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ABSTRACT. Gayda M, Merzouk A, Choquet D, Ahmaidi S.
ssessment of skeletal muscle fatigue in men with coronary

rtery disease using surface electromyography during isometric
ontraction of quadriceps muscles.Arch Phys Med Rehabil
005;86:210-5.

Objective: To evaluate whether using surface electromyo-
raphy to assess skeletal muscle fatigue during an isometric
xercise has the potential to be clinically useful in patients with
oronary artery disease (CAD).

Design: Double sample comparative study.
Setting: Cardiac rehabilitation service in France.
Participants: Sixteen men with documented CAD and 9

ge-matched healthy men.
Interventions: Assessment of quadriceps skeletal muscle

atigue on an isokinetic apparatus with surface electromyogra-
hy measurements and a symptom-limited exercise test in a
aboratory.

Main Outcome Measures: The maximal voluntary isomet-
ic force (MVIF) of the quadriceps was quantified as a measure
f muscle strength and isometric endurance was defined as the
ime required to sustain a contraction at 50% of MVIF until
xhaustion. Surface electromyography signals were recorded
rom the vastus lateralis, rectus femoris, and vastus medialis
uring isometric endurance. The root mean square (RMS) and
he median frequency (MF) were directly calculated on a
omputer and then normalized (as a percentage of the initial
alue).
Results: Muscle strength did not differ significantly between

he patients with CAD and the healthy subjects (229�21N/m
s 228�52N/m), but isometric endurance was reduced
64�17s vs 90�7s, P�.01). The RMS values showed a sig-
ificantly higher increase in the healthy subjects versus the
atients with CAD for the vastus lateralis and vastus medialis
P�.001). The MF values were significantly lower for the
astus lateralis, rectus femoris (P�.01), and vastus medialis
P�.05) in patients with CAD compared with the healthy
ubjects.

Conclusions: Skeletal muscle fatigue occurs sooner in men
ith CAD relative to matched healthy men, despite similar
uscle strength. This finding may be the result of an abnor-
ality of skeletal muscle function and may play an important

ole in measuring functional capacity. In addition, it may be a
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seful tool to assess the efficacy of cardiac rehabilitation
nterventions.

Key Words: Coronary artery disease; Electromyography;
uscle fatigue; Rehabilitation.
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mpaired exercise tolerance is a major problem in patients
with coronary artery disease (CAD) and often results in

unctional disabilities.1 Myocardial ischemia associated with
AD can lead to exertional dyspnea, which may limit exercise
apacity.1,2 Patients with CAD limit their physical activities
ecause of exercise intolerance. This pattern results in a cycle
f inactivity and physical deconditioning and, consequently,
aily activities, and quality of life (QOL) are reduced.1,3 Di-
inished muscle strength and perceived fatigue are frequently

ssociated with exercise intolerance and may be responsible for
hese limitations.1 However, skeletal muscle fatigue and its

echanisms remain poorly documented in CAD patients.
Surface electromyography is a noninvasive way to assess

ow the neuromuscular system is functioning.4-6 By analyzing
urface electromyography spectral parameters (root mean
quare [RMS], median frequency [MF]), one may evaluate how
otor units are functioning and also evaluate skeletal muscle

atigue.4,5 During isometric exercise, in healthy subjects, skel-
tal muscle fatigue is associated with an increase in the surface
lectromyographic signal amplitude (RMS) and with a shift of
he surface electromyography spectrum (MF) toward lower
requencies.4,5

Despite the reproducibility of the surface electromyographic
ignal during isometric exercise,5,6 this technique is seldom
sed in cardiac patients, probably because of technical diffi-
ulties.7,8 The present study provides a new approach to the
tudy of skeletal muscle function in this population, with an
ccurate assessment of skeletal muscle fatigue that associates
urface electromyographic measurement and skeletal muscle
ension development. To our knowledge, this approach has
ever been used in patients with CAD. We believe it may have
ignificant clinical relevance in the assessment of functional
apacity. We also believe that using surface electromyography
o assess skeletal muscle fatigue may be useful for the evalu-
tion of therapeutic interventions in CAD patients, including
xercise training programs. The aim of the present study was,
herefore, to establish the potential usefulness of this technique
or CAD patients by assessing skeletal muscle fatigue of the
uadriceps muscle in CAD patients compared with healthy
ontrol subjects, using surface electromyography during a sub-
aximal isometric contraction.

METHODS
Sixteen male patients with CAD documented by prior myo-

ardial infarction, prior coronary angiography or angioplasty,

r myocardial ischemia on myocardial scintigraphy and 9 aged-
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211SKELETAL MUSCLE FATIGUE IN MEN WITH CAD, Gayda
atched healthy men free of any cardiac pathology took part in
his study. The healthy control subjects were free of any
edications prescribed to treat CAD and its risk factors, in-

luding statins. The clinical characteristics of the CAD patients
re in table 1. Anthropometric data (age, weight, height, fat
ass, lean body mass, total volume of the lower limb, muscle

olume of lower limb) were carried out before beginning the
ests, with the measurement of skinfolds and the circumfer-
nces of the lower limb9 (table 2). All subjects were randomly
ssigned to an evaluation of their skeletal muscle function.
hat evaluation was done on an isokinetic apparatus with
urface electromyographic measurements. A medical doctor
as present during the skeletal muscle function assessment.
atients were excluded from the study if the resting left ven-

ricular ejection fraction (LVEF) was less than 35% or if they
ad severe exertional ischemia (�3mm ST-segment depres-
ion), severe exertional arrhythmias, or an exercise limitation
ue to a noncardiopulmonary cause (eg, arthritis). The resting
VEF was evaluated by using angioventriculography tech-
ique. All patients gave their written consent to participate in
he study. The study was approved by the local ethics commit-
ee and complied with the ethical standards of the 1975 Dec-
aration of Helsinki.

keletal Muscle Function Assessment
Skeletal muscle fatigue was measured for the quadriceps on

n isokinetic apparatusa by using a methodology previously
escribed.10 Previous work10,11 in which no adverse effects on
ardiovascular or musculoskeletal systems were noted showed
he safety of isometric strength and endurance testing in male
AD patients. Subjects were seated and positioned at a knee
nd a hip angulation of 60° and 120°, respectively. They were
trapped at chest and knee to maintain these angles. Skeletal
uscle function was evaluated by measuring the maximal

oluntary isometric force (MVIF) and the isometric endurance
ime at an intensity level of 50% of the MVIF. Subjects were
llowed to become familiar with the apparatus before measure-
ents. During MVIF measurement, each subject could visual-

Table 1: Clinical Characteristics of the Patients With CAD

Characteristics Values

Diagnosis
Myocardial infarction 4
CABS 7
Angioplasty 3

NYHA classification
I 9
II 7

Mean LVEF � SD (%) 52�9
Treatment

Calcium channel blockers 10
ACE inhibitors 5
Aspirin 10
Calcium inhibitors 1
Amiodarone 1
Statins 10
Diuretics 1
Oral antidiabetics 1
�-blockers 11

OTE. Values are number of patients are concerned or as indicated.
bbreviations: ACE, angiotensin-converting enzyme; CABS, coro-
ary artery bypass surgery; LVEF, left ventricular ejection fraction;
YHA, New York Heart Association; SD, standard deviation.
ze the production of his muscular force on a computer screen
l
*

nd encouragement was given to obtain the best MVIF. Sub-
ects performed 3 sets of 5 repetitions, to develop a maximum
orce. Each repetition was separated by 20 seconds of recovery,
nd each set was separated by a 1-minute recovery period. The
est values of each set were retained and averaged; this average
alue was considered as the MVIF. To measure their isometric
ndurance time, subjects were asked to maintain an isometric
ontraction at 50% of the MVIF for as long as possible. A
isual reference mark corresponding to 50% of the MVIF was
laced on the computer screen. Subjects were asked to look at
t and control their contraction as best they could. They were
sked to maintain this contraction intensity near the visual
eference mark during the test. As soon as the produced force
eached this reference mark, a stopwatch was started to mea-
ure isometric endurance time. The subjects were encouraged
uring isometric endurance time measurement, and elapsed
ime was regularly given to their subjects every 15 seconds.
he isometric endurance test stopped when the subjects were
nable to maintain the contraction intensity near the visual
eference mark (when a 5% drop of the produced force oc-
urred).

urface Electromyographic Measurements and Analysis
During isometric endurance tests, the surface electromyo-

raphic activities were recorded for the vastus lateralis, the
ectus femoris, and the vastus medialis muscles. Bipolar
20-mm interelectrode distance) surface electromyographic re-
ordings were used. Surface electromyography electrodes (Ag-
gCl electrodes with 8-mm active diameter)b were placed

ccording to previously described methodology.11 For the vas-
us lateralis, electrodes were located 25% of the distance prox-
mal to the lateral tibial condyle on a line connecting this
atient and the anterior superior iliac spine (ASIS). For the
ectus femoris, electrodes were placed at middistance along the
ine connecting the ASIS to the superior aspect of the patella.
he electrodes were located over the vastus medialis at a
osition approximately 20% of the distance along a line con-
ecting the medial gap of the knee to the ASIS. Before
lectrodes application, the skin was cleaned by abrasion and
ponging with an alcohol-ether-acetone mixture to reduce in-
erelectrode impedance below 2k�.

The myoelectric activities of the vastus lateralis, the rectus
emoris, and the vastus medialis were amplified (differential
mplifier) and were passed through upper (1kHz) and lower
1Hz) cutoff filters. The surface electromyographic signals
ere analyzed on-line by using acquisition and spectrum ana-

yzer softwarec and data computing software.12,13,c The surface
lectromyographic signals were sampled at 1024Hz. The soft-

Table 2: Anthropometric Data of the Healthy Subjects and the
Patients With CAD

Characteristics
Healthy Subjects

(n�9)
CAD Patients

(n�16)

Age (y) 58�8 55�8
Weight (kg) 74�6 85�12
Height (cm) 171�3 172�6
Fat mass (%) 23.27�1.85 27.92�3.12*
LBM (kg) 56.96�4.00 61.57�6.93
TVLL (L) 12.46�0.59 12.39�1.60
MVLL (L) 9.37�0.42 8.49�1.21

OTE. Values are mean � SD.
bbreviations: LBM, lean body mass; MVLL, muscle volume of
ower limb; TVLL, total volume of lower limb.
P�.01.

Arch Phys Med Rehabil Vol 86, February 2005
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212 SKELETAL MUSCLE FATIGUE IN MEN WITH CAD, Gayda

A

are computed a mean power spectrum density by calculating
he RMS values of 8 consecutive spectra obtained from 0.5-
econd time windows. The mean power spectrum density was
efined by 256 points, on a 0- to 512-frequency band. The MF
as defined as the frequency that divided the power spectrum
ensity into 2 regions containing equal power. The RMS and
F of the power spectrum density were calculated in real time

y computer analysis.13 For both groups, the RMS and MF
alues were averaged for each muscle and normalized in per-
entage of initial values. The RMS changes with respect to
ime were fitted to a third-order polynomial function for each
roup.13,14 The slope of decline of the MF was calculated as an
ndex of muscle fatigability and to show percentage changes
elative to the initial values.4,12,15

tatistical Analysis
Data concerning skeletal muscle function and the surface

lectromyography of both groups were analyzed and compared
y using a nonparametric test (Mann-Whitney U test) with
tatView software.d Values are expressed as mean � standard
eviation (SD) unless otherwise indicated. The degree of sig-
ificance was fixed at P less than .05. The normalized surface
lectromyographic data were analyzed and compared between
roups by using the common isometric endurance time (64s).

RESULTS

nthropometric Measurements
Fat mass was significantly higher in the CAD patients than

n the healthy control subjects (P�.001), whereas the lean body
ass (LBM), the total volume of the lower limb (TVLL), and

he muscle volume of the lower limb (MVLL) did not differ
etween groups (see table 2).

keletal Muscle Function Data
No difference was found for the quadriceps MVIF between

he CAD patients and healthy subjects (228�21N/m vs
30�46N/m, P�.95). The CAD patients had a lower isometric
ndurance time than the healthy subjects (64�17s vs 90�7s,
�.01). No difference was observed between the CAD and
ontrol groups with respect to the MVIF normalized for LBM
3.68�0.73N·m�1·kg�1 vs 3.98�0.3N·m�1·kg�1, P�.12), for

ig 1. RMS values for the vastus lateralis in both groups. Mean
alues fitted out with third-degree polynomial function. Abbrevia-
ion: VL, vastus lateralis.
VLL (18.19�3.08N·m�1·L�1 vs 18.7�1.97N·m�1·L�1, P�.71),
a
p

rch Phys Med Rehabil Vol 86, February 2005
nd for MVLL (26.76�4.22N·m�1·L�1 vs 24.53�1.76N·m�1·L�1,
�.23).

urface Electromyographic Data
The normalized RMS values were significantly lower for

he CAD patients than in the healthy control group for the
astus lateralis (102.17%�3.46% vs 112.85%�5.11%,
�.001) and for the vastus medialis (100.89%�1.25%
s 133.28%�12.24%, P�.001), whereas no difference
as found for the rectus femoris (100.84%�2.9% vs
00.28%�0.91%, P�.52) (figs 1–3). The normalized MF
ean values were significantly lower for the CAD patients than

n the healthy control group for the vastus lateralis
82.17%�7.22% vs 92.74%�2.84%, P�.01), the rectus fem-
ris (90.94%�4.73% vs 97.98%�2.37%, P�.01), and the
astus medialis (85.90%�6.27% vs 91.68%�3.19%, P�.05)
figs 4–6). The slope of decline of the MF did not differ
etween the healthy controls and CAD patients for the vastus
ateralis (�0.14�0.16Hz/s vs �0.63�1.2Hz/s, P�.86), rectus
emoris (�0.08�0.14Hz/s vs �0.34�1.08Hz/s, P�.70), or
astus medialis (�0.15�0.21Hz/s vs �0.35�0.99Hz/s,
�.78).

DISCUSSION
Although perceived muscle fatigue is frequently associated

ith exercise intolerance in CAD populations1; no studies to

ig 2. RMS values for the rectus femoris in both groups. Mean
alues fitted out with third-degree polynomial function. Abbrevia-
ion: RF, rectus femoris.

ig 3. RMS values for the vastus medialis in the healthy subjects

nd patients with CAD. Mean values fitted out with third-degree
olynomial function. Abbreviation: VM, vastus medialis.
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213SKELETAL MUSCLE FATIGUE IN MEN WITH CAD, Gayda
ate have directly evaluated skeletal muscle fatigue in this
opulation. The present study was performed to accurately
ssess skeletal muscle fatigue using surface electromyography
nd skeletal muscle tension measurements. This approach is
onsidered the most accurate for the measure of skeletal muscle
atigue in healthy subjects and in chronic heart failure pa-
ients.5-8

We believe that skeletal muscle fatigue in CAD patients may
ave important consequences for their QOL and daily physical
ctivities. Some daily activities require isometric contractions
hat are not adequately reflected by cardiopulmonary exercise
esting, which is generally used to assess exercise tolerance.8

ardiopulmonary exercise testing does not directly measure
uscle fatigability.8 This new approach, therefore, appears to

ermit a more complete evaluation of functional capacity.
dditionally, it could be used to follow the effects of thera-
eutic interventions on functional capacity and QOL.
The first major finding of our study was that the maximal

oluntary isometric strength of the quadriceps muscle was
reserved in the CAD group compared with the healthy control
roup. However, quadriceps isometric endurance was mark-
dly reduced in the CAD patients, resulting in enhanced skel-
tal muscle fatigue. The second major result is that, for the
ame level of isometric force, the level of motor unit recruit-
ent was greater in the CAD patients than in the controls for

he vastus lateralis and medialis muscles. The mean MF was
ower in all muscles in the patients with CAD compared with
he healthy subjects, confirming an enhanced skeletal muscle

ig 4. MF values for the vastus lateralis in both groups. Mean values
tted out with a linear regression.
s
ig 5. MF values for the rectus femoris in both groups. Mean values
tted out with linear regression.
atigue—probably because of abnormalities of skeletal muscle
unction.

The CAD patients had the same MVIF as the healthy sub-
ects. It is well known that the MVIF decreases with age and
epends on muscle size and recruitment of motor units.16,17

he anthropometric data indicate that our CAD patients were
ore obese than the controls; however, this difference did not

nfluence the results of quadriceps testing, because muscle
ass was identical between the 2 groups. Our findings for
VLL and those of other studies10,18-20 suggest no alterations

n the muscle characteristics of patients with CAD (volume,
yotypology). The results obtained on MVIF showed that the

apacity of CAD patients to develop a maximal force was still
reserved. This has previously been shown in CAD patients for
he quadriceps muscle10 and also in heart failure patients for the
uadriceps and tibialis anterior muscles.17,21,22

In the present study, our CAD patients had a quadriceps
sometric endurance time that was lower relative to the healthy
ontrols, indicating more pronounced skeletal muscle fatigue in
he CAD patients. Skeletal muscle fatigue is often attributed to
ntracellular lactate accumulation,23 acidosis, or to an increase
n inorganic phosphate or its protonated form (H2PO4�).24-27

tudies using nuclear magnetic resonance spectroscopy
howed a lower intracellular pH and a faster accumulation of
norganic phosphate and H2PO4� in the forearm muscles of
hronic heart failure patients compared with control subjects
or the same level of work.28,29 We believe the impaired
sometric endurance time observed in our CAD patients was
robably due to perturbations of muscular energy metabo-
ism.10 We previously showed reduced quadriceps isometric
ndurance time in men with CAD.10 This same phenomenon
as been shown in chronic heart failure patients leg mus-
les.21,22,25

In our present study’s healthy subjects, the RMS profiles of
he vastus lateralis and medialis muscles were similar to those
ound in the literature,4,5 with an important increase in the
MS amplitude. A common finding is an increase in surface
lectromyographic amplitude during a submaximal isometric
xercise with prolonged duration.4,5,30 Several factors are re-
ponsible for this increase: (1) recruitment of additional motor
nits, (2) changes of firing frequency characteristics of indi-
idual motor units, and (3) synchronization of motor unit firing
atterns, and (4) changes in muscle fiber conduction velocity
nd/or in the electromyographic power density spectrum.4,5

he RMS profiles of the vastus lateralis and medialis were
ignificantly higher in our control subjects during the first 24

ig 6. MF values for the vastus medialis in both groups. Mean
alues fitted out with linear regression.
econds, probably because of the recruitment of type 2 fibers

Arch Phys Med Rehabil Vol 86, February 2005
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A

uring isometric contraction. A different RMS profile was
ound for the rectus femoris in healthy subjects, with only a
eak increase. This may be explained by the alternation strat-

gies in the quadriceps agonist muscles shown in different
tudies30-33 for other muscles. When alternations are present,
he occurrence of muscle fatigue can be delayed and analysis of
he surface electromyography of a single muscle may not be
ufficient to characterize the behavior of a muscle group.30,33

nother explanation may be because of the knee joint angle,
he rectus femoris being potentially less active when the con-
raction is performed at 60°. At this angle, the vastus lateralis
nd medialis were probably more activated, as suggested by the
MS profile. In our patients, the RMS values for each muscle

howed a weak increase. The recruitment of the motor unit is
ependent on the force level and increases with exercise inten-
ity.34 Moreover, when the intensity of a contraction reaches
5% of maximal voluntary contraction, all motor units are
ecruited for most muscles.35 We believe that, compared with
he healthy subjects, our CAD patients recruited more motor
nits for an equivalent isometric contraction intensity. Thus,
en with CAD would have a higher motor unit recruitment

hreshold to maintain the same force level during isometric
ndurance testing, and an additional motor unit recruitment
ight not be able to compensate for muscle fiber fatigue. Our
nding conforms with the study by Wilson et al7 of chronic
eart failure patients. They showed that for an equivalent work
oad during a maximal bicycle exercise, chronic heart failure
atients had higher RMS values for the vastus lateralis muscle
ompared with healthy control subjects during a maximal bi-
ycle exercise. They concluded that heart failure patients had
ower neuromuscular efficiency associated with enhanced mus-
le fatigue.7

In our male patients with CAD, the MF values were lower
or each muscle compared with healthy subjects. However, the
lope of decline of the MF did not differ between groups for all
uscles studied. This lack of significant difference in slopes
as probably because of the low number of control subjects

n�9): the MF slope of decline would have been different with
greater number of controls subjects. Our results indicate

reater skeletal muscle fatigue in men with CAD compared
ith healthy subjects—regardless of the muscle studied—and

hat fatigue was associated with an impaired isometric endur-
nce time. These results are also consistent with Wilson’s
ata.7 The Wilson study showed that the mean MF of the vastus
ateralis was lower (P�.03) in heart failure patients during a
aximal cycling test than in healthy subjects. Skeletal muscle

atigue is often associated with a shift of the power density
pectrum toward lower frequencies and with a diminution of
he MF during submaximal isometric contraction.4,5,12,30 Two

ajor mechanisms have been given to explain this shift: a
ecrease of the muscle fiber conduction velocity and the chang-
ng statistics of the motor units patterns.4,5 The decrease of the
uscle fiber conduction velocity and the spectral parameters

eg, mean power frequency or MF) have been associated with
n accumulation of byproducts of anaerobic metabolism (eg,
actate),36,37 protons and H2PO4�,15 and other ions such as

�, potassium, or ammonium.38-40 The lower MF values in our
AD patients probably occurred because they required a higher
otor unit recruitment to develop and maintain the submaxi-
al force level (as suggested by the RMS data for the vastus

ateralis and medialis muscles). In CAD patients, this higher
otor unit recruitment level probably led to an earlier accu-
ulation of byproducts of anaerobic metabolism in the muscle

ith an earlier recruitment of fast motor units.

rch Phys Med Rehabil Vol 86, February 2005
CONCLUSIONS
Men with CAD showed a preserved maximal isometric

trength of the quadriceps muscle relative to an age- and
ex-matched healthy control population. However, isometric
ndurance time was markedly reduced in CAD patients, show-
ng a higher muscle fatigue that was probably caused by
bnormalities of skeletal muscle function. The surface electro-
yographic data suggest that men with CAD require a higher
otor unit recruitment threshold in order to maintain the same

orce level during isometric endurance testing. Moreover, be-
ause the mean MF values were lower in the men with CAD for
ach muscle, this probably led to an earlier accumulation of
etabolites in the muscle, which therefore enhanced muscle

atigue. These results indicate that surface electromyography
an be used to assess skeletal muscle fatigue in men with CAD.
n addition, this technique could potentially be used to the
esponse to therapeutic interventions such as cardiac rehabili-
ation in this population.
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