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Abstract. In this study, the bandwidth of the filter-based fatigue index was determined by the comparison of optimized cut-
off frequencies in different inter-electrode distances. Sixty-one subjects participated in isometric knee extension, isotonic
ankle dorsiflexion, and isotonic elbow extension exercises. Electromyography (EMG) signals were obtained from right rectus
femoris, triceps brachii, and tibialis anterior muscles during exercises. The filter-based fatigue index was compared with
mean root-mean-square values, median frequency, Dimitrov spectral index, and Gonzalez-Izal wavelet index. Optimized cut-
off frequencies of the high-pass filter for three different exercises and three different inter-electrode distances were about 350
Hz. Results from this study support that around 350 Hz high-pass filter could be useful to determine cut-off frequency for
fatigue prediction in general purposes.
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1. Introduction

Muscle fatigue has been defined as “a response that is less than the expected or anticipated contrac-
tile response, for a given stimulation” [1]. Hard physical exercise or prolonged physical work involv-
ing 30% to 40% of maximal aerobic capacity can induce muscle fatigue [2]. Muscle fatigue is a hin-
drance during exercise, as it causes dysfunction [3]. In transportation industry, frequent and repetitive
sub-maximal contraction and incorrect posture lead to many disorders of muscles, tendons and nerves
[4]. Repetition of the same task and the prolonged abnormal posture contributes to upper limbs and
neck disorders [5]. In sports, muscle fatigue plays an important role in prolonged contractile activity-
induced skeletal muscle injuries [6]. In the transportation industry, fatigue-related accidents are major
killers, accounting for 25% of vehicle accidents [7]. Therefore, it is very important to measure muscle
fatigue.
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Mean and median frequencies (F e and Fo.q, respectively) are commonly used to estimate fatigue.
Using the electromyography (EMGQG), Fyean and Fpeq detect that power spectrum shifts to the lower fre-
quency range and muscle fiber conduction velocity (MFCV) decreases during fatigue [8]. However,
they have a relatively low sensitivity under dynamic exercise conditions [9].To cope with this sensitiv-
ity problem, various attempts have been performed [10-12]. Karlsson et al. [10] tested the short-time
Fourier transform, the Wigner-Ville distribution, the Choi-Williams distribution and the continuous
wavelet transform (CWT) during isokinetic knee extension exercises, and concluded that the estimates
provided by the CWT show the best accuracy compared with the other methods. Dimitrov et al. [11]
proposed a high-sensitivity spectral index, the ratio of the spectral moments of order -1 to the spectral
moment of order five using the fast Fourier transform. Their index Fl,s,swas eight times as large as the
initial value during cycling exercises. Gonzalez-Izal et al. [12] combined the ratio of different spectral
moments and the discrete wavelet transforms (DWT) and tested it during leg press exercises. Their
index WIRES1 showed a good correlation with peak power output and the robustness against noise.
However, large amounts of computational load and time-frequency resolution were the drawbacks of
those methods [13].

Kim et al. [13] proposed a filter-based fatigue index defined by the ratio of high- and low-frequency
contents of EMG signals. It has the same order as time resolution and less computational load. How-
ever, there was no criterion for bandwidth selection. The cut-off frequencies of the high-pass filter
were also optimized to maximize the correlation coefficient between peak power and their filter-based
fatigue index (Flyopr) [14]. Their index Fly,opr showed better correlation with peak power than pre-
vious fatigue indices (RMS, Fcq, Flisms, WIRES1). However, they assessed only isotonic knee exten-
sion exercise and tested it only for 1.8cm inter-electrode distance.

In this study, the bandwidth of the filter-based fatigue index was determined by the comparison of
optimized cut-off frequencies in different inter-electrode distances, assuming that optimized cut-off
frequencies in various inter-electrode distances would be invariant. The filter-based fatigue index was
also compared with the conventional median frequency, the spectral parameter proposed by Dimitrov
[11], and the wavelet index proposed by Gonzalez-Izal [12].

2. Subjects and methods
2.1. Subjects

Sixty-one healthy male adults (age: 24.7 +£5.2 years, height: 172.1 £7.8 cm, weight: 79.3 +11.4 kg)
were recruited in this study. All subjects had no history of limb disorders. They performed isometric
knee extension exercises, isotonic elbow extension and isotonic ankle dorsiflexion. Subjects were in-
formed about the purpose of the study and the experimental procedure. They provided the written in-
formed consents before participating in the study. The Yonsei University Research Ethics Committee
reviewed and approved the experimental design of the present study (1041849-201405-BM-022-02).

2.2. Experimental methods

A Biodex System III Dynamometer (Biodex Medical Systems, NY, USA) was used to measure joint
torque during flexion/extension exercises. Before the test started, each subject practiced at sub-
maximal contraction levels. Three kinds of exercises were selected to validate the filter-based fatigue
index.
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Fig. 1. Different inter-electrode distances (2 cm, 6 cm and 10 cm).

In isotonic exercises, each subject performed several maximal voluntary contractions (MVC) to de-
termine the 10 repetition maximum (10RM) load for fatigue exercises. The fatigue exercise consisted
of five sets of ten joint movements with two minutes between-set rest interval. Subjects were asked to
perform joint movements with their own maximum efforts during fatigue exercises. In elbow exten-
sion exercise, range of motion (ROM) was from 100° to 40° and the determined 10RM was 64.7
+3.8% of the maximum torque. In ankle dorsiflexion exercise, ROM was from -25° to 5° and the de-
termined 10RM was 60.3 +5.4% of the maximum torque.

In isometric knee extension exercises, EMG signals and joint torques were measured at the knee
joint angle of 90° during MVC. The experimental protocol was based on the maximal isometric knee
extension until exhaustion.

2.3. Data collection

An EMG measurement system (MyoSystem 1200, Noraxon, AZ, USA) and bipolar surface EMG
(sEMGQG) electrodes (Ag-AgCl, 14 mm diameter; Noraxon, AZ, USA) were used to measure EMG sig-
nals from right rectus femoris (RF), triceps brachii (TC) and tibialis anterior (TA) muscles during ex-
ercises. The inter-electrode distance was set to 2cm, 6cm and 10 cm during isotonic elbow extension,
isotonic ankle dorsiflexion and isometric knee extension, respectively (see Figure 1). Based on the
Surface Electromyography for the Non-Invasive Assessment of Muscles (SENIAM) recommendations
[15], EMG electrode pairs were placed on the midway of the muscle. The shaved skin at each elec-
trode site was carefully abraded and cleaned with alcohol. Isokinetic dynamometer was used to meas-
ure joint angle, angular velocity and torque. All signals were simultaneously recorded at a sampling
rate of 1 kHz.

2.4. Data analysis

Data was analyzed using MATLAB software (The Math Works Inc., Natick, MA, USA). During
isotonic exercises, all data was divided into fifty segments, and a segment was defined as one exercise
repetition. In isometric exercises, full period (from contraction start to exhaustion) of exercise was di-
vided into fifty segments.

Maximum torque was calculated as the mean value over a one-second period with relatively torque-
plateau levels of each MVC exercise. In isotonic exercises, powers of each segment were calculated
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by the product of joint torque and angular velocity. The following EMG parameters were used to esti-
mate muscle fatigue:

1. Mean root-mean-square (RMS) using a 50-ms window.

2. Median frequency (Fieq)

3. Spectral parameter (Flsys) [11]

4. Wavelet index(WIRES1) [12]

5. Filter-based fatigue index [14]

The filter-based fatigue index was calculated by:

arer(D)
Flyopr = _[m Fortiane dt /(teg = o) (D)

. ZOOHZLPF( )

where OPT was the optimized cut-off frequency of the high-pass filter, ty.. and t.,s were the start and
end time for each segment, respectively. LE,gnpr and LEopry,npr Were linear-enveloped signals of
the 200 Hz low-pass filtered sSEMG and those of the OPT Hz high-pass filtered sSEMG, respectively.
The linear-enveloped signal was the 2nd-order Butterworth low-pass filter (3 Hz cut-off frequency)
after full rectification of EMG signal. The cut-off frequency of high-pass filter was optimized using
the interior-point algorithm [16] to maximize the correlation coefficient between Fl,opr and peak
powers or joint torques. The cut-off frequency of the low-pass filter (200 Hz) was determined to retain
more than 95% of the power of raw EMG signals [14].

2.5. Statistical analysis

All variables were normalized by the mean value of the first two segments. In cases where the per-
centage changes did not follow a normal distribution (Fl,sns and WIRE), the corresponding variables
were log-transformed [12]. One-way analysis of variance (ANOVA) was used to compare optimized
cut-off frequencies for three different exercise methods. Significant differences in the correlation coef-
ficients for different inter-electrode distances were also calculated by ANOVA analysis. Tukey's stu-
dentized range test was performed to identify homogeneous subsets of means that are identical each
other. The relationship between peak powers (for isotonic and isokinetic exercises) or joint torques
(for isometric exercises) and different EMG indices were calculated using Pearson’s correlation coef-
ficients. Differences between mean determination coefficients for Fly opr and the other EMG indices
were calculated by the unpaired #-test.

3. Results
3.1. Influence of various inter-electrode distances

Figure 2 shows EMG amplitude and F,,.qin various inter-electrode distances during isotonic elbow
extension, isotonic ankle dorsiflexion and isometric knee extension. EMG amplitude increased with

the increasing inter-electrode distance except isotonic ankle dorsiflexion in 10cm inter-electrode dis-
tance. F .4 decreased with the increasing inter-electrode distance in three different exercises.
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Fig. 2. EMG amplitude and F .4 in various inter-electrode distances during (a) isotonic elbow extension, (b) isotonic ankle
dorsiflexion and (c¢) isometric knee extension.

3.2. Bandwidth optimization in various inter-electrode distances

Table 1 shows the optimized cut-off frequencies and correlation coefficients between Fly,opr and
biomechanical fatigues in different inter-electrode distances during isotonic elbow extension, isotonic
ankle dorsiflexion and isometric knee extension. Optimized cut-off frequencies of all muscles and all
inter-electrodes were identified within the same subset (p =0.811). Correlation coefficients from the
same muscle were classified into the same group (p = 0.823 for TC, p = 0.998 for TA and p = 1.00 for
RF).

Table 1

Optimized cut-off frequencies and correlation coefficients between Fly,opr and peak powers or joint torques in different in-
ter-electrode distances

Inter-electrode distance (cm) Optimized cut-off frequency (Hz)  Correlation coefficient
2 357.5£46.0 0.71 +£0.12
TC 6 351.4+ 654 0.69 £0.14
10 357.6x 54.6 0.75 +0.08
2 355.3+£51.3 0.58 +£0.13
TA 6 348.1+ 38.2 0.58 +£0.16
10 3451+ 44.7 0.60 +0.12
2 3574+ 454 0.92 +£0.05
RF (isometric) 6 361.4+61.2 0.92 +£0.04
10 363.9£61.7 0.92 £0.05

Note: Boxes indicate the same subset.

Table 2

Determination coefficients between EMG parameters and peak powers or joint torques in 2cm inter-electrode distance

RMS Fmed FInsmS WIRESI FIherPT
Isotonic 0.28 +0.18" 0.36+0.15" 0.33 022" 0.31 +0.08"" 0.51 +0.16
elbow extension
Isotonic 0.27 +0.16"" 0.23+0.18" 0.32+0.17" 0.14 +0.13" 0.35+0.15
ankle dorsiflexion
Isometric 0.60+0.26" 0.63+0.16" 0.47+0.12" 0.58+0.14" 0.86+0.08

knee extension
Note: *p< 0.05. Differences from Fly;opr; 'negative correlation.
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3.3. Determination coefficients between EMG parameters and peak powers or joint torques

Table 2 shows the determination coefficients between EMG parameters and peak powers or joint
torques for three different exercises in 2 cm inter-electrode distance. In all exercises, Fl;opr showed
significantly higher correlation with peak power or joint torque than the other fatigue indices. Flygys
and WIRES1 showed the negative correlation, but F,.q and Fly,0pr showed the positive correlation
with peak power or joint torque. RMS values showed the negative correlation with peak powers during
isotonic exercises, but showed the positive correlation with joint torques during isometric exercises.

4. Discussion

This study assumed that optimized cut-off frequencies would be invariant for different inter-
electrode distances. EMG amplitude increased with the increasing inter-electrode distance due to the
larger detection volume [17]. EMG spectrum was also affected by inter-electrode distance. EMG pow-
er spectrum shifted to the lower frequency due to the lengthening effect of MUAP with the increasing
inter-electrode distance [18]. Three different inter-electrode distances were used to verify these effects.
As the inter-electrode distance increased, EMG amplitude increased but F .4 decreased [17,18]. How-
ever, optimized cut-off frequencies in three different exercises and in three different inter-electrode
distances were classified into the same group. This supports our assumption that the optimized cut-off
frequencies in various inter-electrode distances are constant, and also supports the previous result that
the Flpopr reflects firing rate of fast twitch muscle fibers [14]. Correlations with peak power or joint
torque from the same muscle were also identified as the same subset. This indicates that the norma-
lized Fly,0pr Was not affected by the inter-electrode distance.

Three muscles and two types of exercises were included in this study. The average fiber type distri-
bution for RF muscle was 52% type I and 48% type Il [19], while that for TC muscle was 43% type 1
and 57% type 11 [20], and for TA muscle was 77% type I and 23% type Il [21]. During isometric exer-
cises, joint torque and joint angular velocity decreased naturally during isotonic exercises. In this study,
RMS value showed the negative correlation with peak power during isotonic exercises and the positive
correlation with joint torque during isometric exercise. However, optimized cut-off frequencies were
identified as the same group, and Fly,opt showed the best correlation with peak power or joint torque.
Similar to the previous studies [13,14], an optimized cut-off frequency is found to be about 350 Hz in
this study. This result supports that the filter-based fatigue index could assess the muscle fatigue in
different muscles during different exercise with 350 Hz high-pass filter.

Correlation coefficients in TA muscle were smaller than other muscles, because the load of isokinetic
dynamometer was relatively larger than other exercises. Correlation coefficients in RF muscle were
greater than other muscles because isometric exercise was the best method to estimate fatigue.

Although ratios of the EMG power components in high- and low-frequency contents showed good ac-
curacy of fatigue estimation, high- and low-frequency bandwidth is still difficult to be selected [13,22—
24]. To overcome this limitation, Kim et al. [14] determined the cut-off frequencies of the high-pass fil-
ter by maximizing the correlation coefficient between peak power and their filter-based fatigue index.
The determined frequencies were consistent (approximately 350 Hz), showing 353 and 349 Hz in RF
and vastii muscles, respectively. However, they did not confirm whether it can be used in other types of
exercises or different muscles. In this study, it was observed that Fl,opr showed the significantly higher
correlation with peak power or joint torque than other fatigue indices in all conditions. This suggested
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that Flpopr had the best accuracy to estimate muscle fatigue. The present results support that around
350Hz high-pass filter could be useful to estimate muscle fatigue in general purposes.

5. Conclusion

In this study, the bandwidth of the filter-based fatigue index was determined by the comparison of
optimized cut-off frequencies in different inter-electrode distances. Results showed that optimized cut-
off frequencies of three exercises and three inter-electrode distances are consistent, implying that 350
Hz HPF could be a general solution for the Flyopr. Flnopr Shows the best correlation with peak power
or joint torque in all conditions. This information could be useful for muscle fatigue assessment.
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