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Aim: To determine the neuromuscular recruitment characteristics during supramaximal exercise.
Methods: Ten healthy subjects completed the Wingate anaerobic test (WAT) cycling protocol. Electro-
myographic (EMG) data and rate of fatigue were recorded throughout the cycling.
Results: The mean (SD) rate of fatigue (decrease in power output) was 44.5 (8.6)%. No significant
change was found in EMG amplitude. A significant decrease (p<0.01) in mean power frequency spec-
trum was found over the 30 second period.
Conclusions: During WAT, mean power frequency spectrum was attenuated with no decline in EMG
amplitude, which may be caused by an accumulation of metabolites in the periphery. However, it is
also possible that the feedback loop from intramuscular metabolism to the central nervous system is
unable, within the 30 second period of the WAT, to affect neural recruitment strategy.

The Wingate anaerobic test (WAT) has been used exten-
sively by researchers and sports practitioners to examine
maximal power output and as a standard exercise task to

analyse athletes’ responses to supramaximal exercise.1 The
WAT was originally based on a 30 second cycling test described
by Cumming.2 The 30 second period was considered suitable
for stressing the glycolytic pathway.3 This period was chosen
because subjects were able to maintain an all out effort for 30
seconds, unlike tests of 45 and 60 seconds, where subjects
repeatedly moderated their starts for fear of not finishing.1

The WAT has been described as an exercise test that will
provide an index of a subject’s anaerobic capacity.4 Hussain et
al5 showed a significant decrease in pH from baseline levels
immediately after the WAT. A lowered pH has often been asso-
ciated with severe symptoms of fatigue.6 7 However, it is not
clear how these changes in pH affect electromyographic
(EMG) amplitude, the frequency spectrum, and the relation
between them during the WAT.

Maximal power is a function of instantaneous force and
velocity.1 During fatiguing maximal cycling, the phasic accel-
eration and deceleration of the lower limb muscles limits the
period for which the muscle can maintain an optimal
velocity.8 The only study to have examined neuromuscular
fatigue during the WAT was that of Vandewalle et al,9 who
concluded that the observed decline in EMG amplitude was
due to the occurrence of central fatigue. However, this study is
limited for two reasons. Firstly, the WAT protocol used meant
that the test was not supramaximal; as mentioned previously,
subjects will pace themselves to successfully complete a 45
second WAT as opposed to the all out effort seen during a 30
second WAT.1 Secondly, EMG amplitude was measured
without EMG spectrum analyses; therefore, conclusions about
whether a task is central or peripheral are speculative. Other
studies have shown a decline in EMG spectrum during maxi-
mal running sprint activities10; however, the relevance to WAT
can be questioned because of the different muscle groups used

and the biomechanical action involved. Green11 proposed that

only incremental supramaximal motorised treadmill tests and

the WAT enable alactic work capacity to be determined and

provide more information on performance ability than

constant load tests. However, in a method using placing of an

EMG electrode on a working muscle, the technique required to

perform the task and the variability between subjects have to

be considered. Clearly, the cycling action required to perform

the WAT requires far less technique than running, therefore

less variability, resulting in a more reliable, comparable EMG

signal.

To our knowledge, the EMG signal during a 30 second WAT

has not been examined. Therefore we recorded changes in

integrated EMG (IEMG) and mean power frequency spectrum

(MPFS) while 10 subjects completed the WAT.

METHODS
Ten healthy men volunteered for this study. The mean (SD)

age and body mass of the subjects were 21.4 (2.6) years and

72.3 (8) kg respectively. All subjects were physically active and

each signed an informed consent before the study. The

research and ethics committee of the University of Cape Town

Faculty of Health Sciences approved the study.

Maximal isometric voluntary contraction (MVC)
To normalise the EMG signal, the MVCs of the subject’s right

knee extensor muscles were measured on an isokinetic

dynamometer (Kin-Com, Chattanooga Group Inc, Hixson,

Texas, USA). Subjects sat on the dynamometer, and their hips,

thighs, and upper bodies were firmly strapped to the seat. In

this position their hip angle was at 100° flexion. The right

lower leg was then attached to the arm of the dynamometer at

a level slightly above the lateral malleolus, and the axis of

rotation of the arm was aligned with the lateral femoral con-

dyle. The arm of the dynamometer was then set so that the

knee was at a 60° angle from full leg extension. Each subject

performed four submaximal familiarisation contractions

before performing two maximal MVCs, the latter of which

were used for all subsequent analyses. All subjects were

verbally encouraged to exert maximal effort during both

MVCs.

Experimental design
After performing the MVCs, the subjects warmed up with

light cycling and stretching. The WAT consisted of one 30 sec-

ond sprint, performed on an electrically braked cycle
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ergometer (Watsystem; ITC Corp, Bloomington, IN, USA) with

a preset load of 0.09 kg/body weight.12 The subjects were given

five seconds of loadless pedalling to reach maximum pedal

speed and were subsequently instructed to sustain maximal

cadence during the 30 seconds once the correct load was

applied. All subjects received verbal encouragement through-

out the 30 seconds.

The rate of fatigue during the WAT was calculated by using

the following equation as described previously by McCartney

et al8:

Fatigue index (%) = ((peak power−lowest power)/peak
power) × 100

where power is measured in W.

EMG testing
Before maximal isometric strength testing on the Kin-Com

isokinetic dynamometer, EMG electrodes were attached to the

subject’s lower limb midway between the superior surface of

the patella and the anterior superior iliac crest of the belly of

the rectus femoris. The overlying skin on the muscles was

carefully prepared. Hair was shaved off, the outer layer of epi-

dermal cells abraded, and oil and dirt were removed from the

skin with an alcohol pad. Triode electrodes (Thought Technol-

ogy, Montreal, Quebec, Canada) were placed on the muscle

sites as described above, and linked via a fibre-optic cable to

the Flexcomp/DSP EMG apparatus (Thought Technology) and

host computer. The electrodes were heavily taped down with

cotton swabs to minimise sweat induced interference. The

EMG data were filtered with a 50 Hz line filter to prevent elec-

trical interference from electrical sources and was automati-

cally anti-aliased by the hardware (Thought Technology).

Each activity was sampled at a 1984 Hz capture rate for five

second bouts. Recordings were taken on the second maximal

isometric trial and during the cycling trial at 5, 10, 15, 20, 25,

and 30 seconds, yielding a raw signal. MVC EMG data were

recorded before the cycle ride to ensure normalisation of EMG

in the trial. The raw data were divided into seven five second

epochs. The first epoch included all data collected during the

second MVC trial, and the remaining six epochs included data

collected on the ride at 5, 10, 15, 20, 25, and 30 seconds.

The EMG signals were full wave rectified, and movement

artifacts removed using a high pass, second order Butterworth

filter with a cut off frequency of 15 Hz, then smoothed with a

low pass, second order filter with a cut off frequency of 5 Hz.

This was performed using MATLAB gait analyses software.

These integrated data (IEMG) were used for subsequent

analyses.

The spectrum of the frequency for each epoch of data

collected during the cycle ride was assessed using the raw

EMG data by using a fast Fourier transformation algorithm.

The analyses for frequency spectrum were restricted to

frequencies in the 5–500 Hz range, because the EMG signal

content consists mostly of noise when it is outside of this

bandwidth. The frequency spectrum from each epoch of data

was compared with that derived from the MVCs, and the

amount of spectral compression was estimated. This tech-

nique was performed as described by Lowery et al,13 which is a

modification of the work of Lo Conte and Merletti14 and Mer-

letti and Lo Conte.15 The spectrum of the raw signal of each

epoch was obtained and the normalised cumulative power at

each frequency was calculated for each epoch. The shift in

centile frequency was then examined—that is, at

0%...50%...100% of the total cumulative. The centile shift was

then estimated by calculating the mean shift in all centile fre-

quencies throughout the mid-frequency range (5–500 Hz).

This method has been suggested as a more accurate estimate

of spectral compression than median frequency analyses,

which uses a single value of (50th) centile frequency.13 This

change in MPFS data was used for subsequent analyses.

Statistical analysis
Data are presented as mean (SD). Significant differences over

time were assessed using a one way analysis of variance with

repeated measures. Where significant changes occurred a

Scheffe’s post hoc test was applied to identify individual

differences over time. Relations among variables were

assessed using the Pearson correlation coefficient. Signifi-

cance was accepted at p<0.05.

RESULTS
The mean (SD) rate of fatigue calculated from the decrease in

power during WAT was 44.5 (8.6)% (table 1). Data from subjects

Table 1 Fatigue index for each subject throughout
the 30 second Wingate anaerobic test

Subject Fatigue index (%)

1 53.8
2 34.0
3 38.0
4 49.8
5 45.8
6 50.7
7 51.7
8 32.1
Mean (SD) 44.5 (8.6)

Figure 1 Total electromyographic amplitude (IEMG) as a
percentage of maximal isometric voluntary contraction (MVC) at five
second intervals for individual subjects (A) and as a group (B) over a
30 second Wingate anaerobic test.
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9 and 10 could not be recorded because of technical difficulties

with the cycle ergometer.

IEMG normalised to MVC showed a large individual varia-

tion, with one subject showing a drop off in IEMG in the final

five seconds (fig 1A), although, as a group, there was no

significant change in IEMG during WAT (fig 1B). However,

MPFS normalised to MVC was significantly reduced by 14.7%

over the 30 second WAT (p<0.01) (fig 2B) and the individual

variation was far less than for IEMG (fig 2A). A correlation of

r = 0.56 (NS) was found between fatigue index (%) and MPFS

(%) decline during WAT.

DISCUSSION
The main finding in this study was the significant drop off in

MPFS coupled with a relatively unchanging IEMG despite a

mean fatigue index of 45%.

The decline in force during the WAT was similar to that

found previously.1 The decline in MPFS may be caused by an

accumulation of metabolites and a consequent decrease in pH,

resulting in the slowing down of the muscle fibre conduction

velocity.16 This decline in MPFS is similar to the results shown

in both isometric and isokinetic fatiguing protocols.17 This

occurrence could be as a result of a reduced central drive,16 18

but no change in motor unit recruitment.19 The precise reason

for the fall in MPFS in this study remains unclear; however,

the 30 second time frame for the feedback loop between cen-

tral motor drive and intramuscular metabolism at this high

level of fatigue may be too short, but, given more time, could

have come into effect.

IEMG showed no significant change throughout the WAT.
We suggest that this may be caused by minimal afferent signal
from the active muscles to influence a reduction in central
drive. This being the case, no protective mechanism would be
used to initiate changes to adapt to the high level of fatigue
occurring. It has been suggested that additional motor units
are progressively recruited to compensate for the reduction in
contractility due to the impairment of fatigued motor units,
resulting in an increasing IEMG.20 This would also cause a
decline in the propagation velocity of the action potentials
along the muscle fibres21 22 and the recruitment of new,
non-fatigued, motor units to replace the fatigued ones.23 These
mechanisms will cause an increase in the duration of the
recorded motor unit action potentials resulting in a reduction
in MPFS. However, because the larger motor units become
recruited, a larger IEMG is usually recorded. In our study, the
IEMG showed no significant changes throughout the WAT,
agreeing with our suggestion. Furthermore, Degtyarenko et
al24 speculated that the central nervous system modulates
input from metabolic receptors less effectively than input from
mechanical receptors. Therefore it is possible that, during the
short (30 second) period of WAT, the afferent command from
the metabolic receptors to the central nervous system is insuf-
ficient to cause a reduction in central drive to result in an
altered IEMG pattern. The other compounding factor may be
from mechanical receptors; it could be argued that both the

controlled range of movement for the leg and support of body

weight during WAT do not allow for any significant stretch of

the muscle spindle to affect the mechanical receptor. This

could also result in insufficient signalling to the central nerv-

ous system to cause a reduction in central drive and IEMG.

Exercise fatigue leads to a decline in neural drive, resulting

in a loss of force.25 However, the present results show no

change in IEMG, which does not indicate a decline in central

drive. Indeed, Vandewalle et al9 using a 45 second WAT proto-

col found a decrease in IEMG amplitude. This is in agreement

with the findings of Bigland-Ritchie et al,26 27 Moritani et al,28

and Petrofsky and Lind,29 who found a decline in IEMG and

MPFS throughout MVC. It was concluded that these observa-

tions were the result of a decline in central drive to ensure the

optimal force output by avoiding peripheral transmission

failure.26 30 31 Therefore, during a 30 second WAT, a protective

mechanism may not be used.

Interestingly, the individual variation for IEMG was far

greater than for MPFS. Subject 2 displayed a far higher overall

IEMG (over 200% of MVC) than other subjects. The IEMG in

this subject then rapidly declined in the final five seconds,

although the fatigue index was one of the lowest. This

suggests that the subject may have subconsciously attempted

the WAT submaximally as opposed to supramaximally, which

could be evidence of a protective mechanism, as described by

St Clair Gibson et al.32 In conclusion, during WAT, MPFS was

attenuated with no decline in IEMG. The significant reduction

in MPFS may have been caused by an accumulation of

metabolites in the periphery. However, it is possible that a 30

second period is ineffective for the feedback loop between

intramuscular metabolism and the central nervous system to

Figure 2 Mean power frequency spectrum at five second intervals
during the Wingate anaerobic test for individual subjects (A) and as
a group (B). There was a highly significant (p<0.01) reduction over
30 seconds. **p<0.01: 5 seconds v 25 seconds; 5 seconds v 30
seconds; 10 seconds v 30 seconds; 15 seconds v 30 seconds.
*p<0.05: 5 seconds v 20 seconds; 30 seconds v 10 seconds.

Take home message

During the Wingate anaerobic test, no change in motor
unit recruitment strategy was shown despite the high rate
of fatigue and decline in frequency power. We conclude
that this was due to the accumulation of metabolites in the
periphery and/or an ineffective afferent command to the
central nervous system to affect neural recruitment
strategies. These neural recruitment strategies usually act
as a protective mechanism to slow the body down before
damage can occur.

298 Hunter, St Clair Gibson, Lambert, et al

www.bjsportmed.com

http://bjsm.bmj.com


affect motor unit recruitment strategies. Further investigation

is required to measure both metabolite accumulation and

changes in neural firing patterns during the WAT.

ACKNOWLEDGEMENTS
This research was supported by the Harry Crossley Research Fund of
the University of Cape Town, and the Medical Research Council of
South Africa.

. . . . . . . . . . . . . . . . . . . . .
Authors’ affiliations
A M Hunter, A St Clair Gibson, M I Lambert, L Nobbs, T D Noakes,
MRC/UCT Research Unit of Exercise Science and Sports Medicine,
Department of Human Biology, University of Cape Town, Cape town,
South Africa

REFERENCES
1 Bar-Or O. The Wingate anaerobic test. An update on methodology,

reliability and validity. Sports Med 1987;4:381–94.
2 Cumming GR. Correlation of athletic performance and aerobic power in

12–17 year old childeren with bone age, calf muscle total body
potassium heart volume and two indices of anaerobic power. Natanya:
Pediatric, 1973.

3 Margaria R, Oliva RD, Di Prampero PE, et al. Energy utilization in
intermittent exercise of supramaximal intensity. J Appl Physiol
1969;26:752–6.

4 Bernardi M, Solomonow M, Baratta RV. Motor unit recruitment strategy
of antagonist muscle pair during linearly increasing contraction.
Electromyogr Clin Neurophysiol 1997;37:3–12.

5 Ayalon A, Inbar O, Bar-Or O. Relationships among measurements of
explosive strength and anaerobic power. 1974;IV:527–32.

6 Hussain ST, Smith RE, Medbak S, et al. Haemodynamic and metabolic
responses of the lower limb after high intensity exercise in humans. Exp
Physiol 1996;81:173–87.

7 Mortimer JT, Magnusson R, Petersen I. Conduction velocity in ischemic
muscle: effect on EMG frequency spectrum. Am J Physiol
1970;219:1324–9.

8 Arendt-Nielsen L, Mills KR, Forster A. Changes in muscle fiber
conduction velocity, mean power frequency, and mean EMG voltage
during prolonged submaximal contractions. Muscle Nerve
1989;12:493–7.

9 McCartney N, Heigenhauser GJ, Jones NL. Power output and fatigue of
human muscle in maximal cycling exercise. J Appl Physiol
1983;55:218–24.

10 Vandewalle H, Maton B, Le Bozec S, et al. An electromyographic study
of an all-out exercise on a cycle ergometer. Arch Int Physiol Biochim
Biophys 1991;99:89–93.

11 Nagamachi A, Ikata T, Katoh S, et al. Spectral analysis of erector
spinae muscle surface electromyography as an index of exercise
performance in maximal treadmill running. J Med Invest
2000;47:29–35.

12 Green S. Measurement of anaerobic work capacities in humans. Sports
Med 1995;19:32–42.

13 Dotan R, Bar-Or O. Load optimization for the Wingate Anaerobic Test.
Eur J Appl Physiol 1983;51:409–17.

14 Lowery M, O’Malley M, Vaughan C, et al. A physiologically based
stimulation of the electromyographic signal. In: Arsenault AB, McKinley P,
McFadyen B, eds. Proceedings of the 12th International Society of
Electrophysiology and Kinesiology, June 12–13, 1998. Montreal:
Elsevier, 1998.

15 Lo Conte LR, Merletti R. Estimating EMG spectral compression:
comparison of four indices. 18th Annual International Conference IEEE
Engineering, Medical and Biological Sciences 1996;5:2–5.

16 Merletti R, Lo Conte LR. Advances in processing of surface myoelectric
signals: Part 1. Med Biol Eng Comput 1995;33:362–72.

17 Zwarts MJ, Van Weerden TW, Haenen HT. Relationship between
average muscle fibre conduction velocity and EMG power spectra during
isometric contraction, recovery and applied ischemia. Eur J Appl Physiol
1987;56:212–16.

18 Hagberg M. Muscular endurance and surface electromyogram in
isometric and dynamic exercise. J Appl Physiol 1981;51:1–7.

19 Lago P, Jones NB. Effect of motor-unit firing time statistics on EMG
spectra. Med Biol Eng Comput 1977;15:648–55.

20 van Boxtel A, Schomaker LR. Influence of motor unit firing statistics on
the median frequency of the EMG power spectrum. Eur J Appl Physiol
1984;52:207–13.

21 Moritani T, Muro M, Nagata A. Intramuscular and surface
electromyogram changes during muscle fatigue. J Appl Physiol
1986;60:1179–85.

22 Lindstrom L, Magnusson R, Petersen I. Muscular fatigue and action
potential conduction velocity changes studied with frequency analysis of
EMG signals. Electromyography 1970;10:341–56.

23 Viitasalo JH and Komi PV. Signal characteristics of EMG during
fatigue. Eur J Appl Physiol 1977;37:111–21.

24 Blank A, Gonen B, Magora A. The size of active motor units in the
initiation and maintenance of an isometric contraction carried out to
fatigue. Electromyogr Clin Neurophysiol 1979;19:535–9.

25 Degtyarenko AM, Kaufman MP. Stimulation of the mesencephalic
locomotor region inhibits the discharge of neurons in the superficial
laminae of the dorsal horn of cats. Neurosci Lett 2000;296:109–12.

26 Juel C. Muscle action potential propagation velocity changes during
activity. Muscle Nerve 1988;11:714–19.

27 Bigland-Ritchie B, Johansson R, Lippold OC, et al. Contractile speed
and EMG changes during fatigue of sustained maximal voluntary
contractions. J Neurophysiol 1983;50:313–24.

28 Bigland-Ritchie B. Factors contributing to quantitative surface
electromyographic recording and how they are affected by fatigue. Am
Rev Respir Dis 1979;119:95–7.

29 Moritani T, Muro M, Kijima A, et al. Electromechanical changes during
electrically induced and maximal voluntary contractions: surface and
intramuscular EMG responses during sustained maximal voluntary
contraction. Exp Neurol 1985;88:484–99.

30 Petrofsky JS, Lind AR. The influence of temperature on the amplitude
and frequency components of the EMG during brief and sustained
isometric contractions. Eur J Appl Physiol 1980;44:189–200.

31 Bigland-Ritchie B, Kukulka CG, Lippold OC, et al. The absence of
neuromuscular transmission failure in sustained maximal voluntary
contractions. J Physiol (Lond) 1982;330:265–78.

32 Moritani T, Nagata A, deVries HA, et al. Critical power as a measure of
physical work capacity and anaerobic threshold. Ergonomics
1981;24:339–50.

33 St Clair Gibson A, Schabort EJ, Noakes TD. Reduced neuromuscular
activity and force generation during prolonged cycling. Am J Physiol
Regul Integr Comp Physiol 2001;281:R187–96.

Effects of the Wingate protocol on EMG signal 299

www.bjsportmed.com

http://bjsm.bmj.com

