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The aim of the study was to investigate the possibility of using infrared (IR) thermography for assessing
muscle fatigue during low effort. Three tests at constant levels of load 5, 15 and 30% of maximum volun-
tary contraction (MVC) lasting 5 min each were performed on a group of 10 men. Temperature and electro-
myographic (EMG) signal were registered from biceps brachii (BB). Analysis focused on the influence of
load on the values and changes in time of muscle temperature. Correlations between temperature and EMG
parameters (RMS, MPF and MF) were also analysed. Constant load sustained during the tests resulted in an
increase in the temperature of BB. There were statistically significant correlations between temperature and
EMG parameters for most subjects. Results of the study suggest that IR thermography can be an alternative or

supplementary method for assessing muscle fatigue at low levels of contraction.
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1. INTRODUCTION

Muscle fatigue related to excessive muscle load
can become the source of complaints associ-
ated with the musculoskeletal system [1, 2]. This
means that reducing fatigue in working conditions
can result in a decrease in the number of musculo-
skeletal complaints. Thus, methods and algorithms
for assessing muscle fatigue are important.

Since the 1980s, electromyography (EMG) has
been the leading technique in assessing muscle
fatigue. This method makes it possible to estimate
fatigue on the basis of the electrical signal regis-
tered from muscles during their activation [3, 4, 5,
6,7,8,9, 10, 11, 12]. The registration of an elec-
trical signal with surface electrodes is commonly

used to assess muscle load and fatigue during
occupational tasks [13, 14, 15, 16, 17]. Numerous
studies indicate the relationship between the ampli-
tude of the EMG signal and the force developed
by muscles [18, 19, 20, 21]. Moreover, many
studies confirm the influence of the level of muscle
load on the values of the parameters character-
izing the power spectrum of the EMG signal [6,
7, 8,9, 10] and indicating muscle fatigue. Thus,
it can be assumed that EMG is a method suitable
for assessing muscle fatigue. However, surface
EMG, in addition to its numerous advantages, has
its limitations, especially at low levels of muscle
contraction [5, 21, 22]. The load and alleged
fatigue at a very low level of muscle load is still
under dispute. According to Rohmert, force at a
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low level, such as 10% of maximum voluntary
contraction (MVC), can be exerted continuously
[23]. However, other studies indicate musculo-
skeletal disorders in muscles (e.g., trapezius)
loaded at a very low level with continuous work
[24]. Studies also suggest that some phenomena,
which lead to muscle myalgia, occur even at low
levels of muscle contraction [25, 26]. Invasive
experiments, with biochemical indicators (CrP,
ATP, ADP) show changes in time of load even
at levels under 10% MVC [25]. The results indi-
cate that low-level effort causes changes in blood
pressure, heart rate and blood flow [27, 28, 29].
Moreover, studies with the use of surface EMG
show fatigue at levels of muscle contraction as
low as 8% MVC [26]. This suggests that espe-
cially low levels of load of the musculoskeletal
system require further study.

The effect of an increase in muscle temperature
due to heat production in metabolic processes
is commonly considered during tests on high
dynamic effort [30]. Research on muscle temper-
ature mainly concerns issues associated with
analysing the influence of initial muscle temper-
ature or environment temperature on force and
muscle fatigue [20, 31, 32, 33, 34] or the influ-
ence of the type of activities on joint temperature
[30]. Becher, Springer, Feil, et al. suggest that
changes in the temperature of joints are asso-
ciated with the type of activities [30]. Signifi-
cantly fewer studies are dedicated to temperature
changes in single muscles as a result of static
muscle effort at low levels of load [35].

Thanks to technological development, there
are new methods of assessing fatigue, which can
be used in improving occupational safety and
health. In recent years, infrared (IR) thermog-
raphy has been widely used in various fields of
life. On the basis of their studies on the anterior
deltoid muscle during static exertion, Bertmaring,
Babski-Reeves and Nussbaum reported that IR
thermography had capabilities to detect work-
related musculoskeletal disorders [35]. They also
suggested that results obtained with IR thermog-
raphy were sensitive to change in a factor like
shoulder posture. An advantage of IR thermog-
raphy is the possibility of contactless temperature
measurement with sensitivity of 0.08 °C. There-
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fore, the aim of the study was to investigate the
possibility of using IR thermography in assessing
muscle fatigue during muscle effort at a constant
load under 30% MVC. The hypothesis is that
during static load of up to 30% MVC, an increase
in muscle temperature can be an indicator of
muscle fatigue. To verify this hypothesis, a study
was conducted in healthy men doing static elbow
flexion at 30, 15 and 5% MVC. IR thermography
and surface EMG were used.

2. METHODS

2.1. Subjects

All 10 male subjects were students at the Univer-
sity of Physical Education, Warsaw, Poland. The
group was homogeneous in terms of age, body
weight and body height. The means (SD) for
the subjects’ age, body weight and height were
23 years (0.67), 78.8 kg (5.71) and 185.2 cm
(3.29), respectively. They were all healthy and
had no musculoskeletal complaints. Each subject
read and signed an informed consent form prior
to the study. The protocol of the study was
approved by the local ethics committee.

2.2. Examined Muscle

The subjects maintained static body posture and
a constant level of exerted force during the tests.
This provided isometric conditions for meas-
uring the temperature and the EMG signal from
the short head of biceps brachii (BB) of the right
upper limb.

2.3. Protocol

The environmental temperature in the laboratory
during the tests was constant at 24.9 °C (+4%).
Before the measurements, the subjects were in
the laboratory for at least 15 min to acclimatize.
During the measurements, they were standing
upright, with their right upper limb flexed in the
elbow at 90° (Figure 1). The flexion angle of the
shoulder was also 90°. The subject’s task was to
maintain elbow flexion against resistance.

The measurements had two stages. The first
one consisted of registering the EMG signal and
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the external force at maximum effort (MVC).
In one measurement, the subjects exerted force
twice, the greater effort was chosen as MVC. The
measurement at maximum effort took 10 s.

The second stage was done for the same body
posture as in the first stage. Muscle temperature
and the EMG signal were recorded while the
subject maintained constant force during tests
at 30, 15 and 5% MVC. The distance between
the IR camera and the arm was 0.6 m. Dura-
tion of effort in the three tests was up to 5 min,
which was based on maximum endurance time
obtained in other studies [36, 37, 38]. According
to those studies, maximum endurance time is
70-300 s, depending on anthropometric charac-
teristics, physical activity and age. The subjects
were allowed to stop maintaining the load when
exhausted or experiencing pain. If the value of
external force fell by at least 10% of the set level
for at least 3 consecutive seconds, the measure-
ment was terminated. All measurements were
sequenced and occurred at determined time inter-
vals. The experiment was designed in this way
to obtain, in a relatively short time, the influence
of fatigue not only at the level of 30% MVC, but
also at lower levels of load (5 and 15% MVC).
It was assumed that the initial relatively high
level of load (30% MVC) would cause fatigue in

BB and then subsequent load even at the lower
levels would lead to fatigue faster. Thus, the first
test involved maintaining constant force of the
muscles of the right upper limb at 30% MVC.
Then, tests were done at 15 and 5% MVC. There
was a 15-min break for recovery between tests.

2.4. Equipment
2.4.1. Measuring temperature of BB

An IR camera (ThermaCAM SC2000; FLIR
Systems, Sweden) was used to measure muscle
temperature. It had a focal plane array (FPA) of
uncooled microbolometer detectors that gave
a resolution of 320 x 240 pixels. The spectral
range of matrix detectors was 7.5-13 um. The
measured temperature range for objects was from
—40 to 2000 °C. The tests were performed in one
measuring range, namely, from —40 to 120 °C.
The sensitivity of the IR camera was under
0.08 °C. Due to the high emissivity of the surface
of a human body (0.98) and precisely measured
environmental temperature during tests, the
measurements were very precise (0.2 °C). The
precision of determining a temperature increase
was ~0.1°C. The camera supported a 14-bit
digital recording with full dynamics. The image
in the camera was refreshed at the frequency of

Figure 1. Posture during measurements.
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50 Hz. During tests, the registration frequency of
thermograms was 1 s.

Thermogram sequences were registered and
analysed with ThermaCam Researcher 2001
software (FLIR Systems, Sweden). Each ther-
mogram contained digital information on the
temperature values for each of the 76800 pixels
(320 x 240). Special colour palettes, where values
of temperature were assigned colours, provided
a temperature image of the surface of an object
conveniently and legibly. Figure 2 shows sample
thermograms of the skin surface over BB at the
beginning and at the end of a measurement for
30% MVC.

2.4.2. Measuring force

The levels of load (30, 15 and 5% MVC)
were determined on the basis of the value of
external force measured with a dynamometer. A
dynamometer in conjunction with a transducer
makes it possible to convert force to an electrical
signal and to present the change in the values
of force during a test. CPS version 2.0 software
(JBA Zbigniew Staniak, Poland) was used to
visualize and measure the force. In this way force
was observed and could be exerted at a constant
level.

2.4.3. Measuring EMG

The EMG signal was registered with surface
electrodes (Ambu Blue Sensor P, Denmark).
Interelectrode distance was 20 mm. Before the
electrodes were fixed, the skin was prepared
(shaved and disinfected with an alcohol). The
electrodes were located on the skin in accordance
with the SENIAM guidelines and Perotto [41].
They were located on a line between the medial
acromion and the fossa cubit at one third from the
fossa cubit. Three electrodes registered the EMG
signal; two active ones along muscle fibres, on
the line between the acromion and the fossa cubit,
and a third, reference one. Contact material of the
sensor was Ag/AgCl, sensor area was 13.2 mm”.
Resistance between the skin and an electrode was
under 2 kQ.

ME4000P (Mega Electronics, Finland) appa-
ratus measured and registered the raw EMG
signal. The input impedance of ME4000P was
10 GQ, common mode rejection ratio (CMRR)
was 110 dB and the signal to noise ratio —75 dB.
EMG amplification was 1000. The bandwidth of
the apparatus was 8-500 Hz (-3 dB, Butterworth
filter). The registered EMG signal was sampled at
the frequency of 2 kHz.

308.15K
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Figure 2. A sample thermogram of the surface of the skin over biceps brachii (a) at the beginning
and (b) at the end of a measurement at 30% MVC. Notes. For clarity, background items, not associated
with the subject, were removed from the thermograms; MVC—maximal voluntary contraction.

JOSE 2012, Vol. 18, No. 2



IMPACT OF FATIGUE ON MUSCLE TEMPERATURE 237

2.5. Analysis

This analysis aimed to (a) determine the influ-
ence of the level of load on the values of muscle
temperature and the values of the EMG param-
eters and (b) analyse the relationship between
muscle temperature and the EMG parameters
during the load.

The analysis concerned values of the EMG
parameters commonly used in investigating
muscle fatigue (root-mean-square, RMS; mean
power frequency, MPF; and median frequency,
MF) and muscle temperature (T). The analysis
of the EMG signal was carried out with Matlab
R2009a software (MathWorksl, USA). Temper-
ature was analysed on the basis of fragments of
thermograms corresponding to fragments of the
skin in the immediate vicinity of the EMG elec-
trodes.

During tests at three levels of muscle force
(30, 15 and 5% MVC), temperature (T) of BB
was recorded with the time resolution of 1 s. The
EMG signal was divided into windows also with
1-s intervals (1 s, 2000 samples, boxcar window).
This means that 300 values of each parameter (T,
RMS, MPF and MF) were obtained from a 5-min
test.

RMS expresses the relative value obtained as
a result of dividing the amplitude of the EMG
signal from measurements in separate tests (at 30,
15 and 5% MVC) by the value of the amplitude
the measurement at MVC.

Parameters corresponding to the beginning
of the tests (bT, bRMS, bMPF and bMF) were
determined by averaging the values for individual
parameters (T, RMS, MPF and MF) from the
first 5 s of each test. The differences between the
three levels of load (5, 15 and 30% MVC) were
analysed on the basis of parameters bT, bRMS,
bMPF and bMF.

The relationships between the values of the
EMG parameters (RMS, MPF and MF) and
muscle temperature (T) for subsequent values of
the parameters during load were also analysed.
The analysis also aimed to investigate the influ-
ence of the level of load on changes in the

! http://www.mathworks.com
http://statsoft.com

temperature of BB (DT) during the tests. Param-
eter DT was calculated as the difference between
the temperature read from the last thermogram
and the temperature read from the first thermo-
gram of each test.

2.6. Statistical Analysis

To determine the influence of the level of load on
temperature (bT) and parameters bRMS, bMPF
and bMF (related to the beginning of tests), an
analysis of variance (ANOVA) was done for each
parameter. The first stage of ANOVA included
Levene’s test, which confirmed the hypothesis of
variance homogeneity for bT, bMPF and bMF.
The hypothesis was rejected for bRMS. Para-
metric ANOVA was used for parameters with
variance homogeneity (bT, bMPF and bMF),
whereas a nonparametric Kruskal-Wallis test was
used for bBRMS.

Spearman correlation between the values of
the temperature of BB and the values of RMS,
MPF and MF obtained in consecutive moments
of the test, was analysed to assess the relationship
between the values of the EMG parameters and
the temperature of BB registered during the load.

The influence of long-term load on the changes
in the temperature of BB was expressed with DT.
As Levene’s test did not confirm the hypothesis
of variance homogeneity for DT, a nonparametric
Kruskal-Wallis test was used. The test evalu-
ated the differences in DT between the levels of
load. The analysis was done with Statistica 9.0
(StatSoftz, USA), o = .05 was accepted.

3. RESULTS

Figure 3 presents the mean values of the temper-
ature of the skin over BB (bT) registered at the
beginning of tests at three levels of load (5, 15
and 30% MVC).

Table 1 shows the results of an analysis focused
on the influence of the level of muscle contrac-
tion on the parameters obtained at the begin-
ning of a test. Those results show a statistically

JOSE 2012, Vol. 18, No. 2
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Figure 3. Mean values and standard deviations
for the temperature of the skin over biceps
brachii at the beginning of a measurement
(bT) during muscle activation at 5, 15 and

30% MVC. Notes. MVC—maximal voluntary
contraction.

significant influence of the level of load on the
amplitude of the EMG signal (bRMS) and mean
frequency (bMPF) corresponding to the begin-

TABLE 1. The Influence of the Level of Load
(5, 15 and 30% MVC) on the Values of the
Parameters at the Beginning of a Test

Parameter F P

bT? 1.27 2973
bRMS® 21.37 .0001
bMPF? 6.28 .0057
bMF? 0.12 .8840

Notes. Bold indicates significance at p < .05;
MVC—maximal voluntary contraction; a—result
of analysis of variance (ANOVA), b—result of the
Kruskal-Wallis test.

ning of the tests. However, there was no statisti-
cally significant influence of the level of load on
bT and bMF.

Spearman correlation between the values of T
and the values of RMS, MPF and MF obtained
in subsequent moments of the tests, for all tested

TABLE 2. Spearman Correlation Between the Temperature of Biceps Brachii and Parameter RMS for

3 Levels of Load for All Subjects

5% MVC 15% MVC 30% MVC

Subject R p R p R p

1 .21 .0024 -.07 .3256 .45 .0001
2 .86 .0001 .40 .0001 .74 .0001
3 -.33 .0001 .30 .0001 .87 .0001
4 .31 .0001 .24 .0001 .28 .0001
5 40 .0001 .85 .0001 .90 .0001
6 .33 .0001 .69 .0001 -.07 .2467
7 .60 .0001 .59 .0001 .90 .0001
8 -49 .0001 —-.08 .2050 .43 .0001
9 -.50 .0001 .20 .0011 .90 .0001
10 .03 .6780 .56 .0001 -.41 .0001

Notes. Bold indicates significance at p < .05; RMS—root-mean-square; MVC—maximal voluntary contraction.

TABLE 3. Spearman Correlation Between the Temperature of Biceps Brachii and Parameter MPF for

3 Levels of Load for All Subjects

5% MVC 15% MVC 30% MVC

Subject R p R p R p

1 14 .0418 -13 .0575 -43 .0001
2 -79 .0001 -.29 .0001 -.57 .0001
3 -11 .1090 -.02 .7335 -.42 .0001
4 -.26 .0001 .29 .0001 -.04 .5676
5 -39 .0001 -.62 .0001 -.58 .0001
6 -.20 .0008 —-.26 .0001 .04 4833
7 -22 .0002 -.23 .0001 -37 .0001
8 .23 .0002 .04 5179 -.28 .0001
9 —-.08 .1493 -11 .0950 -40 .0001
10 .15 .0170 —.02 .7785 .15 .0294

Notes. Bold indicates significance at p < .05; MPF—mean power frequency; MVC—maximal voluntary

contraction.
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TABLE 4. Spearman Correlation Between the Temperature of Biceps Brachii and Parameter MF for 3

Levels of Load for All Subjects

5% MVC 15% MVC 30% MVC

Subject R p R p R p

1 .20 .0035 -19 .0037 —-.56 .0001
2 -.26 .0001 -33 .0001 =91 .0001
3 -.18 .0081 .21 .0007 -.69 .0001
4 .18 .0021 .70 .0001 -12 .0690
5 -.50 .0001 -.48 .0001 —-.66 .0001
6 —-.05 .3951 -4 .0001 A2 .0455
7 -14 .0161 -29 .0001 -.78 .0001
8 -17 .0036 .08 .1952 -.29 .0001
9 -.21 .0002 -.18 .0037 -.81 .0001
10 .29 .0001 —.04 .6194 .38 .0001

Notes. Bold indicates significance at p < .05; MF—median frequency; MVC—maximal voluntary contraction.

subjects, was analysed to assess the relationship
between changes in the EMG parameters and
changes in the temperature of BB during the load.
Table 2 shows correlation coefficients and prob-
ability for parameters T and RMS; Tables 34
show the same for MPF and MF, respectively.

The correlations between the values of the
temperature of BB and the EMG parameters for
all three levels of load (5, 15 and 30% MVC)
were statistically significant for most subjects
(Tables 2-4).

Constant load sustained during the tests
resulted in an increase in BB temperature, which
is quantitatively expressed with parameter DT.
Values of this parameter differ in tests (Figure 4).

The result of the Kruskal-Wallis test (value
12.1, p = .0024) indicated that the level of load
had a statistically significant influence on the
value of DT, which indicates an increase in
muscle temperature during the load. The analysis

i

0.0
15

Force (% MVC)

Figure 4. Mean values and standard deviations
for parameter DT from biceps brachii during
muscle activation at 5, 15 and 30% MVC.
Notes. MVC—maximal voluntary contraction.

30

showed significant differences in the values of
DT in tests at 5 and 30% MVC.

4. DISCUSSION

The statistical analysis showed that the level of
load itself did not affect the values of the temper-
ature of BB. At the same time, the level of load
developed by the muscle unequivocally affected
the values of the EMG parameters (bRMS and
bMPF). The greater the external force, the greater
the values of bRMS (corresponding to the begin-
ning of the tests) and the lower the values of
bMPF. Those results confirmed previous research
showing similar relationships [7, 8, 9, 10, 20, 21].

The statistical analysis also showed that
changes over time in the values of all analysed
EMG parameters (RMS, MPF and MF) were
correlated with changes in the temperature of
BB (T). The increase in muscle temperature was
expressed quantitatively with parameter DT;
and muscle fatigue was probably responsible
for that increase. During tests at higher levels of
muscle contraction, parameter DT increased its
value to a greater extent. The trend of a greater
increase in muscle temperature at a higher levels
of muscle contraction may result from the fact
that at a higher load of BB, fatigue was greater.
Other researchers reported an increase in temper-
ature during physical effort. Becher et al. did not
observe any significant influence of the level of
load on the temperature in joints registered at the

JOSE 2012, Vol. 18, No. 2
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beginning of a measurement [30]. However, they
noticed that the larger the force exerted during
tests, the greater the changes in the temperature in
the joints over time. This means that the level of
load affects the changes in the temperature in the
joints, which is a result of fatigue.

Bertmaring et al. suggested that results
obtained with IR thermography were sensitive to
fatigue of the musculoskeletal system; however,
various factors such as blood flow or muscle
heating could affect the skin surface temperature
[35]. The results of other studies also indicate
that muscle effort causes changes in blood flow
[27, 28, 29]. The changes in temperature on the
surface of the skin, observed in the present study,
may result not only from muscle heating but also
from other factors such as blood flow. However,
it should be noted that changes in muscle temper-
ature were strongly correlated with the values of
the EMG parameters, which are commonly used
as indicators of muscle fatigue. This suggests that
muscle fatigue significantly influenced tempera-
ture changes observed in this study.

The influence of the force fluctuation on the
EMG parameters, especially at low levels of load,
may interfere with assessing muscle fatigue [42].
The results of the tests in studies presented in this
paper indicate that changes in muscle tempera-
ture are sensitive to sustained constant load at low
levels of the external force. Thus, IR thermog-
raphy may be an alternative method to EMG in
assessing muscle fatigue, also where muscle load
is maintained at low levels. This study demon-
strated that the temperature at the beginning of
the tests (bT) was insensitive to changes in the
level of load. This indicates an additional advan-
tage of IR thermography in assessing muscle
fatigue, i.e., its insensitivity to short changes in
the level of load.

However, in this study there were some limita-
tions resulting from using IR thermography as a
method for assessing muscle fatigue. Because of
the influence of the environmental temperature
on the temperature of the skin above the studied
muscle, it was necessary to maintain constant
environmental temperature. This study was done
on a muscle that was not covered with clothes.
If the study were done on a muscle covered with
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clothes, the increase in the temperature of the
skin above the muscle would probably be greater;
however, it would have been difficult to measure
it with IR thermography. This limitation makes it
difficult to use this method at workstations with
unstable environmental temperature and ones that
require full-body clothing. Body posture main-
tained in the test differs from postures that are
common in working conditions, which is also a
limitation.

Another limitation resulting from the system
of recording temperature is the fact that the tests
did not consider the influence of the subcuta-
neous layer. The fatty tissue layer could affect
the temperature differences between the studied
muscle and the skin on the surface as well as
values of the EMG parameters [35, 43, 44,
45]. Like in the case of the EMG parameters,
the influence of the subcutaneous layer on the
recorded temperature is difficult to predict in
IR thermography. This seems to be a signifi-
cant problem, considering that the temperature
is recorded from the skin surface, i.e., with the
mediation of the fatty tissue located between
the skin and the muscle. De Ruiter and De Haan
recorded skin temperature with a thermocouple
placed over the muscle; they calculated tempera-
ture inside the muscle from the measured skin
temperature with the linear relationship between
skin and muscle temperature [32]. In the present
study, the temperature of the skin above BB was
analysed excluding the influence of the mediation
of the fatty tissue located between the skin and
the muscle. The influence of fatty tissue on the
analysed parameters was minimized by carrying
out the tests with subjects with proper values of
the body mass index (BMI) (22.96 + 1.36). It was
assumed that the changes in the analysed param-
eters in the study mainly resulted from processes
associated with muscle fatigue; the influence of
other factors, such as fatty tissue or blood flow,
was ignored.

With the adopted sequence of individual tests
(30, 15 and 5% MVC), the changes in the values
of the parameters in the last test (5% MVC)
could result from cumulative fatigue, which can
also be a limitation. However, the 15-min breaks
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between the tests made it possible for muscles to
regenerate, thus minimizing cumulative fatigue.

Changes in muscle temperature are associated
with changes in the EMG parameters commonly
accepted as indicators of muscle fatigue. It was
demonstrated that sustaining constant load at
a muscle contraction level up to 30% MVC
affected muscle temperature. An increase in
the temperature of BB during the load, is corre-
lated with an increase in RMS and a decrease in
MPF and MF of the EMG signal resulting from
growing muscle fatigue.

5. CONCLUSIONS

IR thermography can supplement surface EMG
in assessing muscle fatigue. A combination of
those two methods makes it possible to obtain
more comprehensive information regarding the
processes related to muscle fatigue. Fatigue indi-
cators based on the increase in muscle tempera-
ture might be very useful not only in the labora-
tory, but also at work. The results of this study
help develop more specific indicators of muscle
fatigue based on IR thermography.

REFERENCES

1. Visser B, van Dieén JH. Pathophysiology
of upper extremity muscle disorders.
J Electromyogr Kinesiol. 2006;16(1):1-16.

2. Gerr F, Marcus M, Ensor C, Kleinbaum D,
Cohen S, Edwards A, et al. A prospective
study of computer users: 1. Study design
and incidence of musculoskeletal
symptoms and disorders. Am J Ind Med.
2002;41(4):221-35.

3. Oliveira Ade S, Gongalves M. EMG
amplitude and frequency parameters of
muscular activity: effect of resistance
training based on electromyographic
fatigue threshold. J Electromyogr Kinesiol.
2009;19(2):295-303.

4. Roman-Liu D, Konarska M. Characteristics
of power spectrum density function of
EMG during muscle contraction below
30%MVC. J Electromyogr Kinesiol.
2009;19(5):864-74.

5.

10.

11.

12.

Roman-Liu D, Tokarski T, Wéjcik K.
Quantitative assessment of upper limb
muscle fatigue depending on the conditions
of repetitive task load. J Electromyogr
Kinesiol. 2004;14(6):671-82.

Bartuzi P, Roman-Liu D, Tokarski T. A
study of the influence of muscle type and
muscle force level on individual frequency
bands of the EMG power spectrum.
International Journal of Occupational
Safety and Ergonomics (JOSE).
2007;13(3):241-54. Retrieved March 26,
2012, from: http://www.ciop.pl/23205

Piddsuke M, Rannama L, Ereline J,
Gapeyeva H, Oopik V. Changes in soleus
motoneuron pool reflex excitability

and surface EMG parameters during
fatiguing low- vs. high-intensity

isometric contractions. Electromyogr Clin
Neurophysiol. 2007;47(7-8):341-50.
Barandun M, von Tscharner V, Meuli-
Simmen C, Bowen V, Valderrabano V.
Frequency and conduction velocity analysis
of the abductor pollicis brevis muscle
during early fatigue. J Electromyogr
Kinesiol. 2009;19(1):65-74.

Coorevits P, Danneels L, Cambier D,
Ramon H, Druyts H, Stefan Karlsson

J, et al. Correlations between short-

time Fourier- and continuous wavelet
transforms in the analysis of localized back
and hip muscle fatigue during isometric
contractions. J Electromyogr Kinesiol.
2008;18(4):637-44.

Coorevits P, Danneels L, Cambier D,
Ramon H, Druyts H, Karlsson JS, De
Moor GD, Vanderstraeten G. Test-retest
reliability of wavelet—and Fourier based
EMG (instantaneous) median frequencies
in the evaluation of back and hip muscle
fatigue during isometric back extensions.

J Electromyogr Kinesiol. 2008;18(5):
798-806.

Gates DH, Dingwell JB. The effects of
neuromuscular fatigue on task performance
during repetitive goal-directed movements.
Exp Brain Res. 2008;187(4):573-585.
Retrieved March 26, 2012, from: http://
www.ncbi.nlm.nih.gov/pmc/articles/
PMC2825378/?tool=pubmed

Yamada E, Kusaka T, Arima N, Isobe K,
Yamamoto T, Itoh S. Relationship between

JOSE 2012, Vol. 18, No. 2


http://www.ciop.pl/23205
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2825378/?tool=pubmed
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2825378/?tool=pubmed
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2825378/?tool=pubmed

242 P. BARTUZI, D. ROMAN-LIU & T. WISNIEWSKI

13.

14.

15.

16.

17.

18.

19.

20.

muscle oxygenation and electromyography
activity during sustained isometric
contraction. Clin Physiol Funct Imaging.
2008;28(4):216-21.

Merletti R, Botter A, Troiano A,

Merlo E, Minetto MA. Technology

and instrumentation for detection

and conditioning of the surface
electromyographic signal: state of the

art. Clin Biomech (Bristol, Avon).
2009;24(2):122-34.

Merletti R, Holobar A, Farina D. Analysis
of motor units with high-density surface
electromyography. J Electromyogr
Kinesiol. 2008;18(6):879-90.

Piscione J, Gamet D. Effect of mechanical
compression due to load carrying

on shoulder muscle fatigue during
sustained isometric arm abduction: an
electromyographic study. Eur J Appl
Physiol. 2006;97(5):573-81.

Higg GM, Luttmann A, Jiger M. Methodo-
logies for evaluating electromyographic
field data in ergonomics. J Electromyogr
Kinesiol. 2000;10(5):301-12.

Cook T, Rosencrance J, Zimmermann C,
Gerleman D, Ludewig P. Electromyo-
graphic analysis of a repetitive hand
gripping task. International Journal of
Occupational Safety and Ergonomics
(JOSE). 1998;4(2):185-200.

Troiano A, Naddeo F, Sosso E,

Camarota G, Merletti R, Mesin L.
Assessment of force and fatigue in
isometric contractions of the upper
trapezius muscle by surface EMG signal
and perceived exertion scale. Gait Posture.
2008;28(2):179-86.

Toi H, Kawakatsu M, Nakata S, Naka-
sima A, Counts AL. Mechanomyogram and
electromyogram analyses during isometric
contraction in human masseter muscle.
Aust Orthod J. 2008;24(2):116-120.

Mito K, Kitahara S, Tamura T, Kaneko K,
Sakamoto K, Shimizu Y. Effect of

skin temperature on RMS amplitude of
electromyogram and mechanomyogram
during voluntary isometric contraction.
Electromyogr Clin Neurophysiol. 2007;
47(3):153-60.

JOSE 2012, Vol. 18, No. 2

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

DeLuca CJ. The use of electromyography
in biomechanics. J Appl Biomech. 1997;
13(2):135-63.

Kallenberg LAC, Hermens HJ. Behaviour
of a surface EMG based measure for motor
control: motor unit action potential rate

in relation to force and muscle fatigue. J
Electromyogr Kinesiol. 2008;18(5):780-8.

Rohmert W. Problems of determination of
rest allowances. Part 2: determining rest
allowances in different human tasks. Appl
Ergon. 1973;4(3):158-62.

Ostensvik T, Veiersted KB, Nilsen P.
Association between numbers of long
periods with sustained low-level trapezius
muscle activity and neck pain. Ergonomics.
2009;52(12):1556-67.

Karlsson J, Ollander B. Muscle metabolites
with exhaustive static exercise of different
duration. Acta Physiol Scand. 1972;
86(3):309-14.

Bosch T, de Looze MP, Kingma I, Visser B,
van Dieén JH. Electromyographical
manifestations of muscle fatigue during
different levels of simulated light manual
assembly work. J Electromyogr Kinesiol.
2009;19(4):e246-56.

Elvin A, Siosteen AK, Nilsson A,

Kosek E. Decreased muscle blood flow in
fibromyalgia patients during standardised
muscle exercise: a contrast media
enhanced colour Doppler study. Eur J Pain.
2006;10(2):137-44.

Felici F, Quaresima V, Fattorini L,
Sbriccoli P, Filligoi GC, Ferrari M. Biceps
brachii myoelectric and oxygenation
changes during static and sinusoidal
isometric exercises. J Electromyogr
Kinesiol. 2009;19(2):e1-11.

Momen A, Leuenberger UA, Ray CA,

Cha S, Handly B, Sinoway LI. Renal
vascular responses to static handgrip: role of
muscle mechanoreflex. Am J Physiol Heart
Circ Physiol. 2003;285(3):H1247-53.
Becher C, Springer J, Feil S, Cerulli G,
Paessler HH. Intra-articular temperatures
of the knee in sports—an in-vivo study

of jogging and alpine skiing. BMC
Musculoskelet Disord. 2008;46(9):1-7.
Drinkwater EJ, Behm DG. Effects of 22
degrees C muscle temperature on voluntary



32.

33.

34.

35.

36.

37.

38.

IMPACT OF FATIGUE ON MUSCLE TEMPERATURE 243

and evoked muscle properties during and
after high-intensity exercise. Appl Physiol
Nutr Metab. 2007;32(6):1043-51.

De Ruiter CJ, De Haan A. Temperature
effect on the force/velocity relationship
of the fresh and fatigued human
adductor pollicis muscle. Pfliigers Arch.
2000;440(1):163-70.

Petrofsky J, Laymon M. Muscle
temperature and EMG amplitude and
frequency during isometric exercise. Aviat
Space Environ Med. 2005;76(11):1024-30.

Farina D, Arendt-Nielsen L, Graven-
Nielsen T. Effect of temperature on
spike-triggered average torque and
electrophysiological properties of low-
threshold motor units. J Appl Physiol.
2005:;99(1):197-203. Retrieved March 26,
2012, from: http://jap.physiology.org/
content/99/1/197 long

Bertmaring I, Babski-Reeves K,
Nussbaum MA. Infrared imaging of the
anterior deltoid during overhead static
exertions. Ergonomics. 2008;51(10):
1606-19.

El ahrache K, Imbeau D, Farbos B.
Percentile values for determining maximum
endurance times for static muscular work.
Int J Ind Ergon. 2006;36(2):99-108.

Ma L, Chablat D, Bennis F, Zhang W.
Dynamic muscle fatigue evaluation in
virtual working environment. Int J Ind
Ergon. 2009;39(1):211-20.

Garg A, Hegmann KT, Schwoerer BJ,
Kapellusch JM. The effect of maximum

39.

40.

41.

42.

43.

44,

45.

voluntary contraction on endurance times
for the shoulder girdle. Int J Ind Ergon.
2002;30(2):103-13.

Hermens HJ, Freriks B, Disselhorst-Klug C,
Rau G. Development of recommendations
for SEMG sensors and sensor placement
procedures. J Electromyogr Kinesiol.
2000;10(5):361-74.

Hermens HJ, Freriks B, Merletti R,

Hagg G, Stegeman D, Blok J, et al., editors.
SENIAM 8: European recommendations
for surface electromyography. Enschede,
The Netherlands: Roessingh Research and
Development; 1999.

Perotto AO. Anatomic guide for the
electromyographer. The limbs and trunk.
4th ed. Springfield, IL, USA: Charles C.
Thomas; 2005.

Farina D, Gazzoni M, Merletti R.
Assessment of low back muscle fatigue
by surface EMG signal analysis:
methodological aspects. J Electromyogr
Kinesiol. 2003;13(4):319-32.

Kuiken TA, Lowery MM, Stoykov NS. The
effect of subcutaneous fat on myoelectric
signal amplitude and cross-talk. Prosthet
Orthot Int. 2003;27(1):48-54.

Farina D, Rainoldi A. Compensation of

the effect of sub-cutaneous tissue layers on
surface EMG: a simulation study. Med Eng
Phys. 1999;21(6-7):487-97.

Bartuzi P, Tokarski T, Roman-Liu D. The
effect of the fatty tissue on EMG signal

in young women. Acta Bioeng Biomech.
2010;12(2):87-92.

JOSE 2012, Vol. 18, No. 2


http://jap.physiology.org/content/99/1/197.long
http://jap.physiology.org/content/99/1/197.long




