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Abstract: The effects of fatigue on a driver’s autonomic nervous system (ANS) were investigated
through heart rate variability (HRV) measures considering the difference of sex. Electrocardiogram
(ECG) data from 18 drivers were recorded during a simulator-based driving experiment. Thirteen
short-term HRV measures were extracted through time-domain and frequency-domain methods.
First, differences in HRV measures related to mental state (alert or fatigued) were analyzed in all
subjects. Then, sex-specific changes between alert and fatigued states were investigated. Finally, sex
differences between alert and fatigued states were compared. For all subjects, ten measures showed
significant differences (Mann-Whitney U test, p < 0.01) between different mental states. In male
and female drivers, eight and four measures, respectively, showed significant differences between
different mental states. Six measures showed significant differences between males and females in an
alert state, while ten measures showed significant sex differences in a fatigued state. In conclusion,
fatigue impacts drivers” ANS activity, and this impact differs by sex; more differences exist between
male and female drivers” ANS activity in a fatigued state than in an alert state.

Keywords: driving fatigue; ECG; heart rate variability; sex difference

1. Introduction

It has been reported that nearly 1.3 million people are killed and 50 million people are injured in
road traffic collisions each year [1], and driving fatigue is estimated to be responsible for 20-30% of
all road fatalities [2—4]. Some studies on driving impairment have considered sleepiness and fatigue
as similar mental conditions [5], and the term “fatigue” is often used as an overarching term, which
includes sleepiness and mental fatigue [6]. There are many psychophysiological symptoms such as
tiredness, lack of energy, difficulties to concentrate, loss of interest, and so on, caused by fatigue that
dangerously affect driving [7]. Driving requires mental and physical attention and alertness to be
performed effectively [8], and fatigue may affect a driver’s attention and vigilance when controlling a
vehicle and may result in a disastrous consequence [9].

Predicting a driver’s mental state by measuring his or her fatigue before or during driving is
a method that may be used to reduce traffic accidents [9]. Substantial efforts have been devoted to
this topic; employed methods can be divided into three categories [10,11]: vehicle-based methods,
behavior-based methods and physiological-based methods. Vehicle-based methods detect the level
of a driver’s fatigue usually by steering wheel movement or standard deviation in the lane position.
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Behavior-based methods determine a driver’s mental state by his or her facial movements through
a camera. These two categories of methods become apparent only after the driver starts to sleep
with limited time left to prevent an accident. Physiological-based methods, in which physiological
signals, such as electrocardiogram (ECG) [8-10], electroencephalograph (EEG) [8-10] and functional
near-infrared spectroscopy (fNIRS) [9], are employed, are regarded as reliable and accurate methods
for fatigue detection in the early stages. However, these methods are less acceptable for receiving
physiological signals because they involve placing electrodes on the body. With the development of
noncontact ECG technology [10], the ECG-based method is expected to detect fatigue in a nonintrusive
manner while maintaining the advantages of reliability, accuracy and timely detection.

The autonomic nervous system (ANS) controls heart rate by balancing the sympathetic and
parasympathetic nervous systems [12]. Several physiological and pathological changes could exert an
impact on the ANS. Heart rate variability (HRV) has emerged as the most valuable noninvasive test to
assess ANS function [13], and RR interval time series derived from ECGs are the source information
for HRV analyses [14]. For the quantitative evaluation of ANS function, time and frequency domain
methods have been widely employed in HRV analyses. Several factors, such as smoking [15], stress [16],
and anxiety [17], could alter HRV measures. ANS function is also influenced by driving fatigue and
could be expressed by HRV measures. The HRV measures absolute power of the VLF band (Py1 r(abs))
and power of the HF band in normalized units (Pfny)) were reported to be significantly increased
and power of the LF band in normalized units (Ppfny)) and ratio of the LF band power to the HF
band power (rgp/LF) to be significantly decreased in drivers in a fatigued state compared with those
in an alert state by Awais et al. [8,10]. Tran et al. [18] reported that a driver’s absolute power of the
LF band (Ppfbs)), PLE(nu) and rLpmr increased significantly and that the mean RR interval, Mgg, and
PHF(nu) decreased significantly. Abtahi et al. [19] reported that the Mg, standard deviation of RR
interval (Drg), number of successive RR interval pairs that differ by more than 50 ms (NNN50), PLE(abs),
absolute power of the HF band (Pyp(abs)) and absolute power of all three bands (Piot(abs)) increased
significantly. These studies contribute to our understanding of the relationship between driving fatigue
and ANS function and clarify the development of driving fatigue detection algorithms. A summary of
the experimental designs, HRV measures and HRV measure extraction methods of six prior studies
related to driver fatigue is provided in Table 1. Sex differences exist in HRV measures [20-22], which
should be considered when employing these measures.

For the studies related to driving fatigue and HRV measures, two limitations exist. One limitation
is that sex differences have been taken into consideration by few (if any) studies, and the other limitation
is that the change tendency of some time and/or frequency HRV measures from the driver’s alert
state to fatigued state had contradictory results based on the available reports. For studies on the
sex differences in HRV measures, to the best of the authors” knowledge, all of them were researched
with subjects in an alert state, leaving the sex differences in HRV time and frequency measures in a
fatigued state unknown. Our experiments were performed in a high-fidelity driving simulator, and
fatigue was induced by prolonged monotonous, simulated driving. With being aware of the limitations
in this field, the aim of the study was three-fold: First, as many HRV measures as possible were
extracted using time domain and frequency domain methods to provide a comprehensive evaluation
of the impact of fatigue on the driver’s ANS and to provide references for the development of driving
fatigue detection methods; second, the HRV measures of drivers of different sexes in different mental
states were compared to provide a basis for developing driver-specific fatigue detection algorithms for
specific sexes; and finally, the similarities and differences of HRV measures of males and females in
both an alert and a fatigued state were compared to provide a new perspective for understanding the
sex differences in the ANS.
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Table 1. Summary of studies related to HRV measures and driving fatigue.

30f17

Number of
Subjects (Valid)

Male/Female

Age (Years)

Study Design

Methods Related to
Fatigue Assessment

Methods Related to HRV
Measure Extraction

References

10 (10)

5/5

29-47

Three real driving sessions
on the motorway of
approximately 100-105 min
each: one during the
daytime, one in the evening
and one at night

The subjects were asked to
provide their Karolinska
Sleepiness Scale (KSS) score
every 5 min during driving.

HRV analysis was performed
following reference [23], and
an AR model was used for the
PSD estimation of the HRV
time series.

22 (11)

Unknown

18-35

80 min of simulated,
monotonous driving

Drowsiness-related events were
identified based on a range of
facial features, and the driver in
the 5 min prior to or after an
event was scored as being in an
alert or drowsy state.

ECG signal analysis was
performed using
Biosignal Toolbox.

[8,10]

20 (20)

Unknown

22616

120 min of simulated driving
with highway scenery

A driver in the 5 min prior to or
after driving was scored as being
in an alert or fatigued state.

Peak-to-peak intervals were
determined through a blood
pressure waveform produced
by the radial artery. The HRV
analysis followed reference [23]
and used an FFT for
PSD estimation.

[24]

10 (unknown)

Unknown

Driving on highways for a
mean duration of 223 min

Observers classified the state of
the driver each minute as either
alert or drowsy through video
recordings. Ten minutes before
and after a drowsy minute was
defined as a drowsiness period;
the other periods were defined as
alert periods.

HRYV measures were extracted
from a 300-beat window with a
step of one beat. The
Hodrick-Prescott filter was
used for detrending, and a
periodogram was estimated
using a Hanning window.

12 (12)

9/3

24-30

Two simulated driving
sessions lasting 1520 min:
one in the morning and one
in the afternoon after lunch

Two observers scored the
drowsiness level according to
recorded videos of the
drivers’ faces.

HRYV measures were extracted
from one-minute segments of

the ECG.

[5]




Int. ]. Environ. Res. Public Health 2020, 17, 8499 40f17

2. Materials and Methods

2.1. Subject

Eleven male and nine female college students (age: 25.95 + 2.67 years) with legal driver’s licenses
were recruited to participate in the experiment. A sum of RMB 150 was provided to the subject as
compensation for their participation in the experiment. Two of the male subjects were excluded from
the ECG-related research. One was excluded due to poor connectivity of the ECG electrodes during the
driving period, and the other was excluded due to fatigue throughout the experiment, mainly caused
by extensive studying the night before. Subjects were asked to refrain from consuming caffeine, alcohol
or tea and from smoking on the testing day. All subjects provided informed consent for inclusion
before participating in the study. The study was conducted in accordance with the Declaration of
Helsinki, and the protocol was approved by the Ethics Committee of Tsinghua University (20160006).
Details of the methods have been described in our previous studies [26].

2.2. Driving Simulator

A driving simulator with six degrees of freedom (see Figure 1) was used in the experiment.
A passenger car was mounted on the motion base, and five large projections surrounded the car.
The driving simulator provided a realistic driving experience to the drivers. To accelerate the
development of the driver’s fatigue symptoms, a simulated, straight highway-driving scenario was
selected, and there were no other cars in the simulation other than the virtual experimental car during
the driving period.

Figure 1. Driving simulator.
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2.3. Experimental Protocol

After the experimental details were introduced, single-channel EEG and ECG electrodes were
placed on the subject. The Biopac MP 150 system (Biopac Inc., Goleta, CA, USA) was used for signal
acquisition. The EEG and ECG signals were acquired at a sampling frequency of 1 kHz. For the ECG,
a modified lead II configuration was adopted. The left leg (LL)-equivalent electrode was placed in the
upper-left quadrant, and the right arm (RA)-equivalent electrode was placed in the right infraclavicular
fossa. Then, a laboratory assistant guided the subject into the car. A pretest of approximately 10 min
was performed to familiarize the subject with the experimental environment, followed by a 60 min
period of uninterrupted driving. In addition to the EEG and ECG signals, the driver’s facial expressions
were recorded by a camera mounted on the center console during the test. The subjects were required
to maintain a speed of approximately 75 km/h in the simulated highway scenario. The tests were
performed between 9:30 and 17:30, as these are conventional daily working hours. The ECG signals
and videos were analyzed offline, and the EEG signals were left for further research.

2.4. Fatigue Assessment

The 60-min videos of the drivers’ facial expressions were each divided into 60 one-minute segments.
Then, five well-trained experts scored each one-minute segment a score of 1, 2 or 3 according to the
criteria in Table 2.

Table 2. Subjective scores for driver’s mental state assessment.

Mental State Score Description of Facial Expression

The eyes open normally and blink quickly, the eyes are active, the attention
Alert 1 appears focused, and attention to the outside world is maintained. The head is
upright, and the facial expression is changing frequently.

The eyes appear to be partially closed, eyes appear to be partially closed,
blinking duration is extended, blinking speed is decreased, eye activity is
decreased, or eyes become sluggish; the subject yawns, takes a deep breath,
sighs, swallows, rubs the eyelids using their hands, shakes his or her head,
scratches his or her face or performs any other action that suggests fatigue or
reduced concern with the environment.

Fatigued 2

The eyes appear to be half or fully closed, the eyelids are so heavy that they are
Very fatigued 3 unable to open, the eyes are closed for a long period of time, there is head
nodding and head tilting, and the ability to continue driving is lost.

Since the number of segments with a score of 3 was low, the scores of 3 were rescored as 2.
In accordance with the length of the ECG signal recommended for short-term HRV analyses [23],
the 60-min videos and the ECG signals were divided into 19 five-minute segments, with 40% overlap
at each end with the start/end of the adjoining five-minute segments. In each five-minute segment,
the scores of every one-minute segment assessed by each expert were summed over. The minimum
and maximum of the summed score in a five-minute segment were 25 and 50, respectively. If the
summed score is greater than or equal to 38, according to the simple majority principle, the driver can
be considered to be in a fatigued state during the five-minute segment, and if the summed score is less
than or equal to 37, the driver can be considered to be in an alert state during the five-minute segment.
To reduce misjudgments, we adopted the principle of the effective majority, which stipulated that if the
summed score was greater than or equal to 40, then the five-minute segment was defined as a fatigued
segment; if the score was less than or equal to 35, then the five-minute segment was defined as an alert
segment. Otherwise, the segment was defined as a discordant segment. In this manner, we obtained
88 alert segments and 223 fatigue segments for the following analyses. We also obtained 31 discordant
segments, which were excluded from further analysis. Figure 2 compares the summed scores of all
subjects in 19 five-minute segments. The figure shows that as time elapsed, all subjects essentially
changed from an alert state to a fatigued state.
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Figure 2. Boxplot of the summed scores of all subjects in 19 five-minute segments.

2.5. Extraction of HRV Time and Frequency Measures

We detected R peaks in every segment of the ECG, and abnormal beats were detected and
corrected with normal R beats. Then, the occurrence times of the R peaks were denoted by a time
series (to, t1 ..., tj, ... ), and the RR interval series was obtained. The RR interval series was unevenly
sampled, and the HRV signal was assumed to be a continuous signal derived from the RR interval
series via cubic spline interpolation. The HRV time series was obtained by sampling the HRV signal
evenly at a given sampling frequency of 4 Hz.

The HRV time domain measures were calculated from the RR interval series. To calculate the HRV
frequency domain measures, the smoothness priors approach (SPA) with A = 500, which corresponds
to a high-pass filter with a cutoff frequency of 0.035 Hz, was applied to the RR interval series, and the
power spectral density (PSD) was obtained by Welch’s periodogram method [27]. Then, the PSD was
divided into three bands: very low frequency (VLE, 0-0.04 Hz), low frequency (LF, 0.04-0.15 Hz) and
high frequency (HF, 0.15-0.4 Hz).

The abovementioned processes were completed by employing Kubios 3.0.2 (Kubios Oy, Kuopio,
Finland) [27]. All the measures were calculated in the manner recommended by the Task Force of the
European Society of Cardiology and the North American Society of Pacing and Electrophysiology [23].
The abbreviations of the measures were redefined (see Table 3) in accordance with the requirements of
the Chinese national standards.
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Table 3. Overview of the HRV time and frequency domain measures.

7 of 17

Measure (Abbreviation

Measure (Abbreviation

Method in This Study) in Other Publications) Description Unit Physiological Interpretation
MRgr Mean RR Mean RR interval ms -
L . Reflects the ebb and flow of all the factors
Dgrr STD RR (SDNN) Standard deviation of RR interval ms that contribute to heart rate variability. [2]
Time Mur Mean HR Mean heart rate 1/min -
domain method Square root of the mean squared Measurements of short-term variation in the
Drms RMSSD differences between successive RR ms NN Cycles and detect high frequency
intervals oscillations caused by parasympathetic
activity. [13]
Number of successive RR interval . ..
NnNso NN50 pairs that differ by more than 50 ms beats Reflects parasympathetic activity. [13]
Nnnso divided by the total number o A proxy for cardiac parasympathetic
PNNS0 PNN50 of RR intervals o activity. [12,13]
Increases in resting P ower ma
2 g L'VLF(abs) P y
PyLE(abs) VLE(power) Absolute power of the VLF band ms reflect increased sympathetic activity. [28]
PrF(abs) LF(power) Absolute power of the LF band ms? A marker of the parasympathetic tone. [13]
Piirabe) HF(power) Absolute power of the HF band ms? Possibly correlated .to sympathetic tone or to
Frequency autonomic balance. [13]
d i thod i
omatn metho PrE(nu) LF(pow nu) Poﬁfrrorf;l}ilzee]fuz??sd m n.u. A marker of the parasympathetic tone. [13]
P HE(pow nu) Power of the HF band in nu Possibly correlated to sympathetic tone or to
HE(nu) p normalized units h autonomic balance. [13]
Ratio of the LF band power to the HF B An important marker of sympathovagal
TLE/HF LF/HF band power balance. [13]
Prot(abs) tot(power) Absolute power of all three bands ms? The variance of NN intervals over the

temporal segment. [13]
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2.6. Statistical Analysis

SPSS 19 (SPSS Inc., Chicago, IL, USA) was used for the statistical analyses. We calculated the means,
standard deviations, medians, 1st quartile (Q1) and 3rd quartile (Q3) to describe the distributions of
HRV measures for the alert group and fatigued group and for the male-alert (MA) group, male-fatigued
(MF) group, female-alert (FA) group and female-fatigued (FF) group to facilitate comparisons with
other studies in this field. The Mann-Whitney U test was used to assess whether the time domain and
frequency domain measures significantly differed between (1) the alert group and fatigued group,
(2) the MA and MF groups and the FA and FF groups, and (3) the MA and FA groups and the MF and
FF groups. According to Fritz et al. [29], a common effect size statistic for the Mann-Whitney U test is r
using the following formula:

r=— @

where N is the total number of observations, and when runs the test SPSS report the appropriate z
value. The difference between the means and the 95% confidence interval of the mean difference are
also presented for a difference between means convey effect size information [30].

3. Results

Table 4 shows the drivers” HRV measures during the alert and fatigued states. Being fatigued
showed signiﬁcantly (p < 0.01) increases in MRR/ DRR/ DRMS/ NNN50/ PNN50, PVLF(abs)r PLF(abs)/ PHF(abs)
and Pyo(abs) and decreases in Myr compared with being alert.

Tables 5 and 6 presents the HRV measures in the male-alert (MA), male-fatigued (MF), female-alert
(FA) and female-fatigued (FF) groups. The MF group showed significantly (p < 0.01) increases in MRg,
DgrRr, Drms, PNN50, PVLE(abs), PLF(bs) and Piot(abs) and decreases in Mpyr compared with the MA group.
The FF group showed significantly (p < 0.01) increases in DrR, Pv1F(abs), PLE(abs) and Prot(abs) compared
with the FA group.

The HRV measures were also compared between the two sexes. The FA group showed significantly
(r < 0.01) lower values of Pypnu), PHrnu) and rigmr compared with the MA group. The FF group
showed significantly (p < 0.01) higher values of Mpr and Prp(nu), and lower values of Mgr, Drr, Drws,
PyLE(@abs), PLE(@bs), PLE(nu), "LE/HF and Pioy(abs) compared with the MF group.
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Table 4. Descriptive statistics and results of Mann-Whitney U tests of HRV time domain and frequency domain measures of drivers with different mental states.

9of 17

Alert (N = 88)

Fatigued (N = 223)

Mann-Whitney

Mean Difference (95%

Measures U Test Confidence Interval)
Mean SD 01 Med. Q3 Mean SD 01 Med. Q3 Alert vs. Fatigued
MRgr 797.9 1375 6843 8040 8703  863.5 141.0 7386 8514 9552 p<0.01 65.64 (30.96 to 100.3) 0.20
Dgrr 47.06 2037 3353  43.05 5476 6555 2387  48.05 60.57  77.67 p<0.01 18.49 (13.17 to 23.81) 0.40
Mur 77.38 13.0 6894 7463  87.68 71.32 1149 6282 7047  81.23 p<0.01 —6.060 (-9.193 to —2.927)  —-0.20
DRrms 33.63 2044 2167 2757  40.18 4255  23.06 2456 3928  45.36 p<0.01 8.915 (3.379 to 14.45) 0.21
NNN50 46.63 51.36 10.0 19.5 7375  69.87 5514 17.0 67.0 89.0 p <0.01 23.24 (9.838 to 36.64) 0.20
PNN50 14.3 17.8 2128 5318  21.76 223 2015  4.239 19.27  26.46 p<0.01 8.002 (3.169 to 12.84) 0.20
PyLE(abs) 87.25 9205  32.89 58.0 112.1 201.2 193.1 85.6 136.0 2475 p<0.01 113.9 (82.00 to 145.9) 0.42
PrF(abs) 751.8 7147 2979 5714  859.5 1348.0 10560 6385 9586  1686.0 p<0.01 596.5 (391.8 to 801.3) 0.35
PHE(abs) 528.6 719.7 1593 2905  621.9 7019 7895  249.6 4703 725.4 p<0.01 173.2 (-17.61 to 364.1) 0.17
PrEmu) 62.52 1835 4965 6357 7795  67.78 1643 5756 7049  81.43 p=0.02 5.259 (1.051 to 9.468) 0.13
PHF(nu) 374 1835 2195 3632 5022 32.09 16.38 18.56 2943 4157 p=0.02 -5.304 (-9.505 to —1.103)  -0.13
'LE/HF 2.667 242 09887 175 3557 3155 2492 1365 2395  4.387 p=0.02 0.4887 (—0.124 to 1.101) 0.13
Pyot(abs) 1368.0 1373.0 4706  949.7 15240 2254.0 1730.0 1030.0 1748.0 2911.0 p <0.01 885.2 (517.1 to 1253) 0.34
The mean difference is the fatigue group mean minus the alert group mean.
Table 5. Descriptive statistics of HRV time and frequency domain measures of drivers with different mental states and of different sexes.
MA MF FA FF
Measure
Mean + SD, Q1, Med., Q3 Mean + SD, Q1, Med., Q3 Mean + SD, Q1, Med., Q3 Mean + SD, Q1, Med., Q3
MRgr 807.8 + 155.8, 681.1, 789.1, 962.8 903.8 + 143.0, 785.7, 927.2, 984.1 787.9 + 117.4, 684.3, 804.0, 860.4 825.0 + 128.3,728.5, 812.4, 858.2
DRrr 50.19 + 26.94, 30.8, 43.23, 59.21 75.28 + 28.59, 53.08, 75.8, 92.73 43.93 +9.691, 34.6, 42.73, 51.69 56.26 + 12.66, 46.75, 54.74, 64.15
Myr 77.01 +14.73, 62.33, 76.31, 88.09 68.14 + 11.39, 60.97, 64.71, 76.55 77.75 + 11.16, 69.74, 74.63, 87.68 74.36 + 10.78, 69.91, 73.86, 82.37
DRrms 34.36 + 24.38,16.94, 30.33, 43.77 46.17 + 25.47,30.26, 41.42, 50.78 3291+ 15.79, 24.19, 27.57, 37.89 39.09 + 19.99, 24.51, 36.38, 41.64
NNN50 48.64 +54.94, 1.0, 30.0, 78.0 74.97 + 55.34, 31.5, 69.0, 86.5 44.61 +48.07,13.5,19.5,73.0 64.98+54.75, 16.0, 61.0, 89.25
PNN50 15.57 +18.98, 0.2277, 8.506, 23.96 24.79 + 20.09, 9.427, 21.69, 27.64 13.03 + 16.66, 3.332, 5.318, 19.53 19.92 +20.0, 4.067, 16.93, 24.48
PyLF(abs) 111.5 + 118.0, 40.54, 77.98, 146.3 276.3 +223.1,118.0,217.0, 333.7 63.0 + 44.98, 32.05, 48.51, 80.22 129.4 +122.7,71.9,104.4, 152.2
PrF(abs) 981.8 +909.9, 262.7, 681.6, 1371.0 1839.0 + 1244.0, 876.2, 1547.0, 2506.0 521.8 + 311.8, 301.9, 516.8, 687.3 878.8 + 504.4, 516.2, 819.8, 1051.0
PHF(abs) 617.5 + 924.6,77.8,261.2, 646.3 788.6 + 968.6, 239.1, 504.9, 746.1 439.7 + 420.5, 181.8, 290.5, 526.3 618.9 + 560.1, 251.1, 464.5, 716.5
PrEmu) 69.73 + 14.17,57.47,73.59, 79.99 74.24 +13.77, 64.08,79.19, 85.1 55.31 + 19.33, 38.39, 54.78, 68.06 61.6 + 16.43, 51.25, 62.04, 75.55
PHF(nu) 30.2 + 14.18,19.98, 26.36, 42.5 25.58 + 13.63, 14.87, 20.8, 35.81 44.6 +19.34,31.93,45.1, 61.59 38.32 + 16.42, 24.38, 37.93, 48.73
'LE/HF 3.187 +2.17,1.362, 2.792, 4.004 4.176 + 2.889, 1.788, 3.806, 5.722 2.147 + 2.567, 0.6233, 1.215,2.134 2.179 + 1.503, 1.052, 1.636, 3.1
Piot(abs) 1712.0 + 1799.0, 368.2, 1257.0,2478.0  2908.0 + 2121.0, 1487.0, 2395.0,3713.0 ~ 1025.0 + 582.6,581.2,925.3,1201.0 ~ 1628.0 + 879.9, 987.8, 1386.0, 2074.0

Abbreviations: CI, confidence interval; MA, male-alert group; MF, male-fatigue group; FA, female-alert group; FF, female-fatigue group.



Int. |. Environ. Res. Public Health 2020, 17, 8499 10 of 17
Table 6. Results of Mann-Whitney U tests of HRV time and frequency domain measures of drivers with different mental states and of different sexes.
MA vs. MF FA vs. FF MA vs. FA MF vs. FF
Measure W“ﬁ?;:;j Mean lzifference , Wl\ﬁ?::;;’ Mean lzifference ; wl\;[l?;:l;l Mean lzifference ; Wl\ﬁei‘:::y Mean lzifference ,
U o (95% CI) U o (95% CI) U o (95% CI) U Tout (95% CI)
Mrr p <001 (33.03?69 158.8) 026 p=0.19 (—25.3?97&999.57) 010 p=063 (—94;9{09 ?55.13) 005 p<001 (—1261)1%8—131.65) 0.32
Drr p<0.01 (15.1;%) 24.99) 041 p<0.01 (2.48;2t;)3 32.18) 043 p=081 (—18.68 t206 §.566) 003 p<o001 (—26.4_512;0—211.58) 0.36
Mg p<001 (—14.2_68£§7—()3.484) —0.26 p=019 (—8.7;;309 (1).961) —0.10 - p=0.63 (—5.686730857.167) —0.05 p<0.01 (2.1796 t201 ?0.26) —0.32
Drvs p<001 (1.55§ 1to8 ;2.06) 025 p=005 (—4.006zilti216.37) 015 p=073 (—13;; :105 ?0.78) —0.04 p<0.01 (—14.7_77’;28(56060) 0.19
NNNso p=001 (1.3756{{;5 §1.30) 022 p=004 (—4.43260£i745.17) 016 p=023 (—33.;1 Soz 35.77) —013 - p=05 (—28.;19 t909 2.730) 0.04
PNN50 p<0.01 (0.243962ti918.20) 023 p=005 (—2.0265'85)415.81) 0.16  p=042 (—13;2 fj Zé.170) —009  p=01 (—11.;3}807 (1).862) 011
Pyikabs) P <001 (91.436;'62;38.1) 047 p<0.01 (—6.496336£1139.3) 041 p=002 (—136_.;1 ?f g9.09) 024 p<001 (—201_.91 32691.82) 044
PLEGbs) p<001 (453.4815170.71262) 0.37 p<001 (—44.7345 350758.7) 038 p=004 (—942_.;1?:?).(2)2.60) 022 p<001 (—1262220;7657.5) 044
Pur@es)  p=005 (—183.1417:(;0525.4) 016 p=002 (—172.197?53531.4) 019 p=067 (—600_.;22345.1) —0.05 p=064 (—43’:‘:51?236.15) 0.03
PLE@w) p=005 (—2.7;3;5;)311.76) 016 p=004 (—0.91(6)'722 1349) 016 p<001 (—23.0_71354—25.773) 0.38  p<001 (—18.0_81t256—57.211) 040
Pupe) P =004 (—11.;11}602 (2).604) —0.16  p=0.04 (—13.z1_&36£705.9033) —0.16  p<0.01 (5.77;%L 23.02) —0.38  p<0.01 (7.32;2{07 ?8.16) —0.40
TLF/HF p=005 (—0.07(;'691833L 2057 016 p=004 (—1.(?22%73093) 016 p<001 (—2.31:11£24(§).2333) 038 p<001 (—2.79;;1£29—71.197) 0-40
Protabsy P <001 1196 (486.1t01906) 034  p<0.01 603.0 036  p=041 6863 009  p<001 ~1279 0.34

(~102.4 to 1308)

(-1534 to 161.1)

(~1812 to —746.8)

Abbreviations: CI, confidence interval; MA, male-alert group; ME, male-fatigue group; FA, female-alert group; FF, female-fatigue group. The mean difference is the MF group mean minus
the MA group mean for MA vs. MEF, the FF group mean minus the FA group mean for FA vs. FE the FA group mean minus the MA group mean for MA vs. FA and the FF group mean
minus the MF group mean for MF vs. FE.
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4. Discussion

Using a driving simulator, this study investigated ANS activity in alert and fatigued driving states
through HRV time and frequency domain methods. We focused especially on the sex difference in both
mental states. For the comparison with existing studies, assessment of the results with and without
considering sex differences led to the following points.

4.1. HRV Time Domain and Frequency Domain Measures of Drivers without Considering the Difference of Sex

Our results comparing the HRV time and frequency domain measures of drivers in different
mental states are shown in Table 4. Tables 7 and 8 show comparisons of the results of seven studies
(six previous studies and this study) related to HRV time and frequency domain measures of drivers in
different mental states.

As shown in Table 4, all six HRV time domain measures were significantly different between the
alert and fatigued states. As shown in Table 7, Myr and Nnnso are consistent across all the included
studies with respect to the change direction from the alert state to the fatigued state.

Although Tran et al. [18] obtained the opposite result, three studies demonstrated that Mgg is
significantly higher in the fatigued state than in the alert state, which is also supported by a review
from Ismail et al. [31]. Thus, the influence of fatigue in terms of Mg can be determined. Dgg is
likely to increase significantly from the alert state to the fatigued state based on four of the six studies,
and pnNso is highly likely to increase significantly because it is related to Mrr and Nnnsg, which
definitely increase significantly, although the results of this study and that by Tran et al. [18] do not
fully agree. The change direction of Drys is still unclear from Table 7.

As shown in Table 8, an increased change direction in Py (abs) and Pyot(abs) is consistent across all
the included studies, and regarding the powers of the VLF, LF and HF bands, the absolute values are
better than the normalized values for discriminating between mental states.

Dgg reflects the ebb and flow of all the factors that contribute to HRV [28] and correlates with
Prot(abs), with ¥ > 0.9 [32]. Fatigue can be considered a factor that contributes to HRV since significant
increases in Drr and Pigabsy Were confirmed in drivers’ fatigued state compared with their alert
state. Given that pNnso and Pyppabs) are significantly increased from the alert state to fatigued state,
more parasympathetic and sympathetic activities can be inferred to be present in the fatigued state as
PNNso is often interpreted as a proxy for cardiac parasympathetic activity and Py p(bs) may mirror
sympathetic activity [33].
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Table 7. Research results related to HRV time domain measures of drivers in different mental states.
Measure Unit  Alert State (mean + SD) Fatigued State (Mean + SD) Statistical Method Level of Significance Change Tendency = References
688.7 + 84 753.9 + 103 One-way ANOVA * Up [19]
Mg ms 889 + 122 927 + 132 Paired t-test * Up [27]
865.7 + 144 845.5 + 131 Scheffé’s test * Down [18]
797.86 + 137.5 863.5 + 140.98 M-W U test * Up This study
40.8 £ 17 53.2 +£23 One-way ANOVA * Up [19]
47.7 +16.9 58.6 +17.3 Paired t-test ** Up [26]
Dgr ms 63.6 +21.1 73.7 £24.3 Paired t-test * Up [27]
106.72 + 30.38 97.07 + 45.45 One-way ANOVA NS None [5]
46.7 + 29 494 + 25 Scheffé’s test NS None [18]
47.061 + 20.375 65.555 + 23.873 M-W U test * Up This study
M 1/min 704 + 8.6 65.6 + 6.9 Paired t-test ** Down [26]
HR 77.382 + 12.998 71.322 +11.488 M-W U test * Down This study
432 +21.8 432+ 189 Paired t-test NS None [27]
Drus ms 28.67 +9.40 31.10 £ 22.07 One-way ANOVA NS None 5]
50.1 +41.4 50.2 + 36.8 Scheffé’s test NS None [18]
33.635 + 20.436 4255 + 23.058 M-W U test * Up This study
N b 39.0 £47 52.8 +48 One-way ANOVA * Up [19]
NN50 eats 46.63 + 51.365 69.87 + 55.143 M-W U test * Up This study
PANSO % 20.1 £22.0 18.1 £18.0 Scheffé’s test NS None [18]
14.302 + 17.799 22.304 + 20.145 M-W U test * Up This study

Abbreviations: M-W, Mann-Whitney. Levels of significance (for the M-W U test): NS, not significant; * p < 0.01. Levels of significance (for other tests): NS, not significant; ** p < 0.01; *p <

0.05.
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Table 8. Research results related to the HRV frequency domain measures of drivers in different mental states.
Measure Unit Alert (Mean + SD) Fatigued (Mean + SD) Statistical Method Level of Significance Change Tendency = References
859.82 + 114.12 1338.47 + 121.61 Paired t-test * Up [8,10]
PyLF@bs)  ms? 1233.6 +773.1 2135.6 + 1286.7 Paired t-test o Up [24]
87.25 + 92.054 201.2 +193.13 M-W U test * Up This study
2224 +191 449.5 + 365 One-way ANOVA * Up [19]
738.3 + 869.5 825.5 £590.3 Paired t-test NS None [24]
PLE(abs) ms? 1216 + 686 1789 + 1248 Paired t-test NS None [25]
511.15 £ 115.47 606.67 + 162.70 One-way ANOVA NS None [5]
1179 + 1520 1581 + 1792 Scheffé’s test * Up [18]
751.79 £ 714.69 1348.4 £ 1055.6 M-W U test * Up This study
1272 +121 241.2 +£ 212 One-way ANOVA * Up [19]
506.3 +484.2 757.2 + 538.2 Paired t-test ** Up [24]
Pur 2 572 + 488 576 + 520 Paired t-test NS None [25]
(abs) ms 2%
244.26 + 101.69 568.33 + 312.05 One-way ANOVA Up [5]
1415 + 2612 1218 £ 1789 Scheffé’s test NS None [18]
528.61 +719.68 701.85 + 789.47 M-W U test * Up This study
0.54 +0.10 0.46 + 0.08 Paired t-test ** Down [8,10]
PLEu) nu 0.592 £ 0.190 0.515 £ 0.170 Paired t-test NS None [24]
0.501 £0.15 0.566 + 0.15 Scheffé’s test * Up [18]
0.62518 + 0.18346 0.67777 + 0.16430 M-W U test NS None This study
0.32 + 0.08 0.37 £ 0.06 Paired t-test * Up [8,10]
p 0.406 £ 0.191 0.484 £ 0.170 Paired t-test * Up [24]
HF(nu) nu o
0.436 + 0.16 0.35 +£0.17 Scheffé’s test * Down [18]
0.37398 + 0.18349 0.32094 + 0.16383 M-W U test NS None This study
21+15 21+09 One-way ANOVA NS None [19]
2.01 £0.98 1.39 + 0.59 Paired t-test ** Down [8,10]
20+13 1.3 +09 Paired t-test * Down [24]
'LF/HF - 3.18 + 1.58 433 +2.27 Paired t-test * Up [25]
2.55 +1.37 1.01 £1.55 One-way ANOVA * Down [5]
1.5+13 24+23 Scheffé’s test * Up [18]
2.6668 + 2.42 3.1555 + 2.4921 M-W U test NS None This study
Prot(abe) ns? 3734 + 302 7414 + 584 One-way ANOVA * Up [19]
1368.4 +£1373.3 2253.6 £ 1729.9 M-W U test * Up This study

Abbreviations: M-W, Mann-Whitney. Level of significance (for M-W U test): NS, not significant; * p < 0.01. Level of significance (for other tests): NS, not significant; ** p < 0.01; * p < 0.05.
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4.2. The HRV Time and Frequency Domain Measures of Drivers Considering the Difference of Sex

To evaluate the sex difference, the differences in the impact on the change in mental states in
terms of the HRV measures were compared between males and females. Table 6 shows that four HRV
measures exhibited significant differences between the alert state and fatigued state in both males
and females. For males, another four HRV measures were significantly different between the two
mental states, while for females, no other HRV measures were significantly different between the two
mental states.

This situation may imply that ANS activities are more sensitive to the change in mental state
for males than for females, as HRV is regarded as the most valuable non-invasive test to assess ANS
function [13]. The HRV time and frequency domain measures were adopted by Huang et al. [34] and
Patel et al. [35] for the establishment of driving fatigue detectors. It could be reasonable to infer that a
better result would be obtained for such detectors if the sex factor was considered.

The sex-related influence on the HRV measures was observed by Ryan et al. [20] early in the 1990s.
Recently, a comprehensive study on both age and sex differences in HRV measures was reported by
Voss et al. [22]. In their study, an HRV analysis was performed on a 5-min ECG recording obtained in
the supine position. According to their study, in the 25- to 34-year-old age group, there were four HRV
time and frequency domain measures (MRR, PLF(abs), PLF(nu) and 71 p/Hr) that were significantly higher
in males than in females, one HRV measure (PHpny)) that was significantly lower in males than in
females, and five HRV measures (Drr, Drms, NNN50, PHE(abs) @and Pyot(abs)) that showed no significant
difference between the two sexes. Our study confirmed these results, except for those for Mrr and
PrF(abs), Which showed a higher median value in males than in females without statistical significance.
The difference in the two studies may be that subjects in the study by Voss et al. [22] were in a supine
position without a workload, but they were in a sitting position with a driving workload in our study.
It should be noted that all studies, including those by Ryan et al. [20] and Voss et al. [22], to our
knowledge, have researched the sex difference of HRV measures of subjects in only the alert state.

Investigating the sex-related influence on HRV measures in a fatigued state could enable further
understanding of sex differences. However, little is known in this field. In our study, a comparison of
the sex-related influence on the HRV measures between an alert state and a fatigued state is shown in
Table 6. The sex differences are larger in the fatigued state than in the alert state: seven of the thirteen
HRYV time and frequency domain measures that show no significant difference between males and
females in the alert state become significantly different in the fatigued state. The relationship between
stress and HRV measures was reported by Tharion et al. [36], and stress is associated with fatigue [7,32].
Thus, sex differences of HRV measures in subjects in the stress state are highly expected.

The mechanism of the sex differences in the HRV measures has not been clearly disclosed, and
our contribution is a new question proposed to the field of neurophysiology: What is the mechanism
underlying the sex differences in healthy subjects’” ANS activity in the fatigued state but not in the alert
state? From the application point of view, since the HRV time and frequency domain measures in the
state of mental fatigue could better characterize the physiological characteristics of sex, whether these
measures can better characterize more physiological and pathological characteristics in the state of
mental fatigue is a topic worthy of investigation.

In our opinion, an ideal study related to HRV measures and driving fatigue should (1) involve
real vehicles with real-world driving scenarios to ensure a real driving experience, (2) assess fatigue in
an offline method to allow careful inspection, and (3) extract HRV measures by established software to
increase the reproducibility of the experiment by other investigators. None of the abovementioned
studies fulfilled all these requirements, thus leading to some disagreements regarding the results to an
extent. One limitation of this study is that the experiments were performed in driving simulators rather
than in real vehicles, and some differences may exist between our results and those from real driving
conditions. Another limitation is that the number of participants is somewhat scarce and presents
similar sociodemographic characteristics (age, vocation, etc.), which can limit the generalization of
results. Further research using a large sample size with different sociodemographic characteristics will
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help to further elucidate the findings of this study. Besides, Our experiment was performed between
9:30 and 17:30; however, since the time of day may affect the perception of fatigue, further experiments
performed at the same time of day may yield a more elaborate result regarding the relationship between
HRYV measures and driving fatigue.

5. Conclusions

This study investigated the effects of both mental states and sex factors on drivers’” ANSs by
extracting thirteen time and frequency domain HRV measures from ECG signals. The main conclusions
are as follows: (1) For drivers of both sexes, there are ten HRV time domain and/or frequency domain
measures that are significantly different between the alert state and the fatigued state, implying that the
HRV time domain and/or frequency domain measures have the ability to characterize drivers’ mental
states; (2) For male drivers, nine HRV time domain and/or frequency domain measures are significantly
different between the different mental states, and for females, four measures are significantly different
between the different mental states. This finding indicates that the HRV time and frequency domain
measures have sex differences in characterizing the mental states of drivers; and (3) There are three
HRYV time domain and/or frequency domain measures in the alert state that show significant differences
between male and female drivers, while ten measures in the fatigued state show significant differences
between the two sexes. It can be seen that there are more sex differences in autonomic activities in a
fatigued state than in an alert state.

Author Contributions: Conceptualization, C.Z. (Chao Zeng) and W.W.; Data curation, C.Z. (Chao Zeng);
Formal analysis, C.Z. (Chao Zeng) C.Z. (Chaofei Zhang); Funding acquisition, C.Z. (Chao Zeng), C.C. and B.C,;
Investigation, C.Z. (Chao Zeng) and C.Z. (Chaofei Zhang); Methodology, C.Z. (Chao Zeng); Project administration,
W.W. and B.C.; Resources, W.W. and B.C.; Software, C.Z. (Chao Zeng); Supervision, W.W. and B.C.; Validation, C.Z.
(Chaofei Zhang); Visualization, C.Z. (Chaofei Zhang); Writing—original draft, C.Z. (Chao Zeng); Writing—review
& editing, C.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China grant numbers 51965055,
51565051, 51575303 and U1664263, and the Open Fund of the State Key Laboratory of Automotive Safety and
Energy, Tsinghua University grant numbers KF11011 and KF14222.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chui, K.T,; Tsang, K.F,; Chi, H.R,; Ling, BW.K.; Wu, C.K. An Accurate ECG-Based Transportation Safety
Drowsiness Detection Scheme. IEEE Trans. Ind. Inform. 2016, 12, 1438-1452. [CrossRef]

2. Wang, F; Wang, H.; Fu, R. Real-Time ECG-Based Detection of Fatigue Driving Using Sample Entropy. Entropy
2018, 20, 196. [CrossRef]

3. Vicente, J.; Laguna, P,; Bartra, A.; Bailon, R. Drowsiness detection using heart rate variability. Med. Biol.
Eng. Comput. 2016, 54, 927-937. [CrossRef] [PubMed]

4. Rios-Aguilar, S.; Merino, ].L.M.; Sanchez, AM.; Valdivieso-Alvaro, S. Variation of the Heartbeat and Activity
as an Indicator of Drowsiness at the Wheel Using a Smartwatch. Int. |. Interact. Multimed. Artif. Intell. 2015,
3,96. [CrossRef]

5. Sun, Y.; Yu, X.B. An innovative nonintrusive driver assistance system for vital signal monitoring. IEEE ].
Biomed. Health Inform. 2014, 18, 1932-1939. [CrossRef]

6.  Vearrier, D.; Vearrier, L.; McKeever, R.; Okaneku, J.; LaSala, G.; Goldberger, D.; McCloskey, K. Issues in
driving impairment. Dis. Mon. 2016, 62, 72-116. [CrossRef]

7. Alonso, E; Esteban, C.; Useche, S.; Lopez de Cozar, E. Prevalence of physical and mental fatigue symptoms
on Spanish drivers and its incidence on driving safety. Adv. Psychol. Neurosci. 2016, 1, 10-18. [CrossRef]

8. Awais, M.; Badruddin, N.; Drieberg, M. A Hybrid Approach to Detect Driver Drowsiness Utilizing
Physiological Signals to Improve System Performance and Wearability. Sensors 2017, 17, 1991. [CrossRef]

9. Ahn, S.; Nguyen, T.; Jang, H.; Kim, J.G.; Jun, S.C. Exploring Neuro-Physiological Correlates of Drivers’
Mental Fatigue Caused by Sleep Deprivation Using Simultaneous EEG, ECG, and fNIRS Data. Front. Hum.
Neurosci. 2016, 10, 219. [CrossRef]


http://dx.doi.org/10.1109/TII.2016.2573259
http://dx.doi.org/10.3390/e20030196
http://dx.doi.org/10.1007/s11517-015-1448-7
http://www.ncbi.nlm.nih.gov/pubmed/26780463
http://dx.doi.org/10.9781/ijimai.2015.3313
http://dx.doi.org/10.1109/JBHI.2014.2305403
http://dx.doi.org/10.1016/j.disamonth.2016.02.002
http://dx.doi.org/10.11648/j.apn.20160102.12
http://dx.doi.org/10.3390/s17091991
http://dx.doi.org/10.3389/fnhum.2016.00219

Int. |. Environ. Res. Public Health 2020, 17, 8499 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Awais, M.; Badruddin, N.; Drieberg, M. A non-invasive approach to detect drowsiness in a monotonous
driving environment. In Proceedings of the TENCON 2014-2014 IEEE Region 10 Conference, Bangkok,
Thailand, 22-25 October 2014; Institute of Electrical and Electronics Engineers (IEEE): Piscataway, NJ, USA,
2014; pp. 14.

Sahayadhas, A.; Sundaraj, K.; Murugappan, M. Detecting Driver Drowsiness Based on Sensors: A Review.
Sensors 2012, 12, 16937-16953. [CrossRef]

Acharya, U.R.; Joseph, K.P; Kannathal, N.; Lim, C.M.; Suri, ].S. Heart rate variability: A review. Med. Biol.
Eng. Comput. 2006, 44, 1031-1051. [CrossRef] [PubMed]

Xhyheri, B.; Manfrini, O.; Mazzolini, M.; Pizzi, C.; Bugiardini, R. Heart Rate Variability Today. Prog. Cardiovasc. Dis.
2012, 55, 321-331. [CrossRef] [PubMed]

Zeng, C.; Jiang, Q.-Y.; Chen, C.-Y,; Xu, M. An EMD based method for detrending RR interval series without
resampling. J. Central South Univ. 2015, 22, 567-574. [CrossRef]

Manzano, B.M.; Vanderlei, L.C.M.; Ramos, EM.C.; Ramos, D. Efeitos agudos do tabagismo sobre a modulagao
autonémica: Analise por meio do plot de poincaré. Arq. Bras. Cardiol. 2011, 96, 154-160. [CrossRef]
Melillo, P; Bracale, U.; Pecchia, L. Nonlinear Heart Rate Variability features for real-life stress detection. Case
study: Students under stress due to university examination. Biomed. Eng. Online 2011, 10, 96. [CrossRef]
[PubMed]

Chalmers, J.A.; Heathers, J.A.].; Abbott, M.].; Kemp, A.H.; Quintana, D.S. Worry is associated with robust
reductions in heart rate variability: A transdiagnostic study of anxiety psychopathology. BMC Psychol. 2016,
4,1-9. [CrossRef]

Tran, Y.; Wijesuriya, N.; Tarvainen, M.; Karjalainen, P; Craig, A. The Relationship Between Spectral Changes
in Heart Rate Variability and Fatigue. Psychophysiology 2009, 23, 143-151. [CrossRef]

Abtahi, E; Anund, A.; Fors, C.; Seoane, F.; Lindecrantz, K. Association of Drivers’ Sleepiness with Heart Rate
Variability: A Pilot Study with Drivers on Real Roads. In Proceedings of the 2017 Joint conference of the
European Medical and Biological Engineering Conference (EMBEC 2017) and Nordic-baltic Conference on
Biomedical Engineering and Medical Physic (NBC 2017), Tampere, Finland, 11-15 June 2017; pp. 149-152.
Ryan, S.M.; Goldberger, A.L.; Pincus, S.M.; Mietus, J.; Lipsitz, L.A. Gender- and age-related differences
in heart rate dynamics: Are women more complex than men? J. Am. Coll. Cardiol. 1994, 24, 1700-1707.
[CrossRef]

Moodithaya, S.; Avadhany, S.T. Gender Differences in Age-Related Changes in Cardiac Autonomic Nervous
Function. J. Aging Res. 2012, 2012, 1-7. [CrossRef]

Voss, A.; Schroeder, R.; Heitmann, A ; Peters, A.; Perz, S. Short-Term Heart Rate Variability—Influence of
Gender and Age in Healthy Subjects. PLoS ONE 2015, 10, e0118308. [CrossRef]

Task Force of the European Society of Cardiology and the North American Society of Pacing and
Electrophysiology. Heart Rate Variability. Circulation 1996, 93, 1043-1065. [CrossRef]

Liang, W.C,; Yuan, J.; Sun, D.C.; Lin, M.-H. Changes in Physiological Parameters Induced by Indoor Simulated
Driving: Effect of Lower Body Exercise at Mid-Term Break. Sensors 2009, 9, 6913-6933. [CrossRef] [PubMed]
Rodriguez-Ibafiez, N.; Garcia-Gonzalez, M.A.; Cruz, M.A.F.D.L.; Fernandez-Chimeno, M.; Ramos-Castro, J.
Computing in Cardiology; IEEE: Krakow, Poland, 2012; pp. 913-916.

Zeng, C.; Wang, W.; Chen, C.; Zhang, C.; Cheng, B. Poincaré Plot Indices of Heart Rate Variability for
Monitoring Driving Fatigue. In Proceedings of the 19th COTA International Conference of Transportation
Professionals, Nanjing, China, 6-8 July 2019; ASCE: Reston, VA, USA; pp. 652-660.

Tarvainen, M.P.; Niskanen, J.-P,; Lipponen, ].A.; Ranta-Aho, P.O.; Karjalainen, P.A. Kubios HRV-Heart rate
variability analysis software. Comput. Methods Programs Biomed. 2014, 113, 210-220. [CrossRef] [PubMed]
Shaffer, F.; McCraty, R.; Zerr, C.L. A healthy heart is not a metronome: An integrative review of the heart’s
anatomy and heart rate variability. Front. Psychol. 2014, 5, 1040. [CrossRef]

Fritz, C.O.; Morris, P.E.; Richler, ].]J. Effect size estimates: Current use, calculations, and interpretation. |. Exp.
Psychol. Gen. 2012, 141, 2-18. [CrossRef]

Pek, J.; Flora, D.B. Reporting effect sizes in original psychological research: A discussion and tutorial.
Psychol. Methods 2018, 23, 208-225. [CrossRef]

Ismail, ER.; Khamis, N.K.; Nuawi, M.Z.; Schramm, D.; Hesse, B. Measurement of Heart Rate to Determine Car
Drivers’ Performance Impairment in Simulated Driving: An Overview. . Teknol. 2016, 78, 15-23. [CrossRef]


http://dx.doi.org/10.3390/s121216937
http://dx.doi.org/10.1007/s11517-006-0119-0
http://www.ncbi.nlm.nih.gov/pubmed/17111118
http://dx.doi.org/10.1016/j.pcad.2012.09.001
http://www.ncbi.nlm.nih.gov/pubmed/23217437
http://dx.doi.org/10.1007/s11771-015-2557-z
http://dx.doi.org/10.1590/S0066-782X2011005000013
http://dx.doi.org/10.1186/1475-925X-10-96
http://www.ncbi.nlm.nih.gov/pubmed/22059697
http://dx.doi.org/10.1186/s40359-016-0138-z
http://dx.doi.org/10.1027/0269-8803.23.3.143
http://dx.doi.org/10.1016/0735-1097(94)90177-5
http://dx.doi.org/10.1155/2012/679345
http://dx.doi.org/10.1371/journal.pone.0118308
http://dx.doi.org/10.1161/01.CIR.93.5.1043
http://dx.doi.org/10.3390/s90906913
http://www.ncbi.nlm.nih.gov/pubmed/22399979
http://dx.doi.org/10.1016/j.cmpb.2013.07.024
http://www.ncbi.nlm.nih.gov/pubmed/24054542
http://dx.doi.org/10.3389/fpsyg.2014.01040
http://dx.doi.org/10.1037/a0024338
http://dx.doi.org/10.1037/met0000126
http://dx.doi.org/10.11113/jt.v78.9142

Int. |. Environ. Res. Public Health 2020, 17, 8499 17 of 17

32.

33.

34.

35.

36.

Useche, S.A.; Gémez, V.; Cendales, B. Stress-related psychosocial factors at work, fatigue, and risky driving
behavior in bus rapid transport (BRT) drivers. Accid. Anal. Prev. 2017, 104, 106-114. [CrossRef]

Ernst, G. Hidden Signals—The History and Methods of Heart Rate Variability. Front. Public Health 2017,
5,265. [CrossRef]

Huang, Y.-P; Sari, N.N.; Lee, T.-T. Early detection of driver drowsiness by WPT and FLFNN models.
In Proceedings of the 2016 IEEE International Conference on Systems, Man, and Cybernetics (SMC),
Budapest, Hungary, 9-12 October 2016; Institute of Electrical and Electronics Engineers (IEEE): Piscataway,
NJ, USA; pp. 000463-000468.

Patel, M.; Lal, S.; Kavanagh, D.; Rossiter, P. Applying neural network analysis on heart rate variability data
to assess driver fatigue. Expert Syst. Appl. 2011, 38, 7235-7242. [CrossRef]

Tharion, E.; Parthasarathy, S.; Neelakantan, N. Short-term heart rate variability measures in students during
examinations. Natl. Med. . India 2009, 22, 63-66. [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.aap.2017.04.023
http://dx.doi.org/10.3389/fpubh.2017.00265
http://dx.doi.org/10.1016/j.eswa.2010.12.028
http://www.ncbi.nlm.nih.gov/pubmed/19852338
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Subject 
	Driving Simulator 
	Experimental Protocol 
	Fatigue Assessment 
	Extraction of HRV Time and Frequency Measures 
	Statistical Analysis 

	Results 
	Discussion 
	HRV Time Domain and Frequency Domain Measures of Drivers without Considering the Difference of Sex 
	The HRV Time and Frequency Domain Measures of Drivers Considering the Difference of Sex 

	Conclusions 
	References

