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Abstract
BACKGROUND 
Lack of mobilization and prolonged stay in the intensive care unit (ICU) are major 
factors resulting in the development of ICU-acquired muscle weakness (ICUAW). 
ICUAW is a type of skeletal muscle dysfunction and a common complication of 
patients after cardiac surgery, and may be a risk factor for prolonged duration of 
mechanical ventilation, associated with a higher risk of readmission and higher 
mortality. Early mobilization in the ICU after cardiac surgery has been found to 
be low with a significant trend to increase over ICU stay and is also associated 
with a reduced duration of mechanical ventilation and ICU length of stay. Neuro-
muscular electrical stimulation (NMES) is an alternative modality of exercise in 
patients with muscle weakness. A major advantage of NMES is that it can be 
applied even in sedated patients in the ICU, a fact that might enhance early 
mobilization in these patients.

AIM 
To evaluate safety, feasibility and effectiveness of NMES on functional capacity 
and muscle strength in patients before and after cardiac surgery.

METHODS 
We performed a search on Pubmed, Physiotherapy Evidence Database (PEDro), 
Embase and CINAHL databases, selecting papers published between December 
2012 and April 2023 and identified published randomized controlled trials (RCTs) 
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that included implementation of NMES in patients before after cardiac surgery. RCTs were assessed for methodo-
logical rigor and risk of bias via the PEDro. The primary outcomes were safety and functional capacity and the 
secondary outcomes were muscle strength and function.

RESULTS 
Ten studies were included in our systematic review, resulting in 703 participants. Almost half of them performed 
NMES and the other half were included in the control group, treated with usual care. Nine studies investigated 
patients after cardiac surgery and 1 study before cardiac surgery. Functional capacity was assessed in 8 studies via 
6MWT or other indices, and improved only in 1 study before and in 1 after cardiac surgery. Nine studies explored 
the effects of NMES on muscle strength and function and, most of them, found increase of muscle strength and 
improvement in muscle function after NMES. NMES was safe in all studies without any significant complication.

CONCLUSION 
NMES is safe, feasible and has beneficial effects on muscle strength and function in patients after cardiac surgery, 
but has no significant effect on functional capacity.

Key Words: Neuromuscular electrical stimulation; Cardiac surgery; coronary artery bypass grafting; Heart valve replacement; 
Peak VO2; Safety

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Data regarding the effects of neuromuscular electrical stimulation (NMES) in cardiac surgery patients still remains 
limited. We investigated the safety and the effectiveness of NMES on functional capacity and muscle strength and function 
in patients before and after cardiac surgery. We observed that NMES has beneficial effects on muscle strength and function, 
but its effect on functional capacity is not clear. Moreover, NMES is safe and feasible for cardiac surgery patients without 
any major adverse events.

Citation: Kourek C, Kanellopoulos M, Raidou V, Antonopoulos M, Karatzanos E, Patsaki I, Dimopoulos S. Safety and effectiveness 
of neuromuscular electrical stimulation in cardiac surgery: A systematic review. World J Cardiol 2024; 16(1): 27-39
URL: https://www.wjgnet.com/1949-8462/full/v16/i1/27.htm
DOI: https://dx.doi.org/10.4330/wjc.v16.i1.27

INTRODUCTION
Polyneuromyopathy, defined as a disorder of both the muscle and the peripheral nerve or lower motor neuron, is a 
common complication in the majority of patients during their stay in the intensive care unit (ICU) before and after cardiac 
surgery[1,2]. It is characterized by muscle weakness, increased loss of muscle mass, as well as degeneration of the deep 
ligaments and tendons[3,4]. During the last decade, the term that was proposed and used to characterize this 
neuromuscular weakness was intensive care unit acquired weakness (ICUAW)[5]. Lack of mobilization and prolonged 
stay in the ICU are major factors resulting in the development of muscle weakness[6]. Weaning from mechanical 
ventilation is quite difficult and muscle strength is limited for several months in patients with ICUAW, with tremendous 
effects on their quality of life and their mortality rates[7]. Muscle mass is associated with increased muscle strength and 
therefore, it is a prognostic marker for the clinical outcomes in patients with polyneuromyopathy[3].

Most therapeutical strategies of polyneuromyopathy are focused on prevention of muscle atrophy and degeneration of 
muscle proteins. Early mobilization has been associated with increased muscle strength and functional capacity[8,9]. 
Active exercise is not feasible for most patients due to difficulty in producing sufficient muscle contractions and 
hemodynamic instability[10]. Recent research has shown that neuromuscular electrical stimulation (NMES) is an 
alternative modality of exercise in patients with muscle weakness due to chronic obstructive pulmonary disease and 
chronic heart failure[11,12]. NMES causes muscle contraction without patient’s effort, so it can be implemented even in 
intubated patients under mechanical ventilation. It has beneficial effects as its daily application prevents the progression 
of neuromyopathy and results in shorter length of stay in the ICU[13]. It also increases muscle strength, exercise 
endurance and maximum oxygen uptake (peak VO2), reduces protein catabolism and sympathetic nervous system 
activity in patients with chronic heart failure[11,12,14] and has positive influence on the peripheral microcirculation of 
skeletal muscles[11,15], which is directly related to the endothelial function[16,17]. All these effects on clinical outcomes 
may lead to improvement of patients' quality of life.

NMES could be an alternative method of activating skeletal muscles and improving muscle function in patients who 
cannot exercise after cardiac surgery and present high risk of ICUAW. It may also prevent the progression of ICU-related 
muscular dystrophy and post-intensive care syndrome. We hypothesized that NMES is safe and feasible in patients 
before and after cardiac surgery, leading in improvement in functional capacity and prevention or reduction of neuromy-
opathy. The aim of this systematic review was to evaluate safety and effectiveness of NMES on functional capacity and 
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mobility in patients before or after undergoing cardiac surgery.

MATERIALS AND METHODS
Search strategy
Authors searched literature for suitable articles that included in-hospital implementation of NMES in patients before and 
after cardiac surgery. The search was conducted between April of 2023 and May of 2023 in 4 science databases; Pubmed, 
Physiotherapy Evidence Database (PEDro), Embase and CINAHL. Terms which were used included (“cardiac surgery” 
OR “left ventricular assist device” OR “LVAD” OR “ECMO” OR “extracorporeal membrane oxygenation” OR “coronary 
artery bypass grafting” OR “CABG” OR “heart valve replacement”) AND (“electrotherapy” OR “electrical stimulation” 
OR “electrical muscle stimulation” OR “electromyostimulation” OR “electrostimulation” OR “neuromuscular 
stimulation” OR “Functional Electrical Stimulation” OR “FES” OR “Neuromuscular Electrical Stimulation” OR “NMES”). 
Studies were selected according to the PRISMA and the PRISMA checklist. Duplicates were removed from the initial 
number of studies and the rest were initially screened using only the title and the abstract and then, the full text of the 
articles. Two independent reviewers reviewed all these articles for eligibility. The final evaluation of the process was 
performed by a third independent reviewer.

Study selection criteria
Inclusion criteria were: (1) Studies available as full texts in English; (2) published randomized controlled trials (RCTs) in 
peer-reviewed journals; (3) study groups including patients before and after cardiac surgery such as CABG, valve 
replacement, LVAD, cardiac transplantation, etc.; (4) patients aged ≥ 18 years, (5) NMES protocols of at least 1 session 
compared to usual care or sham NMES of the control group, and (6) outcome measures focused on safety, functional 
capacity assessed by 6MWT or other indices and muscle strength (ambulation ability, MRC values, etc.).

Exclusion criteria were: (1) Non RCTs, reviews, guidelines, commentaries, case reports, editorials or conference abstracts; 
(2) additional interventions in study groups except for NMES; (3) studies including patients with hemodynamic 
instability of high risk; (4) studies including patients with other types of surgeries, (5) studies including patients aged < 18 
years; and (6) studies including NMES and other exercise modalities that were unable to be quantified.

Quality assessment
Two independent reviewers used PEDro in order to assess all the included RCTs for methodological rigor and risk of 
bias, using similar methods with a recently published study[18]. PEDro is an 11-point scale for assessing RCTs for internal 
validity and control of bias. Maximum score is 10 as the first question does not contribute to total score. A study with a 
score of 6-10 is considered of excellent quality, a study with 4-5 of fair quality, and a score of 3 or less gives a poor-quality 
study. If the 2 reviewers did not agree for their quality score, then an independent third reviewer made the final decision.

Outcome measures
The primary outcome measures were functional capacity, assessed by 6MWT or other indices, and safety of NMES. The 
secondary outcome measure was muscle strength and mass assessed by several indices such as the 1 repetition maximum 
test (1RM test), the sit-and-stand test (SST), perimeter of the thighs, grip strength, knee extensors strength, cross-sectional 
area of the quadriceps femoris, etc. All outcomes were evaluated at baseline and after NMES intervention.

RESULTS
Screening of the articles
From the initial 7870 studies derived from Pubmed, Embase, Physiotherapy Evidence Database (PEDro) and the 
Cumulative Index to Nursing and Allied Health Literature (CINAHL) database, 877 duplicates were removed and 6993 
studies remained for title and abstract screening. Among these, 187 studies were eligible for full text review. After the full 
text review of these 187 studies, 152 were excluded because they did not include NMES, 12 presented different endpoints, 
3 included other surgeries, 2 articles were RCT protocols without results, while 8 studies were clinical trials without 
randomization. As a result, we finally found 10 RCTs eligible for our systematic review[19-28] (Figure 1).

Quality assessment
Scores from the PEDro scale, which was used as a quality assessment tool, ranged from 3 to 9 for these studies (Table 1). 
A single study scored 3 points, being assessed as poor-quality study. Seven studies out of 10 scored 6-8 points being 
assessed as good-quality studies, while 2 out of 10 studies scored 9 points and were of excellent quality. Blindness of 
therapists and participants, concealed allocation and adequate follow-up had the lowest scores.

Characteristics of participants
The 10 RCTs resulted in 703 patients before and after cardiac surgery separated almost equally between the interventional 
and the control group. The majority of them were males (475 vs 228 females). Patients were from 42 to 74 years with a 
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Table 1 Quality assessment of the included studies using the physiotherapy evidence database

Fischer 
et al[19]

Schardong 
et al[20]

Kitamura 
et al[21] 

Fontes 
Cerqueira et 
al[22] 

Fontes 
Cerqueira et 
al[23]

Sumin 
et al[24] 

Rengo 
et al[25]

Cerqueira 
et al[26] 

Takino 
et al[27]

Sumin 
et al[28]

Eligibility 
criteria1

√ √ √ √ √ √ √ √ √ √

Random 
allocation

√ √ √ √ √ √ √ √ √ √

Concealed 
allocation

√ √ √ √ √

Baseline compar-
ability

√ √ √ √ √ √ √ √ √

Blinded subjects √ √ √ √

Blinded 
therapists

Blinded 
assessors

√ √ √ √ √ √

Adequate 
follow-up

√ √ √ √ √

Intention-to-treat 
analysis

√ √ √ √ √ √ √ √ √

Between-group 
comparisons

√ √ √ √ √ √ √ √ √ √

Point estimates 
and variability

√ √ √ √ √ √ √ √ √ √

Total score 8/10 9/10 7/10 6/10 7/10 6/10 3/10 7/10 9/10 6/10

1Eligibility criteria item does not contribute to total score.

Figure 1 PRISMA flowchart regarding the screening results of the systematic review. RCT: Randomized controlled trial; NMES: Neuromuscular 
electrical stimulation.
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mean BMI ranging from 19.3 to 29.1 kg/m2. Cardiac surgeries included a variety of cases such as aortic valve 
replacement, CABG, heart transplantation, mitral/aortic/tricuspid valve replacement or reconstruction and Bentall 
surgery. Studies were conducted in 5 countries; Brazil[20,22,23,26], Japan[21,27], the United States[25], Austria[19] and 
Russia[24,28]. Table 2 demonstrates baseline characteristics of patients.

NMES protocols
Table 3 demonstrates details regarding NMES protocols, as well as populations, intervention, comparison, outcomes and 
study designs (PICOS). NMES was performed in the intervention group in all studies with differences however, in 
intensity and sessions duration among studies. In 3 studies, stimulator electrodes were applied to the control group but 
no electricity was delivered[19,20,23] while in the rest 7 studies the control group received only usual care after the 
surgery[21,22,24-28]. Most studies included at least 5 sessions of NMES except for one that included a single session of 
NMES[23]. Sessions were performed from 2 to 5 times weekly with a duration from 30 min to 90 min.

Effectiveness of NMES on functional capacity
Effects of NMES on functional capacity were assessed by several indices in 9 studies out of 10. Only a single study did not 
investigate functional capacity[23]. Functional capacity seemed to improve only in 2 recent studies out of 9 examined; in 
the first case in patients before cardiac surgery who received NMES as prehabilitation[28] and in the second case in older 
individuals with diabetes mellitus with postsurgical muscle weakness[27].

Specifically, Fischer et al[19] did not found significant differences in the average mobility level, functional indepen-
dence measure (FIM) score, the Timed Up and Go Test as well as the mental component score (MCS-12) and physical 
component score (PCS-12) of the SF-12 between the intervention and the control group from preoperative day to ICU or 
hospital discharge. Similarly, Schardong et al[20] assessed 6MWT and, although they found an increase in the distance to 
6MWT by 11.0% (49.6 m, 95%CI: 15.9-83.3) in the FES group and by 10.4% (41.5 m, 95%CI: 7.8-75.2) in the control group, 
no significant difference between groups was observed. Kitamura et al[21] also assessed functional capacity via walking 
speed and found no significant difference between groups after the surgery (NMES: 1.04 ± 0.24 m/s vs Control group: 
0.99 ± 0.23 m/s, P = 0.294).

Fontes Cerqueira et al[22] found no influence of NMES on functional capacity as there was no statistically significant 
difference in distance walked (0.10 m, 95%CI: -64.87 to 65.97) and walking speed (0.01m/s, 95%CI: -0.55 to 0.57) between 
intervention and control group in cardiac valve surgery patients in the immediate postoperative period. Four years later, 
Fontes Cerqueira et al[23] examined the effect of NMES on functional capacity of patients in the immediate postoperative 
period of cardiac surgery again and found similar conclusions; no significant difference in the distance walked (P = 0.650) 
between NMES group (239.06 ± 88.55) and control group (254.43 ± 116.67) as well as gait speed (P = 0.363) and FIM score (
P = 0.059).

In another study of Rengo et al[25], physical function measures improved from discharge to 4 wk post-surgery (P < 
0.001) in the total sample and, NMES group showed greater improvements in 6MWT distance and power output 
compared with controls (P < 0.01). However, no differences between NMES and control groups were found in total Short 
Physical Performance Battery score or 6MWT measured pre-surgery (range of P values: 0.19-0.61), or at post-surgery 
discharge (range of P values: 0.21-0.56).

Sumin et al[24] did not find any significant difference in the 6MWT at discharge between NMES and control group (P = 
0.166) in early rehabilitation of patients with postoperative complications after cardiovascular surgery. In the contrary, 
some years later, the same investigators found a statistically significant increase in the 6MWT within NMES group [from 
300.0 m (261.0-371.0) to 331.0 m (280.0-375.0); P < 0.01] compared to the control group [from 304.5 m (253.0-380.0) to 285.5 
m (246.0-342.0); P < 0.01], as well as between groups (P < 0.001) in patients before cardiac surgery as a kind of prehabil-
itation[28].

Finally, Takino et al[27] managed to show a statistically significant improvement in the percent change in maximum 
walking speed from preoperative to postoperative day 7 [treatment effect: 6.2 (0.3 to 12.1); P = 0.04], but the percent 
change in usual walking speed from preoperative to postoperative day 7 remained unchanged [treatment effect: 3.6 (-0.7 
to 7.9); P = 0.10] between groups.

Safety of NMES
Regarding safety, there was no study that demonstrated severe complications during NMES sessions. Adverse events 
included only minor events and concerned only a very small number of patients. Specifically, 5 patients in the NMES 
group mentioned a feeling of discomfort in the study of Fischer et al[19], 1 patient mentioned muscle soreness in the study 
of Kitamura et al[21], and 2 patients reported hypotension and 1 patient complained of pain in the study of Fontes 
Cerqueira et al[22]. In the rest of the studies, no complications were mentioned.

Effectiveness of NMES on muscle function, strength and endurance
All of the above studies investigated the effectiveness of NMES on muscle mass and/or strength except for 2 studies[23,
25].

Fischer A et al[19] assessed muscle layer thickness of the quadriceps muscle of both thighs using two-dimensional B-
mode ultrasound and muscle strength via the Medical Research Council (MRC) scale and found that at hospital discharge, 
NMES patients regained preoperative levels of muscle strength [NMES compared to controls: 0.09 points (0.03 to 0.14); P 
= 0.002], but not of MLT [NMES compared to controls: 0.02 cm (−0.01 to 0.06); P = 0.21]. As a result, NMES had no 
significant effect on MLT although patients in the NMES group regained muscle strength 4.5 times faster than patients in 
the control group. Moreover, there was no difference in grip strength between groups [NMES compared to controls: 0.89 
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Table 2 The main baseline characteristics among patients after cardiac surgery in each study included in the systematic review

Ref. Groups
Males/ 
Females 
(N)

Age (yr) Weight 
(kg)

Height 
(cm)

BMI  
(kg/m2) Type of surgery 

Fischer et al
[19]

NMES (n = 
27); CG (n = 
27)

18/9; 
20/7

63.3 ± 15.5; 
69.7 ± 13.1

NA NA 27.6 ± 3.7; 
27.7 ± 4.6

Aortic valve replacement; CABG; Heart 
transplantation; 
Other cardiothoracic surgery; Mitral valve 
replacement; Mitral valve reconstruction; Tricuspid 
valve reconstruction; Bentall surgery

Schardong et 
al[20]

FES (n = 10); 
CG (n = 10)

7/3; 7/3 60 ± 7.3; 
63.5 ± 5

NA NA 27.3 ± 3.1; 
29.1 ± 6.2

CABG; Heart valve surgery

Kitamura  et 
al[21]

NMES (n = 
60); CG (n = 
59)

39/21; 
37/22

67 (55-74); 
70 (61-77)

NA NA 25.5 (20.4-
24.8); 22.3 
(20.4-24.9)

CABG; Valvular surgery; Thoracic Aorta

Fontes 
Cerqueira et al
[22]

NMES (n = 
26); CG (n = 
33)

18/8; 
23/10

41.8 ± 13.17; 
42.21 ± 
14.36

66.12 ± 
13.29; 61.85 
± 12.69

160 ± 6; 
165 ± 8

25. ± 4.72; 
21.96 ± 4.2

Mitral valve replacement; Aortic valve replacement; 
Mitral valve reconstruction; Aortic valve 
reconstruction; Mitral valve replacement + Aortic 
valve reconstruction

Fontes 
Cerqueira et al
[23]

NMES (n = 
15); CG (n = 
15)

9/6; 5/10 49.87 ± 
14.37; 50.93 
± 14.56

NA NA NA CABG; Valve replacement; CABG + Valve 
replacement

Sumin  et al
[24]

NMES (n = 
18); CG (n = 
19)

12/6; 
13/6

61.5 [52-
70]; 64 [60-
68]

NA NA 28.4 [25.2-
30.9]; 28.4 
[25.8-32.5]

CABG; Aortic valve replacement; Mitral valve 
replacement; CABG + valve replacement; Multivalve 
operations; Bentall surgery; Aortic dissection; Heart 
transplantation

Rengo et al
[25]

NMES (n = 
18); CG (n = 
19)

16/2; 
17/2

66.5 ± 1.6; 
66.2 ± 1.4

89.4 ± 2.7; 
90.9 ± 3.8

173 ± 1; 
176 ± 3

29.7 ± 0.8; 
29.0 ± 0.8

CABG; CABG + Valve replacement

Cerqueira et al
[26]

NMES (n = 
23); CG (n = 
22)

12/11; 
15/7

47.8 ± 13.9; 
46.4 ± 13.5

72.3 ± 14.8; 
68.5 ± 13.6

163.1 ± 
10.4; 165.2 
± 7.2

27.2 ± 4.9; 
25.1 ± 4.5

CABG; Aortic valve replacement; Mitral valve 
replacement; Mitral valve replacement; + Aortic valve 
reconstruction

Takino et al
[27]

NMES (n = 
90); CG (n = 
90)

61/29; 
63/27

74 ± 5; 74 ± 
5

NA NA 19.8 (18.0-
21.8); 19.3 
(18.2-20.8)

CABG; Valvular surgery; Thoracic aorta; Other 
surgery; Combined surgery

Sumin  et al
[28]

NMES n = 
62); CG (n = 
60)

44/18; 
39/21

62.0 [57.5-
66.6]; 63.5 
[59.0-69.0]

NA NA 27.4 [25.4-
31.5]; 28.7 
[25.9-33.3]

Prehabilitation (before cardiac surgery)

Values are presented as a mean ± SD or median (interquartile range). CABG: Coronary artery bypass grafting; CG: Control group; FES: Functional electrical 
stimulation; NMES: Neuromuscular electrical stimulation group; NA: Not available.

kgf (−5.16 to 6.94); P = 0.77]. In the study of Schardong et al[20], there were significant between-group differences for 
quadriceps muscle strength (7.2 kg, 95%CI: 0.2-14.2) assessed by the 1RM test and muscle endurance (2.2 repetitions, 
95%CI: 1.0-3.4) assessed by the SST test, in favor of the NMES group. Muscle mass above the patella did not differ 
between the 2 groups (P > 0.05).

Sumin et al[24] examined muscle strength in 37 patients with postoperative complications after cardiovascular surgery. 
They showed that knee extensors strength at discharge was significantly higher in the NMES group [28.1 kg (23.8; 36.2) 
on the right and 27.45 kg (22.3; 33.1) on the left] than in the control group [22.3 kg (20.1; 27.1) and 22.5 kg (20.1; 25.9), 
respectively; P < 0.001) while there was no difference in the handgrip strength, knee flexor strength and quadriceps cross-
sectional area between groups (P > 0.05). In the other modality of exercise, prehabilitation, Sumin et al[28] demonstrated 
statistically significant increase in right and left knee extensors and knee flexors strength in the NMES group compared to 
the controls (P < 0.001), but handgrip strength was similar between the 2 groups (P = 0.054 on the right hand and P = 
0.062 on the left hand).

Finally, Takino et al[27] showed that isometric knee extension strength from preoperative to postoperative day 7 was 
significantly lower in the NMES than the SHAM group [NMES: mean -2%, 95%CI: -6 to 1 vs sham: Mean -13%, 95%CI: -17 
to -9; P < 0.001], indicating the benefits of NMES in postsurgical muscle weakness and functional decline in older persons 
with diabetes mellitus after cardiac surgery. However, the percent change in grip strength from preoperative to 
postoperative day 7 did not differ statistically significant between the 2 groups.

There were studies that did not show statistically significant differences on muscle strength and muscle function after 
NMES. Specifically, Kitamura et al[21] assessed muscle function via knee extensor isometric strength (KEIS) and the mean 
concentration of 3-methylhistidine concentration corrected for urinary creatinine (Cre) content (3-MH/Cre), which is an 
objective measure of muscle proteolysis[29]. Authors concluded that there was no significant difference in the mean 3-
MH/Cre from post-operative day 1 to post-operative day 6 [225.3 μmol/g (204.0-248.3) vs 227.3 μmol/g (206.3-259.9); P = 
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Table 3 Population, intervention, comparison, outcomes, and study design of each study included in the systematic review

Ref. Interventions by 
group Frequency Session 

duration
Intervention 
Duration Outcomes Main results Adverse 

events

Fischer et 
al[19]

NMES: biphasic 
rectangular pulses at 
66 Hz, pulse duration 
0.4 ms, duty cycle 3.5 
s on and 4.5 s off to 
quadriceps muscle 
bilaterally. CG: 
stimulator electrodes 
were applied but no 
electricity was 
delivered

2 times/d 
for 7 d/wk

30 min From POD 1 
until ICU exit 
or POD 14

Muscle layer 
thickness, Muscle 
strength; Functional 
capacity

No significant effect on MLT. 
↑ 4.5 times in recovering 
muscle strength to NMES 
group during ICU stay. 
Positive correlation between 
change in MLT and cumulative 
fluid balance (r = 0.43, P = 0.01) 
the first 3 PODs. No significant 
effect on functional ability

5 patients in 
the NMES 
group 
mentioned a 
feeling of 
discomfort

Schardong 
et al[20]

1FES: symmetric 
biphasic rectangular 
pulses at 15 Hz, pulse 
duration 0.5 ms, duty 
cycle 5 s on and 10 s 
off to vastus medialis 
and lateralis muscle 
bilaterally. CG: 
Stimulator electrodes 
were applied but no 
electricity was 
delivered

2 times/wk 40 min 8 wk Functional capacity; 
Muscle strength; 
Muscle endurance; 
Muscle mass

↑ Distance to 6MWT in the FES 
group by 11.0% (49.6 m, 95%CI: 
15.9-83.3) and in the CG by 
10.4% (41.5 m, 95%CI: 7.8-75.2) 
with no significant between-
groups. ↑ muscle strength (7.2 
kg, 95%CI: 0.2-14.2). ↑ Muscle 
endurance (2.2 repetitions, 
95%CI: 1.0-3.4)

No complic-
ations

Kitamura 
et al[21]

NMES: Symmetric 
biphasic square 
pulses, duty cycle 0.4 
s on and 0.6 s off, 10 
pulse trains (10 s) 
with 30 s intervals to 
quadriceps femoris 
and triceps surae 
muscle bilaterally. 
Usual postoperative 
rehabilitation 
program. CG: Usual 
postoperative rehabil-
itation program

1 time/d 30 min 3 d before 
surgery and 
from POD 1 to 
POD 5 (8 
sessions)

The mean concen-
tration of 3-MH/Cre; 
Physical function; 
Walking speed; Grip 
strength

No significant difference in the 
mean 3-MH/Cre from POD 1 
to POD 6 between groups 
(225.3 [204.0-248.3] μmol/g vs 
227.3 [206.3-259.9] μmol/g, P = 
0.531). No significant difference 
in the KEIS on POD 7 between 
groups (0.44 ± 0.13 kgf/kg vs 
0.41 ± 0.12 kgf/kg, P = 0.149. 
No significant difference in 
walking speed between groups 
(1.04 ± 0.24 m/s vs 0.99 ± 0.23 
m/s, P = 0.294). No significant 
difference in grip strength 
between groups (29.1 ± 10.5 kg 
vs 26.9 ± 8.7 kg, P = 0.213)

1 patient 
mentioned 
muscle 
soreness

Cerqueira 
et al[22]

NMES: Stimulation at 
50 Hz, duration 400 
ms duty cycle 3 s on 
and 9 s off, to 
quadriceps and 
gastrocnemius 
muscle bilaterally. 
Regular physio-
therapy care. CG: 
Usual physiotherapy 
care twice a day

2 times/d 60 min from POD 1 to 
POD 5

Ambulation ability; 
Muscle strength; 
Functional 
independence; 
Quality of life

No significant difference in 
distance walked (95%CI: -64.87 
to 65.97) and walking speed 
(95%CI: -0.55 to 0.57) between 
groups. No significant 
difference in muscle strength in 
the upper- limb, lower limb, 
and total MRC values, 
functional independence, and 
quality of life between groups

2 patients 
reported 
hypotension, 
and 1 patient 
complained of 
pain

Cerqueira 
et al[23]

NMES: Stimulation at 
50 Hz, duration 200 
ms duty cycle 3 s on 
and 9 s off, to 
quadriceps and 
gastrocnemius 
muscle bilaterally. 
Regular physio-
therapy care. CG: 
stimulator electrodes 
were applied but no 
electricity was 
delivered

Once during 
the first 48 h 
of ICU stay

60 min 60 min Hemodynamic 
responses; Respiratory 
responses

No difference in heart rate, 
systolic blood pressure, 
diastolic blood pressure, mean 
blood pressure respiratory rate, 
and oxygen saturation between 
groups

No complic-
ations

↑ Knee extensors strength in the 
NMES group [28.1 (23.8; 36.2) 
kg on the right and 27.45 (22.3; 
33.1) kg on the left] vs CG [22.3 
(20.1; 27.1) and 22.5 (20.1; 25.9) 
kg, respectively; P < 0.001]. No 
difference in handgrip strength, 
knee flexor strength, 

Sumin  et 
al[24]

NMES: biphasic 
rectangular pulses at 
45 Hz, duty cycle 12 s 
on and 5 s off to 
quadriceps muscle 
bilaterally. CG: Usual 
postoperative rehabil-
itation program

1 time/d 90 min from POD 3 to 
exit the 
hospital (12 
sessions or 
more)

Knee extensors 
strength; Handgrip 
strength; Knee flexor 
strength 
CSA of quadriceps 
femoris

Non 
mentioned
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quadriceps CSA, and 6MWT at 
discharge between groups

Rengo  et 
al[25]

2NMES: biphasic 
rectangular pulses at 
25 Hz, pulse duration 
400 ms, duty cycle 10 
s on and 30 s off to 
quadriceps muscle 
bilaterally. CG: no 
intervention

1 times/d 
for 5 d/wk

45 min 4 wk Physical function 
Mental and physical 
health

From discharge to 4-wk post-
discharge: No significant 
interaction effect for total SPPB 
score (P = 0.11; ηp2 = 0.073; CG: 
2.89 ± 0.50 vs NMES: 4.11 ± 0.54 
units). Time effects for 6MWT 
distance (P < 0.01; ηp2 = 0.207; 
CG: 194 ± 18 vs NMES: 267 ± 16 
m) and 6MWT power output (P 
= 0.01; ηp2 = 0.168; CG: 0.4 ± 0.1 
vs NMES: 0.6 ± 0.1 W; P = 0.01)

No complic-
ations

Cerqueira 
et al[26]

NMES: Stimulation at 
50 Hz, duration 400 
ms duty cycle 3 s on 
and 9 s off, to rectus 
femoris and 
gastrocnemius 
muscle bilaterally. 
Regular physio-
therapy care twice a 
day. CG: Usual 
physiotherapy care 
twice a day

2 times/d 60 min From POD 1 to 
POD 5

Distance walked; Gait 
speed; Lactate levels 
Muscle strength 
Electromyographic 
activity of the rectus 
femoris; Functional 
Independence 
Measure

No significant difference in the 
distance walked (P = 0.650) 
between NMES group (239.06 ± 
88.55) and CG (254.43 ± 116.67) 
as well as gait speed (P = 
0.363), lactate levels (P = 0.302), 
knee extensor strength (P = 
0.117), handgrip strength (P = 
0.882), global muscle strength (
P = 0.104), electromyographic 
activity (P = 0.179) and 
Functional Independence 
Measure (P = 0.059)

No complic-
ations

Takino et 
al[27]

NMES: Biphasic 
symmetric square 
pulses at 20 and 200 
Hz, duty cycle 0.4 s 
on and 0.6 s off to 
vastus lateralis, 
vastus medialis and 
triceps surae muscle 
bilaterally. Standard 
post- surgical rehabil-
itation. CG: Standard 
post- surgical rehabil-
itation.

1 time/d 60 min from POD 1 to 
POD 7

% change in isometric 
knee strength; % 
change in usual and 
maximum walking 
speed; % change in 
grip strength

↓ %ΔIKES in the NMES than 
CG [NMES: Mean -2%, 95% 
confidence interval (CI) -6 to 1; 
CG: -13%, 95% CI -17 to -9, P < 
0.001]. ↓ %ΔMWS (P = 0.04). 
↓ %ΔUWS and %ΔGS in the 
NMES compare to CG but not 
statistically significant

Non 
mentioned

Sumin  et 
al[28]

NMES: rectangular 
pulses at 45 Hz, duty 
cycle 12 s on and 5 s 
off to quadriceps 
muscle bilaterally. 
Standard 
preoperative rehabil-
itation program; CG: 
Standard 
preoperative rehabil-
itation program

1 time/d 90 min from the 2nd 
day of hospital 
stay until the 
day before 
surgery (7–10 
sessions)

Exercise capacity; 
Muscle strength

↑ in KES, KFS, and 6MWT 
distance (all P < 0.001) in the 
NMES group compared to the 
CG. Slight ↑ in HS to the NMES 
group and slight ↓ to the CG 
but not statistically significant 
(P = 0.054 on the right hand 
and P = 0.062 on the left)

No complic-
ations

1Patients were discharged from hospital and submitted to phase I of cardiac rehabilitation.
2Home-based intervention after hospital discharge.
CG: Control group; CSA: Cross-sectional area; FES: Functional electrical stimulation; ICU: Intensive care unit; KEIS: Knee extensor isometric strength; MLT: 
Muscle layer thickness; NMES: Neuromuscular electrical stimulation POD: Post operative day; SPPB: Short physical performance battery; 3-MH/Cre: 3-
methylhistidine concentration corrected for urinary creatinine content; 6MWT: Six minutes walking test; KFS: Knee flexor strength; KES: Knee extensor 
strength; NA: Not available.

0.531), in the KEIS on post-operative day 7 (0.44 ± 0.13 kgf/kg vs 0.41 ± 0.12 kgf/kg; P = 0.149) and in grip strength (29.1 ± 
10.5 kg vs 26.9 ± 8.7 kg; P = 0.213) between groups. Fontes Cerqueira et al[22] came in agreement with the findings of 
Kitamura et al[21] in their study, as no significant difference in muscle strength in the upper- limb (P = 0.54), lower limb(P 
= 0.67), and total MRC values (P = 0.57) were observed between NMES and control group in post-cardiac surgery 
patients. Muscle strength was assessed by measuring the peak strength and representative maximum voluntary 
contraction through manual testing, ranging from 0 (no muscular contraction) to 5 (active movement against complete 
resistance) for 6 lower and upper limbs movements. In the other RCT they performed some years later[26], the same 
investigators confirmed their previous results as they also did not find differences in knee extensor strength (P = 0.117), 
handgrip strength (P = 0.882), global muscle strength (P = 0.104) and electromyographic activity (P = 0.179) between 
NMES and controls.
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DISCUSSION
Safety, feasibility and effectiveness of NMES on functional capacity and muscle strength in patients before undergoing or 
immediately after cardiac surgery, and comparison between NMES and SHAM or usual care, were assessed in this article. 
Through our systematic review, we demonstrated that NMES is safe and feasible for patients before and after cardiac 
surgery and seems to be beneficial in muscle strength in order to prevent ICUAW. However, it did not seem to be 
beneficial on functional capacity after cardiac surgery, but, mainly before cardiac surgery as a type of prehabilitation.

ICUAW is a type of skeletal muscle dysfunction and a common complication of patients after cardiac surgery, and has 
been associated with a poor 2-year survival of critically ill patients[30]. It may be a risk factor for prolonged duration of 
mechanical ventilation[31], associated with a higher risk of readmission[32] and higher mortality[33]. The incidence of 
ICUAW ranges from 25% to 31% worldwide[34,35]. Patients with ICUAW may have critical illness polyneuropathy and 
critical illness myopathy, followed by muscle atrophy[36]. A previous study from our Institution showed that skeletal 
quadriceps muscle mass tends to decrease in ICU patients after cardiac surgery and seems to be associated with 
prolonged duration of mechanical ventilation and ICU length of stay[37]. Muscle atrophy may occur due to reduced 
synthesis and increased degradation of muscle proteins. Muscle mass and volume decrease, shrinkage of the muscle fiber 
cross-section area, and transformation of the type of muscle fibers from I to II are some of the pathophysiological 
mechanisms of muscle atrophy, also correlated with age[38]. Moreover, muscle atrophy and dysfunction is a result of 
increased reactive oxygen species due to long-term muscle inactivity[39]. The ubiquitin–proteasome system, calpain, 
caspase 3, and the autophagy–lysosome system are the major proteolytic systems causing massive loss of myosin and 
myoglobin-related proteins and leading to muscle atrophy[36,40]. Structural remodeling of the neuromuscular junction is 
also an important cause of aging-related muscle atrophy[41].

Early mobilization in the ICU after cardiac surgery has been found to be low with a significant trend to increase over 
ICU stay and is also associated with a reduced duration of mechanical ventilation and ICU length of stay[9,42-44]. In 
Greek ICUs, only 19% of ICU physiotherapists practice early mobilization in critical ill patients[45]. Similarly, low 
mobilization rates are also referred in ICUs in Australia, New Zealand and Scotland[46,47]. NMES is safe and feasible as 
an alternative form of exercise with beneficial effects on preserving muscle mass and strength[9,12], local and systemic 
microcirculation[15,16] in critically ill patients and may also reduce the duration of mechanical ventilation and ICU stay
[11,14]. A major advantage of NMES is that it can be applied even in sedated patients in the ICU, a fact that might 
enhance early mobilization in these patients. Most RCTs included in our systematic review showed that early 
implementation of NMES increases muscle strength and endurance of the upper and lower limbs, and improves muscle 
function in patients after cardiac surgery[19,20,24,27]. However, none of these studies demonstrated significant increase 
of the muscle mass and handgrip strength remained also unchanged. A possible explanation of these findings may be the 
small number of sessions performed by patients due to their short length of stay in the ICU. Moreover, functional 
capacity did not improve after NMES in most studies except for one[28]. This may happen due to the fact that NMES is 
applied locally in the upper or lower extremities for a short time and thus, its effect is not satisfying on functional 
capacity. Our findings come in agreement with the findings of a recent meta-analysis by Zhang et al[48] who found no 
effects of NMES on 6MWT (MD = 44.08; P = 0.22) and walking speed (MD = 0.05; P = 0.24) in 400 cardiac surgery patients.

There are many factors influencing length of stay in ICU after adult cardiac surgery including age, gender, increased 
BMI, smoking and other cardiovascular and non-cardiovascular risk factors[49]. Preoperative functional capacity and 
exercise tolerance are among them[49]. NMES, as a form of prehabilitation, could be a crucial approach in order to 
prevent muscle atrophy and polyneuromyopathy. A recently published RCT showed that 62 patients who underwent 
7–10 sessions of NMES prior to cardiac surgery, significantly increased knee extensor strength, knee flexor strength, and 
6MWT distance compared to 60 controls who carried out only breathing exercises and an educational program (P < 
0.001), indicating improvement on functional capacity and muscle strength[28]. These findings could be quite promising 
and guide clinicians to target prehabilitation as a significant part of the therapeutic strategy of ICUAW. Unfortunately, 
data regarding the use of NMES as a form of prehabilitation is still limited.

Potential pathophysiological mechanisms regarding the effects of NMES on functional capacity and muscle function 
have been proposed over the years. NMES activates muscle fibers by bypassing motor neurons. A positive correlation 
between the intensity, the electrical filed and the number of recruited type I and II muscle fibers has been found[50]. 
Moreover, it seems that higher benefits are derived by higher current intensity[51]. NMES should be applied specifically 
to the muscles of the lower limbs of frail patients with the maximal tolerable intensities, high frequencies (> 30 Hz and 
rather 50–80 Hz), optimal width pulses, short contractions interspersed with long recovery times[51]. NMES both 
stimulates anabolic pathways and negatively modulates muscle catabolism, which increases protein synthesis and 
reduces protein degradation and activates satellite cells in aged individuals[52-54]. As a result, NMES induces an increase 
in the size of type II muscle fibers[53]. Finally, there is a hypothesis that peripheral application of NMES can evoke a wide 
range of activities in the central nervous system, which can lead to a series of neural adjustments and adaptations[55].

Clinical perspectives
Patients after cardiac surgery may present impaired functional capacity and muscle function, reduced muscle strength, 
exercise intolerance and poor prognosis due to complications including ICUAW and polyneuromyopathy. The present 
systematic review evaluated the beneficial effects of NMES on functional capacity, muscle strength and muscle function. 
The most significant fact is that NMES is safe and feasible for these patients, without severe complications or major 
adverse effects even in high-risk patients. Moreover, it was proven to efficient, too. NMES should be initiated in patients 
as a form of prehabilitation before a major cardiac surgery and be continued immediately after the surgery until hospital 
discharge. A multidisciplinary team approach is necessary for its implementation. Preventing ICUAW and polyneuromy-
opathy via NMES could result in better prognosis, reduced length of stay in the ICU, less complications and improved 
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exercise tolerance and mobility of cardiac surgery patients. Other additional benefits of NMES could be better quality of 
life and improved hemodynamic and respiratory responses.

Limitations
More RCTs regarding the effects of NMES after cardiac surgery are required. Especially as a form of prehabilitation 
before cardiac surgery, NMES has been investigated only in one single study[28]. Another significant limitation is that the 
different samples from the included RCTs may present heterogeneity due to different mean age, type of surgery and 
functional capacity at baseline. Moreover, the number of NMES sessions was low in most studies and, as a result, the 
effectiveness of NMES on functional capacity may not have been shown in these studies. Finally, the lack of adjustment 
for multiple comparisons and possible confounders in the analysis makes it difficult for researchers to conclude whether 
these results are generalizable for the whole population of these patients. However, all these limitations are related 
mostly with each RCT separately, and not directly with our systematic review. The reason we preferred a systematic 
review over a meta-analysis was due to the fact that access to data of all the included RCTs was not feasible.

CONCLUSION
NMES is safe and feasible for patients before and after cardiac surgery and seems to be beneficial in muscle strength in 
order to prevent ICUAW in these patients. NMES did not present beneficial effects on functional capacity and muscle 
mass after cardiac surgery, possibly due to the low number of sessions that patients performed. However, NMES before 
cardiac surgery, as a form of prehabilitation, showed promising results on functional capacity and muscle strength and 
function. This form of rehabilitation could be a valuable strategy of preventing ICUAW after cardiac surgery. In order to 
discover all beneficial effects of NMES, fully understand its pathophysiological mechanisms in muscle function and 
functional capacity, and define the appropriate dose including duration, frequency and intensity, bigger number of 
multicenter RCTs with higher number of patients are required.

ARTICLE HIGHLIGHTS
Research background
Lack of mobilization and prolonged stay in the intensive care unit (ICU) are major factors resulting in the development of 
ICU-acquired muscle weakness (ICUAW). Early mobilization in the ICU after cardiac surgery is associated with a 
reduced duration of mechanical ventilation and ICU length of stay.

Research motivation
Neuromuscular electrical stimulation (NMES) is an alternative modality of exercise in patients with muscle weakness. A 
major advantage of NMES is that it can be applied even in sedated patients in the ICU, a fact that might enhance early 
mobilization in these patients.

Research objectives
To evaluate safety, feasibility and effectiveness of NMES on functional capacity and muscle strength in patients before 
and after cardiac surgery.

Research methods
We performed a search on Pubmed, PEDro, Embase and CINAHL databases, selecting papers published between 
December 2012 and April 2023 and identified published randomized controlled trials (RCTs) that included 
implementation of NMES in patients before after cardiac surgery. RCTs were assessed for methodological rigor and risk 
of bias via the Physiotherapy Evidence Database. The primary outcomes were safety and functional capacity and the 
secondary outcomes were muscle strength and function.

Research results
Ten studies were included in our systematic review, resulting in 703 participants. Almost half of them performed NMES 
and the other half were included in the control group, treated with usual care. Nine studies investigated patients after 
cardiac surgery and 1 study before cardiac surgery. Functional capacity was assessed in 8 studies via 6MWT or other 
indices, and improved only in 1 study before and in 1 after cardiac surgery. Nine studies explored the effects of NMES on 
muscle strength and function and, most of them, found increase of muscle strength and improvement in muscle function 
after NMES. NMES was safe in all studies without any significant complication.

Research conclusions
NMES is safe, feasible and has beneficial effects on muscle strength and function in patients after cardiac surgery, but has 
no significant effect on functional capacity.
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Research perspectives
The present systematic review evaluated the beneficial effects of NMES on functional capacity, muscle strength and 
muscle function. NMES should be initiated in patients as a form of prehabilitation before a major cardiac surgery and be 
continued immediately after the surgery until hospital discharge. A multidisciplinary team approach is necessary for its 
implementation. Preventing ICUAW and polyneuromyopathy via NMES could result in better prognosis, reduced length 
of stay in the ICU, less complications and improved exercise tolerance and mobility of cardiac surgery patients.
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