min after the
stimulation, and immediately after the end were used for the analysis.

Hemodynamics of Conduit Arteries of the Lower Extremities

The vessel diameter and mean blood flow velocity in the shallow femoral artery (SFA) were measured using a
general-purpose ultrasound imaging system (ACUSON Juniper; Tokyo, Japan: SIEMENS Healthineers).
Furthermore, a 13.3 MHz linear array probe (12L3, ACUSON Juniper; Tokyo, Japan: SIEMENS Healthineers)
was placed on the skin 10 cm below the inguinal line [25]. The SFA was selected because it is an easily
accessible artery [25]. The angle of incidence of the ultrasound beam was automatically adjusted to 60° and
measurements were made using the pulsed Doppler method. The artery was imaged along the short axis, and
the arterial diameter was measured during the diastole of the arterial pulse. Images were captured along the
long axis, and the average blood flow velocity was measured over three consecutive cycles. The shear rate
(SR) and mean blood flow (MBF) in the SFA were calculated from the vessel diameter and mean blood flow
velocity (MBFV) using the below equations [32,33].

Shear rate = 4 × mean blood flow velocity/diameter

Mean blood flow = 3.14 × (diameter/2)2 × mean blood flow velocity × 60

SFA hemodynamics were measured before commencing electrical stimulation, 10 min after the
commencement, and immediately after the end of stimulation.

Statistical analysis
A repeated-measures two-way ANOVA was performed on the two factors of time and between conditions.
Tukey's honestly significant difference (HSD) test was used as a post-hoc test when a significant interaction
was observed. GraphPad Prism 9.4.1 software (San Diego, CA: GraphPad Software) was used for statistical
analysis, and statistical significance was set at 5%. All data are presented as mean±standard deviation.

Sample sizes were calculated using the G power version 3.1.9.7 software (Düsseldorf, Germany: Düsseldorf
University). A pilot study was conducted with four healthy young males. The Sham and B-SES conditions
were similar to that in the present study, and the effect size was estimated from the change in shear stress
before and after stimulation. The effect size was set as 0.62, α: 0.05, 1-β: 0.95, and the sample size was to
include nine participants.

Results
Stimulus current values for each condition were Sham (thigh: 0.9, lower: 0.9 mA) and B-SES (thigh: 2.5±0.6,
lower: 2.5±0.5 mA). The participants’ NRS was Sham: 1 (median, range: 0-1) and B-SES: 7 (range: 6-8).

Central hemodynamics
The central hemodynamic changes are shown in Figures 2A-2E. Two-way ANOVA results showed a
significant interaction for HR (Figure 2A, p=0.002). B-SES showed significant increases during and after
stimulation compared with pre-stimulation (Pre: 63.2±8.6; Stimulating: 73.7±6.9; Post: 70.0±4.2 bpm,
p<0.01, respectively). In addition, HR during and after stimulation was significantly higher compared with
Sham (Stimulating B-SES: 73.7±6.9 vs. Sham: 60.8±7.4 bpm, p<0.01; Post B-SES: 70.0±4.2 vs. Sham: 62.5±6.0
bpm, p<0.01). However, the sham condition showed no significant change from pre- to post-stimulation
(Pre: 61.6±7.8; Stimulating: 60.8±7.4; Post: 62.5±6.0 bpm). Conversely, there was no significant interaction
between SV and any other significant changes (Figure 2B).
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FIGURE 2: Central hemodynamic changes under Sham (Sham, n=9) and
belt electrode-skeletal muscle electrical stimulation (B-SES, n=9)
conditions.
The images show (A–E) changes over time in HR, SV, CO, MAP, and TPR. Error bars represent SD.

#A significant difference from baseline at p<0.05.

*A significant difference between conditions at p<0.05.

##A significant difference from baseline at p<0.01.

**A significant difference between conditions at p<0.01.

HR: heart rate; SV: stroke volume; CO: cardiac output; MAP: mean arterial pressure; TPR: total peripheral
vascular resistance; B-SES: Belt electrode-skeletal muscle electrical stimulation
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There was a significant interaction for CO (Figure 2C; p=0.006). In B-SES, there was a significant increase in
CO during and after stimulation compared with pre-stimulation (Pre: 5.1±1.0; Stimulating: 6.5±1.5, p<0.01;
Post: 6.3±1.2 L/min, p=0.02). Furthermore, CO during and after stimulation was significantly higher
compared with Sham (Stimulating B-SES: 6.5±1.5 vs. Sham: 5.6±0.8 L/min, p=0.03; Post B-SES: 6.3±1.5 vs.
Sham: 5.4±1.0 L/min, p=0.04). However, the sham condition showed no significant change from pre- to post-
stimulation (Pre: 5.7±1.0; Stimulating: 5.6±0.8; Post: 5.4±1.0 L/min).

Similarly, there was a significant interaction for the MAP (Figure 2D; p=0.004). In B-SES, there was a
significant increase during and after stimulation compared with pre-stimulation (Pre: 104.0±11.5;
Stimulating: 116.4±10.8, p<0.01; Post: 109.6±9.7 mmHg, p=0.02). Furthermore, MAP during and after
stimulation was significantly higher compared with Sham (Stimulating B-SES: 116.4±10.8 vs. Sham:
103.2±10.8 mmHg, p<0.01; Post B-SES: 109.6±9.7 vs. Sham: 100.4±10.0 mmHg, p<0.01). However, the sham
condition showed no significant change between pre- and post-stimulation (Pre: 101.1±11.0; Stimulating:
103.2±10.8; Post: 100.4±10.0 mmHg). No significant interaction or change was observed in the TPR (Figure
2E).

Hemodynamics of SFA
Hemodynamic changes in the SFA are shown in Figures 3A-3D. Two-way ANOVA results showed no
significant interaction and change in vessel diameter (Figure 3A).
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FIGURE 3: Hemodynamic changes in the shallow femoral artery under
sham stimulation (Sham, n=9) and belt electrode-skeletal muscle
electrical stimulation (B-SES, n=9) conditions.
The images A-D show changes over time in diameter, mean blood flow velocity, shear rate, and mean blood flow,
respectively. Error bars represent SD.

#indicates a significant difference from baseline at p<0.05.

*A significant difference between conditions at p<0.05.

##A significant difference from baseline at p<0.01.

**A significant difference between conditions at p<0.01.

MBFV: mean blood flow velocity; SR: shear rate; MBF: mean blood flow; B-SES: Belt electrode-skeletal muscle
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electrical stimulation

However, there was a significant interaction effect on the MBFV (Figure 3B; p<0.001). B-SES showed a
significant increase in MBFV during and after stimulation compared with pre-stimulation (Pre: 19.2±4.0;
Stimulating: 50.5±14.9; Post: 30.1±4.0 cm/s, p<0.01). In addition, MBFV during and after stimulation was
significantly higher compared with Sham (Stimulating B-SES: 50.5±14.9 vs. Sham: 17.6±3.8 cm/s, p<0.01;
Post B-SES: 30.1±10.3 vs. Sham: 18.5±4.4 cm/s, p=0.015). However, the sham condition showed no
significant change from stimulus to post-stimulation (Pre: 17.7±5.5; Stimulating: 17.6±3.8; Post: 18.5±4.4
cm/s).

Similarly, there was a significant interaction in SR (Figure 3C; p<0.001). In B-SES, there was a significant
increase during and after stimulation compared with pre-stimulation (Pre: 118.9±28.8; Stimulating:
302.7±91.2, p<0.01; Post: 182.1±70.1 s-1, p=0.02). In addition, the SR during and after stimulation was
significantly higher compared with Sham (Stimulating B-SES: 302.7±91.2 vs. Sham: 108.0±26.9 s-1, p<0.01;
Post B-SES: 182.1±70.1 vs. Sham: 113.3±31.1 s-1, p=0.013). However, the sham condition showed no
significant change from pre- to post-stimulation (Pre: 108.7±35.7; Stimulating: 108.0±26.9; Post: 113.3±31.1
s-1).

There was also a significant interaction for the MBF (Figure 3D; p<0.001). B-SES showed a significant
increase during and after stimulation compared with pre-stimulation (Pre: 382.0±61.5; Stimulating:
1009.6±321.4; Post: 626.8±176.6 mL/min, p<0.01). In addition, MBF during and after stimulation was
significantly higher compared with Sham (Stimulating B-SES: 1009.6±321.4 vs. Sham: 347.3±52.1 mL/min,
p<0.01; Post B-SES: 626.8±176.6 vs. Sham: 374.1±81.2 mL/min, p<0.01). However, the sham condition
showed no significant change from pre- to post-stimulation (Pre: 358.8±105.0; Stimulating: 347.3±52.1;
Post: 374.1±81.2 mL/min).

Discussion
This study examined the acute effects of B-SES on the hemodynamics of the central and lower extremity
conduit arteries. The results showed that in healthy young males, B-SES caused increases in HR, CO, and
MAP. It also increased MBFV, SR, and MBF in the SFA. In contrast, B-SES did not affect the SV and TPR, nor
did it change the vessel diameter of the SFA. To our knowledge, this is the first study to investigate the acute
effects of B-SES on central and lower extremity conduit artery hemodynamics and report their relationship.

Effects on central circulatory dynamics
Contrary to our hypothesis, B-SES did not increase single-beat volume. A previous study predicted that
NMES-induced muscle contraction promotes muscle pumping and blood circulation [34], thus increasing the
central blood volume during B-SES [28]. The Frank-Starling law states that increased venous return due to
enhanced muscle pumping increases SV. However, there was no increase in SV. This may be due to the
effects of the stimulation frequency and duty cycles. In previous animal studies comparing venous blood
flow with 4-Hz and 50-Hz NMES, we found that the increase in venous blood flow was greater at 50 Hz
[35,36]. This is due to the difference in duty cycles between the stimulation protocols [35]. In the present
study, the stimulation frequency was 4 Hz, and the cycles consisted of continuous repeated twitching.
Therefore, it may be possible to increase SV by increasing the stimulation frequency and providing muscle
contraction and relaxation cycles. However, because the frequency and duty cycle were not changed in this
study, we cannot make further comments.

Conversely, the HR, CO, and MAP were significantly increased during B-SES. The increment in HR and CO
could be due to the higher metabolic load in the B-SES protocol. A study reporting an association between B-
SES and oxygen uptake showed that performing B-SES at the maximum intensity tolerated by normal
participants resulted in oxygen uptake of approximately 14 mL/min/kg [8]. Since this study was also
performed using a similar intensity, HR and CO likely increased due to increased oxygen uptake. Another
critical finding is that B-SES in this study significantly increased MAP without changing TPR. The MAP is
defined as the product of CO and TPR [31], indicating that the increase in MAP in this study was strongly
influenced by increased CO. This may be associated with the vasoconstrictive responses caused by pain and
discomfort. Pain and discomfort caused by NMES activate sympathetic nerve activity and induce
vasoconstrictive response [37]. However, B-SES is more comfortable because the electrodes are belt-type,
stimulating most muscles, including deep areas, without specifying the stimulation site [14]. This may be
why the TPR did not increase during electrical stimulation.

The TPR is often used to represent cardiac afterload [38], and excessive afterload increases in patients with
high CVD risks can induce cardiac and vascular stress. Therefore, B-SES, which does not increase TPR, may
be a less stressful electrical stimulation therapy for vessels in patients with a risk of CVD. However, because
the participants in this study were healthy young men, we could not determine whether these results could
be extrapolated to patients with a risk of CVD.
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Effects of SFA on hemodynamics
B-SES significantly increased the MBFV, SR, and MBF in the SFA. This can be attributed to the increased CO.
Exercise causes local accumulation of various metabolites in the active muscle. This then contributes to
increased blood flow to the active muscles by inducing redistribution of blood flow through a sympathetic
activity [39]. B-SES significantly increases noradrenaline and blood lactate concentrations [8], which
strongly supports the occurrence of the muscle metabolic receptor reflex described earlier. The SR and MBF
were calculated using the MBFV and vessel diameter. B-SES did not affect vessel diameter in this study.
Therefore, the increase in SR and MBF in this study was mainly caused by increased MBFV. SR is the
frictional or drag force acting on the vascular lumen, and it has been suggested that it triggers a series of
responses, leading to increased vascular endothelial nitric oxide synthase activity [40]. Nitric oxide is crucial
in vasodilation and vascular protection under various pathological conditions [41,42]. Therefore, B-SES
suggests that it is an effective treatment for reducing the risk of CVD. In addition, the benefit may be
particularly high in patients with peripheral arterial disease, considering the increased SR on the SFA.

Furthermore, it has recently been reported that B-SES improves exercise tolerance in patients undergoing
hemodialysis who are at risk of CVD [17]. Moreover, combining B-SES and upper limb crank exercise
improves vascular endothelial function in healthy participants [28]. Based on these findings, it is likely that
B-SES positively affects skeletal muscle and vascular function. Therefore, this study’s increase in shear
stress helps explain the physiological mechanisms involved in these results (positive effects on vascular
function and patients with vascular disease).

Limitations
This study has some limitations. First, it was limited to healthy young men, making it difficult to extrapolate
the results to other demographic groups. Second, B-SES only allows one stimulation pattern; therefore, the
effects of frequency and duty cycles cannot be addressed. Future studies should expand the range of
participants and examine the effects of multiple stimulus frequencies and duty cycles to better understand
the hemodynamic impact of B-SES.

Despite these limitations, this study revealed the effects of B-SES on the central and lower extremity conduit
artery hemodynamics. The study results provide fundamental insights into the effects of B-SES on human
circulation and contribute to efforts to expand the scope of B-SES and reduce CVD.

Conclusions
This study showed that B-SES of the lower extremities in healthy young men caused increases in HR, CO,
and MAP and significantly increased MBFV, SR, and MBF in the SFA. However, B-SES did not affect SV or
TPR. These results suggest that B-SES is an effective electrical stimulation therapy that increases CO
without affecting SV and TPR and promotes increased SR and MBF in the SFA. However, because the study
participants were healthy young men and the stimulation frequency was limited, future studies should
examine the effects of sex differences, diseases, and stimulation frequency.

Additional Information
Author Contributions
All authors have reviewed the final version to be published and agreed to be accountable for all aspects of the
work.

Concept and design:  Hajime Tamiya, Toshiaki Miyamoto, Atsuhiro Tsubaki

Acquisition, analysis, or interpretation of data:  Hajime Tamiya, Hina Kawashiri

Drafting of the manuscript:  Hajime Tamiya

Critical review of the manuscript for important intellectual content:  Hajime Tamiya, Hina Kawashiri,
Toshiaki Miyamoto, Atsuhiro Tsubaki

Disclosures
Human subjects: Consent was obtained or waived by all participants in this study. Ethics Committee of
Niigata University of Health and Welfare issued approval #19197-231208. This study was conducted
following the principles of the Declaration of Helsinki. The study was registered with the University Hospital
Medical Information Network Center (trial ID: UMIN000052787). All participants provided written informed
consent before enrolment into the study. Animal subjects: All authors have confirmed that this study did
not involve animal subjects or tissue. Conflicts of interest: In compliance with the ICMJE uniform
disclosure form, all authors declare the following: Payment/services info: This work was supported by the
Japan Society for the Promotion of Science KAKENHI (to Hajime Tamiya; grant number: 24K20452) and a
grant-in-aid for Niigata University of Health and Welfare. Financial relationships: All authors have

2024 Tamiya et al. Cureus 16(6): e62988. DOI 10.7759/cureus.62988 9 of 11

javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)


declared that they have no financial relationships at present or within the previous three years with any
organizations that might have an interest in the submitted work. Other relationships: All authors have
declared that there are no other relationships or activities that could appear to have influenced the
submitted work.

Acknowledgements
The authors would like to thank the volunteers who participated in this study. The authors also would like to
thank Shintaro Saito, Takuma Shioya, and Takuro Yoshino for their efforts in performing the experiments
and Editage (www.editage.com) for English language editing.

References
1. Sacco RL, Roth GA, Reddy KS, et al.: The heart of 25 by 25: achieving the goal of reducing global and

regional premature deaths from cardiovascular diseases and stroke: a modeling study from the American
Heart Association and World Heart Federation. Circulation. 2016, 133:e674-90.
10.1161/CIR.0000000000000395

2. Shiroma EJ, Lee IM: Physical activity and cardiovascular health: lessons learned from epidemiological
studies across age, gender, and race/ethnicity. Circulation. 2010, 122:743-52.
10.1161/CIRCULATIONAHA.109.914721

3. Ekelund U, Steene-Johannessen J, Brown WJ, et al.: Does physical activity attenuate, or even eliminate, the
detrimental association of sitting time with mortality? A harmonised meta-analysis of data from more than
1 million men and women. Lancet. 2016, 388:1302-10. 10.1016/S0140-6736(16)30370-1

4. Dempsey PC, Rowlands AV, Strain T, et al.: Physical activity volume, intensity, and incident cardiovascular
disease. Eur Heart J. 2022, 43:4789-800. 10.1093/eurheartj/ehac613

5. Mori T, Hamada S, Yoshie S, et al.: The associations of multimorbidity with the sum of annual medical and
long-term care expenditures in Japan. BMC Geriatr. 2019, 19: 10.1186/s12877-019-1057-7

6. Kitzman DW, Groban L: Exercise intolerance. Heart Fail Clin. 2008, 4:99-115. 10.1016/j.hfc.2007.12.002
7. Jubeau M, Gondin J, Martin A, Sartorio A, Maffiuletti NA: Random motor unit activation by

electrostimulation. Int J Sports Med. 2007, 28:901-4. 10.1055/s-2007-965075
8. Tamura Y, Ochiai K, Takahashi M, et al.: Relationship between increased oxygen uptake and lactate

production with progressive incremental electrode skeletal muscle stimulation: a pilot study. Cureus. 2024,
16:10.7759/cureus.51919

9. Vivodtzev I, Pépin JL, Vottero G, Mayer V, Porsin B, Lévy P, Wuyam B: Improvement in quadriceps strength
and dyspnea in daily tasks after 1 month of electrical stimulation in severely deconditioned and
malnourished COPD. Chest. 2006, 129:1540-8. 10.1378/chest.129.6.1540

10. Veldman MP, Gondin J, Place N, Maffiuletti NA: Effects of neuromuscular electrical stimulation training on
endurance performance. Front Physiol. 2016, 7: 10.3389/fphys.2016.00544

11. Tanaka S, Kamiya K, Matsue Y, et al.: Effects of acute phase intensive electrical muscle stimulation in frail
elderly patients with acute heart failure (ACTIVE-EMS): rationale and protocol for a multicenter
randomized controlled trial. Clin Cardiol. 2017, 40:1189-96. 10.1002/clc.22845

12. Hamada T, Sasaki H, Hayashi T, Moritani T, Nakao K: Enhancement of whole body glucose uptake during
and after human skeletal muscle low-frequency electrical stimulation. J Appl Physiol (1985). 2003, 94:2107-
12. 10.1152/japplphysiol.00486.2002

13. Numata H, Nakase J, Inaki A, et al.: Effects of the belt electrode skeletal muscle electrical stimulation
system on lower extremity skeletal muscle activity: evaluation using positron emission tomography. J
Orthop Sci. 2016, 21:53-6. 10.1016/j.jos.2015.09.003

14. Miyamoto T, Kamada H, Tamaki A, Moritani T: Low-intensity electrical muscle stimulation induces
significant increases in muscle strength and cardiorespiratory fitness. Eur J Sport Sci. 2016, 16:1104-10.
10.1080/17461391.2016.1151944

15. Hasegawa S, Kobayashi M, Arai R, Tamaki A, Nakamura T, Moritani T: Effect of early implementation of
electrical muscle stimulation to prevent muscle atrophy and weakness in patients after anterior cruciate
ligament reconstruction. J Electromyogr Kinesiol. 2011, 21:622-30. 10.1016/j.jelekin.2011.01.005

16. Suzuki T, Ikeda M, Minami M, Matayoshi Y, Nakao M, Nakamura T, Abo M: Beneficial effect of intradialytic
electrical muscle stimulation in hemodialysis patients: a randomized controlled trial. Artif Organs. 2018,
42:899-910. 10.1111/aor.13161

17. Homma M, Miura M, Hirayama Y, et al.: Belt electrode-skeletal muscle electrical stimulation in older
hemodialysis patients with reduced physical activity: a randomized controlled pilot study. J Clin Med. 2022,
11:10.3390/jcm11206170

18. Tsurumi T, Tamura Y, Nakatani Y, et al.: Neuromuscular electrical stimulation during hemodialysis
suppresses postprandial hyperglycemia in patients with end-stage diabetic kidney disease: a crossover
controlled trial. J Clin Med. 2022, 11: 10.3390/jcm11216239

19. Imaoka S, Kudou G, Tsugiyama K, et al.: Efficacy of belt electrode skeletal muscle electrical stimulation in
the postoperative rest period in patients with diabetes who have undergone minor amputations: a
randomized controlled trial. Int J Low Extrem Wounds. 2022, 10.1177/15347346221077491

20. Nakamura K, Kihata A, Naraba H, et al.: Efficacy of belt electrode skeletal muscle electrical stimulation on
reducing the rate of muscle volume loss in critically ill patients: a randomized controlled trial. J Rehabil
Med. 2019, 51:705-11. 10.2340/16501977-2594

21. Nakamura K, Nakano H, Naraba H, et al.: High protein versus medium protein delivery under equal total
energy delivery in critical care: a randomized controlled trial. Clin Nutr. 2021, 40:796-803.
10.1016/j.clnu.2020.07.036

22. Nakamura K, Nakano H, Naraba H, Mochizuki M, Hashimoto H: Early rehabilitation with dedicated use of
belt-type electrical muscle stimulation for severe COVID-19 patients. Crit Care. 2020, 24:10.1186/s13054-

2024 Tamiya et al. Cureus 16(6): e62988. DOI 10.7759/cureus.62988 10 of 11

https://dx.doi.org/10.1161/CIR.0000000000000395
https://dx.doi.org/10.1161/CIR.0000000000000395
https://dx.doi.org/10.1161/CIRCULATIONAHA.109.914721
https://dx.doi.org/10.1161/CIRCULATIONAHA.109.914721
https://dx.doi.org/10.1016/S0140-6736(16)30370-1
https://dx.doi.org/10.1016/S0140-6736(16)30370-1
https://dx.doi.org/10.1093/eurheartj/ehac613
https://dx.doi.org/10.1093/eurheartj/ehac613
https://dx.doi.org/10.1186/s12877-019-1057-7
https://dx.doi.org/10.1186/s12877-019-1057-7
https://dx.doi.org/10.1016/j.hfc.2007.12.002
https://dx.doi.org/10.1016/j.hfc.2007.12.002
https://dx.doi.org/10.1055/s-2007-965075
https://dx.doi.org/10.1055/s-2007-965075
https://dx.doi.org/10.7759/cureus.51919
https://dx.doi.org/10.7759/cureus.51919
https://dx.doi.org/10.1378/chest.129.6.1540
https://dx.doi.org/10.1378/chest.129.6.1540
https://dx.doi.org/10.3389/fphys.2016.00544
https://dx.doi.org/10.3389/fphys.2016.00544
https://dx.doi.org/10.1002/clc.22845
https://dx.doi.org/10.1002/clc.22845
https://dx.doi.org/10.1152/japplphysiol.00486.2002
https://dx.doi.org/10.1152/japplphysiol.00486.2002
https://dx.doi.org/10.1016/j.jos.2015.09.003
https://dx.doi.org/10.1016/j.jos.2015.09.003
https://dx.doi.org/10.1080/17461391.2016.1151944
https://dx.doi.org/10.1080/17461391.2016.1151944
https://dx.doi.org/10.1016/j.jelekin.2011.01.005
https://dx.doi.org/10.1016/j.jelekin.2011.01.005
https://dx.doi.org/10.1111/aor.13161
https://dx.doi.org/10.1111/aor.13161
https://dx.doi.org/10.3390/jcm11206170
https://dx.doi.org/10.3390/jcm11206170
https://dx.doi.org/10.3390/jcm11216239
https://dx.doi.org/10.3390/jcm11216239
https://dx.doi.org/10.1177/15347346221077491
https://dx.doi.org/10.1177/15347346221077491
https://dx.doi.org/10.2340/16501977-2594
https://dx.doi.org/10.2340/16501977-2594
https://dx.doi.org/10.1016/j.clnu.2020.07.036
https://dx.doi.org/10.1016/j.clnu.2020.07.036
https://dx.doi.org/10.1186/s13054-020-03080-5
https://dx.doi.org/10.1186/s13054-020-03080-5


020-03080-5
23. Varatharajan L, Williams K, Moore H, Davies AH: The effect of footplate neuromuscular electrical

stimulation on venous and arterial haemodynamics. Phlebology. 2015, 30:648-50.
10.1177/0268355514542682

24. Deftereos S, Giannopoulos G, Raisakis K, et al.: Comparison of muscle functional electrical stimulation to
conventional bicycle exercise on endothelium and functional status indices in patients with heart failure.
Am J Cardiol. 2010, 106:1621-5. 10.1016/j.amjcard.2010.07.040

25. Thosar SS, Bielko SL, Mather KJ, Johnston JD, Wallace JP: Effect of prolonged sitting and breaks in sitting
time on endothelial function. Med Sci Sports Exerc. 2015, 47:843-9. 10.1249/MSS.0000000000000479

26. Bull FC, Al-Ansari SS, Biddle S, et al.: World Health Organization 2020 guidelines on physical activity and
sedentary behaviour. Br J Sports Med. 2020, 54:1451-62. 10.1136/bjsports-2020-102955

27. Craig CL, Marshall AL, Sjöström M, et al.: International physical activity questionnaire: 12-country
reliability and validity. Med Sci Sports Exerc. 2003, 35:1381-95. 10.1249/01.MSS.0000078924.61453.FB

28. Miura H, Ishikawa M, Murakami A, Tamura Y, Deguchi K: Effects of arm-cranking training with electrical
muscle stimulation on vessel function. Int J Sports Med. 2022, 43:34-40. 10.1055/a-1510-9135

29. Manferdelli G, Narang BJ, Bourdillon N, Debevec T, Millet GP: Physiological responses to exercise in
hypoxia in preterm adults: convective and diffusive limitations in the O2 transport. Med Sci Sports Exerc.
2023, 55:482-96. 10.1249/MSS.0000000000003077

30. Richard R, Lonsdorfer-Wolf E, Charloux A, et al.: Non-invasive cardiac output evaluation during a maximal
progressive exercise test, using a new impedance cardiograph device. Eur J Appl Physiol. 2001, 85:202-7.
10.1007/s004210100458

31. Hill LK, Sollers JJ II, Thayer JF: Resistance reconstructed estimation of total peripheral resistance from
computationally derived cardiac output - Biomed 2013. Biomed Sci Instrum. 2013, 49:216-23.

32. Kurosawa Y, Nirengi S, Tabata I, Isaka T, Clark JF, Hamaoka T: Effects of prolonged sitting with or without
elastic garments on limb volume, arterial blood flow, and muscle oxygenation. Med Sci Sports Exerc. 2022,
54:399-407. 10.1249/MSS.0000000000002822

33. Walsh LK, Ghiarone T, Olver TD, et al.: Increased endothelial shear stress improves insulin-stimulated
vasodilatation in skeletal muscle. J Physiol. 2019, 597:57-69. 10.1113/JP277050

34. Kaplan RE, Czyrny JJ, Fung TS, Unsworth JD, Hirsh J: Electrical foot stimulation and implications for the
prevention of venous thromboembolic disease. Thromb Haemost. 2002, 88:200-4.

35. Brechue WF, Barclay JK, O'Drobinak DM, Stainsby WN: Differences between VO2 maxima of twitch and
tetanic contractions are related to blood flow. J Appl Physiol (1985). 1991, 71:131-5.
10.1152/jappl.1991.71.1.131

36. Brechue WF, Ameredes BT, Barclay JK, Stainsby WN: Blood flow and pressure relationships which determine
VO2max. Med Sci Sports Exerc. 1995, 27:37-42.

37. Janssen TW, Hopman MT: Blood flow response to electrically induced twitch and tetanic lower-limb muscle
contractions. Arch Phys Med Rehabil. 2003, 84:982-7. 10.1016/s0003-9993(03)00037-6

38. Francis GS, Tang WH: Pathophysiology of congestive heart failure . Rev Cardiovasc Med. 2003, 2:14-20.
39. Yoshizawa M, Shimizu-Okuyama S, Kagaya A: Transient increase in femoral arterial blood flow to the

contralateral non-exercising limb during one-legged exercise. Eur J Appl Physiol. 2008, 103:509-14.
10.1007/s00421-008-0740-8

40. Niebauer J, Cooke JP: Cardiovascular effects of exercise: role of endothelial shear stress . J Am Coll Cardiol.
1996, 28:1652-60. 10.1016/S0735-1097(96)00393-2

41. Huang A, Sun D, Shesely EG, Levee EM, Koller A, Kaley G: Neuronal NOS-dependent dilation to flow in
coronary arteries of male eNOS-KO mice. Am J Physiol Heart Circ Physiol. 2002, 282:H429-36.
10.1152/ajpheart.00501.2001

42. Lamping KG, Nuno DW, Shesely EG, Maeda N, Faraci FM: Vasodilator mechanisms in the coronary
circulation of endothelial nitric oxide synthase-deficient mice. Am J Physiol Heart Circ Physiol. 2000,
279:H1906-12. 10.1152/ajpheart.2000.279.4.H1906

2024 Tamiya et al. Cureus 16(6): e62988. DOI 10.7759/cureus.62988 11 of 11

https://dx.doi.org/10.1177/0268355514542682
https://dx.doi.org/10.1177/0268355514542682
https://dx.doi.org/10.1016/j.amjcard.2010.07.040
https://dx.doi.org/10.1016/j.amjcard.2010.07.040
https://dx.doi.org/10.1249/MSS.0000000000000479
https://dx.doi.org/10.1249/MSS.0000000000000479
https://dx.doi.org/10.1136/bjsports-2020-102955
https://dx.doi.org/10.1136/bjsports-2020-102955
https://dx.doi.org/10.1249/01.MSS.0000078924.61453.FB
https://dx.doi.org/10.1249/01.MSS.0000078924.61453.FB
https://dx.doi.org/10.1055/a-1510-9135
https://dx.doi.org/10.1055/a-1510-9135
https://dx.doi.org/10.1249/MSS.0000000000003077
https://dx.doi.org/10.1249/MSS.0000000000003077
https://dx.doi.org/10.1007/s004210100458
https://dx.doi.org/10.1007/s004210100458
https://pubmed.ncbi.nlm.nih.gov/23686203/
https://dx.doi.org/10.1249/MSS.0000000000002822
https://dx.doi.org/10.1249/MSS.0000000000002822
https://dx.doi.org/10.1113/JP277050
https://dx.doi.org/10.1113/JP277050
https://pubmed.ncbi.nlm.nih.gov/12195689/
https://dx.doi.org/10.1152/jappl.1991.71.1.131
https://dx.doi.org/10.1152/jappl.1991.71.1.131
https://pubmed.ncbi.nlm.nih.gov/7898335/
https://dx.doi.org/10.1016/s0003-9993(03)00037-6
https://dx.doi.org/10.1016/s0003-9993(03)00037-6
https://pubmed.ncbi.nlm.nih.gov/12776009/
https://dx.doi.org/10.1007/s00421-008-0740-8
https://dx.doi.org/10.1007/s00421-008-0740-8
https://dx.doi.org/10.1016/S0735-1097(96)00393-2
https://dx.doi.org/10.1016/S0735-1097(96)00393-2
https://dx.doi.org/10.1152/ajpheart.00501.2001
https://dx.doi.org/10.1152/ajpheart.00501.2001
https://dx.doi.org/10.1152/ajpheart.2000.279.4.H1906
https://dx.doi.org/10.1152/ajpheart.2000.279.4.H1906

	Acute Effects of Skeletal Muscle Electrical Stimulation on Central and Lower Extremity Hemodynamics
	Abstract
	Introduction
	Materials And Methods
	Study design
	FIGURE 1: Experimental conditions and measurement index.

	Study participants
	TABLE 1: Participant demographics.

	Experimental procedures
	Statistical analysis

	Results
	Central hemodynamics
	FIGURE 2: Central hemodynamic changes under Sham (Sham, n=9) and belt electrode-skeletal muscle electrical stimulation (B-SES, n=9) conditions.

	Hemodynamics of SFA
	FIGURE 3: Hemodynamic changes in the shallow femoral artery under sham stimulation (Sham, n=9) and belt electrode-skeletal muscle electrical stimulation (B-SES, n=9) conditions.


	Discussion
	Effects on central circulatory dynamics
	Effects of SFA on hemodynamics
	Limitations

	Conclusions
	Additional Information
	Author Contributions
	Disclosures
	Acknowledgements

	References


