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Abstract

Purpose: Cardiorespiratory and skeletal muscle deconditioning occur following coronary artery 

bypass graft (CABG) surgery and hospitalization. Outpatient, phase 2 cardiac rehabilitation (CR) 

is designed to remediate this deconditioning, but typically does not begin until several weeks 

following hospital discharge. Although an exercise program between discharge and the start of 

CR could improve functional recovery, implementation of exercise at this time is complicated 

by post-operative physical limitations and restrictions. Our objective was to assess the utility of 

neuromuscular electrical stimulation (NMES) as an adjunct to current rehabilitative care following 

post-surgical discharge and prior to entry into CR on indices of physical function in patients 

undergoing CABG surgery.

Methods: Patients were randomized to 4 wk of bilateral, NMES (5 d/wk) to their quadriceps 

muscles or no intervention (control). Physical function testing was performed at hospital discharge 

and 4-wk post-discharge using the Short Physical Performance Battery (SPPB) and the 6-min 

walk tests (6MWT). Data from 37 patients (19 control/18 NMES) who completed the trial were 

analyzed. The trial was registered at ClinicalTrials.gov (NCT03892460).

Results: Physical function measures improved from discharge to 4-wk post-surgery across our 

entire cohort (P<.001). Patients randomized to NMES, however, showed greater improvements in 

6MWT distance and power output compared to controls (P<.01).

Conclusion: Our results provide evidence supporting the utility of NMES to accelerate recovery 

of physical function after CABG surgery.

CONDENSED ABSTRACT

This study evaluated whether neuromuscular electrical stimulation can improve functional 

recovery following hospital discharge in patients undergoing coronary artery bypass graft surgery 
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prior to cardiac rehabilitation. Neuromuscular electrical stimulation improved functional recovery, 

as measured by 6-min walk test performance.
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Coronary artery bypass graft (CABG) surgery is one of the most common surgical 

procedures performed in the US 1 and is an important treatment option for coronary heart 

disease.2 Despite these benefits, cardiorespiratory and skeletal muscle deconditioning occur 

following surgery. Outpatient cardiac rehabilitation (CR) programs are designed to counter 

the deconditioning effects of medical and surgical interventions in cardiac patients and have 

well-accepted health and survival benefits.3 While CR is recommended to begin as soon 

as possible following discharge,4 enrollment typically occurs several weeks after hospital 

discharge,5, 6 creating a gap in rehabilitative care. Decreased physiological reserve resulting 

from surgery, hospitalization and the period of convalescence between discharge and CR 

may increase risk for post-operative complications, readmission and physical disability.7–9 

While studies have examined the effects of non-rehabilitation-based transitional care 

initiatives in medical and surgical cardiac populations to improve clinical outcomes and 

minimize costs,10, 11 very few have focused on bridging this gap in rehabilitation care 

between hospital discharge and enrollment in outpatient CR.

One practical reason for this rehabilitative care gap is the difficulty of intervening in a 

post-surgical population, as pain, limited mobility, reduced functional capacity and activity 

restrictions prevent participation in classical exercise. 12, 13 Alternative modalities that 

confer an exercise training effect, but that do not have the physical requirements of 

classical exercise, may be beneficial. Neuromuscular electrical stimulation (NMES) may 

be one option, as it permits non-volitional initiation of muscle contractions that can mimic 

resistance- or aerobic-type exercise,14 producing a comparable training response.15 NMES 

improves muscle size, strength and performance in older adults with chronic disease,16 and 

counteracts muscle atrophy related to catabolic stimuli.17, 18 While NMES has received 

attention as an intervention in heart failure patients,19, to our knowledge, it has not been 

employed in CABG or other cardiac surgical populations.

Our objective was to evaluate whether NMES applied to the quadriceps musculature for 

4 wk following discharge can improve functional recovery in patients undergoing CABG 

surgery. To accomplish this objective, we randomized patients receiving CABG surgery 

to bilateral NMES to their quadriceps muscle group or no intervention (control) directly 

following discharge from the hospital. Assessments were performed at hospital discharge 

and 4 wk post-discharge using the Short Physical Performance Battery (SPPB) and the 6

min walk test (6MWT), two objective tests of physical functional capacity that predict near- 

and long-term morbidity and mortality in cardiac surgical and non-surgical populations.7–9 

Based on prior studies showing beneficial effects of NMES on muscle size and strength, 

as well as physical function,16–18 we hypothesized that NMES would lead to greater 

improvements in objective measures of physical function during the intervention period.
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METHODS

This study was a single site, randomized, controlled trial (NCT03892460). Sample size 

calculations were based on SPPB score being 2.5 points greater in the NMES versus the 

control group, based on effects of NMES in both operative and non-operative older adult 

populations.16, 20 To detect this difference, we would need n=18/group with a power of 80% 

and an alpha of 0.05.

Patients were recruited from our Cardiothoracic Surgery unit between November 2017 

and October 2019 and were eligible if they were 50–85 yr of age and scheduled to 

undergo either urgent or elective CABG with or without valve replacement. Patients 

were excluded if they had: 1) rheumatoid arthritis or other inflammatory/autoimmune 

diseases; 2) cancer, excluding non-melanoma skin cancer; 3) exercise-limiting peripheral 

vascular disease, neuromuscular disease or lower extremity neuromuscular dysfunction 

related to prior cerebrovascular event; 4) body mass index ≥38 kg/m2; 5) moderate or 

greater valvular heart disease that was not corrected surgically; or 6) an existing lower 

extremity blood clot or an implanted cardiac pacemaker or defibrillator, as both are 

contraindications for NMES.21 After enrollment, patients were withdrawn if they had post

operative complications requiring an extended hospital stay (>7 d) or if an implanted cardiac 

device was placed. The study was approved by the University of Vermont Committee 

on Research in the Medical Sciences and written informed consent obtained from each 

volunteer prior to surgery.

A total of 557 patients were screened from our Cardiothoracic Surgery service (Figure 1). 

Of these, 113 were eligible and 54 consented to enroll in the study. Following enrollment, 

patients were randomized (1:1) using a covariate adaptive approach to receive NMES or no 

intervention, with stratification for age and sex. Of those patients randomized, 8 patients 

were withdrawn prior to post-surgical hospital discharge because of extended hospital stays 

or placement of pacemakers or internal cardiac defibrillators and 1 volunteer withdrew. 

During the 4-wk intervention period, 1 volunteer was withdrawn because of re-admission for 

atrial fibrillation and 7 patients withdrew (6 cited time commitment and 1 general fatigue).

PROTOCOL and MEASURES

Patients were evaluated: pre-surgery, at hospital discharge and 4 wk following discharge. 

At all evaluations, patients completed the SPPB and Medical Outcomes Study 36-item 

short form questionnaire. Additionally, at discharge and 4-wk post-discharge testing, the 

6MWT was performed. The 6MWT was not performed pre-surgery, as cardiac-related 

symptomology would limit patients ability to complete the test.22 Finally, at hospital 

discharge, patients randomized to NMES were trained in the proper use of the NMES device 

and all patients were provided an activity monitor to measure physical activity throughout 

the 4-wk intervention period. Volunteers demonstrated operational competency with the 

NMES device to obtain a solid tetanic contraction prior to discharge.

Home-based, bilateral NMES (Empi Continuum; EMPI Inc.) was applied to the quadriceps 

of both legs 5 d/wk for 45 min/d. The NMES intensity was patient-selected, with the goal of 
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obtaining maximal tetanic contractions within pain tolerance. The device was used passively 

(ie, without volitional contraction) and administered biphasic pulses (400 μs duration at 

25 Hz), with a duty cycle of 25% (10 s on, 30 s off). Electrode pads (7.5 × 13.5 cm) 

were placed horizontally on the proximal and distal aspects of the quadriceps, with the legs 

immobilized at ~40º relative to full knee extension. Controls received no intervention. All 

patients were instructed by their surgeon to restrict heavy lifting to allow for surgical site 

healing and to gradually increase daily walking towards a target of 45–60 min/d by 4 wk 

post-discharge. Both groups were contacted on a weekly basis by the research coordinator 

to assess general health and, specific to the NMES group, progress and compliance with the 

intervention. Adherence to the NMES prescription was monitored covertly using the device 

software, which assesses total device use time, number of sessions and average stimulation 

intensity. The device will not emit current unless leads are plugged in and there is sufficient 

resistance across the electrode pads, making device use data a suitable index of intervention 

fidelity.

The SPPB was the primary outcome and was performed as described by us.23 The SPPB 

has been validated across a diverse range of older adult populations.24 Briefly, the SPPB is 

composed of three tasks assessing balance, gait speed, and ability to stand from a chair, with 

scores from of 0–4 for each for a total score of 0 to 12.

The 6MWT was the secondary outcome and was conducted as described previously.25 The 

6MWT has been validated in cardiac surgical patients. 26 Because body weight could change 

during the intervention period,27 we also calculated power production as: 6MWT power (W) 

= body weight (kg) • 9.8 (m·s−2) • average gait speed (m·s−1), where 9.8 represents the 

acceleration of gravity.

The Medical Outcomes Study 36-item short form (MOS SF-36) was used to assess mental 

and physical health domains, as described,25 because of its broad use in clinical populations 

to assess physical function.

Physical activity was measured from step count data over the 4-wk intervention period using 

a wrist-worn accelerometer (Fitbit Flex 2; Fitbit, Inc.).

STATISTICS

Differences between groups in baseline and clinical variables were determined using 

unpaired t-tests and Fisher exact tests. Analyses of variance, with group and time as factors, 

was used to evaluate changes in functional and patient-reported outcomes. Effects sizes 

are reported as partial eta squared (ηp
2). SPSS (version 23, IBM Co., Armonk, NY) was 

used for all analyses and data reported as mean ± SEM, unless otherwise specified, with 

significance at P<.05.

RESULTS

No differences were found in age, physical characteristics or time to various clinical and 

study-related milestones, except days between surgery and discharge, which was ~0.5 d 

longer in the control group (Table 1). All patients underwent sternotomy, and 35 received 
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CABG only, while 2 received CABG and aortic valve replacement (both in control group). 

There was a time effect for body weight (P<.001) from hospital discharge to 4-wk post

surgery evaluation, with controls decreasing from 90.0 ± 3.1 to 86.2 ± 2.9 kg and NMES 

from 91.5 ± 3.2 to 88.3 ± 3.0 kg, with no group by time interaction (P=.477). Of the 54 

patients enrolled, 8 were withdrawn prior to discharge because of complications that cause 

a stay of >7 d (n=6) or placement of a pacemaker or defibrillator (n=2), and one volunteer 

withdrew, leaving n=45 for randomization.

No differences between groups were found in total SPPB score, its components or 6MWT 

(discharge only) measured pre-surgery (range of P-values: .19 – .61) or at post-surgery 

discharge (range of P-values: .21 – .56). Similarly, no differences between groups were 

found in any MOS-SF36 domain or composite score pre-surgery (range of P-values: .09 – 

.73) or at post-surgery discharge (range of P-values: .14 – .77).

No adverse events were observed related to the NMES intervention. One patient experienced 

pleuritic chest pain during discharge testing, but no other procedure-related events occurred. 

Adherence to the prescribed number of NMES sessions was 94 ± 3% (range: 47–100%) 

and to the total amount of NMES device use time was 89 ± 3% (range: 42–100%). The 

average NMES intensity level was 45 ± 3 (range: 31–69) and was similar between legs. 

NMES adherence data represent n=17 patients, as a technical problem prevented device use 

tracking in one volunteer. Following randomization, 7 patients withdrew from the study (n=6 

in NMES group and n=1 in control) and one was withdrawn because of hospital readmission 

for atrial fibrillation (NMES group).

Time effects for total and individual component SPPB scores (all P<.001; Figure 2) were 

found. Group by time effects did not reach significance for balance (P=.09; ηp
2=.081; 

change from discharge to 4-wk post-discharge in control: 0.7 ± 0.3 vs. NMES: 1.4 ± 0.3 

units) and chair stand (P=.07; ηp
2=.091; change from discharge to 4-wk post-discharge in 

control: 1.2 ± 0.2 vs. NMES: 1.8 ± 0.3 units). Finally, the interaction effect for total SPPB 

score was not significant (P=.11; ηp
2=.073; change from discharge to 4-wk post-discharge in 

control: 2.89 ± 0.50 vs. NMES: 4.11 ± 0.54 units).

Time effects for 6MWT distance and power (P<.001; Figure 3) were found. Additionally, 

there were group by time interaction effects for 6MWT distance (P<.01; ηp
2=.207; change 

from discharge to 4-wk post-discharge in control: 194 ± 18 vs. NMES: 267 ± 16 m) and 

6MWT power output (P=.01; ηp
2=.168; change from discharge to 4-wk post-discharge in 

control: 0.4 ± 0.1 vs. NMES: 0.6 ± 0.1 W; P=.01).

There were time effects for physical function, general health and mental health domains, 

as well as physical composite score (SDC 1), but group by time interaction effects were 

non-significant (range of P-values: .29 to .87).

The trajectory for recovery of step counts during the 1-mo, post-discharge period was 

similar between groups (SDC 2), suggesting that group differences in improvement in 

physical function is not due to differences in ambulation between groups during the 

intervention period.
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DISCUSSION

Our study found that bilateral NMES of the quadriceps muscles improved functional 

recovery during the first month post-discharge following CABG, as indicated by 

improvements in 6MWT performance. We used two objective measures of physical function 

to test our hypothesis: SPPB and 6MWT, both of which have strengths and weaknesses and 

practically measure different aspects of physical function.

SPPB is easy to perform and is widely used to characterize physical function in disabled 

older adult populations.28 We chose SPPB because of its widespread use and simplicity, 

but also because we anticipated all patients would be able to complete the test at hospital 

discharge. However, SPPB suffers ceiling effects,29 which may hinder its ability to detect 

improvements in function with NMES. This was likely the case in our study, as 46% (17/37 

total; 6/19 control and 11/18 NMES) of patients had maximal SPPB scores of 12 at 4-wk 

post-discharge evaluation. Despite this, the net difference in the change between groups for 

total SPPB score (1.2 units), while not statistically different, is clinically meaningful (change 

of 0.5 units).30

The 6MWT test is widely used as an index of cardiorespiratory fitness in cardiac 

populations31 and, in contrast to the SPPB, is less prone to ceiling effects.29 Using the 

6MWT, we found group by time interaction effects, with a net improvement in 6MWT 

distance for the NMES group of 73 m more than controls. This 73 m improvement 

far exceeds most estimates for clinically significant differences (14 – 30 m32) and 

persisted when 6MWT data were expressed as power output, To put the magnitude of 

this improvement into context, it is equivalent to the average improvement observed during 

outpatient CR.33 Thus, functional capacity of patients in the NMES group at enrollment into 

CR is equivalent to what patients in the control group might expect to achieve by the end 

of CR. As reduced functional capacity increases risks for complications and mortality after 

a variety of cardiac procedures, including cardiac surgery, 7–9 NMES-induced adaptations in 

6MWT performance may have implications for improving long-term clinical outcomes.34

We included patient-reported indices of physical function because they are commonly 

used to define physical function and are important for defining patient perception of their 

functional capacity. However, it is unclear whether they reliably detect improvements in 

physiological capacity. In the present study, this was not the case, as no group by time 

interaction effects for any subjective index of health or function were found, congruent 

with prior studies from our lab.25 This likely reflects the fact that interventions improve 

physiological capacity, but that patients do not perceive this improvement and/or are 

reluctant to undertake certain tasks/activities. Collectively, these results underscore the 

need to conduct objective measurements of physical function to identify physiological 

improvements with NMES.

Studies have examined NMES in patients with chronic disease, including those with heart 

failure and chronic obstructive pulmonary disease, providing evidence that NMES improves 

6MWT distance,35 similar to our results. While most studies have applied NMES to the 

quadriceps, the NMES stimulation parameters, session length, frequency of use and overall 

Rengo et al. Page 6

J Cardiopulm Rehabil Prev. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



intervention length and intensity vary widely across studies.35 Because of this, there is 

insufficient data to develop recommendations for an NMES regimen that produces optimal 

functional improvements. In fact, our study is unique in utilizing NMES in a surgical 

population early, post-discharge, which may account for the robust improvements observed 

6MWT. Studies have demonstrated the utility of early, post-surgical use of NMES to 

improve physical function following orthopedic surgery,20 but none have extended its use 

into non-orthopedic surgical populations.

There were several limitations to our study. First, patients were not blinded to treatment 

status because NMES elicits skeletal muscle contraction and any sham treatment would 

not. Moreover, any sham that increased muscle loading may confound comparisons, as 

mechanical stress and strain likely mediate the benefits of NMES.36 Second, study personnel 

were not blinded, as resources were insufficient for unblinded and blinded personnel. 

Functional outcome testing, however, followed strict protocols and performance was likely 

more impacted by physiological capacity and motivation than assessor bias. Third, we 

did not analyze data using an intent-to-treat approach, which may have overestimated the 

effect of NMES. Fourth, our study included few women because fewer women received 

CABG surgery (19%), as enrollment and rates of patients declining enrollment or dropping 

out was similar between sexes. This ratio of men to women receiving CABG at our 

institution is (~4:1), which agrees with nationwide trends.37 Whether men and women 

respond similarly to NMES is unclear, but our recent meta-analytical findings38 show that 

they benefit similarly from resistive-type exercise training, which is the type of exercise that 

our NMES emulates. Finally, we designed our exclusion criteria to exclude the possibility 

that confounding factors would bias our results in this relatively small pilot trial. Moreover, 

our small sample size may have limited our ability to detect significant effects of NMES, 

such as with SPPB. Studies in larger, more diverse cohorts will be required to assess the 

efficacy of NMES in the broader cardiac surgical population.

CONCLUSION

To our knowledge, this is the first study to use NMES to bridge rehabilitative care for 

cardiac surgical patients from hospital discharge until entry into outpatient CR. Our results 

suggest that NMES has marked functional benefits in CABG patients, as revealed by greater 

improvements in 6MWT performance. Further studies need to determine if these benefits of 

NMES translate to improved outcomes during CR and beyond and if NMES may benefit 

other cardiac populations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Consolidated Standards for Reporting Trials (CONSORT) flow diagram. NMES, 

neuromuscular electrical stimulation; PPM, permanent pacemaker; ICD, implanted 

cardioverter defibrillator.
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Figure 2: 
Short physical performance battery (SPPB) test results, including total score and balance, 

gait and chair stand component scores for volunteers randomized to control (n=19) or 

NMES (n=18) interventions at hospital discharge (open bar) and 1-mo post-discharge (filled 

bar). Data represent mean ± SE. T, time effect; G x T, group by time interaction effect. a, 

P<.001.
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Figure 3. 
Six-minute walk test (6MWT) results, including walk distance and power output for 

volunteers randomized to control (n=19) or NMES (n=18) interventions at hospital 

discharge (open bar) and 1-mo post-discharge (filled bar). Data represent mean ± SE. T, 

time effect; G x T, group by time interaction effect. a, P<.001; b, P≤.01.
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Table 1.

Physical characteristics and clinical and study milestones in control and NMES groups
a

Control NMES P Value

n, men/women 19 (17/2) 18 (16/2)

Age, yr 66.5 ± 1.6 66.2 ± 1.4 .908

Body weight, kg 89.4 ± 2.7 90.9 ± 3.8 .752

Height, cm 173 ± 1 176 ± 3 .332

Body mass index, kg/m2 29.7 ± 0.8 29.0 ± 0.8 .558

Total length of hospital stay, d 8.8 ± 0.6 8.2 ± 0.7 .490

Time from surgery to discharge, d 5.2 ± 0.2 4.6 ± 0.2 .044

Intervention period, d 31 ± 1 31 ± 1 .641

Elective CABG 42 44 1.000

Exertional angina/dyspnea
b 53 72 .313

Current smokers 11 0 .486

Abbreviations: CABG, coronary artery bypass graft.

a
Data are presented as mean ± SEM or (%).

b
Exertional angina/dyspnea was classified as reporting exertional symptoms for > 1 wk prior to CABG consultation.
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