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Abstract
Objectives: The aim of the study was to verify whether simultaneous responses from the muscular and circulatory system 
occur in the driver’s body under simulated conditions of a crash threat. Materials and Methods: The study was carried out 
in a passenger car driving simulator. The crash was included in the driving test scenario developed in an urban setting. In 
the group of 22 young male subjects, two physiological signals – ECG and EMG were continuously recorded. The length 
of the RR interval in the ECG signal was assessed. A HRV analysis was performed in the time and frequency domains 
for 1-minute record segments at rest (seated position), during undisturbed driving as well as during and several minutes 
after the crash. For the left and right side muscles: m. trapezius (TR) and m. flexor digitorum superficialis (FDS), the EMG 
signal amplitude was determined. The percentage of maximal voluntary contraction (MVC) was compared during driv-
ing and during the crash. Results: As for the ECG signal, it was found that in most of the drivers changes occurred in the 
parame­ter values reflecting HRV in the time domain. Significant changes were noted in the mean length of RR intervals 
(mRR). As for the EMG signal, the changes in the amplitude concerned the signal recorded from the FDS muscle. The 
changes in ECG and EMG were simultaneous in half of the cases. Conclusion: Such parameters as mRR (ECG signal) 
and FDS-L amplitude (EMG signal) were the responses to accident risk. Under simulated conditions, responses from the 
circulatory and musculoskeletal systems are not always simultaneous. The results indicate that a more complete driver’s 
response to a crash in road traffic is obtained based on parallel recording of two physiological signals (ECG and EMG).
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parasympathetic components  [10,11]. Heart rate varia
bility (HRV) analysis in the frequency domain allows for 
drafting a description of these changes, based on the RR 
interval sequence in the ECG signal [12,13].
Daily activity of every human being involves a combina-
tion of physical and mental activities. Such combination 
also occurs during driving in road traffic. Both kinds of 
load  – physical and mental  – also evoke physiological 
responses, mediated by ANS and the endocrine system. 
They result in an increase in blood pressure, HR, cardiac 
output and skeletal muscle blood flow and a decrease in 
renal and visceral blood flow [14–17]. Such physiological 
changes can be explained by the need of limiting blood 
flow to visceral capillary beds and directing it to the body 
systems, which react to stress stimuli, namely the heart, 
brain and skeletal muscles. 
The aim of this study was to analyze the responses from 
the musculoskeletal and circulatory systems in drivers 
during simulated sudden road accidents. Therefore, an at-
tempt was made to answer the question whether simulta-
neous responses from the musculoskeletal and circulatory 
systems occur under a threat of a crash. The authors also 
tried to find out which physiological parameters, reflect-
ing the activity of the muscular system and autonomic HR 
regulation are the best indicators of body response to po-
tential life threat provoked in a simulated (virtual) envi-
ronment. 

METHODS

Participants
22 young healthy males aged  21–33  years (M  =  24.3, 
SD = 2.8) participated in the study. The participants were 
not professional drivers, but they had access to a car and 
used it regularly for their private activities. We  have no 
detailed information on the years of their experience as 
drivers. On the day of the study, the participants did not 
consume any products containing caffeine and did not 

INTRODUCTION

Technical solutions, enabling the registration of physio-
logical parameters in road transport drivers are sought to 
provide objective assessment of the driver’s involvement 
in road accidents. They are essential for the staff deter-
mining who was at fault in the accident and for future cal-
culation of compensation costs  [1]. First of all, it should 
be established whether the driver was aware of the risk, 
whether they reacted to the dangerous event being the 
threat for other road users, and whether the driver’s re-
sponse was connected with the actions aimed at avoiding 
or reducing the consequences of the accident. 
While performing such activities as vehicle driving, a man 
is exposed to various types of load, depending on the ve-
hicle type and exposure to various risk factors. These fac-
tors negatively affect the driver’s alertness level and thus 
the potential correct response to stress. They are signifi-
cant under the threat of a road accident or crash and time 
deficit in decision making is an additional factor under 
these circumstances. According to the basic mechanisms 
of “acute” stress, the basic body response under threat 
involves activation of the circulatory and musculoskeletal 
system by the autonomic nervous system (ANS). Such re-
sponse allows the person under threat to take prompt re-
flexive and conscious actions [2–4].
Muscle strength and maximal voluntary contraction 
(MVC) depend on muscle length (location of different 
parts of the body)  [5], but not only. They also depend 
on individual traits as well as psychological and external 
loads. Among the noninvasive methods of muscle activity 
assessment, surface electromyography (EMG) is believed 
to be the most reliable one [5–9].
The circulatory system is a system which is sensitive to en-
vironmental stimuli. The functional condition of the au-
tonomic nervous system (ANS) is mainly responsible for 
changes in HR. Constant “adjustment” of HR to chang-
ing environmental conditions involves mainly mutual 
relations (activation-inhibition) of the sympathetic and 
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by performing a  several-minute test drive. Each partici-
pant decided when to finish the test drive once they felt 
secure enough to start the simulator test. No participant 
had known the detailed course of the real test earlier. The 
test included a simulation of a sudden, unexpected crash, 
posing a potential threat to the driver’s health. It involved 
another passenger car suddenly driving out of a side street 
from the driver’s left or right side with high speed. The 
exact speed of the vehicle at the moment of the crash was 
not recorded. At the moment of the crash, the vehicle was 
on a straight road with a yield sign, hence the velocity was 
approximately 50 km/h. The crash was planned to occur in 
different crossroads, hence the crash time, counted from 
the moment of setting off, was not the same (about 20 min) 
and it was unexpected for the participants. The persons 
observing the test assessed the changes in the driver’s be-
havior in response to the accident; they were tracing the 
head and body tilt, turning of the steering wheel, pressing 
the gas or the brake pedal. The participants were not al-
lowed to inform their colleagues about the course of the 
test. All tests were carried out before noon. 
Examination stages: 
1.	 Presenting the test course to the subjects.
2.	 Placement of electrodes (ECG and EMG).
3.	 Test of the ECG signal recording device at rest (seated 

position).
4.	 Test drive.
5.	 EMG record with maximal voluntary contraction 

(MVC) of muscles.
6.	 Driving ended with a crash.
7.	 Saving files with continuously recorded EMG signal in 

the computer.
8.	 Completion of recording the ECG signal. 

Physiological parameters
ECG signal
ECG signal was recorded using the Holter method, which 
is non-invasive and does not interfere with the driver’s 

take any medication. During the stage of preparation for 
driving simulator tests, each participant stayed in the room 
next to the simulator for about 30 min, assuming a seated 
position and was then informed about the goal and rules 
of the study. 

Place of the study
The study was carried out at the Faculty of Transport of 
the Warsaw University of Technology.  ECG and  EMG 
signals were recorded during the test in a passenger car 
simulator “autoPW”, used in the research to describe the 
driver’s behavior in normal road traffic conditions and 
during accidents, e.g. a crash with other vehicles or sudden 
crossing of the road by a pedestrian [18,19]. The simula-
tor is a static one. A part of it is an original car cabin with 
driver’s seat. The simulator’s interior is equipped with all 
devices a real vehicle is equipped with – pedals, turn signal 
indicator, speedometer, indicators and warning lamps. 
The simulator is equipped with big projection screen. 
Its large size made the driver feel like in a  real traffic 
situation. The vision angle was: horizontally  62°, verti
cally  42° and the screen dimensions were  2.9×2.14  m 
(horizontally×vertically).The accuracy of the reaction 
time measurements was 0.02–0.04 s.

Course of the test – study scenario
The reaction assessment test in drivers comprised driving 
simulation in an urban setting according to the prepared 
scenario. This involved driving in the streets with three 
identically connected crossroads whose geometry was 
identical as in one of the Polish cities. The selected cross-
roads were known to have relatively frequent accidents. 
The driver had to observe all road traffic rules that are 
obligatory during real driving, including speed limitation 
to 50 km/h. The arrangement of road signs did not allow 
the driver to go beyond the preset route. 
Prior to the test, all the participants were acquainted 
with the specifics of the passenger car driving simulator 
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values indicate changes in tone within the entire  ANS 
in  HR regulation. The  rMSSD and  pNN50 values are 
considered the indicators of the vagal tone. LF spectral 
power reflects mainly the sympathetic activity, while HF 
reflects parasympathetic activity in autonomic HR regu-
lation.

EMG signal
MESPEC  3000 (Mega Electronics, Finland) device was 
used for the measurement. This device enables recording 
and observation of unprocessed  EMG signals. The sen-
sitivity of analyzer pre-amplifiers is ±1 μV. EMG signal 
measurement is within the range of ±5000 μV. The signal 
sampling frequency was  1  kHz. The program generates 
measurement results sheet using ASCII code.
For the EMG signal record, superficial electrodes  MS-
OOS (Medicotes, Denmark) were used. Pre-amplifiers 
were placed next to the electrodes, enabling minimization 
of interference of the signal sampled by 12 bit transduc-
er A/D with the sampling frequency of 1000 Hz. Prior to 
the electrode placement, the subject’s skin was adequately 
prepared (shaved, if necessary – cleaned using alcohol) so 
that the resistance between the skin and the electrode was 
below 2 kΩ. During the test, EMG signals from m. flexor 
digitorum superficialis (FDS) and m.  trapezius (TR) were 
recorded on the right and left side. Over each examined 
muscle three measuring electrodes were placed at the 
same distance from one another. Two electrodes were ac-
tive (placed along muscle fibers), while the third was the 
reference electrode. The surface of the active electrode 
was  5×5  mm (for each electrode) and the distance be-
tween the electrodes was 20 mm.
During the first stage of  EMG measurements, the sig-
nal was recorded during maximal muscle effort develop-
ment. EMG signal measurements at maximal effort, per-
formed separately for each of the studied muscles, were 
performed during short tests lasting for several minutes. 
For each of the studied muscles, two trials were performed 

activities. Medilog Oxford  MR45 tape recorders were 
used for this purpose, equipped with real time path, ena
bling the reference of  ECG signal epochs to the events 
described by the supervising examiner in the report on 
chrono-analysis. The recorders used and signal analysis 
system – Medilog Optima, Oxford Medical Systems met 
the requirements of HRV analysis established by the Eu-
ropean Society of Cardiology and the North American So-
ciety of Pacing and Electrophysiology [20,21].
HRV analysis was carried out for  ECG segments which 
were free from ventricular and supraventricular exci-
tations. The data were obtained from the  RR tacho-
gram (ms). Power spectrum was determined by means of 
Fast Fourier Transformation (FFT). A HRV analysis was 
performed for 1-minute sequences of RR intervals follow-
ing the assumption that in such circumstances as an un-
expected crash there is a chance to grasp the short-term 
modulation of HR by ANS. This is in accordance with the 
assumption concerning the required signal stability. The 
commonly applied analysis of 2–5 min record would pro-
vide the already averaged values.
For  1-minute sequences of  RR intervals, correspond-
ing to various conditions: rest (seated position), undis-
turbed driving, crash (computer-recorded crash time 
corresponded to the beginning of the minute interval), 
after crash (seated position),  4 parameters reflect-
ing  HRV were determined in the time domain. These 
were: arithmetic mean of all RR intervals of the sinus 
rhythm (mRR (ms)), standard deviation (SD) of RR in-
tervals [SDNN (ms)], square root of the mean squared 
differences of successive  RR intervals, [rMSSD  (ms)], 
percentage of pairs of successive  RRs that differ by 
more than 50 ms [pNN50 (%)]. HRV in the frequency 
domain was described using spectral power values in low 
frequency (LF) band: LF (ms2): 0.04–0.15 Hz and high 
frequency  (HF) band: HF  (ms2):  0.15–0.40  Hz  as well 
as the LF/HF ratio reflecting the sympathovagal balance. 
In the physiological interpretation, the mRR and SDNN 
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muscle activation during normal driving was also deter-
mined. RMS (root mean square) was accepted as EMG 
signal amplitude measure. 

Statistical Analysis
The median and the range values (max–min) for all the 
variables in the group of 22 participants are compared in 
Table 1 and 2. In order to find out whether the values of the 
same variable significantly differ at different stages of the 
study, a nonparametric Friedman ANOVA test was used. 
For the comparison of the results obtained from two dif-
ferent stages of the study, the Wilcoxon signed-rank test 
was used. The correlation between different variables 
was assessed using Pearson correlation coefficient. The 
level of statistical significance was set at p < 0.05. Cal-
culations were made using STATISTICA-6PL program.

at MVC. Next, EMG signal was measured for all 4 muscles 
during passenger car simulator test involving driving in ur-
ban setting and a crash. 
For the assessment of changes in EMG signal, the am-
plitude was used with the values increasing propor-
tionally to muscle excitation. For a  given muscle, the 
mean EMG amplitude value, obtained at the moment 
of the crash, was divided by the amplitude value ob-
tained from the measurement performed at  MVC for 
the same muscle. This allowed for obtaining load va
lues expressed in  % of maximal voluntary contraction 
(%MVC), corresponding to muscle activation during 
usual driving and crash. Reference of  EMG signal to 
maximal effort enabled obtaining load measure that ex-
cluded the effect of individual factors, such as adipose 
tissue content or skin resistance on the analysis accu-
racy. The ratio of muscle activation during the crash to 

Table 1. Heart rate variability (HRV) in the time and frequency domains in the sample of 22 males during the passenger car driving 
simulator tests

Variable
Results of simulator tests

Median (min–max) ANOVA
rest driving crash after crash

mRR (ms) 673
(531–888)

627
(462–893)

616
(484–828)

658
(502–860)

p < 0.0001

SDNN (ms) 41.08
(18.20–114.5)

50.42
(14.38–97.79)

39.98
(14.07–118.4)

60.17
(23.73–103.13)

ns

rMSSD (ms) 24.02
(12.98–47.96)

20.07
(7.69–55.96)

18.80
(7.85–49.68)

25.30
(10.52–57.99)

ns

pNN50 (%) 3.19
(0–23.08)

3.13
(0.30)

2.83
(0–25)

5.62
(0–32)

ns

LF (ms2) 1082
(236–5 272)

722
(58.4–2 964)

656
(118–3 535)

984
(54–4 046)

ns

HF (ms2) 207
(44–988)

241
(9.8–1 630)

107.5
(13–906)

338
(34–2 165)

ns

LF/HF 4.61
(0.47–23.35)

4.36
(0.99–13.18)

3.86
(1.43–26.63)

3.53
(0.34–14.82)

ns

mRR – arithmetic mean of all RR intervals of the sinus rhythm, SDNN standard deviation (SD) of RR intervals, rMSSD – square root of the mean 
squared differences of successive RR intervals, pNN50, percentage of pairs of successive RRs that differ by more than 50 ms, LF – low frequen-
cy, HF – high frequency, LF/HF – sympathovagal balance.
ns – not significant.
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and  2. Statistically significant differences between the 
results, obtained during the crash and in other condi-
tions during the driving simulator test are marked. 
The Wilcoxon signed-rank test showed significant dif-
ferences in the results recorded during the crash com-
pared to the results obtained after the crash for mRR 
variables (Z = 3.199, p < 0.0014), rMSSD (Z = 2.455, 
p < 0.014). For these variables, the results recorded af-
ter the crash differed from the results obtained at rest, 
respectively at the level p  <  0.0001 (Z =  4.015) and 
p < 0.03 (Z = 2.172). The results of HRV analysis in the 
time domain indicate that during the crash a decrease in 
mRR, rMSSD, and pNN50 was noted as well as an in-
crease in SDNN compared to the obtained during easy 
driving, but the differences turned out statistically insig-
nificant (Figure 1).
The comparison of the values reflecting HRV in the fre-
quency domain during and after the crash using the Wil-
coxon signed-rank test revealed significant differences in 
spectral power in LF and HF bands at the level p < 0.024 
(Z = 2.254). Compared to the previous undisturbed driv-
ing, the crash did not result in significant spectral power 

ETHICS

The study was approved by the Ethics Committee at the 
Central Institute for Labour Protection in Warszawa. All 
the participants were informed about the goal and course 
of the study and the physiological parameters record-
ing techniques (ECG and EMG). All the subjects signed 
a written informed consent to participate in the study they 
could withdraw from it at any time without having to give 
a reason. 

RESULTS

Table 1 presents the results of the statistical analysis of the 
variables reflecting HR in the time and frequency domains 
from the sample of 22 participants during different stages 
of the driving simulator test. The comparison of the re-
sults, obtained at different moments of the test using Fried-
man ANOVA analysis, showed statistically significant dif-
ferences in the mRR variable (c2 = 25.860, p < 0.0001).
The results of the HRV analysis in the time and frequen-
cy domains are presented in a graphic form in Figure 1 

Table 2. Variables corresponding to the EMG signal from 2 muscle groups m. trapezius (TR) and m. flexor digitorum 
superficialis (FDS) for 21 participants in the passenger car driving simulator test

Variable

Results of simulator tests
Median (min–max) Wilcoxon-test

(1 vs. 2)before crash
(1)

crash
(2) ratio

TR (%MVC)
left side 4.5

(0.7–34.0)
6.6

(1.6–58)
1.7

(0.6–24.1)
Z = 2.777 
p < 0.005

right side 3.9
(0.4–21.9)

6.8
(0.7–51.6)

2.3
(0.5–22.5)

Z = 3.506 
p < 0.0005

FDS (%MVC)
left side 4.0

(0.2–11.8)
25.1

(0.6–92.3)
4.3

(0.7–62.3)
Z = 3.549 
p < 0.0004

right side 4.7
(0.3–14.0)

21.4
(0.3–95.1)

3.9
(0.6–46.4)

Z = 3.593 
p < 0.0003

%MVC – maximal voluntary contraction.
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one subject were excluded due to the abnormalities in the 
EMG signal record. During the crash, a statistically signifi-
cant increase in MVC of both muscle groups namely m. tra-
pezius (TR) and m. flexor digitorum superficialis (FDS) on 
the right and left side was noted compared to undisturbed 
driving (Table 2, Figure 3). The comparison of MVC per-
centage during the crash and throughout undisturbed 
driving for both groups of muscles – TR and FDS on the 
right and left side using the Wilcoxon signed-rank test 
showed statistically significant differences. The  MMVC 
value before and during the crash indicates stronger re-
sponses from FDS than from TR on the right and left side 
(Table 2). 

changes in LF and HF and in the LF/HF ratio. An increase 
in the sympathovagal balance, although statistically insig-
nificant, was observed, which suggested an increase in 
the ANS sympathetic component of HR regulation. It was 
probably due to the decrease in parasympathetic compo-
nent activity, expressed by a significant (p < 0.03) increase 
in the rMSSD value, with no changes in sympathetic activ-
ity, expressed by the spectral power in LF frequency band 
(Figure 2). 
Table  2 presents the comparison of statistical analysis 
results, i.e. the variables reflecting changes in  the EMG 
signal in the sample of 21 drivers during different stages 
of the driving simulator test. The results obtained from 

mRR – arithmetic mean of all RR intervals of the sinus rhythm, SDNN – standard deviation of RR intervals, rMSSD – square root of the mean 
squared differences of successive RR intervals, pNN50 – percentage of pairs of successive RRs that differ by more than 50 ms.

Fig. 1. Values of the parameters reflecting heart rate variability (HRV) in the time domain at different moments of experimental 
driving on a passenger car driving simulator in the sample of 22 drivers
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For each ECG and EMG signal, a parameter was se-
lected with values indicating the most pronounced 
response connected with the crash in 21 subjects per-
forming the driving simulator test. The correlation 
coefficient between the length of RR intervals (mRR) 
during the crash and the ratio of EMG amplitude sig-
nal values, obtained prior to the crash, to the analogi-
cal values obtained during the crash for m. flexor digito-
rum superficialis of the left arm (FDS-L) was calculat-
ed. A  significant correlation was found (r = –0.4496, 
p < 0.05), indicating that during the crash shorter RR 
corresponded to higher values of the amplitude ratio 
(Figure 4). 
Since no behavioral response, such as steering wheel 
turning or head or body tilt, was noted in a part of 

HF – high-frequency power of RR intervals, LF – low-frequency power of RR intervals, LF/HF – ratio of low-frequency to high-frequency power.

Fig. 2. Parameters reflecting heart rate variability (HRV) at different moments of the simulator driving test in the sample of 22 drivers

L – left side; P – right side.

Fig. 3. Values of TR and FDS muscle contraction median 
expressed by root mean square (RMS) amplitude (%MVC) in 
the group of 21 participants performing the driving simulator test
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the participants during the driving simulator test, indi-
vidual physiological responses, expressed by the vari-
ables: mRR, HF, LF and RMS for FDS-L and FDS-P 
were analyzed. The authors concluded that these vari-
ables reflected best the circulatory and musculoske
letal system responses to a  simulated road crash in 
the presented study. Individual values obtained during 
driving and the crash are presented in Figure 5. Such 
results indicated that responses from the circulatory 
and musculoskeletal systems did not occur in all the 
participants. 
Analysis of the changes in mRR and RMS, observed in 
the FDS-L muscle during the crash, in the light of the 
values corresponding to driving prior to the crash in 
the sample of 21 subjects made the authors conclude 
that in 10 cases, the changes occurred simultaneously 
in the circulatory and musculoskeletal system. In seven 
cases, the crash did not contribute to any changes in 
the length of  RR intervals (mRR), while a  response 
from  the FDS muscle was noted at the left and right 
side. In four cases, reductions of RR intervals (mRR) 
were not accompanied by visible changes in RMS. 

Fig. 4. Correlation between the mean RR interval (mRR) 
during the crash and the ratio of the EMG signal amplitude 
before the crash to the EMG signal amplitude during the crash 
(ratio) for m. flexor digitorum superficialis left side (FDS-L) in 
the group of 21 subjects performing the driving simulator test

Results of each individual subject are connected with a line. 
L – left side; P – right side.

Fig. 5. Individual changes in the mean length of RR intervals 
(mRR) and the m. flexor digitorum superficialis (FDS) 
contraction during easy driving and the crash in 21 subjects 
performing the driving simulator test
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ECG and EMG signals are used for the assessment of fa-
tigue in drivers working in public transport. The reasons 
entailing fatigue during vehicle driving include long du-
ration of performing the same activity  [23,24], too short 
sleep period  [24,26,27], weariness while driving  [27] as 
well as environmental factors (vibration, noise and too 
high temperature) [28,29].
Statistical analysis of road accidents suggests that there are 
good reasons to regard fatigue as one of the basic causes 
of road accidents  [28,30–34]. Fatigue may result from ex-
cess load due to static work and mental load (overload or 
monotony) [35–37]. The effect of mental load on the mus-
culoskeletal system can be observed especially in the case of 
work performed using relatively low strength when the task 
is monotonous and/or the activities are repeated  [38,39], 
which is observed during sustained vehicle driving. In the 
presented study, this problem did not occur as the testing 
time was short  – about 20 min and the muscle tone dur-
ing normal driving was about 4–5% MVC and only during 
the crash it increased to over 20% MVC (Table 2).
The physiological responses (e.g. gripping the steering 
wheel tight) and the mental responses (tracking the traffic 
and making decisions to drive safely) to muscle tone are 
believed to be different. Results of some studies indicate 
that both types responses evoke similar responses, while 
other studies suggest that responses vary, depending on 
the kind of physical and mental tension in a given test [17]. 
The increased contraction of Trapesius muscle was re-
vealed by the EMG record in the subjects performing 
various psychomotor tasks [40]. The test assessing muscle 
activity during work performed at a  computer work sta-
tion revealed higher activity of the upper trapezius muscle 
at the side opposite to the computer mouse [41]. During 
simulated driving in an urban setting in our experiments, 
muscle activity was connected with steering wheel move-
ments, during gear change or switching on the direction 
indicator were mainly connected with right side muscles 
activation. 

DISCUSSION

The study involved an analysis of physiological parameters 
which were determined based on noninvasive measure-
ments. Two physiological signals  –  ECG and  EMG were 
continuously measured using the recording techniques that 
did not interfere with driving to avoid an additional factor 
that might negatively affect the driver’s attention level. 
A crash in road traffic may result in acute stress. It evokes 
e.g. changes in autonomic HR regulation, revealed by the 
HRV analysis in the time and frequency domains, de-
scribed in this paper. Riediker et al., in their case report, 
described changes in the ECG record obtained from a po-
liceman with a Holter device attached at the moment 
he learned about the terrorist attack on  11  September. 
Acute emotional stress connected with this event resulted 
in changes in  the ECG record, which had not been not-
ed in this participant before in other stressful situations 
during  ECG signal record.  The HRV analysis showed 
a  decrease in the percentage of  RR intervals, differing 
by more than 50 ms (pNN50), which indicated cessation 
of parasympathetic activity and an increase in the SDNN 
parameter value, suggesting a significant increase in sym-
pathetic activity [22]. 
During a simulated crash, in our examinations, an increase 
in HR was noted in the participants, expressed by a signifi-
cant reduction of RR intervals. The SDNN value increased 
compared to that obtained under conditions of easy driv-
ing, the difference, however, turned out statistically in-
significant. The observed increase in the sympathovagal 
balance indicated the increase in sympathetic activity (in-
significant). Higher values of the sympathovagal balance 
did not result from the changes in sympathetic activity, 
because a decrease was noted in the spectral power in the 
LF band and in the SDNN parameter value (insignificant). 
The apparent yet insignificant increase in sympathetic pre-
dominance was probably due to a decrease in parasympa-
thetic activity, indicated by the decremental tendency of 
spectral power in the HF band (Figure 2).
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but indicated a simultaneous increase in ANS sympathetic 
and parasympathetic activity with significantly decreasing 
sympathetic activity [43]. 
In the present study, the crash took place after 20 min of 
driving, thus we may suspect that if the sample included 
the subjects with motion sickness, this might have af-
fected their heart rate through changes in sympathetic 
and parasympathetic activity. As a consequence, it might 
have also affected the results reflecting the response 
from autonomic  HR regulation mechanisms to crash-
related stress. 
HRV parameters are sensitive to different kinds of emo-
tional or mental load  [15]. A  simulated crash and the 
resulting life threat were not such a  load as analogical 
circumstances in real road traffic. The test participants 
were certainly aware of this fact. The lack of behavioral 
response from some of the participants may indicate the 
lack of imagination since the drivers did not realize the 
consequences of the crash under real conditions. Real 
conditions may modify the obtained results concerning 
both signals – ECG and EMG. In the case of  the EMG 
signal, physical factors, e.g. tremor, may significantly affect 
muscle contractions in drivers [29]. 
The selection of male subjects was reasonable since re-
search has shown that in women, the menstrual phase af-
fects HRV, causing significant changes in the LF and HF 
spectral power and changes in the LF/HF ratio in the fol-
licular phase compared to the luteal phase [44,45].
Due to varied fatigue effects, changing requirements con-
cerning the performed tasks and external sources of stress 
as well as individual differences, the attempts to use ECG 
and EMG signals to determine the driver’s contribution 
to road accidents did not bring about the expected out-
come  [36,37,46,47]. However, further search of effective 
approaches to prevent road accidents in case of profes-
sional and amateur drivers is essential for the improve-
ment of driver’s safety and reduction of financial and so-
cial costs including treatment costs or disability benefits 

This study found that the crash resulted in a significant in-
crease in the contraction of m. flexor digitorum superficialis 
and m. trapezius on both sides. The EMG signal amplitude 
ratio of the values obtained before the crash and during 
the crash was higher for m. flexor digitorum superficialis on 
the left side (FDS-L) and m.  trapezius on the right side 
(TR-P). It is difficult to determine whether this pheno
menon was due to the driver’s emotional condition or 
work performed. 
During the 30-minute driving simulator test, a driver was 
not affected by physical environmental factors, such as 
tremor, temperature, noise or acceleration. The micro-
climate inside the simulator room met comfort require-
ments. The test duration was too short to allow such fac-
tors as driver’s fatigue after many hours of driving or mo-
notony to influence the driver’s responses during a simu
lated crash. However, fatigue should not be ignored. It 
was an uncontrolled factor, resulting from the fact that the 
test followed many hours of everyday activity since it took 
place in the late afternoon. 
Some recent studies indicate that the discomfort due to 
simulator sickness might have been an aggravating fac-
tor [42,43]. No history of motion sickness was taken from 
the participants, therefore it was impossible to predict 
their susceptibility to simulator disease. 
Upon completion of the test, some participants reported 
such symptoms as nausea, headache, dizziness and ba
lance disorders; this finding justifies the need for exam-
ining such history in future studies using driving simula-
tors. The studies using driving simulators indicate that 
susceptibility to motion sickness affects the HRV values 
in the subjects. Another study (43) found that the subjects 
prone to motion sickness, compared to other subjects, 
experienced HR slowing, manifested by longer RR 
intervals and a significant decrease in the sympathovagal 
balance (LF/HF) after 30 min forklift truck driving. In the 
studied sample, the observed changes in spectral power 
values in HF and LF bands were statistically insignificant, 
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129–35, http://dx.doi.org/10.1016/0031-9384(89)90245-X.

4. �Konarska M. [Development of the psychophysiological con-
cept of environmental stress]. Med Srod.  2002;5(1):5–15. 
Polish.

5. �Duque J, Masset D, Malchaire  J. Evaluation of handgrip 
force from  EMG measurements. Appl Ergon.  1995;26(1): 
61–6, http://dx.doi.org/10.1016/0003-6870(94)00003-H.
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siol. 1995;71(4):301–5, http://dx.doi.org/10.1007/BF00240408.

7. �Cook T, Rosencrance J, Zimmermann  C, Gerleman  D, 
Ludewig P. Electromyographic analysis of a repetitive hand 
gripping task. Int  J  Occup Saf Ergon (JOSE).  1998;4(2): 
185–200. 

8. �Bartuzi P, Roman-Liu D, Tokarski T. A  study of the influ-
ence of muscle type and muscle force level on individual fre-
quency bands of the EMG power spectrum. Int J Occup Saf 
Ergon (JOSE). 2007;13(3):241–54. 

9. �Roman-Liu D, Konarska M. Characteristics of power spec-
trum density function of  EMG during muscle contraction 
below  30%  MVC. J  Electromyogr Kinesiol.  2009;19(5): 
864–74, http://dx.doi.org/10.1016/j.jelekin.2008.05.002.

10. �Berntson GG, Cacioppo JT, Quigley KS. Autonomic deter-
minism: The modes of autonomic control, the doctrine of 
autonomic space, and the laws of autonomic constraint. Psy-
chol Rev. 1991;98(4):459–87, http://dx.doi.org/10.1037/0033-
295X.98.4.459.

11. �Collins S, Karasek R. Reduce Vagal cardiac control vari-
ance in exhausted and high strain job subjects. Int  J  Oc-
cup Med Environ Health.  2010;23(3):267–78, http://dx.doi.
org/10.2478/v10001-010-0023-6.

12. �Sekiguchi C, Handa Y, Goth M, Kurihara Y, Nagasawa Y, Ku-
roda I. Frequency analysis of heart rate variability under flight 
conditions. Aviat Space Environ Med. 1979;50(6):625–34.

and the cost of environmental pollution (accidents of ve-
hicles transporting chemicals). 
The study results indicate that one parameter, e.g. HR is 
insufficient to assess physiological changes in the cardio-
vascular system. The HRV analysis may potentially over-
come the limitation resulting from the fact that different 
modes of ANS control may reflect different ways of re-
acting to physiological factors [10,15,16]. The assessment 
of driver’s workload using physiological parameters is be-
lieved to be a valuable approach [16].

CONCLUSIONS

Such parameters as mRR (ECG signal) and FDS-L am
plitude (EMG signal) turned out most sensitive to acci-
dent risk.
During the incidents, changes in ECG and EMG were si-
multaneous in half of the cases.
The results indicate that a more complete assessment of 
drivers’ responses to crashes in road traffic can be ob-
tained based on registering parallel records of these two 
physiological signals ECG and EMG.
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