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Abstract

Objectives: In the context of growing interest in real-time driver stress detection sys-

tems, we question the value of using heart rate change over short time periods to

detect driver stress and hazard anticipation.

Methods:To this end, we explored changes in heart rate and speed aswell as perceived

stress in 27 drivers in a driving simulator. Driver stress was triggered by using haz-

ardous road events, while hazard anticipation was manipulated using three levels of

hazard predictability: unpredictable (U), predictable (P), and predictable and familiar

(PF).

Results: The main results indicate that using heart rate change (1) is a good indicator

for detecting driver stress in real time, (2) provides a cardiac signature of hazard antici-

pation, and (3)was affected by perceived stress groups. Further investigation is needed

to validate the lack of relationship between increased anticipation/predictability and

strengthened cardiac signature.

Conclusions: These results support the use of heart rate change as an indicator of real-

time driver stress and hazard anticipation.

KEYWORDS

anticipation, detection, driver, heart rate change, stress

1 INTRODUCTION

1.1 Detecting stress and hazard anticipation:
Interest for safety

Drivers are frequently exposed to a variety of hazardous situations

that can cause states of stress. Therefore, gaining insight into stress

states and stressful situations is of major interest in improving road

safety. Several studies have tackled these issues using driving simula-

tors (Napoletano & Rossi, 2018; Paredes et al., 2018; Rendon Velez et

al, 2016; Zontone et al., 2021). Although the use of driving simulators

is a controversial topic, particularly because it sometimes lacks realism
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(Jeihani et al., 2020), previous research has proven the ability of

artificial environments to detect driver psychological constructs (e.g.,

stress, anxiety, Tozman et al., 2015; fatigue and drowsiness, Murugan

et al., 2020), and to facilitate the understanding of driver behavior

in emergency situations (Banerjee et al., 2020). In addition, various

driving simulator studies have been able to identify several stressful

driving situations (e.g., poor light conditions, Balters et al., 2018; Rigas

et al., 2011; bad weather conditions, Funke et al., 2007; complex

driving environments and traffic conditions, Rastgoo et al., 2019),

also observed in on-road studies (Healey & Picard, 2005; Rodrigues

et al., 2015; Tavakoli et al., 2020) and reported by drivers in large-scale

surveys (Hill & Boyle, 2007).
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When a stressful driving situation occurs, the ability to anticipate

potential road hazards and traffic situations (i.e., a skill known as haz-

ard perception; Moran et al., 2019) is essential to maximize decision-

making time (Jackson et al., 2009), and thus avoid increased stress lev-

els caused by time urgency (Wickens et al., 2015). One of the main

safety challenges is therefore to design in-vehicle systems able to

detect in real time stress states and failures in hazard perception. In

addition, these systems would provide alerts to the driver when a lack

of hazard anticipation is detected. It is well established that such sys-

tems need to rely on real-time physiological indicators (Rastgoo et al.,

2018) in order to be continuously informed about the psychological

and physiological states of individuals (Hancock &Warm, 1989).

1.2 Toward a real-time detection of stress and
hazard anticipation

In the past, driver stress has been identified based on a wide vari-

ety of physiological indicators (Antoun et al., 2017; Rastgoo et al.,

2018). Cardiac indicators, including heart rate and heart rate variabil-

ity, have been by far the most used (Antoun et al., 2018; Gotardi et al.,

2019; Haouij et al., 2018; Heikoop et al., 2019; Khattak et al., 2018;

Meesit et al., 2020; Reimer et al., 2016). One reason for this pref-

erence is related to the ability of cardiac measurements to directly

reflect the autonomic nervous system activity (Sztajzel, 2004) underly-

ing the physiological manifestation of stress (Lanatà et al., 2014). Most

studies examining driver stress have analyzed cardiac signals over sev-

eral minutes before averaging them to estimate an overall stress state.

Although thismethod provides good stress detection (Healey&Picard,

2005), it does not permit real-time detection. Given the growing inter-

est in detecting driver stress more quickly, we question the value of

using heart rate change to detect driver stress and hazard anticipation

over short time periods.

Heart rate change is a physiological indicator, which is extracted

from cardiac patterns over short time periods (a few seconds). Heart

rate change has been used extensively to explore orienting and defen-

sive responses in aversive, threatening, and challenging situations

(Bradley, 2009; Campbell et al., 1997; Gladwin et al., 2016; Graham

& Clifton, 1966; Hermans et al., 2013; Kastner-Dorn et al., 2018;

Ribeiro & Castelo-Branco, 2019). Interestingly, defensive responses

have been associated with singular cardiac patterns that vary with

the degree of proximity to the threat (Fanselow, 1994; Lang et al.,

1997). Indeed, a freezing response was observed by cardiac decelera-

tion (ECR1) when the threat was relatively distant or absent and cued,

whereas a flight-or-fight response, also considered a stress response

(Cannon, 1915), was visible by cardiac acceleration (ECR2) when the

threat was closer. Functionally, freezing enhances the perception of

a threat cue (Bradley, 2009) and prepares for action (Beggiato et al.,

2019; Rösler & Gamer, 2019) through dominance of the parasympa-

thetic autonomic component (Roelofs, 2017). In contrast, flight-or-

fight promotes action through sympathetic activation and parasympa-

thetic withdrawal (Schauer & Elbert, 2015). The substantial literature

on defensive responses has demonstrated that these responses are

well characterized by the cardiac components ECR1 and ECR2. There-

fore, spotting these cardiac components during driving would be par-

ticularly advantageous for identifying the stress response (observed by

ECR2) and anticipatory response to road hazards (revealed by ECR1,

then ECR2) over short time periods.

1.3 Anticipation in driving and memorized
situations

Based on the model of anticipation in driving, Stahl et al. (2014) sug-

gested that anticipatory responses (cognitive preparation and actions)

were strongly guided by past experience of similar situations stored in

episodic memory (see Figure 1). Indeed, the authors pointed out that

increased anticipation could be explained by a “heightened ability to

identify indicative cues, and interpret these cues relative to similar,

memorized situations.” Therefore, if memorized and familiar situations

improve drivers’ anticipation, this could also modify the underlying

physiological responses, and thus strengthen the cardiac component

ECR1 (i.e., increase the magnitude of cardiac deceleration). Such a

physiological indicator would be of major interest to inform about the

extent of driver’s anticipatory response and, subsequently, to design

alerts to improve anticipation of hazards.

1.4 Objectives

A literature search revealed a wide range of divergent definitions of

stress (Lanatà et al., 2014). This paper is based on Selye’s (1936) origi-

nal definition, where stress refers to an adaptation phenomenon of the

organism allowing living beings to react to hazardous events or situ-

ations. The first goal of the current study was to determine whether

measuring heart rate change over short time windows (a few seconds)

would detect driver stress caused by simulated hazardous road events.

The second goal of this studywas to explorewhether heart rate change

might provide a physiological signature of hazard anticipation in driv-

ing and depicted by the cardiac components ECR1 and ECR2. As the

greater the anticipation, the greater the predictability, the signature of

hazard anticipation was explored by manipulating hazard predictabil-

ity. Thus, three levels of hazard predictability—unpredictable (U), unfa-

miliar and predictable (P), and familiar and predictable (PF)—were used

to produce a non-anticipatory response, an anticipatory response, and

an increased anticipatory response, respectively.

∙ We expected that predictable events (P and PF) would shape a

biphasic cardiac pattern before conflict with the event, thus reflect-

ing an anticipatory response. This signature would consist of the

cardiac component ECR1 (freezing response) indicating a cogni-

tive preparation, and the cardiac component ECR2 (flight/fight

response) indicating an anticipatorymotor action,

∙ Wehypothesized that a predictable and familiar event (PF), and thus

memorized, would shape a greater cardiac component ECR1, thus

reflecting an increased anticipation.
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F IGURE 1 Adaptation and simplification of themodel of anticipation in driving (Stahl et al., 2014)

∙ Weassumed that drivers perceiving events as highly stressful would

reveal a lowermagnitudeof the cardiac componentECR1 than those

perceiving them as less stressful, thus reflecting reduced anticipa-

tion.

2 METHODS

2.1 Participants

The experiment included 34 participants. However, only 27 partici-

pants (6 women, 21 men) aged between 21 and 51 years (M = 32.51;

SD = 9.26) with at least 3 years of driving experience (M = 13.8;

SD = 9.30) were included in the final analysis. Indeed, seven

participants were excluded either because they did not complete

the experiment due to motion sickness (five participants) or because

the quality of the electrocardiogram recording was not satisfactory

(two participants). All participants had normal or corrected-to-normal

vision and declared no cognitive disorders and no heart disease.

Participants were asked to not drink coffee or tea or consume sugar

during the 2 h prior to the experiment in order to avoid disrupting their

heart rate responses. All participants signed an informed consent form

stating that electrocardiogram signals and driving information would

be collected throughout the driving simulator experiment.

2.2 Study design and procedure

The driving simulator study included three successive drives. For all

drives, participants were instructed to comply with traffic laws and

drive as they usually did. First, participants startedwith a training drive

to become familiar with the driving simulator. Second, they drove on

a simulated route for 10min and the trip was recorded to provide con-

trol conditions (Trip 1; see Figure 2). Third, they drove for 10min on the

same simulated route as Trip 1 but this time under experimental condi-

tions topermit the investigationof increasedhazardpredictability (Trip

2). Experimental conditions included three levels of predictability—an

unfamiliar and unpredictable hazardous event (U), an unfamiliar and

predictable hazardous event (P), and a familiar and predictable haz-

ardous event (PF).We labeled “familiar” an event that was experienced

in the past. Trip 1was experienced prior to Trip 2 to prevent the drivers

from forming expectations.
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F IGURE 2 Overview of the drivers’ route in Trip 1 (control conditions) and Trip 2 (experimental conditions), as well as themean changes in
heart rate and speed for unpredictable (U), predictable (P), and predictable and familiar (PF) hazardous events, analyzed over two timewindows
(postcue and postevent)

Unpredictable condition. The cue, regarded as a “foreshadowing ele-

ment” of the upcoming hazard, was invisible to drivers (i.e., cue offset)

in order tomake theevent surprising andprevent anticipation. Thehaz-

ardous event, which took the form of a deer crossing the road after

emerging fromthe forest, lasted1.83 s (SD=0.12) onaverage (i.e., from

onset to offset).

Predictable condition. To make the event predictable, drivers were

proactively alert of the upcoming hazard by a cue displayed prior to the

hazardous event (i.e., cue onset). The cue, presented as an alert mes-

sage on a simulated phone, lasted 4.41 s (SD = 0.42) on average, while

the hazardous event, which took the form of an oncoming car on the

wrong side of the road, lasted 3.01 s (SD= 0.40) on average.

Predictable and familiar condition. Likewise, a cue was displayed prior

to the hazardous event to make the event predictable (i.e., cue onset).

The cue, presentedas a road signon thedashboard informing thedriver

of thepossibility ofmerging traffic, lasted7.24 s (SD=2.80) onaverage.

The hazardous event, which took the form of a vehicle joining a busy

highway, started at theonset of thehighwayaccess lane and lasted3.73

s (SD = 1.49) on average. The cue and hazardous event were also pre-

sented in the control condition (Trip 1) to make the predictable event

“familiar” in the experimental condition (Trip 2), thus allowing the study

of increased hazard predictability.

Heart rate and speed data were continuously collected throughout

the experiment butwere analyzed specifically in theU, P, and PF condi-

tions over two time windows—postcue and postevent. These two time

windows were defined to permit the broad-based study of the effect

of hazard predictability (postcue) and of hazard exposure (postevent).

At the end of the experiment, drivers were asked to report perceived

stress for each hazardous event (Trip 2) compared to the correspond-

ing safe condition (Trip 1). Perceived stress was assessed using 5-point

Likert stress scales, ranging from 1 “not stressful at all” to 5 “extremely

stressful.” As no safe condition was available in Trip 1 for the pre-

dictable and familiar hazardous event (PF), perceived stress was not

assessed for this condition.

2.3 Apparatus

The experiment was performed in a homemade, fixed-base driving

simulator (see Figure 3) with a fully equipped interior: automatic

gearbox, steering wheel and pedals (Logitech G29) as well as three

screens (horizontal field of view: 130◦) including a rear-view mirror

and two side mirrors. Unity 3D software was used to design the sim-

ulated driving environment. A physiological data acquisition system

(BIOPACMP160) was set up to collect drivers’ cardiac responses with

a sampling rate of 500Hz. Todo this, twoelectrodeswere placedon the

manubrium of the sternum and the left lower rib cage, while the ref-

erence electrode was placed on the driver’s right side at the top of the

hip (Pépin et al., 2017). Driving speed and simulation-related data (e.g.,

time markers for cues and hazardous events) were collected at a sam-

pling rate of 10 Hz. Finally, Rtmaps software was used to time-stamp,

record, and synchronize the data from the different sensors.
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F IGURE 3 Overview of the equipment: homemade driving simulator, BiopacMP160 data acquisition system, Logitech G29 steering wheel and
pedals

2.4 Measurement, data processing, and statistical
analysis

2.4.1 Heart rate

Cardiac data were preprocessed using the same methodology as a

previous research (Pépin et al., 2017). Each step is detailed below:

(1) Electrocardiogram signals were band-pass filtered, between 2 and

40 Hz, to filter extraneous noise, (2) R–R peaks were detected using

an automatic detection procedure (AcqKnowledge 5.0 software), then

extracted after visually checking the electrocardiogram signals for arti-

facts and correcting whenever R-wave triggers were misplaced or

omitted, (3) R–R intervals were converted into heart rate (beats per

minute) as follows:

RRIn = rn − rn−1, (1)

HRn = 60∕RRIn, (2)

where RRIn is the interval between two R-wave peaks at a given time,

in milliseconds, rn is the time corresponding to the nth R peaks, in mil-

liseconds, andHRn is the heart rate corresponding to thenthRpeaks, in

beat per minute. (4) Using a cubic spline interpolation, heart rate data

were sampled every 0.5 s for a period of−0.5 before and up to a maxi-

mumof 7.5 s after cue onset and after event onset. The heart rate value

in the last half-second prior to cue onset and event onset was used as a

baseline for the postcue and postevent heart rate values, respectively.

(5) Finally, heart rate changewas calculated by subtracting the baseline

from each postbaseline heart rate value as follows:

HRC (t) = HR (t) −HR (t0) , (3)

where HRC(t) is the heart rate change at any given time in the time

window, in beat per minute, HR(t) is the heart rate at any given time

in the time window, in beat per minute, and HR(t0) is the heart rate at

the beginning of the timewindow, in beat per minute.

Heart rate change was analyzed by running separate repeated-

measures ANOVAs; one for each timewindow (postcue and postevent)

within each hazard predictability condition (U, P, and PF). Each ANOVA

included the condition-type (experimental vs. control) and time point

(10 levels for U and P and 16 levels for PF) as within-subject fac-

tors. Greenhouse–Geisser corrections were applied when there was a

sphericity violation for time. Post hoc comparisons were performed by

applyingBonferroni corrections. Effect sizeswere estimated using par-

tial eta-squared (η2p) for ANOVAs and Cohen’s d for pairwise compar-

isons. For all the analyses, the significance level αwas set at p< .05.

Furthermore, given our assumptions about the cardiac pattern dur-

ing hazard anticipation, we used polynomial contrasts to determine

whether the change in heart rate followed the expected mathemati-

cal pattern over time. For this reason, polynomial contrasts were per-

formedonly for conditions that included a predictable hazardous event

and only for the postcue time window. According to Lawrence and

Barry (2009), a brief phasic cardiac response (i.e., reflected by an ini-

tial cardiac deceleration then by a slightly later cardiac acceleration) is

revealed by a quadratic trend over a short timewindow.

2.4.2 Speed

Speed data were converted to speed change using the same method-

ology as for heart rate change. Statistical analyses of speed change

were then performed using separate repeated-measures ANOVAs, in

the sameway as for heart rate change.

2.4.3 Perceived stress

For statistical analyses of perceived stress-modulated driver

responses, we first formed two groups using the median split;

drivers who rated the hazardous event (relative to the corresponding

safe condition) above 2.5 out of 5 were assigned to the high-perceived
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F IGURE 4 (a) Changes in heart rate and speed relative to the last half-second prior to cue-onset and event-onset when drivers experienced
the control condition (gray) and the unpredictable (U) experimental condition (blue). Cues and events were either ON (visible) or OFF (invisible).
Shaded areas denote standard errors of themean. An overall significant difference between conditions is represented by blue asterisks as follows:
*p< .05; **p< .01; ***p< .001. Time points with significant differences between the experimental and control conditions are displayed at the top of
each figure as a blue horizontal line. The pictures depict cueOFF (left-side) and event ON (right-side). (b) Changes in heart rate and speed,
averaged over the post-event timewindow, for the control and experimental conditions, in the high- and low-perceived stress groups

stress group, while the others were placed in the low-perceived

stress group. The high- and low-perceived stress groups consisted

of 11 and 16 drivers, respectively, for U, and 13 and 14 drivers

for P.

Then, for each perceived stress group, we calculated areas under

the curve (AUC) for the control and experimental conditions in order

to represent changes in drivers’ response (heart rate or speed) aver-

aged over a time window (postcue or postevent). We then used paired

t-tests to compare AUC between experimental and control conditions

within each perceived stress group. Effect sizes were estimated using

Cohen’s d.

3 RESULTS

3.1 Unpredictable condition

We first ran repeated-measures ANOVAs to compare heart rate in the

experimental condition (including an unpredictable hazardous event)

with the control condition (safe) in the postcue time window, and in

the postevent time window (Figure 4(a)). Next, we repeated the pro-

cess with speed. Heart rate and speed were finally investigated in each

perceived stress group (Figure 4(b), Table 1).

3.1.1 Heart rate

Postcue. The ANOVA showed no significant main effect of condition-

type (F(1, 26) = 0.011, p = .917, η2p = 4.24e-4), no main effect of time

(F(2.50, 65.21) = 2.51, p= .076, η2p = .088), and no condition-type × time

interaction (F(2.52, 65.73) = 0.106, p = .936, η2p = .004), suggesting that

heart rate remained unchanged overall in both the experimental and

control conditions.

Postevent. The ANOVA revealed no significant main effect of

condition-type (F(1, 26) = 1.08, p = .307, η2p = .040), no main effect of

time (F(3.69, 92.45) = 2.78, p < .05*, η2p = .100), and no condition-type

× time interaction (F(2.73, 71.08) = 1.74, p = .171, η2p = .063), indicating

that heart rate change in the experimental condition was not statisti-

cally different from in the control condition.

3.1.2 Speed

Postcue. The ANOVA showed no significant main effect of condition-

type (F(1, 26) = 0.083, p = .776, η2p = .003), no main effect of time

(F(1.36, 35.48) = 1.91, p = .173, η2p = .068), and no condition-type ×

time interaction (F(1.76, 45.93) = 1.98, p = .154, η2p = .071), reflecting a

constant speed in both experimental and control conditions.
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TABLE 1 Heart rate and speed for the high- and low-perceived stress groups within the unpredictable (U) and predictable (P) conditions in the
postcue and postevent timewindows

Postcue PosteventHazard

predictability

condition Response

Perceived

stress

group N
Experimental

AUC

Control

AUC

p-value
(d)

Experimental

AUC

Control

AUC

p-value
(d)

Unpredictable (U) Heart rate High 11 −9.55 (30.2) −5.81 (9.94) .71 (−0.11) 12.2 (24.5) −15.0 (16.2) <.05* (0.73)

Low 16 2.76 (14.7) 1.14 (14.0) .75 (0.08) −4.49 (25.6) 1.70 (18.5) 0.40 (−0.21)

Speed High 11 −6.42 (8.76) 2.43 (7.52) .072 (−0.60) −58.7 (39.2) 0.82 (4.78) < .001*** (−1.47)

Low 16 3.27 (10.7) −5.92 (17.6) .11 (0.42) −51.2 (34.8) 0.38 (16.1) < .001*** (−1.18)

Predictable (P) Heart rate High 13 −9.65 (21.7) 1.43 (13.4) .15 (−0.41) 18.6 (5.2) −0.28 (23.7) <.05* (0.71)

Low 14 −8.92 (10.7) 0.82 (20.0) .16 (−0.39) 2.48 (23.9) −5.86 (15.9) 0.31 (0.27)

Speed High 13 −26.1 (19.0) −8.47 (−22.8) .06 (−0.56) −129.2 (100.3) −5.10 (20.7) < .01** (−1.09)

Low 14 −11.5 (42.6) −0.17 (28.3) .44 (−0.20) −104.4 (85.9) 17.12 (48.19) < .001*** (−1.43)

Note. N= number of drivers; AUC=mean area under the curve and standard deviation (in parentheses); p-value (d)= level of significance and effect size (in

parentheses) for each difference between experimental and control conditions.

Postevent. The ANOVA revealed a significant main effect of

condition-type (F(1, 26) = 44.71, p < .001*** , η2p = .632), a main effect

of time (F(2.71, 70.46)= 30.92, p < .001*** , η2p = .543), as well as a

significant condition-type × time interaction (F(2.33, 60.72) = 28.00,

p < .001*** , η2p = .519). This result suggests that speed was lower

overall in the experimental condition than in the control condition

(t = −6.687, p < .001***, d = −1.287), and also that the experi-

mental condition was associated with a marked decrease from 1 s

(Figure 4(a), see also Table S1 for statistics of post hoc tests over

time).

3.1.3 Perceived stress

Global. For all drivers, the mean perceived stress score for the unpre-

dictable hazardous event was 2.30 (SD= 1.03) out of 5.

Per group. The mean perceived stress score per group was 3.36

(SD= 0.50) and 1.56 (SD= 0.51) for the high- and low-perceived stress

groups, respectively. Our investigation of drivers’ responses in each

group revealed significant effects only in the post-event time window

(Table 1). Paired t-tests indicated, first, that heart rate was significantly

greater in the experimental condition than in control condition only

for the high-perceived stress group (p < .05*, d = 0.733), and, second,

that speed was significantly lower in the experimental condition than

in control condition for both the high- and low-perceived stress groups

(high, p< .001***, d=−1.471, low, p< .001***, d=−1.185) (Figure 4(b),

Table 1).

3.2 Predictable condition

We first used repeated-measures ANOVAs to compare heart rate in

the experimental condition (including a predictable hazardous event)

with the control condition (safe) in the postcue time window, and in

the postevent time window (Figure 5(a)). Then, we repeated the pro-

cess with speed. Heart rate and speed were finally investigated in each

perceived stress group (Figure 5(b), Table 1).

3.2.1 Heart rate

Postcue. The ANOVA yielded a significant main effect of condition-

type (F(1, 26) = 4.26, p = .049*, η2p = .141). In contrast, no significant

main effect of time (F(2.98, 77.69) = 1.79, p = .156, η2p = .064) and no

condition-type× time interaction (F(2.57, 26) =1.62, p= .197, η2p = .059)

were found, thus suggesting that heart rate changewas overall lower in

the experimental condition than in the control condition (t = −2.066,

p < .05*, d = −0.398) (Figure 5(a)). In addition, polynomial contrasts

indicated that the cardiac pattern from the experimental condition fit-

ted a quadratic trend (p< .001***) (Table 2).

Postevent. The ANOVA highlighted a significant main effect of

condition-type (F(1, 26) =7.07, p< .05*, η2p = .214) and a condition-type

× time interaction (F(2.69, 70.11) = 6.36, p = .001*** , η2p = .197). In con-

trast, no main effect of time (F(1.91, 49.77) = 2.54, p = .091, η2p = .089)

was found, indicating that heart rate change was globally higher in

the experimental condition than in the control condition (t = 2.661,

p< .05*, d= 0.512), and also that the experimental condition was asso-

ciatedwith a gradual cardiac acceleration, as evidenced by a significant

threshold reached at 4.5 s after the onset of the predictable hazardous

event (Figure 5(a), see also Table S1).

3.2.2 Speed

Postcue. The ANOVA showed a significant main effect of time

(F(1.76, 45.79) = 21.53, p< .001***, η2p = .453) and condition-type × time

interaction (F(1.40, 36.63) = 13.69, p < .001***, η2p = .345). There was,

however, no significant main effect of condition-type (F(1, 26) = 3.75,

p = .064, η2p = .126), suggesting that changes in speed differed

between conditions over the evolving time course of the experiment.
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F IGURE 5 (a) Changes in heart rate and speed relative to the last half-second prior to cue-onset and event-onset when drivers experienced
the control condition (gray) and the predictable (P) experimental condition (blue). Cues and events were either ON (visible) or OFF (invisible).
Shaded areas denote standard errors of themean. An overall significant difference between conditions is represented by blue asterisks as follows:
*p< .05; **p< .01; ***p< .001. Time points with significant differences between the experimental and control conditions are displayed at the top of
each figure as a blue horizontal line. The pictures depict cueON (left-side) and event ON (right-side). (b) Changes in heart rate and speed, averaged
over the post-event timewindow, for the control and experimental conditions, in the high- and low-perceived stress groups

TABLE 2 Outcomes ofmathematical cardiac pattern analysis corresponding to the predictable (P) and, predictable and familiar (PF) conditions
in the postcue timewindow

PostcueHazard predictability

condition

Trend of cardiac

pattern t p-value

Predictable (P) Experimental Linear −0.82 .411

Quadratic 4.79 <.001***

Cubic −1.26 .207

Predictable and Familiar (PF) Experimental Linear −1.93 .054

Quadratic 5.50 <.001***

Cubic −1.31 .190

Control Linear 0.14 .88

Quadratic 3.92 <.001***

Cubic −1.80 .071

Note. Polynomial contrasts were performed only for conditions including a hazard cue.



KERAUTRET ET AL. 9 of 14

Indeed, a substantially greater speed deceleration was revealed in the

experimental condition as of 4 s after cue onset (Figure 5(a); see also

Table S1).

Postevent. The ANOVA showed a significant main effect of

condition-type (F(1, 26) = 42.49, p < .001***, η2p = .620), a main

effect of time (F(1.28, 33.36) = 19.64, p < .001***, η2p = .430), and a

time × condition-type interaction (F(1.33, 34.78)= 28.39, p < .001***,

η2p = .522). This result revealed that speed was globally lower in the

experimental condition than in the control condition (t = −6.518,

p < .001***, d = −1.254), and also that the experimental condition

was associated with a marked decrease from 1.5 s after event onset

(Figure 5(a); see also Table S1).

3.2.3 Perceived stress

Global. The mean perceived stress score among all drivers for the pre-

dictable hazardous event was 2.67 (SD= 1.62) out of 5.

Per group. Themeanperceived stress scoreper groupwas4.19 (0.80)

and 1.25 (SD=0.42) for high- and low-perceived stress groups, respec-

tively. Our examination of drivers’ responses in each group revealed

only a significant effect in the postevent time window (Table 1). Paired

t-tests revealed, first, that heart rate was significantly greater in the

experimental than in the control condition for the high-perceived

stress group (p < .05*, d = 0.715), and, second, that speed was signif-

icantly lower in the experimental condition than in control condition

for both the high- and low-perceived stress groups (high, p < .01**,

d=−1.094, low, p< .001***, d=−1.433) (Figure 5(b), Table 1).

3.3 Predictable and familiar condition

We first used repeated-measures ANOVAs to compare heart rate

in the experimental condition (including a predictable and familiar

hazardous event) with the control condition (including a predictable

hazardous event) in the postcue time window, and in the postevent

time window (Figure 6). Second, we repeated the process with

speed.

3.3.1 Heart rate

Postcue and Postevent. The ANOVAs indicated no significant main

effect of condition-type (Postcue, F(1, 26) = 0.39, p = .536, η2p = .015,

Postevent, F(1, 26) = 0.50, p = .482, η2p = .019) and no condition-type

× time interaction (Postcue, F(2.93, 76.18) = 0.40, p = .743, η2p = .015,

Postevent, F(2.72, 70.94)= 0.60, p = .597, η2p = .023). There was, how-

ever, a significant main effect of time (Postcue, F(2.24, 58.32) = 3.33,

p < .05*, η2p = .11, Postevent, F(3.81, 99.2) = 5.55, p < .001***, η2p = .17),

suggesting that the experimental and control conditions evoked similar

changes in heart rate over time in both time windows. In addition, for

both conditions, a strong cardiac deceleration was revealed between 2

s and3 s, aswell as at 4.5 s in thepostcue timewindow, anda strong car-

diac acceleration was found between 6 s and 7 s in the postevent time

window (Figure 6; see also Table S1). Additionally, polynomial contrasts

performed in the postcue time window indicated that cardiac patterns

in the experimental and control conditions both followed a quadratic

trend (p< .001***) (see Table 2).

3.3.2 Speed

Postcue and Post-event. The ANOVAs indicated a significant main effect

of time (Cue, F(2.69, 69.96) = 76.64, p < .001***, η2p = .74, Event,

F(2.31, 60.13) = 10.49, p < .001***, η2p = .28), but no main effect of

condition-type (Cue, F(1, 26) = 0.069, p = .795, η2p = .003, Event,

F(1, 26) = 0.27, p = .604, η2p = .011) and no interaction between

condition-type and time (Cue, F(2.01, 52.28) = 0.30, p = .741, η2p = .012,

Event, F(2.31, 60.26) = 0.21, p = .918, η2p = .004), suggesting that the

experimental and control conditions elicited similar changes in speed

over time in both timewindows. Also, for both conditions, strong speed

accelerationswere foundbetween0 s and7.5 s in thepostcue timewin-

dow, and between 2 s and 7.5 s in the postevent timewindow (Figure 6;

see Table S1).

4 DISCUSSION

4.1 Driver stress detection

The first purpose of the current study was to determine whether using

heart rate change over short time windows would make it possible to

detect driver stress. To this end, driver stress was manipulated using

simulated hazardous road events.

The participants reported that the perceived stress related to the

hazardous events wasmoderate overall. Indeed, the average scores for

the events U and P were 2.30 (SD = 1.03) and M = 2.67 (SD = 1.62)

out of 5, respectively. These data therefore suggest that stresswas suc-

cessfully induced by the hazardous events. Only the event PF was not

subjectively assessed as there was no corresponding safe condition for

comparison. Given the absence of such a condition, we simulated the

eventPF tobeas stressful as possible by implementing abusy road traf-

fic situationwith a shortmerging lane. As a result, it seemed reasonable

to us to consider that stress was perceived by the drivers and to gauge

the effect of this stress solely on the basis of the cardiac response.

Whenweexamined the cardiac responses after the onset of the haz-

ardous events U, P, and PF, an increase in heart rate was systemati-

cally observed either for all drivers (conditions P and PE) or for a part

of them (condition U). Cardiac acceleration is consistent with the idea

of flight-or-fight response, when the hazard is proximal (Lang et al.,

1997). Moreover, the drastic speed deceleration associated with car-

diac acceleration after the onset of avoidable hazardous events (U and

P) supports the evidence of flight response, and thus stress expression.

By way of comparison, previous studies also found an increase in

heart rate after using simulated hazardous road events (Johnson et al.,

2011; Schmidt-Daffy, 2013). In contrast, Gemonet et al. (2021) did not
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F IGURE 6 Changes in heart rate and speed relative to the last half-second prior to cue-onset and event-onset when drivers experienced the
control condition (gray) and the predictable and familiar (PF) experimental condition (blue). Cues and events were systematically ON (visible).
Shaded areas denote standard errors of themean. Time points with significant differences relative to baseline (t=−0.5 s) are displayed at the top
of each figure as a black horizontal line. The pictures depict cueON (left-side) and event ON (right-side)

observe such an effect, and more surprisingly, they reported a change

in cardiac response under real driving conditions using the same road

event and testing the same individuals as in the simulator. Based on

these studies,we suspect that some roadeventsmaynot be sufficiently

threatening to induce driver stress in a driving simulator. Also, it is pos-

sible that the lack of safety concerns in an artificial driving environ-

ment can mitigate the stressful and threatening effects of some road

events.

In addition, it should be noted in our study that cardiac acceleration

for the unpredictable hazardous event (U) was significant only in the

high-perceived stress group, but was not globally so. This result thus

contrasts with a previous study in which global cardiac acceleration

was observed after the onset of unpredictable road events over a short

time period (Johnson et al., 2011). Interestingly, global cardiac acceler-

ation has also been found using the same type of hazardous simulated

event as in our study, that is, a deer appearing on the road (Schmidt-

Daffy, 2013). In addition, the fact that cardiac acceleration after the

onset of the predictable hazardous event (P) was also significant for

the high but not for the low-perceived stress group suggests that indi-

vidual differences in stress perception and experience can definitively

influence cardiac response.

In the light of our findings, we can confirm that it is possible to

detect driver stress by using heart rate change over a short time

period. Nevertheless, our results, along with those of previous stud-

ies, suggest that future studies should closely consider both the threat

potential of simulated hazardous events and the subjective percep-

tion of stress in order to facilitate stress induction as well as its

measurement.

4.2 Hazard anticipation detection and
investigation

The second aim of the current study was to explore the physiological

signature of hazard anticipation in driving using heart rate change. To

this end, hazard anticipation wasmanipulated bymeans of three levels

of hazard predictability (U, P, and PF). Three broad hypotheses were

formulated.
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4.2.1 Hypothesis (i): Effects of predictability

Based on the theory that defensive responses are determined by prox-

imity to the threat (Fanselow, 1994; Lang et al., 1997), we expected

that predictable events (P and PF) would shape a biphasic cardiac

pattern before conflict with the event. This pattern would consist of

first the cardiac component ECR1 (freezing response) reflecting a

cognitive preparation (attentional enhancement and planification of

motor action), and second the ECR2 component (flight/fight response)

representing an anticipatorymotor action.

When the hazardous events were cued to drivers (P and PF), we

observed similar and singular cardiac patterns after cue onset. Indeed,

biphasic cardiac responses were observed including, first, an initial

cardiac deceleration (ECR1) followed slightly later by cardiac acceler-

ation (ECR2). Such biphasic patterns were highlighted by significant

quadratic trends, thus supporting the presence during hazard anticipa-

tion of the cardiac components ECR1 and ECR2. Cardiac deceleration

in a threatening automotive context has beenpreviously interpreted as

reflecting a need to increase visual information intake in order to cope

with a threatening situation (Barnard & Chapman, 2016) and has been

more generally linked to the phenomenon of preparation for action

(Beggiato et al., 2018, 2019).

Specifically, after cue onset in the predictable condition (P), we

observed, first, a biphasic cardiac response, marked by a peak at 1.5

s, and, second, a speed decrease also initiated at 1.5 s. As a result, an

interesting visual correspondence can be noted between cardiac and

speed responses. This correspondence is consistent with the theory

of preparation/initiation of action (Gladwin et al., 2016; Lang & Davis,

2006; Rösler & Gamer, 2019). According to this theory, the deceler-

ating cardiac component associated with the any speed change up to

1.5 s, would reflect an active state of “attentive immobility” (freezing

response), while the accelerating cardiac component associated with a

slightly later speeddeceleration after 1.5 s,would suggest the initiation

of action (flight response). These initial observations should therefore

encourage the use of cardiac pattern analysis to determine whether

drivers engage in cognitive preparationwhen they detect a hazard, and

also to predict a subsequent motor action seconds before it is per-

formed (e.g., flight behavior).

Furthermore, the conclusion that hazard predictability resulted in a

biphasic cardiac signature, reflecting anticipation, is reinforced by the

fact that hazard unpredictability did not. Indeed,whendrivers received

no cue of the upcoming hazard event (U), cardiac and speed responses

remained unchanged.

4.2.2 Hypothesis (ii): Effects of increased
predictability

Based on the relationship between anticipation and memorized situa-

tions (Stahl et al., 2014), we hypothesized that a predictable and famil-

iar event (PF) would shape a greater cardiac component ECR1, thus

reflecting an increased anticipation of the hazard. However, our results

indicated no change in heart rate between the predictable and famil-

iar event (PF) and the predictable and unfamiliar event (first exposure).

This lack of significance prevents us from validating the initial hypoth-

esis that increased predictability would emphasize the magnitude of

the cardiac component ECR1. Although a visual inspection of the car-

diac patterns associated with the first and second exposures is consis-

tent with this hypothesis, the fact that the results are nonsignificant

may suggest that the event was not sufficiently familiar, experienced,

and memorized for such a differentiation to be statistically observed.

Therefore, it would be worthwhile in the future to repeat exposures

to the same road hazard in order to clarify the effect of increased pre-

dictability and anticipation on cardiac changes.

4.2.3 Hypothesis (iii): Effects of perceived stress

We assumed that drivers perceiving events as highly stressful would

reveal a lower magnitude of the ECR1 component than those perceiv-

ing them as less stressful, thus reflecting reduced anticipation. Con-

trary to a previous study in which higher levels of subjective arousal

was related with a shallower ECR1 cardiac component (Binder et al.,

2005), we found after cue onset in the condition P no change in the

magnitude of the ECR1 component according to the perceived stress

group. However, cardiac responses were modulated by the perceived

stress group after the exposure to the predictable hazardous event (P).

Again, further investigationwouldbenecessary tounderstand the rela-

tionship between perceived stress and changes in themagnitude of the

cardiac components.

4.3 Limitations

Our experiment is subject to several limitations. First, the control con-

ditions for U and P were systematically presented before the experi-

mental conditions in which the hazardous events occurred. Thus, the

order of the conditions was not counterbalanced to prevent a previ-

ously experienced hazardous event from inducing anticipatory stress

in the control conditions. Therefore, our protocol did not control for

learning and acclimatization effects related to simulated driving. Nev-

ertheless, stress responses observed in the experimental conditions,

cannot be methodological artifacts since we obtained opposite effects

to those usually produced by learning and acclimatization. Indeed, pre-

vious research has shown that learning and acclimatization effects did

not cause or increase driver stress, but rather reduced it (Chen, 2015;

Heikoop et al., 2017). It should be noted that such effects have been

observed using cardiacmeasurements as well.

A second limitation is that the conclusions about the effects of haz-

ard anticipation and predictability on changes in heart rate and speed

were drawn from different road events. Again, to avoid inducing antic-

ipatory stress, we did not use an experimental design in which the

predictability dimension was manipulated using the same hazardous

event. Nevertheless, it would bewise to also use this approach in order

to permit the generalization of the findings.



12 of 14 KERAUTRET ET AL.

A third limitation concerns the limited potential of simulated hazard

stimuli to elicit stress states. Indeed, drivers overall reported a mod-

erate perceived stress for the event U (M = 2.30, SD = 1.03) and the

event P (M = 2.67, SD = 1.62). Therefore, dynamically adjusting the

triggering of simulated hazardous events based on drivers’ behaviors

(e.g., speed, lane positioning) so that each participant experiences the

event in the most stressful way possible could be an improvement that

would increase perceived stress.

A fourth limitation is related to thephenomenonof respiratory sinus

arrhythmia resulting in a cardiac acceleration during inhalation and

cardiac deceleration during exhalation (Beauchaine et al., 2019). Previ-

ous works have found that removing respiratory influences from heart

rate could improve the identification of vagal withdrawal and increase

sympathetic activation (Choi & Gutierrez-Osuna, 2011; Varon et al.,

2018). Consequently, by adopting such an approach in the future, stud-

ies could fine-tune the sensitivity of heart rate change to hazardous

events.

A last limitation is that our conclusions arebasedon results obtained

in a driving simulator. Although we mentioned in the introduction the

ability of an artificial driving environment to highlight driver states

suchas stress, it cannotbeexcluded that theenvironment can influence

the stress response. In this sense, heart rate was found to be higher

during on-road driving than during simulated driving (Johnson et al.,

2011). Therefore, it would be interesting to explore cardiac patterns in

real road studies to assess the extent of differences related to real and

simulated environments, and especially to investigate the potential for

application.

5 CONCLUSION

To summarize, this study demonstrates the value of using heart rate

change to detect driver stress in real time. The use of heart rate change

is also of major interest since it provides a physiological signature of

hazard anticipation, as evidencedby a biphasic cardiac pattern. Further

investigation is required to validate the lack of relationship between

increased predictability/anticipation and increased cardiac component

ECR1. We also observed that perceived stress modulated the car-

diac response after exposure to hazardous events. However, further

research is needed to confirm the lack of influence of perceived stress

on the cardiac response to a hazard cue. These initial results may pave

theway for further studies designed to explore changes in heart rate as

a function of drivers’ anticipation and preparation for hazardous road

events. Such studies promise to make a valuable contribution to solu-

tions that will proactively alert drivers to hazardous road events and,

more generally, to the design of driver stress detection systems.
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