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As driving functions become increasingly automated, motorists run the risk of becoming
cognitively removed from the driving process. Psychophysiological measures may
provide added value not captured through behavioral or self-report measures alone.
This paper provides a selective review of the psychophysiological measures that can be
utilized to assess cognitive states in real-world driving environments. First, the importance
of psychophysiological measures within the context of traffic safety is discussed. Next,
the most commonly used physiology-based indices of cognitive states are considered as
potential candidates relevant for driving research. These include: electroencephalography
and event-related potentials, optical imaging, heart rate and heart rate variability, blood
pressure, skin conductance, electromyography, thermal imaging, and pupillometry. For
each of these measures, an overview is provided, followed by a discussion of the
methods for measuring it in a driving context. Drawing from recent empirical driving and
psychophysiology research, the relative strengths and limitations of each measure are
discussed to highlight each measures’ unique value. Challenges and recommendations
for valid and reliable quantification from lab to (less predictable) real-world driving settings
are considered. Finally, we discuss measures that may be better candidates for a near
real-time assessment of motorists’ cognitive states that can be utilized in applied settings
outside the lab. This review synthesizes the literature on in-vehicle psychophysiological
measures to advance the development of effective human-machine driving interfaces
and driver support systems.

Keywords: psychophysiology, cognition, driving, traffic safety, real-world

THE IMPORTANCE OF PSYCHOPHYSIOLOGICAL MEASURES IN
TRAFFIC SAFETY

Suboptimal level of cognitive functioning (e.g., inattention, drowsiness) is a key cause
of traffic accidents and poor driving performance. According to Traffic Safety Culture
Index, 87.5% of drivers identify distracted driving to be a greater concern today than in
past years and 87.9% perceive drowsiness as a threat to their safety (AAA Foundation
for Traffic Safety, 2018). Traffic safety researchers are constantly working on methods
to improve driving performance by assessing cognitive states, such as drivers workload,
inattention, and fatigue. One way to improve the assessment of covert cognitive states
is to adopt a multi-method approach to measure changes in central and peripheral
nervous system functioning in order to sense near-real time information about cognitive
states of motorists. Such assessments of internal states can also promote the development
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of Advanced Driver Assistance Systems (ADAS) that can predict
and augment risky driving behavior.

Why Adopt

Psychophysiological Measures?

Cognitive states can be assessed using subjective, behavioral,
and physiological measures (Mauss and Robinson, 2009; Strayer
et al., 2015; Lohani et al,, 2018). Subjective measures can be
limiting if the assessment is disruptive to the real-time task (i.e.,
primary task intrusion, see O’Donnell and Eggemeier, 1986).
More importantly, humans may not always be accurate in making
judgements about their cognitive states (Schmidt et al., 2009).
Motorists can be inaccurate in making judgments about their
internal and cognitive states (such as their attention, workload,
and drowsiness levels). For instance, motorists were inaccurate at
self-assessments of vigilance (Schmidt et al., 2009); even though
objective physiological indicators (e.g., heart rate, EEG, and
ERPs) suggested poor vigilance levels at the end of a 3-h drive,
participants self-reported improved vigilance instead (Schmidt
et al, 2009). Such misjudgments in assessment of cognitive
states suggest that objective measures are required to assess and
augment human behavior in order to reduce risk for traffic safety.
While behavioral measures (such as head movement detection to
assess distraction) are also useful, given the intent of this review,
we will focus on physiological measures. Accuracy in detecting
cognitive workload has been found to significantly increase when
physiological data was utilized (Lenneman and Backs, 2009, 2010;
Solovey et al., 2014; Borghini et al.,, 2015; Yang et al., 2016).
Some work has also found that physiological measures were
sensitive to variations in cognitive load during secondary tasks
while behavioral driving measures like steering wheel reversals
and velocity (Belyusar et al., 2015) and lane-keeping measures
(Lenneman and Backs, 2009) were not. Unlike behavioral
measures (e.g., verbal and facial behavior), many physiological
measures are not under voluntary control of motorists. Moreover,
cognitive states such as mental workload are a multi-faceted
and dynamic concept and self-report alone cannot be used to
operationalize it, but multiple measures (e.g., performance and
physiology) are warranted (de Waard and Lewis-Evans, 2014).
Thus, inclusion of physiological data can complement and extend
behavioral metrics and improve assessments of motorists’ state-
level changes in cognition (Brookhuis and de Waard, 1993;
Mehler et al., 2012).

As automation is likely to become more prevalent over
time, real-time monitoring behaviors required by motorists may
decline as they are less involved in the driving process. This is
a critical reason why non-behavior-based metrics will become
more relevant to incorporate into our understanding of the
motorists’ cognitive states. Moreover, distracted motorists of
a self-driving vehicle compared to manually driving motorists
take longer to gain control of the driving task once automation
deactivates (Vogelpohl et al., 2018). Intelligent driving assistance
systems should be capable of reliably sensing and assessing
distraction and drowsiness levels of motorists to be able to
augment safe-driving conditions. Building reliable systems to be
able to predict decreased levels of vigilance or dangerous levels of

fatigue, drowsiness, or workload could help augment them in a
timely manner (Balters et al., 2018).

Cognition in Dynamic Real-World
Driving Contexts

In general, psychophysiological measures can be used to assess
degree of arousal or activation (Mauss and Robinson, 2009).
Importantly, multiple psychological constructs can influence
variations in psychophysiological measures. For instance, heart
rate, skin conductance, and electrical activity of the brain
are sensitive to many psychological constructs experienced by
motorists, such as workload, drowsiness, stress, etc. In the
past years, important contributions have reviewed the literature
on specific cognitive states, such as workload (Borghini et al.,
2014; Costa et al., 2017), distraction (Matthews et al., 2019),
drowsiness (Sahayadhas et al, 2012; Borghini et al, 2014),
and stress (Rastgoo et al, 2018) in driving research. These
reviews provide an understanding of physiological outcomes
that can explain variations in specific constructs based on
carefully manipulated and well-controlled designs. Unlike highly
controlled lab-based settings, where a single construct (e.g.,
workload) can be successfully manipulated and its effect on
psychophysiological measures examined, real-world settings are
more dynamic and complex.

In a real-world setting, the net resulting cognitive state of a
motorist is a combination of variation among several interrelated
constructs (e.g., attention allocation, stress, workload, fatigue).
Broadly speaking, the net cognitive state of a motorist,
composed of variation among these many dimensions, can
be classified along an arousal-spectrum ranging from lower-
arousal and passive states, to a state of optimal performance,
to a hyper-aroused or over-active state. Indeed, this concept is
not new; Yerkes and Dodson (1908) established strong non-
linear relationships between arousal-level and performance,
and such relationships have since been well-established across
many human performance domains (Hebb, 1955; Broadhurst,
1959; Wekselblatt and Niell, 2015). Although these ideas are
not new, there has been a recent resurgence in a formal
understanding of arousal-performance relationships, including
an expanded understanding of the underlying neuromodulatory
systems involved in regulating task engagement and optimal
performance (e.g., the adaptive-gain control theory, Aston-Jones
and Cohen, 2005). Given the recent increase in understanding
of the mapping between physiological indices of arousal and
human performance in the lab, such models serve as a
clear starting point in delineating the predictive capacity of
psychophysiological measures for understanding cognitive states
and human performance in the vehicle.

For instance, low-arousal states relevant to the driving task can
be driven by a combination of psychological constructs including
low workload, reduced stress, and high drowsiness. On the other
hand, an over-aroused state could be due to a combination of
high workload and high stress in the presence of low drowsiness.
Similarly, other combinations of constructs can also lead to
changes in general arousal states as well. Given the likely dynamic
interplay among these interrelated constructs in applied settings,
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the current review focuses on psychophysiological measures that
can be utilized to capture motorists’ states in real-world driving
settings. Indeed, one major applied goal of this work is to be able
to accurately capture the dynamic and highly variable changes
in arousal that occur in ecologically valid driving settings, a goal
that is critical for building accurate predictive models (Yarkoni
and Westfall, 2017) of individual motorist’s states and future
driving performance.

Specifically, there are two novel contributions of this review.
First, instead of focusing on a selective construct and related
measures of interest, the goal of this current review is to
focus on psychophysiological measures that may have the
potential to be adopted in real-world and applied settings to
measure state level variations in motorists. The paper provides
a broad but selective review of a number of psychophysiological
measures that we believe show the greatest promise in their
utilization to assess low-arousal vs. over-arousal (passive vs.
over-active) states in real-world driving environments. The
most commonly used physiology-based measures of cognitive
states are considered as potential candidates relevant for driving
research. The following physiological measures are reviewed
(see section “Psychophysiological Measures to Assess Cognitive
States” and Tables 1, 2) in assessing arousal state in real-
world driving research: electroencephalography and event-
related potentials, optical imaging, heart rate, and heart rate
variability, blood pressure, skin conductance, electromyography,
thermal imaging, and pupillometry. As reviewed in classical
contributions by Cacioppo et al. (Cacioppo and Tassinary,
1990; Cacioppo et al., 2007), inference of unique psychological
constructs based on physiological indices (one-to-one relation)
is still unresolved and is not the aim of this review (see
further discussion in section “Research Applicability in Real-
World Settings”). However, we discuss how multiple measures
(that are sensitive to several interrelated internal states) may
be combined to delineate net resulting changes across multiple
inter-related cognitive state-level variations. Second, for each
measure, we make the distinction between useful research
measures and practical measures for real-world application
(see section Research Applicability in Real-World Settings and
Table 2). Throughout, we have tried to highlight the practical
relevance of measures in the driving context. Although this
review focuses primarily on on-road and simulated driving
contexts, when relevant, we have also drawn research from
related contexts (traffic operators, pilots, or ship navigators) to
more thoroughly characterize each measure.

PSYCHOPHYSIOLOGICAL MEASURES TO
ASSESS COGNITIVE STATES

Electroencephalogram (EEG) and

Event-Related Potentials (ERP)

EEG Quantification

The EEG is a record of both oscillatory and aperiodic
brain electrical activity. Neural activity (largely post-synaptic
potentials) from multiple simultaneous generators propagate
throughout the brain and skull and summate at a distance,

where voltages can be measured relatively non-invasively via
electrodes placed on the scalp. The dominant sources of scalp-
recorded EEG come from cortical pyramidal cells arranged in
the columnar organization of the cortex (Nunez and Srinivasan,
2006). Pyramidal cells are the most numerous cortical excitatory
cell type and play a critical role in advanced cognitive functions
(Spruston, 2008). The laminar organization of the cortex results
in cortical pyramidal cells following an open-field alignment
with a consistent orientation that is perpendicular to the skull,
such that their post-synaptic potentials can summate at a
distance. Importantly, EEG allows for a high temporal resolution
(millisecond) and direct record of neural activity. This detailed
temporal resolution also allows for a decomposition of the time-
domain EEG signal into spectral information via Fourier analysis,
allowing for an examination of oscillatory activity in canonical
frequency bands (e.g., alpha, ~8-12 Hz; theta, ~4-7 Hz), which
have been related to specific neurocognitive functions. For
instance, mental workload increases theta power and reduce
alpha power activity (Mun et al., 2017), whereas fatigue increases
alpha power (Kithner et al., 2014). Moreover, the development
of novel computational techniques for analyzing spectral activity
has promoted a wide range of new tools for probing ongoing
neural dynamics during human cognition via EEG; such as cross-
frequency coupling, phase coupling (Cohen, 2011), independent
component analysis (Dasari et al., 2017), and neighborhood
component analysis (Lim et al, 2018). In addition, more
traditional analyses of transient neural activity that is tied to
specific perceptual, motor, or cognitive events can be gleaned
from continuous EEG, via the calculation of event-related
brain potentials.

ERP Quantification
ERPs are electrophysiological responses that are consistently
linked in time with specific sensory, cognitive, or motor events.
They are derived from the continuously recorded EEG by time-
aligning epochs of EEG relative to an event of interest, such as
a stimulus onset or a participant’s response and averaging many
of these similar EEG segments to reveal activity that is time and
phase locked to the event. Such discrete events can be added in
the experimental design, e.g., every time a participant responded
to a secondary task while driving. The logic of this approach
is that systematic activity that is locked in time and space to
some specific activity will remain in the averaged ERP waveform,
whereas activity that is not time- and phase-locked will average to
zero with a large enough number of trials (Luck and Kappenman,
2012). The resulting ERP waveform is plotted as voltage over time
ata given set of electrodes. ERP topography can also be examined,
showing the distribution of activity over the entire space within
a particular time-window. A major benefit of ERPs is that the
waveform has characteristic components, stereotyped features of
the ERP with specific eliciting conditions. ERP components are
defined empirically by a combination of their polarity, timing,
scalp distribution, and sensitivity to task manipulations.
Extensive work has characterized and validated specific ERP
components with respect to their associations with specific
cognitive and neural processes (e.g., Fabiani et al., 2007;
Luck and Kappenman, 2012; Mun et al, 2017). Cognitive
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TABLE 1 | Overview of relationships between arousal state and physiological indices in real-world driving.

Measure Under-arousal state Over-arousal state
Electroencephalogram e Increased alpha due to increase in drowsiness and attentional ® |ncrease in theta activity due to mental workload
withdrawal? e Alpha activity suppression due to workload

Event related potential
vigilance over time while driving

Optical imaging for
cerebral flow

Heart rate and Heart

rate variability® self-driving technology

and disengagement
b

Blood Pressure
and drowsiness

Electrodermal activity

Electromyography
decline in muscle activities and fatigue @

Thermal imaging Temperature around baseline levels &

Pupillometry Decreases in average pupil diameter with drowsiness

¢ |ncreases in standard deviation of pupil diameter

Reduced ERP amplitudes with fatigue, time on task, and lower

A decrease in cerebral oxygenation with fatigue and drowsiness

Decrease in heart rate with drowsiness, decrease in vigilance, use of

Decrease in blood pressure relative to baseline with fatigue

Lower EDA relative to baseline activity range with drowsiness

Decreases in mean and median power frequency of EMG due to

Changes in theta and delta activity related to transition to fatigue

Also, reduced ERP amplitude to driving relevant stimuli under
high workload

An increased concentration of oxygenated hemoglobin and a
decreased concentration of deoxygenation with mental workload
and stress

Increase in heart rate with mental workload and stress
Decrease in HRV with workload, stress, and vigilance

Increase in HRV indices (e.g., RMSSD) with drowsiness, fatigue,

Increase in systolic BP with workload and stress

EDA increase with workload, stress, lower trust in automation,
and anxiety

High muscle activity relative to baseline with stress

Higher task difficulty increases forehead temperature and decreases
nose temperature and thus an increase in the difference between
forehead and nose temperatures

Increases in pupil diameter with cognitive load
Decreases in standard deviation of pupil diameter

aLimited findings available.
bixed findings reported.

demands can modulate several ERP components, such as P3
(discussed below; Kithner et al., 2014), mismatch negativity
(MMN is a negative ERP component sensitive to pre-attentive
information processing; Wanyan et al., 2018), and late positive
potentials amplitude (a later ERP component like P6 that is
related to attentional allocation similar to P3; Mun et al,
2017). The P3 component is associated with attentional and
memory processes required to detect any changes in incoming
stimuli-related information (Polich, 2007). The canonical P3
has two distinct but related components - the P3a and P3b
(see Polich, 2007 for a review). The P3a, with an anterior
distribution, is associated with novel stimulus-driven attentional
processing or orienting responses. The P3b, with a centro-
posterior distribution, is associated with task-relevant stimulus-
driven attentional, decision making, and subsequent memory
processing (Polich, 2007). Both components have been used
in driving research. Recent work has also examined how
neural indices (as measured by both P3 ERP components) are
associated with subjective workload (as measured by NASA-
TLX) and how this covariation is influenced by cognitive effort
(Yakobi, 2018). Novel techniques (such as intra-block averaging
of ERP amplitudes; Horat et al, 2016) can enable robust
electrophysiological measurement of cognitive demands over
time. Thus, ERPs are an attractive measure for studying cognitive
states and performance in driving contexts.

EEG/ERP in Driving Context

EEG and ERPs have a long history in the study of the neural
indices of cognitive effort and attention allocation in both
laboratory and applied settings. EEG is perhaps one of the

most widely used neurophysiological methods to study driving
behavior. Several frequencies (e.g., power in alpha frequency
band) and time (e.g., P3) domain indices can reliably measure
changes in cognitive demands (Kithner et al., 2014). This makes
EEG is viable measure for applied driving settings.

Over-arousal in driving context

Over-aroused states, such as increased workload while driving
can be indexed by decreases in alpha power and increases
in theta power (Borghini et al, 2014; Kathner et al, 2014).
A recent study found alpha band power to be higher during
the relaxed condition compared with the engaged condition
in an autonomous driving setting (Zander et al., 2017). This
highlights the sensitivity of alpha power to internal factors such as
attentional engagement. In addition to internal factors, external
factors (such as task load and time on task) can also influence
alpha and theta power bands in opposite directions (Wascher
etal., 2018). For instance, a decrease in task load and time on task
led to an increase in relative alpha power, but a decrease in theta
power (Getzmann et al., 2018; Wascher et al., 2018). To account
for both power bands, past work has also used a ratio of frontal
theta and parietal alpha power spectral density to operationalize
workload in pilots (Borghini et al., 2015). This ratio approach
may be relevant for driving research as well, however this has
been a point of debate, as discussed shortly.

The application of known ERP indicators of attentional
workload (and their eliciting tasks) can be successfully translated
into the driving domain as well. One of the most commonly
adopted components in driving research is the P3b (Brookhuis
and de Waard, 2010; Solis-Marcos and Kircher, 2018). Mental
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TABLE 2 | Tentative framework for considering the research applicability of these measures in lab and real-world settings.

Measure Lab-setting Real-world Advantages Disadvantages
Electroencephalogram High High to medium * High temporal resolution e Contact sensors
e Direct measure of neural activity ® | onger setup time
Event related potential High Medium?@ e Same benefits as EEG e Same disadvantages as EEG
* Well-characterized components (e.g., P3) * Generally needs higher number of trails and
* High temporal resolution post-processing
* Needs time-locking event
e |nterpretation of amplitude is very
context specific
Optical Imaging for Cerebral  High Low to medium?@ * Higher spatial resolution e | ower temporal resolution (e.g., fNIRS)
Flow e Feasible in naturalistic settings with e Need systematic investigation/replication
technical advancements
Heart Rate/Heart Rate High High ¢ Higher signal-to-noise ratio (SNR) ® \ery sensitive to artifacts
Variability e Easy to collect * Sensitive to variation in respiration
Blood Pressure High Medium?@ * Reliable ¢ |imitations of equipment; can disrupt
e Higher SNR driving task
Electrodermal activity High High e Sympathetic activity ® | agged response
e Easy to collect e Not all individuals show EDA response
Electromyography High Low? ¢ Reliable e Slightly longer setup time
¢ High temporal resolution * Sensitive to movement
e Lower SNR
Thermal Imaging High Medium?@ ® | ow setup time e Need systematic investigation/replication
* Promising technology
¢ Non-contact
Pupillometry High Low? ¢ Non-contact * Signal strongly sensitive to variable lighting

Quick setup time

conditions (pupillary light reflex)

aLimited findings available.

workload can be indexed by increases in P3b latencies (Ying
et al, 2011) and amplitude (Strayer and Drews, 2007). For
example, Strayer and Drews (2007) examined the amplitude of
the P3b time-locked to the onset of a pace break light under
single-task driving conditions or dual-tasking via cell-phone-
induced distraction. Drawing on basic experimental work that
has shown that the P3b is sensitive to the degree of attention
allocated to a task (e.g., Sirevaag et al., 1989), they also showed
that cell-phone induced distraction resulted in reduced P3b
amplitudes to brake lights. Similar effects have been observed in
comparing the workload of “single-task” driving in laboratory
simulator vs. real-life driving contexts, where for example, the
diversion of attention to other concurrent activities in the
vehicle result in additional attentional demands in real-world
driving (Strayer et al., 2015).

A recent study compared mental workload due to increased
information processing demands consumed by in-vehicle
information systems (Solis-Marcos and Kircher, 2018). They
found both P3b and N1 latencies and amplitudes to be
sensitive to cognitive demands of processing additional in-vehicle
information systems. For instance, P3b amplitudes decreased
with additional information processing related tasks (Solis-
Marcos and Kircher, 2018). P3a amplitude was also found to
decrease with additional task-related load (Getzmann et al.,
2018). High mental workload has been associated with increased
latencies in MMN during driving (Ying et al., 2011) and also
increased frontal MMN in flight simulation tasks (Wanyan et al.,
2018), however a recent study did not find workload to influence

MMN amplitudes (Getzmann et al., 2018). Future work will help
clarify sensitivity of MMN in driving research.

Under-arousal in driving context

Extensive work has focused on electrophysiological indicators
of under-arousal via EEG. A substantial number of papers have
implicated changes in alpha amplitude during fatigued driving
(e.g., Schier, 2000; Jensen and Mazaheri, 2010; Simon et al.,
2011; Zhao et al, 2012; Borghini et al., 2014; Jagannath and
Balasubramanian, 2014; Arnau et al., 2017; Brouwer et al., 2017),
such that fatigued driving is associated with increased alpha
activity. However, other work has challenged these alpha power
links with fatigue and claim that alpha power changes may be
due to the decreases in task-demands and visual input during
monotonous driving tasks and not due to decline in cognitive
processing abilities (Wascher et al., 2014). Increases in relative
alpha band power with increased time on task, easier driving
route, and lower control of driving situations, which suggested
that relative alpha power increases imply attentional withdrawal
and not fatigue (Wascher et al., 2014, 2018). Wascher et al. (2014,
2018) have argued that mid-frontal theta activity may be a more
appropriate neural marker of cognitive-control related processes
in driving than occipital alpha activity. Low task load is associated
with relatively reduced theta activity, which suggests that theta
activity is sensitive to declines in cognitive processing ability.
Instead of alpha activity, Wascher et al. (2014, 2018) recommend
that indices of oscillatory synchronization (e.g., inter-trial phase
clustering) and ERPs (such as P3a) are more reliable and valid
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indices of changes in cognitive state associated with mental
fatigue. For instance, time on task (Wascher et al., 2014), fatigue
(Massar et al., 2010), and decreases in vigilance over time
(Schmidt et al., 2009) were found to reduce P3a amplitude
while driving. Similarly, mind-wandering during driving is
associated with a reduction in P3a amplitude (Baldwin et al,
2017). One other study found both P3a and P3b components’
amplitudes were reduced due to driving-related fatigue (Guoping
and Zhang, 2009). These findings show that ERP components
could be utilized to detect variations in neurophysiological
arousal due to interrelated cognitive constructs in
driving contexts.

Some researchers have argued that LF/HF ratios (e.g., frontal
theta/beta) are potential biomarkers for attentional control, and
have established some evidence that such measures have good
psychometric properties, for e.g., test-retest reliability (Putman
et al., 2014; Angelidis et al., 2016). Decreases in beta power
(e.g., Zhao et al., 2012; Jagannath and Balasubramanian, 2014)
have been found, along with changes in theta and delta activity
as markers related to transition to fatigue. This has led some
researchers to propose spectral ratio indices (e.g., alpha/beta;
Eoh et al,, 2005; Wang et al., 2018), as biomarkers of alertness.
However, ratio indices have also been criticized for being an
inadequate method because it combines frequency bands with
distinct topographic specificity that change differently over time
(Wascher et al., 2014). There is existing criticism of this ratio
approach, especially in driving research (Wascher et al., 2018),
and more broadly, researchers in cognitive electrophysiology
have been moving away from such highly constrained “band-
based” approaches given their lack of replicability across studies.
Alternatively, researchers have increasingly endorsed methods
that allow for broad-band assessment of spectral dynamics
(e.g., 1/f scaling, Voytek and Knight, 2015) and methods that
can address narrow-band dynamics without a priori selection
of frequency (e.g., cluster-based permutation testing in time-
frequency data; Maris and Oostenveld, 2007). Other recent work
has used EEG-based detection algorithms to detect fatigue and
drowsiness (Li et al., 2017; Morales et al., 2017; Belakhdar
et al., 2018; Gao et al., 2018; Wei et al., 2018). However,
other work reported no additional benefit of utilizing EEG
measures in drowsiness and fatigue detection in sleep deprivation
contexts (Perrier et al., 2016; Liang et al, 2017). Another
line of work has aimed to apply machine-learning techniques
to brain computing interfaces in order to classify states of
drowsiness and fatigue in real-time (e.g., Lin et al., 2005; Correa
et al,, 2014). Recent work has also shown data filtering and
processing techniques such as artifact subspace reconstruction
and independent component analysis could be utilized for
“online” processing of EEG data collected while driving in order
to attenuate movement-and noise-related artifacts (Krol et al.,
2017). Together, these findings suggest that EEG and ERPs can
be utilized as objective techniques to assess state-level variations
in cognitive demands.

Practical Considerations
There are a number of important considerations when applying
EEG indices to real-world driving environments. Typical EEG

artifacts arising from muscle-and-eye movements (de Waard,
1996; Zander et al., 2017), impedance shifts, environmental line
(60 Hz) noise, and other complications are potentially amplified
in real-world environments. As such, real-time monitoring
of good quality EEG signals is critical for effective data
collection. The commercial introduction of high-impedance
systems with active electrodes and small electrically shielded
mobile EEG amplifiers has spawned a large increase in real-
world EEG applications. Many of these systems are capable
of high density (<128 channel) recording, but it is critical
for the researcher to decide whether and to what degree an
increase in the number of channels may result in a decrease
in the quality of the recorded EEG (Luck and Kappenman,
2012). Importantly, the well-understood limitations of the spatial
resolution of EEG limit the utility of high-density recording
in ecologically valid environments (e.g., where measurement
of EEG sensors co-localized in 3D space on a single-subject
basis may be unfeasible). Moreover, with increasing channel
density comes increases in the likelihood for poorly recorded
or poorly monitored channels during recording. As such, if
source-localization of underlying EEG/ERP generators is not
a primary aim of the methodology (and we expect, in most
applied cases it would not be), researchers may wish to
record from a smaller density (e.g., 32 channels or fewer), at
the benefit of better monitoring of data quality throughout
the experiment.

On the theoretical side—researchers in human factors
automotive research should carefully consider the linking
hypotheses between specific electrophysiological indicators (e.g.,
P3b ERP amplitude, alpha power increases) and their purported
cognitive interpretations. The ERP literature has a massive
basic literature in which specific components have been very
well-characterized relative to their eliciting conditions and
underlying cognitive interpretations (Luck and Kappenman,
2012). One such example was reviewed earlier on characterizing
the P3b under different states of distraction during driving.
Limited work (e.g., Strayer et al, 2015) has attempted to
examine ERP components in naturalistic settings. In future
work, inventive approaches can be validated to use task-
related responses or behaviors (such as eye-blink potentials or
frequent vs. infrequent vehicle cues) as discrete events that
can be recorded to estimate ERP components in real-world
settings. At the same time, such characterizations in the spectral
domain are not as clearly developed to date. However, this
is changing, as basic research in cognitive electrophysiology
shifts toward a more complete understanding of oscillatory
mechanisms underlying human perception and cognition (e.g.,
Kahana, 2006), involving development in standardized analysis
methods (Cohen, 2011), careful experimental characterization of
specific oscillatory markers (e.g., alpha phase and perception,
Mathewson et al, 2009; midline frontal theta and conflict
resolution; Cavanagh and Frank, 2014), and the development of
neurophysiologically guided models (Jensen and Mazaheri, 20105
Voytek and Knight, 2015). We expect that such development
of basic research findings in cognitive electrophysiology will
be a great asset in future applied research in contexts such
as driving.
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Optical Imaging for Cerebral Blood Flow
Optical Imaging Quantification

Optical imaging methods allow for the visualization of the
interaction of photons with tissues (Villringer et al., 1993).
In recent years, there has been a rapid advancement in the
application of non-invasive optical imaging methods such as
functional near infrared spectroscopy (fNIRS) to study human
brain and cognitive functioning. fNIRS is a neuroimaging
method based on the principles of near-infrared spectroscopy,
which was originally developed in humans for investigating
clinical features of brain functioning (e.g., cerebral oxygenation;
Jobsis, 1977). These principles have been extended to measure
local changes in cerebral hemodynamic activity that can be
used to infer information on the underlying neural activity
due to neurovascular coupling, following similar logic to the
Blood Oxygen Level Dependent (BOLD) signal in functional
magnetic resonance imaging. NIR (700-1,000 nm) light is able
to penetrate several centimeters through the skull and into
brain tissue, allowing for non-invasive measurement of certain
optical properties of cortical tissue. For example, changes in the
concentration of oxy- and deoxy-hemoglobin can be measured
via NIRS because oxy- and deoxy-hemoglobin have distinct
absorption spectra that correspond to the different coloration
of arterial and venous blood (Grinvald et al., 1986). These
absorption characteristics make it possible to use a spectroscopic
approach to measure changes in the concentration of oxy- and
deoxy- hemoglobin as a function of neural activity, for example
during cognitive task performance. In typical optical imaging
systems, optical fibers, called optodes or sources, carry NIR light
to the scalp while other optical fibers, called detectors, collect the
photons as they emerge from the scalp. Each source-detector pair
is a single channel. Multi-channel and wearable fNIRS systems
have become commercially available with diverse montages
capable of measuring brain activity across the entire scalp.

Optical Imaging for Cerebral Blood Flow in

Driving Context

The application of fNIRS in driving research is in its infancy.
Nevertheless, a number of interesting demonstrations of the
utility of fNIRS for studying over-arousal states such as driver
workload have emerged (e.g., Tsunashima and Yanagisawa,
2009; Liu et al, 2012, 2016; Sibi et al., 2016). For example,
increases in oxygenated hemoglobin have been reported during
simulated driving tasks under cognitive load compared to control
conditions (Liu et al., 2012). A recent study (Unni et al., 2017)
utilized fNIRS in a naturalistic driving simulator while doing
a secondary task (modified version of 0-4 back). They found
systematic increases in bilateral inferior frontal and temporo-
occipital brain regions with increments in workload. Another
study reported that fNIRS could be used to differentiate between
low vs. high workload (n-back task) related hemodynamic
activity in the prefrontal cortex while motorists drove in a
realistic driving simulator (Herft et al., 2017). Furthermore,
fNIRS have been used to monitor pilots task engagement and
working memory load in real-time (Gateau et al,, 2015). On a
related note, {NIRS have been found sensitive to increase in task
difficulty in flight simulators (Causse et al., 2017) as indicated

by an increased concentration of oxygenated hemoglobin and a
decreased deoxygenated hemoglobin.

Other work has investigated effects of under-arousal
related states with fNIRS. Research has related decreases in
hemodynamic measures of cerebral oxygenation with fatigue
in simulated driving (Li et al, 2009), and findings have
been extended into actual highway driving (Yoshino et al,
2013). An increase in fatigue can be indexed by a decrease in
cerebral oxygenation and mental stress can be indexed by an
increase in cerebral oxygenation. Tsunashima and Yanagisawa
(2009) examined changes in prefrontal activity via multi-channel
frontal fNIRS systems in driving with and without adaptive
cruise control. Their findings revealed substantial decreases
in prefrontal activity when participants drove with adaptive
cruise control relative to without, which was correlated with
perceived workload (via the NASA-TLX). Similar decreases in
activation of prefrontal cortex (lower cognitive load associated
with drowsiness) were reported while participants monitored
a simulated autonomous car driving task relative to higher
prefrontal cortex activation during manual driving task (Sibi
et al., 2016). Such findings indicate that optical imaging for
cerebral blood flow is a valuable tool for assessing performance
and neural efficiency in well-controlled realistic driving contexts.

Practical Considerations

One important limitation of fNIRS is that, because it relies on the
measurement of absorption properties of light as a function of
vascular changes in the brain, its temporal resolution is limited
by the time-course of hemodynamic activity (on the order of
seconds). In contrast, the development of recent ‘fast’ optical
imaging methods, such as the event-related optical signal (EROS;
Gratton and Fabiani, 2001, 2003), which measures scattering
properties of light as a function of changes in neural activity, have
amuch higher temporal resolution (on the order of milliseconds).
Although applications of this method in human factors research
is sparse, fast optical imaging methods have growing promise.
While the spatial resolution of optical imaging methods is higher
than EEG, such spatial inference is constrained by the penetration
depth of NIR light, which reaches only a few cm from the
scalp surface. Therefore, imaging of activity from deep cortical
and subcortical sources (beyond the outer cortical mantle) is
limited. Recent work has also employed wearable fNIRS systems
(Piper et al., 2014; McKendrick et al, 2016; Le et al, 2018)
and simultaneous collection of fNIRS and EEG (Kassab et al.,
2018), which can enable real-world monitoring in ecologically
valid settings.

Heart Rate (HR) and Heart Rate

Variability (HRV)

Heart Activity Quantification

Heart rate (in beats per minute or bpm) is the number of
heartbeats in 1 min (Jennings et al., 1981). Electrocardiography
(ECG) is a well-established method to record the electrical
activity of the heart. In psychophysiology, a lead II configuration
(i.e., placing the negative electrode in the region of right collar
bone, the ground near the left collar bone, and the positive lead
over the lower left ribcage, or functionally similar variant) is

Frontiers in Human Neuroscience | www.frontiersin.org

March 2019 | Volume 13 | Article 57


https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Lohani et al.

Psychophysiological Measures in Driving

commonly used to be able to record electrical activity of the
heart via research grade equipment. A single heart beat wave in
an ECG signal shows changes in electrical potentials (referred
to as the P, Q, R, S, & T components and together they are
referred to as the QRS complex, for review please see Berntson
et al., 2007). The R component (one for each heart beat) is due
to ventricular depolarization and for a lead II configuration, it
has a larger magnitude and a sharper inflection than the rest
of the components making it easily detectable. While heart rate
is a count of beat per minute, heart period (also called inter-
beat-interval) is the time in milliseconds between successive R
spikes (Berntson et al., 2007). Heart rate is generally derived by
converting mean heart period (in milliseconds) to heart rate (in
beats per minute), see Berntson et al. (2007).

Heart data can also be collected via other technique
including  photoelectric ~ plethysmography  (PPG) and
photoplethysmography imaging (PPGI). PPG technique
includes use of a photocell (such as an infrared light-emitting
diode) placed over an area of tissue with blood capillaries that
is easily accessible (e.g., finger or ear lobe). Energy emitted
from an infrared source passes through the tissue and reflects
off the tissue. Changes in blood volume (due to heart beats) in
an area can thus be assessed by the amount of light that was
reflected back to the photodetector, and thus forms the basis
of estimating heart beats (Berntson et al., 2007; Laborde et al.,
2017). A similar concept is used in “wearables” which have
photo-emitters and detectors placed on a convenient location
(e.g., wrists and earlobes) making them easy to wear and collect
data from them (Byrom et al., 2018; van Gent et al., 2018). This
idea is used in vehicles with photo-emitters and detectors placed
on the steering wheels, which allow collecting heart data (heart
rate, HRV, and blood volume pulse) while driving. Another
advancement in PPG is a contactless measurement technique
called PPGI that detects color changes (e.g., the forehead area) in
a video due to blood perfusions (Blocher et al., 2017). Instead of
photodiodes used in PPG, PPGI uses detector arrays in cameras
to collect image sequences that contain information about
bio-signals (e.g., blood volume pulse and respiration). Image and
signal processing methods are utilized for beat-to-beat heart rate
estimation (Blocher et al., 2017; Madan et al., 2018).

On a related note, established guidelines for heart beat
detection processing, with recommended parameters to derive
heart rate and heart rate variability are provided in Jennings et al.
(1981), Berntson et al. (2007), and Shaffer and Ginsberg (2017).
Custom and open-source software has also been developed to
automatically detect R peaks to calculate heart beats. As is true
for most physiological measures, data should be visually checked
to inspect the ECG data for artifacts and irregularities. Artifacts
can be introduced in these data due to numerous reasons
(such as motorists’ excessive motion, sneezing and coughing,
and irregular heartbeats) any of which can disrupt the ECG
measurement or directly impact normal heart-beat patterns.
Visual inspection helps insure that the heart beats are correctly
marked by the detection software and physiologically improbable
values are detected and then corrected.

HRYV is variability in the time intervals of adjacent heartbeats
(Berntson et al., 2007; Shaffer and Ginsberg, 2017). HRV can

be derived from ECG data over a period of time ranging from
short intervals (~1-5min) up to longer intervals (~24 h). HRV
metrics can be roughly categorized as falling under time-domain,
frequency-domain, or non-linear measures of HRV (for a review
see Shaffer and Ginsberg, 2017). Time domain-based parameters
calculate the variations in heart beat intervals, such as standard
deviation of R-R intervals (SDRR), percentage of successive
R-R intervals that differ by more than 50ms (pNN50), and
root mean square of successive R-R intervals (RMSSD). A few
time-domain parameters also represent geometric shape of R-
R interval distributions, such as the HRV triangular index (i.e.,
plotting the integral of the ratio of RR interval density histogram
by its height) and the baseline width of the RR intervals histogram
(TINN), for details see Shaffer and Ginsberg (2017). Frequency-
domain based measures transform the beat-to-beat variations in
heart beat (R-R intervals) into frequency power bands via Fourier
analysis (Task Force of the European Society of Cardiology,
1996). The most commonly used frequency-domain methods are
low- and high-frequency power. A low-frequency (LF) power
is the energy of heart rate oscillations in a lower-frequency
(0.04-0.15Hz) band. Similarly, high-frequency (HF) power is
the energy of heart rate oscillations in a higher-frequency (0.15-
0.4 Hz) band (Task Force of the European Society of Cardiology,
1996; Shaffer and Ginsberg, 2017). A peak in these frequency
bands can also be calculated, which is an estimate of the peak
frequency in the specific frequency band. Non-linear measures
of HRV are useful in capturing the unpredictability and dynamic
nature of heart rate time-series data (Shaffer and Ginsberg, 2017).
Common measures include fitting an elliptical-shape to represent
non-linear HRV and calculating approximate entropy (ApEn)
and sample entropy (SmpEn), which characterize the complex
pattern of time-series heart data (Shaffer and Ginsberg, 2017).
Detailed discussions can be found elsewhere (Task Force of the
European Society of Cardiology, 1996; Berntson et al., 2007;
Laborde et al., 2017; Shaffer and Ginsberg, 2017).

HR/HRYV in Driving Context

Over-arousal in driving context

Heart rate is a commonly measured index of physiological
arousal in response to changes in driving demands. One of
the most studied over-aroused cognitive states is workload.
Numerous studies have examined changes in heart rate as a
function of workload (Lenneman and Backs, 2009, 2010; Mehler
et al., 2012; Heine et al., 2017). Heart rate was also found to
increase while performing visual and auditory dual-tasks relative
to single-task of driving in a simulator (Lenneman and Backs,
2009). Similarly, heart rate has been shown to be incrementally
higher for systematically more difficult auditory dual-tasks while
driving in a simulator (Mehler et al., 2009) as well as while driving
on-road (Reimer et al., 2009). These findings of an incremental
change in heart have been replicated in younger-aged (20-29
years old), middle-aged (40-49 years old), and older-aged (60-69
years old) adults (Mehler et al., 2012). Thus, heart rate increases
with workload due to cognitive demand (Lenneman and Backs,
2009; Mehler et al.,, 2012; Ruscio et al., 2017; Hidalgo-Mufioz
et al,, 2018; c.f., Engstrom et al., 2005). Other efforts have also
been made to utilize rhythmic and morphological parameters

Frontiers in Human Neuroscience | www.frontiersin.org

March 2019 | Volume 13 | Article 57


https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Lohani et al.

Psychophysiological Measures in Driving

of a heart activity to explore mental workload. A recent study
examined the influence of mental workload (due to a secondary
task) on morphological parameters from ECG while completing
a lane change task (Heine et al., 2017). They found that a
combination of derived HR and HRV features (such as mean
HR, RMSSD, pNN50, etc.) could be extracted from ECG data
that could distinguish between workload levels and suggest that
a combination of ECG features can be used to detect mental
workload (for details see Heine et al., 2017).

Relative to HR, a fewer number of studies have examined
HRYV, especially in a systematic manner. HRV decreases with
increasing task demands (Luque-Casado et al., 2016). HRV has
been found to be sensitive to variations in attention levels
while driving that may not be necessarily evident in driving
performance (Lenneman and Backs, 2009) and thus HRV can
have more sensitivity than behavioral measures. LF- and HF-
HRV power bands are influenced by driving task (Zhao et al.,
2012; Tozman et al., 2015; Wang et al., 2018). A study (Tozman
etal., 2015) compared effect of demand levels (boredom, average
demand, and high demand) on HRV in a driving simulator. Both
LF- and HE-HRV varied for all the three conditions. High task
demands reduced both LF-HRV and HF-HRV (Tozman et al,,
2015). Some work has indicated that stress-inducing real-world
driving tasks lead to increased heart rate and decreased SDNN,
RMSSD, pNN50 (Lee et al., 2007). HRV also varies with workload
experienced by drivers during simulated driving (Zhao et al.,
2012; Heine et al., 2017; Hidalgo-Muifioz et al., 2018) and on-
road driving (Lee et al., 2007). In addition, HRV variations due to
cognitive workload have also been found in city traffic operators
(Fallahi et al.,, 2016) and unmanned aerial vehicles operators
(Jasper et al., 2016). HRV is sensitive to workload increases due
to vigilance and situational awareness demands of the task (Saus
et al., 2001; Stuiver et al., 2014; Jasper et al., 2016). However, at
least one study (Shakouri et al., 2018) found no variation in heart
rate variability metrics (RMSSD, LE, HE, and LF/HF ratio) as a
function of higher traffic density while driving in a simulator,
even though variations in subjective workload were found.

Under-arousal in driving context
HR and HRV are also sensitive to low-arousal states, such
as vigilance and drowsiness. Decreases in vigilance over the
course of a 3-h continuous driving task were indexed by a
significant drop in heart rate over time (Schmidt et al., 2009).
Drowsiness experienced in car drivers and aircraft pilots can also
be associated with decreases in HR (Borghini et al., 2014). A
recent on-road study (Biondi et al., 2018) found that driving a
Tesla in semi-automated mode (e.g., autopilot) led to a lower
heart rate relative to manual driving on a freeway. Another
study found heart rate was sensitive to activity of the Adaptive
Cruise Control (ACC) technology (Brouwer et al., 2017). Heart
rate increased when ACC decelerated more suddenly compared
to instances when the car decelerated more gradually (Brouwer
et al., 2017). These findings suggest that heart rate is a sensitive
measure that can assess cognitive processing pertaining to
advanced technology in semi-autonomous vehicles.

Other studies have found that LF-HRV and HF-HRV vary
with fatigue (Liang et al., 2009; Sugie et al., 2016). A recent

study (Wang et al., 2018) found that changes in fatigue levels
while driving can be represented by non-linear measures of
HRV (e.g., sample entropy). Variations in drowsiness levels can
also impact HRV (Noda et al,, 2015; Piotrowski and Szypulska,
2017). Another recent study found that variations in HRV (TINN
and RMSSD) was higher when participants drove a vehicle in
automated mode relative to the manual mode (Biondi et al.,
2018). Perhaps, drowsiness and a lack of engagement in the
driving task during automated mode may have led to a higher
HRV. HRV and blink rates have also been shown to assess sleep
onset (Noda et al., 2015). HRV-based assessment algorithms can
be used for early detection of fatigue and drowsiness to augment
attention and performance (Patel et al., 2011; Zhao et al., 2012;
Abe et al., 2016; Vicente et al., 2016).

Practical Considerations

Heart rate and its variability are inexpensive and reliable
measures that are relatively easy to record with research-quality
equipment that meets recommended guidelines (Task Force of
the European Society of Cardiology, 1996). It has good signal
to noise ratio as well (R-R peaks can be detected even in very
noisy environments). Consequently, it is also not difficult to
collect in lab as well as in unpredictable field studies, especially
with the availability of mobile data recording systems. However,
these advantages can also lead to misuse of this methodology.
Great attention to the data collection and processing are required
to have meaningful data. Skin preparation (e.g., cleaning with
alcohol wipes) before electrode placement and signal monitoring
to collect good quality data can drastically reduce post-processing
(e.g., Berntson et al., 2007). Participants should be comfortably
positioned to avoid physiologically induced changes in heart rate
such as altered breathing rate due to postural adjustments. Body
movements should be minimized and accounted for as such
movements can add noise and also add movement-related heart
rate changes. Effective data cleaning to remove artifacts and noise
are a must, otherwise heart data will be uninterpretable.

Some recording devices do not utilize the traditional QRS
complex from an ECG to calculate HR and HRV. For example,
PPG uses a photoelectric sensor that estimates changes in
blood volume to calculate HR. There are a few methodological
challenges that should be considered before adopting such PPG-
based systems. PPG records a lagged cardiac response further
away from the heart (e.g., from fingers and earlobes). Unlike ECG
based estimates that have a sharp spike for the R component,
PPG-based methods instead show a less pronounced curved
peak of the blood volume pulse signal, which makes accurate
and automatic detection of heart period relatively more difficult
(Laborde et al., 2017). Moreover, ECG-based estimates of HR
and HRV are recommended for more reliable results because
it allows visual inspection and artifact correction of heart
data. Such methodological differences between PPG and ECG
can explain why PPG and ECG findings are comparable
during rest, but are not comparable during stress, for example
(Schifer and Vagedes, 2013).

On a related note, commercialized equipment meant for
exercise and fitness tracking fail to meet established guidelines
for heart data collection and processing (e.g., minimum
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sampling rate and access to raw data for necessary artifact
correction methods), which are necessary to make meaningful
interpretations (see Berntson et al., 2007; Quintana et al., 2016;
Shaffer and Ginsberg, 2017). Similarly, smartphone camera-
based assessments have methodological challenges, including
very poor sampling rate, illumination variation (due to
confounds like weather and time of day), poor signal-to-noise
ratio, and motion-related artifacts that can lead to inaccurate
interpretations (Laborde et al., 2017; cf,, Nowara et al., 2018;
van Gent et al, 2018). Ensuring the validity and inter-device
variability of wearables (which utilize a PPG-based or camera-
based HR system) with an established ECG-based equipment
is a necessary step to be able to validate data collected from
wearables. However, most commercialized equipment has not
been validated in such a manner (Quintana et al., 2016). Without
this critical validation step, data collected from commercialized
non-research grade equipment does not have convergent validity
and should be discouraged by the scientific community until such
standards are met. While innovation is critical to be able to collect
psychophysiological data in real-world settings, careful adoption
and cross-checks with existing gold standards are necessary to
make meaningful progress in the adoption of these technologies
in real-world driving research.

Moreover, HF-HRV has been found to be impacted by
parasympathetic nervous system, however, LE-HRV is influenced
by both sympathetic and parasympathetic nervous systems
(Berntson et al., 2007; Laborde et al., 2017). Thus, LF-HRV
should not be described as a metric of sympathetic activity,
but instead be interpreted as a mixture of sympathetic and
parasympathetic influences. On a related note, the LE/HF ratio
has been a controversial metric as it assumes that LF is due
to sympathetic activity while HF is due to parasympathetic
(Billman, 2013). The LF/HF ratio was originally based on 24h
recordings, while shorter duration recordings (even 5 min long)
have also been calculated. The duration of recording (e.g.
5min vs. 24h) can also lead to uncorrelated findings and
some metrics are better for short term recordings than others
(Shaffer and Ginsberg, 2017).

Another metric we would like to highlight is heart period.
Heart rate and heart period have been used interchangeably,
however in some instances heart period may be a better choice.
Even though, heart rate is more commonly used metric, use of
heart period instead of heart rate is recommended measure of
autonomic activity because heart period changes more linearly
over time (Quigley and Berntson, 1996; Berntson et al., 2007).
Heart period should specially be used when comparing changes
in heart activity due to experimental manipulation or due
to between group differences for short time periods. Further
information on heart activity related metrics can be found in
detailed reviews (Jennings et al., 1981; Task Force of the European
Society of Cardiology, 1996; Berntson et al., 2007; Laborde et al.,
2017; Shaffer and Ginsberg, 2017).

Not all heart-based metrices may be sensitive to the variations
in cognitive state during driving task. For instance, a study
compared several commonly used metrices for HR and HRV
cognitive workload during highway driving (Mehler et al,
2011). While HR was robust in differentiating between cognitive

workload in single vs. dual tasks, HRV indices were less robust
(e.g., smaller effect sizes). A few HRV indices varied with
workload (RMSSD, SDSD, and LF power), however others
(SDNN, NN50, pNN50, HF power, and LF/HF) did not
significantly differ with workload (Mehler et al., 2011). These
findings suggest that depending upon the task, certain indices
may be more sensitive to variation in cognitive state than other
indices that may be less robust.

In addition, researchers should consider other contextual
factors that may vary across participants and may confound
study interpretations. A confounding factor that can potentially
bias HF-HRV comparisons between conditions of interest is
differences in respiration (Grossman, 1992; Berntson et al., 2007;
Laborde et al., 2017). Respiration related-parameters should be
accounted for by using them as covariates with such HRV indices
(for a detailed discussion, see Berntson et al., 2007; Laborde et al.,
2017). Similarly, other factors may impact HR/HRYV, including
task characteristics and motorists state (relaxation, engagement,
and motivation) and activities (smoking and posture). For
instance, HRV may increase over time if the task becomes less
difficult over time, which may put motorists in a more relaxed
state (Jasper et al., 2016). Similarly, HRV may also increase over
time with disengagement or demotivation to perform a difficult
task (Jasper et al., 2016). Careful consideration of contextual
factors will afford accurate and reliable measurement of HR/HRV
indices in applied driving settings.

Blood Pressure (BP)

BP Quantification

BP (in millimeters of mercury, also written as mmHg) is the
force exerted against the walls of the blood vessels (Shapiro
et al,, 1996; Berntson et al., 2007). Depending upon the stage
of the dynamic cardiac cycle, BP differs from lowest to highest
levels. During a single cardiac cycle, diastolic BP is the lowest
level of arterial pressure when the heart is filled with blood
and systolic BP is relatively the highest level of arterial pressure
(Shapiro et al., 1996; Berntson et al., 2007). As invasive methods
to record BP require additional safeguards and equipment,
most psychophysiology research studies focus on non-invasive
approaches to record blood pressure. Three relatively non-
invasive methods are auscultatory or oscillometric methods,
arterial tonometry, or the volume-clamp methods (see for details,
Berntson et al., 2007). The most common method is auscultatory
measurement, which records the sounds of blood flow by
placing a cuff on the upper arm and a stethoscope placed
over the brachial artery to identify the systolic and diastolic
blood pressure (Shapiro et al, 1996; Berntson et al., 2007).
Physiological arousal during mentally effortful situations leads to
greater vasoconstriction and cardiovascular reactivity evidenced
by increased heart rate and blood pressure and decreased heart
rate variability (Lundberg et al,, 1994; Ottaviani et al., 2016).
BP increases with psychological stress (Ottaviani et al., 2016)
and is correlated with self-reported stress (Lundberg et al.,
1994). However, cognitive workload may not reliably influence
BP (EIKomy et al., 2017).
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BP in Driving Context

Limited research has examined over- and under-arousal via BP in
driving contexts. Systolic BP and BP variability have been found
to increase while driving in simulated high traffic conditions that
had high workload demands (Stuiver et al., 2014). Fatigue was
also associated with a decrease in systolic BP and HR (Liang
et al., 2009). However, other studies have not found a reliable
effect of stress on BP (Simonson et al., 1968; Littler et al., 1973;
Lee et al, 2007). One study found no significant change in
BP from beginning to end of the drive with a short period
of arterial pressure changes during events such as overtaking
that returned to baseline (Littler et al., 1973). BP was also not
found to vary in an on-road stressful driving task speed in
a simulator even though HRV parameters were significantly
impacted (Lee et al., 2007).

Nevertheless, BP is a very useful measure to understand the
factors that impact driving performance. One clear example of
this comes from a simulator-based study investigating aggressive
driving behavior in irregular traffic flow and under time pressure
(Drews et al., 2012). Irregular traffic patterns were not found to
impact BP. However, male drivers who were under time pressure
to drive faster in order to receive a monetary incentive, had
elevated systolic BP compared to females under time pressure
or compared to male drivers who were not under time pressure.
In fact, females did not show any elevated blood pressure
under time pressure (Drews et al., 2012). These findings suggest
that individual difference factors such as sex differences and
motivation to drive aggressively may impact driving behavior
and associated physiological signals. Other studies have shown
that trait-level variation in BP (such as a history of high BP
i.e,, hypertension) is an important measure to capture health
and age-related impact on driving performance in vulnerable
older populations (Lyman et al., 2001; Siren et al., 2004). A 5-
year longitudinal study that examined the effect of urban bus
driving on BP found that the number of hours driven per week
predicted higher diastolic BP (Johansson et al., 2012), suggesting
that there are cumulative effects of cognitive demands and stress
of continuous driving.

Practical Considerations

While heart-rate was reported to rapidly change in response to
car racing, BP was “less responsive” (Simonson et al., 1968).
Other studies have found that BP does not change significantly
during on-road driving (Littler et al., 1973; Lee et al., 2007).
A few BP recording-related reasons could play a role. BP can
rapidly change over time so multiple readings are recommended
for a more accurate estimate. However, a limiting factor is
the BP equipment. The pressure from a cuff worn by the
responder can become uncomfortable and disruptive within a
few minutes. Continuous reliable BP measurement (especially
via volume-clamp) is uncomfortable, distracting, and potentially
disruptive to driving. This limits the frequency of samples that
could be collected, which are about 1 reading per minute. Also,
the BP recordings are sensitive to movement so in an on-
road study, it is less feasible to accurately record multiple BP
reading from participants while drivers are actively involved
in the driving process. While some alternative methods to

record blood pressure (e.g., plethysmography) may be available,
methodological issues similar to those discussed in recording
heart activity apply to BP as well and it is crucial to evade
poor quality unreliable equipment. In sum, BP provides valuable
insights about vulnerable states of the drivers, however, in a
real-world driving context, methodological concerns can limit
reliable data collection. Much future work is required to be able
to measure reliable and non-invasive BP activity.

Electrodermal Activity (EDA)

EDA Quantification

EDA, previously known as galvanic skin response, is a change
in electrical potentials of the skin that can be used to make
interpretations about the psychological phenomena of the
responder (Boucsein et al, 2012). EDA can be measured
via exosomatic or endosomatic techniques. Exosomatic
techniques—a more commonly used method used in applied
research—apply a small current through a pair of electrodes
and then measure electrical resistance (or its reciprocal, i.e.,
conductance) from the skin. Because the current is kept constant,
it is possible to measure changes in the voltage between the
electrodes that will vary directly with changes in skin resistance,
following Ohm’s lab (see Dawson et al., 2007 for a technical
review). Endosomatic techniques measure passive changes in
intrinsic electrical activity without application of an external
current. For details on EDA recording techniques, see Fowles
(1986), Dawson et al. (2007), and Boucsein et al. (2012). Higher
EDA is indicative of physiological arousal due to increased
sympathetic autonomic nervous activity (Dawson et al., 2007;
Lohani and Isaacowitz, 2014). EDA is sensitive to physiological
reactivity and many other factors, such as respiration and mental
effort (Dawson et al., 2007). Commonly derived EDA metrics
(Dawson et al., 2007; Boucsein et al., 2012) include slowly varying
tonic level of electrical conductivity (skin conductance level;
SCL) and phasic increase in magnitude electrical conductance in
response to an unexpected or relevant event (skin conductance
response; SCR). Non-linear EDA metrics that can differentiate
between increased cognitive load vs. recovery phases of stressors
have been identified as well (Visnovcova et al., 2016).

EDA in Driving Context

In driving research, systematic variation in several arousal-
related constructs can impact EDA. Most commonly investigated
is cognitive workload. SCL is higher during increased workload
in dual-task relative to single-task driving (Mehler et al., 2012). A
systematic investigation of workload increments in one on-road
driving study (Mehler et al., 2012) found a systematic increase in
SCL as a function of three levels of auditory workload secondary
tasks relative to single driving task for young, middle, and older
age groups. These findings suggest that SCL can be used to
index workload levels in driving context. High SCR has also been
found to increase with workload experienced by motorists while
driving on difficult road types that required avoiding more traffic
and making more decisions (Schneegass et al., 2013). A recent
study reported SCR amplitude increased with cognitive load due
to dual-task driving (Ruscio et al., 2017). Additional workload
experienced due to texting and navigation (Seo et al., 2017) and
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speeding (Kajiwara, 2014) while simulated driving was also found
to increase EDA.

EDA also varies with other physiological arousal-related
constructs. EDA based indices can be used to detect stressful
events during driving (Affanni et al., 2018). A recent study
utilized feature extraction and discrimination processing
techniques to classify EDA data into low, medium, vs. high
stress levels with about 82% recognition rate (Liu and Du, 2018).
Another recent study found higher SCLs when participants drove
a simulated vehicle in autonomous mode compared to manual
mode (Morris et al., 2017). Higher skin conductance levels
could be indicative of lower levels of trust in the autonomous
mode than manual mode. State anxiety during simulated
driving was also found to be associated with SCL (Barnard and
Chapman, 2018). Another recent study found that relative to
sleepiness, higher skin conductance levels are found during
wakefulness, effects which are indicative of comparatively higher
sympathetic activity (Schmidt et al., 2017).

Practical Considerations

In driving contexts, EDA is shown to vary due to many cognitive
states, such as workload, stress, anxiety, sleepiness, all of which
are influenced by sympathetic nervous system activity. This
allows the use of EDA in assessment of various psychological
phenomena (Dawson et al., 2007). Therefore, caution should
be exercised while interpreting changes in EDA in an applied
and less-controlled setting as it is sensitive to not one, but
many psychological variables. In the driving context, careful
choice of filters to remove artifacts (Affanni et al., 2018) and
identification of cognition-related features (Chen et al., 2017; Liu
and Du, 2018) that have been successfully implemented could
be utilized to improve accuracy and detection. One disadvantage
of EDA is that it has a slower response (lag of 1-3s) after
the stimulus has occurred (Dawson et al., 2007). In instances
when near-real time physiological responses need to be detected,
EDA may be relatively slower (than cardiovascular measures).
Another point to consider is that, similar to other physiological
measures, not all individuals have the expected skin conductance
response (Dawson et al., 2007). This is another reason to avoid
reliance on a single measure, but multiple channels, to capture
the psychological phenomena of interest.

Electromyography (EMG)

EMG Quantification

EMG is used to measure the electrical activity generated by
muscle fibers (Fridlund and Cacioppo, 1986; van Boxtel, 2001).
Surface EMG is captured by placing small surface electrodes
on specific muscles of interest, which is then digitized and
amplified to record muscle activity (Fridlund and Cacioppo,
1986). Numerous features can be extracted from the EMG signals.
Root mean square of the signal (in microvolts) is a recommended
and commonly reported EMG signal amplitude (Fridlund and
Cacioppo, 1986). Other commonly assessed statistical features
are peak spectral density, peak amplitude, and peak frequency.
A specific muscle’s activity can provide insights into the
psychological processes underplay. For instance, the smile muscle
(or zygomaticus major) and the frown muscle (or corrugator

supercilii) have been used a lot in emotion research to identify
positive and negative behavioral expressions. For example, more
frown muscle activation can be an index of negative behavioral
expressions (Lohani and Isaacowitz, 2014; Lohani et al., 2018).
Psychological processes (e.g., stress) can lead to sympathetic
nervous system activity (Lundberg et al., 1994), which can elicit
muscular tension. Researchers have studied muscular activations
under controlled conditions to index mental processes (Lundberg
et al., 1994; Wijsman et al., 2013; Luijcks et al., 2014). Applied
driving research has successfully assessed psychological processes
by assessing EMG (Healey et al., 1999; Fu et al., 2016; cf., Morris
etal., 2017; Ma et al., 2018).

EMG in Driving Context

In driving contexts, surface EMG has been utilized to study
psychological and physiological stress (Jonsson and Jonsson,
1975; Wikstrom, 1993; Balasubramanian and Adalarasu, 2007;
Ahlstrom et al., 2018). Stress and fatigue have been studied by
recording electrical activity from relevant muscles. For instance,
variations in the trapezius muscle (a major back muscle that
extends from the neck to shoulder blades and lower spine)
and deltoid (triangular muscle located on uppermost part of
an arm and the top of shoulder) are influenced by mental
stress (Wikstrom, 1993; Balasubramanian and Adalarasu, 2007;
Hirao et al,, 2007; Wijsman et al., 2013; Luijcks et al., 2014; cf,,
Morris et al., 2017). A recent study (Lee et al., 2017a) recorded
trapezius muscle activity to detect stress in a driving simulator
under relaxed and stressed conditions. A continuous increase
over time in muscular tension was associated with greater stress
experienced due to driving task (Lee et al., 2017a). Muscular
tension can thus be a useful metric of stress level that can be
utilized in driving research.

It is worth noting that muscular fatigue and discomfort
are not isolated issues (Leinonen et al,, 2005) and they cause
psychological distress and disrupt cognitive performance while
driving. Muscle fatigue while driving has been studied by
examining changes in muscular tension in shoulder and neck
muscles (Sheridan et al., 1991; Wikstrom, 1993; Balasubramanian
and Adalarasu, 2007; Hirao et al, 2007). Compared to the
beginning of the drive, continuous driving can lead to reduced
back muscles (e.g., trapezius and deltoid) activity and fatigue.
Muscular fatigue (measured by EMG of back muscles) is
associated with decreases in power of EMG activity-related
frequency band (Hostens and Ramon, 2005; Balasubramanian
and Adalarasu, 2007; Hirao et al., 2007). Surface EMG is a helpful
way of identifying discomfort in fatigued and weak muscles and
targeting rehabilitation for skeletomuscular problems specially
in professional or long-distance drivers (Balasubramanian and
Adalarasu, 2007). A recent study (Artanto et al., 2017) has also
used a low-cost EMG system to detect drowsiness. An EMG
sensor attached to muscles around eyelid region captured the
duration of eyelid closure as an indicator of drowsiness (Artanto
et al,, 2017). Another recent study has proposed a system that
can detect real-time changes in EMG (Mazzetta et al., 2018).
Further research is needed to validate EMG’s applicability in
real-world settings.
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Practical Considerations

EMG measurement enable recording continuous data from the
specific muscle of interest without obstructing the driving task.
Such objective information can be helpful in learning about
muscular activity (and relevant cognitive states) that may not
be necessarily visible to the researchers or under the awareness
of the responder. However, it is essential to pay attention to
any outliers or irrelevant events that may add noise to the
EMG signal and impact signal interpretation. Irrelevant events
can include muscular activity due to driving-unrelated (e.g.,
continuous posture change, scratching skin, or touching the
electrodes) and driving-related (e.g., functional steering activity)
movement and yet unrelated to the cognitive state (e.g., mental
workload) of the driver (Mehler et al.,, 2009). In real-world
settings, it can be tedious to tease apart muscular activity due
to other confounding reasons from activity relevant to changes
in cognitive states. Furthermore, the task under investigation is
also of importance. For instance, a study that compared muscular
tension while driving car autonomously vs. manually found no
differences in EMG signals, but significant differences were found
for SCL (Morris et al., 2017). This suggests that for some tasks
the muscular activity may not significantly differ, but may still be
psychologically different in other modalities. This also highlights
the importance of multiple measures.

Thermal Imaging

Thermal Imaging Quantification

The measurement of changes in skin temperature is a useful
technique to detect and track attributes of a responder, such as
body posture and emotional expression (Gade and Moeslund,
2014; Rai et al,, 2017). A special merit of this technology is
that it enables sensing the real-time state of motorists non-
invasively without disrupting driving related tasks. In addition,
unlike RGB cameras, thermal cameras do not depend on an
external illumination (Gade and Moeslund, 2014; Rai et al,
2017). Objects that emit radiations in the mid-to-long wavelength
infrared spectrum (3-14 wm), such as the human body (but
not inanimate objects) can be detected via thermal imaging
(Gade and Moeslund, 2014; Rai et al, 2017). Changes in
temperature distribution, as captured by the thermal cameras,
are utilized to make meaningful interpretations. For instance,
facial thermography can be used to capture the heat distribution
in facial locations known to vary with sympathetic activity as a
metric of the varying psychological phenomena. Most commonly
investigated facial locations include the forehead and nasal
temperature changes.

Sympathetic autonomous nervous system activation may lead
to constrictions of blood vessels, thereby decreasing temperature
in extremities, such as the nose (Or and Dufty, 2007; Gade and
Moeslund, 2014). For example, mental workload changes lead to
temperature variations in the forehead, nose, cheeks, and chin
regions (Stemberger et al., 2010; Marinescu et al., 2018). A recent
study examined the validity and sensitivity of thermal imaging in
assessing variation in cognitive load (Abdelrahman et al., 2017).
Increased cognitive task difficulty led to significant increases in
the forehead temperature and decreases in nose temperature
(Abdelrahman et al., 2017). The largest effect sizes were found

when the difference in forehead and nose temperature was
estimated. Higher task difficulty led to an increase in forehead
and nose temperature differences (Abdelrahman et al.,, 2017).
Additional work has also examined real-time sensitivity of
thermal imaging and found that specialized thermal cameras
can detect changes in cognitive load with a latency of 0.7 s
post eliciting event (Abdelrahman et al, 2017). This finding
suggests that this methodology has a high relevance for real-time
assessments of cognitive load in applied settings like driving.

Thermography in Driving Context

In driving contexts, facial thermography was found to be useful
in assessing over-arousal constructs such as mental workload (Or
and Duffy, 2007; Murai et al., 2008). Performing a secondary
workload task (mental arithmetic) while driving in a simulator
as well as an on-road car led to a decrease in nasal temperature
with stable forehead temperatures (Or and Duffy, 2007). Drop
in nasal temperature also correlated with self-reported workload
(Or and Dufty, 2007). Another study found increases in the
difference between nose and forehead temperature increased
with mental workload (Kajiwara, 2014). Participants’ nasal
temperature varied as a function of mental workload in simulated
driving (Kajiwara, 2014). Workload variation indexed by changes
in nasal temperature were also reported during ship navigation
using a simulator (Murai et al., 2008), highlighting its utility in
applied settings.

Furthermore, facial thermography can be useful to examine
and infer heat distribution in faces during emotional states.
This method could be promising and may provide a non-
approach to capture emotional states because
current methods of emotion recognition using facial features
detection software have limitations. One study used an
infrared thermal camera to non-invasively detect face regions
and recognize emotional states of motorists (Kolli et al,
2011). This study suggests that thermography can improve
face detection algorithm for in-vehicle settings thereby
facilitating ADAS.

In another line of work (Cheng et al., 2007), a combination of
thermal infrared and color cameras have shown to be effective in
sensing body movements in real-time on-road driving. Similarly,
infrared streaming has been used to develop posture and
occupancy sensory systems (Kato et al., 2004; Trivedi et al., 2004).
Another recent study reported successful use of near-infrared
light and thermal camera sensors to identify aggressive driving
behavior (Lee et al., 2018) and were able to categorize aggressive
driving from relaxed driving. The above studies suggest that
thermography has the potential to be a useful non-invasive
technique that can be validated to capture cognition-relevant
states and improve traffic safety.

invasive

Practical Considerations

Thermal cameras are used in numerous industrial, agricultural,
and military settings (Gade and Moeslund, 2014). They
can be extremely useful in vehicular technology because
they are non-contact sensors and can work regardless of
external illumination. Nevertheless, further testing is needed
to better understand how this technology would improve our
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understanding of cognitive states in traffic safety. Further
systematic investigation and replication of thermography as a
function of cognitive workload, stress, and drowsiness after
controlling for confounding factors, such as environmental
factors (e.g., weather conditions and air conditioning), are
needed to be able to make confident assessments of cognitive
states. The results so far look promising.

Pupillometry

Pupil Quantification

Pupillometry is the measurement of pupil size and reactivity.
Modern pupillometry is measured via optical eye-trackers that
use some combination of monitoring infrared light reflections
from the cornea, the back of the lens, and the pupil, as well
as absorption of light by the pupil (e.g., dark-pupil tracking).
Most modern eye-tracking devices can monitor pupil location
(and eye-fixation location) with very high resolution (>1,000 Hz)
non-invasively and at a substantial distance from a participant.
Thus, measurement can occur in highly ecologically valid
environments, without participants having to make any overt
responses. Since the 1960’ it has been shown that pupil dilation
changes as a result of mental activity—for example, increases
in arousal and cognitive workload (e.g., Hess and Polt, 1964).
In a classic study demonstrating the sensitivity of pupillometry
to cognitive demands, Kahneman and Beatty (1966) showed
that pupil dilation increases parametrically with an increasing
number of words to recall in a simple word list memory task.
Moreover, they showed that this increase in workload persists
over a maintenance interval, and reduces parametrically as
each word is retrieved (and released) from memory. These
findings, along with a number of other demonstrations of
pupillary sensitivity to cognitive workload, for example in math
problem solving (Sirois and Brisson, 2014), working memory
and individual differences in intelligence (Tsukahara et al., 2016),
aging and verbal memory load (Piquado et al., 2010), has led to
wide interest in this measure as a physiological marker of arousal
and cognitive effort.

Janisse (1977) remarked that the eye is the only “visible part
of the brain.” Indeed, detailed models of the neurophysiology of
pupillomotor functioning are developed and growing, including
an understanding of the innervation of the sphincter and
dilator muscles by the autonomic nervous system (Miller
et al, 2005), as well as the neuromodulatory relationship
between pupil dilation, activity in the locus-coeruleus (LC; a
neuromodulatory nucleus in the dorsal pons of the brainstem
strongly linked to phasic and tonic arousal, cognitive control, and
monitoring functions), and norepinephrine (Gilzenrat, 2006).
For instance, a high correlation (0.6) between spike frequency
and pupil diameter has been found, whereby large pupil diameter
equates to high LC activity (Rajkowski et al.,, 1994). Demberg
(2013) have also recently reported changes in pupillometry due
to linguistically induced cognitive load (e.g., comprehending
syntactically demanding sentences). Other recent work has also
examined user state related changes in pupil diameter in lab-
settings such as variations in valence and arousal (Kassem et al.,
2017) and interest in real-time (Jacob et al., 2018).

Pupillometry in Driving Context

Eye-tracking has been used extensively in studying visual
perception and attention in driving contexts, however the unique
use of pupillometry as an index of real-time physiological
indicator of cognitive workload is only lately growing in
popularity (Schwalm et al., 2008). For example, Cegovnik et al.
(2018) recently validated a low-cost eye-tracker and showed that
pupil dilation increases with increments in cognitive load due
to a secondary memory task (n-back) (see also Recarte and
Nunes, 2000 for similar results). Pupillometry has also been
adopted in driving research while motorists drove in a simulated
driving context. Pupil diameter was found to reliably increase
with increases in cognitive load (Palinko et al., 2010; Faure et al,,
2016). Other work has use machine learning algorithms to detect
cognitive load while driving from pupillometry data (Yoshida
etal,, 2014). A recent study found that during simulated driving,
pupil dilation could detect increases in cognitive load imposed by
a secondary task within a lag of 1 s (Prabhakar et al., 2018). This
suggests that pupillometry could be used as a near-real time index
of cognitive load.

Pupillometry has also been used to differentiate between
alertness and drowsiness (Soares et al, 2013). Alertness is
associated with increased mean pupil diameter and decreases in
standard deviation (i.e., stable), whereas drowsiness is associated
with decreases in diameter, but increases in standard deviation
(i.e., fluctuations) in pupil diameter (Morad et al., 2000; Wilhelm
et al., 2009). Fluctuations in pupil size have been proposed to be
a reliable index of drowsiness-related impairment while driving
(Maccora et al.,, 2018). Pupil dilation was also found sensitive
to fatigue levels while driving with a decrease in fatigue being
associated with an increase in pupil diameter (Schmidt et al,,
2017). Although early, these findings, along with others (for a
recent review see Marquart et al., 2015; Maccora et al., 2018)
suggest that pupillometry is an efficient, ecologically valid, and
low-cost physiological reporter variable for indexing cognitive
states in driving in highly-controlled environments like realistic
driving simulators.

Practical Considerations

In lab settings, pupil diameter was found to be a reliable, non-
invasive, and real-time measure of workload (Marinescu et al.,
2018). However, in on-road settings, it is quite challenging to
capture interpretable pupil information due to large variations
in luminance that are hard to control across conditions
and participants. Indeed, photopupillary reflex is massive in
magnitude relative to changes in pupil size related to cognitive
and attentional factors. As such, if there are considerable changes
in lighting conditions (e.g., sunny vs. cloudy days), this can
create considerable noise in the pupillary signal. Moreover, if
specific conditions of interest are confounded with respect to
overall luminance (e.g., driving during the day vs. driving at
night), this overall pupillary light reflex-related shift should be
taken into consideration. Furthermore, if investigating event-
related pupillary responses in driving, one should be careful to
determine that differences in pupil dilation are not only due
to differences in visual stimulation (e.g., presenting a luminant
STOP sign). Modeling techniques have also developed methods
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to infer cognitive workload after accounting for some variations
in lighting conditions (Pfleging et al., 2016; Reilly et al., 2018).

Marshall (2002) have developed a signal processing method
for extracting high-frequency changes in pupil dilation that
they argue is uniquely related to cognitive components (Index
of Cognitive Activity or ICA). However, this method is a
commercially available “black box” system, and should be
interpreted with caution given that the exact algorithm used to
calculate ICA from raw pupillometry is not open source. Other
work has estimated an Index of Pupillary Activity (IPA) inspired
by ICA, that uses wavelet-based algorithms to decompose pupil
data (Duchowski et al., 2018). IPA was found to differentiate
between low vs. high mental workload (Duchowski et al., 2018).
Another important feature to consider is that measurement of
pupil dilation is affected by eye-movements and relative gaze
position (e.g., Gagl et al., 2011). When gaze position changes
from central to peripheral locations, the recorded pupil shifts
from a circular to an elliptical shape from the point of view of
fixed camera location. This change in the recorded geometry
of the pupil is accompanied by changes in overall pupil size,
irrespective of actual changes in dilation or constriction. Gagl
et al. (2011) have developed methods for the measurement and
removal of such systematic influences. Nevertheless, researchers
should be careful to measure gaze position and to design studies
such that likely visual target locations are not confounded across
conditions of interest.

CHALLENGES AND RECOMMENDATIONS

Psychophysiological research has made tremendous progress
in developing methods to quantify cognitive processes. Most
of this research has been conducted in carefully controlled
environments to be able to interpret with certainty what
changes in a physiological signal may imply about the
psychological phenomena under investigation. Physiological
signals are valuable to understand how people interact in real-
world contexts. Driving research is an excellent application of
psychophysiological methods to understand and interpret how
people interact with automation in natural settings, which in turn
can inform intelligent systems to improve driving performance
and safety. As evidenced by much of the growing research
base discussed above, psychophysiological measures can be
successfully adopted to meet these goals. At the same time, lack
of adherence to research protocols and guidelines can seriously
jeopardize meaningful use of these methodologies. Here we
highlight a few general challenges and recommendations that cut
across all psychophysiological measures in driving research when
collecting data from real-world driving settings—which are less
predictable than lab settings— to improve data-quality and aid in
effective interpretation.

Valid and Reliable Quantification

of Construct

Depending upon the task and setting (lab-based simulator or
field study), some physiological measures will be more suitable
and feasible than others. For example, in a simulator with very

controlled body movement, continuous blood pressure using
the volume clamp method can be collected. However, while
on-road, this equipment may compromise drivers’ safety and
thus is not feasible. Other measures like ECG and thermal
cameras are highly mobile and feasible. Careful observations
can allow interpretation of cognitive processes while driving.
One important concern is the possibility of misinterpreting
the relationship between physiological signals and cognitive
processes (Cacioppo and Tassinary, 1990; Cacioppo et al., 2007).
Often, physiological measures (such as HR, EDA, EMQG) are
impacted by multiple processes, such as drowsiness, stress, and
workload, which can lead to interpretive caveats. Systematic
variations in different experimental conditions can help tease
apart the underlying mechanism causing autonomic activations
to be able to draw clear inferences. However, in an applied
setting like driving a car in unpredictable traffic, control over the
experimental task is largely out of the control of the researcher.
Confirmatory independent measures are important to validate
the construct of interest in the study. Similarly, it is helpful
to ensure that the construct of interest reliably varies across
conditions and that the experimental manipulation was effective.

Individual Differences

A combination of factors may influence physiological signals,
including trait-level variables such as demographic factors
(age, gender), task experience (professional, experienced,
inexperienced), anxiety, and certain health conditions and
medications (e.g., cardiovascular health). State-level variations
such as stress-levels unrelated to task, caffeine intake (which
may change autonomic activity), and engagement/motivation
and frustration during the task can also interact with individual
differences in ways that may not be readily apparent. Combining
data from participants after considering such trait- and state-level
variables can help in proper interpretation of study findings.

On a related note, a critical challenge in multi-modal
recordings is that individuals may be highly reactive as assessed
by one measure but not necessarily, according to another. There
is considerable variability across individuals in how closely
physiological, behavioral, and subjective measures covary over
time with one another (Lohani et al., 2018). Furthermore, it
is possible that only some individuals may be sensitive to the
experimental manipulation (Drews et al., 2012). Such individual
differences may lead to variations in psychophysiological
assessments and may also explain to some extent lack of
significant differences across experimental conditions. Many, if
not all, of these measures are currently utilized within paradigms
where we are studying relative changes in the outcome across
conditions (e.g., P3b amplitude is a difference wave, HRV%
change, %signal change in BOLD response, etc.), for which
these measures do not have currently well-understood absolute
thresholds for making strong absolute judgements. While there
isn’t a fixed threshold for physiological measures that can be used
across individuals to define high and low arousal levels, relative
changes from baseline can be a useful way of assessing variations
in arousal levels from optimal levels for the individual. If the
system can be calibrated on what is a “normal” range for an
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individual, then significant variations from this calibrated range
can be a way to detect sub-optimal arousal levels.

Baseline Assessments

Baseline assessments provide insights about the physiological
state of the responder when the experimental condition was
absent. It also allows to control for physiological activity due
to any prior conditions, so that the change in the experimental
condition of interest is interpreted relative to the state right
before the condition started. A single baseline is generally not
enough, especially when there are multiple conditions. It is a
good practice to capture as many baseline assessments and as
close to the experimental condition as possible. Another alternate
design to consider (for measures with high temporal resolution)
is an event-related design, where activity is time-locked to specific
events of interest. In this design, pre-event activity in the measure
is subtracted from the overall physiological time series, resulting
in a strong baseline control for each trial (e.g., ERPs).

Sampling Rate, Filtering, and Signal Quality
Nearly all physiological signals discussed above are analog
signals, which have to be digitized for further processing.
Choice of optimal sampling rate and filtering helps avoid
signal distortions (Jennings and Allen, 2016), and as such,
knowledge of signal processing characteristics of the target
physiological measures is necessary for researchers to effectively
use these tools. Optimal sampling rate differs by the physiological
signal’s frequency characteristics, and poor sampling rate can
distort waveform characteristics, and induce artificial oscillatory
characteristics that are not part of the true analog signal (i.e.,
aliasing). For example, for HRV analysis, the recommended
sampling rate is at least 250 Hz (Task Force of the European
Society of Cardiology, 1996). Some commercial wearables (e.g.,
fitness-related wrist watch sensors) have sampling rate as low
as 60 Hz, which will lead to signal aliasing (Jennings and Allen,
2016) and inaccurate and uninterpretable HRV values. The
sampling rate needs to be at least above the Nyquist frequency
(2x the sampling rate of the highest frequency), and current
standards suggest a sample rate 3—-4 times the highest frequency
component of physiological signal. Advancements in modern
computing allow for research-grade equipment to sample far
above Nyquist for most of the measures discussed (>2,000 Hz)
during data acquisition. Of course, data can always be down-
sampled post data collection. As discussed in sections “Heart
Activity Quantification” and “Practical Considerations” on heart
activity, quantification using wearables can lead to inaccurate
assessments (Laborde et al., 2017) due to poor sampling rates,
lagged responses, and noisier signals to name a few, which would
lead to inaccurate interpretations.

Filters are helpful in getting rid of artifacts and noise
not relevant for the physiological signal being processed. For
instance, muscle and electrical noise (around 60 Hz) are not
meaningful while interpreting EEG and ERP data, and thus
data outside the range of interest (typically not higher than
40-50 Hz) can be bandpass filtered. However, if EMG activity,
which has a much higher frequency content, is of interest,
then bandpass filtering with allow low-pass cutoff at 500 Hz

and high-pass cutoff at 20Hz, is often suitable (van Boxtel,
2001). Visual inspection pre- and post-filtering process can help
determine how filtering is affecting a signal. Note that all filters
distort the waveform and spectral characteristics, so unnecessary
filtering should be avoided and researchers should take care to
understand exactly how filters are impacting their data in time
and frequency domains.

For each psychophysiological measure discussed, researchers
have a growing number of indices that can be examined (for
example, for HRV, time-based, frequency-based, and non-linear
measures can be derived). Choice of metrics should be carefully
evaluated, as some metrics may be more suitable to meet the goals
of the study, while others may not be suitable. For instance, some
metrics require minimum duration of data and falling short of
such requirements will lead to misrepresentative findings (e.g.,
standard deviation of R-R heart beats or SDRR is considered
more accurate when calculated over 24h vs. 5min or shorter
intervals; Shaffer and Ginsberg, 2017). Such choices should
be made a priori, based on the research question of interest
and links between a measure and its purported psychological
interpretation based on prior research. Such flexibility in multi-
modal recording comes at the cost of an increasing number
of “experimenter degrees of freedom,” that can lead to inflated
Type-I error rates, if a consistent analysis pipeline is not
followed. It is also important to use comparable durations
of physiological signals across conditions and participants for
appropriate interpretation. Finally, great attention to accurate
event markers is critical for valid interpretation within and
across participants in event-related designs. This can be an
issue when using commercial products that are not designed for
research purposes.

Innovation

A limitation of most current psychophysiological research-grade
measures is the need for using contact sensors (placed on
skin). Non-contact sensors are beginning to be tested in applied
settings, which can make physiological data collection even less
invasive. For instance, ECG data can be derived from high-
quality RGB cameras, or sensors could be placed on the steering
wheel and driving seats (but should meet the recommended
requirements). While these can potentially be a great approach
to counter the limitations of contact sensors, caution is advised
while considering them because new limitations or inaccuracies
in assessment are possible and further research and testing
is required to adopt them in research. Commercial products
may not meet the requirements recommended by the scientific
community, which can lead to poor data quality and invalid
interpretations. For example, smartphone camera-based PPG
sensing estimates have poor sampling rate and can lead to
inaccurate assessments (Laborde et al., 2017). It is essential
to ensure that the guidelines for measures are met before
investing time and resources to avoid technical issues in data
collection and interpretation. For instance, as discussed earlier,
it is critical to collect physiological data with recommended
frequency sampling to avoid aliasing (Jennings and Allen, 2016).
Only equipment that have been or can be validated against
research-grade devices should be adopted for research purposes.
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Classification

Reliable and valid assessment of cognitive states is the
groundwork to develop inputs to advance state detection-
workload managers and “aware” systems. For instance, a recent
study reported a reliable method to elicit stress in naturalistic
driving scenarios (Baltodano et al., 2018). Given that one measure
may not be enough to reliably measure subtle changes in
cognitive state, a multi-method approach is critical to capture
state-level variations that may not be apparent through a single
measure alone. Research has shown that multi-modal approaches
provide a reliable (Schmidt et al., 2011; Borghini et al., 2014; Chen
et al,, 2017) way to sense and assess cognitive states of motorists
in real-world settings. Notably, due to the dynamic nature of
the physiological signals, conventional linear approaches are
not always appropriate in modeling and predicting cognitive
state (Chen et al, 2015). The discussed physiological signals
are often non-stationary overall but for the briefest periods
of time. As such, innovative methods of combining temporal
and spectral resolution (time-frequency analysis) have been
developed in some domains (e.g., EEG), but their application to
other physiological signals is only in its infancy.

Once data have been processed to remove artifacts or
irrelevant noise, machine learning techniques could be trained
on these data to identify “risky” sub-optimal levels of cognitive
states, such as low-arousal states of drowsiness and fatigue
associated with unsafe driving performance. During the training
phase, multimodal features extracted from physiological training
data could be used to train models to classify observations
into high-arousal states (e.g., due to high stress and workload),
optimal-arousal state, vs. low-arousal state (e.g., due to
drowsiness and fatigue). During the test phase, the fully-specified
machine learning algorithm can be tested in terms of its capacity
to accurately classify observations into respective arousal states.
Indeed, cognitive state detection based on multimodal feature
analysis and classifiers have been also used to detect stress (Yang
et al.,, 2016; Chen et al., 2017; Lee et al., 2017b), alertness and
drowsiness (Forsman et al.,, 2013; Correa et al., 2014; Chen
et al., 2015; Wang and Chuan, 2016), fatigue (Fu and Wang,
2014; Wang, 2015; Fu et al.,, 2016; Li et al.,, 2017; Wang et al,,
2017), and workload (Borghini et al., 2014; Yang et al., 2016)
in real-time. Such studies have integrated data from more than
one measure by conducting multi-modal analysis to extract the
relevant features to capture the psychological phenomena at
hand. A comparison of multiple classifiers to train & optimize
machine learning algorithms can help determine the best fitting
model to represent changes in cognitive states that can explain
driving performance (Nadeau and Bengio, 2000; Fairclough
et al., 2015; Balters and Steinert, 2017; Tran et al., 2017). Thus,
utilizing multi-modal physiological signals, models could be
trained to learn and predict motorists’ sub-optimal cognitive
states associated with unsafe-driving behavior.

The optimized machine learning algorithms could
accordingly inform advanced state detection managers to
trigger warnings or otherwise intervene when sub-optimal
cognitive states associated with risky driving behavior are
detected (Aidman et al., 2015). The ability to predict unsafe

levels of physiological arousal will enable targeted augmentation
to modify motorists’ cognitive state to promote safer driving
behavior (Schmidt and Bullinger, 2017; Schmidt et al., 2017;
Arico et al., 2018). For instance, countermeasures to augment
cognitive states, such as thermal stimulation (Schmidt and
Bullinger, 2017; Schmidt et al., 2017) and warning signs or verbal
communication (Schmidt et al., 2011; Aidman et al., 2015) can
be used by an automated system to modify drivers’ cognitive
state. This may especially benefit vulnerable groups such as
inexperienced drivers (Noordzij et al., 2017; Yan et al., 2017) and
older (Costa et al., 2017) drivers who may be more susceptible
to cognitive overload. Furthermore, a person-centered approach
can account for individual differences, such as the role of
age, driving profile, trust, and reliance on automation. For
instance, a recent study used discriminant analysis to account
for motorists’ driving-styles and individual difference factors
(e.g., gender, age, anxiety, anger) and also identify motorists’
EEG and EDA response features to classify motorists’ safe vs.
risky driving tendencies (Liang and Lin, 2018). This study
shows that individual differences can explain variations in
driving performance and a customized approach may also
help improve model prediction over time by accounting for
motorists’ characteristics and preferences. For example, the
low, normal, and high physiological arousal ranges will vary
depending on attributes such as anxious, risky, and distress
reduction driving styles of an individual (Liang and Lin, 2018)
and prediction of cognitive state-level variations may be more
accurate when predictions account for such individual-level
variations. Thus, a person-centered approach will improve
reliable predictions of cognitive states in real-world contexts by
intelligent driving systems.

RESEARCH APPLICABILITY IN
REAL-WORLD SETTINGS

As the reviewed literature in section, “Psychophysiological
Measures to Assess Cognitive States” suggests, many interrelated
states could lead to a similar pattern of findings on a physiological
measure (e.g., mental fatigue, drowsiness, lower vigilance, and
mind wandering are all sensitive to similar EEG/ERP indices).
After considering the overlap across findings from interrelated
constructs, in Table 1 we have summarized the expected pattern
that each physiological measure will have during a low vs. high
arousal state in an applied driving context. There are a few
points to consider. First, changes in several related cognitive
states can lead to similar changes in arousal. For example,
increases in driver workload, stress, or vigilance may occur under
different contexts, but may similarly lead to heightened arousal.
Second, even though arousal is continuous, we chose to classify
driver states into categories of low and high arousal because
both extremes are sub-optimal for driving performance. Third,
cognitive states are complex and change across time. For instance,
in the current review, we have placed mind wandering in a low-
arousal state based on similar patterns of findings as drowsiness.
However, mind wandering is a convenient short-hand for a
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more complex constellation of non-externally directed cognitive
states (see Smallwood and Schooler, 2006 for a review) and
depending on the context, such mind-wandering states can yield
states of heightened-arousal as well. Similarly, fatigue can be
categorized as high-arousal due to prolonged cognitive overload
or it can be passive, because of underload due to monotonous
driving conditions, for example (Saxby et al., 2008; Matthews
et al, 2019). With further empirical evidence in naturalistic
environments, a better characterization of complex cognitive
states could be developed.

It is still an open question if interrelated cognitive states
could be successfully differentiated from other similar states
in naturalistic environments (see Cacioppo et al, 2007 for
challenges with psychological inference). However, physiological
measures could be used to assess sub-optimal levels of general
arousal in real-world settings and intelligent systems can use
this information to trigger augmentation strategies even if we
cannot fully differentiate between specific cognitive states besides
along their arousal axis. We have reviewed how physiological
responses across multiple measures can provide a rich array
of response data relevant to domains that are of interest to
driving researchers (e.g., attention, fatigue, workload, etc.). These
measures provide unique information and unique sensitivity to
experimental manipulations beyond behavioral responses alone.
Thus, their current and future utility in real-world driving
research is important. This does not mean that measuring one
or even a large number of these measures alone will provide
us with a direct interpretation of a covert state (e.g., becoming
increasingly frustrated about an aggressive driver behind you).
Before the state of the research matures to be able to address such
a lofty goal as predicting specific cognitive states (Yarkoni and
Westfall, 2017), we first need careful on-road experimental work
to understand the sensitivity and specificity of these measures
to specific changes in driver-relevant states in observational and
experimental research in real-world settings. Thus, the focus of
the current review is not to claim that measurement of multiple
physiological measures in real-world driving could accurately
predict motorists specific cognitive state. Rather, our goal is
to summarize the feasibility of each of these measures for
integrating high-quality psychophysiological methodology into
real-world driving research. Table 1 presents the current working
predictions that are expected based on the available literature,
but more work is needed to be able to use physiological signals
to infer psychological processes. The current review represents a
summary of initial steps in that direction.

In Table 2, we have summarized the research applicability of
the reviewed psychophysiological measures. Although all of these
measures can provide valuable insights in the controlled settings
of a lab, some measures are more feasible to use and interpret
than others in real-world driving contexts. A few factors that
may play a role in determining the practical use of physiological
measures in applied settings are: the degree of coupling between
the measure and subtle changes in cognitive states, temporal
resolution, psychometric reliability, ease of data collection (e.g.,
setup time), sensitivity to artifacts, and the degree of invasiveness
and disruption to normal driving. After considering the available
evidence, we have categorized each measure’s real-world research

applicability into low, medium, or high levels. Moreover, certain
measures may be better candidates than others for a near real-
time assessment in applied settings. We review the real-world
applicability and feasibility of each of the measures in Table 2.

Some promising work suggests that cardiovascular measures
may be robust in detecting near real-time changes across multiple
domains. Studies have shown that cardiovascular data can
reliably detect changes in workload (Mehler et al., 2009, 2012;
Lenneman and Backs, 2010; Stuiver et al., 2014), fatigue (Patel
et al, 2011; Matthews et al., 2019), and drowsiness (Vicente
et al, 2016; Kurosawa et al, 2017). Like any physiological
signal, cardiovascular data is susceptible to artifacts that could
otherwise lead to inaccurate estimations. However, recent
analytical advances have led to an improved use in real-world
settings even in the presence of substantial recording artifact.
For instance, an analysis approach using short segments of
cardiovascular data (e.g., a moving window of 30s; Stuiver et al.,
2012) can be used to detect workload demands during driving
(Stuiver et al., 2014). Use of smaller temporal windows of data
allow for an investigation of the short-term effects of cognitive
state without being overly susceptible to artifacts. Recent work
has shown that frequency analysis techniques on ECG data
can also be utilized to detect early onset of fatigue (Matthews
et al., 2019). While the limitations of PPG discussed earlier still
apply, recent preliminary work using near-infrared illumination
PPG (which overcomes confounds of illumination and motion-
related inaccuracies) while driving seems a promising direction
for future practical applications (Nowara et al., 2018). Another
recent work has developed a noise-resistant algorithm specifically
designed to analyze PPG waveforms (van Gent et al., 2018),
which can provide researchers an open-source and validated
heart rate analysis software to overcome some existing limitations
of PPG data processing, making it more feasible for applied
driving research.

EDA has been found to be a robust measure of sympathetic
arousal in driving contexts in real-world settings (Mehler et al.,
2012; Schneegass et al., 2013; Ruscio et al., 2017). EDA is also
easy to set up and collect from a motorist without obstructing
the driving process. Even though it has a slower response time
and provides only a broad sense of arousal (a combination of
workload, stress, fatigue, etc.), EDA in an applied uncontrolled
environment can estimate relative changes and periods of
stability in sympathetic activity of a motorist with an upper
temporal resolution of approximately 3-5s. For example, recent
work found EDA to be suitable in capturing stress-level variations
in a real-time unconstrained setting (ElKomy et al, 2017).
Feature extraction and pattern recognition algorithms have
also shown reasonable success recently in detecting changes in
cognitive states (Chen et al., 2017; Liu and Du, 2018). Moreover,
adaptive filters have been successfully used to remove motion-
related artifacts for automatic and accurate detection (up to
95% sensitivity) of state-level variations in cognition (Affanni
et al., 2018). Such recent processing and analytic advances with
EDA data has shown its high relevance in applied intelligent
automation. For example, a development approach proposed for
monitoring driver’s fatigue levels and functional state utilizes
automated analysis of EDA indices in their detection module
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to improve intelligent vehicular systems (Liu and Du, 2018;
Savchenko and Poddubko, 2018).

EEG, a direct measure of brain’s electrical activity, can provide
robust measures of cognitive state variations while driving,
including levels of drowsiness (Liang et al., 2006; Wei et al,
2018), fatigue (Liu et al., 2015; Fu et al., 2016; Hung et al., 2017),
and workload (Dasari et al., 2017; Zander et al., 2017). EEG
has high temporal resolution and is a direct measure of brain
activity. However, data collection (e.g., longer setup time) and
processing in real-world setting (e.g., movement artifacts) can be
quite challenging to implement into a real-world driving research
protocol (Popescu et al., 2008). At the same time, there have
been innovative technological and analytical developments in
EEG acquisition. For instance, efforts in brain computer interface
applications have utilized a single electrode to classify relaxed
vs. cognitive workload phases (Shirazi et al., 2014) and monitor
fatigue levels (Morales et al., 2017). Recent work extracted
features from a 6-channel EEG dataset to classify mental tasks
with up to 83% accuracy rate (Neshov et al,, 2018). Other recent
work has reported detection algorithms that can be used to
accurately classify fatigue (Li et al., 2017; Gao et al., 2018). In
other work, a novel approach to detect drowsiness has been
proposed which reduces calibration time for a new user by
90% using a hierarchical clustering method, which accounts for
inter- and intra-subject variability (Wei et al., 2018). Automatic
drowsiness detection algorithms based on only a single target
channel can allow real-time neural assessments of cognitive states
(Belakhdar et al., 2018). With increasing advancements in sensor
development and data processing, we hold an optimistic view of
adopting EEG-based measures in driving research, albeit after
considerable validation (Kosiachenko and Si, 2017; Krol et al.,
2017; Zander et al., 2017; Byrom et al., 2018). Recent work has
also shown the applicability of specific ERP components (such
as the P300), some of which show good psychometric properties
(e.g., Cassidy et al., 2012), and can be adopted to brain-computer
interfaces (Pina-Ramirez et al., 2018). Future work and reliable
replication of studies are required to ensure EEG and ERPs could
be assimilated in human-machine automation interface.

Traditional fNIRS has lower temporal resolution and may
additionally be difficult to collect in applied settings. However,
recently, mobile-friendly systems have been developed and used
in applied domains (von Lithmann et al., 2015) including exercise
physiology (Byun et al., 2014), clinical monitoring (Kassab
et al., 2018), and infant developmental research (Quaresima
et al,, 2012). Importantly, these advancements mean that fNIRS
measurements can be performed in naturalistic environments
without considerable restraint. As the development of ultra-
portable systems grows (e.g., battery powered mobile systems,
McKendrick et al., 2016), fNIRS will likely form a novel
complement to the many other physiological measures discussed
here, in part because of its unique capability to image neural
hemodynamics and reveal changes in brain activity with
improved spatial resolution compared to other portable and
non-invasive neurophysiological methods (e.g., EEG; Ahn and
Jun, 2017). For instance, a recent study adopted a wearable
fNIRS system (with sensors placed on a baseball cap making
it less intrusive) to measure cognitive distraction while driving

(Le et al., 2018). Thus, while these methods are still in their
infancy compared to many of the other methods discussed here,
the ability to reveal neural mechanisms of cognitive states in
real-world domains such as driving is promising.

Similar to fNIRS, thermal imaging also shows some early
promise. It is a non-contact technology that has high relevance
in applied settings, including driving (Lee et al, 2018). For
example, recent work has shown the validity of thermal imaging
in indexing cognitive load. In these studies, changes in nasal
and forehead temperatures were observed as a function of task
difficulty in a non-driving context (Abdelrahman et al., 2017;
Marinescu et al., 2018). However, research in real-world settings
is currently limited. Existing preliminary work has focused
primarily on understanding the sensitivity of this measure in
well-controlled environments. Future work will help qualify the
utility and validity of thermal imaging in real-world conditions.

On the other hand, several measures, despite clear utility
in a lab environment, may be currently of less use in real-
world settings. For example, pupillometry in well-controlled lab
settings can provide helpful information in interpreting user
state (e.g., Pfleging et al., 2016; Cegovnik et al., 2018). Moreover,
with the development of desktop-mounted eye trackers, pupil
dilation and constriction can be measured non-invasively and
remotely with high spatial and temporal resolution. In lab
settings, where features such as luminance can be controlled and
measured, recent work has shown success in using pupillometry
to examine mental workload in an unconstrained setting (e.g.,
Lego construction; Beaekgaard et al, 2019). In driving, some
researchers have suggested that pupil-based measurements are
highly relevant for assessment of drowsiness (Maccora et al,
2018). However, detection of pupil diameter in real-world
settings with rapidly changing and uncontrollable variations
in luminance is a critical confounding factor in the utility of
pupillometry in driving (Kassem et al., 2017).

Similarly, EMG can be utilized in lab settings to understand
psychological processes. For example, EMG in combination
with other psychophysiological measures was recently utilized
in detecting fatigue in drivers (Fu et al., 2016; Ma et al., 2018).
Preliminary research has also proposed the use of EMG to
detect drowsiness (Artanto et al., 2017) and real-time monitoring
of muscle activity (Mazzetta et al.,, 2018). However, in applied
settings such as driving, EMG may have only low utility, in part
because the necessary motor activity needed to engage in the task
(e.g., turning the steering wheel and actuation of break) can cause
uncontrolled changes in muscle activity that can be confounded
with the psychological variance in EMG, which is an order of
magnitude smaller than these artifacts.

At the same time, ongoing methodological developments are
resulting in more efficient systems, improved signal-to-noise
ratio, and improved signal-processing methods, all of which
culminate in rapidly improving the reliability and validity of
acquisition across these multiple methodologies. Some attempts
to assess cognitive states using multiple methods have been
integrated in non-driving domains (EIKomy et al., 2017; Ko et al.,
2017; Moghaddam and Lowe, 2019) and multi-method work
in real-world driving contexts are already underway (Fu et al,,
2016; Brouwer et al,, 2017; Zander et al., 2017; Arico et al., 2018;
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Belakhdar et al., 2018; Haouij et al., 2018; Paredes et al., 2018;
Rastgoo et al., 2018).

Taken together, we have reviewed a growing body of
empirical evidence suggesting that physiological measures can
be used to sense and assess changes in the cognitive states
of motorists during real-world driving. Through this selective
review, we believe that the strengths and limitations of
adopting physiological measures in driving can clearly extend
to other domains such as the use of aircraft, trains, and ships.
Furthermore, we see growing promise for the application of
covert monitoring methods like those reviewed above with the
increasing rise in semi-automated technology, where motorists
will become less directly involved in the driving process.
As such, the development of intelligent driving assistance
systems will need to utilize non-behavior-based measures to
index covert cognitive states of a motorist in the absence
of any overt behavior. The physiological measures reviewed
above have the potential to detect sub-optimal arousal levels
associated with risky driving behavior and inform state detection-
workload managers and “aware” systems to trigger warnings

REFERENCES

AAA Foundation for Traffic Safety (2018). 2017 Traffic Safety Culture Index.
Washington, DC: AAA Foundation for Traffic Safety.

Abdelrahman, Y., Velloso, E., Dingler, T., Schmidt, A., and Vetere, F. (2017).
“Cognitive heat: exploring the usage of thermal imaging to unobtrusively
estimate cognitive load,” in Proceedings of the ACM on Interactive, Mobile,
Wearable and Ubiquitous Technologies, (New York, NY). doi: 10.1145/3130898

Abe, E., Fujiwara, K., Hiraoka, T. Yamakawa, T., and Kano, M. (2016).
Development of drowsiness detection method by integrating heart rate
variability analysis and multivariate statistical process control. SICE J. Control
Meas. Syst. Integr. 9, 10-17. doi: 10.9746/jcmsi.9.10

Affanni, A., Bernardini, R., Piras, A., Rinaldo, R., and Zontone, P. (2018).
Driver’s stress detection using skin potential response signals. Measurement
122, 264-274. doi: 10.1016/j.measurement.2018.03.040

Ahlstrom, C., Gink Lévgren, M., Nilsson, M., Dukic Willstrand, T., and
Anund, A. (2018). The effect of an active steering system on city
bus drivers muscle activity. Int. J. Occup. Saf. Ergonom. 2018, 1-9.
doi: 10.1080/10803548.2018.1445465

Ahn, S, and Jun, S. C. (2017). Multi-modal integration of EEG-fNIRS for brain-
computer interfaces—current limitations and future directions. Front. Hum.
Neurosci. 11:503. doi: 10.3389/fnhum.2017.00503

Aidman, E., Chadunow, C., Johnson, K., and Reece, J. (2015). Real-time driver
drowsiness feedback improves driver alertness and self-reported driving
performance. Accid. Anal. Prev. 81, 8-13. doi: 10.1016/j.aap.2015.03.041

Angelidis, A., van der Does, W., Schakel, L., and Putman, P. (2016).
Frontal EEG theta/beta ratio as an electrophysiological marker for
attentional control and its test-retest reliability. Biol. Psychol. 121, 49-52.
doi: 10.1016/j.biopsycho.2016.09.008

Arico, P., Borghini, G., Di Flumeri, G., Sciaraffa, N., and Babiloni, F. (2018).
Passive BCI beyond the lab: current trends and future directions. Physiol. Meas.
39:08TRO02. doi: 10.1088/1361-6579/aad57e

Arnau, S., Mockel, T., Rinkenauer, G., and Wascher, E. (2017). The interconnection
of mental fatigue and aging: an EEG study. Int. J. Psychophysiol. 117, 17-25.
doi: 10.1016/j.ijpsycho.2017.04.003

Artanto, D., Sulistyanto, M. P., Pranowo, I. D., and Pramesta, E. E. (2017).
“Drowsiness detection system based on eye-closure using a low-cost EMG
and ESP8266,” in Information Technology, Information Systems and Electrical
Engineering (ICITISEE), 2017 2nd International Conferences (Yogyakarta),
235-238. doi: 10.1109/ICITISEE.2017.8285502

or intervene, resulting in a closed-loop system in the absence
of any overt-driving behaviors. Before we reach such a future
however, the field needs to adopt rigorous standards for the
use of psychophysiological measurement in real-world settings.
We hope to see a future of increased collaboration and
integration of basic psychophysiology, human factors, and traffic
safety research. Such integration is necessary to advance the
development of effective human-machine driving interfaces and
driver support systems, with the ultimate goal of improving
traffic safety.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

Support for this paper was provided by a grant from AAA
Foundation for Traffic Safety.

Aston-Jones, G., and Cohen, J. D. (2005). An integrative theory of locus coeruleus-
norepinephrine function: adaptive gain and optimal performance. Annu. Rev.
Neurosci. 28, 403-450. doi: 10.1146/annurev.neuro.28.061604.135709

Beekgaard, P., Jalaliniya, S., and Hansen, J. P. (2019). Pupillary measurement during
an assembly task. Appl. Ergon. 75, 99-107. doi: 10.1016/j.apergo.2018.09.004

Balasubramanian, V., and Adalarasu, K. (2007). EMG-based analysis of change in
muscle activity during simulated driving. J. Bodywork Mov. Ther. 11, 151-158.
doi: 10.1016/.jbmt.2006.12.005

Baldwin, C. L., Roberts, D. M., Barragan, D, Lee, J. D., Lerner, N., and Higgins, J.
S.(2017). Detecting and quantifying mind wandering during simulated driving.
Front. Human Neurosci. 11:406. doi: 10.3389/fnhum.2017.00406

Balters, S., Murnane, E. L., Landay, J. A., and Paredes, P. E. (2018). “Breath
booster!: exploring in-car, fast-paced breathing interventions to enhance
driver arousal state,” in Proceedings of the 12th EAI International Conference
on Pervasive Computing Technologies for Healthcare (New York, NY).
doi: 10.1145/3240925.3240939

Balters, S., and Steinert, M. (2017). Capturing emotion reactivity through
physiology measurement as a foundation for affective engineering in
engineering design science and engineering practices. J. Intell. Manuf. 28,
1585-1607. doi: 10.1007/s10845-015-1145-2

Baltodano, S., Garcia-Mancilla, J., and Ju, W. (2018). “Eliciting driver stress
using naturalistic driving scenarios on real roads, in Proceedings of the
10th International Conference on Automotive User Interfaces and Interactive
Vehicular Applications (Toronto, ON). doi: 10.1145/3239060.3239090

Barnard, M. P., and Chapman, P. (2018). The effects of instruction and
environmental demand on state anxiety, driving performance and autonomic
activity: are ego-threatening manipulations effective? Transp. Res. Part F Traffic
Psychol. Behav. 55, 123-135. doi: 10.1016/j.trf.2018.02.040

Belakhdar, I., Kaaniche, W., Djemal, R., and Ouni, B. (2018). Single-channel-based
automatic drowsiness detection architecture with a reduced number of EEG
features. Microprocess. Microsyt. 58, 13-23. doi: 10.1016/j.micpro.2018.02.004

Belyusar, D., Mehler, B., Solovey, E., and Reimer, B. (2015). Impact of repeated
exposure to a multilevel working memory task on physiological arousal and
driving performance. Transp. Res. Rec. J. Transp. Res. Board 2518, 46-53.
doi: 10.3141/2518-06

Berntson, G. G., Quigley, K. S,
Cardiovascular ~ psychophysiology. Handb.
doi: 10.1017/CB0O9780511546396.008

Billman, G. E. (2013). The LF/HF ratio does not accurately measure cardiac
sympatho-vagal balance. Front. Physiol. 4:26. doi: 10.3389/fphys.2013.00026

D.
3,

(2007).
182-210.

and  Lozano,
Psychophysiol.

Frontiers in Human Neuroscience | www.frontiersin.org

20

March 2019 | Volume 13 | Article 57


https://doi.org/10.1145/3130898
https://doi.org/10.9746/jcmsi.9.10
https://doi.org/10.1016/j.measurement.2018.03.040
https://doi.org/10.1080/10803548.2018.1445465
https://doi.org/10.3389/fnhum.2017.00503
https://doi.org/10.1016/j.aap.2015.03.041
https://doi.org/10.1016/j.biopsycho.2016.09.008
https://doi.org/10.1088/1361-6579/aad57e
https://doi.org/10.1016/j.ijpsycho.2017.04.003
https://doi.org/10.1109/ICITISEE.2017.8285502
https://doi.org/10.1146/annurev.neuro.28.061604.135709
https://doi.org/10.1016/j.apergo.2018.09.004
https://doi.org/10.1016/j.jbmt.2006.12.005
https://doi.org/10.3389/fnhum.2017.00406
https://doi.org/10.1145/3240925.3240939
https://doi.org/10.1007/s10845-015-1145-2
https://doi.org/10.1145/3239060.3239090
https://doi.org/10.1016/j.trf.2018.02.040
https://doi.org/10.1016/j.micpro.2018.02.004
https://doi.org/10.3141/2518-06
https://doi.org/10.1017/CBO9780511546396.008
https://doi.org/10.3389/fphys.2013.00026
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Lohani et al.

Psychophysiological Measures in Driving

Biondi, F. N., Lohani, M., Hopman, R., Mills, S., Cooper, J. M., and Strayer, D.
L. (2018). “80 MPH and out-of-the-loop: effects of real-world semi-automated
driving on driver workload and arousal,” in Proceedings of the Human
Factors and Ergonomics Society Annual Meeting (Sage, CA; Los Angeles, CA:
SAGE Publications).

Blocher, T., Schneider, J., Schinle, M., and Stork, W. (2017). “An online
PPGI approach for camera based heart rate monitoring using beat-to-
beat detection,” in Sensors Applications Symposium (SAS), 2017 IEEE.
doi: 10.1109/SAS.2017.7894052

Borghini, G., Arico, P., Di Flumeri, G., Salinari, S., Colosimo, A., Bonelli, S.,
et al. (2015). “Avionic technology testing by using a cognitive neurometric
index: a study with professional helicopter pilots,” in Engineering in Medicine
and Biology Society (EMBC), 2015 37th Annual International Conference of the
IEEE (Milan). doi: 10.1109/EMBC.2015.7319804

Borghini, G., Astolfi, L., Vecchiato, G., Mattia, D., and Babiloni, F. (2014).
Measuring neurophysiological signals in aircraft pilots and car drivers for the
assessment of mental workload, fatigue and drowsiness. Neurosci. Biobehav.
Rev. 44, 58-75. doi: 10.1016/j.neubiorev.2012.10.003

Boucsein, W., Fowles, D. C., Grimnes, S., Ben-Shakhar, G., Roth, W.
T., Dawson, M. E. et al. (2012). Publication recommendations
for electrodermal measurements. Psychophysiology 49, 1017-1034.

doi: 10.1111/.1469-8986.2012.01384.x

Broadhurst, P. L. (1959). The interaction of task difficulty and motivation:
the Yerkes Dodson Law revived. Acta Psychol. 16, 321-338.
doi: 10.1016/0001-6918(59)90105-2

Brookhuis, K. A., and de Waard, D. (1993). The use of psychophysiology to assess
driver status. Ergonomics 36, 1099-1110. doi: 10.1080/00140139308967981

Brookhuis, K. A., and de Waard, D. (2010). Monitoring drivers’ mental workload
in driving simulators using physiological measures. Accid. Anal. Prev. 42,
898-903. doi: 10.1016/j.aap.2009.06.001

Brouwer, A., Snelting, A., Jaswa, M., Flascher, O., Krol, L., and Zander, T. (2017).
“Physiological effects of adaptive cruise control behaviour in real driving,” in
Proceedings of the 2017 ACM Workshop on An Application-oriented Approach
to BCI out of the Laboratory (Limassol). doi: 10.1145/3038439.3038441

Byrom, B., McCarthy, M., Schueler, P., and Muehlhausen, W. (2018). Brain
monitoring devices in neuroscience clinical research: the potential of remote
monitoring using sensors, wearables, and mobile devices. Clin. Pharmacol.
Ther. 104, 59-71. doi: 10.1002/cpt.1077

Byun, K., Hyodo, K., Suwabe, K., Ochi, G., Sakairi, Y., Kato, M., et al. (2014).
Positive effect of acute mild exercise on executive function via arousal-
related prefrontal activations: an fNIRS study. Neuroimage 98, 336-345.
doi: 10.1016/j.neuroimage.2014.04.067

Cacioppo, J. T., and Tassinary, L. G. (1990). Inferring psychological significance
from physiological signals. Am. Psychol. 45:16. doi: 10.1037/0003-066X.45.1.16

Cacioppo, J. T., Tassinary, L. G., and Berntson, G. G. (2007). “Psychophysiological
science: interdisciplinary approaches to classic questions about the mind,
in Handbook of Psychophysiology, eds J. T. Cacioppo, L. G. Tassinary,
and G. G. Berntson (NewYork, NY: Cambridge University Press), 1-16.
doi: 10.1017/CB0O9780511546396.001

Cassidy, S. M., Robertson, I. H., and O’Connell, R. G. (2012). Retest
reliability of event-related potentials: evidence from a variety of paradigms.
Psychophysiology 49, 659-664. doi: 10.1111/}.1469-8986.2011.01349.x

Causse, M., Chua, Z., Peysakhovich, V., Campo, N., and Matton, N. (2017). Mental
workload and neural efficiency quantified in the prefrontal cortex using fNIRS.
Sci. Rep. 7:5222. doi: 10.1038/s41598-017-05378-x

Cavanagh, J. F., and Frank, M. J. (2014). Frontal theta as a mechanism for cognitive
control. Trends Cogn. Sci. 18, 414-421. doi: 10.1016/j.tics.2014.04.012

Cegovnik, T., Stojmenova, K., Jakus, G., and Sodnik, J. (2018). An analysis of the
suitability of a low-cost eye tracker for assessing the cognitive load of drivers.
Appl. Ergon. 68, 1-11. doi: 10.1016/j.apergo.2017.10.011

Chen, L. L., Zhao, Y., Ye, P. F.,, Zhang, J., and Zou, J. Z. (2017). Detecting driving
stress in physiological signals based on multimodal feature analysis and kernel
classifiers. Expert Syst. Appl. 85, 279-291. doi: 10.1016/j.eswa.2017.01.040

Chen, L. L., Zhao, Y., Zhang, J., and Zou, J. Z. (2015). Automatic detection
of alertness/drowsiness from physiological signals using wavelet-based
nonlinear features and machine learning. Expert Systems Appl. 42, 7344-7355.
doi: 10.1016/j.eswa.2015.05.028

Cheng, S. Y., Park, S., and Trivedi, M. M. (2007). Multi-spectral and multi-
perspective video arrays for driver body tracking and activity analysis. Comput.
Vis. Image Underst. 106, 245-257. doi: 10.1016/j.cviu.2006.08.010

Cohen, M. X. (2011). Its about time.
doi: 10.3389/fnhum.2011.00002

Correa, A. G., Orosco, L., and Laciar, E. (2014). Automatic detection of drowsiness
in EEG records based on multimodal analysis. Med. Eng. Phys. 36, 244-249.
doi: 10.1016/j.medengphy.2013.07.011

Costa, N., Simoes, P., Costa, S., and Arezes, P. (2017). “Driving workload
indicators: the case of senior drivers,” in International Conference on Applied
Human Factors and Ergonomics (Cham: Springer), 604-615.

Dasari, D., Shou, G., and Ding, L. (2017). ICA-Derived EEG correlates to mental
fatigue, effort, and workload in a realistically simulated air traffic control task.
Front. Neurosci. 11:297. doi: 10.3389/fnins.2017.00297

Dawson, M. E,, Schell, A. M., and Filion, D. L. (2007). The electrodermal system.
Handb. Psychophysiol. 2, 200-223. doi: 10.1017/CB09780511546396.007

de Waard, D. (1996). The Measurement of Drivers’ Mental Workload. Netherlands:
Groningen University, Traffic Research Center.

de Waard, D., and Lewis-Evans, B. (2014). Self-report scales alone
cannot capture mental workload. Cogn. Technol. Work 16, 303-305.
doi: 10.1007/s10111-014-0277-z

Demberg, V. (2013). “Pupillometry: the index of cognitive activity in a dual-task
study,” in Proceedings of the Annual Meeting of the Cognitive Science Society,
Vol. 35. Available online at: https://escholarship.org/uc/item/4vf5wébn#author

Drews, F. A, Strayer, D. L., Uchino, B., and Smith, T. W. (2012). “The road to
road rage,” in Vision in Vehicles X, eds A. G. Gale, S. P. Taylor, and C. Castro
(Elsevier), 346-352.

Duchowski, A. T., Krejtz, K., Krejtz, I, Biele, C., Niedzielska, A., Kiefer, P.,
et al. (2018). “The index of pupillary activity: measuring cognitive load
vis-a-vis task difficulty with pupil oscillation,” in Proceedings of the 2018
CHI Conference on Human Factors in Computing Systems (Montreal, QC).
doi: 10.1145/3173574.3173856

ElKomy, M., Abdelrahman, Y. Funk, M. Dingler, T., Schmidt, A., and
Abdennadher, S. (2017). “ABBAS: an adaptive bio-sensors based assistive
system,” Proceedings of the 2017 CHI Conference Extended Abstracts on Human
Factors in Computing Systems, CHI EA 17 (Denver, CO; New York, NY: ACM),
2543-2550. doi: 10.1145/3027063.3053179

Engstrom, J., Johansson, E., and Ostlund, J. (2005). Effects of visual and cognitive
load in real and simulated motorway driving. Transp. Res. Part F Traffic Psychol.
Behav. 8,97-120. doi: 10.1016/j.trf.2005.04.012

Eoh, H.J., Chung, M. K., and Kim, S. H. (2005). Electroencephalographic study of
drowsiness in simulated driving with sleep deprivation. Int. J. Indus. Ergon. 35,
307-320. doi: 10.1016/j.ergon.2004.09.006

Fabiani, M., Gratton, G., and Federmeier, K. D. (2007). “Event-related
brain potentials: methods, theory, and applications,” in Handbook
of Psychophysiology, eds J. T. Cacioppo, L. G. Tassinary, and G. G.
Berntson (New York, NY: Cambridge University Press), 85-119.
doi: 10.1017/CB0O9780511546396.004

Fairclough, S. H., Karran, A. ], and Gilleade, K. (2015). “Classification
accuracy from the perspective of the user: real-time interaction with
physiological computing” in Proceedings of the 33rd Annual ACM
Conference on Human Factors in Computing Systems (Seoul), 3029-3038.
doi: 10.1145/2702123.2702454

Fallahi, M., Motamedzade, M., Heidarimoghadam, R., Soltanian, A. R., and
Miyake, S. (2016). Effects of mental workload on physiological and subjective
responses during traffic density monitoring: a field study. Appl. Ergon. 52,
95-103. doi: 10.1016/j.apergo.2015.07.009

Faure, V., Lobjois, R., and Benguigui, N. (2016). The effects of driving
environment complexity and dual tasking on drivers’ mental workload and
eye blink behavior. Transp. Res. Part F Traffic Psychol. Behav. 40, 78-90.
doi: 10.1016/j.trf.2016.04.007

Forsman, P. M., Vila, B. J., Short, R. A, Mott, C. G., and van Dongen, H. P. A.
(2013). Efficient driver drowsiness detection at moderate levels of drowsiness.
Accid. Anal. Prev. 50, 341-350. doi: 10.1016/j.aap.2012.05.005

Fowles, D. C. (1986). The eccrine system and electrodermal activity.
Psychophysiology 1, 51-96. doi: 10.4236/0jpsych.2013.31007

Front. Human Neurosci. 5:2.

Frontiers in Human Neuroscience | www.frontiersin.org

21

March 2019 | Volume 13 | Article 57


https://doi.org/10.1109/SAS.2017.7894052
https://doi.org/10.1109/EMBC.2015.7319804
https://doi.org/10.1016/j.neubiorev.2012.10.003
https://doi.org/10.1111/j.1469-8986.2012.01384.x
https://doi.org/10.1016/0001-6918(59)90105-2
https://doi.org/10.1080/00140139308967981
https://doi.org/10.1016/j.aap.2009.06.001
https://doi.org/10.1145/3038439.3038441
https://doi.org/10.1002/cpt.1077
https://doi.org/10.1016/j.neuroimage.2014.04.067
https://doi.org/10.1037/0003-066X.45.1.16
https://doi.org/10.1017/CBO9780511546396.001
https://doi.org/10.1111/j.1469-8986.2011.01349.x
https://doi.org/10.1038/s41598-017-05378-x
https://doi.org/10.1016/j.tics.2014.04.012
https://doi.org/10.1016/j.apergo.2017.10.011
https://doi.org/10.1016/j.eswa.2017.01.040
https://doi.org/10.1016/j.eswa.2015.05.028
https://doi.org/10.1016/j.cviu.2006.08.010
https://doi.org/10.3389/fnhum.2011.00002
https://doi.org/10.1016/j.medengphy.2013.07.011
https://doi.org/10.3389/fnins.2017.00297
https://doi.org/10.1017/CBO9780511546396.007
https://doi.org/10.1007/s10111-014-0277-z
https://escholarship.org/uc/item/4vf5w6bn#author
https://doi.org/10.1145/3173574.3173856
https://doi.org/10.1145/3027063.3053179
https://doi.org/10.1016/j.trf.2005.04.012
https://doi.org/10.1016/j.ergon.2004.09.006
https://doi.org/10.1017/CBO9780511546396.004
https://doi.org/10.1145/2702123.2702454
https://doi.org/10.1016/j.apergo.2015.07.009
https://doi.org/10.1016/j.trf.2016.04.007
https://doi.org/10.1016/j.aap.2012.05.005
https://doi.org/10.4236/ojpsych.2013.31007
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Lohani et al.

Psychophysiological Measures in Driving

for human
567-589.

Guidelines
23,

Fridlund, A. J, and Cacioppo, J. T. (1986).
electromyographic research. Psychophysiology
doi: 10.1111/j.1469-8986.1986.tb00676.x

Fu, R., and Wang, H. (2014). Detection of driving fatigue by using noncontact
EMG and ECG signals measurement system. Int. J. Neural Syst. 24:1450006.
doi: 10.1142/S0129065714500063

Fu, R,, Wang, H., and Zhao, W. (2016). Dynamic driver fatigue detection using
hidden Markov model in real driving condition. Expert Syst. Appl. 63,397-411.
doi: 10.1016/j.eswa.2016.06.042

Gade, R., and Moeslund, T. B. (2014). Thermal cameras and applications: a survey.
Mach. Vis. Appl. 25, 245-262. doi: 10.1007/s00138-013-0570-5

Gagl, B., Hawelka, S., and Hutzler, F. (2011). Systematic influence of gaze position
on pupil size measurement: analysis and correction. Behav. Res. Methods 43,
1171-1181. doi: 10.3758/s13428-011-0109-5

Gao, Z., Li, S, Cai, Q, Dang, W, Yang, Y., Mu, C, et al. (2018).
Relative wavelet entropy complex network for improving EEG-based
fatigue driving classification. IEEE Trans. 99, 1-7.
doi: 10.1109/TIM.2018.2865842

Gateau, T., Durantin, G., Lancelot, F., Scannella, S., and Dehais, F. (2015). Real-
time state estimation in a flight simulator using fNIRS. PLoS ONE 10:€0121279.
doi: 10.1371/journal.pone.0121279

Getzmann, S., Arnau, S., Karthaus, M., Reiser, J. E., and Wascher, E. (2018). Age-
related differences in pro-active driving behaviour revealed by EEG measures.
Front. Human Neurosci. 12:321. doi: 10.3389/fnhum.2018.00321

Gilzenrat, M. S. (2006). The Role of the Locus Coeruleus in Cognitive Control:
Pupillometric Measures and Computational Mechanisms. 0724-0724. Ph.D.
thesis, Princeton University.

Gratton, G., and Fabiani, M. (2001). Shedding light on brain function:
the event-related optical signal. Trends Cogn. Sci. 5, 357-363.
doi: 10.1016/S1364-6613(00)01701-0

Gratton, G., and Fabiani, M. (2003). The event-related optical signal (EROS)
in visual cortex: replicability, consistency, localization, and resolution.
Psychophysiology 40, 561-571. doi: 10.1111/1469-8986.00058

Grinvald, A., Lieke, E., Frostig, R. D., Gilbert, C. D., and Wiesel, T. N. (1986).
Functional architecture of cortex revealed by optical imaging of intrinsic
signals. Nature 324, 361-364. doi: 10.1038/324361a0

Grossman, P. (1992). Respiratory and cardiac rhythms as windows to central and
autonomic biobehavioral regulation: selection of window frames, keeping the
panes clean and viewing the neural topography. Biol. Psychol. 34, 131-161.
doi: 10.1016/0301-0511(92)90013-K

Guoping, S., and Zhang, K. (2009). An ERP study of effects of driving fatigue
on auditory attention. Psychol. Sci. 32, 517-520. Available online at: https://
psycnet.apa.org/record/2009-12822-001

Haouij, N. E., Poggi, J.-M., Sevestre-Ghalila, S., Ghozi, R., and Jaidane, M.
(2018). “AffectiveROAD system and database to assess driver’s attention,” in
Proceedings of the 33rd Annual ACM Symposium on Applied Computing (Pau).
doi: 10.1145/3167132.3167395

Healey, J., Seger, J., and Picard, R. (1999). Quantifying driver stress: developing
a system for collecting and processing bio-metric signals in natural situations.
Biomed. Sci. Instrum. 35, 193-198.

Hebb, D. O. (1955). Drives and the CNS (conceptual nervous system). Psychol. Rev.
62:243. doi: 10.1037/h0041823

Heine, T, Lenis, G., Reichensperger, P., Beran, T., Doessel, O., and Deml, B. (2017).
Electrocardiographic features for the measurement of drivers’ mental workload.
Appl. Ergon. 61, 31-43. doi: 10.1016/j.apergo.2016.12.015

Herff, C., Putze, F., and Schultz, T. (2017). “Evaluating fNIR-based workload
discrimination in a realistic driving scenario,” in The First Biannual
Neuroadaptive Technology, Conference (Berlin).

Hess, E. H., and Polt, J. M. (1964). Pupil size in relation to mental
activity during simple problem-solving.  Science 143, 1190-1192.
doi: 10.1126/science.143.3611.1190

Hidalgo-Munoz, A. R., Béquet, A. J., Astier-Juvenon, M., Pépin, G., Fort, A,,
Jallais, C., et al. (2018). Respiration and heart rate modulation due to
competing cognitive tasks while driving. Front. Human Neurosci. 12:525.
doi: 10.3389/fnhum.2018.00525

Hirao, A., Kato, K., Kitazaki, S., and Yamazaki, N. (2007). Evaluations of
Physical Fatigue During Long-Term Driving with a New Driving Posture. SAE

Instrum. Meas.

Technical Paper, SAE World Congress & Exhibition (No. 2007-01-0348).
doi: 10.4271/2007-01-0348

Horat, S. K., Herrmann, F. R., Favre, G., Terzis, J., Debatisse, D., Merlo, M. C,, et
al. (2016). Assessment of mental workload: a new electrophysiological method
based on intra-block averaging of ERP amplitudes. Neuropsychologia 82, 11-17.
doi: 10.1016/j.neuropsychologia.2015.12.013

Hostens, 1., and Ramon, H. (2005). Assessment of muscle fatigue in low level
monotonous task performance during car driving. J. Electromyogr. Kinesiol. 15,
266-274. doi: 10.1016/j.jelekin.2004.08.002

Hung, Y. C.,, Wang, Y. K., Prasad, M., and Lin, C. T. (2017). “Brain dynamic states
analysis based on 3D convolutional neural network,” in Systems, Man, and
Cybernetics (SMC), 2017 IEEE International Conference (Banff, AB), 222-227.
doi: 10.1109/SMC.2017.8122606

Jacob, S., Bukhari, S. S., Ishimaru, S., and Dengel, A. (2018). “Gaze-based
interest detection on newspaper articles,” in Proceedings of the 7th Workshop
on Pervasive Eye Tracking and Mobile Eye-Based Interaction (Warsaw), 4.
doi: 10.1145/3208031.3208034

Jagannath, M., and Balasubramanian, V. (2014). Assessment of early onset of driver
fatigue using multimodal fatigue measures in a static simulator. Appl. Ergon. 45,
1140-1147. doi: 10.1016/j.apergo.2014.02.001

Janisse, M. P. (1977). Pupillometry: The Psychology of the Pupillary Response.
Halsted Press.

Jasper, P., Sibley, C., and Coyne, J. (2016). “Using heart rate variability to
assess operator mental workload in a command and control simulation of
multiple unmanned aerial vehicles,” in Proceedings of the Human Factors and
Ergonomics Society Annual Meeting, Vol. 60 (Sage CA; Los Angeles, CA: SAGE
Publications), 1125-1129. doi: 10.1177/1541931213601264

Jennings, J. R., and Allen, B. (2016). “Methodology,” Chapter. in Handbook
of Psychophysiology, 4th Edn. eds ]. T. Cacioppo, L. G. Tassinary, and
G. G. Berntson, 583-611. Cambridge Handbooks in Psychology. Cambridge:
Cambridge University Press. doi: 10.1017/9781107415782.027

Jennings, J. R., Bberg, W. K., Hutcheson, J. S., Obrist, P., Porges, S., and Turpin, G.
(1981). Publication guidelines for heart rate studies in man. Psychophysiology
18, 226-231. doi: 10.1111/§.1469-8986.1981.tb03023.x

Jensen, O., and Mazaheri, A. (2010). Shaping functional architecture by
oscillatory alpha activity: gating by inhibition. Front. Human Neurosci. 4:186.
doi: 10.3389/fnhum.2010.00186

Jobsis, F. F. (1977). Noninvasive, infrared monitoring of cerebral and myocardial
oxygen sufficiency and circulatory parameters. Science 198, 1264-1267.
doi: 10.1126/science.929199

Johansson, G., Evans, G. W., Cederstrém, C., Rydstedt, L. W., Fuller-Rowell, T,
and Ong, A. D. (2012). The effects of urban bus driving on blood pressure
and musculoskeletal problems: a quasi-experimental study. Psychosom. Med.
74, 89-92. doi: 10.1097/PSY.0b013e31823ba88f

Jonsson, S., and Jonsson, B. (1975). Function of the muscles of the upper limb in
car driving. Ergonomics 18, 375-388. doi: 10.1080/00140137508931471

Kahana, M. J. (2006). The cognitive correlates of human brain oscillations. J.
Neurosci. 26, 1669-1672. doi: 10.1523/J]NEUROSCI.3737-05¢.2006

Kahneman, D., and Beatty, J. (1966). Pupil diameter and load on memory. Science
154, 1583-1585. doi: 10.1126/science.154.3756.1583

Kajiwara, S. (2014). Evaluation of driver’s mental workload by facial temperature
and electrodermal activity under simulated driving conditions. Int. J. Automot.
Technol. 15, 65-70.

Kassab, A., Le Lan, J., Tremblay, J., Vannasing, P., Dehbozorgi, M., Pouliot, P.,
et al. (2018). Multichannel wearable fNIRS-EEG system for long-term clinical
monitoring. Human Brain Mapp. 39, 7-23. doi: 10.1002/hbm.23849

Kassem, K., Salah, J., Abdrabou, Y., Morsy, M., El-Gendy, R., Abdelrahman, Y.,
et al. (2017). “DiVA: exploring the usage of pupil diameter to elicit valence
and arousal,” in Proceedings of the 16th International Conference on Mobile and
Ubiquitous Multimedia (Stuttgart). doi: 10.1145/3152832.3152836

Kiathner, 1., Wriessnegger, S. C., Miiller-Putz, G. R,, Kiibler, A., and Halder, S.
(2014). Effects of mental workload and fatigue on the P300, alpha and theta
band power during operation of an ERP (P300) brain-computer interface. Biol.
Psychol. 102, 118-129. doi: 10.1016/j.biopsycho.2014.07.014

Kato, T., Fujii, T., and Tanimoto, M. (2004). “Detection of driver’s posture in the car
by using far infrared camera,” in Intelligent Vehicles Symposium, 2004 (Parma).
doi: 10.1109/1VS.2004.1336406

Frontiers in Human Neuroscience | www.frontiersin.org

22

March 2019 | Volume 13 | Article 57


https://doi.org/10.1111/j.1469-8986.1986.tb00676.x
https://doi.org/10.1142/S0129065714500063
https://doi.org/10.1016/j.eswa.2016.06.042
https://doi.org/10.1007/s00138-013-0570-5
https://doi.org/10.3758/s13428-011-0109-5
https://doi.org/10.1109/TIM.2018.2865842
https://doi.org/10.1371/journal.pone.0121279
https://doi.org/10.3389/fnhum.2018.00321
https://doi.org/10.1016/S1364-6613(00)01701-0
https://doi.org/10.1111/1469-8986.00058
https://doi.org/10.1038/324361a0
https://doi.org/10.1016/0301-0511(92)90013-K
https://psycnet.apa.org/record/2009-12822-001
https://psycnet.apa.org/record/2009-12822-001
https://doi.org/10.1145/3167132.3167395
https://doi.org/10.1037/h0041823
https://doi.org/10.1016/j.apergo.2016.12.015
https://doi.org/10.1126/science.143.3611.1190
https://doi.org/10.3389/fnhum.2018.00525
https://doi.org/10.4271/2007-01-0348
https://doi.org/10.1016/j.neuropsychologia.2015.12.013
https://doi.org/10.1016/j.jelekin.2004.08.002
https://doi.org/10.1109/SMC.2017.8122606
https://doi.org/10.1145/3208031.3208034
https://doi.org/10.1016/j.apergo.2014.02.001
https://doi.org/10.1177/1541931213601264
https://doi.org/10.1017/9781107415782.027
https://doi.org/10.1111/j.1469-8986.1981.tb03023.x
https://doi.org/10.3389/fnhum.2010.00186
https://doi.org/10.1126/science.929199
https://doi.org/10.1097/PSY.0b013e31823ba88f
https://doi.org/10.1080/00140137508931471
https://doi.org/10.1523/JNEUROSCI.3737-05c.2006
https://doi.org/10.1126/science.154.3756.1583
https://doi.org/10.1002/hbm.23849
https://doi.org/10.1145/3152832.3152836
https://doi.org/10.1016/j.biopsycho.2014.07.014
https://doi.org/10.1109/IVS.2004.1336406
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Lohani et al.

Psychophysiological Measures in Driving

Ko, L. W., Komarov, O., Hairston, W. D., Jung, T. P., and Lin, C. T. (2017).
Sustained attention in real classroom settings: an eeg study. Front. Human
Neurosci. 11:388. doi: 10.3389/fnhum.2017.00388

Kolli, A., Fasih, A., Al Machot, F., and Kyamakya, K. (2011). “Non-intrusive car
driver’s emotion recognition using thermal camera,” in Nonlinear Dynamics
and Synchronization (INDS) & 16th Int'l Symposium on Theoretical Electrical
Engineering (Klagenfurt). doi: 10.1109/INDS.2011.6024802

Kosiachenko, E., and Si, D. (2017). Classification of brain activity using brainwaves
recorded by consumer-grade EEG devices. Adv. Mass Data, 14.

Krol, L. R, Zander, T. O., Jaswa, M., Flascher, O., Snelting, A., and Brouwer,
A.-M. (2017). “Online-capable cleaning of highly artefactual EEG data
recorded during real driving,” in Proceedings of the 7th Graz Brain-Computer
Interface Conference. doi: 10.3217/978-3-85125-533-1-47

Kurosawa, K., Takezawa, N., Sano, T., Miyamoto, S., Yasushi, M., and Hashimoto,
H. (2017). “Drowsiness prediction system for vehicle using capacity coupled
electrode type non-invasive ECG measurement,” in System Integration (SII),
2017 IEEE/SICE International Symposium. doi: 10.1109/S11.2017.8279230

Laborde, S., Mosley, E., and Thayer, J. F. (2017). Heart rate variability and
cardiac vagal tone in psychophysiological research-recommendations for
experiment planning, data analysis, and data reporting. Front. Psychol. 8:213.
doi: 10.3389/fpsyg.2017.00213

Le, A. S., Aoki, H., Murase, F., and Ishida, K. (2018). A novel method for
classifying driver cognitive distraction under naturalistic conditions with
information from near-infrared spectroscopy. Front. Human Neurosci. 12:431.
doi: 10.3389/fnhum.2018.00431

Lee, B. G, Chong, T. W., Lee, B. L, Park, H. J., Kim, Y. N,, and Kim,
B. (2017a). Wearable emotional response-monitoring
system for drivers. IEEE Trans. Human Mach. Syst. 47, 636-649.
doi: 10.1109/THMS.2017.2658442

Lee, D. S, Chong, T. W., and Lee, B. G. (2017b). Stress events detection
of driver by wearable glove system. IEEE Sens. J. 17, 194-204.
doi: 10.1109/JSEN.2016.2625323

Lee, H. B, Kim, J. S., Kim, Y. S., Baek, H. J., Ryu, M. S., and Park, K. S. (2007). “The
relationship between HRV parameters and stressful driving situation in the real
road,” in 6th International Special Topic Conference on Information Technology
Applications in Biomedicine, 2007 (Tokyo). doi: 10.1109/ITAB.2007.4407380

Lee, K. W., Yoon, H. S., Song, J. M., and Park, K. R. (2018). Convolutional
neural network-based classification of driver’s emotion during aggressive
and smooth driving using multi-modal camera sensors. Sensors 18:957.
doi: 10.3390/51804095

Leinonen, V., Kankaanpid, M., Vanharanta, H., Airaksinen, O., and Hénninen, O.
(2005). Back and neck extensor loading and back pain provocation in urban
bus drivers with and without low back pain. Pathophysiology 12, 249-255.
doi: 10.1016/j.pathophys.2005.09.004

Lenneman, J. K., and Backs, R. W. (2009). Cardiac autonomic control during
simulated driving with a concurrent verbal working memory task. Human Fact.
51, 404-418. doi: 10.1177/0018720809337716

Lenneman, J. K., and Backs, R. W. (2010). “Enhancing assessment of in-vehicle
technology attention demands with cardiac measures,” in Proceedings of the
2nd International Conference on Automotive User Interfaces and Interactive
Vehicular Applications. doi: 10.1145/1969773.1969777

Li, Z., Chen, L., Peng, J., and Wu, Y. (2017). Automatic detection of driver fatigue
using driving operation information for transportation safety. Sensors 17:1212.
doi: 10.3390/s17061212

Li, Z., Zhang, M., Zhang, X., Dai, S., Yu, X,, and Wang, Y. (2009). Assessment of
cerebral oxygenation during prolonged simulated driving using near infrared
spectroscopy: its implications for fatigue development. Eur. J. Appl. Physiol.
107, 281-287. doi: 10.1007/s00421-009-1122-6

Liang, B., and Lin, Y. (2018). Using physiological and behavioral measurements
in a picture-based road hazard perception experiment to classify risky
and safe drivers. Transp. Res. Part F Traffic Psychol. Behav. 58, 93-105.
doi: 10.1016/j.trf.2018.05.024

Liang, S. F,, Lin, C. T., Wu, R. C,, Chen, Y. C,, Huang, T. Y., and Jung, T. P. (2006).
“Monitoring driver’s alertness based on the driving performance estimation and
the EEG power spectrum analysis,” in 2005 IEEE Engineering in Medicine and
Biology 27th Annual Conference (Shanghai). doi: 10.1109/IEMBS.2005.1615791

mobile-based

Liang, W. C,, Yuan, J., Sun, D. C,, and Lin, M. H. (2009). Changes in physiological
parameters induced by indoor simulated driving: effect of lower body exercise
at mid-term break. Sensors 9, 6913-6933. doi: 10.3390/590906913

Liang, Y., Horrey, W. J., Howard, M. E., Lee, M. L., Anderson, C., Shreeve,
M. S, et al. (2017). Prediction of drowsiness events in night shift workers
during morning driving. Accid. Anal. Prev. doi: 10.1016/j.aap.2017.11.004.
[Epub ahead of print].

Lim, W. L, Sourina, O., and Wang, L. P. (2018). STEW: Simultaneous task
EEG workload dataset. IEEE Trans. Neural Syst. Rehabil. Eng. 26, 2106-2114.
doi: 10.1109/TNSRE.2018.2872924

Lin, C. T., Wu, R. C,, Liang, S. F,, Chao, W. H., Chen, Y. J,, and Jung, T. P.
(2005). EEG-based drowsiness estimation for safety driving using independent
component analysis. IEEE Trans. Circuits Syst. I Regular Papers 52, 2726-2738.
doi: 10.1109/TCSI.2005.857555

Littler, W. A., Honour, A. J., and Sleight, P. (1973). Direct arterial pressure
and electrocardiogram during motor car driving. Br. Med. J. 2, 273-277.
doi: 10.1136/bm;j.2.5861.273

Liu, T., Pelowski, M., Pang, C., Zhou, Y., and Cai, J. (2016). Near-infrared
spectroscopy as a tool for driving research. Ergonomics 59, 368-379.
doi: 10.1080/00140139.2015.1076057

Liu, T., Saito, H., and Oi, M. (2012). Distinctive activation patterns under
intrinsically versus extrinsically driven cognitive loads in prefrontal cortex: a
near-infrared spectroscopy study using a driving video game. Neurosci. Lett.
506, 220-224. doi: 10.1016/j.neulet.2011.11.009

Liu, Y., and Du, S. (2018). Psychological stress level
based on electrodermal activity. Behav. Brain Res. 341,
doi: 10.1016/j.bbr.2017.12.021

Liu, Y.-T., Lin, Y.-T., Wu, S.-L., Hsieh, T.-Y., and Lin, C.-T. (2015). “Assessment
of mental fatigue: an EEG-based forecasting system for driving safety,” in 2015
IEEE International Conference on Systems, Man, and Cybernetics (Kowloon).
doi: 10.1109/SMC.2015.561

Lohani, M., and Isaacowitz, D. M. (2014). Age differences in managing response
to sadness elicitors using attentional deployment, positive reappraisal and
suppression. Cogn. Emot. 28, 678-697. doi: 10.1080/02699931.2013.853648

Lohani, M., Payne, B. R., and Isaacowitz, D. M. (2018). Emotional coherence in
early and later adulthood during sadness reactivity and regulation. Emotion 18,
789-804. doi: 10.1037/emo0000345

Luck, S. J., and Kappenman, E. S. (2012). Oxford Handbook of ERP Components.
New York, NY: Oxford University Press.

Luijcks, R., Hermens, H. J., Bodar, L., Vossen, C. J., van Os, J., and Lousberg, R.
(2014). Experimentally induced stress validated by EMG activity. PLoS ONE
9:€95215. doi: 10.1371/journal.pone.0095215

Lundberg, U., Kadefors, R., Melin, B., Palmerud, G., Hassmén, P., Engstrom, M.,
et al. (1994). Psychophysiological stress and EMG activity of the trapezius
muscle. Int. J. Behav. Med. 354-370. doi: 10.1207/s15327558ijbm0104_5

Luque-Casado, A., Perales, J. C., Cardenas, D., and Sanabria, D. (2016). Heart rate
variability and cognitive processing: the autonomic response to task demands.
Biol. Psychol. 113, 83-90. doi: 10.1016/j.biopsycho.2015.11.013

Lyman, J. M., McGwin, G. Jr., and Sims, R. V. (2001). Factors related to
driving difficulty and habits in older drivers. Accid. Anal. Prev. 33, 413-421.
doi: 10.1016/S0001-4575(00)00055-5

Ma, Z., Yao, S., and Li, J. (2018). “A study of integrated driver fatigue judging
algorithm based on principal component analysis,” in MATEC Web of
Conferences, (EDP Sciences) (Nanjing). doi: 10.1051/matecconf/201817302011

Maccora, J., Manousakis, J. E., and Anderson, C. (2018). Pupillary instability as an
accurate, objective marker of alertness failure and performance impairment. J.
Sleep Res. €12739. doi: 10.1111/jsr.12739

Madan, C. R., Harrison, T. and Mathewson, K. E. (2018). Noncontact
measurement of emotional and physiological changes in heart rate from a
webcam. Psychophysiology 55:¢13005. doi: 10.1111/psyp.13005

Marinescu, A. C,, Sharples, S., Ritchie, A. C., Sanchez Lopez, T., McDowell, M., and
Morvan, H. P. (2018). Physiological parameter response to variation of mental
workload. Hum. Factors 60, 31-56. doi: 10.1177/0018720817733101

Maris, E., and Oostenveld, R. (2007). Nonparametric
testing of EEG-and MEG-data. J. Neurosci. Methods 164,
doi: 10.1016/j.jneumeth.2007.03.024

detection
50-53.

statistical
177-190.

Frontiers in Human Neuroscience | www.frontiersin.org

March 2019 | Volume 13 | Article 57


https://doi.org/10.3389/fnhum.2017.00388
https://doi.org/10.1109/INDS.2011.6024802
https://doi.org/10.3217/978-3-85125-533-1-47
https://doi.org/10.1109/SII.2017.8279230
https://doi.org/10.3389/fpsyg.2017.00213
https://doi.org/10.3389/fnhum.2018.00431
https://doi.org/10.1109/THMS.2017.2658442
https://doi.org/10.1109/JSEN.2016.2625323
https://doi.org/10.1109/ITAB.2007.4407380
https://doi.org/10.3390/s1804095
https://doi.org/10.1016/j.pathophys.2005.09.004
https://doi.org/10.1177/0018720809337716
https://doi.org/10.1145/1969773.1969777
https://doi.org/10.3390/s17061212
https://doi.org/10.1007/s00421-009-1122-6
https://doi.org/10.1016/j.trf.2018.05.024
https://doi.org/10.1109/IEMBS.2005.1615791
https://doi.org/10.3390/s90906913
https://doi.org/10.1016/j.aap.2017.11.004
https://doi.org/10.1109/TNSRE.2018.2872924
https://doi.org/10.1109/TCSI.2005.857555
https://doi.org/10.1136/bmj.2.5861.273
https://doi.org/10.1080/00140139.2015.1076057
https://doi.org/10.1016/j.neulet.2011.11.009
https://doi.org/10.1016/j.bbr.2017.12.021
https://doi.org/10.1109/SMC.2015.561
https://doi.org/10.1080/02699931.2013.853648
https://doi.org/10.1037/emo0000345
https://doi.org/10.1371/journal.pone.0095215
https://doi.org/10.1207/s15327558ijbm0104_5
https://doi.org/10.1016/j.biopsycho.2015.11.013
https://doi.org/10.1016/S0001-4575(00)00055-5
https://doi.org/10.1051/matecconf/201817302011
https://doi.org/10.1111/jsr.12739
https://doi.org/10.1111/psyp.13005
https://doi.org/10.1177/0018720817733101
https://doi.org/10.1016/j.jneumeth.2007.03.024
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Lohani et al.

Psychophysiological Measures in Driving

Marquart, G., Cabrall, C., and de Winter, J. (2015). Review of eye-related
measures of drivers mental workload. Procedia Manuf. 3, 2854-2861.
doi: 10.1016/j.promfg.2015.07.783

Marshall, S. P. (2002). “The index of cognitive activity: measuring cognitive
workload,” in Human Factors and Power Plants, 2002. Proceedings of the 2002
IEEE 7th Conference (Scottsdale, AZ). doi: 10.1109/HFPP.2002.1042860

Massar, S. A. A., Wester, A. E., Volkerts, E. R, and Kenemans, J. L.
(2010). Manipulation specific effects of mental fatigue: evidence from
novelty processing and simulated driving. Psychophysiology 47, 1119-1126.
doi: 10.1111/j.1469-8986.2010.01028.x

Mathewson, K. E., Gratton, G., Fabiani, M., Beck, D. M., and Ro, T. (2009). To
see or not to see: prestimulus a phase predicts visual awareness. J. Neurosci. 29,
2725-2732. doi: 10.1523/J]NEUROSCI.3963-08.2009

Matthews, G., Wohleber, R., Lin, J., Funke, G., and Neubauer, C. (2019).
“Monitoring task fatigue in contemporary and future vehicles: a review;” in
Advances in Human Factors in Simulation and Modeling. AHFE 2018. Advances
in Intelligent Systems and Computing, Vol. 780, ed D. Cassenti (Cham: Springer)
doi: 10.1007/978-3-319-94223-0_10

Mauss, I. B., and Robinson, M. D. (2009). Measures of emotion: a review. Cogn.
Emot. 23,209-237. doi: 10.1080/02699930802204677

Mazzetta, L, Gentile, P., Pessione, M., Suppa, A., Zampogna, A., Bianchini, E., et al.
(2018). Stand-alone wearable system for ubiquitous real-time monitoring of
muscle activation potentials. Sensors 18:6. doi: 10.3390/s18061748

McKendrick, R., Parasuraman, R., Murtza, R., Formwalt, A., Baccus, W, Paczynski,
M., et al. (2016). Into the wild: neuroergonomic differentiation of hand-
held and augmented reality wearable displays during outdoor navigation
with functional near infrared spectroscopy. Front. Hum. Neurosci. 10:216.
doi: 10.3389/fnhum.2016.00216

Mehler, B., Reimer, B., and Coughlin, J. F. (2012). Sensitivity of physiological
measures for detecting systematic variations in cognitive demand from a
working memory task: an on-road study across three age groups. Hum. Factors
54, 396-412. doi: 10.1177/0018720812442086

Mehler, B., Reimer, B, Coughlin, J. F., and Dusek, J. A. (2009). The
impact of incremental increases in cognitive workload on physiological
arousal and performance in young adult drivers. Transport. Res. Rec. 2138,
6-12. doi: 10.3141/2138-02

Mehler, B., Reimer, B, and Wang, Y. (2011). “A comparison of heart rate
and heart rate variability indices in distinguishing single-task driving and
driving under secondary cognitive workload,” in Proceedings of the 6th
International Driving Symposium on Human Factors in Driver Assessment,
Training, and Vehicle Design: Driving Assessment, 2011 (Lake Tahoe, CA),
590-597. doi: 10.17077/drivingassessment.1451

Miller, N. R., Newman, N. J., Biousse, V., and Kerrison, J. B. (2005). Walsh
and Hoyt’s Clinical-Neuroophthalmology, 6th Edn. Philadelphia, PA: Lippincott
Williams & Wilkins

Moghaddam, G. K., and Lowe, C. R. (eds.). (2019). “Ex vivo biosignatures,” in
Health and Wellness Measurement Approaches for Mobile Healthcare. (Cham:
Springer), 51-104. doi: 10.1007/978-3-030-01557-2_3

Morad, Y., Lemberg, H., Yofe, N., and Dagan, Y. (2000). Pupillography
as an objective indicator of fatigue. Curr. Eye Res. 21, 535-542.
doi: 10.1076/0271-3683(200007)2111-ZFT535

Morales, J. M., Diaz-Piedra, C., Rieiro, H., Roca-Gonzilez, J., Romero,
S., Catena, A., et al. (2017). Monitoring driver fatigue using a single-
channel electroencephalographic device: a validation study by gaze-based,
driving performance, and subjective data. Accid. Anal. Prev. 109, 62-69.
doi: 10.1016/j.aap.2017.09.025

Morris, D. M., Erno, J. M., and Pilcher, J. J. (2017). “Electrodermal response and
automation trust during simulated self-driving car use,” in Proceedings of the
Human Factors and Ergonomics Society Annual Meeting, (Los Angeles, CA:
SAGE Publications), 61, 1759-1762. doi: 10.1177/1541931213601921

Mun, S., Whang, M., Park, S., and Park, M. (2017). Effects of mental workload on
involuntary attention: a somatosensory ERP study. Neuropsychologia 106, 7-20.
doi: 10.1016/j.neuropsychologia.2017.08.021

Murai, K., Hayashi, Y., Okazaki, T., Stone, L. C., and Mitomo, N. (2008).
“Evaluation of ship navigator’s mental workload using nasal temperature and
heart rate variability,” in Systems, Man and Cybernetics, 2008. SMC 2008. IEEE
International Conference (Singapore). doi: 10.1109/ICSMC.2008.4811503

Nadeau, C., and Bengio, Y. (2000). “Inference for the generalization
error; in Advances in Neural Information Processing Systems, 307-313.
doi: 10.1023/A:1024068626366

Neshov, N. N., Manolova, A. H., Draganov, I. R, Tonschev, K. T., and
Boumbarov, O. L. (2018). Classification of Mental Tasks from EEG Signals
Using Spectral Analysis, PCA and SVM. Cybern. Inf. Technol. 18, 81-92.
doi: 10.2478/cait-2018-0007

Noda, A., Miyaji, M., Wakuda, Y., Hara, Y. and Yasuma, F. (2015).
Simultaneous measurement of heart rate variability and blinking duration
to predict sleep onset and drowsiness in drivers. J. Sleep Disord Ther 4,
2167-0277. doi: 10.4172/2167-0277.1000213

Noordzij, M. L., Dorrestijn, S. M., and van den Berg, I. A. (2017). “An
idiographic study into the physiology and self-reported mental workload
of learning to drive a car] in Proceedings of the Human Factors and
Ergonomics Society Europe Chapter 2016 Annual Conference (Prague). Available
online at: https://research.utwente.nl/en/publications/an-idiographic-study-
into-the- physiology-and- selfreported- mental-

Nowara, E., M., Marks, T. K., Mansour, H., and Veeraraghavan, A. (2018).
“SparsePPG: towards driver monitoring using camera-based vital signs
estimation in near-infrared, in Proceedings of the IEEE Conference on
Computer Vision and Pattern Recognition Workshops (Salt Lake City, UT).
doi: 10.1109/CVPRW.2018.00174

Nunez, P. L., and Srinivasan, R. (2006). Electric Fields
Brain: ~ The  Neurophysics of EEG. Oxford  University
doi: 10.1093/acprof:0s0/9780195050387.001.0001

O’Donnell, R. D., and Eggemeier, F. T. (1986). “Workload assessment
methodology,” in Handbook of perception and human performance. Vol. 2,
Cognitive Processes and Performance, eds K. R. Boff, L. Kaufman, and J. P.
Thomas (New York, NY: Wiley), 1-49.

Or, C. K. L, and Duffy, V. G. (2007). Development of a facial skin temperature-
based methodology for non-intrusive mental workload measurement.
Occupational Ergonomics 7, 83-94. Available online at: https://content.iospress.
com/articles/occupational-ergonomics/oer00140

Ottaviani, C., Brosschot, J. F., Lonigro, A., Medea, B., Van Diest, I,
and Thayer, J. F. (2016). Hemodynamic profiles of functional and
dysfunctional forms of repetitive thinking. Ann. Behav. Med. 51, 261-271.
doi: 10.1007/512160-016-9851-3

Palinko, O., Kun, A. L., Shyrokov, A., and Heeman, P. (2010). “Estimating cognitive
load using remote eye tracking in a driving simulator] in Proceedings of
the 2010 Symposium on Eye-Tracking Research & Applications (Austin, TX).
doi: 10.1145/1743666.1743701

Paredes, P. E., Ordonez, F., Ju, W., and Landay, J. A. (2018). “Fast & furious:
detecting stress with a car steering wheel,” in Proceedings of the 2018
CHI Conference on Human Factors in Computing Systems (Montreal, QC).
doi: 10.1145/3173574.3174239

Patel, M, Lal, S. K., Kavanagh, D., and Rossiter, P. (2011). Applying neural network
analysis on heart rate variability data to assess driver fatigue. Expert Syst. Appl.
38, 7235-7242. doi: 10.1016/j.eswa.2010.12.028

Perrier, J., Jongen, S., Vuurman, E., Bocca, M. L., Ramaekers, J. G., and
Vermeeren, A. (2016). Driving performance and EEG fluctuations during
on-the-road driving following sleep deprivation. Biol. Psychol. 121, 1-11.
doi: 10.1016/j.biopsycho.2016.09.010

Pfleging, B., Fekety, D. K., Schmidt, A., and Kun, A. L. (2016). “A model relating
pupil diameter to mental workload and lighting conditions,” in Proceedings of
the 2016 CHI Conference on Human Factors in Computing Systems (San Jose,
CA). doi: 10.1145/2858036.2858117

Pina-Ramirez, O., Valdés-Cristerna, R., Medina-Banuelos, V., and Yafez-Suarez,
O. (2018). “Chapter 7 - P300-based brain-computer interfaces,” in Smart
Wheelchairs and Brain-Computer Interfaces, ed P. Diez (Academic Press),
131-170. Available online at: http://www.sciencedirect.com/science/article/pii/
B9780128128923000078

Piotrowski, Z., and Szypulska, M. (2017). Classification of falling asleep
states using HRV analysis. Biocybern. Biomed. Eng. 37, 290-301.
doi: 10.1016/j.bbe.2017.02.003

Piper, S. K., Krueger, A., Koch, S. P., Mehnert, J., Habermehl, C., Steinbrink, J.,
etal. (2014). A wearable multi-channel {NIRS system for brain imaging in freely
moving subjects. Neuroimage 85, 64-71. doi: 10.1016/j.neuroimage.2013.06.062

of the

Press.

Frontiers in Human Neuroscience | www.frontiersin.org

24

March 2019 | Volume 13 | Article 57


https://doi.org/10.1016/j.promfg.2015.07.783
https://doi.org/10.1109/HFPP.2002.1042860
https://doi.org/10.1111/j.1469-8986.2010.01028.x
https://doi.org/10.1523/JNEUROSCI.3963-08.2009
https://doi.org/10.1007/978-3-319-94223-0_10
https://doi.org/10.1080/02699930802204677
https://doi.org/10.3390/s18061748
https://doi.org/10.3389/fnhum.2016.00216
https://doi.org/10.1177/0018720812442086
https://doi.org/10.3141/2138-02
https://doi.org/10.17077/drivingassessment.1451
https://doi.org/10.1007/978-3-030-01557-2_3
https://doi.org/10.1076/0271-3683(200007)2111-ZFT535
https://doi.org/10.1016/j.aap.2017.09.025
https://doi.org/10.1177/1541931213601921
https://doi.org/10.1016/j.neuropsychologia.2017.08.021
https://doi.org/10.1109/ICSMC.2008.4811503
https://doi.org/10.1023/A:1024068626366
https://doi.org/10.2478/cait-2018-0007
https://doi.org/10.4172/2167-0277.1000213
https://research.utwente.nl/en/publications/an-idiographic-study-into-the-physiology-and-selfreported-mental-
https://research.utwente.nl/en/publications/an-idiographic-study-into-the-physiology-and-selfreported-mental-
https://doi.org/10.1109/CVPRW.2018.00174
https://doi.org/10.1093/acprof:oso/9780195050387.001.0001
https://content.iospress.com/articles/occupational-ergonomics/oer00140
https://content.iospress.com/articles/occupational-ergonomics/oer00140
https://doi.org/10.1007/s12160-016-9851-3
https://doi.org/10.1145/1743666.1743701
https://doi.org/10.1145/3173574.3174239
https://doi.org/10.1016/j.eswa.2010.12.028
https://doi.org/10.1016/j.biopsycho.2016.09.010
https://doi.org/10.1145/2858036.2858117
http://www.sciencedirect.com/science/article/pii/B9780128128923000078
http://www.sciencedirect.com/science/article/pii/B9780128128923000078
https://doi.org/10.1016/j.bbe.2017.02.003
https://doi.org/10.1016/j.neuroimage.2013.06.062
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Lohani et al.

Psychophysiological Measures in Driving

Piquado, T., Isaacowitz, D. M., and Wingfield, A. (2010). Pupillometry as a measure
of cognitive effort in younger and older adults. Psychophysiology 47, 560-569.
doi: 10.1111/j.1469-8986.2009.00947 .x

Polich, J. (2007). Updating P300: an integrative theory of P3a and P3b. Clin.
Neurophysiol. 118, 2128-2148. doi: 10.1016/j.clinph.2007.04.019

Popescu, F., Blankertz, B., and Miiller, K. R. (2008). Computational challenges for
noninvasive brain computer interfaces. IEEE Intell. Syst. 23, 78-79. Available
online at: http://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.370.8282

Prabhakar, G., Madhu, N., and Biswas, P. (2018). “Comparing pupil dilation, head
movement, and eeg for distraction detection of drivers,” in Proceedings of the
32nd International BCS Human Computer Interaction Conference (Belfast, UK).
doi: 10.14236/ewic/HCI2018.69

Putman, P., Verkuil, B., Arias-Garcia, E., Pantazi, 1., and van Schie, C. (2014). EEG
theta/beta ratio as a potential biomarker for attentional control and resilience
against deleterious effects of stress on attention. Cogn. Affect. Behav. Neurosci.
14, 782-791. doi: 10.3758/s13415-013-0238-7

Quaresima, V., Bisconti, S., and Ferrari, M. (2012). A brief review on
the use of functional near-infrared spectroscopy (fNIRS) for language
imaging studies in human newborns and adults. Brain Lang. 121, 79-89.
doi: 10.1016/j.bandl.2011.03.009

Quigley, K. S, and Berntson, G. G.

chronotropic control of the

Psychophysiology 33, 605-611.

(1996). Autonomic interactions
heart: heart period versus heart
doi:  10.1111/j.1469-8986.1996.tb0

and
rate.
2438.x

Quintana, D. S., Elstad, M., Kaufmann, T., Brandt, C. L., Haatveit, B., Haram, M.,
et al. (2016). Resting-state high-frequency heart rate variability is related to
respiratory frequency in individuals with severe mental illness but not healthy
controls. Sci. Rep. 6:37212 doi: 10.1038/srep37212

Rai, M., Maity, T., and Yadav, R. K. (2017). Thermal imaging system and its real
time applications: a survey. J. Eng. Technol. 6, 290-303. Available online at:
http://www.joetsite.com/wp- content/uploads/2017/07/Vol.-62-24-2017.pdf

Rajkowski, J., Kubiak, P., and Aston-Jones, G. (1994). Locus coeruleus activity in
monkey: phasic and tonic changes are associated with altered vigilance. Brain
Res. Bull. 35, 607-616. doi: 10.1016/0361-9230(94)90175-9

Rastgoo, M. N., Nakisa, B., Rakotonirainy, A., Chandran, V., and Tjondronegoro,
D. (2018). A critical review of proactive detection of driver stress levels based on
multimodal measurements. ACM Comput. Surv. 51:88. doi: 10.1145/3186585

Recarte, M. A., and Nunes, L. M. (2000). Effects of verbal and spatial-
imagery tasks on eye fixations while driving. J. Exp. Psychol 6, 31-43.
doi: 10.1037/1076-898X.6.1.31

Reilly, J., Kelly, A, Kim, S. H, Jett, S, and Zuckerman, B. (2018).
The human task-evoked pupillary response function is linear: implications
for baseline response scaling in pupillometry. Behav. Res. Methods 1-14.
doi: 10.3758/s13428-018-1134-4

Reimer, B., Mehler, B., Coughlin, J. F., Godfrey, K. M., and Chuanzhong,
T. (2009). “An on-road assessment of the impact of cognitive workload
on physiological arousal in young adult drivers” in Proceedings of the
Ist International Conference on Automotive User Interfaces and Interactive
Vehicular Applications, (ACM), 115-118. doi: 10.1145/1620509.1620531

Ruscio, D., Bos, A. J., and Ciceri, M. R. (2017). Distraction or cognitive overload?
using modulations of the autonomic nervous system to discriminate the
possible negative effects of advanced assistance system. Accid. Anal. Prev. 103,
105-111. doi: 10.1016/j.aap.2017.03.023

Sahayadhas, A., Sundaraj, K., and Murugappan, M. (2012). Detecting
driver drowsiness based on sensors: a review. Semsors 12, 16937-16953.
doi: 10.3390/s121216937

Saus, E. R,, Johnsen, B. H., Eid, J., and Thayer, J. F. (2001). Who benefits from
simulator training: Personality and heart rate variability in relation to situation
awareness during navigation training? Comput. Hum. Behav. 28, 1262-1268.
doi: 10.1016/j.chb.2012.02.009

Savchenko, V. V., and Poddubko, S. N. (2018). “Development approach to a
method for monitoring of driver’s ability of resumption of control over the
vehicle by on-board systems in automatic mode,” in IOP Conference Series:
Materials Science and Engineering. doi: 10.1088/1757-899X/386/1/012007

Saxby, D. J., Matthews, G., Hitchcock, E. M., Warm, J. S., Funke, G. J., and
Gantzer, T. (2008). “Effect of active and passive fatigue on performance using a
driving simulator,” in Proceedings of the Human Factors and Ergonomics Society

Annual Meeting, Vol. 52, (Los Angeles, CA: Sage Publications), 1751-1755.
doi: 10.1177/154193120805202113

Schifer, A., and Vagedes, J. (2013). How accurate is pulse rate variability
as an estimate of heart rate variability? a review on studies comparing
photoplethysmographic technology with an electrocardiogram. Int. J. Cardiol.
166, 15-29. doi: 10.1016/j.ijcard.2012.03.119

Schier, M. A. (2000). Changes in EEG alpha power during simulated
driving: a  demonstration. Int. J.  Psychophysiol. 37, 155-162.
doi: 10.1016/S0167-8760(00)00079-9

Schmidt, E., and Bullinger, A. C. (2017). Mitigating passive fatigue during
monotonous drives with thermal stimuli: Insights into the effect of
different stimulation durations. Accid. Anal. Prev. 4575, 30443-30448.
doi: 10.1016/j.aap.2017.12.005.

Schmidt, E., Decke, R. Rasshofer, R. and Bullinger, A. C. (2017).
Psychophysiological ~ responses to  short-term  cooling during a
simulated monotonous  driving task. Appl.  Ergon. 62, 9-18.

doi: 10.1016/j.apergo.2017.01.017

Schmidt, E. A., Schrauf, M., Simon, M., Buchner, A., and Kincses, W. E. (2011).
The short-term effect of verbally assessing drivers’ state on vigilance indices
during monotonous daytime driving. Transport. Res. Part F 14, 251-260.
doi: 10.1016/j.trf.2011.01.005

Schmidt, E. A., Schrauf, M., Simon, M., Fritzsche, M., Buchner, A., and
Kincses, W. E. (2009). Drivers misjudgement of vigilance state during
prolonged monotonous daytime driving. Accid. Anal. Prev. 41, 1087-1093.
doi: 10.1016/j.aap.2009.06.007

Schneegass, S., Pfleging, B., Broy, N., Heinrich, F., and Schmidt, A. (2013). “A data
set of real world driving to assess driver workload,” in Proceedings of the
5th International Conference on Automotive User Interfaces and Interactive
Vehicular Applications (Eindhoven). doi: 10.1145/2516540.2516561

Schwalm, M., Keinath, A., and Zimmer, H., D. (2008). “Pupillometry as a method
for measuring mental workload within a simulated driving task,” in Human
Factors for assistance and automation, eds F. Flemisch, B. Lorenz, H. Oberheid,
K. A. Brookhuis, and D. de Waard (Maastricht: Shaker Publishing).

Seo, S. H., Kwak, S. H., Chung, S. C,, Kim, H. S., and Min, B. C. (2017). Effect
of distraction task on driving performance of experienced taxi drivers. Asian
Biomed. 11, 315-322. doi: 10.1515/abm-2018-0003

Shaffer, F., and Ginsberg, J. P. (2017). An overview of heart rate variability metrics
and norms. Front. Public Health 5:258. doi: 10.3389/fpubh.2017.00258

Shakouri, M., Ikuma, L. H., Aghazadeh, F., and Nahmens, I. (2018). Analysis of
the sensitivity of heart rate variability and subjective workload measures in
a driving simulator: the case of highway work zones. Int. J. Ind. Ergon. 66,
136-145. doi: 10.1016/j.ergon.2018.02.015

Shapiro, D., Jamner, L. D, Lane, J. D., Light, K. C., Myrtek, M., Sawada, Y.,
et al. (1996). Blood pressure publication guidelines. Psychophysiology 33, 1-12.
doi: 10.1111/j.1469-8986.1996.tb02103.x

Sheridan, T., Meyer, J., Roy, S., and Decker, K. (1991). Physiological and
Psychological Evaluations of Driver Fatigue During Long Term Driving. SAE
Technical Paper. doi: 10.4271/910116

Shirazi, A. S., Hassib, M., Henze, N., Schmidt, A., and Kunze, K. (2014).
“Whats on your mind?: mental task awareness using single electrode brain
computer interfaces,” in Proceedings of the 5th Augmented Human International
Conference (Kobe). doi: 10.1145/2582051.2582096

Sibi, S., Ayaz, H., Kuhns, D. P., Sirkin, D. M., and Ju, W. (2016). “Monitoring driver
cognitive load using functional near infrared spectroscopy in partially
autonomous cars, in Intelligent Vehicles Symposium (IV), 2016 IEEE
(Gothenburg). doi: 10.1109/1VS.2016.7535420

Simon, M., Schmidt, E. A., Kincses, W. E., Fritzsche, M., Bruns, A., Aufmuth,
C., et al. (2011). EEG alpha spindle measures as indicators of driver
fatigue under real traffic conditions. Clin. Neurophysiol. 122, 1168-1178.
doi: 10.1016/j.clinph.2010.10.044

Simonson, E., Baker, C., Burns, N. Keiper, C., Schmitt, O. H., and
Stackhouse, S. (1968). Cardiovascular stress (electrocardiographic
changes) produced by driving an automobile. Am. Heart J. 75, 125-135.
doi: 10.1016/0002-8703(68)90123-3

Siren, A., Hakamies-Blomqvist, L., and Lindeman, M. (2004). Driving
cessation and health in older women. J. Appl. Gerontol. 23, 58-69.
doi: 10.1177/0733464804263129

Frontiers in Human Neuroscience | www.frontiersin.org

25

March 2019 | Volume 13 | Article 57


https://doi.org/10.1111/j.1469-8986.2009.00947.x
https://doi.org/10.1016/j.clinph.2007.04.019
http://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.370.8282
https://doi.org/10.14236/ewic/HCI2018.69
https://doi.org/10.3758/s13415-013-0238-7
https://doi.org/10.1016/j.bandl.2011.03.009
https://doi.org/10.1111/j.1469-8986.1996.tb02438.x
https://doi.org/10.1038/srep37212
http://www.joetsite.com/wp-content/uploads/2017/07/Vol.-62-24-2017.pdf
https://doi.org/10.1016/0361-9230(94)90175-9
https://doi.org/10.1145/3186585
https://doi.org/10.1037/1076-898X.6.1.31
https://doi.org/10.3758/s13428-018-1134-4
https://doi.org/10.1145/1620509.1620531
https://doi.org/10.1016/j.aap.2017.03.023
https://doi.org/10.3390/s121216937
https://doi.org/10.1016/j.chb.2012.02.009
https://doi.org/10.1088/1757-899X/386/1/012007
https://doi.org/10.1177/154193120805202113
https://doi.org/10.1016/j.ijcard.2012.03.119
https://doi.org/10.1016/S0167-8760(00)00079-9
https://doi.org/10.1016/j.aap.2017.12.005.
https://doi.org/10.1016/j.apergo.2017.01.017
https://doi.org/10.1016/j.trf.2011.01.005
https://doi.org/10.1016/j.aap.2009.06.007
https://doi.org/10.1145/2516540.2516561
https://doi.org/10.1515/abm-2018-0003
https://doi.org/10.3389/fpubh.2017.00258
https://doi.org/10.1016/j.ergon.2018.02.015
https://doi.org/10.1111/j.1469-8986.1996.tb02103.x
https://doi.org/10.4271/910116
https://doi.org/10.1145/2582051.2582096
https://doi.org/10.1109/IVS.2016.7535420
https://doi.org/10.1016/j.clinph.2010.10.044
https://doi.org/10.1016/0002-8703(68)90123-3
https://doi.org/10.1177/0733464804263129
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Lohani et al.

Psychophysiological Measures in Driving

Sirevaag, E. J., Kramer, A. F., Coles, M. G. H., and Donchin, E. (1989). Resource
reciprocity: an event-related brain potentials analysis. Acta Psychol. 70, 77-97.
doi: 10.1016/0001-6918(89)90061-9

Sirois, S., and Brisson, J. (2014). Pupillometry. Wiley Interdiscip. Rev. Cogn. Sci. 5,
679-692. doi: 10.1002/wcs.1323

Smallwood, J., and Schooler, J. W. (2006). The restless mind. Psychol. Bull. 132,
946-958. doi: 10.1037/0033-2909.132.6.946

Soares, V. C. G, Souza, J. K. S, Ginani, G. E., Pompéia, S., Tierra-
Criollo, C. J., and Melges, D. B. (2013). “Identification of drowsiness and
alertness conditions by means of spectral F-test applied to pupillometric
signals,” in Journal of Physics: Conference Series (Gothenburg), Vol. 477.
doi: 10.1088/1742-6596/477/1/012027

Solis-Marcos, 1., and Kircher, K. (2018). Event-related potentials as indices of
mental workload while using an in-vehicle information system. Cogn. Technol.
Work 1-13. doi: 10.1007/s10111-018-0485-z

Solovey, E. T., Zec, M., Garcia Perez, E. A., Reimer, B., and Mehler, B. (2014).
“Classifying driver workload using physiological and driving performance data:
two field studies,” in Proceedings of the SIGCHI Conference on Human Factors
in Computing Systems (Toronto, ON). doi: 10.1145/2556288.2557068

Spruston, N. (2008). Pyramidal neurons: dendritic structure and synaptic
integration. Nat. Rev. Neurosci. 9, 206-221. doi: 10.1038/nrn2286

Stemberger, J., Allison, R. S., and Schnell, T. (2010). “Thermal imaging as a way
to classify cognitive workload,” in 2010 Canadian Conference on Computer and
Robot Vision, IEEE (Ottawa, ON). doi: 10.1109/CRV.2010.37

Strayer, D. L., and Drews, F. A. (2007). Multi-tasking in the automobile. Attention:
From theory to practice 121-133.

Strayer, D. L., Turrill, J., Cooper, J. M., Coleman, J. R., Medeiros-Ward, N., and
Biondi, F. (2015). Assessing cognitive distraction in the automobile. Hum.
Factors 57, 1300-1324. doi: 10.1177/0018720815575149

Stuiver, A., Brookhuis, K. A., de Waard, D., and Mulder, B. (2014). Short-
term cardiovascular measures for driver support: increasing sensitivity for
detecting changes in mental workload. Int. ]. Psychophysiol. 92, 35-41.
doi: 10.1016/j.ijpsycho0.2014.01.010

Stuiver, A., de Waard, D., Brookhuis, K. A., Dijksterhuis, C., Lewis-Evans, B.,
and Mulder, L. J. M. (2012). Short-term cardiovascular responses to changing
task demands. Int. J. Psychophysiol. 85, 153-160. doi: 10.1016/j.ijpsycho.2012.
06.003

Sugie, R., Arakawa, T., and Kozuka, K (2016). Detection of fatigue in long-distance
driving by heart rate variability. Innovat. Comput. Inform. Control Exp. Lett. 10,
1553-1559. Available online at: https://www.researchgate.net/profile/ Toshiya_
Arakawa2/publication/304757070_Detection_of_Fatigue_in_Long-distance_
Driving by_Heart_Rate_Variability/links/5779da3608ae4645d611f3cb.pdf

Task Force of the European Society of Cardiology (1996). Heart rate variability,
standards of measurement, physiological interpretation, and clinical use.
Circulation 93, 1043-1065. doi: 10.1161/01.CIR.93.5.1043

Tozman, T., Magdas, E. S., MacDougall, H. G., and Vollmeyer, R. (2015).
Understanding the psychophysiology of flow: a driving simulator
experiment to investigate the relationship between flow and heart rate
variability. Comput. Human Behav. 52, 408-418. doi: 10.1016/j.chb.2015.
06.023

Tran, C. C, Yan, S., Habiyaremye, J. L., and Wei, Y. (2017). “Predicting driver’s
work performance in driving simulator based on physiological indices,” in
International Conference on Intelligent Human Computer Interaction, (Cham:
Springer), 150-162.

Trivedi, M. M., Cheng, S. Y., Childers, E. M., and Krotosky, S. J. (2004).
Occupant posture analysis with stereo and thermal infrared video: algorithms
and experimental evaluation. IEEE Trans. Vehicul. Technol. 53, 1698-1712.
doi: 10.1109/TVT.2004.835526

Tsukahara, J. S., Harrison, T. L., and Engle, R. W. (2016). The relationship
between baseline pupil size and intelligence. Cogn. Psychol. 91, 109-123.
doi: 10.1016/j.cogpsych.2016.10.001

Tsunashima, H., and Yanagisawa, K. (2009). Measurement of brain function of
car driver using functional near-infrared spectroscopy (fNIRS). Comput. Intell.
Neurosci. 2009:164958. doi: 10.1155/2009/164958

Unni, A., Thme, K., Jipp, M., and Rieger, J. W. (2017). Assessing the driver’s
current level of working memory load with high density functional near-
infrared spectroscopy: a realistic driving simulator study. Front. Hum. Neurosci.
11:167. doi: 10.3389/fnhum.2017.00167

van Boxtel, A. (2001). Optimal signal bandwidth for the recording of surface
EMG activity of facial, jaw, oral, and neck muscles. Psychophysiology 38, 22-34.
doi: 10.1111/1469-8986.3810022

van Gent, P., Farah, H., van Nes, N, and van Arem, B. (2018). Analysing
noisy driver physiology real-time using off-the-self sensors: heart rate
analysis software from the taking the fast lane project. J. Open Res. Softw.
doi: 10.13140/RG.2.2.24895.56485

Vicente, J., Laguna, P., Bartra, A. and Bailén, R. (2016). Drowsiness
detection using heart rate variability. Med. Biol. Eng. Comput. 54, 927-937.
doi: 10.1007/s11517-015-1448-7

Villringer, A., Planck, J., Hock, C., Schleinkofer, L., and Dirnagl, U. (1993). Near
infrared spectroscopy (NIRS): a new tool to study hemodynamic changes
during activation of brain function in human adults. Neurosci. Lett. 154,
101-104. doi: 10.1016/0304-3940(93)90181-]

Visnovcova, Z., Mestanik, M., Gala, M., Mestanikova, A., and Tonhajzerova,
I (2016). The complexity of electrodermal activity is altered
in mental cognitive stressors. Comput. Biol. Med. 79, 123-129.
doi: 10.1016/j.compbiomed.2016.10.014

Vogelpohl, T., Kithn, M., Hummel, T., and Vollrath, M. (2018). Asleep at the
automated wheel—Sleepiness and fatigue during highly automated driving.
Accid. Anal. Prev. 4575, 30117-30119. doi: 10.1016/j.aap.2018.03.013

von Lithmann, A., Herff, C., Heger, D., and Schultz, T. (2015). Toward a
wireless open source instrument: functional near-infrared spectroscopy in
mobile neuroergonomics and BCI applications. Front. Hum. Neurosci. 9:617.
doi: 10.3389/fnhum.2015.00617

Voytek, B., and Knight, R. T. (2015). Dynamic network communication as a
unifying neural basis for cognition, development, aging, and disease. Biol.
Psychiatry 77, 1089-1097. doi: 10.1016/j.biopsych.2015.04.016

Wang, F., Wang, H., and Fu, R. (2018). Real-Time ECG-based detection of fatigue
driving using sample entropy. Entropy 20:196. doi: 10.3390/¢20030196

Wang, H. (2015). “Detection and alleviation of driving fatigue based on
EMG and EMS/EEG using wearable sensor,” in Proceedings of the 5th EAI
International Conference on Wireless Mobile Communication and Healthcare.
doi: 10.4108/eai.14-10-2015.2261628

Wang, L, Wang, H., and Jiang, X. (2017). A new method to detect
driver fatigue based on EMG and ECG collected by portable non-contact
sensors. PROMET-Traffic Transport. 29, 479-488. doi: 10.7307/ptt.v29i
5.2244

Wang, X., and Chuan, X. (2016). Driver drowsiness detection based on non-
intrusive metrics considering individual specifics. Accid. Anal. Prev. 95,
350-357. doi: 10.1016/j.aap.2015.09.002

Wanyan, X., Zhuang, D., Lin, Y., Xiao, X., and Song, J. -W. (2018).
Influence of mental workload on detecting information varieties revealed
by mismatch negativity during flight simulation. Int. J. Ind. Ergon. 64, 1-7.
doi: 10.1016/j.ergon.2017.08.004

Wascher, E., Arnau, S., Gutberlet, 1., Karthaus, M., and Getzmann, S. (2018).
Evaluating pro-and re-active driving behavior by means of the EEG. Front.
Hum. Neurosci. 12:205. doi: 10.3389/fnhum.2018.00205

Wascher, E., Rasch, B., Singer, J., Hoffmann, S., Schneider, D., Rinkenauer, G.,
et al. (2014). Frontal theta activity reflects distinct aspects of mental fatigue.
Biol. Psychol. 96, 57-65. doi: 10.1016/j.biopsycho.2013.11.010

Wei, C. S, Lin, Y. P, Wang, Y. T, Lin, C. T, and Jung, T. P.
(2018). A subject-transfer framework for obviating inter-and intra-subject
variability in EEG-based drowsiness detection. Neuroimage 174, 407-419.
doi: 10.1016/j.neuroimage.2018.03.032

Wekselblatt, J. B., and Niell, C. M. (2015). Behavioral state—getting in the zone.
Neuron 87, 7-9. doi: 10.1016/j.neuron.2015.06.020

Wijsman, J., Grundlehner, B., Penders, J., and Hermens, H. (2013). Trapezius
muscle EMG as predictor of mental stress. ACM Trans. Embedded Comput.
Syst. 12:99. doi: 10.1145/2485984.2485987

Wikstrom, B.-O. (1993). Effects
body vibration during driving.
doi: 10.1016/0169-8141(93)90038-F

Wilhelm, B. J., Widmann, A., Durst, W., Heine, C., and Otto, G. (2009). Objective
and quantitative analysis of daytime sleepiness in physicians after night duties.
Int. ]. Psychophysiol. 72, 307-313. doi: 10.1016/j.ijpsycho.2009.01.008

Yakobi, O. (2018). “Determinants of Association and Dissociation between
Subjective and Objective Measures of Workload,” in Proceedings of the

and whole-
12, 61-75.

from twisted postures
Int. J. Ind. Ergon.

Frontiers in Human Neuroscience | www.frontiersin.org

26

March 2019 | Volume 13 | Article 57


https://doi.org/10.1016/0001-6918(89)90061-9
https://doi.org/10.1002/wcs.1323
https://doi.org/10.1037/0033-2909.132.6.946
https://doi.org/10.1088/1742-6596/477/1/012027
https://doi.org/10.1007/s10111-018-0485-z
https://doi.org/10.1145/2556288.2557068
https://doi.org/10.1038/nrn2286
https://doi.org/10.1109/CRV.2010.37
https://doi.org/10.1177/0018720815575149
https://doi.org/10.1016/j.ijpsycho.2014.01.010
https://doi.org/10.1016/j.ijpsycho.2012.06.003
https://www.researchgate.net/profile/Toshiya_Arakawa2/publication/304757070_Detection_of_Fatigue_in_Long-distance_Driving_by_Heart_Rate_Variability/links/5779da3608ae4645d611f3cb.pdf
https://www.researchgate.net/profile/Toshiya_Arakawa2/publication/304757070_Detection_of_Fatigue_in_Long-distance_Driving_by_Heart_Rate_Variability/links/5779da3608ae4645d611f3cb.pdf
https://www.researchgate.net/profile/Toshiya_Arakawa2/publication/304757070_Detection_of_Fatigue_in_Long-distance_Driving_by_Heart_Rate_Variability/links/5779da3608ae4645d611f3cb.pdf
https://doi.org/10.1161/01.CIR.93.5.1043
https://doi.org/10.1016/j.chb.2015.06.023
https://doi.org/10.1109/TVT.2004.835526
https://doi.org/10.1016/j.cogpsych.2016.10.001
https://doi.org/10.1155/2009/164958
https://doi.org/10.3389/fnhum.2017.00167
https://doi.org/10.1111/1469-8986.3810022
https://doi.org/10.13140/RG.2.2.24895.56485
https://doi.org/10.1007/s11517-015-1448-7
https://doi.org/10.1016/0304-3940(93)90181-J
https://doi.org/10.1016/j.compbiomed.2016.10.014
https://doi.org/10.1016/j.aap.2018.03.013
https://doi.org/10.3389/fnhum.2015.00617
https://doi.org/10.1016/j.biopsych.2015.04.016
https://doi.org/10.3390/e20030196
https://doi.org/10.4108/eai.14-10-2015.2261628
https://doi.org/10.7307/ptt.v29i5.2244
https://doi.org/10.1016/j.aap.2015.09.002
https://doi.org/10.1016/j.ergon.2017.08.004
https://doi.org/10.3389/fnhum.2018.00205
https://doi.org/10.1016/j.biopsycho.2013.11.010
https://doi.org/10.1016/j.neuroimage.2018.03.032
https://doi.org/10.1016/j.neuron.2015.06.020
https://doi.org/10.1145/2485984.2485987
https://doi.org/10.1016/0169-8141(93)90038-F
https://doi.org/10.1016/j.ijpsycho.2009.01.008
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Lohani et al.

Psychophysiological Measures in Driving

Human Factors and Ergonomics Society Annual Meeting, (Los Angeles, CA:
SAGE Publications).

Yan, S., Tran, C. C., Wei, Y., and Habiyaremye, J. L. (2017). Driver’s mental
workload prediction model based on physiological indices. Int. J. Occup. Saf.
Ergon. 15, 1-9. doi: 10.1080/10803548.2017.1368951

Yang, S., Hosseiny, S. A. R., Susindar, S., and Ferris, T. K. (2016). “Investigating
driver sympathetic arousal under short-term loads and acute stress events,” in
Proceedings of the Human Factors and Ergonomics Society Annual Meeting, Vol.
60, (Los Angeles, CA: SAGE Publications).

Yarkoni, T., and Westfall, J. (2017). Choosing prediction over explanation
in psychology: lessons from machine learning. Perspect. Psychol. Sci. 12,
1100-1122. doi: 10.1177/1745691617693393

Yerkes, R. M., and Dodson, J. D. (1908). The relation of strength of stimulus
to rapidity of habit-formation. J. Comp. Neurol. Psychol. 18, 459-482.
doi: 10.1002/cne.920180503

Ying, L., Fu, S, Qian, X,, and Sun, X. (2011). Effects of mental workload
on long-latency auditory-evoked-potential, ~salivary  cortisol, and
immunoglobulin A. Neurosci. Lett. 491, 31-34. doi: 10.1016/j.neulet.2011.
01.002

Yoshida, Y., Ohwada, H., Mizoguchi, F., and Iwasaki, H. (2014). Classifying
cognitive load and driving situation with machine learning. Int. J. Mach. Learn.
Comput. 4:210. doi: 10.7763/[JMLC.2014.V4.414

Yoshino, K., Oka, N., Yamamoto, K., Takahashi, H., and Kato, T. (2013). Functional
brain imaging using near-infrared spectroscopy during actual driving on an
expressway. Front. Hum. Neurosci. 7:882. doi: 10.3389/fnhum.2013.00882

Zander, T. O., Andreessen, L. M., Berg, A., Bleuel, M., Pawlitzki, J., Zawallich,
L., et al. (2017). Evaluation of a dry EEG system for application of passive
brain-computer interfaces in autonomous driving. Front. Hum. Neurosci. 11:78.
doi: 10.3389/fnhum.2017.00078

Zhao, C., Zhao, M., Liu, J., and Zheng, C. (2012). Electroencephalogram and
electrocardiograph assessment of mental fatigue in a driving simulator. Accid.
Anal. Prev. 45, 83-90. doi: 10.1016/j.aap.2011.11.019

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Lohani, Payne and Strayer. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Human Neuroscience | www.frontiersin.org

27

March 2019 | Volume 13 | Article 57


https://doi.org/10.1080/10803548.2017.1368951
https://doi.org/10.1177/1745691617693393
https://doi.org/10.1002/cne.920180503
https://doi.org/10.1016/j.neulet.2011.01.002
https://doi.org/10.7763/IJMLC.2014.V4.414
https://doi.org/10.3389/fnhum.2013.00882
https://doi.org/10.3389/fnhum.2017.00078
https://doi.org/10.1016/j.aap.2011.11.019
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

	A Review of Psychophysiological Measures to Assess Cognitive States in Real-World Driving
	The importance of psychophysiological measures in traffic safety
	Why Adopt Psychophysiological Measures?
	Cognition in Dynamic Real-World Driving Contexts

	Psychophysiological Measures to Assess Cognitive States
	Electroencephalogram (EEG) and Event-Related Potentials (ERP)
	EEG Quantification
	ERP Quantification
	EEG/ERP in Driving Context
	Over-arousal in driving context
	Under-arousal in driving context

	Practical Considerations

	Optical Imaging for Cerebral Blood Flow
	Optical Imaging Quantification
	Optical Imaging for Cerebral Blood Flow in Driving Context
	Practical Considerations

	Heart Rate (HR) and Heart Rate Variability (HRV)
	Heart Activity Quantification
	HR/HRV in Driving Context
	Over-arousal in driving context
	Under-arousal in driving context

	Practical Considerations

	Blood Pressure (BP)
	BP Quantification
	BP in Driving Context
	Practical Considerations

	Electrodermal Activity (EDA)
	EDA Quantification
	EDA in Driving Context
	Practical Considerations

	Electromyography (EMG)
	EMG Quantification
	EMG in Driving Context
	Practical Considerations

	Thermal Imaging
	Thermal Imaging Quantification
	Thermography in Driving Context
	Practical Considerations

	Pupillometry
	Pupil Quantification
	Pupillometry in Driving Context
	Practical Considerations


	Challenges and Recommendations
	Valid and Reliable Quantification of Construct
	Individual Differences
	Baseline Assessments
	Sampling Rate, Filtering, and Signal Quality
	Innovation
	Classification

	Research Applicability in Real-World Settings
	Author Contributions
	Funding
	References


