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SAMENVATTING 

 
 
Doelstelling 

De thesis bestaat uit twee delen. In het eerste deel worden de resultaten 

gepresenteerd van de studies die zich richten op enzymactiviteit, recrutering van de 

motor units en veranderingen in spiervezelsamenstelling in de beenspieren van de 

mens volgend op neuromusculaire elektrostimulatie (NMES). Ten tweede wordt de 

metabole respons en symptoomperceptie vergeleken tussen NMES met een lage 

frequentie en NMES met een hoge frequentie van de quadriceps femoris 

musculatuur bij patiënten met COPD.  

 

Methode 

Een systematische literatuurstudie was uitgevoerd om geschikte studies te  

identificeren, de methodologische kwaliteit van deze studies werd gescoord en de 

literatuur werd geanalyzeerd door middel van een best-evidence synthese.  

In een prospectieve studie werd de metabole respons (uitgedrukt in piek 

zuurstofopname en piek ventilatie per minuut) en symptoomperceptie (uitgedrukt in 

Borg scores voor kortademigheid en vermoeidheid in de benen) onderzocht 

gedurende een sessie NMES met een lage frequentie en een sessie NMES met een 

hoge frequentie.  

 

Resultaten 

De meeste studies, geïncludeerd in de systematische literatuurstudie, rapporteren 

veranderingen in enzymactiviteit en er zijn duidelijke veranderingen in 

spiervezelsamenstelling volgend op NMES. De resultaten betreffende de volgorde 

van recrutering van motor units zijn tegenstrijdig.  

In de prospectieve studie was de mediaan piek zuurstofopname gedurende NMES 

sessie met een lage frequentie significant hoger vergeleken met de NMES sessie 

met een hoge frequentie. De mediaan ventilatie per minuut en de Borg scores voor 

kortademigheid en vermoeidheid in de benen verschilden niet significant met elkaar 

gedurende beide NMES sessies.   

 

 



 5 

Conclusie 

Vanuit het gezichtspunt van de systematische literatuurstudie lijkt NMES een 

geschikte trainingsmodaliteit vanwege de veranderingen in enzymactiviteit en de 

invloed op de spiervezelverandering. De metabole respons en de symptomen van 

kortademigheid en vermoeidheid in de benen waren zowel laag bij NMES met een 

lage frequentie als NMES met een hoge frequentie bij patiënten met COPD.   
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SUMMARY 

 
 
Purpose 

The thesis exists of two parts. In the first part the results of trials focused on enzyme 

activity, motor unit recruitment and changes in fiber type distribution in human lower 

limb muscle following neuromuscular electrical stimulation (NMES). Secondly, the 

metabolic response and symptom perception are compared of low-frequency NMES 

and high-frequency NMES of the quadriceps femoris muscles in patients with COPD. 

 

Methods 

A systematic review was performed to identify relevant trials, the methodological 

quality of these trials was scored and the literature was analyzed qualitatively using a 

best-evidence synthesis.   

In a prospective study the metabolic response (expressed in peak oxygen uptake 

and peak minute ventilation) and symptom perception (expressed in Borg symptom 

scores for dyspnoea and leg fatigue) were assessed during a low-frequency NMES 

session and a high-frequency NMES session. 

 
Results 

Most of the trials, included in the systematic review, report changes in enzyme 

activity and there are obvious changes in skeletal muscle shift following NMES. The 

results concerning the rank order of motor unit recruitment during NMES are 

conflicting.  

In the prospective study, the median peak oxygen uptake during the low-frequency 

NMES session was significantly higher compared to the high-frequency NMES 

session. The median minute ventilation and symptom Borg scores for dyspnoea and 

leg fatigue did not significantly differ between both NMES sessions. 
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Conclusion 

From the viewpoint of this systematic review NMES looks promising as a useful 

training modality because of its changes in enzyme activity and its influence on 

muscle fiber shift. Also, the metabolic response and symptoms of dyspnoea and leg 

fatigue were low during as well low-frequency and high-frequency NMES sessions 

among patients with COPD.  
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Abstract 

 

Introduction 

Transcutaneous neuromuscular electrical stimulation (NMES) is a physiotherapeutic 

intervention which involves the application of an electric current through electrodes 

placed on the skin over the targeted muscles, to improve skeletal muscle function, 

exercise capacity and health status. The purpose of this systematic review is to 

determine the effects of NMES on enzyme activity, motor unit recruitment and 

changes in fiber type distribution in human skeletal muscle and assess the 

methodological quality of the included studies. 

Methods 

A computerized literature search was performed to identify relevant trials in five 

databases (Medline/PubMed, EMBASE, Cochrane Controlled Trials Register, 

CINAHL and The Physical Therapy Evidence Database. Inclusion criteria were 

(randomized or controlled) clinical trials, NMES of the lower extremities which have to 

be normally innervated and analysing at least one outcome parameter. The 

methodological quality of the studies were evaluated using the PEDro scale. 

Results 

Nineteen trials were identified. Thirteen of these trials studied changes in enzyme 

activity, five of these trials motor unit recruitment and six of these trials studied 

changes in muscle fiber shift following NMES. PEDro scores for methodological 

quality of the trials were high in 5 of the 19 trials. Most of the studies report changes 

in enzyme activity and there are obvious changes in skeletal muscle shift following 

NMES. The results concerning the rank order of motor unit recruitment during NMES 

are conflicting.  

Conclusions 

From the viewpoint of this systematic review NMES looks promising as a useful 

training modality because of its changes in enzyme activity and its influence on 

muscle fiber shift. It is recommended that future trials should be high-quality 

randomized controlled trials which should focus on larger study populations, both 

genders, a broad range in age and not only in healthy persons but also in clinical 

populations.   

Keywords: enzymes, fiber type distribution, motor unit recruitment, neuromuscular 

electrical stimulation 
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Introduction 

Well-rounded exercise training programs exist of aerobic exercise training and 

resistance training for maintaining endurance and muscular strength (1). Aerobic 

exercise training result in an increase of skeletal muscle oxidative activity and a 

marginal increase in percentage Type I fibers (2-4), whereas resistance training 

result in an increase in glycolytic enzyme activity and an increase of Type II fibers 

(5;6). The pattern of activation of these fiber types depends on the form of exercise. 

Type I fibers tend to be recruited predominantly for low-intensity exercise, whereas 

type II fibers are recruited at high-intensity exercise, especially at or above 70 to 80% 

of the maximal aerobic power (VO2peak) (7). Type I, slow-twitch, fibers take a relatively 

long time (80 msec.) to develop peak tension following their activation, compared to 

Type II, fast-twitch fibers (30 msec.) (8). Between the two fiber types are biochemical 

differences, based on their capacity for oxidative and glycolytic activities. Type I 

fibers tend to have significantly higher levels of oxidative enzymes than Type II fibers 

which have a high glycolytic enzyme activity (9-11). Type II fibers are further 

classified into type IIa, IIb and IIx because of differences in the pH lability of staining 

for myofibrillair ATPase (12;13). Fiber types can also be classified based on 

differences in immunoreactivity for antibodies specific to different myosin heavy chain 

(MHC) isoforms (14-16) (table 1). During voluntary muscle contraction, motor units 

are recruited in an orderly fashion from small to large, according to the size principle 

of motor unit recruitment (17). A motor unit is the basic functional element of neural 

control of muscles, comprising a motoneuron and the muscle fibers it innervates (18). 

Within a muscle, motor units can vary considerably in their mechanical, histochemical 

and biomechanical properties (19-22) and this variety is the basis for a range of 

motor control via the selective recruitment of different motor unit types. Motor units 

are classified as slow-twitch, fatigue resistant (S), fast-twitch, fatigue resistant (FR), 

fast-twitch, fatigue intermediate (FInt) and fast-twitch, fatigable (FF) (23-26). There is 

general agreement that the classification of S, FR, FInt and FF motor unit types 

corresponds with the histochemical classification of Type I, IIa, IIx and IIB fibers and 

the expression of MHCSlow, MHC2A, MHC2X and MHC2B isoforms in muscle fibers (27) 

(table 1). Motor unit recruitment is activated by a synaptic current passing into the 

motoneurons, with the result that smaller motoneurons, which have a higher input 

impedance, are recruited more easily and earlier than greater motoneurons (17). The 

number and type of motor units which are recruited determine the force a muscle 
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generates (24). FInt and FF motor units generally produce greater forces than S or 

FR motor units (28;29). 

  

 

Table 1. Muscle fiber type composition of motor units  

 

                                                  Motor Unit Type Fiber type 
Classification 
Scheme Slow-twitch, 

fatigue-
resistant 

Fast-twitch, 
fatigue 
resistant  

Fast-twitch, 
fatigue 
intermediate  

fast-twitch, 
fatigable  

Metabolic 
enzyme staining 

Slow, 
oxidative, 
utilizing 
glycogen and 
fat for energy 

Fast, 
oxidative 
glycolytic 

? Fast, 
glycolytic 

pH Lability of 
myofibrillair 
ATPase staining 

I IIa IIx IIb 

MHC 
immunoreactivity 

MHCSlow MHC2A MHC2X MHC2B 

Abbreviations: pH= measure of the acidity or basicity of a solution; ATPase= enzym 

that catalyzes the decomposition of adenosine triphosphate; MHC=myosin heavy 

chain isoforms (26).  

 

A complement to voluntary training can be transcutaneous neuromuscular electrical 

stimulation (NMES) (30). NMES involves the application of an electrical current 

through electrodes placed on the skin over the targeted muscles, thereby 

depolarizing motor neurons and, in turn, inducing skeletal muscle contractions 

(31;32) (Figure 1). NMES is a physiotherapeutic intervention with positive effects on 

skeletal muscle function, exercise capacity and health status (33;34). To date, there 

has not been published a systematic review about the effects of NMES on the 

physiological responses of NMES on the muscle itself. The purpose of this study is to 

review systematically enzyme activity, motor unit recruitment and changes in fiber 

type distribution in human lower limb muscle following neuromuscular electrical 

stimulation.  
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Figure 1. Transcutaneous neuromuscular electrical stimulation (NMES) of the  

quadriceps femoris muscles 
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Methods 

Data sources and searches 

A computerized literature search was performed to identify relevant trials. The 

following databases were used: Medline/PubMed (timespan 1966-2009), EMBASE 

(timespan 1974-2009), Cochrane Controlled Trials Register (timespan 1800-2009), 

CINAHL (timespan 1982-2009) and The Physical Therapy Evidence Database 

(PEDro) (timespan 1982-2009). Trials were collected up to February 2009 with the 

following three groups of keywords: 

1. electric stimulation or muscle stimulation or electric stimulation therapy or 

neuromuscular electrical stimulation or elektromyostimulation or functional 

electrical stimulation; 

2. enzymes or muscle fibers, fast-twitch or muscle fibers, slow twitch or motor 

unit activation order or motor unit recruitment or size principle; 

3. randomized controlled trial or controlled clinical trial or clinical trial. 

The three groups of keywords were combined using “and”. Within each group the 

keywords were combined using “or”. The search strategy for Medline/PubMed and 

EMBASE can be found in table 2. In addition, reference lists and citations of original 

articles were searched to identify additional articles that may contain information on 

the topic of interest. Two reviewers (Mr. Maurice Sillen and Mr. Martijn Spruit) 

performed the search for potentially eligible studies.  
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Table 2. Medline/PubMed & EMBASE search strategy 

 

                                                               Search strategy 

Identifying neuromuscular 
electrical stimulation 

Identifying enzyme 
activity, motor unit 
recruitment and muscle 
fibers 

Identifying trials 

1. electric stimulation.sh. 
2. electric stimulation 

therapy.sh.  
3. electromyostimulation.tw 
4. muscle stimulation.tw 
5. neuromuscular.tw. 
6. electric$.ti,ab. 
7. functional.tw. 
8. stimulat$.ti,ab. 

 
 

1. enzymes.sh. 
2. muscle fibers, 

fast-twitch.sh. 
3. muscle fibers, 

slow-twitch.sh. 
4. motor unit 

activation 
order.tw 

5. motor unit 
recruitment.tw 

6. size principle.tw 
 

1. randomized 
controlled trial.pt. 

2. controlled clinical 
trial.pt. 

3. randomized 
controlled trials.sh. 

4. random 
allocation.sh. 

5. double blind 
method.sh. 

6. single blind 
method.sh. 

7. clinical trial.pt. 
8. clinical trials.sh 
9. clinical trial.tw 
10.  ((singl$ or doubl$ 

or trebl$ or tripl$) 
adj25 (blind$ or 
mask$)).ti,ab. 

11. placebos.sh. 
12. placebo$.ti,ab. 
13. random$.ti,ab. 
14. research 

design.sh. 
15. volunteer$.ti,ab. 
16. comparative 

study.sh. 
17. evaluation 

studies.sh. 
18. follow-up 

studies.sh. 
19. prospective 

studies.sh. 
20. cross-over 

studies.sh 
21. 13 or 14 or 15 or 

16 or 17 or 18 or 
19 or 20  

22. not animal 
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Data extraction 

A pre-designed data abstraction form was used to obtain data on trial design and 

relevant results. For each study characteristics of the studied participant group were 

noted (healthy participants or the kind of pathology of the participants, gender, age), 

study design, NMES features (i.e. pulse duration, pulse frequency, duty cycle and 

intensity of the used current, training intensity, session time and duration in weeks), 

enzyme activity (i.e. changes in oxidative and glycolytic enzymes), motor unit 

recruitment and changes in muscle fiber type. Mr. Maurice Sillen extracted the data 

which were checked by Mr. Martijn Spruit. Disagreements were resolved by 

consensus. 

 
Article selection 

Articles were used for further analyses when they met the following eligibility criteria: 

 

Types of studies 

Randomized controlled trials (RCTs), controlled clinical trials (CCTs) and clinical trials 

were included. Congress abstracts, reviews, editorials and case reports were 

considered ineligible.  

 

Types of participants 

Included were trials in which human muscles of the lower extremities are stimulated. 

The muscles of the participants which are electrically stimulated have to be normally 

innervated. Excluded were studies in which the participants have had neurological 

disorders (e.g. hemiplegic participants or participants with a lesion of the spine), 

smooth muscle problems (e.g. participants with bladder dysfunction), locomotor 

problems or when the participants have had undergone operations of the anterior 

cruciate ligament.  

 

Types of interventions 

NMES is a technique whereby electrodes are placed on the muscle, and electric 

pulses provoke the muscle contraction via the axonal branches, rather than the 

indirect stimulation of the muscle via a major motor nerve. This electrical stimulation 

is composed of stimulation-rest cycles and is performed with the aid of percutaneous 

electrodes over skeletal muscles, situated in regard to muscle motor points (35). 
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During the contraction phase, a specific stimulation frequency is applied to induce 

muscular contractions, whereas a stimulation frequency below the motor fibre 

depolarization threshold or no stimulation at all is applied during the resting phase.  

Included are trials in which the muscles are stimulated at the muscle motor points. 

Excluded were trials in which NMES was combined with other interventions or with 

voluntary contractions.  

 

Types of outcome measures 

In the reviewed publications the outcome measures were enzyme activity, motor unit 

recruitment and changes in fiber type distribution in human skeletal muscles following 

neuromuscular electrical stimulation. 

 

Assessment of methodological quality 

The methodological quality of the identified trials was scored using the PEDro scale 

and is based on the Delphi list and “expert consensus” (36). The PEDro scale 

consists of 11 items/criteria which can help the users of the scale to estimate the 

internal validity (criteria 2 to 9) and to identify whether the trial has sufficient statistical 

information or not to make the results interpretable (criteria 10 and 11). An additional 

criterion (criterion 1: ‘Eligibility criteria’) has been retained from the Delphi list and 

relates to the external validity. The PEDro scale consists of the following 11 criteria: 

eligibility criteria, random allocation, concealed allocation, baseline similarity, blinded 

subjects, blinded therapists, blinded assessors, follow up, treatment or control 

condition as allocated or intention to treat, between-group statistical comparisons and 

both point measures and measures of variability.  

Each item receives either a “yes” or a “no”. However, criterion 1 is not used in the 

calculation of the PEDro score. All “yes” scores were summed resulting in a 

maximum score of 10 points (36). Points were only awarded when a criterion was 

clearly satisfied. In cases where information was lacking or insufficient, the criterion 

was rated “no”. Previously, trials with a PEDro score of ≥6 points were classified as 

“high-quality trials”, while trials with a PEDro score ≤5 points were classified as “low-

quality trials” (37).  
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Data analysis 

The use of meta-analytic techniques for data-pooling was not possible, because of 

the heterogeneity in NMES features (e.g. frequency, pulse duration, session time, 

total number of sessions) and outcome parameters (e.g. enzyme activity, motor unit 

recruitment and changes in fiber type distribution in human skeletal muscles). 

Therefore, the available peer-reviewed literature was only analyzed qualitatively, 

using the best-evidence synthesis developed by van Tulder and colleagues (38) 

(table 3).  

 

 

Table 3. Best-evidence synthesis  
 
                                                         Best-evidence synthesis 

Strong evidence: 
 
 
Moderate evidence:  
 
 
Limited evidence 
 
 
             or: 
 
 
Indicative findings 
 
 
             or:  
 
 
 
No or insufficient 
evidence 
 
 
             or:  
 
 
             or:  

provided by statistically significant findings in outcome measures in at least 
two high quality RCTs* 
 
provided by statistically significant findings in outcome measures in at least 
one high quality RCT and at least one low quality RCT or high quality CCT* 
 
provided by statistically significant findings in outcome measures in at least 
one high quality RCT* 
 
provided by statistically significant findings in outcome measures in at least 
two high quality CCTs* (in the absence of high quality RCTs) 
 
provided by statistically significant findings in outcome and/or process 
measures in at least one high quality CCT or low quality RCT* (in the 
absence of high quality RCTs) 
 
provided by statistically significant findings in outcome and/or process 
measures in at least two studies of a single group nonexperimental or 
experimental nature with sufficient quality (in the absence of RCTs and 
CCTs)* 
 
in the case that results of eligible studies do not meet the criteria for one of 
the above stated levels of evidence 
 
in the case of conflicting (statistically significant positive and statistically 
significant negative) results among RCTs and CCTs 
 
in the case of no eligible studies 

Abbreviations: RCT= randomized controlled trial; CCT= controlled clinical trial. 
Best-evidence synthesis. *If the number of studies that show evidence is <50% of the total number of 
studies found within the same category of methodological quality and study design, we will state no 
evidence. 
 

 
 



 18 

Results 

Search and selection 

Initially, 550 potentially relevant studies were identified by screening electronic 

databases. Of these trials, 525 were excluded on title or abstract. Of the trials (n=25), 

retrieved for more detailed evaluation, 20 trials were excluded after reading full text. 

Fourteen trials were included by screening the reference lists. Finally, 19 trials were 

reviewed in detail. Thirteen of these trials (39-51)  studied changes in enzyme 

activity, 5 of these trials (52-56) motor unit recruitment and 6 of these trials (39;43-

46)(57) studied changes in muscle fiber shift following NMES (figure 2). 
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            Figure 2.  Screening and selection process of trials       

Potentially relevant trials identified by 
screening electronic databases 
 
n=550 

Trials excluded based on title or abstract 
 
n=525 
 

Trials retrieved for more detailed 
information 
 
n=25 

Trials excluded after reading full text 
(n=20) based on: 
n=6  No NMES 
n=1  Direct electrical stimulation of the 
femoral nerve 
n=3  NMES in combination with exercise 
n=8  Outcome parameters 
n=1  Body part 
n=1  Publication type 
 

Trials included in systematic review 
 
n=5 
 

Trials included by screening reference 
lists 
 
n=14 
 

Included trials n=19 
 
Changes in enzyme activity n=13 (39-51) 
Motor unit recruitment n=5 (52-56) 
Changes in muscle fiber shift n=6 (39;43-
46;57) 
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Methodological quality of the trials (table 4) 

PEDro scores ranged from 3 to 8 points in the trials concerning enzyme activity 

(median: 4 points). Three trials (44-46) scored >6 points on the PEDro scale. In the 

trials, concerning motor unit recruitment, PEDro scores ranged from 3 to 6 points 

(median: 4 points). One trial (55) scored >6 points on the PEDro scale. Of the trials 

which studied changes in skeletal muscle fiber shift, PEDro scores ranged from 4 to 

8 points (median: 6 points). Four trials (44-46;57) scored >6 points on the PEDro 

scale. Failure to conceal allocation, and blinding of the patients, therapists and 

outcome assessors were the most prevalent methodological shortcomings.   

There was substantial heterogeneity in the studied patient populations and NMES 

features (table 5, 6 and 7). For example, Nuhr and colleagues studied patients with 

chronic heart failure (46) while Dal Corso and colleagues (57) studied patients with 

chronic obstructive pulmonary disease and in other studies (39-45) healthy 

volunteers were the participants of the study.   

 

NMES Protocols 

Different muscles of the lower extremities were stimulated in the identified trials: 

quadriceps femoris muscles (39-44;47;49;50;54;56;57), quadriceps femoris muscles 

and hamstrings (45,50), quadriceps femoris muscles and calf muscles (48), calf 

muscles and tibialis anterior muscles (51;53).   

All trials used biphasic impulse current forms ranging from 0.5 to 70 Herz. Pulse 

duration, if reported, ranged between 40 and 1000 µs. Duty cycle, if reported ranged 

between 1 seconds on, 3 seconds off and 55 seconds on, 2 seconds off. The 

intensity, if reported, varied between small obvious change in EMG until the 

maximum level of toleration. Session time varied between 6 minutes and 8 hours, 1 

to 2 times a day. The total number of sessions were at least 1 and maximum 140 

(table 5, 6 and 7). 

 

Enzyme activity following NMES (table 5) 

Oxidative enzymes 

There is strong evidence that levels of oxidative enzymes increase following NMES 

with low stimulation frequencies (<50 Herz) (45;46). Citrate synthase, which is a 

marker enzyme for the tricarboxylic acid cycle (Krebs cycle), increased in two high-

quality trials (45;46) and in three low-quality trials (40;41;43). Succinate 
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dehydrogenase (SDH), whose activity is used as a marker for oxidative capacity 

since it correlates with the total amount of mitochondria in a cell or tissue, increased 

in one high-quality trial (44) and in one low-quality trial (47). SDH non-significant 

decreased in one low-quality trial (39). There are indicative findings that cytochrome 

oxidase (marker enzyme of the electron-transfer chain metabolism) and 3-

hydroxylacyl CoA (marker enzyme for ß-oxidation of fatty acids) increase following 

NMES with low stimulation frequencies (40;41).  

 

Glycolytic enzymes 

There is strong evidence that levels of glyceraldehydrephosphate dehydrogenase 

(marker enzyme of anaerobic energy metabolism by catalyzing the sixth step of 

glycolysis and thus serves to break down glucose for energy and carbon molecules) 

decrease following NMES with low stimulation frequencies levels (45;46). There are 

indicative findings that levels of creatine kinase (marker enzyme of the ability to 

resynthesize ATP from creatine phosphate) increase following NMES with high 

stimulation frequencies (>50 herz) (42;50;51) and do not change following NMES 

with low stimulation frequencies (39-41).   

 

Motor unit recruitment during NMES (table 6) 

There is insufficient evidence in which rank order motor units are recruited during 

NMES. In one low-quality trial (52) there is a similar recruitment of motor units 

between NMES and voluntary contractions, whereas in an experimental with-in 

subject design of high-quality (55) there is a selective recruitment of type II fibers. 

Other trials of low-quality (53;54;56) indicate that type II fibers are selective recruited 

by NMES. 

 

Changes in skeletal muscle fiber shift following NMES (table 7) 

There is strong evidence that NMES with low stimulation frequencies increase type I 

fibers and decrease type II fibers (45,46). Also there is strong evidence that NMES 

with high stimulation frequencies decrease type I fibers (44;57). There is insufficient 

evidence that NMES with high stimulation frequencies increase type II fibers (44;57). 
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Discussion 

While the heterogeneity in NMES features and outcome parameters prohibits the use 

of meta-analysis, some conclusions can be drawn from this systematic review. First, 

most of the studies report changes in enzyme activity following NMES. Second, the 

results concerning the rank order of motor unit recruitment during NMES are 

conflicting. Thirdly, there are obvious changes in skeletal muscle fiber shift following 

NMES.  

 

Methodological considerations 

None of the 19 included trials had a perfect score on the PEDro scale (table 4). 

Moreover, only five trials are of high-quality. In 11 trials was no control group was 

included and in  only five trials was a randomized controlled group allocation. Other 

methodological considerations are the limited number of study subjects and the 

(relatively young) mean age of 34 years in the trials. Also, most of the subjects are 

males. So, the internal and external validity of the reviewed trials are rather limited. 

 

Enzyme activity following NMES 

Three of the 13 included trials concerning enzyme activity following NMES are of 

high-quality (44-46). The study populations vary enormous among the trials, from 

well-trained athletes (42) to patients with severe chronic heart failure (46). The 

degree of enzyme activity following physical activity can be dependent to the extent 

that a person is trained. In a study of Paul and colleagues (58) creatine kinase 

activity increased lower in trained weight lifters compared to a group of untrained 

subjects. 

Most of the study subjects are males. So, the results cannot be generalized because 

of gender differences in the characteristics of human skeletal muscles (59). Levels of 

glycolytic enzyme markers are higher in male than in female skeletal muscles (59). 

Furthermore, muscle torques from maximally tolerated electrically elicited 

contractions are greater in men than in women (60). On the other hand, the findings 

of this systematic review are in line with studies which have been performed in 

animals (61;62). 
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Motor unit recruitment during NMES 

Only one of the five included trials is of high-quality (55). This study showed a 

selective recruitment of type II fibers. Remarkably, in this study a frequency of 0.5 

Herz was used and the intensity is increased till small obvious change in EMG. The 

recruitment reversal during NMES was increased slightly when the width of the 

electrical pulse was reduced (from 1000 µs to 100 µs). This limited influence of 

NMES on the motor unit recruitment can be explained by the deeper location of 

larger diameter axons (63) or by a small difference in size of the axonal branches 

innervating the different types of motor units in the tibialis anterior muscle. Besides 

differences in the nerve axon input resistance, the distance between stimulation 

electrode and the axons and the morphological organization of the axonal branches 

within the muscle play an important role in the motor unit recruitment order (35).  
 

Changes in skeletal muscle fiber shift following NMES 

Four of the six included trials were of high-quality (44-46;57). The evidence 

concerning an increase of type II fibers following NMES with high stimulation 

frequencies is insufficient. In the study of Perez and colleagues (44) there is an 

increase of type IIa fibers and a decrease of type IIx fibers. However, in this study it 

is unclear whether NMES with low stimulation frequencies (<50 Herz) or NMES with 

high stimulation frequencies (>50 Herz) is used. On the other hand, in the study of 

Dal Corso and colleagues (57) there has no difference been made between type IIa 

and type IIx fibers.  

 

NMES protocols 

NMES protocols varied tremendously among the included trials. Pulse duration, if 

reported, ranges between 40 and 1000 µs. Pulse duration of 300-400 µs is 

recommended for large muscle groups, such as the quadriceps muscles and calf 

muscles (64). Variation frequency can affect the response to NMES as changes in 

skeletal muscle phenotype are dependent on frequency of stimulation. High 

stimulation frequencies (>50 Herz) seem to improve skeletal muscle strength (31), 

whereas both low (<50 Herz) improve oxidative capacity (44-46). This difference is, 

however, not clear-cut as Perez and colleagues (44) who showed that also oxidative 

capacity of type II fibres improved. It is not known which duty cycle is optimal for 

effective treatment. In a study (65) of wrist extensor muscle stimulation in patients 
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with hemiparesis, duty-cycle ratios of 1:1, 1:3, and 1:5 were tested while monitoring 

muscle tension on repeat stimulation as a measure of fatigue. The 1:5 ratio was 

shown to produce the least amount of fatigue (65). While throughout the literature 

there are a wide variety of protocols used, there seems to be at least some 

agreement on the use of biphasic symmetrical pulses that last between 0.1-0.5 

millisecond and are delivered at a pulse rate of 10-100 Herz. Such pulses are widely 

accepted as being well tolerated. In this systematic review, there are five trials 

(40;41;43;53;55) with a stimulation frequency below 10 Herz. Two of these trials 

(53;55) used a frequency below 1 Herz. 

This lack of protocol uniformity is likely a reflection of the mechanistic complexity of 

muscle contraction.   

 

Recommendations 

Based on the results of the present systematic review, it seems appropriate to 

recommend that future trials should be randomized controlled trials using concealed 

allocation, blinded therapists, blinded patients and blinded outcome assessors. 

Additionally, studies should focus on larger study populations, both genders, a broad 

range in age and not only in healthy persons but also in patients with different 

pathology.  

 
Conclusion 

In conclusion, NMES holds out promise as a useful training modality because of its 

changes in enzyme activity and its influence on muscle fiber shift. Nonetheless, there 

clearly is a need for more high-quality randomized controlled trials in clinical 

populations. 
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Tables 

 

Table 4.  Methodological quality (PEDro scale) 

Study 
 

Outcome 
parameter 

 
1 
Eligibility 
Criteria 

 
2 
Random 
allocation 

 
3 
Concealed 
allocation 

 
4 
Similarity 
at 
baseline 

 
5 
Blinding 
patients 

 
6 
Blinding 
therapists 

 
7 
Blinding 
assessors 

 
8 
Outcome 
>85% patients 

 
9 
Treatment as 
allocated or 
intention to treat 

 
10 
Between-group 
comparisons 

 
11 
Point measures 
and measures of 
variability 

 
Quality 
(PEDro 
score) 

Eriksson et al. 
1981 (39) 

Enzyme 
activity and 

muscle 
fiber shift 

 
Yes 

 
No No Yes No No No Yes Yes No Yes 

 
4 
 

Gauthier et al. 
1992 (40) 

Enzyme 
activity 

 
Yes 

 
No No No No No No Yes Yes No Yes 

 
3 
 

Theriault et al. 
1994 (41) 

Enzyme 
activity 

 
Yes 

 
No No No No No No Yes Yes No Yes 

 
3 
 

Moreau et al. 
1995 (42) 

Enzyme 
activity 

 
Yes 

 
Yes No No No No No Yes Yes Yes Yes 

 
5 
 

Theriault et al. 
1996 (43) 

Enzyme 
activity and 

muscle 
fiber shift 

 
Yes 

 
No No No No No No Yes Yes Yes Yes 

 
4 
 

Perez et al. 
2002 (44) 

Enzyme 
activity and 

muscle 
fiber shift 

 
Yes 

 
Yes No Yes No No No Yes Yes Yes Yes 

 
6 
 

Nuhr et al. 
2003 (45) 

Enzyme 
activity and 

muscle 
fiber shift 

 
Yes 

 
Yes Yes Yes No No Yes No No Yes Yes 

 
6 
 

Nuhr et al. 
2004 (46) 

Enzyme 
activity and 

muscle 
fiber shift 

 
Yes 

 
Yes Yes Yes Yes No No Yes Yes Yes 

 
Yes 

 

 
8 
 

Gregory et al. 
2005 (47) 

Enzyme 
activity 

 
Yes 

 
No No Yes No No No Yes Yes No Yes 

 
4 
 

 
Dobsak et al. 

2006 (48) 
 

Enzyme 
activity Yes No No Yes No No No Yes Yes No Yes 

 
4 
 

Zorn et al. 
2007 (49) 

Enzyme 
activity 

 
Yes 

 
No No No No No No Yes Yes No Yes 

 
3 
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Jubeau et al. 
2008 (50) 

Enzyme 
activity 

 
Yes 

 
No No Yes No No No No No Yes Yes 

 
3 
 

Mackey et al. 
2008 (51) 

Enzyme 
activity 

 
Yes 

 
No No Yes No No No Yes No No Yes 

 
3 
 

Knaflitz et al. 
1990 (52) 

Motor unit 
recruitment 

 
Yes 

 
No No Yes No No No Yes Yes Yes Yes 

 
5 
 

Heyters et al. 
1992 (53) 

Motor unit 
recruitment 

 
Yes 

 
No No Yes No No No Yes No Yes Yes 

 
4 
 

Montes et al. 
1994 (54) 

Motor unit 
recruitment 

 
Yes 

 
No No Yes No No No Yes Yes No No 

 
3 
 

Feiereisen et 
al. 1997 (55) 

Motor unit 
recruitment 

 
Yes 

 
Yes No Yes No No No Yes Yes Yes Yes 

 
6 
 

Hamada et al. 
2004 (56) 

Motor unit 
recruitment 

 
Yes 

 
No No Yes No No No Yes Yes No Yes 

 
4 
 

Dal Corso et 
al. 2007 (57) 

Muscle 
fiber shift  

 
Yes 

 
Yes No No No No Yes Yes Yes Yes Yes 

 
6 
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Table 5. Enzyme activity following NMES  

                                                              Enzyme activity Study Subjects Study design NMES features 

Oxidative enzymes Glycolytic enzymes 

Eriksson et 
al., 1981 (39) 
 
 
 

Healthy volunteers 
(physical 
education 
students) 
 
n=6 
number of men: 
not reported 
mean age (years): 
21 (range 20-25) 

Experimental 
design (no control 
group, comparison 
of enzyme activity 
in control leg) 

Muscles: quadriceps muscles 
Frequency: 50 Hz  
Pulse duration: 500 µs 
Duty cycle: 15 s on and 15 s off  
Intensity: 10 mA 
Session time: 6 minutes 
Total time: one session 
 

Mg 2+ stimulated ATPase ↓ (NS, mean 
changes of 0.091 mmolxkg-1 wet muscle  
before NMES vs. 0.069 mmolxkg-1 wet 
muscle after NMES). 
 
Succinate dehydrogenase ↓ (NS, mean 
changes of 8.93 mmolxkg-1 wet muscle  
before NMES vs. 8.16 mmolxkg-1 wet muscle 
after NMES). 

Creatine kinase ↓ (NS, , mean changes of 1.49 
mmolxkg-1 wet muscle before NMES vs. 1.16 
mmolxkg-1 wet muscle after NMES). 
 
Myokinase kinase ↓ (mean changes of 1.45 
mmolxkg-1 wet muscle before NMES vs. 1.19 
mmolxkg-1 wet muscle after NMES). 
 
Phosphorylase ↓ (NS, mean changes of 0.52 
mmolxkg-1 wet muscle before NMES vs. 0.39 
mmolxkg-1 wet muscle after NMES). 
 
Lactate dehydrogenase ↓ (NS, mean changes 
of 0.76 mmolxkg-1 wet muscle before NMES vs. 
0.62 mmolxkg-1 wet muscle after NMES). 
 
Hexokinase ↑ (NS, mean changes of 0.60 
mmolxkg-1 wet muscle before NMES vs. 0.71 
mmolxkg-1 wet muscle after NMES). 

Gauthier et 
al., 1992 (40) 
 
 
 

Healthy volunteers 
 
n=16 
16 men 
mean age (years, 
± SD): 
women: 26 (4) 
men: 27 (3) 

Experimental 
design (no control 
group) 

Muscles: quadriceps muscles 
Frequency: 8 Hz  
Pulse duration: 300 µs 
Duty cycle: 55 s on and 2 s off  
Intensity: not reported 
Session time: 3 hours/day  
Total time: 6 days/week, 6 
weeks 
 

Citrate synthase ↑ (mean changes of 11.1 
µmolxmin-1.g wet wt-1 muscle before NMES 
vs. 14.5 µmolxmin-1.g wet wt-1 muscle after 
NMES in females and 12.8 µmolxmin-1.g wet 
wt-1 muscle before NMES vs. 15.1 µmolxmin-

1.g wet wt-1 muscle after NMES in males). 
 
Cytochrome oxidase ↑ (mean changes of 8.0 
µmolxmin-1.g wet wt-1 muscle before NMES 
vs. 9.5 µmolxmin-1.g wet wt-1 muscle after 
NMES in females and 8.7 µmolxmin-1.g wet 
wt-1 muscle before NMES vs. 10.1 µmolxmin-

1.g wet wt-1 muscle after NMES in males). 
 
3-Hydroxyacyl CoA dehydrogenase ↑ (mean 
changes of 15.80 µmolxmin-1.g wet wt-1 
muscle before NMES vs. 20.6 µmolxmin-1.g 
wet wt-1 muscle after NMES in females and 
18.7 µmolxmin-1.g wet wt-1 muscle before 
NMES vs. 21.0 µmolxmin-1.g wet wt-1 muscle 
after NMES in males). 
 
 

Creatine kinase = (mean changes of 441 
µmolxmin-1.g wet wt-1 muscle before NMES vs. 
457 µmolxmin-1.g wet wt-1 muscle after NMES 
in females and 580 µmolxmin-1.g wet wt-1 
muscle before NMES vs. 558 µmolxmin-1.g wet 
wt-1 muscle after NMES in males). 
 
Glyceraldehydrephosphate dehydrogenase = 
(mean changes of 446 µmolxmin-1.g wet wt-1 
muscle before NMES vs. 450 µmolxmin-1.g wet 
wt-1 muscle after NMES in females and 615 
µmolxmin-1.g wet wt-1 muscle before NMES vs. 
573 µmolxmin-1.g wet wt-1 muscle after NMES 
in males). 
 
Phosphofructokinase (mean changes of 63 
µmolxmin-1.g wet wt-1 muscle before NMES vs. 
58 µmolxmin-1.g wet wt-1 muscle after NMES in 
females and 78 µmolxmin-1.g wet wt-1 muscle 
before NMES vs. 70 µmolxmin-1.g wet wt-1 
muscle after NMES in males). 
 
Hexokinase = (mean changes of 1.1  
µmolxmin-1.g wet wt-1 muscle before NMES vs. 
1.5 µmolxmin-1.g wet wt-1 muscle after NMES in 
females and 1.1 µmolxmin-1.g wet wt-1 muscle 1 
before NMES vs. 1.2 µmolxmin-1.g wet wt-1 
muscle after NMES in males). 
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Theriault et 
al., 1994 (41) 

Healthy volunteers 
 
n=8 
7 men 
age (years):  
range 18-26 

Experimental 
design (no control 
group) 

Muscles: quadriceps muscles 
Frequency: 8 Hz  
Pulse duration: not reported 
Duty cycle: not reported  
Intensity: very visible 
contraction 
Session time: 8 hours/day  
Total time: 6 days/week, 8 
weeks 
 

Citrate synthase ↑ (mean changes of 10.6 
µmolxmin-1.g wet wt-1 before NMES vs. 13.0 
µmolxmin-1.g wet wt-1 after 4 weeks NMES 
vs. 12.0 µmolxmin-1.g wet wt-1 after 8 weeks 
NMES). 
 
Cytochrome oxidase ↑ (mean changes of 7.3 
µmolxmin-1.g wet wt-1 before NMES vs. 9.00 
µmolxmin-1.g wet wt-1 after 4 weeks NMES 
vs. 9.1 µmolxmin-1.g wet wt-1 after 8 weeks 
NMES). 
 
3-Hydroxyacyl CoA dehydrogenase ↑ (mean 
changes of 15.3 µmolxmin-1.g wet wt-1 before 
NMES vs. 18.4 µmolxmin-1.g wet wt-1 after 4 
weeks NMES vs. 17.1 µmolxmin-1.g wet wt-1 

after 8 weeks NMES). 
 

Creatine kinase = (mean changes of 413 
µmolxmin-1.g wet wt-1 before NMES vs. 393 
µmolxmin-1.g wet wt-1 after 4 weeks NMES vs. 
411 µmolxmin-1.g wet wt-1 after 8 weeks 
NMES). 
 
Phosphofructokinase = (mean changes of 51.9 
µmolxmin-1.g wet wt-1 before NMES vs. 41.0 
µmolxmin-1.g wet wt-1 after 4 weeks NMES vs. 
40.6 µmolxmin-1.g wet wt-1 after 8 weeks 
NMES). 
 
 
Glyceraldehydrephosphate dehydrogenase = 
(mean changes of 457 µmolxmin-1.g wet wt-1 
before NMES vs. 400 µmolxmin-1.g wet wt-1 
after 4 weeks NMES vs. 407 µmolxmin-1.g wet 
wt-1 after 8 weeks NMES). 
 
 

Moreau et al., 
1995 (42) 
 
 
 

Athletes 
 
n=12 
12 men 
mean age (years, 
± SD): 
NMES group:  
21.7 (0.4) 
Exercise group: 
23.5 (0.7) 
 

Randomized 
controlled trial  
 
NMES  
versus 
concentric exercise 

Muscles: quadriceps muscles 
Frequency: 70 Hz  
Pulse duration: 40 µs 
Duty cycle: 6 s on and 20 s off  
Intensity: 80% of maximal 
isometric force 
Session time: 30 contractions 
Total time: one session 
 

 Mean changes in creatine kinase and lactate 
dehydrogenase in the NMES-group compared 
with concentric exercise group (p<0.05). 
 
NMES group: mean changes in creatine kinase 
(108 one day before NMES vs 185  
two days after NMES) and lactate 
dehydrogenase (315 one day before NMES vs 
356 two days after NMES).   
 
Concentric exercise group: mean changes in 
creatine kinase (93 one day before NMES vs 
120 two days after NMES) and lactate 
dehydrogenase (337 one day before NMES vs 
313 two days after NMES).   
 

Theriault et 
al., 1996 (43) 

Healthy volunteers 
 
n=35 
number of men: 
not reported 
age (years, range):  
17-35 

Controlled clinical 
trial 
 
NMES  
versus  
active subjects 
versus  
trained cyclists 

Muscles: quadriceps muscles 
Frequency: 8 Hz  
Pulse duration: 300 µs 
Duty cycle: 55 s on and 2 s off 
Intensity: very visible 
contraction 
Session time: 3 hours/day  
Total time: 6 days/week, 6 
weeks 
 

Citrate synthase ↑ (mean changes of 11.6 
µmolxmin-1.g wet wt-1 before NMES vs. 13.7 
µmolxmin-1.g wet wt-1 after NMES ).  
 

 

Perez et al, 
2002 (44) 

Healthy volunteers 
 
n=15 
15 men 
mean age (years, 
± SD): 22 (5) 
 

Randomized 
controlled trial  
 
NMES  
versus 
no treatment 

Muscles: quadriceps muscles 
Frequency: 45-60 Hz  
Pulse duration: 300 µs 
Duty cycle: 12 s on and 8 s off 
Intensity: maximum tolerance 
level 
Session time: 30 minutes  
Total time: 3 days/week, 6 
weeks 

Succinate dehydrogenase ↑  
Succinate dehydrogenase activity increased 
∆16% vs. control group. 
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Nuhr et al., 
2003 (45) 
 
 
 
 

Healthy volunteers 
 
n=20 
20 men 
mean age (years, 
± SD):  
NMES group:  
30 (1) 
Sham group:  
34 (3) 

Randomized 
controlled trial  
 
NMES  
versus 
sham-stimulation 
(no evoked 
contractions) 

Muscles: quadriceps and 
hamstring muscles 
Frequency: 15 Hz  
Pulse duration: 500 µs 
Duty cycle: 2 s on and 4 s off  
Intensity: maximally tolerated 
contractions 
Session time: 2 hours/day 
Total time: 2 sessions/day, 
7 days/week for 10 weeks  
                                                     

Citrate synthase ↑ 
Mean changes in citrate synthase in the 
NMES-group compared with sham-
stimulation (p<0.05). 
 
NMES-group: mean changes in citrate 
synthase of 12.7 µmolxmin-1.g wet wt-1 
before NMES vs. 13.8 µmolxmin-1.g wet wt-1 

after NMES. 
 
Sham-stimulation group: mean changes are 
not reported. 
 

Glyceraldehydrephosphate dehydrogenase ↓ 
Mean changes in glyceraldehydrephosphate 
dehydrogenase in the NMES-group compared 
with sham-stimulation (p<0.05). 
 
NMES-group: mean changes in 
glyceraldehydrephosphate dehydrogenase of 
324.7 µmolxmin-1.g wet wt-1 before NMES vs. 
303.4 µmolxmin-1.g wet wt-1 after NMES. 
 
Sham-stimulation group: mean changes are not 
reported. 
 

Nuhr et al., 
2004 (46) 
 

Patients with 
severe chronic 
heart failure  
 
n=34 
29 men 
mean age (years, 
± SD): 
NMES group:  
53 (7) 
Sham group:  
53 (13) 
 

Prospective 
randomized 
controlled trial 
 
NMES   
versus 
sham-stimulation  
(no evoked 
contractions) 
 
 

Muscles: quadriceps and 
hamstring muscles 
Frequency: 15 Hz 
Pulse duration: 500 µs 
Duty cycle: 2 s on and 4 s off  
Intensity: till 25-30% of MVC 
force 
Session time: 2 hours 
Total time: 2 sessions/day, 
7 days/week for 10 weeks 
 

Citrate synthase ↑ 
Mean changes in citrate synthase in the 
NMES-group compared with sham-
stimulation (p<0.05). 
 
NMES-group: mean changes in citrate 
synthase of 3.3 units per gram wet wt-1 
before NMES vs. 4.3 units per gram wet wt-1 

after NMES. 
 
Sham-stimulation group: mean changes in 
citrate synthase of 3.4 units per gram wet wt-
1 before NMES vs. 3.1 units per gram wet wt-
1 after NMES. 
 

Glyceraldehydrephosphate dehydrogenase ↓ 
Mean changes in glyceraldehydrephosphate 
dehydrogenase in the NMES-group compared 
with sham-stimulation (p<0.05). 
 
NMES-group: mean changes in 
glyceraldehydrephosphate dehydrogenase of 
277 units per gram wet wt-1 before NMES vs. 
236 units per gram wet wt-1 after NMES. 
 
Sham-stimulation group: mean changes in 
glyceraldehydrephosphate dehydrogenase of 
277 units per gram wet wt-1 before NMES vs. 
289 units per gram wet wt-1 after NMES. 
 

Gregory et 
al., 2005 (47) 

Healthy volunteers  
 
n=8 
8 men 
mean age (years, 
± SD): 33 (3)   

Experimental 
design (no control 
group) 

Muscles: quadriceps muscles 
Frequency: 20 Hz  
Pulse duration: 200 µs 
Duty cycle:1s on and 3 s off  
Intensity: 30% of the maximal 
voluntary contraction 
Session time: 30 minutes 
Total time: not reported 
 

Type I muscle fibers: 
Succinate dehydrogenase ↑ 
Actomyosin adenosine triphosphatase = 
 
Mean changes after NMES are not reported. 

Type II muscle fibers: 
Actomyosin adenosine triphosphatase ↑ 
Glyceraldehydrephosphate dehydrogenase ↑ 
 
Mean changes after NMES are not reported. 

Dobsak et al., 
2006 (48) 
 
 
 

Patients with 
advanced chronic 
heart failure  
 
n=15 
14 men 
mean age (years, 
± SD): 51.5 (7.2)   
 
 
 

Experimental 
design (no control 
group) 

Muscles: quadriceps and calf 
muscles 
Frequency: 10 Hz 
Pulse duration: 200 µs 
Duty cycle: 20 s on and 20 s off  
Intensity: maximal, well 
tolerated stimulation  
Session time: 1 hour 
Total time: 7 days/week for 6 
weeks  
 

 Lactate dehydrogenase ↑ after one week of 
NMES,  = after 6 weeks of NMES 
Mean changes in lactate dehydrogenase of 
5.73 µkat/L before NMES vs. 6.07 µkat/L after 
one week of NMES vs. 5.76 µkat/L after 6 
weeks of NMES. 
 
Creatine kinase ↑ after one week,  = after 6 
weeks 
Mean changes in creatine kinase of 1,15 µkat/L 
before NMES vs. 1.42 µkat/L after one week of 
NMES vs. 1.29 µkat/L after 6 weeks of NMES. 
 

Zorn et al., 
2007 (49) 

Healthy well 
trained cyclists  
 
n=5 

Experimental 
design (no control 
group) 

Muscles: quadriceps muscles 
Frequency: 63,3 Hz 
Pulse duration: 400 µs 
Duty cycle: 3,5 s on and 4,5 s 

 Creatine kinase ↑ 
Lactate dehydrogenase = 
Hydroxybutyrate dehydrogenase = 
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5 men 
mean age (years, 
± SD): 26 (7)   
 

off  
Intensity: maximum toleration 
level 
Session time: 30 minutes 
Total time: one session 
 

Mean changes (in numbers) after NMES are 
not reported. 

Jubeau et al., 
2008 (50) 

Healthy volunteers 
 
n=9 
9 men 
mean age (years, 
± SD): 28 (3) 

Cross-over 
controlled clinical 
trial  
 
NMES   
versus 
voluntary exercise 
(leg press) 

Muscles: quadriceps muscles 
Frequency: 75 Hz  
Pulse duration: 400 µs 
Duty cycle: 6,25 s on and 20 s 
off  
Intensity: maximal tolerable 
level 
Session time: 40 electrically 
evoked contractions 
Total time: one session 
 

 Creatine kinase ↑ 
Mean changes in creatine kinase at 48 and72 
hours after the NMES bout compared with 
voluntary exercise. The numbers of the 
changes are not reported. 

Mackey et al., 
2008 (51) 

Healthy untrained 
volunteers 
 
n=7 
7 men 
mean age (years, 
± SD): 22 (3) 

Experimental 
design (no control 
group) 

Muscles: gastrocnemius 
muscles medialis 
Frequency: 60 Hz  
Pulse duration: 300 µs 
Duty cycle: 4 s on and 6 s off  
Intensity: maximal tolerable 
level  
Session time: 30 minutes 
Total time: one session  
 

 Creatine kinase ↑ 
Mean changes in creatine kinase of 183 IU/L 
before NMES vs. 447 IU/L  two days after the 
NMES session.  
 
Lactate dehydrogenase = 
Data are not reported. 
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Table 6.  Motor unit recruitment during NMES  

Study Subjects Study design NMES features  Motor unit recruitment 
 

Knaflitz et al., 
1990 (52) 
 
 
 

Healthy volunteers  
 
n=22 
17 men 
mean age (years): 
29 (range 18-41) 

Controlled clinical 
trial 
 
NMES  
versus 
voluntary 
contractions 

Muscles: tibialis anterior muscle 
Frequency: 20, 25, 30, 35 and 
40 Hz  
Pulse duration: 100 µs 
Duty cycle: 20 s on and 3 
minutes off  
Intensity: maximal tolerable 
level 
Session time: 2 contractions at 
each stimulation frequency 
Total time: one session 
 

Similar recruitment between NMES and voluntary contractions 

Heyters et al., 
1992 (53) 
 
 
 

Healthy volunteers 
 
n=13 
12 men 
age (years): 
range 20-37 

Experimental 
design (no control 
group) 

Muscles: gastrocnemius and 
soleus muscles 
Frequency: 0,1 Hz  
Pulse duration: 100 µs 
Duty cycle: not reported  
Intensity: 5-100% of maximum 
amplitude 
Session time: 15-20 twitches  
Total time: one session 

Selective recruitment of type II fibres (increase of intensity of electrical stimulation → increase of 
twitch time-to-peak) 

Montes et al., 
1994 (54) 

Healthy volunteers 
 
n=10 
8 men 
Mean age (years, 
± SD): 33 (15.36) 
 

Experimental with-
in subject design 
(no control group) 

Muscles: quadriceps muscles 
Frequency: not reported  
Pulse duration: 300 µs  
Duty cycle: 7 s on and 25 s off  
Intensity: maximal tolerable 
level 
Session time: 10 minutes  
Total time: 10 sessions 

Selective recruitment of type II fibers 

Feiereisen et 
al., 1997 (55) 
 
 
 

Healthy volunteers 
 
n=5 
5 men 
age (years, range): 
22-39 
 

Experimental with-
in subject design 
(no control group) 
 
NMES  
versus 
voluntary 
contractions 

Muscles: tibialis anterior muscle 
Frequency: 0,5 Hz  
Pulse duration: 100 µs and 
1000 µs 
Duty cycle: not reported  
Intensity: till small obvious 
change in EMG 
Session time: 3-5 minutes 
Total time: one session 
 

Selective recruitment of type II fibers. 
 
In voluntary contractions, motor unit pairs were recruited in order of increasing size except 6% 
of the cases. 
In NMES motor unit pairs showed a reversal of recruitment order in 28% and 35% of the 
observations, respectively, when the pulse durations were 1000µs and 100 µs. 
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Hamada et 
al., 2004 (56) 
 
 
 
 

Healthy volunteers 
 
n=6 
6 men 
mean age (years, 
± SD): 28.8 (4.7) 
 

Experimental with-
in subject design 
(no control group) 
 
NMES  
versus 
voluntary 
contractions 

Muscles: quadriceps muscles 
Frequency: 20 Hz  
Pulse duration: 1000 µs 
Duty cycle: 5 s on and 5 s off  
Intensity: 10% of MVC without 
discomfort 
Session time: 20 minutes 
Total time: one session  
                                                     

Selective recruitment of type II fibers. 
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Table 7. Changes in skeletal muscle fiber shift following NMES 

            Changes in muscle fiber shift Study Subjects Study design NMES features 

Type I fibers Type II fibers 

Eriksson et 
al., 1981 
(39) 
 
 
 

Healthy volunteers 
(physical education 
students) 
 
n=9 
number of men: not 
reported 
mean age (years):  
26 (range 20-41) 
 

Experimental 
design (no control 
group) 

Muscles: quadriceps 
muscles 
Frequency: 50 Hz  
Pulse duration: 500 µs 
Duty cycle: 15 s on and 15 
s off  
Intensity: 10 mA 
Session time: 150 minutes 
Total time: 4 to 5 
times/week,  5 weeks 
 

= 
 

= 

Theriault et 
al., 1996 
(43) 
 
 
 

Healthy volunteers 
 
n=35 
number of men: not 
reported 
age (years, range):  
17-35 

Controlled clinical 
trial 
 
NMES  
versus  
active subjects  
versus  
trained cyclists 

Muscles: quadriceps 
muscles 
Frequency: 8 Hz  
Pulse duration: 300 µs 
Duty cycle: 55 s on and 2 
s off 
Intensity: very visible 
contraction 
Session time: 3 hours/day  
Total time: 6 days/week, 6 
weeks 
 

= Type IIa ↑ 
Type IIb ↓ 

Perez et al., 
2002 (44) 

Healthy volunteers 
 
n=15 
15 men 
mean age (years, ± 
SD): 22 (5) 
 

Randomized 
controlled trial  
 
NMES  
versus 
no treatment 

Muscles: quadriceps 
muscles 
Frequency: 45-60 Hz  
Pulse duration: 300 µs 
Duty cycle: 12 s on and 8 
s off 
Intensity: maximum 
tolerance level 
Session time: 30 minutes  
Total time: 3 days/week, 6 
weeks 
 

Type I ↓ Type IIa ↑ 
Type IIx ↓ 

Nuhr et al., 
2003 (45) 

Healthy volunteers 
 
n=20 
20 men 
mean age (years, ± 
SD):  
NMES group:  

Randomized 
controlled trial  
 
NMES  
versus 
sham-stimulation 
(no evoked 

Muscles: quadriceps and 
hamstring muscles 
Frequency: 15 Hz  
Pulse duration: 500 µs 
Duty cycle: 2 s on and 4 s 
off  
Intensity: maximally 

Type I ↑ Type IIx ↓ 
Type IIa = 
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30 (1) 
Sham group:  
34 (3) 

contractions) tolerated contractions 
Session time: 2 hours/day 
Total time: 2 sessions/day, 
7 days/week for 10 weeks  
 

Nuhr et al., 
2004 (46) 
 

Patients with severe 
chronic heart failure  
 
n=34 
29 men 
mean age (years, ± 
SD): 
NMES group:  
53 (7) 
Sham group:  
53 (13) 
 

Prospective 
randomized 
controlled trial 
 
NMES   
versus 
sham-stimulation  
(no evoked 
contractions) 
 
 

Muscles: quadriceps and 
hamstring muscles 
Frequency: 15 Hz 
Pulse duration: 500 µs 
Duty cycle: 2 s on and 4 s 
off  
Intensity: till 25-30% of 
MVC force 
Session time: 2 hours 
Total time: 2 sessions/day, 
7 days/week for 10 weeks 
 

Type I ↑ Type IIx ↓ 
Type IIa = 

Dal Corso 
et al., 2007 
(57) 
 
 
 

Patients with 
moderate to severe 
COPD 
 
n=17  
16 men 
(years, ± SD):  
65.9 (6.8) 
 

Prospective cross-
over single-blinded 
randomized  
controlled trial 
 
NMES  vs Sham-
stimulation 
 

Muscles: quadriceps 
muscles 
Frequency: 50 Hz 
Pulse duration: 400 µs 
Duty cycle: 2 s on  
10 s off first week till  
10 s on and:20 s off in 
week 6  Intensity: ranging 
10-25 mA, increased 
weekly with 5 mA 
Session time: 30 minutes 
Total time: 5 days/week for  
6 weeks  
 

Type I ↓ Type II ↑ 
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Chapter 2 
 

 

 

 

 

 

 

 

The metabolic response and symptom 
perception during low-frequency versus 
high-frequency neuromuscular electrical 

stimulation in patients with COPD  
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Abstract 

 
Introduction 

Transcutaneous neuromuscular electrical stimulation (NMES) is a new modality in 

the rehabilitation of severely disabled patients with chronic obstructive pulmonary 

disease (COPD). The purpose of this study was to compare the metabolic response 

during low-frequency NMES and during high-frequency NMES of the quadriceps 

femoris muscles in patients with COPD entering pulmonary rehabilitation.  

Methods 

Pulmonary function, body composition, peak aerobic capacity, peak minute 

ventilation and the Medical Research Council dyspnoea grade were evaluated in 13 

patients with COPD. Additionally, peak oxygen uptake, peak minute ventilation and 

Borg symptom scores for dyspnoea and leg fatigue were assessed during a low-

frequency NMES session and a high-frequency NMES session. 

Results 

The median peak oxygen uptake during the low-frequency NMES session was 

significantly higher compared to the high-frequency NMES session. The median 

minute ventilation and symptom Borg scores for dyspnoea and leg fatigue did not 

significantly differ between both NMES sessions. 

Conclusions 

To conclude, the metabolic response and symptoms of dyspnoea and leg fatigue 

were low during as well low-frequency and high-frequency NMES sessions among 

patients with COPD.  

Keywords: chronic obstructive pulmonary disease (COPD), metabolic response, 

neuromuscular electrical stimulation, symptom perception 
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Introduction 

Chronic obstructive pulmonary disease (COPD) is one of the major causes of 

morbidity and mortality worldwide (1-3). It is characterized by chronic airflow limitation 

that is not fully reversible. The airflow limitation is usually progressive and associated 

with an abnormal inflammatory response of the lungs to noxious particles or gases 

(4). The prevalence of COPD is estimated at 66 to 69 per 1000 population (5).  

Despite optimal respiratory drug treatment, patients with COPD experience extra 

pulmonary manifestations like quadriceps muscle weakness and an impaired 

quadriceps muscle endurance (6;7). A decreased peripheral muscle force and 

depletion of muscle mass have been shown to be related to exercise intolerance in 

patients with COPD, irrespective of the degree of airflow limitation (8;9). Daily 

physical inactivity may contribute at least in part to the development and 

maintenance of quadriceps muscle dysfunction (10;11). Exercise-based rehabilitation 

programs are able to partially improve quadriceps muscle strength and endurance, 

functional exercise performance and health status in patients with COPD, without 

significant changes in the degree of airflow limitation (12-14). Exercise training mostly 

consists of endurance training, interval training and resistance training or a 

combination thereof (15). Unfortunately, the effects of these conventional training 

modalities may be limited by exercise-induced dyspnoea (16;17). Therefore, there is 

interest in new rehabilitative modalities that do not evoke dyspnoea, such as 

transcutaneous neuromuscular electrical stimulation (15). NMES involves the 

application of an electrical current through electrodes placed on the skin over the 

targeted muscles, thereby depolarizing motor neurons and, in turn, inducing skeletal 

muscle contractions (18;19).  

To date, only the effects of high-frequency NMES have been studied in COPD (20). 

Significant improvements in quadriceps muscle function, exercise capacity and 

health status were found following 4 to 6 weeks high-frequency NMES in (severely) 

disabled patients with COPD (21-24). The metabolic response, defined as oxygen 

uptake and minute ventilation, and the degree of symptom perception (dyspnoea and 

fatigue) were acceptable during high-frequency NMES in patients with COPD with 

explicit systemic manifestations (25). Low-frequency NMES increase type I fibers and 

decrease type II fibers (26;27). High-frequency NMES decrease type I fibers (28;29) 

and it is unclear if high-frequency NMES increase type II fibers (28;29). 

Consequently, low-frequency NMES may have specific effects on quadriceps muscle 
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endurance and on functional exercise capacity in patients with congestive heart 

failure (30).  

The purpose of this study was to compare the metabolic response and symptom 

perception of low-frequency NMES and high-frequency NMES of the quadriceps 

femoris muscles in patients with COPD. In addition, the metabolic response during 

the symptom-limited incremental cycle ergometer test was used as a reference for 

low-frequency and high-frequency NMES, respectively. 
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Methods 

Patients 

Thirteen patients (6 males) with clinically stable COPD, according to the GOLD 

criteria (31) comprised the study group. Inclusion criteria were patients with absence 

of neuromuscular disorders, long-term oxygen therapy, metal implants in the lower 

limbs, a cardiac pacemaker or exacerbation of symptoms in the preceding 4 weeks.  

The study protocol was approved by the ethics committee of the Maastricht 

University Medical Centre+ and conforms to the principles outlined in the World 

Medical Association declaration of Seoul. All patients gave written informed consent 

to take part in the study. 

 

Design and procedures 

This was a prospective, comparative study. A physiotherapist (Mr. Maurice Sillen) 

recruited the patients of a rehabilitation program at the Centre for Integrated 

Rehabilitation of Organ Failure (CIRO) in Horn, The Netherlands as described 

previously (32). After study enrolment, all patients had to undergo one session of 

low-frequency NMES and one session of high-frequency NMES on two separate 

days within the same week, in random order. Randomization was performed by 

means of a computer generated randomization list. Pulmonary function, body 

composition (dual-energy X-ray absorptiometry), peak cycling load, peak aerobic 

capacity, Borg symptom scores for dyspnoea and fatigue and the Medical Research 

Council dyspnoea grade were determined at baseline, as described previously 

(11;16).  

 

Measurements 

During the NMES on-line calculations of breath-by-breath oxygen uptake (VO2) and 

minute ventilation (VE) were obtained using the Oxycon mobile (VIASYS Healthcare, 

the Netherlands), a portable metabolic system (figure 1). A face mask was carefully 

adjusted to the patient’s face and checked for air leaks. The methodology used to 

assess the metabolic response has been described in detail elsewhere (17). 

Additionally, Borg symptom scores for dyspnoea and leg fatigue were obtained 

before and after both NMES sessions (table 1) (33). 
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Figure 1. Measurement of oxygen uptake and ventilation during transcutaneous 

neuromuscular electrical stimulation (NMES) of the quadriceps femoris muscles 

 
Table 1. Borg scale for rating dyspnoea and leg fatigue 

0 Nothing at all 

0,5 Very, very slight (just noticeable) 

1 Very weak 

2 Weak 

3 Moderate 

4 Somewhat strong 

5 Strong 

6  

7 Very strong 

8  

9 Very, very strong 

10 Maximal 
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NMES protocols 

During the NMES, the quadriceps femoris muscles of both legs were electrically 

stimulated with a portable electrical stimulator (Gymnex 4, Gymna Uniphy N,V., 

Bilzen, Belgium). A total of 8 electrodes were placed on the quadriceps femoris 

muscles (4 on each leg): two on the vastus medialis and two on the rectus femoris 

muscles and the vastus lateralis muscle. The stimulation protocol of the low-

frequency NMES consisted of a symmetrical biphasic square pulse at 15 Hz, a duty 

cycle of 8 seconds on and 2 seconds off, a pulse time of 390 microseconds, intensity 

adjusted to individual toleration during a session lasting 29 minutes. The stimulation 

protocol of the high-frequency NMES consisted of a symmetrical biphasic square 

pulse at 75 Hz, a duty cycle of 6 seconds on and 29 seconds off, a pulse time of 410 

microseconds, intensity adjusted to individual toleration during a session lasting 21 

minutes.  
 
Statistical analysis 

All statistical analyses were performed using SPSS for Windows, Version 14.0.1. 

Because the data were not normally distributed, results are presented as median and 

interquartile range (IQR). For the same reason the Wilcoxon Signed Ranks Test was 

used to determine differences in VO2, VE and Borg symptom scores between low-

frequency and high-frequency NMES. A priori, the level of statistical significance was 

set at p< 0.05. 
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Results 

On average, patients had mild-to-severe COPD (GOLD I: n=2, GOLD II: n=6, GOLD 

III: n=2 and GOLD IV: n=3), a normal body mass index, a normal fat-free mass index, 

poor peak exercise capacity and severe sensations of dyspnoea during daily life  

(Table 2).  

No serious adverse events occurred during both training sessions. The median 

intensity during the low-frequency NMES session was 20 mA (IQR: 18.5-23.5) and 

during the high-frequency NMES session 17 mA (IQR: 13-20.5). 

None of the patients used supplemental oxygen at rest or during exercise. 

The median resting and absolute peak VO2 during the low-frequency NMES session 

were significantly higher compared to the high-frequency NMES session (table 3; 

figure 2) . Additionally, there were no significant differences in resting VE, absolute 

and relative peak VE between the low-frequency and high-frequency NMES sessions 

(table 3; figure 3). Also, the Borg scores for dyspnoea and leg fatigue did not differ 

between both NMES sessions (table 3; figure 4). 
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Discussion 

The present study is the first to compare the metabolic response and symptom 

perception during low-frequency NMES versus high-frequency NMES. The peak VO2 

was significantly higher during the low-frequency NMES compared with high-

frequency NMES. No significant differences in minute ventilation and Borg symptom 

scores for dyspnoea and leg fatigue were shown (Table 3). 

NMES is a relatively new exercise modality used in the rehabilitation of (severely) 

disabled patients with COPD (20). For example, 4 to 6 weeks NMES of the 

quadriceps femoris muscles resulted in improved muscle function, exercise capacity 

and disease-specific quality of life among COPD patients who had an abnormal body 

composition or who were too dyspnoeic to leave their home, respectively (21;24). 

NMES has even resulted in faster mobilization from bed to chair in bed-bound COPD 

patients requiring prolonged mechanical ventilation (23). Based on the 

abovementioned findings, it seems reasonable to conclude that NMES may be 

beneficial for patients with COPD. Indeed, NMES is recommended in patients with 

severe chronic respiratory disease with extreme skeletal muscle weakness, who are 

bed-bound or who are unable to participate in regular physical exercise training 

programs (34;35). The findings of this study provide an additional rationale to apply 

as well low-frequency and high-frequency NMES in patients with COPD who are 

severely disabled by their dyspnoea. In the present study, median peak VO2 and 

median peak VE were low during as well in low-frequency and high-frequency NMES 

sessions, respectively, compared to peak VO2 and peak VE obtained during a 

symptom-limited incremental cycle ergometer test (Table 3). Comparable results 

have already been found in a previous study in which the metabolic response was 

compared between resistance training and high-frequency NMES in patients with 

COPD (25). The metabolic response during resistance training has been shown to be 

significantly higher than high-frequency NMES in COPD (25). The metabolic 

response during endurance exercises has been shown to be significantly higher than 

resistance training in COPD (17).     

NMES even appear to be applicable during acute COPD exacerbations, which are 

known to be associated with decline in functional status (21).  

NMES is well tolerated and lead to acceptable levels of dyspnoea and fatigue in 

COPD (Table 3). In this study, both NMES sessions were completed by all 

volunteering participants and did not result in serious adverse events or complaints of 
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muscle soreness or dyspnoea. Indeed, the biphasic current, which has been shown 

to produce high values for maximally electrically induced strength (36) was well 

tolerated.  

This study had some methodological limitations and selected patient characteristics 

which may limit the external validity and broad applicability of the present findings: 1) 

Only patients without long-term oxygen therapy were eligible due to the methodology 

used (17); 2) This study included a small number of patients with a wide range of 

COPD severity, and evaluated metabolic responses to low-frequency NMES and 

high-frequency NMES during only a single session of each. Therefore, it is not 

possible to draw conclusions as yet regarding the relative metabolic responses over 

longer periods of training or to identify subpopulations of patients who may benefit 

particularly from either technique; and 3) The peak VO2 was significantly higher 

during low-frequency NMES compared with high-frequency NMES. Also the resting 

VO2 was higher during low-frequency NMES compared with high-frequency NMES. 

The amount of increase was higher in the peak VO2 during the NMES compared with 

the rest phase.  

 

Conclusion 

In conclusion, peak VO2, peak VE and symptoms of dyspnoea and leg fatigue were 

low during as well low-frequency as high-frequency NMES sessions among patients 

with COPD.  

These findings provide an additional rationale to design extra studies to assess the 

effects of as well low-frequency as high-frequency NMES in (severely) disabled 

patients with COPD. 
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Tables and figures 

 

Table 2. Characteristics 

  Median Interquartile range 

Age years 62 57-79 

Body weight kg 68 56,5-78 

BMI  kg/m2 24,5 20,4-26,5 

FFMI  kg/m2 16,5 15,7-16,5 

FEV1 % pred 52 34-67,5 

FEV1/VC % pred 48 33,5-63 

DLCO % pred 45 34-55,5 

MRC dyspnoea grade 3 3-4 

Peak load CPET watts 54 43-87 

Peak load CPET % pred 56 35-65 

Peak VO2 CPET  ml/min 889 825,5-1258 

Peak VO2 CPET  % pred 69 51-78 

Peak VE CPET  litres 38 31-48 

Peak VE CPET % MVV 86 69-107,5 

Peak HR CPET bpm 127 109,5-141 

Peak HR CPET % pred 77 72,5-92 

Borg dyspnoea 

CPET 

points 7 6-10 

Borg fatigue CPET points 5 4,5 

Abbreviations: BMI=body mass index; FFMI=fat-free mass index; FEV1=forced 

expiratory volume in one second; VC=vital capacity; MRC= medical research council 

dyspnoea scale; peak load=maximum workload; peak VO2 =peak oxygen uptake in 

ml/min.; peak VE= peak minute ventilation in litre; peak HR=peak heart rate; 

bpm=beats per minute; % pred=percentage predicted value; % MVV=percentage 

maximal voluntary ventilation; CPET=cardiopulmonary exercise test 
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Table 3. Low-frequency NMES versus high-frequency NMES 

 
  Low-frequency 

NMES 

 

High-frequency 

NMES 

p-value 

Resting VO2  ml/min 215 (174,5-235,5) 187 (155,5-228) 0.03* 

Peak VO2  ml/min 311 (270,5-349) 268 (227-329) 0.03* 

Peak VO2  % peak VO2 

CPET 

33 (24-38) 27 (23,5-36) 0.06 

Resting VE  litres 11 (12-17,5) 9 (8-12) 0.12 

Peak VE  litres 14 (12-17,5) 14 (11-18) 0.28 

Peak VE  % MVV 31 (21-44,5) 33 (20-41) 0.26 

Borg dyspnoea  points 1 (1-2) 1 (1-2) 0.34 

Borg fatigue  points 1 (0,5-2,5) 1 (0,75-2) 0.26 

 

The data are presented as median (interquartile range) before and after a session of 

low-frequency NMES versus high-frequency NMES in 13 COPD patients.  

Abbreviations: VO2=oxygen uptake in ml/min; % peak VO2 CPET=oxygen uptake 

expressed as a percentage of the peak VO2 obtained at the end of a symptom-limited 

cardiopulmonary exercise test; peak VE= peak minute ventilation in litre; % 

MVV=percentage maximal voluntary ventilation 

* P <0.05 
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Figure 2. Boxplot showing peak oxygen uptake in millilitre per minute (Ml/min) during 

cardiopulmonary exercise test (CPETVO2), low-frequency NMES (LFVO2) and high-

frequency NMES (HFVO2). 
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Figure 3. Boxplot showing peak ventilation in litre per minute (L/min) during  

cardiopulmonary exercise test (CPETVE), low-frequency NMES (LFVE) and high- 

frequency NMES (HFVE). 
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Figure 4. Boxplot showing Borg symptom scores in points for dyspnoea and fatigue  

during cardiopulmonary exercise test (CPET dyspnoea, CPET fatigue), low- 

frequency NMES (LF dyspnoea, LF fatigue) and high-frequency NMES  

(HF dyspnoea, HF fatigue). 
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