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Abstract 
Research conducted in the last two decades suggests that neuromuscular electrical stimulation of the lower limb muscles (NMES) 
may be a „bridge‖ to conventional exercise or an alternative for patients with advanced chronic heart failure (CHF), non-compliant or 
non-responsive to physical training. Through stimulating the work of the skeletal muscles, NMES increases the functional capacity, 
muscle mass and endurance in patients with CHF. A beneficial effect of NMES on functional capacity, vascular endothelial function, 
quality of life and aerobic enzymes activity has been shown. A significant benefit of this novel therapy in heart failure is the fact that 
the procedure can be home-based, after prior guidance of the patient. 
Keywords: neuromuscular electrical stimulation, NMES, heart failure, advanced heart failure, cardiac rehabilitation, oxidative stress.   

 
 

Heart failure and oxidative stress  

Heart failure (HF) is defined as a complex clinical 
syndrome that can result from any structural or functional 
cardiac disorder that impairs the ability of the ventricle to 
fill with or eject blood [1]. The major causes of HF are 
coronary artery disease, hypertension, cardiomyopathy, 
and valvular heart disease [1].  

Following these pathologies, a process known as 
―cardiac remodeling‖ may occur. This pathophysiological 
remodeling of the heart involves changes in the structure 
and function of cardiac myocytes in the affected 
myocardium either directly or indirectly. These changes 
can lead to substantial alterations in the shape and 
volume of the heart and progressive ventricular 
dysfunction and clinically evident HF [2]. The mechanisms 
responsible for the development and progression of HF 
are the subject of rigorous investigation. 

The substantial scientific research conducted on 
HF is due to its high mortality and prevalence, affecting 
approximately 1-2% of the adult population and rising to 
over 10% in patients aged over 70 years [1]. Over the 
past 20 years, significant development was noted in the 
treatment of HF by the introduction of multiple drugs 
(converting enzyme inhibitors, aldosterone receptor 
antagonists, beta blockers, angiotensin II receptor blocker 

neprilysin inhibitor) and cardiovascular procedures 
(cardiac resynchronization therapy). Nevertheless, 
despite the use of these modern methods of treatment, 
the latest European data show all-cause mortality at one 
year in hospitalized or outpatients with HF to be 17% and 
7% and a readmission rate of 44% and 32%, higher in 
those with reduced left ventricle ejection fraction (LVEF) 
[3].  

Given the poor prognosis of  HF patients despite 
the use of multiple strategy-based treatments, scientists 
have been encouraged to search for new 
pathophysiological pathways that could be therapeutically 
targeted to the patient’s advantage including oxidative 
stress [4]. 

Oxidative stress represents an imbalance 
between the production of reactive oxygen species (ROS) 
and endogenous antioxidant defense mechanisms. These 
molecules are produced in the cells and play distinctive 
roles in both physiological signaling processes as well as 
pathological pathways when their production becomes 
impaired. 

The cells constantly generate ROS, of which the 
principal molecule is the superoxide anion radical. 
Superoxide anions are synthesized as an unavoidable by-
product of mitochondrial electron transport and 
enzymatically by xanthine oxidase. Other potential 
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sources include prostanoid metabolism, catecholamine 
autoxidation, NAD (P) H oxidase activity, and the NO 
synthases [5].  

Superoxide anions undergo spontaneous 
electron exchange reactions that induce the formation of 
hydrogen peroxide, hydroxyl radicals, and other redox-
active derivatives.  

 The biological activity of ROS is opposed by a 
group of endogenous defense molecules called 
antioxidants. The most studied antioxidants are 
superoxide dismutase (SOD), glutathione peroxidase 
(GPX) and catalase. Important antioxidant nutrients are 
vitamins E, vitamin C and beta carotene. 

Among the factors that can increase the 
production of ROS, we mention aging, muscle injury and 
inflammatory disease processes, including hyperthyroid 
myopathy, sepsis and HF. 

Over the past several decades, oxidative stress 
has been involved in experimental and clinical studies 
involving HF patients. Markers of oxidative stress are 
elevated in CHF patients and have been associated with 
myocardial dysfunction, overall severity and poor 
prognosis of HF [6-8]. There are multiple proposed 
mechanisms through which oxidative stress might impair 
cardiac function and the first is by damaging cellular 
proteins and membranes, thus inducing cellular 
dysfunction or death through apoptosis and necrosis.  

The superoxide anion is a potent inactivator of 
the signaling molecule NO that is involved in vascular 
endothelial dysfunction, with consequent loss of other 
physiological effects of NO [9]. Because ROS also 
modulate the activity of various intracellular signaling 
pathways and molecules, they can induce specific 
changes in proteins involved in myocardial excitation-
contraction coupling [4]. ROS are involved in fibroblast 
proliferation and collagen synthesis, and also in matrix 
metalloproteinases (MMP) activation and increased 
expression [10]. Moreover, ROS activate a broad variety 
of hypertrophy signaling kinases and transcription factors 
and mediate apoptosis. 

The importance of oxidative stress is increasing 
due to the involvement in the pathophysiological 
mechanism of cardiac remodeling responsible for the 
development and progression of HF [11]. 

The results of the study conducted by Kameda et 
al. showed that that myocardial oxidative stress is an 
important regulator of MMP activity and that this 
contributes to ventricular remodeling and left ventricular 
dilatation and dysfunction in patients with ischemic heart 
disease [12].  

Kingery et al. concluded in a recent study that 
leukocyte iNOS is required for local and systemic 
inflammatory activation and cardiac remodeling in 
ischemic HF and that activated macrophages in HF 
patients may directly induce myocyte contractile 
dysfunction and oxidant stress [13].  

Randomized clinical trials have been 
discouraging until now despite substantial pre-clinical data 

showing positive effects of reduced ROS activity by using 
antioxidant therapy in cardiovascular diseases. Vitamin E 
supplementation showed initial promise in observational 
studies but did not demonstrate any clinical benefits in the 
prevention or treatment of HF patients [14]. This can be 
explained, at least in part, by the difficulty of directly 
targeting ROS and thus minimizing the harmful effects on 
other physiological signaling pathways.  

Recent research has shown that ROS signaling 
pathways are a complex system, and in many cases, 
essential for normal cardiovascular physiology, and that 
perturbation of these pathways resulting in dysregulated 
ROS is implicated in most cardiovascular diseases 
[15,16]. 

Heart failure and cardiac rehabilitation 

The main symptom of HF is the progressive 
decrease in functional capacity associated with dyspnea 
with prognostic implications independent of LVEF [17]. 
The pathophysiological process of HF will eventually lead 
to skeletal muscle weakness and atrophy, and when the 
symptoms will affect daily activities, to a sedentary 
lifestyle and social isolation with an impact on the 
prognosis of the patient. CHF-related skeletal muscle 
dysfunction is the result of an ongoing imbalance in the 
activation of anabolic and catabolic pathways [18] and 
has been shown to have significant prognostic importance 
[19].  

Targeted patient management in HF consists of 
an integrated system which includes education programs, 
pharmacological, interventional therapy and cardiac 
rehabilitation programs. The European Society of 
Cardiology strongly recommends sustained and 
individualized physical activity in a standardized cardiac 
rehabilitation program [1]. Unfortunately, this 
recommendation is less enacted, recent studies showing 
that less than 20% of patients with HF participate in such 
a program [20]. 

In the meta-analysis carried out in 2004 [21], 
Piepoli et al. have shown in a total of 801 analyzed 
patients (395 received exercise training and 406 were 
controls) that exercise training leads to a reduction of 23% 
in the relative risk for death or hospitalization in HF 
patients. In the HF-ACTION large randomized control trial, 
after adjusting key prognostic factors, the investigators 
showed a reduction in cardiovascular mortality and 
hospitalization rate [22]. 

The physician coordinating the recovery must 
require active participation from the patient, be aware of 
the subject, explain the exercises and their effects, 
demonstrate exercises personally or by use of visual 
material, discuss with the patient, improve their mental 
status and continuously encourage the patient to use the 
examples of other patients who show improvements. The 
objectives of the cardiac rehabilitation program are to 
improve the clinical status by improving the symptoms 
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which impeded exercise tolerance, to increase exercise 
capacity and psychological tonus and to prevent the 
aggravation of pathological heart condition. 

The main component of cardiac rehabilitation in 
HF is physical exercise. Exercise therapy cannot be 
immediately used in all patients with severe HF 
symptoms, and so, in this situation, alternative therapies 
such as neuromuscular electrical stimulation (NMES), can 
probably show their highest benefits. Thus, while physical 
exercise will continue to serve as the major component of 
the rehabilitation programs, recent evidence 
demonstrating the potential benefits of adjunctive 
treatment options is collected. 

Effect of exercise training in heart failure 
patients on oxidative stress  

Numerous studies, confirmed by meta-analyses, 
indicate that regular exercise training reduces 
cardiovascular mortality and events, coronary heart 
disease, heart failure and atherosclerosis [23-29].  

Exercise and regular physical activity counteract 
the deleterious effects of aging, not only by combating 
sarcopenia, obesity and mitochondrial dysfunction, the 
major triggers of oxidative stress and inflammation in 
aging but also by exerting additional antioxidant and anti-
inflammatory actions. 

Cardiac rehabilitation through physical exercise 
is known to improve exercise tolerance, quality of life and 
decrease the rehospitalization rates of patients with HF 
[30-32]. 

It has also been proved that physical exercise 
has beneficial effects on endothelial dysfunction, 
neurohormonal activation, oxidative stress, inflammatory 
activation and depressive symptoms [33-37].   

Anti-inflammatory effects have been reported in 
several interventional studies. Exercise therapy has been 
shown to reduce inflammatory markers, particularly CRP, 
TNF-𝛼, interferon-gamma (INF-𝛾), monocyte 
chemoattractant protein-1 (MCP-1) interleukin-8 (IL-8), 
interleukin-18 (IL-18), sTNFR2, sTNF-R1, and soluble IL-
6 receptor (sIL-6R), and to increase levels of anti-
inflammatory factors such as IL-10, interleukin-12 (IL-12), 
interleukin-4 (IL- 4), and transforming growth factor beta 1 
(TGF𝛽1) [34, 38-40]. 

It is worth highlighting that a minority of 
interventional and randomized controlled trials did not 
detect a significant effect of regular exercise on systemic 
inflammatory biomarkers in adults [41,42] or in aged 
adults [43]. Also, in the HF population, the same 
discrepancies remain, as some randomized trials did not 
show a significant decrease in inflammatory biomarkers in 
patients who received optimal medical therapy [22,44].
 A meta-analysis found only five randomized 
controlled trials that examined the effects of regular 
aerobic exercise (of at least 4-week duration) in adults 

and concluded that aerobic exercise did not reduce C-
reactive protein (CRP) levels [45]. The differences can be 
attributed to the smaller sample size used in the 
examined clinical trials. 

The effect of resistance training on inflammation 
was the topic of research in several studies and the 
reported results were mostly negative [46-48]. However,  
Brooks et al. [49] reported that 16 weeks of resistance 
training reduced CRP and increased adiponectin levels in 
older diabetic patients. 

Regular exercise improves age-associated 
oxidative stress in the heart [50], liver [51], plasma [52], 
arteries [53], and skeletal muscles [54,55]. In elderly 
people, regular exercise reduced serum/plasma levels of 
myeloperoxidase, a marker of inflammation and oxidative 
stress [56], and thiobarbituric-reactive acid substances, a 
marker of lipid peroxidation [57]. 

Visibly, the effects of exercise training on 
inflammation markers depend on the type 
(aerobic/resistance), intensity 
(mild/moderate/intense/exhaustive), frequency (sessions 
per day/week/month) of exercise, the subject’s main 
characteristics (age, sex and health or social condition) 
and therapy. 

Neuromuscular electrical stimulation and 
heart failure  

NMES applied to leg muscles offers an 
alternative training mode and represents an attractive 
option for CHF patients who are unable, non-adherent or 
unwilling to exercise. 

NMES consists of repeated, rhythmic stimulation 
of skeletal muscles in a static state, using skin electrodes 
positioned on the thighs and calf muscles, at an intensity 
that will lead to visible muscle contractions.  The 
stimulator delivers a biphasic current of low frequency 
(10–25Hz), with gradually increasing stimulation 
amplitude of 40–80 mA maximized to the pain threshold 
of the subject. 

NMES has been consistently shown to elicit 
positive effects on functional capacity and skeletal muscle 
adaptations in patients with HF and unable to participate 
in traditional aerobic and/or resistance training programs 
at an appropriate stimulus [58-60]. Prior reviews 
suggested that NMES produces similar improvement in a 
6-min walk distance (6MWD) test, a simple test used to 
detect functional capacity, when compared to 
conventional aerobic exercise training used by cycle 
ergometer. Also, previous studies have shown that 
resistance training improved the distance in a 6-min walk 
test in patients with HF [61,62]. 

Peak oxygen uptake (peak VO2) is regarded as 
the gold-standard measurement of functional capacity. 
Reduced peak VO2, below 12 mL/kg/min, is associated 
with poor outcome independent of other risk factors in 
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patients with HF [17]. Several studies have shown higher 
improvements in peak VO2 following NMES in HF 
patients with low functional capacity compared to those 
with average exercise capacity [20]. The benefits of 
NMES therapy in HF patients also occurred in an older 
age group (age 75 ± 4 years) [63].  

Original investigations assessing the effects of 
chronic NMES programs in HF population are 
summarized in Table 1. In Table 2, the training protocol 
and major findings are reported. 

 
Table 1. Summary of studies assessing NMES in patients with CHF. 

Study, year  Protocol Age (years) Male 
(%) 

NYHA 
class 

LVEF (%) 

Maillefert, 1998 [64] 
Randomized study 

N=14 
 

56.4±9.1 93 II, III, IV 22.3±8.8 

Vaquero, 1998 [65] 
Randomized study 

NMES (n=7) 
Control (n=7) 

57±7 79 After 
orthotopic 

cardiac 
transplant 

 

Harris, 2003 [66] 
Randomized study 

NMES (n=22) 
Cycle (n=24) 

63±10 
62±11 

77 
88 

II, III 28.3±6.3 
32.0±9.3 

Nuhr, 2004 [67] 
Randomized study 

NMES (n=15) 
Control (n=16) 

53±7 
53±13 

93 
82 

II, III, IV 22±3 
21±7 

Eicher, 2004 [68] 
Randomized study 

NMES (n=12) 
Cycle (n=12) 

54±9 
 

79 II, III N/A 
N/A 

Deley, 2005 [69] 
Randomized study 

NMES (n=12) 
Cycle (n=12) 

56±8 
57±6 

75 
92 

II, III 28.2±9.2 
26.3±9.5 

Karavidas, 2006 [70] 
Randomized study 

NMES (n=16) 
Control (n=8) 

57.4±15.3 
63.8±8.1 

87.5 
87.5 

II, III 27.5±6.5 
27.2±4.5 

LeMaitre, 2006 [71] 
Randomized study 

NMES (n= 17) 
Cycle (n=19) 
healthy age-matched 
control (n=20) 

63.9±2.6 
60.7±2.6 
61.4±4.7 

71 
79 
55 

 

II, III 28.7±1.7 
32.4±2.7 

N/A 
 

Deley, 2008 [72] 
Randomized study 

NMES (n=22) 
Cycle (n=22) 

55±10 
56±7 

73 
86 

II, III, IV 23.7±7.4 
23.2±10.6 

Karavidas, 2008 [73] 
Randomized study 

NMES (n=20) 
Control (n=10) 

62±12 
64±8 

80 
80 

II, III 28±7 
27±5 

Banerjee, 2009 [74] 
Crossover study 

NMES (n=10) 66 90 II, III 34 

Deftereos, 2010 [75] 
Crossover study 

NMES  
Cycle  
Total 31 

60.7±2.1 77 II, III 30±3 
29±1 

Araujo, 2012 [76] 
Randomized strudy 

NMES +conventional 
rehabilitation therapy 
(n=10) 
Control only 
conventional 
rehabilitation therapy 
(n=10) 

52.2±9 
42.5±14.3 

60 
60 

II, III 37.6±6.9 
38.3±8.8 

 

Dobsak, 2012 [77] 
Randomized study 

NMES (n=31) 
ET (n=30) 

58.7±2.2 
59.4±1.2 

91 
85 

II, III 29.2±3.1 
32.5±2.3 

Karavidas, 2013 [78] 
Randomized study 
 

NMES (n=15) 
Placebo (n=15) 

69.4±8.6 
68.5±7.9 

67 
67 

II, III 63.6±7.6 
62.6±4.5 

Labrunee, 2013 [79] 
Crossover study 

NMES (n=11) 
TENS (n=11) 

54.4±3.8 
62.7±3.6 

64 
64 

III 
III 

30±3.6 
24±2.8 

Parissis, 2014 [63] 
Randomized study 

NMES (n=15) 
Placebo (n=15) 

75.2±3.7 
75.2±3.3 

73 
60 

II, III 27.3±3.2 
28±2.5 

Soska, 2014 [80] 
Randomized study 

NMES (n=23) 
NMES +AT (n=22) 
AT (n=26) 

57.3±1.6 
60.8±2.5 
63.5±1.4 

 

65 
77 
92 

 

II, III 30.1±1.3 
32.8±1.9 
34.9±1.4 

 
Palau, 2016 [81] 
Randomized study 

NMES (n=15) 
NMES +IMT (n=15) 
IMT (n=15) 

68 70 II, III, IV 67 
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Study, year  Protocol Age (years) Male 
(%) 

NYHA 
class 

LVEF (%) 

Control (n=15) 
Kadoglou, 2017 [82] 
Randomized study 

NMES (n=60) 
Placebo (n=60) 

72±7 
70±11 

55 
58.3 

II, III 27.7±4.5 
28.9±4.7 

Forestieri, 2017 [83] 
Randomized study 

NMES (n=24) 
Usual care group  
(n=25) 

52.6±14.7 
51.5±11 

79 
88 

advanced HF 
stage D 

27±4 
25±3 

Iliou, 2017 [84] 
Randomized study 

ET+NMES group 
(n=50) 
ET (n=41) 

57.6+9.8 
59.2+7.2 

76 
78 

II, III 31.9+4.4 
30.4+6.7 

IMT - inspiratory muscle training, TENS - transcutaneous electrical nerve stimulation, AT - aerobic training, ET -  exercise training 

Table 2. Training protocols and major findings. 

Study Training protocol Major findings 

Maillefert, 1998 

Bilateral quadriceps and calf muscles 
10 Hz, biphasic; Pulse duration: 200 µs 
On/off time: 20/20 s 
Intensity: Maximum tolerated by patient 
60 min/d, 5 d/wk., 5 wk. 

No adverse events reported 
Significant increase: Peak VO2 (13.9%), 6MWTD (9.5%), 
Gastrocnemius muscle volume (5.4%), Soleus muscle 
volume (6.0%), Cardiac output did not vary during NMES 
or improve significantly following the intervention 

Vaquero, 1998 

NMES: Bilateral quadriceps, 30–50 Hz, 
biphasic 
On/off time: 6–10/30–50 s 
Intensity: Maximum tolerated by patient 
30 min/d, 3 d/wk., 8 wk. 
Control: No electrical stimulation 

No adverse events reported 
Significant increase in the NMES group: Peak VO2 (9.1%) 
No change in the control group 

Harris, 2003 

NMES: Bilateral quadriceps, calf muscles, 25 
Hz, biphasic 
On/off time: 5/5 s 
Intensity set by patient to achieve muscle 
contraction without joint movement or 
discomfort 
30 min/d, 5 d/wk., 6 wk. 
Bicycle: 30 min/d, 5 d/wk., 6 wk., 70% of 
maximum HR 

No adverse events reported 
Significant increase in the NMES group: Exercise time 
(13.4%), 
6MWTD (8.1%), Quadriceps strength (12.5%), 
Quadriceps fatigue (14.3%); 
Significant increase in the bicycle group: Exercise time 
(20.2%), 
6MWTD (9.0%), Quadriceps strength (10.9%), 
Quadriceps fatigue (10.5%),  
Peak VO2 did not improve in either group,  
Quality-of-life score improved for the entire study group 
(NMES and bicycle) but did not improve for each group 
independently 
Aforementioned improvements were not statistically 
significant 
between groups 

Nuhr, 2004  

NMES: Bilateral hamstrings and quadriceps, 
15 Hz, biphasic 
On/off time: 2/4 s 
Pulse width: 0.5 ms 
Intensity: 25%–30% maximal voluntary 
contraction 
4 h/d (2 AM; 2 PM), 7 d/wk., 10 wk. 
Control: Sensory electrical stimulation only 

No adverse events reported 
Significant increase in the NMES group: Peak VO2 
(20.8%), 6MWTD (31.7%), Myosin heavy chain isoforms 
shifted significantly toward the more oxidative type 
(19.4% increase) and away from more glycolytic, faster 
types (19.6% decrease), Citrate synthase activity (30.3%) 
No change or significant decrease in the control group in 
aforementioned variables 

Eicher, 2004 

NMES: Bilateral calf and quadriceps, 10 Hz,  
On/off time: 20/20 s 
1 h/d, 7 d/wk., 25 d 
Bicycle: 20min/d, 7 d/wk., 25 d, 60-80% of 
maximum HR 

No adverse events reported 
Significant increase in the NMES group: 6MWTD (18%), 
Peak VO2 (6%), blood flow velocity (42%) 
Significant increase in the bicycle group: 6MWTD (6%), 
Peak VO2 (9%), exercise duration (15%) 
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Study Training protocol Major findings 

Deley, 2005 

NMES: Bilateral quadriceps and calf 
muscles, 10 Hz, biphasic 
On/off time: 12/8 s 
Pulse duration: 200 µs 
Amplitude set to highest tolerable for the 
patient 
60 min/d, 5 d/wk., 5 wk. 
Conventional exercise: Aerobic exercise 
(treadmill, bicycle and arm cycling) at 60–
70% peak HR; target exertion by Borg scale 
13–15, 60 min/d, 5 d/wk., 5 wk. 
 

No adverse events reported 
Significant increase in the NMES group: Peak VO2 
(8.2%), 6MWTD (11.9%), Maximal knee extensor 
isometric contraction at 90º (9.7%) 
Significant increase in the bicycle group: Peak VO2 
(21.8%), 6MWTD (15.3%), Maximal knee extensor 
isometric contraction at 90º (11.3%) 
Aforementioned improvements were not statistically 
significant 
between groups 

Karavidas, 2006 

NMES: Bilateral quadriceps, calf muscles, 25 
Hz, biphasic 
On/off time: 5/5 s 
Intensity: visible muscle contraction not 
strong enough to elicit discomfort or joint 
movement 
30 min/d, 5 d/wk., 6 wk. 
Control: Sensory electrical stimulation only 
30 min/d, 5 d/wk., 6 wk. 

No adverse events reported 
Significant increase in the NMES group: 6MWTD 
(11.9%), Quality-of-life score (18.4%), TNFα (17.5%), 
sICAM-1 (15.6%), sVCAM-1 (13.1%), Baseline brachial 
artery diameter (2.0%), Hyperemic brachial artery 
diameter (3.5%), Flow mediated dilatation (29.6%) 
No change in the aforementioned variables in the control 
group 
Peak VO2 and LVEF did not significantly improve in either 
group 

LeMaitre, 2006 

NMES: Bilateral quadriceps, calf muscles, 25 
Hz, biphasic 
On/off: 5/5 s 
30 min/d, 5d/wk., 6 wk. 
Bicycle: 30 min/d, 5 d/wk., 6 wk., 70% of 
maximum HR 

No adverse events reported 
Significant increase in the NMES group: Treadmill 
exercise time (s) (12%), 6MWTD (12%), Max quad 
strength (kg) (13%), Quadriceps fatigue index (17%); 
Significant increase in the bicycle group: Peak VO2 
(16%), Treadmill exercise time (s) (27%), 6MWTD (13%), 
Max quad strength (kg) (13%), Quadriceps fatigue index 
(9%). 
Aforementioned improvements were not statistically 
significant between groups 

Deley, 2008 

NMES: Bilateral quadriceps and calf 
muscles, 10 Hz, biphasic 
On/off time: 12/8 s 
Pulse duration: 200 µs 
Amplitude set to highest tolerable to patient 
60 min/d, 5 d/wk., 5 wk. 
Treadmill exercise: Heart rate corresponding 
to ventilatory threshold on baseline exercise 
test 
60 min/d, 5 d/wk., 5 wk. 

No adverse events reported 
Significant increase in the NMES group: Peak VO2 
(12.2%), 6MWTD (13.8%) 
Significant increase in the bicycle group: Peak VO2 
(16.7%), 6MWTD (16.5%)  
Aforementioned improvements were not statistically 
significant between groups 
The greatest improvements were realized by those with 
the lowest baseline exercise capacity in both groups 

Karavidas, 2008 

NMES: Bilateral quadriceps and calf 
muscles, 25 Hz, biphasic 
On/off time: 5/5 s 
Amplitude set to elicit a muscle contraction 
without discomfort or significant movement at 
knee or ankle joints 
30 min/d, 5 d/wk., 6 wk. 
Control: Same NMES protocol but amplitude 
set to a level that did not elicit a muscle 
contraction 
 

No adverse events reported 
Significant increase in the NMES group: 6MWTD (9.3%), 
Quality-of-life score (37.2%) 
No change in the aforementioned variables in the control 
group 
Nonsignificant trend toward a reduction in B-type 
natriuretic peptide only in the NMES group (6%, P 
=0.053) 
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Study Training protocol Major findings 

Banerjee, 2009 

NMES: Bilateral quadriceps, hamstrings, calf 
muscles, and gluteal muscles 
4 Hz, rhythmic contraction 
Maximum current: 300 mA 
Intensity: 90% of heart rate reserve, 
determined individually 
60 min/d, 5 d/wk., 8 wk. 
Washout phase: Return to habitual physical 
activity level 

No adverse events reported but inability to tolerate NMES 
was the drop out cause for 2 patients 
Significant increase in the NMES group: Peak VO2 (10%), 
6MWTD (9.6%), maximal knee extensor isometric 
contraction at 90º (7.1%) 
No significant difference in the aforementioned variables 
between baseline and washout. The greatest 
improvements were achieved by those with the lowest 
baseline exercise capacity and strength. 
No changes in LVEF and diastolic function.  

Deftereos, 2010   

NMES: Bilateral quadriceps and calf 
muscles, 25 Hz 
On/off time: 5/5 s 
30 min/d, 5 d/wk., 6 wk. 
Bicycle: 30 min/d, 5 d/wk., 6 wk., 70 % of 
maximal HR 

No adverse events reported 
Significant increase in the NMES group: 6MWTD (10%), 
Peak VO2 (6%), endothelial function FMD (38%), 
Endothelium-independent vasodilation (1.4%),  
Significant increase in the bicycle group: 6MWTD (13%), 
Peak VO2 (14%), endothelial function (48%), 
endothelium-independent vasodilation (2%). 
Significantly higher FMD value after bicycle training 
compared to NMES 
Significantly higher 6MWTD and Peak VO2 after bicycle 
training compared to NMES 
LVEF did not significantly improve in either group 

Araujo, 2012 

NMES: bilateral quadriceps 
20 Hz,  
Pulse duration: 200 µs 
60 min x 2/d, daily until hospital discharge  
Control: 60 min x 2/d, daily until hospital 
discharge but the electrostimulation device 
was turned off. 
 

No adverse events reported 
Significant improvement in the NMES group: 6MWTD 
(127%), lactate decreased (33%) 
No change in the aforementioned variables in the control 
group 

Dobsak, 2012 

NMES: bilateral quadriceps and calf 
muscles, 10 Hz, biphasic 
On/off time:20/20 s 
Intensity: 60 mA 
60 min x 2/d, 7d/wk., 12 wk. 
ET: 12 wk. total with bicycle: 40 min 2 wk., 
20 min in the last 10 wk. and resistance 
training 20 min last 10 wk. 

No adverse events reported 
Significant beneficial effects in the NMES group: Peak 
VO2 (9.8%), Big-endothelin pmol/L (-25%), CRP mg/L (-
65.3%) 
Significant beneficial effects in the aerobic ET group: 
Peak VO2 (11.2%), Big-endothelin pmol/L (-8.2%), CRP 
mg/L (-60%) 
Aforementioned improvements were not statistically 
significant between groups 
No changes in LDL, HDL and glucose level 
Positive effect after 12 weeks of ET or NMES on arterial 
stiffness and autonomic balance in patients with 
moderate CHF 

Karavidas, 2013 

NMES: Bilateral quadriceps and calf 
muscles, 25 Hz 
On/off time: 5/5 s 
Intensity: visible muscular contraction 
30 min/d, 5 d/ wk., 6 wk. 
Placebo: same regimen, 5 Hz, without visible 
muscular contractions 

No adverse events reported 
Significant beneficial effects in the NMES group: 6MWTD 
(23.8%), FMD (73.6%), improvement in quality of life and 
depression assessed by KCCQ, MLHFQ scores, BDI 
questionnaires and Zung self-rated depression scores. 
Placebo group: no change in FMD,   
A tendency toward a lower mitral E/e’ wave ratio was 
observed in the NMES group 
Significant difference between groups: FMD, 6MWTD, 
quality of life and depression 
BNP nonsignificant change in plasma BNP levels was 
observed between both groups 
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Labrunee, 2013 

NMES: left leg quadriceps and triceps surae 
muscle, 25 Hz 
Duration: 5 min 
On/off time: 3/3 s  
TENS: left leg quadriceps and triceps surae 
muscle 
Current  non polarized, 80 Hz,  
Duration: 5 min 
On/off time: 3/3 s 
cross over, randomized and sham controlled 

No adverse events reported 
Significant beneficial effects in the NMES group: reduce 
MSNA 
Significant beneficial effects in the NMES group: reduce 
MSNA 
No variation of blood pressure, heart rate or respiratory 
parameters was observed after stimulation 

Parissis, 2014 

NMES: Bilateral quadriceps and calf 
muscles, 25 Hz 
On/off time: 5/5 s 
Intensity: visible muscular contraction to pain 
threshold 
30 min/ d, 5 d/ wk., 6 wk. 
Placebo: Bilateral quadriceps and calf 
muscles, 5 Hz (did not lead to palpable 
contractions 
30 min/ d, 5 d/ wk., 6 wk.  

No adverse events reported 
Significant beneficial effects in the NMES group: FMD 
(120%), KCCQ, MLHFQ scores, BDI questionnaires and 
Zung self-rated depression scores. 
Significant difference between groups: FMD, quality of life 
and depression 

Soska, 2014 

NMES: bilateral extensors muscle, 10 Hz, 
On/off time: 20/20 s 
60 min x 2/ d, 7 d/wk., 12 wk. 
AT: Bicycle, 10 min+40 min +10 min, 3x/wk., 
to individual anaerobic threshold, first 2 wk. 
AT 20 min and resistance training 20 min for 
the following 10 wk. 
AT + NMES: identical AT + identical NMES, 
12wk 

No adverse events reported 
Significant beneficial effects in the NMES group: Peak 
VO2 8.3%), Duration of exercise min (9.4%), quality of life 
MLHF score (-16.6%) 
Significant beneficial effects in the AT group: Peak VO2 
(15.2%), Duration of exercise min (19.8%), quality of life 
MLHF score (-27.9%) 
Significant beneficial effects in the AT+NMES group: 
Peak VO2 (15.3%), Duration of exercise (min) (10.7%), 
quality of life MLHF score (-29.1%) 
The results of the three studied rehabilitation training 
protocols did not significantly differ statistically. It can be 
stated that aerobic ET combined with EMS adds no 
statistically significant benefit 

Palau, 2016 

NMES: bilateral quadriceps and 
gastrocnemius muscles, 10-50 Hz 
On/off time: 5/5 s 
Intensity: pain threshold 
45 min/d, 2 d/wk., 12 wk. 
IMT: 20 min x 2/d, 7 d/ wk., 12 wk. 
IMT + NMES: identical IMT + Identical NMES 
Standard treatment: no IMT, NMES 

Ongoing 

Kadoglou, 2017 

NMES: Bilateral quadriceps and 
gastrocnemius muscles, 25 Hz 
On/off: 5/5 s 
Intensity: visible muscular contraction 
30 min/d, 5 d/ wk., 6 wk. 
Placebo: 5 Hz, not leading to a visible or 
palpable contraction 

No adverse events reported 
Significant beneficial effects in the NMES group: 6MWT, 
hospitalization rate. 
Patients after NMES had no difference compared to non-
NMES patients in terms of survival 
The hospitalization rate was significantly lower in the 
NMES group before and after adjustment for major 
prognostic factors 

Forestieri, 2017 
 

NMES: bilateral quadriceps and calf 
muscles,  
40 Hz, On/off: 10/20 s 
Intensity: visible muscular contraction 
60 min x2/day, daily, 2 wk. 
Control: breathing exercises and global 
active exercises of the upper and lower limbs 
in bed 

No adverse events reported 
Stimulation group exhibited a significantly higher increase 
compared to the control group in terms of  6MWT. 
NMES group: significantly higher dose reduction of 
dobutamine 
compared to the control group 
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Iliou, 2017 
 

NMES+ET: 20±5 low frequency NMES for 
quadriceps muscles after aerobic training 
and/or additional physical activities, 10Hz 
biphasic current, 
Pulse duration  200µs, 
On/off: 20/40 s, 
ET: 20±5 physical training sessions, 4–8 
weeks 
Session: 30–60-minute period of aerobic 
exercise 
training on a bicycle or treadmill 

NMES on top of ET does not demonstrate any significant 
additional 
improvement in exercise capacity in moderately 
severe and stable CHF patients. 

HR- heart rate, FMD - flow mediated dilatation, MSNA - Muscle Sympathetic Nerve Activity, ET – exercise therapy 

 

Neuromuscular electrical stimulation and 
oxidative stress in HF patients 

From the previous studies presented in this 
review only the following presented data regarding the 
effects of NMES on inflammation and oxidative stress. 

Dobcek et al. [77] concluded that exercise 
training or NMES significantly decreases the plasmatic 
level of big-endothelin (-18% in average) and CRP (-62% 
in average), showing anti-inflammatory effects. 

Karavidas et al. [70] showed that circulating 
cytokine TNF-α and the IL-10/TNF-a ratio were 
significantly modified after the NMES program in favor of 
the anti-inflammatory action, whereas their control group 
remained unaffected. In this study, there was a significant 
reduction in the circulating cellular adhesion molecules 
(soluble ICAM-1 and soluble VCAM-1) in the NMES group 
indicating an NMES-induced beneficial modulation of 
endothelial–monocyte cellular interactions in chronic heart 
failure. 

Nuhr et al. [67] found that the levels of citrate 
synthase (CS) and glyceraldehydes phosphate 
dehydrogenase (GAPDH), enzymes that indicate the citric 
acid cycle and glycolysis activity, displayed significant 
changes through the NMES program. CS activity 
increased whereas GAPDH activity decreased. In the 
control groups, neither CS nor GAPDH were significantly 

changed using sham stimulation.  During follow-up, the 
groups differed significantly in terms of CS and GAPDH.  

The findings in the study of Vaquero et al. [65] 
are in agreement with previous research which has shown 
that NMES combined with muscle training might induce 
an increase in the oxidative capacity of human muscle (in 
the activity of succinate dehydrogenase) even greater 
than that induced by muscle training alone.  

It appears that, in fact, NMES has beneficial 
effects on inflammation and oxidative stress, both of these 
mechanisms with implications in the pathophysiological 
mechanism of HF progression.  

Conclusion  

To improve the poor prognosis of patients with 
HF we need to develop therapeutic strategies based on a 
novel understanding of the pathophysiology of HF. The 
NMES therapy showed a beneficial effect in a specific 
type of HF population with advanced disease, an area 
where the physician and the patient need the most help. 
The approach of regulating oxidative stress throughout 
NMES therapy may contribute to establishing effective 
treatment strategies for HF. 

 
Conflict of interest:  

The authors declare that there is no conflict of 
interest. 

 
 

References 
 
 

 
 
 
 

1. P. Ponikowski, A. A. Voors, S. D. 
Anker, H. Bueno, J. G. F. Cleland, A. J. 
S. Coats, V. Falk, J. R. González-
Juanatey, V.-P. Harjola, E. A. 
Jankowska, M. Jessup, C. Linde, P. 
Nihoyannopoulos, J. T. Parissis, B. 
Pieske, J. P. Riley, G. M. C. Rosano, L. 
M. Ruilope, F. Ruschitzka, F. H. Rutten, 
P. van der Meer, and Authors/Task Force 
Members, ―2016 ESC Guidelines for the 
diagnosis and treatment of acute and 
chronic heart failure,‖ Eur. Heart J., 2016; 

v 37: 2129–2200. 
2. J. J. Gajarsa R. A. Kloner, ―Left 

ventricular remodeling in the post-
infarction heart: a review of cellular, 
molecular mechanisms, and therapeutic 
modalities,‖ Heart Fail. Rev., 2011;16: 13–
21. 

3. A. P. Maggioni, U. Dahlström, G. 
Filippatos, O. Chioncel, M. C. Leiro, J. 
Drozdz, F. Fruhwald, L. Gullestad, D. 
Logeart, G. Fabbri, R. Urso, M. Metra, J. 
Parissis, H. Persson, P. Ponikowski, M. 

Rauchhaus, A. A. Voors, O. W. Nielsen, 
F. Zannad, L. Tavazzi, ―EUR 
Observational Research Programme: 
regional differences and 1-year follow-up 
results of the Heart Failure Pilot Survey 
(ESC-HF Pilot),‖ Eur. J. Heart Fail., 
2013;15: 808–817. 

4. J. A. Byrne, D. J. Grieve, A. C. Cave, A. 
M. Shah, ―Oxidative stress and heart 
failure.,‖ Arch. Mal. Coeur Vaiss. 2003; 
96: 214–21. 

5. M. B. Reid, ―Invited Review: redox 



Journal of Medicine and Life Vol. 11, Issue 2, April-June 2018 

116 

modulation of skeletal muscle contraction: 
what we know and what we don’t.,‖ J. 
Appl. Physiol. 2001; 90:724–31. 

6. J. Mcmurray, M. Chopra, I. Abdullah, W. 
E. Smith, H. J. Dargie, ―Evidence of 
oxidative stress in chronic heart failure in 
humans,‖ Eur. Heart J. 1993;14:1493–
1498. 

7. F. J. Giordano, ―Oxygen, oxidative stress, 
hypoxia, and heart failure,‖ J. Clin. Invest. 
2005;115:500–508. 

8. Z. Mallat, I. Philip, M. Lebret, D. Chatel, 
J. Maclouf, and A. Tedgui, ―Elevated 
Levels of 8-iso-Prostaglandin F2α in 
Pericardial Fluid of Patients With Heart 
Failure  : A Potential Role for In Vivo 
Oxidant Stress in Ventricular Dilatation 
and Progression to Heart Failure ,‖ Circ. , 
1998;97:1536–1539. 

9. C. Heymes, J. K. Bendall, P. Ratajczak, 
A. C. Cave, J.-L. Samuel, G. Hasenfuss, 
A. M. Shah, ―Increased myocardial 
NADPH oxidase activity in human heart 
failure.,‖ J. Am. Coll. 
Cardiol.2003;41:2164–71. 

10. F. G. Spinale, ―Matrix metalloproteinases: 
regulation and dysregulation in the failing 
heart.,‖ Circ. Res.2002;90:520–30. 

11. E. Takimoto D. A. Kass, ―Role of 
Oxidative Stress in Cardiac Hypertrophy 
and Remodeling,‖ Hypertension. 2007;49: 
241–248. 

12. K. Kameda, T. Matsunaga, N. Abe, H. 
Hanada, H. Ishizaka, H. Ono, M. Saitoh, 
K. Fukui, I. Fukuda, T. Osanai, K. 
Okumura, ―Correlation of oxidative stress 
with activity of matrix metalloproteinase in 
patients with coronary artery disease 
Possible role for left ventricular 
remodelling,‖ Eur. Heart J. 2003;24:2180–
2185. 

13. J. R. Kingery, T. Hamid, R. K. Lewis, M. 
A. Ismahil, S. S. Bansal, G. Rokosh, T. 
M. Townes, S. T. Ildstad, S. P. Jones, S. 
D. Prabhu, ―Leukocyte iNOS is required 
for inflammation and pathological 
remodeling in ischemic heart failure,‖ 
Basic Res. Cardiol. 2017;112:19. 

14. E. Lonn, J. Bosch, S. Yusuf, P. 
Sheridan, J. Pogue, J. M. O. Arnold, C. 
Ross, A. Arnold, P. Sleight, J. 
Probstfield, G. R. Dagenais, and HOPE 
and HOPE-TOO Trial Investigators, 
―Effects of Long-term Vitamin E 
Supplementation on Cardiovascular 
Events and Cancer,‖ JAMA. 
2005;293:1338. 

15. D. G. Harrison, ―Cellular and molecular 
mechanisms of endothelial cell 
dysfunction.,‖ J. Clin. Invest. 
1997;100:2153–7. 

16. G. Zalba, G. San José, M. U. Moreno, M. 
A. Fortuño, A. Fortuño, F. J. Beaumont, 
J. Díez, ―Oxidative stress in arterial 
hypertension: role of NAD(P)H oxidase.,‖ 
Hypertens. 2001;38:1395–9. 

17. P. S. Bhella, A. Prasad, K. Heinicke, J. 
L. Hastings, A. Arbab-Zadeh, B. 
Adams-Huet, E. L. Pacini, S. Shibata, 
M. D. Palmer, B. R. Newcomer, B. D. 

Levine, ―Abnormal haemodynamic 
response to exercise in heart failure with 
preserved ejection fraction,‖ Eur. J. Heart 
Fail. 2011;13:1296–1304. 

18. G. Loncar, J. Springer, M. Anker, W. 
Doehner, M. Lainscak, ―Cardiac 
cachexia: hic et nunc,‖ Int. J. Cardiol. 
2015;201:e1–e12. 

19. L. M. T. Neves, L. P. Cahalin, V. Z. M. 
Silva, M. L. Silva, R. Arena, N. I. 
Spielholz, G. C. Junior, ―Effect of chronic 
neuromuscular electrical stimulation on 
primary cardiopulmonary exercise test 
variables in heart failure patients: A 
systematic review and meta-analysis,‖ IJC 
Metab. Endocr. 2014;5:28–35. 

20. M. F. Piepoli, V. Conraads, U. Corrà, K. 
Dickstein, D. P. Francis, T. Jaarsma, J. 
McMurray, B. Pieske, E. Piotrowicz, J.-
P. Schmid, S. D. Anker, A. C. Solal, G. 
S. Filippatos, A. W. Hoes, S. Gielen, P. 
Giannuzzi, P. P. Ponikowski, ―Exercise 
training in heart failure: from theory to 
practice. A consensus document of the 
Heart Failure Association and the 
European Association for Cardiovascular 
Prevention and Rehabilitation,‖ Eur. J. 
Heart Fail. 2011;13:347–357. 

21. M. F. Piepoli, C. Davos, D. P. Francis, 
A. J. S. Coats, and ExTraMATCH 
Collaborative, ―Exercise training meta-
analysis of trials in patients with chronic 
heart failure (ExTraMATCH),‖ BMJ. 
2004;328:189–0. 

22. C. M. O’Connor, D. J. Whellan, K. L. 
Lee, S. J. Keteyian, L. S. Cooper, S. J. 
Ellis, E. S. Leifer, W. E. Kraus, D. W. 
Kitzman, J. A. Blumenthal, D. S. 
Rendall, N. H. Miller, J. L. Fleg, K. A. 
Schulman, R. S. McKelvie, F. Zannad, I. 
L. Piña, and  for the HF-ACTION 
Investigators, ―Efficacy and Safety of 
Exercise Training in Patients With Chronic 
Heart Failure,‖ JAMA. 2009;301:1439. 

23. D. Lee, X. Sui, E. G. Artero, I.-M. Lee, T. 
S. Church, P. A. McAuley, F. C. 
Stanford, H. W. Kohl, S. N. Blair, S. N. 
Blair, ―Long-term effects of changes in 
cardiorespiratory fitness and body mass 
index on all-cause and cardiovascular 
disease mortality in men: the Aerobics 
Center Longitudinal Study.,‖ Circulation. 
2011;124:2483–90. 

24. R. S. Taylor, A. Brown, S. Ebrahim, J. 
Jolliffe, H. Noorani, K. Rees, B. 
Skidmore, J. A. Stone, D. R. Thompson, 
N. Oldridge, ―Exercise-based 
rehabilitation for patients with coronary 
heart disease: systematic review and 
meta-analysis of randomized controlled 
trials,‖ Am. J. Med. 2004;116:682–692. 

25. E. Ekblom-Bak, B. Ekblom, M. 
Vikström, U. de Faire, M.-L. Hellénius, 
―The importance of non-exercise physical 
activity for cardiovascular health and 
longevity,‖ Br. J. Sports Med. 
2014;48:233–238. 

26. G. Wendel-Vos, A. Schuit, E. Feskens, 
H. Boshuizen, W. Verschuren, W. Saris, 
D. Kromhout, ―Physical activity and 

stroke. A meta-analysis of observational 
data,‖ Int. J. Epidemiol. 2004;33:787–798. 

27. J. D. Berry, A. Pandey, A. Gao, D. 
Leonard, R. Farzaneh-Far, C. Ayers, L. 
DeFina, B. Willis, ―Physical Fitness and 
Risk for Heart Failure and Coronary Artery 
Disease,‖ Circ. Hear. Fail. 2013;6:627–
634. 

28. A. Pandey, M. Patel, A. Gao, B. L. 
Willis, S. R. Das, D. Leonard, M. H. 
Drazner, J. A. de Lemos, L. DeFina, J. 
D. Berry, ―Changes in mid-life fitness 
predicts heart failure risk at a later age 
independent of interval development of 
cardiac and noncardiac risk factors: The 
Cooper Center Longitudinal Study,‖ Am. 
Heart J. 2015;169:290–297. 

29. P. Thompson, ―Exercise and Physical 
Activity in the Prevention and Treatment 
of Atherosclerotic Cardiovascular 
Disease: A Statement From the Council 
on Clinical Cardiology,‖ Arterioscler. 
Thromb. Vasc. Biol. 2003;23:42e–49. 

30. P. Bartlo, ―Evidence-Based Application of 
Aerobic and Resistance Training in 
Patients With Congestive Heart Failure,‖ 
J. Cardiopulm. Rehabil. 
Prev.2007;27:368–375. 

31. I. L. Piña, C. S. Apstein, G. J. Balady, R. 
Belardinelli, B. R. Chaitman, B. D. 
Duscha, B. J. Fletcher, J. L. Fleg, J. N. 
Myers, M. J. Sullivan, and American 
Heart Association Committee on exercise, 
rehabilitation, and prevention, ―Exercise 
and heart failure: A statement from the 
American Heart Association Committee 
on exercise, rehabilitation, and 
prevention.,‖ Circulation. 2003;107:1210–
25. 

32. E. Crimi, L. J. Ignarro, F. Cacciatore, C. 
Napoli, ―Mechanisms by which exercise 
training benefits patients with heart 
failure,‖ Nat. Rev. Cardiol. 2009;6:292–
300. 

33. R. Hambrecht, E. Fiehn, C. Weigl, S. 
Gielen, C. Hamann, R. Kaiser, J. Yu, V. 
Adams, J. Niebauer, G. Schuler, 
―Regular Physical Exercise Corrects 
Endothelial Dysfunction and Improves 
Exercise Capacity in Patients With 
Chronic Heart Failure,‖ Circulation. 
1998;98:2709–2715. 

34. S. Adamopoulos, J. Parissis, D. 
Karatzas, C. Kroupis, M. Georgiadis, G. 
Karavolias, J. Paraskevaidis, K. 
Koniavitou, A. J. S. Coats, D. T. 
Kremastinos, ―Physical training 
modulates proinflammatory cytokines and 
the soluble Fas/soluble Fas ligand system 
in patients with chronic heart failure.,‖ J. 
Am. Coll. Cardiol.2002;39:653–63. 

35. A. Linke, V. Adams, P. C. Schulze, S. 
Erbs, S. Gielen, E. Fiehn, S. Möbius-
Winkler, A. Schubert, G. Schuler, R. 
Hambrecht, ―Antioxidative Effects of 
Exercise Training in Patients With Chronic 
Heart Failure: Increase in Radical 
Scavenger Enzyme Activity in Skeletal 
Muscle,‖ Circulation. 2005;111:1763–
1770. 



Journal of Medicine and Life Vol. 11, Issue 2, April-June 2018 

117 

36. R.-H. Tu, Z.-Y. Zeng, G.-Q. Zhong, W.-F. 
Wu, Y.-J. Lu, Z.-D. Bo, Y. He, W.-Q. 
Huang, L.-M. Yao, ―Effects of exercise 
training on depression in patients with 
heart failure: a systematic review and 
meta-analysis of randomized controlled 
trials,‖ Eur. J. Heart Fail. 2014;16:749–
757. 

37. T. Fukuda, M. Kurano, K. Fukumura, T. 
Yasuda, H. Iida, T. Morita, Y. 
Yamamoto, N. Takano, I. Komuro, T. 
Nakajima, ―Cardiac rehabilitation 
increases exercise capacity with a 
reduction of oxidative stress,‖ Korean 
Circ. J. 2013;43:481–487. 

38. S. Gielen, V. Adams, S. Möbius-
Winkler, A. Linke, S. Erbs, J. Yu, W. 
Kempf, A. Schubert, G. Schuler, R. 
Hambrecht, ―Anti-inflammatory effects of 
exercise training in the skeletal muscle of 
patients with chronic heart failure.,‖ J. Am. 
Coll. Cardiol. 2003;42:861–8. 

39. V. M. Conraads, P. Beckers, J. 
Bosmans, L. S. De Clerck, W. J. 
Stevens, C. J. Vrints, D. L. Brutsaert, 
―Combined endurance/resistance training 
reduces plasma TNF-alpha receptor 
levels in patients with chronic heart failure 
and coronary artery disease.,‖ Eur. Heart 
J. 2002:23:1854–60. 

40. L. R. de Meirelles, C. Matsuura, A. de C. 
Resende, Â. A. Salgado, N. R. Pereira, 
P. G. Coscarelli, A. C. Mendes-Ribeiro, 
T. M. Brunini, ―Chronic exercise leads to 
antiaggregant, antioxidant and anti-
inflammatory effects in heart failure 
patients,‖ Eur. J. Prev. Cardiol. 
2014;21:1225–1232. 

41. K. M. Beavers, T. E. Brinkley, B. J. 
Nicklas, ―Effect of exercise training on 
chronic inflammation,‖ Clin. Chim. Acta. 
2010;411:785–793. 

42. R. Rauramaa, P. Halonen, S. B. 
Va¨isa¨nen, T. A. Lakka, A. Schmidt-
Trucksa, A. Ber, I. M. Penttila, T. 
Rankinen, C. Bouchard, ―Effects of 
Aerobic Physical Exercise on In ammation 
and Atherosclerosis in Men: The 
DNASCO Study,‖ Ann. Intern. Med. 
2004;140:1007–1014. 

43. B. K. McFarlin, M. G. Flynn, W. W. 
Campbell, L. K. Stewart, K. L. 
Timmerman, ―TLR4 is lower in 
resistance-trained older women and 
related to inflammatory cytokines,‖ Med. 
Sci. Sports Exerc. 2004;36:1876–1883. 

44. M. M. Fernandes-Silva, G. V Guimaraes, 
V. O. Rigaud, M. L. Alves, R. E. Castro, 
L. G. de Barros Cruz, E. A. Bocchi, F. 
Bacal, ―Inflammatory biomarkers and 
effect of exercise on functional capacity in 
patients with heart failure – insights from a 
Page Proof Instructions and Queries,‖ 
Eur. J. Prev. Cardiol. 2017;0:12. 

45. G. A. Kelley, K. S. Kelley, ―Effects of 
aerobic exercise on C-reactive protein, 
body composition, and maximum oxygen 
consumption in adults: a meta-analysis of 
randomized controlled trials,‖ Metabolism. 
2006;55:1500–1507. 

46. L. C. Rall, R. Roubenoff, J. G. Cannon, 
L. W. Abad, C. A. Dinarello, S. N. 
Meydani, ―Effects of progressive 
resistance training on immune response in 
aging and chronic inflammation.,‖ Med. 
Sci. Sports Exerc. 1996;28:1356–65. 

47. I. Levinger, C. Goodman, J. Peake, A. 
Garnham, D. L. Hare, G. Jerums, S. 
Selig, ―Inflammation, hepatic enzymes 
and resistance training in individuals with 
metabolic risk factors,‖ Diabet. Med. 
2009;26:220–227. 

48. M. Brochu, M. F. Malita, V. Messier, É. 
Doucet, I. Strychar, J.-M. Lavoie, D. 
Prud’homme,  R. Rabasa-Lhoret, 
―Resistance Training Does Not Contribute 
to Improving the Metabolic Profile after a 
6-Month Weight Loss Program in 
Overweight and Obese Postmenopausal 
Women,‖ J. Clin. Endocrinol. Metab. 
2009;94:3226–3233. 

49. N. Brooks, ―Strength training improves 
muscle quality and insulin sensitivity in 
Hispanic older adults with type 2 
diabetes,‖ Int. J. Med. Sci. 2007; 19. 

50. J. W. Starnes, R. P. Taylor, Y. Park, 
―Exercise improves postischemic function 
in aging hearts,‖ Am. J. Physiol. - Hear. 
Circ. Physiol. 2003;285:H347–H351. 

51. Z. Radák, H. Y. Chung, H. Naito, R. 
Takahashi, K. J. Jung, H.-J. Kim, S. 
Goto, ―Age-associated increase in 
oxidative stress and nuclear factor 
kappaB activation are attenuated in rat 
liver by regular exercise.,‖ FASEB J. 
2004;18:749–50. 

52. F. Franzoni, L. Ghiadoni, F. Galetta, Y. 
Plantinga, V. Lubrano, Y. Huang, G. 
Salvetti, F. Regoli, S. Taddei, G. 
Santoro, A. Salvetti, ―Physical activity, 
plasma antioxidant capacity, and 
endothelium-dependent vasodilation in 
young and older men,‖ Am. J. Hypertens. 
2005;18:510–516. 

53. Q. Gu, B. Wang, X.-F. Zhang, Y.-P. Ma, 
J.-D. Liu, X.-Z. Wang, ―Chronic aerobic 
exercise training attenuates aortic 
stiffening and endothelial dysfunction 
through preserving aortic mitochondrial 
function in aged rats,‖ Exp. Gerontol. 
2014;56:37–44. 

54. J. Hammeren, S. Powers, J. Lawler, D. 
Criswell, D. Martin, D. Lowenthal, M. 
Pollock, ―Exercise training-induced 
alterations in skeletal muscle oxidative 
and antioxidant enzyme activity in 
senescent rats.,‖ Int. J. Sports Med. 
1992;13:412–6. 

55. Z. Radák, H. Naito, T. Kaneko, S. 
Tahara, H. Nakamoto, R. Takahashi, F. 
Cardozo-Pelaez, S. Goto, ―Exercise 
training decreases DNA damage and 
increases DNA repair and resistance 
against oxidative stress of proteins in 
aged rat skeletal muscle,‖ Pflgers Arch. 
Eur. J. Physiol. 2002; 445:273–278. 

56. M. R. Beltran Valls, I. Dimauro, A. 
Brunelli, E. Tranchita, E. Ciminelli, P. 
Caserotti, G. Duranti, S. Sabatini, P. 
Parisi, A. Parisi, D. Caporossi, 

―Explosive type of moderate-resistance 
training induces functional, 
cardiovascular, and molecular adaptations 
in the elderly,‖ Age. 2014;36:759–772. 

57. H. K. Vincent, C. Bourguignon, K. R. 
Vincent, ―Resistance Training Lowers 
Exercise-Induced Oxidative Stress and 
Homocysteine Levels in Overweight and 
Obese Older Adults*,‖ Obesity. 
2006;14:1921–1930. 

58. M. Gomes Neto, F. A. Oliveira, H. F. C. 
dos Reis, E. de Sousa Rodrigues, H. S. 
Bittencourt, V. O. Carvalho, ―Effects of 
Neuromuscular Electrical Stimulation on 
Physiologic and Functional Measurements 
in Patients With Heart Failure,‖ J. 
Cardiopulm. Rehabil. Prev. 2016;36:157–
166. 

59. G. Sbruzzi, R. A. Ribeiro, B. D. Schaan, 
L. U. Signori, A. M. V Silva, M. C. 
Irigoyen, R. D. M. Plentz, ―Functional 
electrical stimulation in the treatment of 
patients with chronic heart failure: a meta-
analysis of randomized controlled trials.,‖ 
Eur. J. Cardiovasc. Prev. Rehabil. 
2010;17: 254–60. 

60. N. A. Smart, G. Dieberg, F. Giallauria, 
―Functional electrical stimulation for 
chronic heart failure: A meta-analysis,‖ Int. 
J. Cardiol. 2013;167:80–86. 

61. R. Tyni-Lenné, K. Dencker, A. Gordon, 
E. Jansson, C. Sylvén, ―Comprehensive 
local muscle training increases aerobic 
working capacity and quality of life and 
decreases neurohormonal activation in 
patients with chronic heart failure.,‖ Eur. J. 
Heart Fail. 2001;3:47–52. 

62. A. Owen, L. Croucher, ―Effect of an 
exercise programme for elderly patients 
with heart failure.,‖ Eur. J. Heart Fail. 
2000;2:65–70. 

63. J. Parissis, A. Karavidas, D. Farmakis, 
N. Papoutsidakis, V. Matzaraki, S. 
Arapi, N. Potamitis, M. Nikolaou, I. 
Paraskevaidis, I. Ikonomidis, V. 
Pyrgakis, D. Kremastinos, J. Lekakis, 
G. Filippatos, ―Efficacy and safety of 
functional electrical stimulation of lower 
limb muscles in elderly patients with 
chronic heart failure: A pilot study,‖ Eur. J. 
Prev. Cardiol. 2015;22:831–836. 

64. J. F. Maillefert, J. C. Eicher, P. Walker, 
V. Dulieu, I. Rouhier-Marcer, F. Branly, 
M. Cohen, F. Brunotte, J. E. Wolf, J. M. 
Casillas, J. P. Didier, ―Effects of low-
frequency electrical stimulation of 
quadriceps and calf muscles in patients 
with chronic heart failure.,‖ J. Cardiopulm. 
Rehabil. 1998;18:277–82. 

65. A. Vaquero, J. Chicharro, L. Gil, M. 
Ruiz, V. Sánchez, A. Lucía, S. Urrea, M. 
Gómez, ―Effects of Muscle Electrical 
Stimulation on Peak VO 2 in Cardiac 
Transplant Patients,‖ Int. J. Sports Med. 
1998;19:317–322. 

66. S. Harris, J. P. LeMaitre, G. Mackenzie, 
K. A. A. Fox,  M. A. Denvir, ―A 
randomised study of home-based 
electrical stimulation of the legs and 
conventional bicycle exercise training for 



Journal of Medicine and Life Vol. 11, Issue 2, April-June 2018 

118 

patients with chronic heart failure,‖ Eur. 
Heart J. 2003;24:871–878. 

67. M. J. Nuhr, D. Pette, R. Berger, M. 
Quittan, R. Crevenna, M. Huelsman, G. 
F. Wiesinger, P. Moser, V. Fialka-
Moser, R. Pacher, ―Beneficial effects of 
chronic low-frequency stimulation of thigh 
muscles in patients with advanced chronic 
heart failure,‖ Eur. Heart J. 2004;25:136–
143. 

68. J. Eicher, O. Berteau, ―Rehabilitation in 
chronic congestive heart failure: 
comparison of bicycle training and muscle 
electrical stimulation,‖ Scr. Medica. 
2004;77:261–270. 

69. G. Deley, G. Kervio, B. Vergès, A. 
Hannequin, M. Petitdant, B. Grassi, J. 
Casillas, ―Comparison of low-frequency 
electrical stimulation and conventional 
exercise training in patients with chronic 
heart failure,‖ Eur J Cardiovasc Prev 
Rehabil. 2005;12:226–33. 

70. A. I. Karavidas, K. G. Raisakis, J. T. 
Parissis, D. K. Tsekoura, S. 
Adamopoulos, D. a Korres, D. 
Farmakis, A. Zacharoulis, I. Fotiadis, E. 
Matsakas, A. Zacharoulis, ―Functional 
electrical stimulation improves endothelial 
function and reduces peripheral immune 
responses in patients with chronic heart 
failure.,‖ Eur. J. Cardiovasc. Prev. 
Rehabil. 2206;13:592–597. 

71. J. P. LeMaitre, S. Harris, J. Hannan, K. 
A. A. Fox, M. A. Denvir, ―Maximum 
oxygen uptake corrected for skeletal 
muscle mass accurately predicts 
functional improvements following 
exercise training in chronic heart failure,‖ 
Eur. J. Heart Fail. 2006;8:243–248. 

72. G. Deley, J. C. Eicher, B. Verges, J. E. 
Wolf, J. M. Casillas, ―Do low-frequency 
electrical myostimulation and aerobic 
training similarly improve performance in 
chronic heart failure patients with different 
exercise capacities?,‖ J. Rehabil. Med. 
2008;40:219–224. 

73. A. Karavidas, J. Parissis, S. Arapi, D. 
Farmakis, D. Korres, M. Nikolaou, J. 
Fotiadis, N. Potamitis, X. Driva, I. 
Paraskevaidis, E. Matsakas, G. 
Filippatos, D. T. Kremastinos, ―Effects 
of functional electrical stimulation on 
quality of life and emotional stress in 
patients with chronic heart failure 

secondary to ischaemic or idiopathic 
dilated cardiomyopathy: A randomised, 
placebo-controlled trial,‖ Eur. J. Heart Fail. 
2008;10:709–713. 

74. P. Banerjee, B. Caulfield, L. Crowe, A. 
L. Clark, ―Prolonged Electrical Muscle 
Stimulation Exercise Improves Strength, 
Peak VO2, and Exercise Capacity in 
Patients With Stable Chronic Heart 
Failure,‖ J. Card. Fail. 2009;15:319–326. 

75. S. Deftereos, G. Giannopoulos, K. 
Raisakis, C. Kossyvakis, A. Kaoukis, M. 
Driva, L. Pappas, V. Panagopoulou, O. 
Ntzouvara, A. Karavidas, V. Pyrgakis, I. 
Rentoukas, C. Aggeli, C. Stefanadis, 
―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;106:1621–1625. 

76. C. J. S. de Araújo, F. S. Gonçalves, H. 
S. Bittencourt, N. G. dos Santos, S. V. 
M. Junior, J. L. B. Neves, A. M. S. 
Fernandes, R. A. Junior, F. dos Reis, A. 
C. Guimarães, E. Junior, V. O. 
Carvalho, ―Effects of neuromuscular 
electrostimulation in patients with heart 
failure admitted to ward,‖ J. Cardiothorac. 
Surg. 2012;7:124. 

77. P. Dobšák, J. Tomandl, L. Spinarova, J. 
Vitovec, L. Dusek, M. Novakova, J. 
Jarkovsky, J. Krejci, P. Hude, T. Honek, 
J. Siegelova, P. Homolka, ―Effects of 
Neuromuscular Electrical Stimulation and 
Aerobic Exercise Training on Arterial 
Stiffness and Autonomic Functions in 
Patients With Chronic Heart Failure,‖ Artif. 
Organs. 2012; 36:920–930. 

78. A. Karavidas, M. Driva, J. T. Parissis, D. 
Farmakis, V. Mantzaraki, C. Varounis, I. 
Paraskevaidis, I. Ikonomidis, V. 
Pirgakis, M. Anastasiou-Nana,  G. 
Filippatos, ―Functional electrical 
stimulation of peripheral muscles 
improves endothelial function and clinical 
and emotional status in heart failure 
patients with preserved left ventricular 
ejection fraction,‖ Am. Heart J. 
2013;166:760–767. 

79. M. Labrunée, F. Despas, P. Marque, T. 
Guiraud, M. Galinier, J. M. Senard, A. 
Pathak, ―Acute electromyostimulation 
decreases muscle sympathetic nerve 

activity in patients with advanced chronic 
heart failure (EMSICA study),‖ PLoS One. 
2013;8:1–8. 

80. V. Soska, P. Dobsak, M. Pohanka, L. 
Spinarova, J. Vitovec, J. Krejci, P. 
Hude, P. Homolka, M. Novakova, J.-C. 
Eicher, J.-E. Wolf, L. Dusek, J. 
Siegelova, ―Exercise training combined 
with electromyostimulation in the 
rehabilitation of patients with chronic heart 
failure: A randomized trial.,‖ Biomed. Pap. 
Med. Fac. Univ. Palacky. Olomouc. 
Czech. Repub. 2014;158:98–106. 

81. Palau P, Domínguez E, López L, 
Heredia R, González J, Ramón JM, 
Serra P, Santas E, Bodí V, Sanchis J, 
Chorro FJ, Núñez J ―Inspiratory Muscle 
Training and Functional Electrical 
Stimulation for Treatment of Heart Failure 
With Preserved Ejection Fraction: 
Rationale and Study Design of a 
Prospective Randomized Controlled Trial,‖ 
Clin. Cardiol. 2016;39:433–439. 

82. N. P. Kadoglou, C. Mandila, A. 
Karavidas, D. Farmakis, V. Matzaraki, 
C. Varounis, S. Arapi, A. Perpinia, J. 
Parissis, ―Effect of functional electrical 
stimulation on cardiovascular outcomes in 
patients with chronic heart failure,‖ Eur. J. 
Prev. Cardiol. 2017;24;833-839. 

83. P. Forestieri, D. W. Bolzan, V. B. 
Santos, R. S. L. Moreira, D. R. de 
Almeida, R. Trimer, F. de Souza Brito, 
A. Borghi-Silva, A. C. de Camargo 
Carvalho, R. Arena, W. J. Gomes, S. 
Guizilini, ―Neuromuscular electrical 
stimulation improves exercise tolerance in 
patients with advanced heart failure on 
continuous intravenous inotropic support 
use—randomized controlled trial,‖ Clin. 
Rehabil. 2017;32:66-74. 

84. M. C. Iliou, B. Vergès-Patois, B. Pavy, 
A. Charles-Nelson, C. Monpère, R. 
Richard, J. C. Verdier, and on behalf for 
the CREMS-HF (Cardiac REhabilitation 
and electrical MyoStimulation-Heart 
Failure) study group, ―Effects of combined 
exercise training and 
electromyostimulation treatments in 
chronic heart failure: A prospective 
multicentre study,‖ Eur. J. Prev. Cardiol. 
2017; 24:1274–1282

 


