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Abstract

Road traffic crashes are the leading killer of young people. Driver distraction is a major
contributor to crashes, especially in young drivers. Evidence links mind wandering, a form of
distraction involving task-unrelated thoughts, to unsafe driving and crashes. However, a lack of
research into potential causes and mitigators of unsafe driving linked to mind wandering currently
leaves young drivers exposed to this threat. Therefore, in two manuscripts, the present thesis
assessed: i) whether negative mood causally contributes to mind wandering and associated
unsafe driving behaviours, with potential moderation of these effects by individual traits; and ii)
whether brief online mindfulness training can feasibly enhance awareness of mind wandering
and reduce its occurrence in young drivers as a potential means to reduce unsafe driving and
crashes. The first manuscript reports on a randomized, controlled, and single-blinded experiment
in which 40 healthy male drivers, aged 20-24, were assigned to either a negative mood
(experimental condition) or a neutral mood (control condition). Following exposure to negative
mood, driving simulation results revealed greater mind wandering and unsafe driving linked to
mind wandering, in terms of headway variability and steering behaviour. Rumination tendency
positively moderated the relationship between negative mood and mind wandering while driving.
The second manuscript reports on a randomized, placebo-controlled, and double-blinded pilot
trial in which 26 young drivers (male and female), aged 21-25, were exposed to 4—6 days of either
mindfulness training (experimental condition) or progressive muscle relaxation (control
condition), delivered through online audio recordings. Compared to controls, exposure to
mindfulness training reduced mind wandering while driving in simulation. Mindfulness training

elicited greater self-reported mindfulness. Motivation did not differ between groups or explain



the effects of mindfulness training. Variation in driving behaviour as well as adherence, dropout,
and acceptability of mindfulness training, were also explored. Results from these preliminary
studies suggest that mind wandering and related unsafe driving can be: i) caused by negative
mood; and ii) mitigated by mindfulness training. These results may inform the development and

targeting of interventions to address the threat of mind wandering to vulnerable young drivers.
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Résumé

Les collisions routiéres sont la premiere cause de mortalité chez les jeunes. La distraction au
volant est un facteur important associé a ces collisions. Des études ont démontré un lien entre
I'errance mentale (ou mind wandering), une forme de distraction impliquant des pensées sans
rapport avec la tache et I'implication dans les comportements routiers a risque et les collisions.
Cependant, le manque d’études sur les causes potentielles et les facteurs atténuants de la conduite
a risque associée a lI'errance mentale empéche de protéger les jeunes conducteur-rice:s face a ce
danger. Par conséquent, deux manuscrits de la présente these évaluent: i) si I'humeur négative
contribue de maniére causale a I'errance mentale et aux comportements routiers a risque, avec une
modération potentielle de ces effets par des traits individuels; et ii) si une bréeve formation en ligne a
la pleine conscience peut améliorer la prise de conscience de I'errance mentale et en atténuer
I'apparition chez les jeunes conducteur-rice:s comme moyen potentiel de réduire les comportements
routiers a risque et les collisions liés a I'errance mentale. Le premier manuscrit rend compte d'une
expérimentation contrb6lée, randomisée, a simple insu, dans laquelle 40 jeunes conducteurs
masculins, dgés de 20 a 24 ans, sont assignés aléatoirement a une humeur négative (condition
expérimentale) ou neutre (condition contrdle). Suite a I'exposition a une humeur négative, les
résultats de la simulation de conduite ont révélé une errance mentale plus élevée et plus de
comportements a risque liés a I’errance mentale, en termes de variabilité dans la distance de suivi du
véhicule précédent et dans la position du volant. La tendance a la rumination modére a la hausse la
relation entre I'humeur négative et I'’errance mentale pendant la conduite. Le second manuscrit rend
compte d'un essai pilote randomisé, a double insu, dans lequel 26 jeunes conducteur-rice:s agé-e-s
de 21 a 25 ans ont été exposé-e-s pendant quatre a six jours a une formation a la pleine conscience

(groupe expérimental) ou a la relaxation musculaire progressive (groupe témoin), dispensée par le
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biais d'enregistrements audio en ligne. Pendant la conduite en simulation, I'errance mentale était
moins élevée chez le groupe expérimental que chez le groupe témoin. L'entrainement a la pleine
conscience a suscité une plus grande capacité d’autoévaluation de la pleine conscience. La motivation
ne différe pas entre les groupes et n'explique pas les effets de la formation a la pleine conscience. Les
variations dans les comportements de conduite ainsi que I'adhésion, I'abandon et |'acceptabilité des
formations en ligne ont également été explorées. Les résultats de ces études montrent que I'errance
mentale et les comportements routiers a risque peuvent étre: i) causés par 'humeur négative; et ii)
atténués par la pleine conscience. Les résultats de ces études peuvent contribuer a I'élaboration et
au ciblage d'interventions visant a lutter contre les dangers de I'errance mentale pour les jeunes

conducteur-rice-s vulnérables.
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General Introduction

The Young Driver Problem

Each year more than 1.35 million people die from road traffic crashes worldwide, while
approximately 50 million suffer life-altering injuries. Road traffic crashes are the leading cause of
death among young people from ages 5-29 years (World Health Organization, 2015, 2018). In
Canada and abroad, young drivers under 25 are consistently overrepresented in crashes resulting
in fatalities and injuries (Transport Canada, 2020). An estimated 90% of road traffic crashes are
caused by human factors (Dingus et al., 2016). In young drivers, inexperience, risk-taking, and
alcohol or drug-related impairment partially account for their disproportionate involvement in
fatal and injurious crashes (lvers et al., 2009; Jonah & Boase, 2016). Yet, these factors leave
unexplained a substantial proportion of young driver crashes (Rolison & Moutari, 2020).
Therefore, clarifying additional pathways that lead to crashes in young drivers may be necessary
to effectively address this endemic threat to their safety (Ouimet et al., 2011).
Driver Distraction in Young Drivers

A prevalent contributor to road traffic crashes that distinguishes young from older drivers
is driver distraction — when drivers divert their attention from critical aspects of driving towards
a competing activity (Regan et al., 2011; Regan & Strayer, 2014). For instance, texting and making
phone calls are competing activities that have dominated concern among researchers, parents,
and government officials for over a decade (Huemer et al., 2018). Drivers spend approximately
50% of their real-world driving time engaged in some form of distraction, which is estimated to
account for more than half of all road traffic crashes (Dingus et al., 2016). Recent evidence

suggests that young drivers are particularly prone to distraction and distraction-related crashes.



Specifically, drivers under 30 years of age have been found to engage in 11-13% more distraction
than drivers 30—64 years of age, and 41-44% more distraction than drivers over 65 years of age
(Guo et al., 2017). Furthermore, the likelihood of a crash resulting from distraction is up to 1.61
times higher in young compared to older drivers (Rahman et al., 2021). Given these age-related
differences, driver distraction may be a significant contributor to the young driver problem.

Young drivers may be particularly susceptible to certain forms of distraction. Driver
distraction can be characterized as visual, manual, and/or cognitive (K. L. Young & Salmon, 2012).
For instance, texting on a mobile phone engenders visual and manual distraction, since it requires
drivers to glance away from the road (i.e., visual distraction) and remove their hands from the
steering wheel (i.e., manual distraction). In contrast, cognitive distraction may occur in the
absence of these behaviours, as it specifically relates to engagement in driving-unrelated
thoughts (Qin et al., 2019; Savage et al., 2020). For instance, hands-free phone calls engender
cognitive distraction, since drivers divert their attention to the conversation, despite maintaining
a normal driving posture (i.e., eyes and head forward, hands on the steering wheel). Like visual
and manual distraction, cognitive distraction is linked to crashes (Caird et al., 2018; Horrey &
Wickens, 2006). Notably, crash risk linked to cognitive distraction is greater in young compared to
older drivers (Choudhary & Velaga, 2018; Guo et al., 2017). Therefore, uncovering prevalent
sources of cognitive distraction in young drivers may be key to addressing this vulnerability.
Mind Wandering While Driving

MW is an ubiquitous source of cognitive distraction. MW encompasses thoughts,
including daydreams, that are typically unintentional, unrelated to ongoing tasks, and/or

independent from events in one's environment (Seli et al.,, 2018). Thinking about a past



conversation, unfinished work tasks, or upcoming weekend plans while reading this text, for
example, would constitute MW. Studies reveal that people spend 30-50% of their daily lives
engaged in MW (Kane et al., 2007; Killingsworth & Gilbert, 2010). Although MW adaptively
facilitates planning and creative problem solving (McMillan et al., 2013; Mooneyham & Schooler,
2013), it also competes with ongoing tasks for attention (Kane et al., 2007; Smallwood & Schooler,
2006). Thus, MW can be distracting. MW has been linked to poor task performance and
absentminded errors, such as looking at but failing to see a lost item or losing track of an ongoing
task (Smilek et al., 2010). Thus, MW can impact performance of everyday tasks, which may have
fatal consequences in the context of driving.

Until recently, MW was largely overlooked in traffic safety research. Since its inclusion in
Regan and colleagues' (2011) seminal taxonomy of driving distraction, however, MW has gained
recognition as a likely contributor to crashes. Evidence linking retrospective self-reports of MW
to crashes supports this hypothesis. Specifically, case-control studies with drivers interviewed
immediately following a crash, consistently find that MW predicts crash responsibility, with odds
ratios ranging from 1.90 to 2.51 (Farouki et al., 2014; Galéra et al., 2012; Gil-Jardiné et al., 2017;
Née et al., 2019). A large survey of Australian drivers similarly found that 8.82% of respondents
attributed one or more of their crashes in the past three years to MW, which accounted for 42%
of all distraction-related crashes (McEvoy et al., 2006). In a sample of German drivers, MW was
reported as the leading cause of at-fault crash and near-crash events (Fofanova & Vollrath, 2012).
These findings suggest that MW can lead to crashes, but research has yet to elucidate its specific

contribution to crashes in young drivers.



Young drivers may be particularly vulnerable to the risks of MW while driving. Across
various contexts, young people are found to engage in more MW than older adults (Jordao et al.,
2019; Maillet et al., 2018; McVay et al., 2013; Seli et al., 2020). In the driving context, self-reported
MW frequency is inversely related to driver age (Burdett et al., 2016). Legislation prohibiting the
use of mobile phones while driving has proven effective in managing visual-manual distraction
(Rudisill et al., 2018; Rudisill & Zhu, 2017). Compliance and enforcement issues prevent such laws
from addressing MW, however. In fact, evidence suggests that drivers are likely to engage in more
cognitive distraction, including MW, when no other distraction sources are present (Carpenter &
Nguyen, 2015; Nijboer et al., 2016; Nowosielski et al., 2018). Therefore, MW currently represents
an unmitigated threat to young driver safety.

In sum, road traffic crashes are a prevalent and ongoing threat to drivers under 25 years
of age. The vast majority of crashes in this population are linked to human factors, yet research
has yet to account for a substantial proportion of driver-related factors. Driver distraction is a
major contributor to road traffic crashes. While effective legal interventions exist, they cannot
address cognitive distraction, which is particularly prevalent and risky in young drivers. MW is a
newly recognized form of cognitive distraction that has been linked to crashes. MW is particularly
prevalent in young drivers, but its causes in this population are unclear. Furthermore, mitigating
factors and strategies that may reduce the threat of MW have yet to be investigated.

The Present Thesis

The present thesis aims to address the contribution of MW to young driver crash risk by

isolating negative mood as a potential cause and exploring mindfulness as a potential mitigator

of MW while driving in this population. The ultimate aim of this research, is to inform the



development of interventions capable of disrupting MW-related crash-risk pathways and that can
be targeted to address the specific needs of vulnerable young drivers.
Structure of the Thesis

The present thesis consists of four main sections: a narrative literature review, two
manuscripts, and a general discussion. The narrative review incorporates evidence from
psychology, neuroscience, and traffic safety research to address three questions pertaining to the
mechanisms by which MW may contribute to crashes in young drivers. Specifically, the review
addresses: i) how MW may contribute to road traffic crashes; ii) what potentially makes young
drivers susceptible to MW; and iii) whether negative mood potentially causes and mindfulness
potentially mitigates MW while driving in young drivers. The first manuscript (study 1) reports on
a randomized controlled experiment examining the effects of negative mood on MW frequency
and MW-related unsafe driving behaviours that are associated with crashes, such as speeding, in
a sample of young male drivers. Young males were selected for Study 1 because of their frequent
involvement in fatal and injury crashes, and their propensity for unsafe driving. Study 1 also
examines the moderating contributions of individual differences in attention regulation capacities.
The second manuscript (study 2) reports on a pilot randomized controlled trial exploring the
feasibility and preliminary efficacy of brief online mindfulness training for reducing MW-related
distraction in a sample of young male and female drivers. Finally, a general discussion section
summarizes and synthesizes main findings of the thesis, discusses its strengths and limitations,

and proposes future directions for research on MW while driving in young drivers.



Common Methods

Studies 1 and 2 share three common methodological elements: pre-post, randomized,
controlled, and blinded (single and double, respectively) experimental designs; thought sampling
to measure MW; and driving simulation to measure driving behaviour. Furthermore, many studies
referenced in the narrative review incorporate thought sampling and driving simulation, although
randomized, controlled experimental designs are less common.
Experimental Design

Randomized, controlled designs are the gold standard for delivering high-quality evidence
in experimental and clinical research. MW is highly variable both between (Robison et al., 2020)
and within (Thomson et al., 2015) individuals. Hence, the capacity of randomized, controlled
designs to minimize confounds pertaining to individual differences and time is critical for ensuring
internal validity in MW studies (Hariton & Locascio, 2018). Blinding is also critical to control for
non-specific factors that can influence MW, such as motivation (Seli et al., 2019) and participant-
experimenter interactions (M. D. Mrazek et al., 2011). Blinding is relatively rare in traffic safety
research and studies of MW in psychology, however. Finally, using a pre-post methodology and
mixed modeling enabled us to maximize power by eliminating baseline variability and including
all participants in analyses despite missing data. Use of these strong methods usures that findings,
while preliminary, are high-quality and worthy of future replication attempts.
Driving Simulation

Both studies used the same driving simulator and driving scenario to measure unsafe
driving behaviour. This consistency between studies facilitates comparisons of findings in the

general discussion. Driving simulators are capable of both relative and absolute validity in



predicting real-world driving behaviour (Wynne et al., 2019). Specifically, for relative validity, both
between-group and between-condition differences in driving behaviour in simulation predict
similar relationships in real-world driving (e.g., Group A drives faster than Group B in both
simulation and on the road). For absolute validity, findings from simulation match those from
real-world driving (e.g., driving speed was 50 km/h both in simulation and on the road). Validity
varies by simulator, however. The simulator used in both studies of the present thesis
demonstrates convergent validity, with simulated driving behaviour predicting self-reported real-
world driving (Brown et al., 2016; Ouimet et al., 2020), and ecological validity, with simulated
driving behaviour predicting real-world traffic violations (Brown et al., 2017). Thus, findings from
driving simulation in the present thesis are likely to concord with real-world driving.
Thought Sampling

Both studies used thought sampling to measure MW in driving simulation. Thought
sampling is a self-report measure of MW that is commonly used both inside and outside of the
lab (Killingsworth & Gilbert, 2010; McVay et al., 2009). Self-report measures are essential for
measuring MW, since it is an inherently covert phenomenon (Smallwood & Schooler, 2015).
Thought sampling is an "online" measure insofar as participants report on their thoughts in the
moment, as distinct from "offline" measures where they report on their thoughts retrospectively.
Thought sampling may incorporate thought probes (e.g., sounds or on-screen messages), which
prompt participants to indicate whether, immediately before the probe, they were engaged in
MW (probe-caught MW) or focused on the current task. Thought sampling may also involve have
participants indicate (e.g., by pressing a button) whenever they catch themselves engaging in MW

(self-caught MW). Thought sampling facilitates a more fine-grained assessment of momentary



MW-related changes in behaviour and physiology than retrospective self-reports, while
minimizing potential confounds related to memory. At the same time, thought sampling has been
found to corroborate findings from retrospective MW measures (Barron et al., 2011; Franklin,

Broadway, et al., 2013; Kam et al., 2010; Smallwood et al., 2011, 2012).



A Narrative Review of Potential Mechanisms Linking Mind Wandering to Young Driver Crashes

In this section, findings from psychology, neuroscience, and traffic safety research are
reviewed to uncover the mechanisms by which MW may contribute to crashes in young drivers.
This review addresses three questions. First, the question of how MW may contribute to road
traffic crashes (question 1) is addressed by reviewing evidence for sensory-motor decoupling, a
cognitive process implicated in MW-related task performance deficits, and its potential
contribution to poor driver vigilance and unsafe driving behaviours that are associated with
crashes (e.g., speeding). Second, the question of what makes young drivers particularly
susceptible to MW (question 2) is addressed by reviewing evidence for developmental changes
in attention that may predispose young drivers to dysregulation of MW while driving. Third, the
guestion of whether negative mood potentially causes and mindfulness potentially mitigates MW
while driving in young drivers (question 3) is addressed by reviewing evidence linking these
factors to variation in real-world attention, unsafe driving, and crashes. Finally, the review
concludes with a summary of findings.

Methods

A narrative review methodology was selected to accommodate the disparate and
interdisciplinary nature of research on MW, young drivers, and traffic safety. Research on MW
while driving was used to address all three questions posed in the review. Therefore, an extensive
search for relevant studies on this topic was conducted using the following search query of titles,
abstracts, and keywords from journal articles and conference publications: (“self-generated
thought" OR "mind wandering" OR "daydreaming" OR "task-unrelated thought" OR "irrelevant

thought" OR "stimulus-independent thought" OR "internalized thought" OR "internal thought”)



AND driving AND vehicle. Primary sources included Web of Science, PubMed, Scopus, and the
Transportation Research International Documentation database. Google Scholar was used as a
supplementary source. Inclusion criteria were the following: the study incorporated a self-report,
behavioral, or physiological measure of state or trait MW, the study incorporated a self-report or
behavioral measure of driving behavior or crash risk; the study was written in English. Student
theses, white papers or reports, and conference publications based on the same data as full
journal articles were excluded. Google Scholar and literature review citations were used to locate
studies on the following: the cognitive mechanisms of MW as well as links between driving
behaviors and crashes to address question 1; links between neurocognitive development and
attention to address question 2; and links between negative mood, mindfulness, MW, and unsafe
driving, to address question 3.
How Does Mind Wandering Contribute To Road Traffic Crashes?

Sensory-Motor Decoupling

Sensory-motor decoupling (a.k.a. perceptual decoupling), a cognitive process proposed to
explain associations between MW and task-performance deficits, may also explain associations
between MW and crashes. MW engenders a diversion or decoupling of attention from sensory
inputs, such as vision, and motor outputs, such as hand movements, to self-generated thoughts
(Schooler et al., 2011; Smallwood, 2013). This process of sensory-motor decoupling is evident
from electrocortical and behavioural data revealing a global attenuation of sensory information
processing and behavioural performance monitoring associated with self-reports of MW (Kam &
Handy, 2013). For instance, MW has been linked to reduced orienting of attention to task-relevant

cues (Hu et al,, 2012; Kam et al., 2013) as well as attenuated cortical responses to both task-
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relevant and task-irrelevant, visual and auditory stimuli (Barron et al., 2011; Kam et al., 2010).
These findings reveal an attenuation of sensory information processing associated with MW,
which could impact the ability of drivers to quickly detect and respond to unexpected road
hazards. Associations between MW and variable response times (Seli et al., 2013), failures to
inhibition automatic responses (Smallwood et al., 2004; Smallwood, McSpadden, et al., 2007),
and imprecise fine motor movements (e.g., error in tracking a moving target with a computer
mouse)(Dias da Silva & Postma, 2021; Kam et al., 2012) reveal its attenuation of behavioural
performance monitoring. These findings suggest that MW could interfere with the ability of
drivers to safely maintain control of their vehicles. Taken together, sensory-motor decoupling may
be a critical mechanism linking MW to unsafe driving and crashes.
Sensory-Motor Decoupling and Poor Hazard Detection

MW is linked to behavioural and neural indicators of poor hazard detection in drivers,
which may reflect sensory-motor decoupling and could increase crash risk. A behavioural
predictor of hazard detection is horizontal eye movements. Greater horizontal gaze dispersion in
particular (i.e., standard deviation of horizontal gaze position), facilitates the detection of
peripheral roadway hazards, such as passing vehicles, or pedestrians entering the roadway
(Rosner et al., 2019). Hence, a decrease in horizontal gaze dispersion could contribute to a crash.
Self-reported MW, and induced MW:-like distraction, have been linked to lower horizontal gaze
dispersion compared to focused driving in simulation (He et al., 2011; Lemercier et al., 2014). MW
is also associated with longer gaze fixations, which indicates less visual scanning of the roadway
(Pepin et al., 2018). Other oculomotor predictors of poor hazard detection, such as decreased

pupil diameter, greater blink frequency, and longer blink durations have also been associated with
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MW (Korber et al., 2015). In addition to these behavioural findings, neural evidence links MW to
attenuated visual-event-related potentials from lead-vehicle brake lights (Pepin et al., 2020). This
finding aligns with those linking MW to attenuated sensory information processing in attention
tasks. Taken together, these findings suggest that poor hazard detection associated with sensory-
motor decoupling may mediate the relationship between MW and crashes.
Sensory-Motor Decoupling and Slow Reaction Times

MW is also associated with slow reaction times to road hazards, which further suggests
that sensory-motor decoupling mediates the relationship between MW and crashes. Compared
to undistracted drivers, those distracted by secondary tasks (e.g., phone use) exhibit slow reaction
times to unexpected road hazards (e.g., lead vehicle braking)(Gao & Davis, 2017; Savage et al.,
2020). These slow reactions are proposed to reflect the additional time needed to reorient
attention before assessing the situation and generating a response. In simulation, MW is similarly
found to predict slow reaction times to sudden braking (Pepin et al., 2020) and peripheral hazards
(Yanko & Spalek, 2014). Thus, reorienting, or recoupling, attention from self-generated thoughts
similarly imposes a reaction time delay as seen with visual-manual distraction. Reaction time data
from simulation also links sensory-motor decoupling to MW-related changes in lane-keeping,
which relates to the ability of drivers to keep their vehicle in its lane. In one study, drivers
performed a lane-keeping task while their cortical activity was recorded. In the task, drivers had
to course-correct as soon as their vehicle automatically started to drift from its lane. Results
revealed a correlation between greater MW-related cortical activity slow reaction times, which

meant that the vehicle was allowed to drift further from its lane (C.-T. Lin et al., 2016). These
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findings suggest that MW-related sensory-motor decoupling may prevent drivers from quickly
detecting and responding to hazards, which may, in turn, lead to a crash.
Sensory-Motor Decoupling and Poor Vehicle Control

Sensory-motor decoupling may also impact performance monitoring in drivers, which
could explain links between MW and potentially unsafe changes in vehicle control. Longitudinal
control relates to variations in driving behaviour in terms of forward and backwards motion of
the vehicle. For instance, speeding is a longitudinal control-related crash risk factor (Aarts & van
Schagen, 2006; Hamzeie et al., 2017). In driving simulation, faster and more variable driving
speeds have been observed prior to self-reports of MW versus focused driving (Baldwin et al.,
2017; Rajendran & Balasubramanian, 2019; Yanko & Spalek, 2014; Zhang & Kumada, 2017).
Furthermore, individual differences in the tendency to engage in MW, based on sustained
attention task performance, were found to predict faster driving in simulation (Albert et al., 2018).
Interestingly, the same study also found a positive correlation between MW tendency and mean
gaze position, which may reflect less glances towards the speedometer. Hence, MW-related
sensory-motor decoupling may reduce longitudinal control as a function of decreased
performance monitoring. Self-reports of MW have also been linked to shorter headways in
simulation, which relates to the distance between the driver's vehicle and the nearest vehicle
ahead (i.e., lead vehicle)(Yanko & Spalek, 2014). Shorter headways, especially when coupled with
faster driving, reduce the time available for drivers to react before crashing into a lead vehicle, if
it were to suddenly brake. Accordingly, shorter headways are associated with greater crash
likelihood (Hyun et al.,, 2019). In sum, sensory-motor decoupling associated with MW may

increase crash risk as a function of poor longitudinal control.
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Lateral control relates to variations in driving behavior in terms of side-to-side motion of
the vehicle. Common metrics of lateral control include steering wheel position variability and
steering reversal rate (i.e., number of clockwise to counter-clockwise, or vice versa, turns of the
steering wheel over a certain degree threshold). These behaviors are mainly relevant to crashes
in terms of how they relate to lane-keeping. Poor lane-keeping can lead to run-off-road crashes
(Allen et al., 1996; Ghasemzadeh & Ahmed, 2017, 2018). Some lane-keeping-specific indices of
lateral control include mean deviation (distance) from lane center, lane position variability, time-
to-line crossing, and number of lane excursions. Evidence from driving simulation reveals positive
associations between MW and steering wheel position variability, deviations from lane center,
and lane position variability, compared to focused driving (Almahasneh et al., 2014; Cowley, 2013;
Zhang & Kumada, 2017). These findings suggest that sensory-motor decoupling associated with
MW may decrease the ability of drivers to monitor and regulate their lane position. One study
found MW-related improvement in lane-keeping, however (i.e., fewer steering reversals,
decreased lane deviation, decreased standard deviation of lane position)(Baldwin et al., 2017).
This contradictory finding may relate to methodological differences. For instance, the studies that
reported poor lane-keeping from MW incorporated turns or curves in simulation, whereas the
study reporting improved lane-keeping used straight roads. Thus, the association between MW
and poor lane-keeping may be limited to curved roads. Overall, these findings suggest that MW-

related sensory-motor decoupling may contribute to crashes as a function of poor lateral control.
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What Makes Young Drivers Particularly Susceptible To Mind Wandering?

Exploration Versus Exploitation

Exploration and exploitation reflect different modes of attention and thought. Exploration
reflects a diffuse and open-ended state of attention, while exploitation reflects a focused and
goal-directed state of attention (Hills et al., 2015). MW is associated with exploration, since it
typically involves frequent and random transitions from one thought to another. Furthermore,
the collection of brain regions that support MW are found to be functionally distinct from those
that support goal-directed attention and thought (Sripada, 2018). Compared to older adults,
young adults engage in less exploitation and more exploration, as indicated by less time spent
searching within a given area (e.g., for fish in a pond) and more time spent searching between
areas (e.g., different ponds)(Mata et al., 2013). Greater exploration-related behaviour has also
been found to correlate with greater MW in young compared to older adults (Moran et al., 2021).
Thus, the propensity of young drivers to engage in MW while driving could be explained by their
developmental bias towards exploration.
Context Regulation of MW

MW represents the default state of human attention (Thomson et al., 2015). However,
individuals regulate their MW to account for their circumstances, or context. This functions to
prevent MW from interfering with ongoing task performance (Smallwood, 2013; Smallwood &
Andrews-Hanna, 2013). Accordingly, MW is least frequent during complex or novel tasks that
demand significant attention (Smallwood, Nind, et al., 2009; Turnbull et al., 2019) and most
frequent during simple or familiar tasks that demand little attention (Christoff et al., 2009; McVay

& Kane, 2010; Smallwood & Schooler, 2006). In real-world driving, MW in drivers was found to be
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negatively associated with traffic volume, speed limit, and roadway complexity (e.g., roundabout
= high complexity)(Berthié et al., 2015; Burdett et al., 2016, 2019). Driving simulation experiments
reveal similar findings (Geden et al., 2018; Rajendran & Balasubramanian, 2019), including low
MW in harsh weather conditions (He et al., 2011). Thus, drivers reduce their MW to account for
the complexity of driving scenarios. Although MW is less likely to occur in a complex driving
scenario, it may be particular unsafe when it does. For instance, in one study, MW was associated
with faster driving in a complex driving condition, whereas it was associated with slower driving
in a simple driving condition (Geden et al., 2018). Therefore, failure to regulate MW in complex
driving scenarios may significantly increase unsafe driving and crash risk.
Developmental Processes Linked to Unsafe Driving and Driver Distraction

The dual-process framework is proposed to explain why young people are prone to
maladaptive risk-taking, but it may also have implications for distraction in young drivers. The
theory posits that asynchronous processes of neurocognitive development predispose
adolescents and young adults to engage in risk-taking behaviours, including drug use, unsafe sex,
and risky driving (Shulman et al., 2016; Steinberg et al., 2008). Two neurocognitive systems are
implicated: the socioemotional system, which includes limbic and paralimbic areas of the brain,
and; the cognitive control system, which includes the lateral prefrontal and parietal cortices, as
well as parts of the anterior cingulate cortex. The socioemotional system underpins sensation and
reward seeking, particularly in terms of romantic motivation, sexual interest, and emotional
intensity. Development of this system is proposed to start in puberty, with its level of sensitivity
following an inverted U-shaped curve that peaks in mid-adolescence (~ 16 years of age)(Luna &

Wright, 2016; Shulman et al., 2015; Steinberg et al., 2008). The cognitive control system
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underpins impulse control and is proposed to develop linearly until it plateaus in late-adolescence
or early adulthood (= 25 years of age)(Harden & Tucker-Drob, 2011; Quinn & Harden, 2013). The
mismatch in maturity between these two systems (i.e., high sensation seeking, low impulse
control) is proposed to increase risky driving and crashes in later adolescents and young adults
(Lambert et al., 2014; Ross et al., 2016). These processes have also been proposed to interact
with young driver attention (Romer et al., 2014). Therefore, the dual-process framework may
have similar implications for MW-related crash risk in this population.
Developmental Processes Linked to MW

Brain networks (i.e., functionally connected groups of brain regions) that make up the
socioemotional and cognitive control systems are proposed to regulate MW (Christoff et al., 2016).
The salience network, which attributes emotional significance to thoughts and stimuli, is an
important part of the socioemotional system (Rosen et al., 2018; van Hoorn et al., 2019). It is
proposed to automatically (i.e., without effort or intention) constrain attention to emotionally
salient thoughts, which can result in certain forms of MW (e.g., thinking about a recent breakup).
Conversely, the frontoparietal control network, which facilitates goal-directed thoughts and
behaviours, makes up part of the cognitive control system (Hwang et al., 2010; van Belle et al.,
2014) and is proposed to inhibit MW when it could interfere with an active goal (e.g., studying
for an exam or driving safely). Therefore, the developmental asynchrony between systems that is

attributed to risky driving and driver distraction may also contribute to risky MW in young drivers.
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Which Factors Might Cause And Mitigate Mind Wandering In Young Drivers?

Negative Mood

Young drivers are particularly susceptible to negative moods, which may increase MW-
related crash risk. Young people frequently experience intense emotions due to early maturation
of the socioemotional system and exposure to novel stressors (e.g., academic and social)(Casey
et al., 2010). Slower maturation of cognitive control in young adults also limits their capacity for
emotion regulation, or the ability to override automatic emotion-related thoughts and
behaviours (K. Young et al., 2019). Accordingly, young people are at greater risk of developing
psychiatric disorders involving mood and MW dysregulation (Beesdo et al., 2010; Lee et al., 2014),
which can increase crash risk. For example, relative to the general population, crash risk is higher
among sufferers of depression, which is characterized by negative mood and rumination, a form
MW that is negatively valanced, repetitive, and intrusive (Aduen et al., 2018; Hill et al., 2017).
Notably, depression-related crash risk is higher in young (aged 18—24) compared to older drivers
(aged 25—44) (McDonald et al., 2014). Stressful life events (e.g., divorce, work or financial issues)
in the general population are also associated with crashes attributable to ruminative MW
(Cunningham & Regan, 2016). In healthy young drivers, negative mood predicts self-reports of
MW and difficulty concentrating in simulation (Walker & Trick, 2018). Therefore, developmental
factors may predispose young drivers to crashes linked to negative mood-related MW.

Negative mood can increase MW frequency and intensity. In the general population, self-
reports of negative mood and MW, collected via smartphones, correlate across various real-life
contexts (Franklin, Mrazek, et al., 2013; Killingsworth & Gilbert, 2010). Similarly, negative mood

has been found to predict subsequent, negatively valanced MW (i.e., negative MW) (Poerio et al.,
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2013). Experimental evidence from inducing negative mood supports a causal relationship to MW
and associated lapses in sustained attention (i.e., as indicated by errors on sustained attention
tasks)(Marcusson-Clavertz et al., 2020; Smallwood, Fitzgerald, et al., 2009). Therefore, negative
mood may increase the frequency of MW while driving. Negative mood may also increase the
intensity of MW and related unsafe driving behaviours. Task performance deficits associated with
negative MW are more pronounced than those associated with neutral or positive MW (Banks et
al., 2016; Goller et al., 2020). Faster heart rates have been found to accompany elevated task
performance deficits associated with MW among sufferers of dysphoria, a psychiatric condition
characterized by persistent negative mood (Smallwood, O’Connor, et al., 2007). This finding
suggests that their poor performance may be linked to MW that is more emotionally arousing.
Therefore, negative mood may cause frequent and intense MW that increases unsafe driving.
Simulation studies have used mood and attention manipulations to indirectly assess the
role of MW in unsafe driving caused by negative mood. For example, relative to neutral mood,
negative mood was found to result in poor lateral control accompanied by attenuated visual
event-related potentials, which may be indicative of sensory-motor decoupling from MW (Techer
et al., 2017). Interactions revealed in studies where both negative mood and task demands were
manipulated imply a mediating contribution of MW to negative mood-related unsafe driving. In
particular, unsafe driving was observed following a negative versus positive mood induction, but
only in the simpler of two driving tasks (Steinhauser et al., 2018). In another study, the effects of
negative mood on driving behaviour were found to decrease when drivers were continuously

asked driving-related questions in simulation (Zimasa et al., 2019). Given the tendency for MW

19



to decrease as task demands on attention increase, findings from both studies implicate MW in
unsafe driving resulting from negative mood.

Trait rumination may predispose some young drivers more than others to negative MW,
unsafe driving, and crashes. Trait rumination describes the habit or tendency to ruminate in
response to negative moods (Nolen-Hoeksema et al., 2008; van Vugt et al., 2018). Trait rumination
has been linked to concentration difficulties (Lyubomirsky et al., 2003), self-reports of
unintentional MW (Vannucci & Chiorri, 2018), and sustained attention task errors (Nayda &
Takarangi, 2021). Furthermore, poor emotion regulation, characterized by high trait rumination,
was found to moderate increases in sustained attention task errors resulting from a negative
versus neutral mood induction (King, 2020). Thus, high trait ruminators may be less capable of
regulating negative MW to account for task demands. In the driving context, survey data reveals
trait rumination (i.e., anger rumination) to be a mediator in the relationship between proneness
to negative emotions while driving (i.e., driving anger) and engagement in unsafe driving
behaviours (Suhr & Dula, 2017; Suhr & Nesbit, 2013). Similarly, high trait MW (i.e., the tendency
to engage in MW, generally) was found to predict negative mood-related unsafe driving (Qu et al.,
2015). Taken together, these findings suggest that trait rumination may moderate associations
between negative mood, MW, and unsafe driving.

Inhibitory control may also explain variability in negative mood-related MW and unsafe
driving. Inhibitory control is a facet of cognitive control involved in stopping or overriding
thoughts and behaviours that could interfere with an active goal (Diamond, 2013; Miller & Cohen,
2001; Miyake et al., 2000). For instance, it negatively predicts MW during activities that require

concentration (Kane et al., 2007; McVay & Kane, 2009). Inhibitory control is proposed to be a core
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mechanism of emotion regulation (Bartholomew et al.,, 2021; Carver & Johnson, 2018).
Accordingly, poor inhibitory control hinders disengagement from rumination (V. Yang et al., 2017;
Zetsche et al., 2018). For example, inducing negative mood was found to increase MW in an
attention task, but only among individuals with poor inhibitory control (i.e., high sub-clinical
Attention Deficit Hyperactivity Disorder symptoms)(Jonkman et al., 2017). In the driving context,
poor inhibitory control predicts faster driving and more self-reported driving errors (e.g., failing
to see pedestrians)(Albert et al., 2018; Daly et al., 2014; Sani et al., 2017). Therefore, poor
inhibitory control may prevent young drivers from regulating negative mood-related MW, which
may, in turn, increase unsafe driving and crash risk.
Mindfulness

Metacognition may support MW regulation and thus compensate for the immature
cognitive control capacities of young drivers. Metacognition refers to processes of thinking about
thinking which facilitate conscious awareness, knowledge, and control of one's mental states
(Schooler & Smallwood, 2009). Metacognition interacts with cognitive control to direct and focus
attention (Fleming & Dolan, 2012; Roebers, 2017). Development and training of metacognitive
skills (i.e., self-reflection, monitoring and analyzing behaviour) have been found to enhance
cognitive control and learning in children and adolescents (Fleur et al., 2021; Pozuelos et al., 2019;
Schaeffner et al., 2021; Weil et al., 2013). Furthermore, metacognitive skills were found to
negatively mediate maladaptive outcomes (i.e., emotional distress) associated with
developmental susceptibilities of young people (McKewen et al., 2019). Thus, metacognitive skills
may be protective in this population. Furthermore, training metacognitive skills may reduce

unsafe MW and driving associated with developmental susceptibilities in young drivers.
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Metacognitive skills associated with mindfulness may protect against MW-related
distraction. The concept of mindfulness originates from Buddhist traditions (Dunne, 2015). In
psychology, mindfulness is defined as a state and trait capacity for “paying attention in a particular
way: on purpose, in the present moment, and non-judgementally” (Kabat-Zinn, 1994).
Operationalizations of mindfulness vary (Davidson & Kaszniak, 2015; Van Dam et al., 2018), but
most include attentive awareness of present-moment experience (Analayo, 2019; Baminiwatta &
Solangaarachchi, 2021; Bishop et al., 2004). Since MW typically involves disengaging attention
from present-moment experience, mindfulness is proposed to represent an opposing mode of
sustained non-distraction (M. D. Mrazek et al., 2012, 2014). This notion is supported by negative
correlations between mindfulness (both state and trait) and self-report as well as behavioural
indications of MW (Fountain-Zaragoza et al., 2018; Ju & Lien, 2018; M. D. Mrazek et al., 2012).
Mindfulness is thought to involve metacognitive skills related to detection and disengagement
from MW (Bernstein et al., 2019; Jankowski & Holas, 2014). Therefore, mindfulness training may
enhance these metacognitive skills, thus leading to reductions in MW while driving.

Mindfulness training (MT) incorporates metacognitive practices, such as meditation, that
aim to cultivate state mindfulness and, over time, trait mindfulness (Kiken et al., 2015). Of
particular relevance to reducing MW is focused attention meditation, which involves sustaining
attention to a chosen focal point, such as the breath, noticing when MW occurs (i.e.,
metacognitive monitoring), and non-judgementally reorienting attention back to the focal point
(i.e., metacognitive control)(Lutz et al., 2008; Wielgosz et al., 2019). MT interventions, of which
Mindfulness-Based stress Reduction (MBSR) is the most prolific, typically involve eight weeks of

daily individual practice and weekly group practice (Santorelli, 2014; Santorelli et al., 2017).

22



Mounting evidence from randomized controlled trials reveals MBSR, and related interventions,
to be effective in enhancing cognitive control and reducing MW (Feruglio et al., 2021; Prakash,
2021; Verhaeghen, 2021). Furthermore, brief MT interventions, consisting of only four to five
sessions, have also been shown to reduce MW (Rahl et al., 2017; Tang et al., 2007, 2009; Zeidan
et al., 2010). Therefore, MT may be effective in reducing MW while driving.

MT is proposed to reduce MW-related distraction, in part, by enhancing metacognitive
awareness of its occurrence (Brandmeyer & Delorme, 2021). Metacognitive awareness, or meta-
awareness, refers to reflexive awareness of ongoing thoughts and sensations (Schooler, 2002).
MW can occur in the absence of meta-awareness. For example, it is common to catch oneself
MW after having scanned, but failed to read, several sentences. If meta-awareness was present,
one would likely stop reading to engage in MW, or discontinue MW to read, to avoid distraction.
Thus, meta-awareness may enable the regulation of MW, which could explain why MW-related
task performance deficits are less pronounced when meta-awareness is present (Schooler et al.,
2011). Studies using both spontaneous self-reports and thought probes to assess MW with meta-
awareness (i.e., meta-aware) and without meta-awareness (i.e., meta-unaware), respectively,
show greater reading comprehension deficits (Smallwood et al., 2008) and poorer behavioural
inhibition associated with meta-unaware MW (Smallwood, McSpadden, et al., 2007). In the
driving context, survey evidence suggests that immediate noticing of MW is protective against
MW-related unsafe driving (i.e., 88.7% of immediate noticers indicated no impairment, 55.1% of
delayed noticers indicated significant impairment) (Berthié et al., 2015). Similarly, both trait and

state meta-awareness of MW have been found to predict safer driving behaviour in simulation
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(Albert et al., 2018; Cowley, 2013). Therefore, cultivating meta-awareness of MW through MT
may reduce its occurrence and contribution to unsafe driving.

MT exposure may reduce MW-related crash risk. Greater trait mindfulness is protective
against driver distraction, including MW. Specifically, drivers that are high compared to low in trait
mindfulness report less engagement in MW (Burdett et al., 2016; G. Murphy & Matvienko-Sikar,
2019) and visual-manual distraction (e.g., phone use)(Feldman et al., 2011; Moore & Brown,
2019; G. Murphy & Matvienko-Sikar, 2019; Panek et al., 2015) while driving. Trait mindfulness
also negatively predicts distraction-related unsafe driving, such as driving errors, traffic violations,
and near-crash events (Burdett et al., 2016; G. Murphy & Matvienko-Sikar, 2019; Terry & Terry,
2015). Relatedly, driver trait mindfulness positively predicts consideration of future consequences,
which is a cognitive control process that negatively predicts risky driving (e.g., speeding, tailgating,
driving while impaired)(L. Murphy & Murphy, 2018). Critically, while few studies test the effects
of MT exposure in the context of driving, available evidence suggests that MT can enhance driver
situational awareness (Kass et al., 2010), reduce risky driving, and reduce crashes in simulation.
Therefore, MT may reduce MW, MW-related unsafe driving, and crashes in young drivers.
Summary

We set out to determine: how MW may contribute to road traffic crashes; why young
drivers may be prone to MW; and which factors may cause and mitigate MW in young drivers.
Firstly, in psychology, sensory-motor decoupling has been implicated in MW-related task
performance deficits. Evidence from the traffic safety literature supports this notion with respect
to MW-related unsafe driving behaviours. Specifically, this is supported by links between MW and

poor detection of road hazards, delayed reaction times to hazards, and poor longitudinal and
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lateral vehicle control. Secondly, a developmental bias towards an exploration versus exploitation
mode of attention is proposed to explain why young people are prone to adaptive MW and risk-
taking behaviour. Asynchronous development of certain neurological systems is proposed to
contribute to maladaptive risk-taking young people. These systems overlap with those that
regulate attention and thus young drivers may similarly be predisposed to maladaptive or unsafe
MW. Finally, we found evidence that young drivers may be particularly susceptible to negative
moods due to poor emotion regulation. Negative mood has been found to causes increases in
MW. Therefore, negative mood may increase MW while driving and related unsafe driving
behaviours in young drivers. Furthermore, individual differences in trait rumination and inhibitory
control may particularly disadvantage some young drivers to negative mood-related MW. We also
found evidence to suggest that metacognitive training may enhance development of cognitive
control in young people. Mindfulness appears to rely on metacognitive skills that contribute to
sustained non-distraction from MW. Evidence suggests that MT, involving meditation practices
that cultivate metacognitive skills, such as meta-awareness, is effective in reducing MW-related
distraction. Furthermore, evidence suggests that trait mindfulness may be protective against MW
unsafe driving, and crashes. Preliminary evidence also suggests that MT may reduce unsafe
driving and crashes. In conclusion, MW is a likely contributor to the young driver problem. Further
research investigating the underlying causes of MW-related crash risk in young drivers, as well as

potential mitigating factors, may inform strategies to address this endemic threat.
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Preface to Study 1

In the previous section, evidence was found to suggest that young drivers are particularly
susceptible to negative mood-related MW due to their developmental propensity to experience
intense emotions and limited capacity to regulate associated thoughts and behaviours. Evidence
was also found linking negative mood to MW while driving in young drivers (Walker & Trick, 2018).
Furthermore, negative mood was revealed to cause MW in non-driving contexts (Marcusson-
Clavertz et al., 2020; Poerio et al., 2013; Smallwood, Fitzgerald, et al., 2009). Review evidence also
suggested that negative mood may increase the intensity of MW or cause it to become more
ruminative, which may increase crash risk associated with MW. For instance, dysphoricindividuals
were found to exhibit more task errors, coupled with higher heart rates associated with MW
(Smallwood, O’Connor, et al., 2007). Furthermore, depression symptoms, including negative
mood and rumination, were found to predict unsafe driving behaviours associated with crashes
(McDonald et al., 2014), while stressful life events predicted distraction-related driving errors and
crashes (Cunningham & Regan, 2016). Taken together, these findings suggest that in young drivers,
negative mood may increase MW frequency and intensity, in terms of greater sensory-motor
decoupling, which could manifest and more unsafe driving associated with MW.

The following section reports on Study 1, which aimed to test whether, compared to
neutral mood, negative mood leads to more: H1) frequent MW while driving; H2) unsafe driving
linked to MW; and H3) intense or emotionally arousing MW while driving. Study 1 also examined
the potential moderating contributions of trait rumination and inhibitory control to supported
relationships along this pathway. The manuscript that follows was submitted for publication in

Accident Analysis and Prevention and is currently under revision (please see letter from the editor
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in Appendix A). A summary of results for the main hypotheses of Study 1, including all effect sizes,
can be found in Tables S.1 and S.2 of the supplementary material that follows. Furthermore,
sample size calculations for future studies powered to detect small-to-medium effects of negative

mood on MW-related unsafe driving can also be found in the supplementary material of Study 1.
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Negative Mood Mind Wandering and Unsafe Driving in Young Male Drivers
Abstract

Objective
Road traffic crashes disproportionately affect young male drivers. Driver distraction, which
includes mind wandering (MW), is a leading cause of unsafe driving and crashes. Negative mood
can lead to MW, and thus may represent a causal pathway to unsafe driving linked to MW. This
preliminary pre-post (T1, T2), randomized, controlled, single-blinded experiment tested whether
negative mood, compared to neutral mood, increases MW while driving, unsafe driving linked to
MW, and emotional arousal linked to MW. It also tested the moderating contribution of trait
rumination and inhibitory control to this proposed causal pathway.
Methods
Forty healthy male drivers aged 20 to 24 were randomly allocated to a negative or neutral mood
manipulation involving deception. Individual differences in trait rumination and inhibitory control
were measured at T1. At T1 and T2, participants drove in a driving simulator measuring driving
speed, headway distance, steering behaviour, and overtaking. Heart rate and thought probes
during simulation measured emotional arousal and MW, respectively.
Results
Negative mood exposure led to more MW while driving. Trait rumination positively moderated
the relationship between negative mood and MW. Unsafe driving, in the form of greater
headway variability and steering behaviour during MW, increased following negative versus

neutral mood exposure. Between-group differences in emotional arousal were not significant.
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Conclusion

Results support a causal pathway from negative mood to unsafe driving via MW, including the
moderating contribution of trait rumination. These findings may inform the development and
targeting of interventions to disrupt this crash-risk pathway and in young driver subgroups.

Keywords: young drivers, negative mood, mind wandering, driving simulation
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Introduction

Drivers under 25 years of age are overrepresented in fatal crashes (World Health
Organization, 2018). In young drivers, distraction is a leading contributor to crashes (Guo et al.,
2017), which are particularly prevalent in males (Cullen et al., 2021). Driver distraction entails a
diversion of attention from activities critical for safe driving towards a competing activity. This
may include secondary tasks, such as texting or calling, which have been studied extensively in
the context of traffic safety (Lipovac et al., 2017; Zatezalo et al., 2018). Another competing activity
is mind wandering (MW), involving driving-unrelated thoughts (Regan & Hallett, 2011; Seli et al.,
2018). MW is gaining recognition as a distraction-related contributor to crashes (Lerner et al.,
2015). Little is known about the causal factors involved in MW-related crashes, a gap that hinders
the development of interventions targeting this risk factor in young drivers.

MW adaptively facilitates planning, decision-making, and creativity, but can also engender
distraction (Smallwood et al., 2013; Smallwood & Schooler, 2006). MW accounts for 30-50% of
waking thoughts and thus potentially represents a pervasive source of driver distraction (Kane et
al., 2007; Killingsworth & Gilbert, 2010). Specifically, MW entails a diversion or decoupling of
attention from ongoing tasks and external stimuli to personal concerns and other self-generated
thoughts (Schooler et al., 2011). MW is linked to unsafe driving behaviours, such as faster and
more variable driving speeds, shorter headway distances, and more variable steering (Baldwin et
al., 2017; Yanko & Spalek, 2014; Zhang & Kumada, 2017), which may account for its association
with crashes (Aarts & Van Schagen, 2006; Ding et al., 2020; Gil-Jardiné et al., 2017; Li et al., 2018).

Thus, MW while driving can be maladaptive, yet it is especially frequent in young drivers (Burdett
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et al., 2019). Exploring factors that may compel young drivers to engage in MW while driving
could reveal amenable intervention targets to reduce MW-related crashes.

Driver-related factors, such as negative mood, may increase the frequency of MW while
driving. Contextual factors are known to cause fluctuations in MW. For example, increasing driving
task difficulty decreases MW (Geden & Feng, 2015; Zhang & Kumada, 2017). In contrast, negative
mood is associated with greater MW across a variety of contexts, including driving (Ottaviani et
al., 2015; Poerio et al., 2013). Specifically in young drivers, negative mood is associated with
greater MW while driving in a simulator and post-drive self-reports of concentration difficulties
(Walker & Trick, 2018). Furthermore, inducing negative mood leads to greater MW in attention
tasks (Marcusson-Clavertz et al., 2020; Smallwood et al., 2009). Therefore, negative mood may
increase MW frequency and, in turn, unsafe driving in young drivers.

Negative mood may increase MW intensity and thereby its acute effects on driving.
Rumination refers to an intense form of MW that persistently centres on one's emotional distress
and its circumstances. It is a hallmark of mood disorders, but also pervasively affects healthy
individuals (Nolen-Hoeksema et al., 1997; Watkins, 2008). Rumination, or ruminative MW, is
often intrusive and difficult to inhibit (Ottaviani et al., 2013). It is associated with greater
emotional arousal, objectively observable through increased heart rate, and greater task
performance deficits compared to non-ruminative MW (Smallwood et al., 2007). Young people
are particularly susceptible to fluctuations in emotional arousal (Lambert et al., 2014; Steinberg,
2010). Therefore, negative mood may increase the intensity or ruminative quality of MW, thereby
increasing its effects on unsafe driving in this population. Together, these findings implicate MW

in a causal pathway from negative mood to unsafe driving.
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Individual differences in trait rumination and inhibitory control may moderate links
between negative mood, MW, and unsafe driving. Trait rumination denotes the tendency to
engage in ruminative MW (Nolen-Hoeksema et al., 2008). In attention tasks, trait rumination
positively predicts self-reports of MW, while trait brooding, a judgmental subcomponent of trait
rumination, also predicts MW-related errors (Nayda & Takarangi, 2021). Trait rumination, coupled
with a propensity to experience negative moods while driving, also correlates with self-reported
unsafe driving behaviours (Suhr & Dula, 2017; Suhr & Nesbit, 2013). Thus, young drivers high in
trait rumination may be particularly susceptible to negative mood MW (i.e., negative mood-
related MW) and unsafe driving.

Low inhibitory control may impede efforts to mitigate the effects of negative mood on
MW and driving. Inhibitory control denotes the capacity to override thoughts and behaviours that
may result from negative moods (Diamond, 2013). Low inhibitory control is associated with
greater MW in lab tasks and daily activities that require concentration (Kane et al., 2007; McVay
& Kane, 2009). It also predicts unsafe driving behaviours linked to MW, such as speeding and
failing to notice pedestrians (Albert et al., 2018; Sani et al., 2017). Thus, low inhibitory control
may prevent young drivers from regulating negative mood MW, thereby strengthening its
involvement in the proposed pathway from negative mood to unsafe driving.

Mounting evidence supports a causal relationship between negative mood and unsafe
driving (Cunningham & Regan, 2016; Pécher et al., 2011; Scott-Parker, 2017). Some studies also
hint at the involvement of MW, but none directly test this possibility. For example, negative mood
was found to cause more unsafe driving in low versus high-difficulty driving tasks (Steinhauser et

al., 2018) and in the absence versus presence of a secondary task (Zimasa et al., 2019). Since MW
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is most frequent when task demands on attention are low (Geden & Feng, 2015; Smallwood,
2013), these findings suggest that MW may partially explain the effects of negative mood on
unsafe driving. Findings also suggest that negative mood MW may contribute to specific unsafe
driving behaviours previously associated with negative moods, such as greater headway
variability (Steinhauser et al., 2018) and risky overtaking (Emo et al., 2016; Matthews et al., 1998).
This preliminary study aimed to address these possibilities by directly observing the role of MW
in the relationship between negative mood and unsafe driving.

Accordingly, we tested the proposed causal pathway, illustrated in Figure 1, leading from
negative mood to unsafe driving behaviours via increases in MW frequency and intensity in
healthy young male drivers. Specifically, we hypothesized that, compared to neutral mood,
negative mood leads to more: H1) frequent MW while driving; H2) unsafe driving linked to MW;
and H3) intense or emotionally arousing MW while driving. This study also examined the
moderating contributions of trait rumination and inhibitory control to supported relationships
along this pathway. We hypothesized that H4) trait rumination positively moderates and
inhibitory control negatively moderates mood-related differences in MW and unsafe driving
linked to MW. Furthermore, this study explored whether increases in MW frequency and intensity
mediate relationships between negative mood and unsafe driving behaviour. Understanding the
causal relationships between negative mood, MW frequency, MW intensity, and unsafe driving
may inform the development of interventions to disrupt this crash-risk pathway. Examining the
contribution of individual differences could facilitate the targeting of interventions to address

vulnerable young driver subgroups, and thus better prevent crashes in this population.
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Figure 1
Proposed Causal Pathway from Negative Mood to Mind Wandering and Unsafe Driving

Outcome Variables
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+ Negative Mood R
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+ Unsafe Driving
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Note. MW = mind wandering. Solid-lines represent the hypothesized effects of negative mood
on mind wandering, emotional arousal, and unsafe driving linked to mind wandering. They also
show the proposed moderation of these relationships by trait rumination and inhibitory control.
Dashed-lines represent exploratory hypotheses for the mediating roles of mind wandering and
emotional arousal in the relationship between negative mood and unsafe driving.
Materials and Methods

Study Site and Ethical Compliance

The study took place at the Addiction Research Program Laboratory of the Douglas
Hospital Research Centre, a McGill University-affiliated site in Montreal, Canada. Study

procedures were approved by the Douglas Mental Health University Institute Research Ethics

Board (IUSMD-17-20).
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Recruitment

classifieds. Study candidates responding to the advertisements were first screened online and
again at the lab to verify their online responses and assess additional inclusion/exclusion criteria.
To participate, study candidates had to meet the following criteria: self-reported male sex; age
20-24, based on date of birth; valid driving license; self-reported normal or corrected vision and
hearing. Males between 20-24 were recruited to isolate a particularly risky young driver
subgroup (Rhodes et al., 2015). This age range also controlled for developmental changes in
attention and behaviour regulation (Quinn & Harden, 2013).

Candidates were excluded if they self-reported the following: a history of driving while
impaired, since offenders exhibit neuropsychological and behavioural differences from average
drivers (Brown et al., 2016); a diagnosed head injury, chronic illness, neurological condition, or
mental disorder (e.g., seizures, attention deficit hyperactivity disorder, or bipolar disorder);
depression symptoms (i.e., total scores > 14 on the Beck Depression Inventory Il; Beck et al.,
1996); alcohol dependence symptoms (i.e., total scores > 2 on items 4 and 6 of the Alcohol Use
Disorders Identification Test; Johnson et al., 2013; Saunders et al., 1993); drug dependence
symptoms (i.e., total scores > 2 on items 6 and 8 of the Drug Use Disorders Identification Test;
Berman et al., 2003; Hildebrand, 2015). Candidates with these mental or physical health issues
or symptoms were excluded to control for their confounding influence on normal MW rates and
content (Sayette et al., 2009, 2010; Smallwood, 2013). The following exclusion criteria were

assessed at the lab: detectable blood alcohol content, measured with an Alco-Sensor® IV; driving
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simulator sickness, self-reported after a practice simulation. Intoxicated drivers and those with
driving simulator sickness were excluded to prevent data contamination.
Study Design and Randomization

The present study used a pre-post (T1, T2), randomized, controlled, single-blinded design.
Participants were allocated equally (1:1) to undergo either a negative mood (experimental) or
neutral mood (control) manipulation, using biased-coin minimization (Saghaei, 2011; Saghaei &
Saghaei, 2011). It accounted for T1 positive mood (low: 0—3.80, high: 3.90-5.00) and negative
mood (low: 0-1.30, high: 1.40-5.00), measured by mean response scores on the Positive and
Negative Affect Schedule (PANAS-NA; Watson et al., 1988). It also accounted for T1 MW (low: 0—
0.43, high: 0.57-1), measured with thought probes in computerized tasks (Smallwood & Schooler,
2015). Randomization took place immediately before the mood manipulation.
Mood Manipulation

Participants were exposed to a pass-fail manipulation designed to induce either a negative
mood (fail) or neutral mood (pass) (Chartier & Ranieri, 1989; Nummenmaa & Niemi, 2004). The
manipulation involved deception. Participants were told they would undergo a "verbal reasoning
and intelligence test" when, in fact, they completed the Remote Associations Test (Mednick,
1962), which measures creativity. Participants had 30 seconds, indicated by a timer in the bottom-
right corner of the screen, to type a word that paired with each of three given words (e.g., political,
surprise, line; answer: party). There were 30 trials.
Negative Mood (experimental group)

Following the task, negative mood participants saw low absolute and relative accuracy

scores displayed on the computer screen (i.e., "verbal reasoning accuracy: 36%" and "relative
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performance: -3.04 SD"). The experimenter acted surprised and quietly, but within earshot of the
participant, pretended to phone the principal investigator to ask whether the score was too low
to continue testing. Participants were asked whether they understood the task or if they had
trouble inputting their responses. Then, the experimenter ended the pretend call and proceeded
with the remainder of the study.

Neutral Mood (control group)

Participants randomized to the neutral mood condition briefly saw the words, “verbal
reasoning accuracy: OK,” presented on the computer screen before the experimenter advanced
the computer to the next task.

Measures
Outcome Variables

Unsafe Driving. Mean speed, speed variability, mean headway, headway variability,
steering reversals, and overtaking in a driving simulator task assessed unsafe driving at T1 and T2.
Unsafe driving was measured with a driving simulator developed at the Université de Sherbrooke
(Couture et al., 2020). Participants sat in a vehicle seat in front of three 19-inch monitors (1920 x
1080 resolution) and stereo speakers. Participants interacted with the virtual driving environment
using a Logitech GT Driving Force steering wheel, accelerator, and brake pedals. A virtual
speedometer, in the bottom-right corner of the centre screen, indicated driving speed (km/h).
Driver input was recorded at a rate of 10 Hz. The relative and absolute validity of driving
simulation in predicting real-world driving are established (see Wynne et al., 2019 for a review).

The present simulator has demonstrated convergent validity and ecological validity, with
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simulated driving behaviour predicting self-reported driving (Brown et al., 2016) and traffic
violations (Brown et al., 2017).

The driving simulator task was repetitious and lacked variety (i.e., monotonous) to
facilitate MW. It also afforded measurement of each hypothesized unsafe driving behaviour. The
task took place on a curved highway with one oncoming and one ongoing lane. The speed limit,
verbally indicated by the experimenter and posted at the start of each simulation, was 90 km/h.
During each drive, participants encountered intermittent oncoming vehicles and a series of large
trucks travelling in the ongoing lane at 65 km/h. The size of the trucks and curvature of the road
limited visibility of oncoming traffic, thus making overtaking risky. Participants were verbally
instructed to drive normally and told that they could overtake the trucks if they would do so in a
real driving situation.

Driving variables were derived from 10-second samples of driving behaviour prior to self-
reports of MW and focused driving. Therefore, each participant had a MW score and focused
driving score, at T1 and T2, per variable. Mean speed and speed variability (i.e., SD) were
calculated from driving speeds in km/h. Mean headway and headway variability were calculated
from distances, in metres, between the front of the driver's vehicle and the rear of the nearest
lead vehicle, within 100 metres (Biswas et al., 2021). Steering reversals, representing the per-
sample rate of clockwise and counter-clockwise (or vice versa) steering wheel rotations > 2°
(Markkula & Engstrom, 2006), were derived from steering wheel position data (values ranging
from 0-1, representing 900° of full wheel rotation). Per-sample rates of overtaking were

calculated from instances in which headways crossed zero.
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MW. Self-reports of MW, and focused driving, were collected using thought probes in
simulation at T1 and T2. A tone prompted participants to indicate their state by pressing a button
on the steering wheel. One button represented MW (i.e., "having thoughts unrelated to driving
or your immediate surroundings"; e.g., “thinking about something that happened the other day
or plans for the weekend”), and another, focused driving (i.e., "only having thoughts that are
necessary for performing the driving task"). Thought probes began five minutes from the start of
each simulated drive, to allow time for drivers to start MW. Probes were then presented at
random intervals ranging from 30-90 seconds (i.e., Mdn = 11 probes over 10 minutes). Probes
without responses were automatically scored as MW. MW was operationalized as the proportion
of probes to which participants indicated MW (Smallwood & Schooler, 2015).

Moderator Variables

Trait Rumination. Mean response scores on the Short Ruminative Response Scale
brooding component (RRS-Brood; Nolen-Hoeksema & Morrow, 1991; Treynor, Gonzalez, & Nolen-
Hoeksema, 2003) measured trait rumination at T1. The RRS-Brood includes five items consisting
of thoughts or behaviours (item 13: “[I] think about a recent situation, wishing it had gone
better”). Participants indicate how often they engage in each when in a negative mood using a
Likert scale (1 = "almost never" to 4 = "almost always"). The RRS-Brood shows good internal
consistency, a = .72. Test-retest reliability is .60 over one year (Treynor, Gonzalez, & Nolen-
Hoeksema, 2003).

Inhibitory Control. Accuracy scores on the Simon Task (Brinker et al., 2013; Hajcak et al.,
2003) assessed inhibitory control at T1. Coloured arrows pointing left or right, were presented on

a computer screen. Participants had to quickly and accurately press the 'F' key for red arrows, and
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the 'J' key for green arrows. Trials were congruent if arrows pointed in the direction of the
appropriate key for their colour (e.g., red arrow pointing left), and incongruent if arrows pointed
away from the appropriate colour key (e.g., red arrow pointing right). There were 576 trials, half
congruent and half incongruent, presented in random order. Accuracy scores reflected the
proportion of correct to total incongruent trials by participant. Test-retest reliability is stable for
similar tasks (e.g., r =.49-.90 over 25 days) (Delis, Kaplan, Kramer, 2001).
Mediator Variables

Emotional Arousal. Mean heart rate objectively assessed emotional arousal in simulation
at T2. A BIOPAC® system (BioNomadix respiration & electrocardiogram amplifier, BN-RSPEC)
recorded heart rate at a sampling frequency of 1000 Hz using a three-electrode chest montage.
The Pan & Tompkins (1985) heart beat detection method was applied to the raw
electrocardiogram signal. For each participant, instantaneous heart rates, in beats per minute,
were calculated and averaged over 10-second samples prior to self-reports of MW and focused
driving via thought probes.
Other Variables

Negative Mood. Mean response scores on the Positive and Negative Affect Schedule,
negative affect subscale (PANAS-NA; Watson et al., 1988) measured negative mood at T1 and T2.
The PANAS-NA contains 10 items, each consisting of a feeling word (item 13: "ashamed").
Participants indicate the extent that each applies to them in the moment using a Likert scale (1 =
"very slightly or not at all" to 5 = “extremely”). The PANAS-NA shows good internal consistency

with a Cronbach’s alpha of .85 (Crawford & Henry, 2004).
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Demographic Characteristics. A demographics questionnaire measured the following at
T1: Date of birth, ethnicity (e.g., Caucasian, Arab, Asian), relationship status (e.g., single, married,
divorced), children (i.e., yes, no), highest education level (e.g., primary school, high school,
graduate university), income (i.e., < $999 to > $50,000), employment status (e.g., unemployed,
caregiver, full-time studies + full-time work). Means, with standard deviations, for continuous
responses and counts, with percentages, for ordinal responses were calculated by mood group.

Clinical Characteristics. Depression symptoms, alcohol dependence, and drug
dependence were assessed at T1. Total scores on the Beck Depression Inventory Il (BDI; Beck et
al., 1996) measured depression symptoms. Drivers responded to 21 groups of four statements
each (Sadness: 0 = "I do not feel sad" to 3 = "I am so sad or unhappy that | can't stand it") by
indicating those that best described their experience over the past two weeks. Total scores on
Items four and six from the Alcohol Use Disorders Questionnaire (AUDIT; Saunders et al., 1993)
measured alcohol dependence. Drivers responded to a question about their self-control over
drinking (item 4) and another about drinking in the morning (item 6), using a five-point Likert
scale (0 ="Never" to 5 = "Daily or almost daily"). Total scores on Items six and eight from the Drug
Use Disorders Questionnaire (DUDIT; Berman et al., 2003) similarly assessed self-control over
drug use (item 6) and drug use in the morning (item 8) with a five-point Likert scale (0 = "Never"
to 5 = "Daily or almost every day").
Procedure

Testing took approximately two hours. The study candidates' driving license and age were
verified upon arrival to the laboratory. Following informed consent, candidates underwent a

breath alcohol test and completed a screening questionnaire. Then, candidates drove a 10-minute
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practice simulator task while reporting MW. Immediately afterwards, they responded to
questions for ruling out simulation sickness. At T1, participants completed a 15-minute driving
simulator task while reporting MW. Then, they completed the demographics questionnaire and
RRS-Brood before being fitted with heart rate monitoring electrodes. Participants then completed
the PANAS-NA on the computer, followed by the Simon Task (among other tasks not used in the
present study). Each task began with an instruction screen, a verbal description of the task by the
experimenter, and a brief practice period. The experimenter left the testing room while
participants performed each task. The Remote Associations ("verbal reasoning and intelligence")
Test was the last task in the series. After the tasks were complete, randomization took place. Upon
re-entering the testing room, the experimenter pressed a key on the computer keyboard to
initiate the mood manipulation by displaying the participant's assigned performance feedback.
At T2, participants completed a second PANAS-NA, then drove another 15-minute simulator task
while reporting MW. Heart rate was recorded throughout the drive. Participants were debriefed.
Analytic Strategy

One-tailed planned comparisons of estimated marginal means tested between-group
differences in T2-T1 changes (ATnec Vs. ATneu) in the following variables: negative mood, to assess
mood manipulation effectiveness; MW, to assess whether negative mood increases MW while
driving (H1); and unsafe driving behaviours linked to MW (MW-focused driving), to assess
whether negative mood increases unsafe driving via MW (H2). A one-tailed planned comparison
also tested between-group differences in heart rate linked to MW, to assess whether negative

mood increases emotional arousal via MW (H3).
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Estimated marginal means came from linear mixed models (LMM), for continuous
dependent variables, and general linear mixed models (GLMM), for non-continuous dependent
variables. LMMs and GLMMs used restricted maximum likelihood estimation. Maximal random
effects controlled for repeated measures (Brauer & Curtin, 2018). Mixed models were fitted with
the Ime4 package (Bates et al., 2014) for R (Team, 2013), while the emmeans package (Lenth et
al., 2018) conducted planned comparisons and calculated effect sizes. Effect sizes were reported
using Cohen's d (d) for linear models, odds ratios (OR) for binomial models, and rate ratios (RR)
for Poisson models.

One-tailed planned comparisons tested the moderating contributions of trait rumination
and inhibitory control to significant relationships between mood group, MW and unsafe driving
linked to MW (H4). Planned comparisons used estimated coefficients from linear (continuous)
and general linear (non-continuous) regression models (LM, GLM) that accounted for T1 MW or
unsafe driving linked to MW, irrespective of focused driving. State (MW, focused driving) was
excluded from the models to reduce their complexity.

One-tailed, bootstrapped causal mediation analyses, conducted with the mediation
package for R (Tingley et al., 2014), explored the mediating roles of AT MW, in relationships
between mood group and unsafe driving, irrespective of state, and emotional arousal at T2, in
relationships between mood group and T2 unsafe driving linked to MW, if significant between-
group differences in these variables were detected.

Power
This preliminary study recruited a sample size of N = 40. Minimum detectable effect sizes,

approximated from ANOVA F-tests at a power-level of .80, for one-tailed tests (a = .05) of
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directional hypotheses were medium for both two-way (Cohen’s f > 0.33) and three-way
interactions (Cohen’s f > 0.26).
Model Diagnostics

Cells were unbalanced in cases where: participants reported one state but not the other
in simulation; no headways < 100 metres were recorded. Missing data excluded participants from
moderation models (LMs, GLMs) predicting headway distance (nnec = 8, nneu = 6) and steering
reversals (nneu = 2). Kenward-Roger degrees of freedom adjusted for unbalanced cells in LMMs
and GLMMs to make use of all available data. Singular random effects terms were removed from
LMMs predicting headway variability and speed variability. The following dependent variables
were log-transformed: PANAS-NA, mean speed, headway variability, and heart rate. Speed
variability was square-route-transformed. Results are presented on the original response scale.
Trait rumination and inhibitory control scores were standardized for moderation analyses. A
Gamma distribution modelled steering reversal rates in moderation analyses. GLMM assumptions
were tested with the DHARMa package (Hartig, 2017) and all were met. Outliers were detected
(Cook's distance > 0.30) in models for mean speed (nneu = 1), moderation of MW (nneu = 2), and
moderation of headway variability (nneg = 1). Sensitivity analyses revealed no impact on results.

Results

Participants

Forty-one participants were recruited. One participant was excluded due to a prior
Generalized Anxiety Disorder diagnosis. The final sample included 40 males. Table 1 displays
demographic and clinical characteristics of the sample, and reveals no significant differences

between experimental conditions (i.e., negative mood group, neutral mood group).
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Table 1

Demographic and Clinical Characteristics of the Young Male Driver Sample by Mood Group

Negative Neutral
Variable Mood Mood X2 (t)
(n=20) (n=20)
Demographic Characteristics
Age, M (SD) 22.2 (1.56) 22.3(1.30) (0.22)
Ethnicity, n (%) 1.60

White 12 (60.0) 8 (40.0)

Other 8 (40.0) 12 (60.0)
Education level, n (%) 0.00

High school® 5(25.0) 5(25.0)

At least some university 15 (75.0) 15 (75.0)

Annual income, n (%) 0.10

S0 - 55,999 9 (45.0) 10 (50.0)

$6,000 or more 11 (55.0) 10 (50.0)
Employment status, n (%) 4.80

Full-time studies or full-time work® 7 (35.0) 13 (65.0)

Full-time studies and part-time work 9 (45.0) 3(15.0)

Other 4 (20.0) 4 (20.0)
Relationship status, n single (%) 20 (100) 20 (100) 0.00
Number of children, M (SD) 0.00 (0.00) 0.00 (0.00) (0.00)
Driving License type, n probationary® (%) 9 (45.0) 8 (40.0) 0.10
Number of traffic violations, n (%) 0.36

None 19 (95.0) 18 (90.0)

One within past 2 years 1 (5.00) 2 (10.0)

Clinical Characteristics
Beck Depression Inventory, M (SD) 2.90 (3.89) 3.25(4.42) (0.27)
Alcohol Use Disorders Identification Test, M (SD) 0.14 (0.36) 0.11(0.32) (-0.35)
Drug Use Disorders Identification Test, M (SD) 0.00 (0.00) 0.00 (0.00) (0.00)

Note. Monte Carlo resampling was used to accommodate small cell sizes for chi-square tests.

a. High school includes vocational college (CEGEP) in Quebec, Canada.

b. Full-time work > 35 hours per week

c. A probationary license can be obtained at > 17 years old in Quebec (following 12 months with
alearner's license, starting from 16 years of age). Drivers may obtain a full license after 2 years
with a probationary license.

*p<.05
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Figure 2 displays changes in PANAS-NA items by mood group. Comparing AT PANAS-NA
scores between mood groups revealed a significant difference, t(38.0) = 2.34, p = 0.01, d = 1.05.
The negative mood group reported a significant T1 to T2 increase in PANAS-NA scores, t(38.0) =
4.10, p <.001, d = 1.30. Change in PANAS-NA was not significant for the neutral mood group. The
PANAS-NA item “Ashamed” showed the largest between-group difference, d = 0.96.

Figure 2
Mean Change in PANAS-NA Score by Item and Mood Group

T T Mood Group
|:| Negative
- |:| Neutral

D 1.0 T
Q
U —
] . _
<
<
b L
< 05
Z ——
<
(ol £
<

0.0 —

Up'set Distressed Irritable Ashamed

PANAS-NA ltem

Note. PANAS-NA = Positive and Negative Affect Schedule - Negative Affect sub-scale. PANAS-NA
items include those that showed significant increases from before to after the negative or neutral
mood inductions. Values are based on raw data. Error bars represent 95% confidence intervals.
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Main Hypotheses

Comparing AT MW between mood groups revealed a significant difference, z = 2.01, p

.022, OR = 1.79. The negative mood group reported a significant increase in MW, z=2.81, p

.005, OR = 1.78. Change in MW was not significant for the neutral mood group.

Comparing AT unsafe driving linked to MW between mood groups revealed a significant
difference in headway variability, t(58.4) = 1.99, p = .026, d = 1.46. Neither the negative mood
group nor the neural mood group exhibited a significant T1 to T2 change in headway variability
linked to MW. A significant difference in steering reversals was also revealed, z = 1.86, p = .032,
RR = 1.33. Neither the negative mood group nor the neutral mood group exhibited a significant
T1 to T2 change in steering reversals linked to MW. Results for AT mean speed, speed variability,
mean headway, and overtaking were not significant. Results for AT unsafe driving behaviours,
irrespective of state, were also not significant.

Comparing T2 heart rate linked to MW between mood groups revealed no significant
difference. The result for heart rate, irrespective of state, was also not significant.

Between-group comparisons of coefficients for trait rumination and inhibitory control
predicting MW, headway variability and steering reversals during MW, revealed a significant
moderation effect of trait rumination on MW, z=2.96, p =.002, OR = 2.11. For the negative mood
group, greater trait rumination significantly predicted more MW at T2, after controlling for MW
at T1, z = 3.25, p = .001, OR = 2.07. Trait rumination did not significantly predict T2 MW in the
neutral mood group. Figure 3 displays trait rumination moderating between-group differences in

T2 MW, after controlling for T1 MW. Results for inhibitory control moderating MW were not
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significant. Results for trait rumination and inhibitory control moderating between-group

differences in headway variability and steering reversals during MW were also not significant.

Figure 3
Moderating Effect of Trait Rumination on the Relationship Between Mood and Mind Wandering
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Note. MW = mind wandering. Trait rumination values represent standardized scores on the
Ruminative Response Scale brooding component. MW proportion values represent the number
of thought probes, out of the total number presented, to which participants indicated MW at T2,
following the experimental mood induction, after controlling for T1 values. Grey ribbons
represent 95% confidence intervals.
Exploratory Hypotheses

Results from mediation analyses of AT MW contributing to between-group differences in
AT headway variability and AT steering reversals were not significant. Since the relationship

between mood group and heart rate linked to MW was not significant, heart rate was not

explored as a mediator.
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Discussion

This study tested whether negative mood leads to more MW (H1), unsafe driving linked
to MW (H2), and greater emotional arousal linked to MW (H3) in healthy young male drivers. A
main finding was that MW increased following exposure to negative versus neutral mood.
Negative mood was also found to increase unsafe driving in terms of greater headway variability
and steering reversals linked to MW. This study also tested whether individual differences
moderate these relationships (H4). Trait rumination moderated the relationship between
negative mood and MW, with high ruminators exhibiting the greatest increases in MW following
negative mood exposure. These results support a causal pathway from negative mood to unsafe
driving via MW.

The observed influence of negative mood on MW while driving corroborates other
findings in laboratory task settings (Marcusson-Clavertz et al., 2020; Smallwood et al., 2009). It
also extends evidence from studies showing effects of mood on driver attention and unsafe
driving, but without direct observation of MW (Steinhauser et al., 2018; Techer et al., 2017;
Zimasa et al., 2019). Theoretical accounts of MW propose that context plays a significant role in
determining its frequency (Smallwood & Schooler, 2015). Hence, this finding supports the
generalizability of negative mood-induced increases in MW from attention tasks to the driving
context. Given previous reports of associations between MW, unsafe driving behaviour (He et al.,
2011; Yanko & Spalek, 2014), and crashes (Galéra et al., 2012; Gil-Jardiné et al., 2017), this result
substantiates a mechanism by which negative mood may contribute to crashes. Additional studies
are needed to confirm whether this causal link between negative mood and MW generalizes to

real-world driving, possibly through post-drive self-reports collected via smartphones.
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The observed increase in headway variability associated with negative mood MW mirrors
the effect of secondary task distraction on unsafe driving behaviours (Hosking et al., 2009; Regan
& Hallett, 2011; Young & Salmon, 2012). Interestingly, headway variability was previously found
to increase when drivers performed a secondary task under time pressure, but not when they
performed the task at their own pace (Wandtner et al., 2016). Hence, observed increases in
headway variability may indicate that the intrusiveness of negative mood MW prevented drivers
from "pacing" or timing their driving-unrelated thoughts such that they did not interfere with
driving. Future research may investigate this possibility by asking drivers about the intrusiveness
of their MW post-drive. Since headway variability positively predicts crashes (Hyun et al., 2019),
this finding suggests that negative mood MW may be particularly risky.

Steering reversals also increased during negative mood MW, similarly to when drivers are
distracted by secondary tasks (Choudhary & Velaga, 2017; Kountouriotis et al.,, 2016;
Kountouriotis & Merat, 2016). Cognitive load, associated with a secondary task's demands on
attention, has been found to positively predict steering reversals (He et al., 2014; Li et al., 2018).
MW is generally associated with decreased steering reversals (Baldwin et al., 2017), possibly
because it most frequently occurs when task demands are low (Smallwood & Schooler, 2015).
MW involving emotionally arousing content may increase cognitive load (Chan & Singhal, 2013;
Smallwood et al., 2007) or cause MW to occur in moments when cognitive load linked to driving
is high. Future research may distinguish between these possibilities by comparing negative and
neutral mood MW frequencies between easy and difficult sections of a simulated drive.

Negative mood MW may uniquely affect driving behaviour, which could account for

inconclusive findings regarding unsafe driving linked to MW. The observed increase in headway
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variability associated with negative mood MW has not been found in previous MW and driving
studies (He et al., 2011). Thus, relative to focused driving, negative mood MW may have a distinct
driving behaviour profile that differs in quality rather than quantity from neutral mood MW.
Cognitive load increases are hypothesized to mainly affect complex versus basic driving
behaviours, which may explain this qualitative difference (Engstrom et al., 2017). To test this,
future studies may compare drivers' anticipation of road hazards during negative versus neutral
mood MW, since this ability deteriorates as cognitive load increases (Baumann et al., 2008;
Cooper et al., 2003; Muttart et al., 2007).

The moderating effect of trait rumination on negative mood MW corroborates cross-
sectional evidence linking trait driving anger to trait anger rumination and self-reported risky
driving (Suhr & Dula, 2017). The present study's randomized controlled design extends these
findings by demonstrating a causal pathway from negative mood to MW as a function of trait
rumination. This finding implies that a significant portion of MW accompanying negative mood
constituted rumination. It further suggests that the ruminative quality of MW accounts for the
relative increase in unsafe driving observed following exposure to negative mood. Young drivers
high in trait rumination could benefit from tailored interventions designed to reduce ruminative
MW (Winston et al., 2016). Mindfulness training is effective in treating certain psychiatric
conditions characterized by negative mood and rumination, such as depression and anxiety
(Goldberg et al., 2018). Thus, future studies may evaluate its efficacy in reducing ruminative MW
while driving, particularly among high trait ruminators.

Findings from this study did not replicate those from studies reporting main effects of

negative mood on unsafe driving. This may be due to methodological differences. For example,
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our randomized, controlled, experimental design, may have eliminated sources of confounding,
including interactions between traits, states, and environment, that complicate interpretations of
correlational evidence (Scott-Parker, 2017). Our use of deception and blinding also likely reduced
the influence of demand characteristics, which were unaccounted for in previous experiments
(Steinhauser et al., 2018; Zimasa et al., 2019). Inter-study variability in mood manipulation
methods, induced mood states, and driving scenarios could also explain our non-replication (Chan
& Singhal, 2015; Du et al., 2020; Jallais et al., 2014; Jeon & Zhang, 2013). Standardizing research
methods for investigating mood-induced changes in driving behaviour, such as the incorporation
of randomization, blinding, and a common set of driving scenarios, may remedy these issues.
Exploratory analyses of MW's mediating role in relationships between negative mood and
unsafe driving were inconclusive. Yet, it follows that negative mood-induced increases in MW
would mediate overall changes in driving behaviour, given between-group differences in driving
linked to MW. Our mediation analyses were likely underpowered, however, since our sample size
was smaller than recommended for testing mediation effects (Fritz & MacKinnon, 2007). At the
same time, our choice to use a more naturalistic and dynamic driving scenario may have increased
the variability of driving behaviour, thus diluting the overall effects of MW. Using larger samples
and less dynamic driving scenarios may uncover a mediating effect of MW in future studies.
Negative mood MW did not elicit greater emotional arousal, as indicated by heart rate,
relative to neutral mood MW. Heart rate increases during MW were previously found among
dysphoric individuals (Smallwood et al., 2007). Our sample consisted of healthy individuals,
however. Therefore, this finding in a dysphoric sample may not generalize to healthy populations,

despite the two sharing negative mood symptoms in the present case. Heart rate increases have
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been observed following self-reports of MW while driving, which may reflect drivers' cognitive
effort to refocus their attention (Pepin et al., 2018). Thus, future research may use heart rate to
explore mood-related variation in the cognitive effort required to refocus attention to driving.

The moderating contribution of inhibitory control was inconclusive. Poor inhibitory
control is linked to rumination (Joormann & Gotlib, 2008; Whitmer & Banich, 2007), but this
capacity is multifaceted. For example, individual differences in emotional inhibition, but not
cognitive inhibition, were found to predict risky driving in young drivers (Botdorf et al., 2017).
While inhibitory control is impacted by negative mood (Brinker et al., 2013) and predicts MW
(Rummel & Boywitt, 2014), the particular facet that we measured did not show evidence of this
in the context of driving. Therefore, future research should examine multiple facets of inhibitory
control to assess its links to negative mood, MW, and unsafe driving.

Limitations

This study used rigorous experimental methods to examine the causal influence of
negative mood on unsafe driving via MW, but it also had certain limitations. Though the
constrained sample of this preliminary study prevented detection of small effects, its findings
provide compelling justification for future studies with larger samples.

The findings were derived from young male drivers exclusively. Evidence for sex
differences in unsafe driving linked to negative mood MW is mixed. High MW males, for example,
report more negative emotions and thoughts while driving compared to high MW females (Qu et
al., 2015). Females exhibit a stronger link between driving anger and aggressive driving compared
to males, however (Bogdan et al., 2016). Future studies using larger male and female samples are

needed to elucidate sex differences in susceptibility to unsafe driving via negative mood MW.
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Recording heart rate only at T2 may have limited detection of group differences. Heart
rate monitoring electrodes were fitted at T2 to minimize skin irritation from prolonged exposure
to the adhesive. Lacking T1 heart rate data may have prevented detection of negative mood
effects on emotional arousal, especially given high variability in resting heart rate and heart rate
reactivity between individuals (Manuck et al., 1989). Recording T1 and T2 heart rate may boost
sensitivity to emotional arousal changes from negative mood MW in future studies.

Thought probes, used to detect MW in this study, may underestimate unsafe driving linked
to MW. While considered the gold standard for accurately detecting MW in tasks (Smallwood &
Schooler, 2015), thought probes interrupt MW, which may limit its impact on driving. For instance,
retrospective self-reports of MW predict more unsafe driving than MW measured with though
probes (Walker & Trick, 2020). Using a variety of methods to measure negative mood MW while
driving may clarify the extent of its contribution to unsafe driving.

Conclusion

This preliminary study provided evidence of a causal pathway from negative mood to
unsafe driving behaviours via MW. Moderation of these relationships by trait rumination
supported the role of individual differences in predicting susceptibility to negative mood MW, at
least in young male drivers. These findings, if replicated, may facilitate the identification of drivers
who are vulnerable to negative mood MW. They also warrant further investigation of negative

mood MW's crash risk implications and interventions targeting this risk factor in young drivers.
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Supplementary Material

Table S.1

Effects of Negative Mood on Mind Wandering (Hypothesis 1), Unsafe Driving During Mind
Wandering (Hypothesis 2), and Heart Rate During Mind Wandering (Hypothesis 3)

Comparison
H Variable d(B) df t(z) p
Group State Time
H1 MW Neg- Neu - T2-T1 (1.79) - (2.01) .022
Neu - T2-T1 (0.99) - (-0.04) ns
Neg - T2-T1 (1.70) - (2.81) .005
H2 Mean Speed Neg-Neu MW-FD T2-T1 -047 37.0 -0.73 ns
Speed Variability Neg-Neu MW-FD T2-T1 -0.40 356 -0.90 ns
Mean Headway Neg-Neu MW-FD T2-T1 2.08 29.6 2.80 ns
Headway Variability Neg-Neu MW-FD T2-T1 146 584 1.99 .026
Neu MW -FD T2-T1 -0.71 571 -1.41 ns
Neg MW -FD T2-T1 0.76  59.7 1.41 ns
Steering Reversals Neg-Neu MW-FD T2-T1 (1.33) - (1.86) .032
Neu MW -FD T2-T1 (0.91) - (-0.86) ns
Neg MW -FD T2-T1 (1.20) - (1.83) ns
Overtaking Neg-Neu MW-FD T2-T1 (6.78) - (1.09) ns
H3 Heart Rate Neg-Neu MW-FD T2 -0.04 339 -0.08 ns

Note. N = 40. FD = focused driving (i.e., driving-related thoughts), H = hypothesis, MW = mind
wandering (i.e., driving-unrelated thoughts), Neg = negative mood, Neu = neutral mood, ns =
non-significant (p 2.05), T1 = pre-manipulation, T2 = post-manipulation. Betas reflect odds ratios
(OR), relating to changes in the likelihood of MW, or rate ratios (RR), relating to changes in rates
of steering reversals or overtaking during MW. Change scores were calculated after modeling.
Between-group comparisons are one-tailed. Within-group comparisons are two-tailed.
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Table S.2

Moderation Effects of Trait Rumination and Inhibitory Control in Relationships Between Negative
Mood, Mind Wandering, and Unsafe Driving During Mind Wandering (Hypothesis 4)

Moderator Variable = Outcome Variable Comparison d(B) df t(z) p
Trait Rumination MW Neg - Neu (2.11) - (2.96) .002
Neu (0.98) - (-0.14) ns
Neg (2.07) - (3.25) .001
Headway Variability Neg - Neu -0.74 19 -1.28 ns
Steering Reversals Neg - Neu (1.25) - (1.36) ns
Inhibitory Control MW Neg - Neu (0.79) - (-1.09) ns
Headway Variability Neg - Neu -0.12 19 -0.26 ns
Steering Reversals Neg - Neu (1.39) - (2.03) ns

Note. N = 40. MW = mind wandering (i.e., driving-unrelated thoughts), Neg = negative mood, Neu
= neutral mood, ns = non-significant (p > .05). Betas reflect odds ratios (OR), relating to changes
in the likelihood of MW, or rate ratios (RR), relating to changes in steering reversal rates during
MW. Between-group comparisons are one-tailed. Within-group comparisons are two-tailed.
Sample Size and Power for Detecting Small-to-Medium Effects

Power analyses, conducted with the SIMR package for R (Green & MaclLeod, 2016),
estimated sample sizes for future studies to detect small-to-medium effects (d = 0.35) of negative
mood versus neutral mood on unsafe driving linked to MW. Sample sizes were calculated to
achieve a desired power of .80 for one-tailed comparisons (a = .05) of estimated marginal means
from LMMs and GLMMs. Results, based on driving behaviour data with intra-class correlation

coefficients ranging from .51 to .85, revealed that a sample size of N = 350 (n = 175 per group)

would adequately power analyses of most unsafe driving variables.
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Preface to Study 2

In the previous section, Study 1 found support for a causal contribution of negative mood
to MW and MW-related unsafe driving in young male drivers. Specifically, compared to neutral
mood, negative mood led to more frequent MW while driving and more MW-related unsafe
driving in terms of higher headway variability and steering reversals associated with MW. These
findings align with the possibility that developmental factors, particularly in terms of emotional
reactivity and limited emotional regulation, may contribute to dysregulation of MW in young
drivers (while necessary, these findings are not sufficient to support this possibility, however).

Earlier, in the narrative review, evidence was found to suggest that young drivers may
particularly benefit from techniques to enhance attention regulation, given the immaturity of
their cognitive control systems. Mindfulness was hypothesized to mitigate MW in young drivers,
given negative associations between trait mindfulness, driver distraction, including MW, and
distraction-related unsafe driving (Burdett et al., 2016; Koppel et al., 2019; K. L. Young et al., 2019).
Furthermore, MT has been found to increase cognitive control and decrease MW in non-driving
contexts (Feruglio et al., 2021; Yakobi et al., 2021). Thus, MT may reduce MW while driving in
young drivers. Additionally, some evidence was found linking meta-awareness of MW, a proposed
mechanism of MT, to reduced unsafe driving associated with MW (Albert et al., 2018; Berthié et
al., 2015; Cowley, 2013). Therefore, MT may reduce MW-related crash risk in young drivers by
reducing MW and reducing unsafe driving by enhancing meta-awareness of MW.

The following section reports on Study 2, which aimed to test these hypotheses.
Specifically, Study 2 tests whether, compared to an active control condition, MT: H1) increases

meta-awareness; and H2) reduces the occurrence of MW while driving. Study 2 also explores the

74



specificity of action of MT, changes in driving behaviour from MT and as a function of meta-

awareness, as well as the feasibility of MT in young drivers.
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A Randomized Controlled Pilot Trial of Brief Online Mindfulness Training in Young Drivers
Abstract

Objective
Driver distraction is a leading contributor to crashes in young drivers. Mind wandering (MW) is a
covert form of distraction, involving task-unrelated thoughts, that is linked to unsafe driving and
crashes. Brief online mindfulness training (MT) may reduce unsafe driving by enhancing
recognition (meta-awareness) of MW and reducing its occurrence. This pilot trial tested these
proposed mechanisms of MT and explored its specificity of action in terms of state mindfulness
and motivation (interest/enjoyment of interventions). Driving behaviour in addition to online
intervention adherence and acceptability in young drivers were also explored.
Methods
This pre-post (T1, T2), randomized, active placebo-controlled, double-blinded pilot trial, allocated
26 drivers aged 21-25 to either brief online MT (experimental) or progressive muscle relaxation
(PMR, control), lasting 4—6 days (One lab session at T1, 2—4 remote sessions, and one lab session
at T2). A custom website was used to blindly conduct randomization, deliver interventions,
administer questionnaires (state mindfulness, acceptability, and motivation), and objectively
track adherence. At T1 and T2, a simulator measured driving speed, headway distance, steering
corrections, and overtaking. In simulation, participants indicated MW whenever they recognized
it, to assess meta-awareness, and when prompted by a thought-probe, to assess overall MW.
Results
MT reduced MW while driving in simulation. The MT group reported higher state mindfulness

following sessions. Motivation did not account for MW or mindfulness results. MT and meta-
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awareness were associated with more focus-related steering behaviour. Adherence and attrition
did not differ significantly between interventions. No participants reached out about severe
adverse effects, but MT participants reported greater difficulty following instructions.
Conclusion

Results support a plausible mechanism of MT for reducing MW-related crash risk (i.e., reduction
of MW) in young drivers. This preliminary evidence, alongside encouraging online adherence and
acceptability data, warrants definitive efficacy and effectiveness trials of online MT.

Keywords: mindfulness, mind wandering, unsafe driving behaviour, young drivers
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Introduction

Young drivers, aged 16-25, are disproportionately represented in fatal crashes (World
Health Organization, 2015). Driver distraction is a particularly prevalent contributor to crashes in
this population (Guo et al., 2017). Laws prohibiting overt distraction, such as hand-held phone
use, have proven effective in curbing these behaviours (Rudisill & Zhu, 2017). However, detection
and enforcement challenges prevent this approach from addressing covert forms of driver
distraction, such as mind wandering (Carpenter & Nguyen, 2015; Rudisill et al., 2018). Mind
wandering (MW) involves engaging in task-unrelated thoughts and is a prevalent form of covert
driver distraction (Lerner et al., 2015). MW constitutes up to 60% of waking thoughts (Seli et al.,
2018) and is linked to unsafe driving behaviours, such as fast and variable driving speeds, short
headway distances, and large steering corrections (Baldwin et al., 2017; Yanko & Spalek, 2014;
Zhang & Kumada, 2017). Not surprisingly, MW is also linked to crashes (Gil-Jardiné et al., 2017;
Yanko & Spalek, 2014). Hence, there is an urgent need to address this threat, but a dearth of
research impedes the development of effective interventions.

Mounting evidence supports the efficacy of mindfulness training (MT) for reducing MW.
Derived from traditional Buddhist practices, MT consists of meditation exercises that teach
practitioners how to, “[pay] attention in a particular way: on purpose, in the present moment,
and non-judgementally” (Kabat-Zinn, 1994, p. 4). Sustained non-distraction is an essential feature
of state and trait mindfulness and represents a key outcome of training (M. D. Mrazek et al., 2014).
MT typically takes place over multiple weeks, but brief interventions, consisting of one to five
sessions, can reduce MW and enhance attention in tasks (M. D. Mrazek et al., 2012; Rahl et al.,

2017). Trait mindfulness negatively predicts MW while driving (Burdett et al., 2016). Thus, brief
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MT may represent a viable intervention strategy for reducing the contribution of MW to crashes
in young drivers, but this possibility has yet to be tested.

Cultivating an ability to recognize distraction is a key mechanism of MT (Dunne et al.,
2019), and may contribute to safer driving. Meta-awareness denotes the ability to monitor mental
processes, which can facilitate the recognition and discontinuation of MW (Brandmeyer &
Delorme, 2021). Spontaneous self-reports of MW are often compared to self-reports elicited by
probes to distinguish between MW with meta-awareness (i.e., meta-aware MW) and MW
without meta-awareness (i.e., meta-unaware MW), respectively (e.g., Sayette et al., 2009;
Schooler et al., 2004). Task performance deficits linked to meta-aware MW are less pronounced
than those linked to meta-unaware MW (Schooler et al., 2011; Smallwood et al., 2007). Similarly,
driving studies suggest that meta-awareness may reduce the contribution of MW to unsafe
driving (Albert et al., 2018; Cowley, 2013). Thus, meta-awareness represents a potential, yet
unexplored, mechanism though which MT may contribute to safer driving.

Delivering MT online through web-platforms and mobile apps is now commonplace (Gal
et al.,, 2021; Sevilla-Llewellyn-Jones et al., 2018). Online MT offers several clinical and
experimental advantages. Clinically, It is relatively inexpensive and logistically simple to deploy
(Andersson & Titov, 2014; Boggs et al., 2014). It can also enhance accessibility by accommodating
travel, scheduling, and, overcoming social distancing constraints in the age of COVID-19
(Gonzalez-Garcia et al., 2021; Stjernsward & Hansson, 2017). Online MT may suffer from low
acceptability, adherence, and retention, however (Baer et al., 2019; A. J. Mrazek et al., 2019;
Spijkerman et al., 2016), but these essential aspects of intervention effectiveness have rarely

been assessed. Therefore, preliminary exploration of acceptability, adherence, and retention in
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online MT in young drivers could inform the development of large-scale trials to evaluate its real-
world effectiveness.

Experimentally, online MT can increase treatment fidelity by controlling common sources
of confounding, including instructor experience and adherence to treatment guidelines (Crane &
Hecht, 2018). Online delivery can also facilitate blinding in parallel-group designs by restricting
access to allocation data (Xiao et al., 2013) and reducing participant-experimenter contact
(Mathieu et al., 2013), though blinding is rare in MT studies. Many online MT RCTs also do not
incorporate active controls (Davidson & Kaszniak, 2015; Goldberg et al., 2017). Online progressive
muscle relaxation (PMR) may be a suitable active control condition due to its procedural similarity
to MT (e.g., seated position, eyes closed, focus on bodily sensations), but online MT's specificity
of action, to PMR's non-specificity of action, remains uncertain (J. B. Banks et al., 2015; Mander
et al., 2019). State mindfulness mediates MT outcomes (Kiken et al., 2015), while intrinsic
motivation can predict outcomes of cognitive training (Bryce et al., 2018) and MW in attention
tasks (Seli et al.,, 2019). Therefore, measuring these process variables could clarify the
contributions of specific (state mindfulness) and non-specific (motivation) factors to the effects
of MT on MW in young drivers.

This pilot trial examined two proposed mechanisms of MT for reducing unsafe driving in
young drivers. We hypothesized that, compared to PMR, MT: H1) increases meta-awareness; and
H2) reduces the occurrence of MW while driving. This pilot also explored MT's specificity of action
by testing whether MT elicited greater state mindfulness than PMR and whether meta-awareness,
MW, or state mindfulness results were sensitive to variability in motivation. Driving behaviour

linked to MW state (i.e., meta-aware MW, meta-unaware MW, and focused driving) and
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intervention assignment were also explored, in part, to recommend sample sizes for future
definitive trials. Finally, this pilot trial clarified the feasibility of brief online MT, delivered via a
custom-built website, in terms of adherence and acceptability in young drivers. Results may offer
preliminary evidence of MT's proposed mechanisms and feasibility, which may support future

definitive trials examining MT's efficacy for reducing MW-related crash risk in young drivers.

Materials and Methods

Study Design

The present study used a pre-post (T1, T2) randomized, parallel-group, active placebo-
controlled design. Participant and experimenter were blind to condition assignments throughout
computer-assisted data collection and analysis. T1 and T2 testing took place at the Addiction
Research Program laboratory of the Douglas Hospital Research Centre, a McGill University-
affiliated site in Montreal, Canada. A custom-built study website conducted randomization,
delivered interventions, tracked adherence, and administered questionnaires. Participants were
compensated $20 after T1 testing, and $40 after T2 testing. Study procedures were approved by
the Douglas Mental Health University Institute Research Ethics Board (IUSMD-19-10).
Recruitment

Recruitment occurred through Facebook, Reddit, and university classified advertisements.
Screening took place online. Eligibility was verified and other criteria assessed at the lab.
Candidates were included if they self-reported the following: i) aged 21-25; ii) valid driving
licence; iii) normal or corrected vision and hearing; iv) one or more years of independent driving.

Candidates were excluded if they self-reported the following factors associated with non-normal
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MW (Brown et al., 2016; Chen et al., 2019; Sayette et al., 2010; Smallwood, 2013): i) neurological
or psychiatric diagnosis; ii) generalized anxiety symptoms (total scores > 10 on the Generalized
Anxiety Disorders Questionnaire; Spitzer et al., 2006); iii) depression symptoms (total scores > 14
on the Beck Depression Inventory II; Beck et al., 1996); iv) alcohol use disorder symptoms (total
scores 2 2 on items 4 and 6 of the Alcohol Use Disorders Questionnaire; Saunders et al., 1993;
Johnson et al., 2013); and v) substance use disorder symptoms (total scores > 2 on items 6 and 8
of the Drug Use Disorders Questionnaire; Berman et al., 2003; Hildebrand, 2015); vi) previous
charge of driving while impaired; vii) meditation practice > once per week in the past 6 months.
Candidates were also excluded if they self-reported the following factors associated with adverse
effects from MT or PMR (Banks et al., 2015; Bernstein et al., 2007): viii) a family history of
psychosis or schizophrenia; ix) prodromal symptoms (total scores > 6 on the Prodromal
Questionnaire; van der Gaag et al., 2012); x) propensity to hyperventilate; xi) psychological
trauma, recent bereavement, or personal crisis. To prevent confounding by factors that may affect
MW and driving behaviour: candidates presenting at the lab with detectable blood alcohol
content (measured with an Alco-Sensor IV) or driving simulator sickness were also excluded.
Online Interventions

Figure 1 shows a timeline for the interventions and testing. Participants were assigned
one intervention session per day over 4—6 days. Using the study website, participants completed
one lab session at T1, 2-4 remote sessions between T1 and T2, and one lab session at T2. Varying
remote session-days facilitated participant scheduling. Figure 2 shows the progression of one
intervention session via the website. Each session involved 15-minutes of recorded audio

instructions delivered by the same male voice. Introductory statements, including instructions to
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maintain an upright, seated position, were identical between interventions. The website

administered a post-session questionnaire following each session.

Remote
Intake at the Lab (T1) Session-Days  Follow-up at the Lab (T2)
(2X, 3X, or 4X)

Driving
Simulation

Intervention
Session

0 10 20 30 40 50 0 10 20 0 10 20 30 40 50
Time (minutes)

I:I Study Sample E] MT I:l PMR D:I Randomization I:‘ Intervention Period

Figure 1. Timeline of Study Procedures. MT = Mindfulness Training, PMR = Progressive Muscle
Relaxation. Remote session-days, between intake (T1) and follow-up (T2) lab visits, ranged from
2 to 4, based on participant scheduling. All intervention sessions and process questionnaires were
completed through the study website.

Post-Session
Questionnaire
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A. Welcome Screen

Please listen alone in a tranquil environment

it o distractiong, B. Session Recording Player

o)

C. Post-Session Questionnaire

Litried to pay attention (o pleasant and unpleasant scrsations.
found some of my experiences interesting.

I noticed many small details of my experience

Figure 2. Progression of one online intervention session. A) participants were greeted with this
screen when they followed the unique URL emailed to them. B) participants could play/pause,
skip back and forward by 10 seconds (up to the last point they listened to before skipping back).
C) the post-session questionnaire automatically appeared after each session recording.

There were four unique recordings for each intervention. The website allowed one full
play-through of each day's recording. If participants missed one or more days of training, the
website played the first un-played recording on their next visit. If participants completed all four
unique recordings, the website randomly selected a previous recording for subsequent sessions.
Mindfulness Training

MT instructions were based on scripts from Rahl and colleagues (2017). In the first session,
participants were instructed to fix their attention on the sensations of breathing. In the second

and third sessions, they were instructed to direct attention to other body sensations and

emotions. In the fourth session, participants were instructed to bring their attention back towards
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the breath. Whenever MW occurred, participants were told to silently label the thought as MW
and disengage from it by redirecting attention. Participants were encouraged to maintain an
accepting and non-judgemental attitude towards their experience.
Progressive Muscle Relaxation

Participants heard variations of instructions adapted from the PMR technique developed
by Jacobson (1938) (Feldman et al., 2010). Participants were guided to establish a slow, even
breath. Then, they were told to direct their attention to a particular muscle group (e.g., hands
and arms), notice any tension, and release it completely. The recording guided participants once
through the whole body (e.g., legs, back, chest) before leaving them in silence to cycle through
each muscle group while counting from 1 to 10.
Randomization

The study website conducted randomization. Participants were allocated equally (1:1) to
brief online MT (experimental) or PMR (control) using biased-coin minimization (Saghaei, 2011),
which accounted for T1 MW (low: 0-0.38, medium: >0.38 & <0.66, high: 0.66—1) measured with
thought-probes in driving simulation. Participant study codes and MW scores were entered into
a password-protected webpage. The website randomly generated a unique URL that was emailed
to participants and linked to their assigned intervention. The website stored intervention
assignments and study codes in a non-user-accessible database.
Allocation Concealment and Blinding

Intervention assignments were generated at the moment of randomization and were not
visible on the website or in the unique URL, thus concealing allocation from the experimenter.

Participants accessed the interventions by themselves and were instructed not to discuss their
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experiences with the experimenter. Participant blinding was achieved by framing the study as an
exploration of "relaxation training...for reducing the influence of [MW] on driving performance."
The first recording of both interventions stated that participants would learn a relaxation
technique. These statements encouraged all participants to think that their assigned intervention
was experimental. To maintain experimenter blinding throughout data analysis, participant
intervention assignments were masked by two randomly selected numbers. Blinding was broken
following main hypothesis testing (H1 and H2).
Measures
Outcome Measures

Driving Simulation. A driving simulator developed at the University of Sherbrooke
measured MW and driving behaviour at T1 and T2 (Brown et al., 2016; Ouimet et al., 2020).
Participants sat in a vehicle seat in front of three 19-inch monitors (1920 x 1080 resolution) with
stereo speakers. They interacted with the virtual driving environment using a Logitech GT Driving
Force steering wheel, accelerator, and brake pedals. A virtual speedometer, at the bottom-right
of the centre screen, indicated driving speed (km/h). Driving simulation can predict real-world
driving (Wynne et al., 2019). The present simulator has been found to predict self-reported real-
world driving (Brown et al., 2016; Ouimet et al., 2020) and traffic violations (Brown et al., 2017).

The drives at T1 and T2 were the same. They each lasted 30 minutes, were repetitive, and
lacked variety to facilitate MW. They took place on a highway with a slight right curve, one ongoing
lane, and one oncoming lane. The speed limit, visible at the start of each drive, was 90 km/h.

Participants encountered intermittent oncoming vehicles and a series of 10 trucks traveling ahead
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at 65 km/h. The trucks and road curvature limited visibility of oncoming traffic. Participants were
instructed to drive as they would normally, which could include passing other vehicles.

Mind Wandering. Thought-probes measured MW in T1 and T2 drives. Probe-tones
prompted participants to classify their state as either MW (i.e., "thoughts unrelated to driving ";
e.g., "plans for the weekend") or focused driving (i.e., "thoughts that are essential to performing
the driving task") by pressing one of two buttons on the steering wheel. Thought-probes began
after a five-minute delay, to provide time for MW to start. Thought-probes were delivered at
random intervals ranging from 30-90 seconds, resulting in a median of 26 probes per drive.
Probe-caught MW includes meta-unaware MW (Schooler et al., 2011). MW was operationalized
as the proportion of MW responses to total thought-probes (Smallwood & Schooler, 2015).

Meta-Awareness. In the T1 and T2 drives, participants were also instructed to press the
MW button on the steering wheel whenever they caught themselves MW. Self-caught MW
reflects meta-aware MW. Self-caught MW rates, after statistically controlling for probe-caught
MW, operationalized meta-awareness (Zanesco et al., 2016).

Driving Behaviour. Mean speed, speed variability, mean headway, headway variability,
steering reversals, overtaking, and crashes operationalized driving behaviour for the T1 and T2
drives. Driving variables were derived from 10-second epochs prior to self-reported states of
meta-aware MW, meta-unaware MW, and focused driving. Mean speed and speed variability (SD)
were calculated from sampled driving velocities (km/h). Mean headway and headway variability
were calculated from distances (m) between the front of the driver's vehicle and the rear of the
nearest lead vehicle, within 100 meters (Biswas et al., 2021). Steering reversals, representing the

per-epoch rate of clockwise to counter-clockwise (and vice versa) steering wheel rotations > 2°
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(Markkula & Engstrom, 2006), were calculated from steering wheel position values ranging from
0—1 over 900° of full steering wheel rotation. Per-epoch rates of overtaking were calculated from
instances in which headways crossed zero. Crashes were counted over each drive. Within-subject
epochs that overlapped in time were removed. Driving variables were calculated for each MW
state at T1, and for each drive (T1 and T2), irrespective of state.
Process Measures

State Mindfulness. The State Mindfulness Scale (SMS; Tanay & Bernstein, 2013) measured
state mindfulness as part of the post-session questionnaire. The SMS contains two factors: SMS-
Mind (15 items) and SMS-Body (6 items). Participants responded to statements (e.g., SMS-Mind:
“I noticed thoughts come and go,” SMS-Body: “I felt in contact with my body”), by indicating how
well each described their experience using Likert scales (1 = “Not at All” to 5 = “Very Well”). The
SMS shows good internal consistency with Cronbach’s alphas ranging from .90 to .95 (Tanay &
Bernstein, 2013). Means were calculated for T1, remote, and T2 sessions.

Motivation. The Intrinsic Motivation Inventory Interest/Enjoyment sub-scale (IMI-Enjoy;
Ryan, 1982) measured motivation as part of the post-session questionnaire. Participants
responded to seven statements (e.g., “l enjoyed this activity very much) by indicating how true
each was for them using Likert scales (1 = “Not at all” to 7 = “Very true”). The IMI shows good
internal consistency, with a Cronbach’s alpha of .95 (Schutte et al., 2017). One mean was
calculated from all of the intervention sessions.
Feasibility Measures

Adherence. Website-generated session playback logs objectively measured adherence.

Proportions representing completed sessions over remote-session days were calculated for the
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full sample and each group to adjust for variation in remote session-days (based on scheduling).
Means and standard deviations of absolute remote session exposure were also calculated.

Acceptability. Long-answer responses measured acceptability as part of the post-session
guestionnaire. Participants wrote about their experiences during the session, and whether each
was positive, neutral, or negative. Qualitative theme analysis was used to synthesize common
experiences by valence and group (Braun & Clarke, 2006). Per-session rates of positive, neutral,
and negative experiences were also enumerated for each group.
Other Variables

Demographic Characteristics. A demographics questionnaire measured the following at
T1: Date of birth, ethnicity (e.g., Caucasian, Arab, Asian), relationship status (e.g., single, married,
divorced), children (yes, no), education level (e.g., high school, undergraduate or graduate
university), annual income (i.e., < $999 to > $50,000), employment status (e.g., unemployed,
caregiver, full-time/part-time studies and/or work). Grouped means and standard deviations or
counts and percentages were calculated for continuous and ordinal responses, respectively.

Clinical Characteristics. Symptoms of generalized anxiety, depression, alcohol or
substance use disorders, and prodrome psychosis, were assessed at T1. The Generalized Anxiety
Disorders Questionnaire (GAD; Spitzer et al., 2006) assessed anxiety symptoms. Participants
responded to seven items (e.g., "worrying too much about different things") by indicating how
often they experienced each over the past two weeks using a Likert scale (0 = "Not at all" to 3 =
"Nearly every day"). The Beck Depression Inventory Il (BDI; Beck et al., 1996) assessed depression
symptoms. Participants responded to 21 groups of four statements each (e.g., Sadness: 0 ="l do

not feel sad" to 3 = "I am so sad or unhappy that | can't stand it") by indicating which best
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described their experience over the past two weeks. Item four and six of the Alcohol Use
Disorders Questionnaire (AUDIT; Saunders et al., 1993) measured alcohol use disorder symptoms
relating to the frequency of self-control failures over drinking and drinking in the morning,
respectively. Participants responded using a Likert scale (0 = "Never" to 5 = "Daily or almost daily").
Items six and eight from the Drug Use Disorders Questionnaire (DUDIT;, Berman et al., 2003)
similarly assessed self-control failures over drug use and drug use in the morning with a Likert
scale (0 = "Never" to 5 = "Daily or almost every day"). The Prodromal Questionnaire (PQ; van der
Gaag et al.,, 2012) assessed prodrome psychosis. Participants responded to 16 statements (e.g., "l
am confused at times whether something | experienced was real or imaginary") by indicating
whether or not each applied to them (0 = "No", 1 = "Yes").
Procedures

The T1 lab visit lasted 1.5 hours. Study candidates' age and driving license were verified
upon arrival. After informed consent, candidates underwent a breath alcohol test and completed
a screening questionnaire. Eligible candidates completed a demographics questionnaire, they a
10-minute practice drive in the driving simulator. If they did not experience simulator sickness,
participants performed a 30-minute drive, while reporting MW. Then, randomization took place.
Using a tablet and headphones, participants accessed the study website with their unique URL to
complete one intervention session and post-session questionnaire at the lab. Participants left the
lab with instructions to complete one intervention session and post-session questionnaire daily
until their scheduled T2 lab visit. T2 lasted one hour. Participants underwent a breath alcohol test.

Then, they completed their last intervention session and post-session questionnaire. Participants
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then performed a 30-minute drive in the simulator while reporting MW. Participants then were
debriefed.
Analytic strategy

Planned comparisons of estimated marginal means facilitated hypothesis and exploratory
analyses. One-tailed comparisons of change (AT = T2-T1) in MW and meta-awareness between
groups (ATwmr vs. ATpmr) assessed whether MT reduced MW (H1) and increased meta-awareness
(H2) compared to PMR. One-tailed comparisons of state mindfulness between groups and
sensitivity analyses with motivation as a covariate explored MT's specificity of action. Two-tailed
Spearman's correlations explored relationships between driving variables within MW states at T1.
Two-tailed planned comparisons with 95% Cls explored within-subject differences in driving
behaviour between MW states at T1, as well as within-group and between-group changes in
driving behaviour (T2-T1), irrespective of state.

Estimated marginal means for planned comparisons were generated from linear mixed
models (LMM), in the case of continuous dependent variables, and general linear mixed models
(GLMM) in the case of non-continuous variables. LMMs and GLMMs used restricted maximum
likelihood estimation. Maximal random effects adjusted for repeated measures, since deltas were
calculated post-modeling (Brauer & Curtin, 2018). Kenward-Roger degrees of freedom made use
of all available data despite non-adherence and attrition, which is the least biased method of
adjusting for missing data (Xi et al., 2018). Effect sizes were reported as standardized differences
for continuous dependent variables (d), odds ratios (OR) for dichotomous variables (e.g., probe-
caught MW), and rate ratios (RR) for rates (e.g, self-caught MW). Effect sizes for one-tailed tests

are reported with 95% left-side or right-side intervals (e.g., left: [X, +o°], right: [-oo, X]).
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Rates, percentages, sub-sample sizes, and raw means with standard deviations, described
feasibility measures. Two-tailed independent samples t-tests and Pearson’s chi-squared
independence tests with Monte Carlo resampling (n = 2000) explored between-group differences
(Bradley & Cutcomb, 1977).

Model Diagnostics

Sensitivity analyses examined the influence of outliers (Cook's Distance > 0.3) and
covariates on results of planned comparison hypothesis tests. Outliers were detected in models
predicting positive experiences (nvr= 1, npmr = 2) and negative experiences (nmr = 1, npvr = 1),
but had no impact on results. Singular random effects parameters were dropped from models
predicting meta-awareness (random intercepts for time) and state mindfulness (random effects
correlations). All other assumptions were met.

Sample Size and Power

Recruitment targeted 12—20 participants per study arm based on recommendations for
pilot trials (Julious, 2005; Stallard, 2012). Over this range, two-tailed between-group comparisons
(e.g., sample characteristics and feasibility) were powered (a = .05, 1-6 = .80) to detect large
effects (t-tests: d 2 1.20 to d = 0.91, chi-square tests: w = 0.57 to w > 0.44). Assuming prior
variances (ICCimum = 0.49, ICCsimm = 0.34), one-tailed planned comparisons could detect large
effects for LMMs (d 2 1.05 to d = 0.80) and medium effects for GLMMs (OR 2> 2.40 to OR > 2.05).

Power analyses, conducted with the SIMR package for R (Green & MaclLeod, 2016),
estimated sample sizes for future studies to detect small-to-medium effects (d = 0.35) of MT
versus PMR on unsafe driving. Sample sizes were calculated to achieve a desired power of .80 for

one-tailed comparisons (a = .05) of estimated marginal means from LMMs and GLMMs.
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Results

Figure 3 depicts the flow of participants through the study over 21 weeks of recruitment
from October 2019 to March 2020. Following an initial 6.43 weeks of slow recruitment (0.62
participants per week), adjustments were made to exclusion criteria regarding generalized
anxiety symptoms (original: total scores > 2 on the GAD, adjusted: total scores > 10 on the GAD)
and meditation experience (original: any prior meditation experience, adjusted: meditation >
once per week in the past 6 months). These criteria were selected on the basis that they
accounted for approximately one third of all ineligibilities. Prior to the adjustment, 20.6% (14/68)
of study candidates were eligible. Following the adjustment, 37.8% (28/74) of new candidates
were eligible. Nineteen originally ineligible candidates were re-contacted and three were
admitted to the study. Two participants were lost to follow-up due to seasonal illness, since they
could not reschedule their T2 visit before more than four days from T1 had elapsed. Demographic

and clinical characteristics of the sample are presented in Table 1 and Table 2, respectively.
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Figure 3. CONSORT flow diagram of participants through the study over 21 weeks of recruitment

(October 2019 to March 2020).
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Table 1

Demographic Characteristics of the Young Driver Sample

Variable MT PMR
(n=13) (n=13)

Age, M (SD) 23.8 (1.27) 22.7 (1.01)
Sex, n male (%) 7 (53.9) 7 (53.9)
Ethnicity, n (%)

Other 10 (76.9) 7 (53.8)

Caucasian 3(23.1) 6 (46.2)
Education level, n (%)

At least some university 8 (61.5) 10 (76.9)

High school or community college @ 4 (30.8) 3(23.1)

Missing 1(7.70) 0 (0.00)
Annual income, n (%)

$6,000 or more 7 (53.8) 8 (61.5)

S0 - 55,999 6 (46.2) 5 (38.5)
Employment status, n (%)

Full-time studies and part-time work 7 (53.8) 5 (38.5)

Full-time work or full-time studies ® 4 (30.8) 6 (46.1)

Other 2 (15.4) 2 (15.4)
License type, n probationary license (%) 13 (100) 11 (84.6)
Number of traffic violations, n (%)

None 11 (84.6) 12 (92.3)

One within the past 2 years 2 (15.4) 1(7.69)

Note. MT = Mindfulness Training, PMR = Progressive Muscle Relaxation.

a. Community college refers to Colléege d'enseignement général et professionnel (CEGEP) in

Quebec, Canada.
b. Full-time work > 35 hours per week.

c. A probationary license can be obtained at > 17 years old in Quebec (following 12 months with

a learner's license, starting from 16 years of age). Drivers may obtain a full license after 2

years with a probationary license.
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Table 2

Clinical Characteristics of the Young Driver Sample

MT PMR
Variable
M SD M SD
Beck Depression Inventory 1.38 2.06 3.00 3.19
Generalized Anxiety Disorder Questionnaire 1.38 2.14 1.31 1.60
Prodromal Questionnaire 0.23 0.44 0.15 0.38
Alcohol Use Disorder Identification Test 0.15 0.55 0.08 0.28
Drug Use Disorder Identification Test 0.00 0.00 0.00 0.00

Note. MT = Mindfulness Training, PMR = Progressive Muscle Relaxation.

Comparing AT MW between groups revealed a significant difference, z=-2.36, p =.01, OR
=0.35, 95% Cl [-o=, 0.73]. The MT group reported a significant decrease in MW, z=-2.33, p = .02,
OR =0.45, 95% (I [0.23, 0.88], whereas AT MW was non-significant in the PMR group, z=0.86, p
=.39,0R=1.27,95% Cl [0.74, 2.19]. Results remained significant after controlling for motivation,
which did not differ significantly between groups, t(24.0) = 0.22, p = .83, d = 0.28, 95% Cl [-2.34,
2.90]. Comparing AT meta-awareness between groups revealed no significant difference, z=1.19,
p=.12, RR=1.42,95% Cl [0.87, +°=].

Figure 4 displays mean SMS-Mind and SMS-Body scores for each intervention group at T1,
over remote sessions, and at T2. Comparing SMS scores between groups revealed a non-
significant result, t(23.9) = 1.58, p = .06, d = 0.89, 95% CI [-0.08, +==]. Results for SMS-Mind scores
were significant, t(23.9) = 1.94, p = .03, d = 1.03, 95% CI [0.11, +o=]. The MT group's mean
response score on the SMS-Mind was 3.64, 95% Cl [3.32, 3.96], while the PMR group's was 3.22,
95% Cl [2.90, 3.54]. Results remained significant after controlling for motivation. Results for SMS-

Body scores were non-significant, t(24.0) =0.52, p = .30, d = 0.31, 95% CI [-0.71, +o=].
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Figure 4. Mean response scores on the State Mindfulness Scale mind and body sub-scales by
intervention group and intervention phase. MT = Mindfulness Training, PMR = Progressive
Muscle Relaxation, T1 = Intake intervention session, Remote = Remote intervention sessions,
T2 = Follow-up intervention session, SMS-Mind = State mindfulness of mind, SMS-Body = State
mindfulness of body. Mean scores were derived from raw values and error bars represent
bootstrapped 95% Cls.

Table 3 displays rank-order correlations between driving variables across MW states.
Headway variability consistently correlated with overtaking across MW states. Steering reversals

correlated with speed variability in focused driving and probe-caught MW. Headway variability

correlated with mean speed in focused driving and self-caught MW.
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Table 3

Correlations Between Driving Behaviour Variables by Driver State at T1

Focused Driving

Variable
1. 2. 3. 4. 5. 6.
1. Mean Speed -
2. Speed Variability 0.30 -
3. Mean Headway 0.07 -0.53* -
4. Headway Variability 0.58**  0.23 0.29 -
5. Steering Reversal 0.26 0.55** -0.32 0.29 -
6. Overtaking 0.11 0.26 0.11 0.81***  0.15 -
Self-Caught Mind Wandering
Variable
1. 2. 3. 4. 5. 6.
1. Mean Speed -
2. Speed Variability -0.02 -
3. Mean Headway 0.13 -0.39 -
4. Headway Variability 0.55**  0.30 0.41* -
5. Steering Reversal 0.30 0.34 -0.20 0.27 -
6. Overtaking 0.21 0.17 0.27 0.60** 0.01 -
Probe-Caught Mind Wandering
Variable
1. 2. 3. 4. 5. 6.
1. Mean Speed -
2. Speed Variability -0.08 -
3. Mean Headway -0.25 -0.36 -
4. Headway Variability 0.24 0.33 -0.22 -
5. Steering Reversals 0.07 0.53** -0.33 0.33 -
6. Overtaking -0.08 0.20 -0.18 0.66** 0.24 -

Note. T1 = Intake. Values represent Spearman rank-order correlation coefficients. Significance

tests were two-tailed.
*p < 0.05, **p < 0.01, ***p < 0.001
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Confidence intervals from exploratory comparisons of driving behaviour between MW
states at T1 revealed that both self-caught and probe-caught MW predicted lower speed
variability, headway variability, and overtaking compared to focused driving. In contrast, probe-
caught MW predicted shorter headways compared to both focused driving and self-caught MW,
which did not differ from one another. Similarly, only probe-caught MW predicted fewer steering
reversals compared to focused driving, whereas self-caught MW did not differ from focused
driving. Confidence intervals for mean speed did not reveal any differences between states. Full
results can be found in Table S.1 of the supplementary material.

Confidence intervals from comparisons of AT driving behaviour, within and between
groups, revealed a relative increase in steering reversals from MT versus PMR. Only PMR showed
a decrease in steering reversals, however, whereas MT exhibited no discernable change. There
were no discernable changes in mean speed, speed variability, mean headway, headway
variability, overtaking, or crashes, within or between groups. Full results can be found in Table S.2
of the supplementary material. Power analyses, based on driving behaviour data with intra-class
correlation coefficients ranging from .43 to .71, revealed that a sample size of N = 300 (n = 150
per group) would power future studies to detect small-to-medium effects of MT on unsafe driving.

Word clouds in Figure 5 display the relative frequency of keywords from each group's long-
answer responses in the post-session questionnaires. Most participants that submitted long-
answer responses indicated one or more positive (18/24) and neutral (18/24) experiences. A
minority of participants (10/24) reported negative experiences. Per-session negative experience
rates differed significantly between groups, z = 3.35, p = .001, RR = 5.16, 95% Cl [1.98, 13.48].

There were 25 reports of negative experiences over a total of 31 post-session questionnaire
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responses in the MT group compared to 5 over 32 responses in the PMR group. Difficulty
following instructions was a distinct theme in the MT group's negative experience reports. Rates
of positive experiences did not differ significantly between groups, z=-0.07, p = 0.94, RR = 0.98,

95% Cl [0.64, 1.51]. No severe adverse effects from MT or PMR were reported.

experience
tﬁbu ht thought

1 relax
1]:gl?focus " positivefelt

sensation experience
positions

MT PMR

Figure 5. Word-clouds representing keywords from each intervention group’s long-answer
responses. MT = Mindfulness Training, PMR = Progressive Muscle Relaxation. Colour intensity
and word-size correspond to relative frequency.

The full study sample completed 67.2% (43/64) of their assigned remote intervention
sessions. On average, participants were exposed to 1.65 remote sessions, SD = 0.85. The MT
group completed 58% (18/31) of their remote sessions while PMR participants completed 75.8%
(25/33). Adherence did not differ significantly between groups, X?=2.71, p =.10. On average, MT
participants were exposed to 1.38 remote sessions, SD = 0.87, while PMR participants were

exposed to 1.92 remote sessions, SD = 0.76. Remote session exposure did not differ significantly

between groups, t(24.0) = -1.68, p = .11, d = 0.66, 95% Cl [-0.13, 1.45]. Overall, 19% (5/26) or
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participants were lost to follow-up (T2). Attrition was 30.8% (4/13) in the MT group and 7.69%
(1/13) in the PMR group. Attrition did not differ significantly between groups, X? = 1.00, p = .34.
Discussion

The present study examined the mechanisms, specificity of action, and feasibility of brief
online MT for reducing unsafe driving in young drivers. As hypothesized, MT reduced MW while
driving. In previous work, online and in-person MT reduced MW in sustained attention tasks
(Bennike et al., 2017; M. D. Mrazek et al., 2012; Rahl et al., 2017). In-person MT has also been
shown to reduce MW in real-world settings (M. D. Mrazek et al., 2013; Zanesco et al., 2016). This
study is the first to demonstrate a reduction in MW while driving following exposure to MT. This
finding, in conjunction with recent evidence for fewer crashes in simulation following longer, in-
person MT (Baltruschat et al., 2021), signals the promise of MT for reducing distraction and its
consequences in real-world driving.

MT's effect on meta-awareness was inconclusive. Meta-awareness is predominantly
conceptualized as intermittent, arising only when explicitly "taking stock" or reflecting on one's
thoughts, and propositional, involving conscious judgements, sometimes in the form of thoughts
such as, "My mind was just wandering!" (Schooler, 2002). In contrast, MT is proposed to cultivate
a sustained and non-propositional form of meta-awareness, reflecting an ongoing process of
monitoring thoughts and feelings (Dunne et al., 2019). The self-caught method of detecting MW
may rely on propositional meta-awareness and therefore be insensitive to the type of meta-
awareness cultivated by MT. Future research investigating alternative measures of meta-

awareness may clarify its role in MT effects on driver attention and behaviour.
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Exploratory analysis of driving behaviour revealed that steering reversals decreased
following exposure to PMR, but not MT. Our study, and others (Baldwin et al., 2017), found fewer
steering reversals linked to MW. Hence, the MT group's decrease in MW could explain its relative
increase in steering reversals, although the PMR group's decrease in reversals did not coincide
with anincrease in MW. Future studies with larger samples may be able to clarify the relationships
between MT and driving behaviour.

Curiously, steering reversals and headway distances were greater during meta-aware MW
and focused driving compared to meta-unaware MW. For most other driving variables, behaviour
associated with meta-aware and meta-unaware MW differed from focused driving. Meta-
awareness has been associated with less pronounced task performance deficits associated with
MW (Schooler et al., 2011). Therefore, this finding may reflect attenuation of MW-related
changes in driving behaviour by meta-awareness. Future research using techniques known to
elicit meta-awareness, such as offering incentives for self-caught MW (Zedelius et al., 2015), may
elucidate its putative influence on unsafe driving linked to MW.

Overtaking was greater during focused driving compared to MW. This could explain why
headway variability and speed variability were also greater during focused driving, which
contradicts previous findings (Baldwin et al., 2017; Zhang & Kumada, 2017). Supporting this
possibility, headway variability positively correlated with overtaking across states, as well as
speed variability during focused driving. Drivers report using MW to cope with boredom in slow-
moving traffic (Steinberger et al., 2016). While overtaking is risky, MW behind lead vehicles may

also be risky given links to faster driving, shorter headway distances, and slower reaction times
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(Yanko & Spalek, 2014). Future research may assess the relative risk of these possible boredom-
management strategies.

Results supported online MT's specificity of action in young drivers. The MT group
reported higher state mindfulness, following intervention sessions, compared to PMR. This
finding supports online MT's specific capacity to induce a mindful state, which is integral to
developing trait mindfulness (Kiken et al., 2015). This finding extends those from RCTs examining
lab-based mindfulness inductions (Greif & Kaufman, 2021; Luberto & McLeish, 2018) and longer
online MT interventions (Beshai et al., 2020; Noone & Hogan, 2018). Furthermore, MT's selective
effect on present awareness of thoughts and feelings (i.e., mindfulness of mind) points to its
involvement in MW and driving outcomes. Future research may examine relationships between
pre-to-post-intervention changes in mindfulness of mind and MW while driving outcomes.

There was insufficient evidence to suggest that motivation differed between interventions
or that variability in motivation explained MT effects on state mindfulness and MW. Motivation
has been found to predict adherence (Alfonsson et al., 2016), outcomes of cognitive training
(Bryce et al., 2018), and MW in attention tasks (Seli et al., 2019). Thus, future studies testing
equivalency of motivation may support PMR as a suitable control for MT in young drivers.

MT and PMR differed in acceptability. While no severe adverse effects from MT or PMR
were reported, the MT group reported more negative experiences. Difficultly following
instructions was the only negative experience unique to MT. This theme included statements such
as, "having to sit up with my eyes open was nearly impossible," and "l found it more difficult
to...pay attention to the physical sensations in my body when there were longer periods of

silence." MT participants may become frustrated or discouraged by frequent MW, since, unlike
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PMR, the aim is to disengage from MW. This factor has been proposed to explain the higher
attrition rates commonly found in MT relative to control conditions (Nam & Toneatto, 2016).
Negative experiences did not predict adherence or attrition in the present study, however.
Appraisal of MT-related experiences has been linked with adverse effects (Lindahl et al., 2021).
Thus, future research may explore techniques to contextualize or normalize minor frustrations
and difficulties associated with MT.

The interventions showed no detectable differences in adherence. In the present study,
57.7% of the sample completed all assigned remote sessions (ranging from 2-4). In contrast,
Forbes and colleagues (2018) reported 73.5% adherence at 4 sessions (out of 10 assigned, each
lasting 10 minutes, over 30 days). Although adherence did not differ significantly between studies,
treatments with low intensity dosing schedules (e.g., shorter and less frequent sessions) generally
have better adherence (Levensky et al., 2006). High intensity MT is generally more effective,
however (Strohmaier, 2020). Future studies may assess the potential adherence costs and
effectiveness benefits of different dosing schedules to optimize MT for young drivers.

Attrition did not differ significantly between interventions. While mixed modeling and
other intent-to-treat methods adjust for attrition, large between-group differences can be signify
blinding failure (Hrébjartsson et al., 2014), variation in treatment credibility (Alfonsson et al.,
2016), and other confounds. Overall attrition in the present study was 19.2%, whereas the
average among in-person MT RCTs is 29% (Nam & Toneatto, 2016). Future studies may determine
whether the accessibility advantages of online MT contribute to lower attrition compared to in-

person delivery in young drivers.
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The present study faced early recruitment challenges. We initially set a low exclusion
threshold for generalized anxiety symptoms, since MT and PMR can cause adverse effects, such
as muscle tension and anxious thoughts, among anxiety-prone individuals (Baer et al., 2019;
Bernstein et al., 2007). However, young drivers, and particularly students, may be exposed to
situational stressors, such as high-stakes exams, that temporarily increase levels of non-
pathological anxiety. Despite raising the exclusion threshold for anxiety, there were no reports of
severe adverse effects. We also initially recruited only MT-naive individuals to avoid floor (MW)
and ceiling (meta-awareness) effects. Many people have had at least some exposure to MT,
especially given the increasing availability of MT-based apps and services (Gal et al., 2021). Future
research may determine the best recruitment methods for obtaining a representative sample,
while also outlining contraindications to mitigate risk of adverse effects.

Limitations

This pilot RCT employed rigorous experimental methods, aided by a custom intervention
delivery and tracking website, to assess the promise of MT for reducing young driver crash risk.
The study possesses certain limitations, however. Our small sample size limited detection of small
and medium effects. We tried to increase sensitivity by using one-tailed planned comparisons.
Preliminary results from this study provide compelling justification for future trials with larger and
broader samples.

Our measures of MW may have altered driving behaviour. Self-caught and probe-caught
measurement methods interrupt MW (Smallwood & Schooler, 2015), which can reduce its impact
on driving (Walker & Trick, 2019). To control for this, we only sampled driving behaviour

immediately prior to self-reports of MW. Self-catching MW also involves monitoring one's
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thoughts. This demands attention (Vannucci et al., 2019), and thus constitutes a secondary task
that may interfere with driving. Future studies using multiple measures of MW, including
retrospective self-reports, may corroborate the effects of MT on MW and driving.

Probe-caught MW does not only reflect meta-unaware MW. Unlike spontaneous self-
reports of MW, thought probes can capture meta-unaware MW (Sayette et al., 2009; Schooler et
al., 2004). However, participants may not always discontinue their MW after self-catching it. Thus,
thought probes can capture both meta-aware and meta-unaware MW. One study measured self-
caught and probe-caught MW, while also probing meta-awareness (e.g., Were you aware of your
MW before the probe?). The study found that ~ 60% of probe-caught MW (vs. 100% of self-
caught) was meta-aware MW (Zanesco et al., 2016). Despite thought probes not purely reflecting
meta-unaware MW, the present study found differences in driving behaviour between probe-
caught and self-caught MW. Future studies may use other methods to measure meta-awareness,
such as including three response-options for probes: meta-aware MW, meta-unaware MW, and
focused driving (e.g., with separate buttons on the steering wheel).

Conclusion

The present study is the first to demonstrate a reduction in MW while driving from MT.
This finding, and those pertaining to MT's specificity of action, support a plausible mechanism by
which MT may reduce young driver distraction. Exploration of safe driving outcomes further hints
at MT's potential for reducing MW-related crash risk. Overall, this pilot trial reveals MT to be a

feasible and compelling candidate for future definitive trials.
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Table S.1

Supplementary Material

Driving Behaviour Linked to Probe-Caught MW, Self-Caught MW, and Focused Driving at T1

Planned Comparisons

Variable State M (SE)
Comparison B 95% Cli
Mean Speed, FD 75.4 (2.02) SMW - FD -1.01 [-3.20, 1.17 ]
kilometers/hour SMW 74.4 (2.02) PMW - FD 0.72 [-1.50, 2.93 ]
PMW 76.1(2.03) PMW - SMW 1.73 [-0.48, 3.95 ]
Speed Variability, FD 3.71(0.27) SMW - FD -0.81 [-1.34,-0.28]
kilometers/hour SMW 2.90 (0.27) PMW - FD -0.89 [-1.43,-0.35]
PMW 2.82 (0.27) PMW - SMW -0.08 [-0.62, 0.46 ]
Mean Headway, FD 42.5(2.88) SMW - FD 1.75 [-3.00, 6.50]
meters SMW 44.2 (2.82) PMW - FD -5.28 [-10.5,-0.09]
PMW 37.2(3.07) PMW - SMW -7.03 [-12.2,-1.86]
Headway Variability, FD 8.88(1.20) SMW - FD -3.26 [-6.10,-0.42]
meters SMW 5.62 (1.15) PMW - FD -4.23 [-7.36,-1.11]
PMW 4.65 (1.35) PMW - SMW -0.98 [-4.06, 2.11]
Steering Reversals, FD 3.55(0.38) SMW / FD 0.97 [0.90, 1.05]
n/10 seconds SMW 3.45 (0.37) PMW /FD 0.89 [0.81, 0.98]
PMW 3.17 (0.35) PMW / SMW 0.92 [0.84, 1.00]
Overtaking, FD 0.04 (0.01) SMW / FD 0.32 [0.14, 0.72]
n/30 minute drive SMW 0.01 (0.01) PMW / FD 0.33 [0.12, 0.89]
PMW 0.01 (0.01) PMW / SMW 1.03 [0.36, 3.00]

Note. PMW = Probe-caught or meta-unaware mind wandering, SMW = Self-caught or meta-
aware mind wandering, FD = Focused driving. There were no crashes within the 10-second
samples for each state. Planned comparisons and 95% Cls were calculated with marginal means
from linear and general linear mixed models. Planned comparisons were calculated as rate ratios

for steering reversals and overtaking.
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Table S.2

Changes in Driving Behaviour from T1 to T2 and Between Intervention Groups

Planned Comparisons

Variable Group T 12
M (SE) M (SE) Comparison B 95% Cli
Mean Speed, MT 77.0(3.03) 81.5(3.37) T2-T1 454 [-1.30, 10.4]
kilometers/hour PMR 73.4(3.03) 76.3(3.17) T2-T1 2.98 [-2.35, 8.32]
ATmr- ATemr 1.55 [-6.35, 9.46]
Speed Variability, MT 3.42(0.34) 3.79(0.38) T2-T1 0.37 [-0.32, 1.06]
kilometers/hour PMR 2.95(0.34) 3.11(0.35) T2-T1 0.16 [-0.47, 0.79]
ATmr-ATpmr - 0.21 [-0.72, 1.15]
Mean Headway, MT 39.2(3.36) 39.0(4.12) T2-T1 -0.21 [-8.81, 8.39]
meters PMR 45.6(3.36) 44.8(3.92) T2-T1 -0.72 [-8.91, 7.46]
ATmr-ATpmr 0.51 [-11.4, 12.4]
Headway Variability, MT 5.90(1.21) 7.11(1.74) T2-T1 1.21 [-1.91, 4.33]
meters PMR 4.79(0.99) 6.72(1.58) T2-T1 1.93 [-0.80, 4.65]
ATwmr- ATemr  -0.72  [-4.86, 3.43]
Steering Reversals, MT 3.51(0.49) 3.40(0.49) T2/T1 0.97 [0.90, 1.05]
n/10 seconds PMR 3.49(0.49) 2.48(0.35) T2/T1 0.71 [ 0.67, 0.76]
ATwr/ ATemr 1.36 [ 1.23, 1.51]
Overtaking, MT 0.03(0.01) 0.02(0.01) T2/T1 0.60 [ 0.25, 1.47]
n/30 minutes PMR 0.02(0.01) 0.02(0.01) T2/T1 1.15 [ 0.55, 2.40]
ATwr/ATemr  0.52 [ 0.16, 1.67]
Crashes, MT 0.39(0.25) 0.08(0.09) T2/T1 0.21 [ 0.02, 1.78]
n/30 minutes PMR 0.05(0.05) 0.15(0.11) T2/T1 3.22 [0.33, 31.1]
ATwr/ATemr  0.07 [ 0.00, 1.47]

Note. MT = Mindfulness Training, PMR = Progressive Muscle Relaxation, T1 = Intake, T2 = Follow-
up. AT = T2-T1. Crashes reflect any that occurred throughout simulation. Planned comparisons
and 95% Cls were calculated with marginal means from linear and general linear mixed models.
Planned comparisons were calculated as rate ratios for steering reversals, overtaking, and

crashes.
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General Discussion

Road traffic crashes continue to threaten the health and safety of young people
everywhere. The present thesis aimed to address the contribution of MW to young driver crash
risk by isolating negative mood as a potential cause and exploring mindfulness as a potential
mitigator of MW while driving in this population. The present thesis included a narrative review
and two manuscripts to accomplish these objectives. The narrative review, of evidence from the
traffic safety and psychology literatures on MW, uncovered mechanisms by which negative mood
and mindfulness may influence MW-related crash risk in young drivers. Study 1 reported on a
randomized controlled experiment examining the effects of negative mood on MW and MW-
related unsafe driving in young drivers. Study 2 reported on a pilot randomized controlled trial
exploring the feasibility and preliminary efficacy of MT for reducing the contribution of MW to
unsafe driving in young drivers. The following section summarizes, synthesizes, and explores the
implications of the main findings of these studies, discusses the strengths and limitations of the
present thesis, and suggests future directions for research in this area.

Summary of Main Findings

A Narrative Review of Potential Mechanisms Linking Mind Wandering to Young Driver Crashes

The narrative review addressed three questions. The first related to how MW may
contribute to road traffic crashes. It was hypothesized that the relationship between MW and
crashes is mediated by sensory-motor decoupling, a process whereby cognitive resources get
diverted from sensory information processing and performance monitoring to self-generated

thoughts. In support of this possibility, links were found between MW and poor hazard detection
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2020). MW was also linked to poor behaviour regulation in terms of unsafe changes in continuous
driving behaviours (e.g., speeding, tailgating, drifting).

The second question addressed in the narrative review related to why young drivers are
particularly prone to MW while driving. Developmental factors were proposed to contribute to
more MW and poor regulation of MW while driving, in young compared to older drivers. The
attention of young people was found to be biased towards exploration (broad, unfocused
attention), which is associated with MW, versus exploitation (narrow, focussed attention), which
is associated with task focus (Mata et al., 2013; Sripada, 2018). Evidence also suggested that two
neurocognitive systems, which develop asymmetrically from adolescents to early adulthood
(Shulman et al., 2016; Steinberg et al., 2008), contribute to the regulation of MW. In particular,
the socioemotional system, which develops rapidly from the start of puberty and is involved in
affective processes, reward-seeking, and social cognition, was found to overlaps with the salience
network, which can contribute to emotion-related MW (Rosen et al., 2018; van Hoorn et al., 2019).
The cognitive control system, which develops gradually into early adulthood and is involved in
impulse control, was found to overlap with the cognitive control network, which can reduce MW
to facilitate task focus (Christoff et al., 2016). The developmental asynchrony of these two systems
was proposed to predispose young drivers to MW dysregulation.

The third question addressed by the narrative review relates to what factors may cause
and mitigate MW in young drivers. Negative mood was hypothesized to cause MW and MW-
related unsafe driving in young drivers. Evidence was found linking negative mood, MW, and

crashes in young drivers. Depression symptoms, including negative mood and ruminative MW,
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were found to predict more crashes in young compared to older drivers (McDonald et al., 2014).
Negative mood was also found to positively predict MW among young drivers in simulation
(Walker & Trick, 2019). In the general population, negative mood was found to increase MW in
non-driving contexts (Marcusson-Clavertz et al., 2020; Poerio et al., 2013; Smallwood, Fitzgerald,
et al.,, 2009). Negative mood was also found to increase unsafe driving when drivers are
unengaged in secondary tasks, and thus free to engage in MW (Steinhauser et al., 2018; Zimasa
et al., 2019). Furthermore, evidence was found linking stressful life events to distraction-related
driving errors and crash responsibility (Cunningham & Regan, 2016).

Mindfulness, a state and trait capacity for sustained non-distraction, was hypothesized to
mitigate MW in young drivers. Greater trait mindfulness was found to predict less driver
distraction and distraction-related unsafe driving (Koppel et al., 2019; K. L. Young et al., 2019).
Lower trait mindfulness was also found to correlate with greater MW while driving in young
compared to older drivers (Burdett et al., 2016). Substantial evidence was found linking MT,
involving meditation practices for enhancing metacognitive awareness (i.e., meta-awareness) and
disengagement from MW, to increased cognitive control and decreased MW in non-driving
contexts (Feruglio et al., 2021; Yakobi et al., 2021). Preliminary evidence was also found linking
MT to improved driver situational awareness (Kass et al., 2011), decreased risky driving, and
decreased crashes in simulation (Baltruschat et al., 2021). Finally, evidence was found linking
meta-awareness of MW to attenuated MW-related unsafe driving (Albert et al., 2018; Berthié et

al., 2015; Cowley, 2013).
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Negative Mood Mind Wandering and Unsafe Driving in Young Male Drivers

The first manuscript of the present thesis (Study 1) examined the effects of negative mood
on MW and MW-related unsafe driving in a sample of young male drivers. It was hypothesized
that, compared to neutral mood, negative mood would lead to more MW while driving, more
unsafe driving linked to MW, and more emotionally arousing MW while driving. The study found
that exposure to negative versus neutral mood led to more MW while driving in simulation.
Negative mood also increased MW-related unsafe driving, specifically in terms of greater
headway variability and steering reversals. It was also hypothesized that individual differences in
trait rumination and inhibitory control would moderate the effects of negative mood. Results
revealed a moderation effect of trait rumination on the relationship between negative mood and
MW, such that higher trait rumination predicted greater increases in MW from negative mood.
A Randomized Controlled Pilot Trial of Brief Online Mindfulness Training in Young Drivers

The second manuscript of the present thesis (Study 2) explored the feasibility and
preliminary efficacy of brief online MT for reducing MW and unsafe driving in a sample of young
male and female drivers. It was hypothesized that, compared to an active control condition (PMR),
exposure to 4-6 fifteen-minute sessions of MT via audio recordings would increase meta-
awareness and reduce the occurrence of MW while driving. MT was found to reduce MW while
driving in simulation. Results for meta-awareness were inconclusive. The specificity of action of
MT was also explored by comparing state mindfulness following sessions of MT versus PMR, and
by performing sensitivity analyses with interest/enjoyment (i.e., motivation) of the interventions
as a covariate. MT was associated with greater state mindfulness following sessions. There was

insufficient evidence to suggest that non-specific variability in motivation explained the effects of
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MT on state mindfulness or MW. Driving behaviours associated with meta-awareness of MW, and
from MT were also explored. Self-caught (i.e., meta-aware) MW was linked to longer headway
distances compared to probe-caught (i.e., meta-unaware) MW, which was linked to shorter
headway distances compared to focused driving. MT led to a relative increase in steering reversals
compared to PMR. Finally, brief online MT feasibility, in terms of objective adherence and self-
reported acceptability, was also explored. There was insufficient evidence for a difference in
adherence between groups. No severe adverse effects were reported, but the MT group reported
greater difficulty following intervention instructions compared to PMR.
Synthesis and Implications

Sensory-Motor Decoupling and Crashes Linked to Mind Wandering

Review evidence supported sensory-motor decoupling as a mechanism of MW-related
crash risk. Evidence from driving simulation linking MW to reduced visual scanning (He et al.,
2011), attenuated cortical responses, and slow reactions to road hazards (Pepin et al., 2020; Yanko
& Spalek, 2014), aligns with evidence for sensory-motor decoupling in non-driving contexts. In
particular, MW has been linked to a global attenuation of sensory information processing,
evidenced by unresponsive eye movements (Smallwood et al.,, 2011), attenuated cortical
responses, and slow reaction times to both task-relevant and irrelevant stimuli in attention tasks
(Kam & Handy, 2013). Therefore, these findings suggest that sensory-motor decoupling
generalizes to the driving context. MW-related sensory-motor decoupling may increase crash risk
by preventing timely detection and reaction to road hazards. Sensory-motor decoupling may also
account for MW-related unsafe driving, such as poor lane-keeping, which can lead to run-off-road

crashes (Ghasemzadeh & Ahmed, 2017, 2018). Thus, sensory-motor decoupling may mediate the
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relationship between MW and crashes (Farouki et al., 2014; Galéra et al., 2012; Gil-Jardiné et al.,
2017; Née et al., 2019). Understanding this to be a mechanism by which MW contributes to
crashes may help target interventions. For instance, using machine-learning to detect changes in
behaviour or physiology associated with sensory-motor decoupling could be combined with
automation technologies to assist drivers when they become distracted (Beninger et al., 2021).
Young Driver Development of Attention Regulation

Review evidence linking neurocognitive development to attention regulation reveals
certain ways in which young drivers may be particularly susceptible to crashes associated with
MW. Evidence for a developmental bias of young people towards an exploratory mode of
attention (Mata et al., 2013), which is proposed to include MW (Sripada, 2018), may explain why
young drivers report more MW while driving compared to older drivers (Burdett et al., 2016).
More frequent MW may increase the likelihood of a MW-related crash, possibly as a function of
sensory-motor decoupling in situations where attention is needed to detect and quickly react to
unexpected road hazards. The emotional reactivity of young drivers, coupled with theirimmature
cognitive control capacities, may prevent them from effectively regulating MW while driving.
Specifically, young drivers may have particular difficulty regulating negative mood-related MW,
including rumination. Dysregulation of MW may be particularly dangerous when the demands of
the driving task on attention are high, such as in complex driving scenarios (e.g., dense traffic,
pedestrians, poor weather conditions, etc.)(Geden et al., 2018). Thus, greater MW and

dysregulation of MW may contribute to young driver crash risk.
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Negative Mood, Mindfulness, and Mind Wandering While Driving
Negative Mood Increases Mind Wandering

Study 1 demonstrated a causal link from negative mood to MW while driving in young
drivers. Given review evidence for developmental limitations of young people in regulating
emotion-related thoughts, a causal link from negative mood to MW in attention tasks, and a
correlation between negative mood and MW in young drivers, it was hypothesized that negative
mood may cause an increase the frequency, or extent, of MW while driving in young drivers.
Young drivers exposed to a negative versus neutral mood induction in Study 1 reported more MW
in response to thought probes during simulation than those in a neutral mood control condition.
This finding generalizes previous findings from attention tasks to the context of driving. It also
extends correlational evidence for negative mood-related MW among young drivers in simulation.
Furthermore this finding aligns with review evidence suggesting that negative mood may
represent a risk factor for MW and MW-related crashes in young drivers.

Study 1 also revealed a moderation effect of trait rumination in the relationship between
negative mood and MW while driving. Specifically, high trait ruminators exhibited the greatest
increases in MW following exposure to negative mood. This findings suggests that some young
drivers are particularly susceptible to the effects of negative mood on MW while driving. Trait
rumination may be suitable as a marker of young driver susceptibility to negative mood-related
MW for the purpose of targeting interventions.

Mindfulness Training Decreases Mind Wandering
Study 2 found preliminary support for the efficacy of MT in reducing young driver MW in

simulation. Specifically, young drivers reported MW to a smaller proportion of thought probes
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following exposure to MT versus an active control (PMR). This finding may explain previously
observed improvements in situational awareness and safe driving in simulation following MT
exposure. In particular, a small pilot study found that MT enhanced situational awareness,
assessed via questions about the driving scenario (e.g., what is the speed limit? was there a
pedestrian at the last intersection?) during a pause in the driving task (Kass et al., 2011). Another
study found that MT reduced unsafe driving (e.g., high and variable driving speeds, higher
steering variability, higher braking force) in risky driving scenarios, such as a pedestrian crossing
the street or when there is an obstacle on the road (Baltruschat et al.,, 2021). Situational
awareness and, by extension, adjustment of driving behaviour relies on sensory information (e.g.,
seeing the posted speed limit or the pedestrian). Thus, MT-related decreases in MW and MW-
related sensory-motor decoupling may explain these previous findings. Together, these findings
suggest that MT may reduce MW-related crash risk, by preventing sensory-motor decoupling
from interfering with safe driving, particularly in the presence of road hazards.

The finding that MT reduced MW is bolstered by evidence supporting online MT's
specificity of action. The observation of higher state mindfulness following sessions of MT
compared to PMR suggests that online MT successfully induced a mindful state. Furthermore,
there was insufficient evidence to suggest that motivation differed between interventions or that
variability in motivation explained MT effects on state mindfulness and MW. Motivation positively
predicts outcomes of cognitive training (Bryce et al., 2018) and negatively predicts MW in
attention tasks and educational contexts (Seli et al., 2016, 2019). Thus, a significant association
between motivation and MT outcomes could cast doubt on whether MT itself or some non-

specific factor was responsible for its effects.
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There was insufficient evidence for an increase in meta-awareness of MW while driving
from MT. A previous study found a medium-sized increase in meta-awareness following intensive
MT that took place over a month (Zanesco et al., 2016). Thus, Study 2 may have lacked sufficient
power to detect this effect, or brief online MT may not be sufficient in dose or intensity to increase
meta-awareness. At the same time, self-caught MW may not be a sensitive measure for the type
of meta-awareness that is proposed to be cultivated in MT (Dunne et al., 2019).

Negative Mood, Mindfulness, and Unsafe Driving Linked to Mind Wandering
Negative Mood and Unsafe Driving Linked to Mind Wandering

Negative mood contributed to potentially unsafe changes in MW-related driving
behaviour. Compared to neutral mood, negative mood increased headway variability linked to
MW. In other words, compared to drivers in a neutral mood, those that were exposed to a
negative mood maintained distances between themselves and lead vehicles that were less
consistent during MW. A previous study found greater headway variability resulting from an angry
mood (compared to calm and happy mood), but only in a driving scenario that placed little
demands on driver attention (Steinhauser et al., 2018). Since MW is most frequent when
demands on attention are low (Geden et al., 2018), the authors interpreted this finding to suggest
that MW mediated the link between angry mood and unsafe driving. This finding from Study 1
thus extends this previous finding by directly examining the role of MW in negative mood-related
unsafe driving. Greater headway variability is associated with driver distraction (Hosking et al.,
2009; Regan & Hallett, 2011; K. L. Young & Salmon, 2012) and crashes (Hyun et al., 2019).

Therefore, this finding suggests that negative mood may increase MW-related distraction and
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crash risk. At the same time, there was no significant change in headway variability from negative
mood in isolation. Thus, additional research is needed to replicate and clarify this result.
Compared to neutral mood, negative mood also increased steering reversals linked to MW.
Findings are mixed concerning the crash-risk implications of distraction-related increases in
steering reversals. Some studies link more steering reversals to poor lane-keeping. For instance,
more steering reversals have been linked to greater lane position variability, more lane excursions,
reduced time-to-line crossing, and greater vehicle-to-road heading variability (Choudhary &
Velaga, 2017; Kountouriotis et al., 2015, 2016; P. Li, Merat, et al., 2018; Z. Li et al., 2019; Pawar &
Velaga, 2021). Other studies link more steering reversals to superior lane-keeping in terms of
lower lane position variability (P. Li, Markkula, et al., 2018; Wang et al., 2019) and greater
resistance to lateral movement from gusts of wind (He et al., 2014). These contradictory findings
may reflect differences in minimum reversal size (e.g., 0.5° vs. 2° vs. 10°), driving scenario
complexity, or distraction type. A previous study found fewer steering reversals (>2°) and lower
lane position variability associated with MW compared to focused driving on straight roads in
simulation (Baldwin et al., 2017). Another study found greater standard deviation of steering
wheel angle, which increases with steering reversals (Choudhary & Velaga, 2017), and higher lane
position variability associated with MW on curved roads (Zhang & Kumada, 2017). Since Study 1
incorporated curved roads, and a minimum reversal size of 2°, these findings suggest that the
observed increase in steering reversals may be unsafe. As with headway variability, there was
insufficient evidence for a significant change in steering reversals from negative mood in isolation,

however. Thus, further research is needed to clarify the meaning and robustness of this finding.
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Study 1 findings are unclear with respect to the precise mechanism by which negative
mood contributes to MW-related unsafe driving. Study 1 did not replicate findings from other
studies indicating main effects of negative mood on unsafe driving (Chan & Singhal, 2015; Du et
al., 2020; Jallais et al., 2014; Jeon & Zhang, 2013). Furthermore, there was insufficient evidence
for a mediation effect of MW frequency in relationships between negative mood and overall
unsafe driving. This may relate to the use of thought-probes to measure MW in Study 1, which
can limit unsafe driving linked to MW (Walker & Trick, 2019). Thus, results were inconclusive with
respect to whether negative mood increases unsafe driving as a function of more frequent MW.

Results were inconclusive with respect to whether increases in MW-related unsafe driving
from negative mood can be explained in terms of greater sensory-motor decoupling as a function
of more emotionally arousing or salient MW. At the same time, steering reversals have been
found to increase as a function of distraction-related cognitive load (Engstrom et al., 2017).
Furthermore, in one study, both cognitive distraction and visual distraction increased small
steering reversals (>0.5°), but only visual distraction increased larger steering reversals
(>2.5°)(Kountouriotis et al., 2016). Since sensory-motor decoupling interferes with visual
information processing (Pepin et al., 2020), the observed increase in MW-related steering
reversals (>2°) from negative mood may reflect more sensory-motor decoupling related to high
cognitive load MW. Thus, negative mood-related MW may be more cognitively demanding.

Various factors may explain the inconclusive results for the hypothesized increase in
emotional arousal during negative mood-related MW. For instance, previously observed increases
in heart rate during depressive rumination (Smallwood, O’Connor, et al., 2007) may not generalize

to negative mood-related MW in healthy individuals. Alternatively, our mood manipulation may
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have selectively affected mood and MW valance, as distinct from arousal (Bliss-Moreau et al.,
2020). Heart rate variability is linked to ruminative MW among depressed and healthy
populations (Ottaviani et al., 2015). Heart rate increases have also been observed following self-
reports of MW while driving, which may reflect drivers' cognitive effort to refocus attention (Pepin
et al., 2018). Thus, future studies may assess whether heart rate variability during MW is
positively associated with unsafe driving and heart rate after MW, which could implicate cognitive
load in negative mood-related unsafe driving. Furthermore, using eye-tracking to measure
drivers' visual scanning could further assess whether increased cognitive load associated with
negative mood-related MW contributes to sensory-motor decoupling.

Mindfulness Training and Unsafe Driving Linked to Mind Wandering

In exploratory analysis, only one driving behaviour metric showed a discernable change
between the MT and PMR groups. In particular, steering reversals decreased in PMR, but not MT.
The meaning of this finding is unclear since the MT group exhibited a significant decrease in MW
while there was insufficient evidence for a change in MW from PMR. Thus, it is unclear what could
account for the PMR group's decrease in steering reversals.

Despite an inconclusive result for increased meta-awareness from MT, exploratory
analyses of driving behaviour revealed safer driving, in terms of longer headway distances,
associated with meta-aware compared to meta-unaware MW. There was no discernable
difference between meta-aware MW and focused driving in terms of headway distance. Since
shorter headways predict crashes (Hyun et al., 2019) this finding suggests that meta-aware MW
may be less risky than meta-unaware MW. Previous studies similarly reveal safer driving linked to

meta-awareness of MW. For instance, among a group of surveyed drivers, 55.1% of those who
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reported long delays before noticing MW also reported significant driving impairment associated
with MW, versus only 12.3% of those who reported noticing MW immediately (Berthié et al.,
2015). In another study, greater self-reported meta-awareness of MW predicted slower driving in
simulation, whereas individual differences in meta-unaware MW, indexed behaviourally,
predicted faster driving (Albert et al., 2018). Thus, trait and state meta-awareness may moderate
links between MW and unsafe driving.
Negative Mood, Thought Suppression, and Unsafe Driving

Exploratory analyses of driving behaviour in Study 2 introduce additional interpretations
of Study 1 findings. In Study 1, relative to neutral mood, negative mood caused increases in
headway variability and steering reversals linked to MW. These changes were interpreted to
reflect negative mood-related increases in the cognitive demands of MW, resulting in greater
distraction (sensory-motor decoupling), or the intrusiveness of MW, resulting in engagement in
MW at inopportune moments when it could impact driving behaviour. However, in Study 2,
probe-caught MW was associated with lower headway variability and steering reversals
compared to focused driving. This suggests that negative mood may have reduced differences in
driving behaviour between MW and focused driving states. It may be that negative mood led to
more frequent but less pronounced MW and sensory-motor decoupling. This explanation
contradicts previous findings linking negative mood-related MW to greater performance deficits
in attention tasks, however (Marcusson-Clavertz et al., 2020; Smallwood, Fitzgerald, et al., 2009).
Alternatively, drivers may have tried to suppress negative MW, which manifested in driving
behaviour resembling focused driving. This interpretation aligns with verbal reports from

participants indicating attempts to distract themselves from their negative thoughts with the
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driving task. Furthermore, thought suppression can paradoxically increase unwanted thoughts
(Abramowitz et al., 2001), which aligns with evidence for greater MW frequency in Study 1.
Suppression of negative thoughts has been associated with poor working memory task
performance (Banks et al., 2016; Banks & Boals, 2017). Thus, future research may investigate the
potential impact of suppressing negative thoughts on unsafe driving and crash risk.
Mindfulness Training in Young Drivers
Feasibility of Brief Online Mindfulness Training

Promising preliminary evidence for the efficacy of brief online MT, in producing a mindful
state and reducing MW while driving, warrants further investigation in future definitive trials.
Feasibility findings from Study 2 may inform the development of such trials. Online MT offers
various experimental and clinical advantages. Experimentally, online MT has the potential to
reduce experimenter bias by minimizing access to allocation data (Xiao et al., 2013) and reducing
participant-experimenter contact (Mathieu et al., 2013). Despite this, many studies are reported
to have moderate to high risk of bias associated with poor allocation concealment or lack of
personnel blinding (Victorson et al., 2020). Study 2 exploited the aforementioned advantages of
online MT through the use of a custom website that automatically (i.e., without experimenter
oversight) and blindly (i.e., hidden from view of the experimenter and participant) randomized
participants to conditions, delivered assigned intervention recordings, and administered post-
session questionnaires. Clinically, online MT is relatively inexpensive and logistically simple to
deploy (Andersson & Titov, 2014; Boggs et al., 2014). Study 2 exemplified these advantages since

very few personnel (i.e., one experimenter and one software developer) were required to set-up
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and run the study. Thus, future studies may reduce costs and potentially bias by implementing a
similar system, although blinding integrity was not systematically tested in Study 2.

While online delivery of MT can reduce constraints related to travel, scheduling and, in
the age of COVID-19, social distancing (Gonzalez-Garcia et al., 2021; A. J. Mrazek et al., 2019;
Stjernsward & Hansson, 2017), some evidence suggests that adherence can be impacted (Baer et
al., 2019; A. J. Mrazek et al., 2019; Spijkerman et al., 2016). Adherence was objectively tracked by
the study website, using intervention playback log data, which are more reliable than self-report
(Flett et al., 2019), yet still underutilized in online interventions (Koneska et al., 2020). Overall
adherence to the remote intervention sessions (i.e., when participants completed their
intervention sessions at home) was comparable at 58% to other online MT studies ranging from
35 to 92% (Forbes et al., 2018; Sommers-Spijkerman et al., 2021) and in-person mindfulness at
76% (Ribeiro et al., 2018). Relatedly, at 19%, attrition in Study 2 was slightly below the level at
which attrition bias starts to become a concern (i.e., 20%) and lower than rates typically observed
for in-person, albeit longer, MT RCTs at 30% (Nam & Toneatto, 2016).

MT studies typically recruit only MT-naive participants. Many young drivers that registered
for Study 2 had at least some MT experience, however. Study candidates with any previous MT
experience were initially excluded, but this, along with the low generalized anxiety cut-off,
contributed to slow recruitment. This criterion was later changed to admit candidates that had
not practiced MT within the past 6 months. It is unclear whether this issue reflects the young
drivers population as a whole, or was specific to the sample from Study 2. With the growing
availability of mobile apps and services that offer MT (Gal et al., 2021; Nunes et al., 2020), it

seems plausible that many people with access to technology, and especially tech-savvy young
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people, will have had some exposure to MT. At the same time, Study 2 relied on convenience
sampling, which may have incidentally selected more candidates with MT experience.

Many young drivers that registered for the study were found to exhibit low-to-moderate
generalized anxiety symptoms. Accordingly, initially excluding candidates with moderate-to-high
anxiety symptoms contributed to slow recruitment. This exclusion criterion aimed to minimize
risk of adverse effects, given the online/remote nature of the study. Despite increasing the anxiety
exclusion threshold, which hastened recruitment, no severe adverse effects were reported,
however. Nevertheless, mounting evidence suggests that MT can have short-term and, in some
cases, long-term adverse effects (Aizik-Reebs et al., 2021; Britton et al., 2021). Future studies with
larger samples may examine risk factors for adverse effects within the young driver population.

Acceptability data, collected via post-session questionnaires, revealed that MT was linked
to greater difficulties following instructions. In particular, MT participants cited difficulties with
sitting still and attending to their physical sensations. These difficulties may have related to the
challenges of noticing and disengaging from MW in MT, while comparably little effort is needed
for PMR. Reports of difficulties did not predict adherence or attrition, but future studies may
assess methods of reframing these experiences to minimize discomfort (Lindahl et al., 2021).

Strengths and Limitations of the Present Thesis
Strengths

The narrative review combined evidence from multiple disciplines, including psychology,
neuroscience, and traffic safety research, to form hypotheses about the ways in which MW could
impact the safety of young drivers. The review was grounded in evidence derived from an

extensive search for research articles on MW while driving in the traffic safety literature.
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Importantly, the search terms and databases used to find the majority of cited studies on MW
while driving were reported to bolster reproducibility.

Studies 1 and 2 in the present thesis employed rigorous randomized, controlled, and
blinded experimental designs, representing an improvement on previous studies. Many mood-
related driving studies and MT RCTs do not clearly control for non-specific factors (e.g.,
expectation, motivation, demand characteristics, etc.). Awareness of study objectives or
experimental manipulations may encourage participants to modify their behaviour in accordance
with their perception of the experimenter's wishes. Similarly, knowledge of one's condition
assignment can influence expectancy or motivation. To circumvent these issues, deception was
used: in Study 1 to convince participants that they were performing a bonified intelligence test,
on which the negative mood group received poor performance feedback and; in Study 2 to
misrepresent its aims such that both MT and PMR participants thought they were learning an
experimental "relaxation technique." These methods were carefully implemented to isolate the
effects of negative mood and MT on MW and MW-related unsafe driving.

Studies 1 and 2 leveraged thought sampling and driving simulation to both measure MW
in situ and assess momentary changes in driving behaviour associated with MW as a function of
the experimental manipulations (i.e., negative mood and MT). Study 1 is the first to use "online"
thought sampling to measure mood-related changes in MW while driving in simulation. Similarly,
Study 2 is the first to use thought sampling to measure reductions in MW while driving following
exposure to MT. Compared to retrospective self-reports of MW, thought sampling minimizes
measurement error linked to memory. Thought sampling also enables a fine-grained assessment

of a manipulation's effects on MW-related driving behaviour, while controlling for variability
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associated with focused driving. This reduces the likelihood of conflating associations between
driving behaviour and changes in MW frequency with changes in MW intensity. Moreover,
combining both self-caught and probe-caught thought sampling techniques enabled the
comparison of driving behaviour between meta-aware MW, meta-unaware MW, and focused
driving, which represents another novel contribution of the present thesis.

Study 2 of the present thesis incorporated a custom-built study website that facilitated
many of its rigorous experimental design features. In particular, randomization was conducted
automatically and blindly through the study website. A randomly generated URL directed
participants to their assigned intervention without revealing the assignment to them, or the
experimenter. Condition assignments were stored by the website in a hidden database. The
website also regulated intervention dosage, with participants only being able to listen once to
each day's intervention recording. The study website also automatically tracked adherence via
playback logs and administered post-intervention-session questionnaires to measure state
mindfulness, interest/enjoyment (i.e., motivation), and acceptability. These features enhanced
the experimental rigor of Study 2, while minimizing personnel or other resources requirements.
Limitations

Defining a reproducible search query capable of capturing all available literature on MW
while driving, while not also returning thousands of irrelevant results, proved difficult. A diverse
array of terms are used to address MW and related phenomena in the traffic safety literature,
such as "internalized thought", "irrelevant thought", and "daydreaming" among others. Broad

terms, such as "cognitive distraction" that are sometimes used to discuss MW can also encompass

various other types of distraction (e.g., hands-free phone conversation). Thus, Google Scholar
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was sometimes used as a supplementary source for articles on MW while driving that were not
returned through easily reproducible methods.

As preliminary investigations, Studies 1 and 2 recruited small samples. This may have
impeded detection of small-to-medium effects. Certain statistical choices were made to enhance
sensitivity, such as using mixed modeling to adjust for baseline variance and missing data,
conducting directional hypothesis tests, and foregoing family-wise error control. The small sample
sizes also prevented sex analyses. Males were recruited in Study 1 to reduce potential variability
in outcomes associated with sex, especially given evidence that negative mood may impact young
male and female drivers differently (Bogdan et al., 2016; Qu et al., 2015). While both males and
females were recruited in Study 2, the sample was too small to meaningfully analyze sex. Included
in the results of both studies, however, were power analyses to inform sample sizes in future
studies to detect small-to-medium effects as well as larger sex differences.

Both studies employed robust Inclusion and exclusion criteria to control for factors that
may mask effects, such as age, or reduce generalizability, such as depression symptoms. At the
same time, study candidates were not screened based on their level of driving experience or
driving frequency. These factors predict driving behaviour and MW. In particular, inexperienced
drivers may find driving more difficult (Day et al., 2018) and perform worse than experienced
drivers (Mueller & Trick, 2012; Z. Yang et al., 2021). Relatedly, driving difficulty negatively predicts
MW (Geden et al., 2018) while driving frequency positively predicts MW (C. Lin et al., 2021). Our
randomized, controlled study designs likely prevented these factors from confounding results, but
futures studies should assess driving experience and frequency to examine their contributions to

the effects of negative mood and MT on MW and unsafe driving.
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The measures of MW used in Study 1 and Study 2 may have reduced effects of the
experimental manipulations on driving behaviour. While enabling measurement of meta-
awareness and acute changes in driving behaviour associated with MW, self-caught and probe-
caught thought sampling techniques can interrupt MW (Smallwood & Schooler, 2015). This may
reduce the impact of MW on driving (Walker & Trick, 2019). Furthermore, self-catching MW
involves monitoring one's thoughts, which may place demands on attention (Vannucci et al.,
2019) and thus interfere with normal driving. Future studies may replicate findings from Study 1
and Study 2 using different measures of MW, such as post-drive retrospective self-reports.

Using a more naturalistic driving scenario in Study 1 and Study 2 may have masked subtle
effects of the manipulations on MW-related driving behaviour. The simulation scenario imposed
few constraints on driving behaviour, allowing participants to change lanes and pass other
vehicles. These maneuvers may have prevented detection of certain effects by increasing
variability across states. Future studies using more constrained driving scenarios may uncover
additional effects of negative mood or MW that reflect sensory-motor decoupling, or that can be
more easily deciphered as a distinct process.

Future Directions

The compelling findings of the present thesis spark several hypotheses and questions for
future research. One hypothesis is that the observed effects of negative mood and MT on MW
and MW-related unsafe driving are greater in young compared to older drivers. If the dual-process
framework applies to the regulation of MW while driving, as proposed in this thesis, then young
drivers exposed to a negative mood should exhibit greater increases in MW and MW-related

unsafe driving than older drivers, as a function of their emotional reactivity (Casey et al., 2008)
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and limited emotion-regulation capacities (K. Young et al., 2019). Similarly, young drivers may
exhibit larger reductions in MW from MT compared to older drivers, due to their higher baseline
MW and immature, but malleable cognitive control capacities (Amada & Shane, 2019; Godfrin &
Van Heeringen, 2010) At the same time, individual differences, along with age, predict MW and
MW-related unsafe driving (Albert et al., 2018; Burdett et al., 2016), but it is unclear how these
factors may interact. For instance, while older adults engage in less MW than younger adults, they
can suffer greater MW-related performance deficits when it occurs (Zavagnin et al., 2014). Thus,
future studies may examine whether older drivers with a high tendency to engage in MW are at
greater risk than their younger counterparts.

Future research may also test whether MT limits the impact of negative mood on MW and
MW-related unsafe driving in young drivers. MT has been found to enhance emotion regulation
(Tang et al., 2016; Teper et al., 2013) and cognitive control (Casedas et al., 2020; Gallant, 2016;
Yakobi et al., 2021). It was proposed in the present thesis that negative mood may particularly
increase MW while driving in young drivers due to their immature cognitive control capacities.
Furthermore, it has also been suggested, in the present thesis, and by others (Amada & Shane,
2019; Broderick & Jennings, 2012; Eadeh et al., 2021), that MT may support the development of
emotion regulation in young adults. By combining the methods presented in the Study 1 and
Study 2, it may be possible to test whether MT is protective against increases in MW and MW-
related unsafe driving from negative mood. This may further support MT as viable intervention
strategy for reducing MW-related crash risk in young drivers.

A related hypothesis is that MT is particularly protective against negative mood-related

MW in young drivers that are high in trait rumination. Mounting evidence suggests that MT can
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be equally effective in treating mood disorders, such as depression, compared to other standard
treatments (Goldberg et al., 2018). High trait rumination is a risk factor for depression (Kuyken et
al., 2006; Lo et al., 2008; Watkins, 2008), that MT specifically targets (Deyo et al., 2009; Heeren
& Philippot, 2011; Jury & Jose, 2019). Thus, MT may be particularly protective against negative
mood-related MW in young drivers with a high trait tendency to ruminate.

Future research may investigate the contributions of negative mood and mindfulness to
real-world driving using a combination of methods from naturalistic distracted-driving studies and
daily-life thought sampling studies. Instrumented vehicles have previously been used to detect
high g-force events, such as crashes and near-crashes so that researchers can examine in-vehicle
footage to determine the activities of the driver leading up to the event (Foss & Goodwin, 2014).
Smartphones have been used in previous studies to deliver thought probes, inquiring about
thoughts, feelings, and current activities, throughout a normal day (McVay et al., 2009; Poerio et
al.,, 2013). These methods may be combined to explore associations between crashes, near-
crashes, and drivers' thoughts, feelings, and degree of mindfulness at the time. Modern
smartphones contain an array of sensors that could prevent probes from occurring before the
end of a drive (Y. Li et al.,, 2016). Furthermore, these sensors may obviate the need for
instrumented vehicles, as the phones themselves may be capable of distinguishing a crash or
near-crash event.

Future research may also examine the implications of negative mood and MT for MW in
the context of autonomous vehicles, especially as they gain widespread adoption. Automation
increases MW in a variety of contexts (Gouraud et al., 2017), which may include driving

(McWilliams & Ward, 2021). MW is considered the default state of human attention and occurs
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most frequently when individuals are unengaged in tasks (Thomson et al., 2015). Accordingly,
automated driving is proposed to increase MW, since drivers are not actively engaged in the
driving task (Gouraud et al., 2018). Given the current state of automation, however, drivers must
be available to take control of the vehicle at any time. Thus, MW in this context appears to be
unsafe. Future studies may investigate whether negative mood exacerbates the tendency to
engage in MW while driving an autonomous vehicle and prohibits drivers from rapidly shifting
attention to take control of the vehicle when necessary. Furthermore, MT may be investigated as
a potential strategy for preventing MW and mitigating delays in shifting attention while driving
an autonomous vehicle, especially given findings suggesting that MT enhances attentional
flexibility (S@rensen et al., 2018).

The effects of MT found in Study 2 should be replicated and extended in larger, definitive
trials. In particular, more evidence is needed concerning the safety, efficacy, and real-world
effectiveness of MT for improving driving performance and reducing crashes in young drivers..
For instance, in terms of safety, MT can de-automatize learned behaviours (Choi et al., 2022),
which may be detrimental to driver safety, since many aspects of safe driving are automatic and
may be disrupted by conscious control (Engstrom et al., 2017). Relatedly, MT may cause drivers
to become distracted by non-relevant aspects of their sensory experience (e.g., breathing) or the
task of monitoring their thoughts (Vannucci et al., 2019). In terms of efficacy, different MT
techniques, such as focused attention and open monitoring, have different effects on attention
(Lippelt et al., 2014). Thus, certain techniques may be more be more effective for enhancing safe
driving than others. In terms of effectiveness, research may investigate the minimum dose of MT

required to affect long-term changes in driver attention and behaviour. Eight-week interventions
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of in-person MT, for example, have been found to increase trait mindfulness (Kiken et al., 2015),
alter brain structure and function (Gotink et al., 2016), and affect long-term changes in
personality (Spinhoven et al., 2017). At the same time, ongoing practice of MT is a predictor of its
long-term mental health benefits (Mathew et al., 2010; Solhaug et al., 2019). Furthermore, long-
term practitioners of MT exhibit less MW than those that practice irregularly (Brandmeyer &
Delorme, 2018). Thus, it is unclear whether or how much regular practice may be needed to

maintain the effects of MT, and furthermore, whether young drivers will continue practicing.
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Conclusion

The present thesis aimed to address the contribution of MW to young driver crash risk by
isolating negative mood as a potential cause and exploring mindfulness as a potential mitigator
of MW while driving in this population. A review of the traffic safety literature on MW revealed
that sensory-motor decoupling likely mediates the relationship between MW and crashes.
Understanding the mechanism by which MW contributes to crashes may facilitate the
development of technologies to detect and intervention to mitigate MW-related crashes. Review
evidence also showed that developmental changes in young driver attention may predispose this
population to MW-related crashes in certain circumstances. Specifically, it was hypothesized that
negative mood could negatively impact attention regulation in young drivers, thus leading to
more MW and MW-related unsafe driving. Conversely, it was hypothesized that MT may reduce
the vulnerability of young drivers to MW when it is likely to negatively impact their safety. Study
1 found evidence to support the notion that young drivers are susceptible to negative mood-
related MW. While this is not sufficient evidence for the proposition that young drivers are
particularly susceptible to MW due to developmental factors, this finding supports future
investigations into these possible age-related differences. Study 2 found preliminary support for
the promise of MT as an intervention strategy to address MW-related crashes in young drivers.
Study 2 also provides valuable feasibility data concerning the potential pitfalls and advantages of
deploying online MT with this population. While results of the present thesis are preliminary, they
provide compelling justification for future research into MW as a risk factor for crashes in the

vulnerable young driver population.
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