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Abstract. An investigation of  the 0.5-4 Hz little-studied frequency range electromyograms (EMG) was 
performed in patients with Parkinson's disease (PD) and essential tremor (ET). In this frequency 
range, new neurophysiological regularities were revealed that were not previously described in the 
literature. There are statistically significant differences between groups of  patients with PD/ET 
and a control group of  subjects. A new method for analyzing wave train electrical activity of  the 
muscles based on the wavelet analysis and ROC analysis was used. This method enables to study 
the time-frequency features of  EMG signals in patients with PD and ET. The idea of  the method 
is to find local maxima (that correspond to the wave trains) in the wavelet spectrogram and to 
calculate various characteristics describing these maxima: the leading frequency, the duration in 
periods, the bandwidth, the number of  wave trains per second. The degree of  difference of  the 
group of  patients from the control group of  subjects is analyzed in the space of  these parameters. 
ROC analysis is used for this purpose. The functional dependence of  AUC (the area under the 
ROC curve) on the values of  the bounds of  the ranges of  the parameters under consideration is 
investigated. This method is aimed at studying changes in the time-frequency characteristics (the 
shape) of  signals including changes that are not related to the power spectral density of  the signal. 
The application of  the method allowed revealing new statistical regularities in EMG signals, which 
previously were not detected using standard spectral methods based on the analysis of  the power 
spectral density of  signals.
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1. INTRODUCTION
Preclinical diagnosis is very important for 
the treatment of  Parkinson's disease (PD) 
and essential tremor (ET). Although PD and 
ET have been intensively studied in recent 
decades, the preclinical indicators of  these 
movement disorders remain to be established 
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[1].
EMG signal investigations are objective 

methods for assessing neuromuscular 
function in PD and ET. Surface EMG signals 
are often analyzed using amplitude and 
spectral methods. These methods are used 
to measure the degree of  muscle activation 
and fatigue. The neuromuscular function can 
also be measured indirectly by analyzing the 
tremor of  the extremities that it controls. 
This can be done using motion sensors, such 
as accelerometers [2].

Usually, the frequency range below 4 
Hz is not investigated in EMG, since it 
is considered that it is impossible to find 
statistically significant differences between 
groups of  patients and healthy subjects in 
this range. In the EEG, the frequency ranges 
of  theta (4-7 Hz), alpha (8-12 Hz), beta (13-
24 Hz), and gamma (25-48 Hz) [3,4] are 
mainly studied. It is rare to find papers where 
the delta (1-4 Hz) range is studied in EEG 
[5]. In EMG, mostly studied frequency varies 
from 5 to 18 Hz [6]. In the works devoted to 
the study of  tremor coherence on EMG with 
tremor components on EEG, ranges above 
4 Hz are also studied [7]. The resting tremor 
itself  in patients with PD is commonly 
studied on EMG in the classical frequency 
range 4-7 Hz, and essential tremor is studied 
in patients with ET in the frequency range 
from 4 to 12 Hz [8]. However, there are 
works in which the frequency range below 
4 Hz on the EMG is still being studied. In 
particular, the authors of  [9] are engaged in 
the search for the characteristics of  the basal 
ganglia of  the brain associated with tremor in 
movement in patients with PD.

Mathematical approaches used for the 
analysis of  EMG in PD include spectral 
methods (average frequency, power fraction 
in certain frequency bands) [10,11], analysis 

of  the characteristics of  bursts of  EMG 
(quantity, amplitude, duration, and frequency) 
[12 15], analysis of  the morphology of  the 
EMG signal [16], and methods of  nonlinear 
analysis of  EMG [10].

Studies that analyze EMG signals are 
focused on analyzing the regularity of  hand 
tremor and their low-frequency coherence 
in PD. In particular, it was shown in [2] that 
tremor in patients with PD is more regular 
(that is, with lower entropy) than physiological 
tremor measured in neurologically healthy 
subjects (frequencies from 1 to 1000 Hz 
were investigated, but significant differences 
were discovered only in the frequency ranges 
from 8 to 12 Hz and from 20 to 25 Hz). 
In addition, in work [2], it was shown that 
the tremor regularity of  patients with PD is 
reduced due to medicament treatment and 
deep brain stimulation [17] (the frequency 
range from 1 to 8 Hz was studied). EMG 
coherence studies have shown that the 
coherence between EMG of  the extensor 
muscles and EMG of  the flexor muscles is 
higher for patients with PD than for healthy 
subjects [18].

Measurements of  EMG and tremor of  
the limbs can be used for an objective and 
quantitative assessment of  neuromuscular 
function and movement disorders in PD. In 
the future, they can help in the diagnosis and 
subsequent treatment of  PD. In addition, such 
measurements can improve the understanding 
of  the neurological mechanisms of  the 
disease [19]. According to the authors of  
the paper [19], these measurements are still 
rarely used in the evaluation of  PD. Since 
EMG is a spike (a wave of  a pulsed form), 
according to the authors of  [19], nonlinear 
and morphological methods can be more 
effective in analyzing EMG than traditionally 
used methods (amplitudes and average, 
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median frequencies, etc.). The method used 
in our work is non-linear, since the calculation 
of  extremes of  the wavelet spectrogram is a 
non-linear operation, and indirectly involves 
analyzing changes in the waveform. However, 
the method does not involve the extraction 
and analysis of  any signal samples, as it is 
implemented in the classical morphological 
analysis of  the signals. Of  course, if  one does 
not consider the wavelets as such samples.

An approach to the study of  neurological 
diseases based on a comparison of  
electromyographic signals of  the extensor 
muscles and flexor muscles was proposed in 
[20]. It was shown that the power spectral 
density of  the EMG signal in the 1-30 Hz 
frequency range in the ulnar flexion of  the 
hand is significantly higher in the PD group 
compared with the ET group [20]. However, 
these results were obtained by standard 
methods (Fourier spectra, wavelets, etc.). 
Note that in the paper [11], where frequency 
ranges above 5 Hz are studied, there was a 
significant positive correlation between the 
power ratio in the frequency range from 5 
to 15 Hz of  the EMG agonist signal and 
the UPDRS-Motor indicator (the Unified 
Parkinson's Disease Rating Scale), as well 
as a significant negative correlation between 
the fraction of  power in the frequency range 
from 15 to 30 Hz and the UPDRS-Motor 
indicator.

In work [21], the electromyographic 
method of  registration and a quantitative 
assessment of  the disorders of  muscular 
activity of  the person arising in connection 
with motor pathology have been offered. 
The basis of  the method is the selection of  
the frequency range of  the EMG spectrum 
corresponding to the motor act and spectral 
analysis of  signals in the selected range. The 
developed method was used in studies of  

extrapyramidal disorders in parkinsonism and 
ET. The main disadvantage of  this method 
of  EMG analysis is a long measurement time 
necessary for the subsequent averaging (up 
to 20 one-minute records).

Earlier, we developed a method for 
analyzing the wave train electrical activity 
of  the cerebral cortex, based on wavelet 
analysis and ROC analysis [22,23]. The idea 
of  this method of  analysis is in that an 
electroencephalogram (EEG) is considered 
as a set of  wave trains [24]. In contrast to 
works on the detection of  the electrical activity 
of  one or two specific types, such as alpha 
spindles [25] and sleep spindles [26-31], we 
analyze any type of  the wave train electrical 
activity in the cerebral cortex over a wide 
frequency range. In addition, we consider the 
wave train as a typical component of  EEG, 
but not as a special kind of  EEG signals. 
Previously, such an approach was proposed 
in [32,33].

To analyze the EMG signals, the developed 
signal analysis algorithm [22,23] was modified 
[34]. The method of  analysis considered in 
this paper is based on the statistical analysis 
of  wavelet spectrograms, a new method of  
visualizing the results of  statistical analysis, 
and a new wave train detection algorithm in 
the EMG signals. In particular, an additional 
step of  smoothing the wavelet spectrograms 
of  signals was added to the signal analysis 
algorithm. Smoothing is required because 
the standard fast algorithms for calculating 
wavelets have the following problem: wavelet 
spectrograms (when processing signals of  
complex shape) are inevitably contaminated 
by digital artifacts (outliers and high-
frequency vibrations). These artifacts can be 
mistakenly recognized as “wave trains” in 
EMG.

The use of  the method of  analysis of  
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wave train electrical activity allowed us to 
reveal new neurophysiological regularities 
in patients with PD and ET in the poorly 
studied frequency range 0.5-4 Hz in EMG 
signals.

2. EXPERIMENTAL SETTING
Data from untreated (that is, previously not 
taking specific medicine) patients with PD 
and ET in the early stages were compared 
with data from healthy volunteers. Note 
that the group of  patients with PD 
included patients at the first stage of  PD 
on the Hoehn and Yahr scale with left-hand 
tremor (9 people) and patients at the first 
stage of  PD with right-hand tremor (11 
people), 20 people in total. The number 
of  patients with ET was 13 people. The 
number of  healthy volunteers was 8 people. 
All patients and healthy volunteers were 
right-handed. No statistically significant 
differences between the ages of  patients 
and healthy volunteers were found. EMG 
electrodes were located both on the outer 
sides of  the arms, on the extensor muscles, 
and on the inner sides of  the arms, on 
the flexor muscles. The surface EMG 
signals were recorded in a special pose of  
the subject. The subject was sitting in a 
chair, his arms were straight in front of  
him, and his legs were quietly on the floor. 
Eyes were closed during all recordings. To 
record the EMG, the Neuron-Spectrum-5 
multifunctional 41-channel complex for 
the neurophysiological studies (Neurosoft 
Company) was used. The sampling rate of  
EMG was 500 Hz. For EMG, a high-pass 
filter with the 0.5 Hz cut-off  frequency 
and the 50 Hz notch filter were used. In 
addition, the Butterworth filter with the 
60-240 Hz bandwidth was applied to EMG. 
After filtering, the Hilbert transform was 

applied to the EMG signals to compute 
the envelope of  the signals. The duration 
of  each record was about two minutes. 
Records were analyzed as is, without 
selecting individual areas in the signal.

3. SIGNAL ANALYSIS METHOD
For the study, the method of  analysis of  the 
wave train electrical activity of  the muscles 
was used, based on wavelet analysis and ROC 
analysis [22,23]. The idea of  the method is to 
search for local maxima (“wave trains”) on 
the wavelet spectrogram and calculate various 
characteristics describing these maxima: the 
leading frequency of  the wave trains, the 
duration of  the wave trains in periods, the 
width of  the wave train frequency band, 
the number of  wave trains per second. The 
degree of  difference in the group of  patients 
with PD and ET from the control group of  
subjects in the space of  these parameters 
is analyzed. For this, ROC analysis is used. 
The functional dependence of  AUC (the 
area under the ROC curve) on the values of  
the bounds of  the ranges of  the parameters 
under consideration is investigated. This 
method is aimed at studying changes in the 
time-frequency characteristics (the shape) 
of  signals, including those not related to 
changes in the power spectral density of  the 
signal.

The tremor in patients in the first stage of  
PD, studied in this work, appears only on one 
side of  the body. In contrast to PD, in patients 
with ET, tremor appears on both sides of  the 
body at once. Further, we will conditionally 
call the PD patient's hand, on which the 
tremor manifests, as “tremor” hand and we 
will conventionally call the second hand as 
“healthy” hand.

Let us consider an example of  a wave 
train detected by our method on the wavelet 
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Fig. 2. The EMG signal envelope. The wave train is 
indicated by the red circle.

Fig. 1. A wave train in the wavelet spectrogram of  the 
EMG signal envelope.

Fig. 3. The original EMG signal. The wave train is 
indicated by the red circle.

spectrogram of  an EMG signal on the 
patient’s “healthy” (left) hand with the tremor 
of  the right side of  the body on the extensor 
muscle (Fig. 1). The central frequency of  the 
wave train is 3 Hz, the signal clearly localized 
in time and in frequency.

The envelope of  the EMG signal, which 
was used to calculate the spectrogram in 
Fig. 1, is represented in Fig. 2. On the signal 
envelope, one can see 4 periods of  the wave 
train envelope. Note that the signal envelope 
is used to analyze tremor in accordance 
with the classical method [21], however, to 
calculate the signal envelope, we apply the 
Hilbert transform, but not signal detection. 
For Fig. 2, after calculating the envelope, 
additional filtering of  the signal was applied 
with the 0.5-7 Hz band-pass filter to improve 
the signal image.

In Fig. 3, one can see the original EMG 
signal. Note that it is almost impossible to 
observe the investigated wave train in the 
original signal; therefore classical methods 

of  morphological analysis of  signals are 
not applicable to the analysis of  these 
signals.

In this paper, we study the number of  
wave trains (per second) in the 0.5-4 Hz 
frequency range in EMG of  patients with 
PD and ET. The number of  wave trains is 
compared with the healthy subject data using 
special AUC-diagrams and Mann-Whitney 
non-parametric statistical test. A detailed 
description of  the AUC diagrams is given in 
[23,24,34-39].

4. RESULTS
Statistically significant differences between 
the patient groups and the control group of  
subjects were found both on the “tremor” 
hands and on the “healthy” hands of  patients 
with PD (with a tremor on the left hand 
and with a tremor on the right hand) and in 
patients with ET on both hands.

We calculated wave trains in the frequency 
range from 0.5 to 4 Hz for EMG signals (both 
for extensor muscles and flexor muscles) in 
each patient with PD (patients with left-hand 
tremor and patients with right-hand tremor 
were investigated separately), every patient 
with ET, and every healthy volunteer. From 
these data, AUC values were calculated for 
different frequency ranges in the interval 
from 0.5 to 4 Hz.

The frequency AUC diagram for the 
extensor muscles of  the “tremor” left hands 
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Table 1
The p-values for the extensor muscles.

Frequ-
ency
ranges,
Hz

PD,
left
"tre-
mor"
hand

PD,
right
"heal-
thy"
hand

PD,
left
"heal-
thy"
hand

PD,
right
"tre-
mor"
hand

ET,
left
hand

ET,
right
hand

0.1-1.8 0.02 not sig-
nificant

not sig-
nificant

0.01 not sig-
nificant

not sig-
nificant

1.8-2.3 0.003 not sig-
nificant

not sig-
nificant

not sig-
nificant

not sig-
nificant

not sig-
nificant

2.1-3.9 0.001 not sig-
nificant

not sig-
nificant

0.01 not sig-
nificant

not sig-
nificant

 

 

Fig. 5. An AUC diagram for extensor muscles. EMG of  
the right (“tremor”) hand of  patients with PD. Along the axes, 

frequencies are similar to Fig. 4.

Fig. 6. An AUC diagram for flexor muscles. EMG of  the 
left (“tremor”) hand of  patients with PD. Along the axes, 

frequencies are similar to Fig. 4.

of  patients with PD is presented in Fig. 4.
 The blue color in the AUC diagram means 

that the number of  wave trains in patients 
is less than in healthy subjects. Red color 
indicates that the number of  wave trains in 
patients is greater than in healthy subjects. In 
the diagram in Fig. 4, pronounced regularities 
(red and blue areas) are visible in the frequency 
ranges 0.1-1.8 Hz (a blue spot), 1.8-2.3 Hz (a 
red spot), and 2.1-3.9 Hz (a blue spot). Let's 
perform a statistical analysis of  the number 
of  wave trains per second using the Mann-
Whitney test.

The p-values (the level of  statistical 
significance) for extensor muscles for patients 
with PD (for “tremor” hands and “healthy” 
hands) and for patients with ET are listed in 
Table 1. Statistically significant differences 
were found for extensor muscles in the 
frequency ranges 0.1-1.8 Hz (the blue spot), 
1.8-2.3 Hz (the red spot), and 2.1-3.9 Hz (the 

blue spot) only on the “tremor” hands of  the 
patients with PD.

The frequency AUC diagram for the 
extensor muscles of  the “tremor” right 
hands of  the patients with PD is presented in 
Fig. 5. The results of  the statistical analysis 
and AUC diagrams demonstrate that on the 
left and right “tremor” hands of  the patients 
with PD, similar regularities are observed, 
however, on the right “tremor” hands these 
regularities are less pronounced. Statistically 
significant differences in the considered 
frequency ranges were not found in patients 
with ET. This indicates that the observed 
regularities are specific for PD.

A comparison of  the parameters of  the 
tremor in the extensor muscles and flexor 
muscles of  patients with PD and ET is of  
great interest. Frequency AUC diagrams for 
the flexor muscles of  the “tremor” arms of  
the patients with PD are shown in Fig. 6 and 
7.

Fig. 4. An AUC diagram for extensor muscles. EMG of  
the left (“tremor”) hand of  patients with PD. The abscissa 
is the lower bound of  the frequency ranges. The ordinate is 
the upper bound of  the frequency ranges. The frequencies 
from 0.5 to 4 Hz with the 0.1 Hz step are considered.
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Fig. 10. An AUC diagram for flexor muscles. EMG of  the 
left hand of  patients with ET. Along the axes, frequencies are 

similar to Fig. 4.

Fig. 7. An AUC diagram for flexor muscles. EMG of  the 
right (“tremor”) hand of  patients with PD. Along the axes, 

frequencies are similar to Fig. 4.

Fig. 9. An AUC diagram for flexor muscles. EMG of  the 
left (“healthy”) hand of  patients with PD. Along the axes, 

frequencies are similar to Fig. 4.

Fig. 11. An AUC diagram for flexor muscles. EMG of  the 
right hand of  patients with ET. Along the axes, frequencies 

are similar to Fig. 4.

Unlike the extensor muscles, there are 
differences in the flexor muscles not only in 
the “tremor” hands but also in the “healthy” 
hands of  the patients with PD. The following 
frequency ranges were analyzed: 1.1-3.1 Hz 
(a red spot on the AUC diagram on the left 
“healthy” hand of  the patients with PD), 
2.1-3 Hz (a blue spot on the AUC diagram 

on the right “tremor” hand of  the patients 
with PD), and 2.2-3.9 Hz (a blue spot on 
the AUC diagram on the left “tremor” hand 
of  the patients with PD). In addition, the 
frequency range 1.6-2.3 Hz was analyzed, 
because it corresponds to a red spot on the 
AUC diagram on the left hand of  the patients 
with ET (see Fig. 10). The AUC diagram on 
the right hand of  the patients with ET (see 
Fig. 11) also contains regularities, but in this 
paper, they are not considered because it was 
discovered that they are not specific for ET.

The p-values for the flexor muscles for 
the patients with PD and ET are shown in 
Table 2. For the flexor muscles, statistically 
significant differences were found in the 
frequency ranges 1.1-3.1 Hz (the red spot), 
2.1-3 Hz (the blue spot), and 2.2-3.9 Hz (the 
blue spot). Statistically significant differences 
in ET were found in the 1.6-2.3 Hz frequency 
range (the red spot), but only in the left hand. 
Thus, specific regularities were found for 
PD and ET. However, these regularities are 
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Frequency AUC diagrams for the flexor 
muscles of  the “healthy” hands of  the 
patients with PD are shown in Fig. 8 and 
9.

Fig. 8. An AUC diagram for flexor muscles. EMG of  the 
right (“healthy”) hand of  patients with PD. Along the axes, 
frequencies are similar to Fig. 4.
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Table 3
The p-values for the comparison of the extensor 

muscles and the flexor muscles.
Frequ-
ency
ranges,
Hz

PD,
left
"tre-
mor"
hand

PD,
right
"heal-
thy"
hand

PD,
left
"heal-
thy"
hand

PD,
right
"tre-
mor"
hand

ET,
left
hand

ET,
right
hand

1.8-3.9 not sig-
nificant

0.008 not sig-
nificant

not sig-
nificant

not sig-
nificant

not sig-
nificant

2.1-2.5 not sig-
nificant

not sig-
nificant

0.003 not sig-
nificant

not sig-
nificant

not sig-
nificant

 

Fig. 13. An AUC diagram based on a comparison of  
extensor muscles with flexor muscles of  the “healthy” left 
hands of  patients with PD. Along the axes, frequencies 
are similar to Fig. 4.

Fig. 12. An AUC diagram based on a comparison of  
extensor muscles with flexor muscles of  the “healthy” right 
hands of  patients with PD. Along the axes, frequencies are 

similar to Fig. 4.

observed in different frequency ranges in 
different hands of  the patients; this makes 
it difficult to use them for the differential 
diagnosis of  PD and ET.

AUC diagrams were computed to compare 
the extensor muscles and the flexor muscles 
of  the subjects (see Fig. 12 and 13). These 
diagrams are interesting because regularities 
in the “healthy” hands of  patients with PD 
are observed. Two distinct frequency ranges 
were found in which the number of  wave 
trains in the extensor muscles and flexor 
muscles differs: 1.8-3.9 Hz (a blue spot) and 
2.1-2.5 Hz (a red spot). The p-values are given 
in Table 3. Statistically significant differences 
were found between the extensor muscles 
and the flexor muscles in both frequency 
ranges. There were no statistically significant 
differences in ET.

The found regularities on the “healthy” 
hands of  the patients with PD are of  

considerable interest for early diagnosis of  
PD because the “healthy” hands of  patients 
with PD can be used as a model of  the 
processes occurring at the preclinical stages 
of  PD.

5. CONCLUSION
A new method of  exploratory data analysis 
was developed. This method involves 
calculating AUC values and non-parametric 
testing of  statistical hypotheses to detect 
significant differences in the characteristics 
of  electrical “wave train” activity of  muscles. 
A detailed analysis of  the data of  patients 
with Parkinson's disease and essential tremor 
in the poorly studied frequency range 0.5-
4 Hz was carried out. Statistically significant 
differences from the control group of  subjects 
were found both in the “tremor” hands and 
in the “healthy” hands of  the patients. It was 
demonstrated that the analysis of  patients 
with Parkinson's disease using surface EMG 

OLGA S. SUSHKOVA, ALEXEI A. MOROZOV, ALEXANDRA V. 
GABOVA, ALEXEI V. KARABANOV, LARISA A. CHIGALEYCHIK

Table 2
The p-values for the flexor muscles.

Frequ-
ency
ranges,
Hz

PD,
left
"tre-
mor"
hand

PD,
right
"heal-
thy"
hand

PD,
left
"heal-
thy"
hand

PD,
right
"tre-
mor"
hand

ET,
left
hand

ET,
right
hand

1.1-3.1 not sig-
nificant

not sig-
nificant

0.006 not sig-
nificant

not sig-
nificant

not sig-
nificant

1.6-2.3 not sig-
nificant

not sig-
nificant

not sig-
nificant

not sig-
nificant

0.005 not sig-
nificant

2.1-3.0 not sig-
nificant

not sig-
nificant

not sig-
nificant

0.006 not sig-
nificant

not sig-
nificant

2.2-3.9 0.00008 0.01 not sig-
nificant

not sig-
nificant

not sig-
nificant

not sig-
nificant
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on the extensor muscles and flexor muscles 
gives different results; differences between 
the extensor muscles and flexor muscles in 
patients with ET were not detected. Found 
regularities in EMG can be useful for early 
diagnosis of  Parkinson's disease.

It can be assumed that wave trains in 
the 0.5-4 Hz frequency range reflect the 
increased electrical activity of  the muscle 
fiber groups that make up the muscles. The 
obtained results indicate an individual picture 
of  frequency characteristics in the 0.5-4 Hz 
frequency range for specific diseases, which 
can be useful for the differential diagnosis of  
PD and ET.

Parkinson's disease is a systemic disease, 
and manifestations of  this disease include 
impaired muscle tone, both in the shaking 
hands and non-shaking hands. The reason for 
this is in that, due to the disease, the reciprocal 
(cross) connections and the downward effect 
of  the extrapyramidal system on the segmental 
level of  tone control (alpha motoneurons, 
etc.) of  the muscles are disrupted. The 
harmonious work of  the agonists/antagonist 
muscle groups is violated. Identification of  
these changes allows determining the degree 
of  decompensation from the “healthy”, 
intact side, and also allows predicting the 
clinical manifestation of  focal neurological 
symptoms. Monitoring of  these changes can 
be used as a promising prognostic parameter 
of  decompensation and an assessment of  
the effectiveness of  a specific treatment.

The application of  the developed signal 
analysis method allowed us to identify 
new regularities in the EMG signals that 
previously could not be detected using 
standard spectral methods based on the 
analysis of  the power spectral density of  the 
signals.
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