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Abstract: Driver fatigue is a contributory factor in approximately 20% of vehicle crashes. While other causal factors (eg, drink-driving) have
decreased in recent decades due to increased public education strategies and punitive measures, similar decreases have not been seen in fatigue-
related crashes. Fatigued driving could be managed in a similar way to drink-driving, with an established point (ie, amount of prior sleep) after
which drivers are “deemed impaired”. This systematic review aimed to provide an evidence-base for the concept of deemed impairment and to
identify how much prior sleep may be required to drive safely. Four online databases were searched (PubMed, Web of Science, Scopus,
Embase). Eligibility requirements included a) measurement of prior sleep duration and b) driving performance indicators (eg, lane deviation)
and/or outcomes (eg, crash likelihood). After screening 1940 unique records, a total of 61 studies were included. Included studies were
categorised as having experimental/quasi-experimental (n = 21), naturalistic (n = 3), longitudinal (n = 1), case—control (n = 11), or cross-
sectional (n = 25) designs. Findings suggest that after either 6 or 7 hours of prior sleep, a modest level of impairment is generally seen compared
with after > 8 hours of prior sleep (ie, well rested), depending on the test used. Crash likelihood appears to be ~30% greater after 6 or 7 hours of
prior sleep, as compared to individuals who are well rested. After one night of either 4 or 5 hours of sleep, there are large decrements to driving
performance and approximately double the likelihood of a crash when compared with well-rested individuals. When considering the scientific
evidence, it appears that there is a notable decrease in driving performance (and associated increase in crash likelihood) when less than Sh prior
sleep is obtained. This is a critical first step in establishing community standards regarding the amount of sleep required to drive safely.
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Plain Language Summary

e Fatigue contributes to ~20% of road crashes.

® The number of road crashes caused by alcohol has decreased in recent decades, because of the introduction and enforcement of
blood alcohol concentration limits for driving.

® When drivers have a blood alcohol concentration over the established limit, they are legally deemed to be impaired.

® In this paper, we establish the concept of deemed impairment for fatigued driving.

® This systematic review presents evidence on where a potential point to deem impairment due to fatigue could be established (ie,
how much sleep does an individual need to drive safely?)

® Approximately double the risk of a crash is seen when drivers have had five or fewer hours of sleep in the previous twenty-four
hours.

Introduction

Every year in Australia, road crashes result in ~1200 deaths, >40,000 serious injuries and cost the economy AUD
$30 billion." Fatigue is the primary cause of ~20% of these crashes.' In recent decades, crashes due to speeding and
drink-driving have been reduced through deterrence approaches based on education campaigns and enforcement
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strategies.”” In contrast, the crash rate due to fatigue has not fallen over the same period. Initiatives targeting speeding
and drink-driving have been successful because they provide clear guidance regarding what is unsafe in terms of speed or
blood alcohol concentration (BAC) and enforcement agencies have technologies to detect people driving over the limits
for speed or BAC. Furthermore, people caught driving over those limits are deemed to be driving in an unsafe manner (in
the case of speeding) or are deemed impaired (in the case of BAC) and can be sanctioned and/or punished accordingly.
Public education campaigns and good guidance materials that enable people to make decisions regarding impaired
driving due to alcohol have been highly successful in dramatically reducing the road toll. This reduction in the road toll
due to alcohol-related impairment was seen only when clear and specific guidance was provided to road users —
compared with previous generations who were provided with only general invocations, ie, “don’t drink and drive”.*

Fatigued driving is still only subject to those general exhortation campaigns. Catchlines such as fatigued/drowsy
drivers die or do not drive when fatigued/drowsy do not provide sufficient guidance to help a driver decide if they are fit-
to-drive or not. In contrast to drink-driving, the public education and guidance necessary to support safe decision-making
is not provided for impairment due to fatigue. People are currently expected to make decisions regarding fatigued driving
without clear guidance on what constitutes being “too tired to drive”. While there is clear scientific evidence to determine
fitness to drive based on prior sleep-wake behaviour, this information has not yet informed public education campaigns.
Similarly, if people do not know how to assess their fitness to drive, then subsequent prosecution is difficult and the
deterrent value that flows from that is significantly diminished.

A potential strategy for reducing crashes due to fatigued driving is to introduce the concept of a minimum sleep
requirement to legally drive. In the same way as has been done with drink-driving, a threshold minimum sleep
requirement could be defined and where drivers have had less sleep than the threshold they can be legally deemed
“impaired”. The concept of deeming individuals to be impaired based on prior sleep-wake behaviour has recently been
introduced as a potential mechanism for deterring driving while fatigued.” In one jurisdiction (New Jersey), this has
already been done in a 2003 law known as “Maggie’s Law”.® This law allows individuals to be prosecuted if they cause
a vehicle crash after having been awake for >24 hours. However, this law was based on evidence equating 24 hours of
prior wakefulness with a BAC of 0.10%. Drivers with a BAC of 0.10% would now generally be considered highly
impaired (double the legal BAC limit in Australia). Furthermore, evidence suggests that significant cognitive and
performance impairments are seen far before a BAC of 0.10%,” ° or indeed before 24 hours of prior wakefulness.'®"'
We therefore propose to determine a minimum sleep threshold based on the best available scientific evidence, community
perceptions of fairness and political acceptability. As such, a review of the literature is required to identify how much
prior sleep is required to drive safely, and the level of prior sleep below which an individual could be “deemed impaired”.
This systematic review aims to provide an evidence base for the concept of deemed impairment, which may impact
policy and reduce the likelihood of fatigued driving (and fatigue-related crashes).

Methods

A search strategy was developed to identify studies that have examined the effects of sleep loss on driving outcomes.
This search targeted articles published in scientific journals encompassing a variety of multidisciplinary experimental and
observational methodologies. This systematic review aligns with the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guideline'? as indicated by Cochrane methodology.

Eligibility Criteria
Eligible studies were those conducted with human participants and published in English language peer-reviewed
scientific journals from January 1, 2000, until October 7, 2021. Participants were required to be from non-clinical, non-
sleep disordered populations and to be of legal driving age. Studies were excluded if participants were comprised
exclusively of adolescents <18 years and/or adults >65 years of age. This review was not registered.

Studies were required to include sleep duration or time in bed (TIB) as predictors or comparators of driving
performance or impairment. Eligible dependent variables were those sourced from driving real or simulated motor
vehicles (eg, cars, trucks). These could be obtained via instrumented on-road vehicles, driving simulators, self-report, or
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incident reports and databases. Only studies that included two or more sleep dose comparators or specifically used sleep
duration as a predictor of driving were assessed.

All types of study designs were eligible for inclusion, including experimental studies and observational designs,
including case—control, naturalistic, cross-sectional, or longitudinal methodologies. Experimental studies were limited
to those comparing acute sleep loss (either partial or total deprivation) to a control sleep condition (habitual or
recommended sleep duration). Studies involving caffeine, alcohol, or other interventions were excluded unless the
effects of sleep duration or TIB could be isolated with a placebo/control condition. In contrast, eligible observational
studies could investigate the effects of either acute or chronic sleep loss (eg, sleep in the prior 24 h, habitual sleep in
the past week).

Information Sources
The literature search obtained records from 4 online databases: PubMed (National Library of Medicine), Web of Science
(Clarivate), Scopus (Elsevier), and Embase (Elsevier). Databases were searched on October 7, 2021.

Search Strategy
To limit the number of irrelevant records returned by each database, the search strategy required that articles include key
terms in four broad categories:

1. Sleep terms: eg, “sleep”, “nap”, “awake”, etc.

2. Sleep modifiers/descriptors: eg, “extended”, “restricted”, “duration”, “deprivation”, etc.

LRI CEINNT3

3. Driving-related terms: eg, “driving”, “automobile”, “motor vehicle”, “road traffic”, etc.

LRI LRI 9% ¢

4. Driving performance/impairment terms: eg, “accident”, “crash”, “injury”, “speeding”, “lane position”, etc.

The full list of search terms and Boolean strategy used for each database are described in Supplementary Material A.

Additional methodological details, including the selection process, data collection process, data items, synthesis methods,
data analysis, and quality assessment can be seen in Supplementary Materials B and C.

Results
Study Selection

Database searches produced a total of 3415 records. After removing duplicate records (n = 1475), 1940 unique records
were eligible for screening. Based on the title and abstract, 1615 records were excluded. A total of 325 full-text records
were assessed for eligibility, resulting in 61 studies included in the qualitative synthesis. See Figure 1 for the PRISMA
flowchart of study screening and inclusion/exclusion.

Study Characteristics

Of the 61 studies included in this review, there were 21 experimental or quasi-experimental studies,'*>* 3 naturalistic

3949

studies, 37 1 longitudinal study,38 11 case—control studies, and 25 cross-sectional studies.’®’* A wide range of

populations were included, though there were some differences based on study type. Experimental or quasi-experimental
studies included university students (n = 2),**** young adults (n = 11),'18-20:22.25.27-29.32

(n = 8).!419:21.23.:24.26.30.31 Nty ralistic studies were based on heavy vehicle drivers (n = 2),%-% and nurses (n = 1).*” The

and healthy adults of any age

only longitudinal study included was based on a sample of young adult drivers from New South Wales, Australia.*®
Case—control studies largely included samples of drivers who had been in a motor vehicle crash and matched controls (ie,
drivers who had not been involved in a crash) (n = 10).******° One sample of participants was heavy vehicle drivers
who had recently crashed (with matched heavy vehicle driver controls who had not crashed) (n = 1).*’ Cross-sectional
studies were made up of members of the general driving population (n = 10),>'33->3576%71"73 qrivers who had recently

61,63—-68,70

been in a crash (n = 1),*° heavy vehicle or commercial drivers (n = §), nurses (n = 1),>* young adults (n = 1),

university students (n = 2),°>7* drivers in regional Australia (Queensland) (n = 1),°® and drill sergeants (n = 1).>
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Identification of studies via databases

.§ Records identified from:
8 Web of Science (n=1331 & Duplicate records removed
’."_'E Scopus (n=l702) ( ) 7 before screening (n=1475)
2 Embase (n=519)
)
Records excluded based on title
and abstract (n=1615)
A4 No abstract (n=19)
) Reference type (n=179)
Unique records screened »| Clinical population (n=155)
(n=1940) "| No sleep deprivation (n=308)
No driving metric (n=598)
o No human adult subject (n=328)
£ Automated driving (n=17)
oy Other (n=11)
5}
n
Reports excluded (n=264)
A 4 Reference type (n=3)
Subject age (n=8)
Full-text records assessed for »| No sleep duration predictor (n=160)
eligibility (n=325) No driving metric (n=36)
Clinical population (n=3)
Other (n=54)
—
Studies included in quantitative
synthesis (n=61)
3 v
©
=)
E Experimental trials (n=21)
Cross-sectional (n=25)
Case-control (n=11)
Naturalistic / Longitudinal (n=4)

Figure | PRISMA flowchart.
Notes: PRISMA figure adapted from Page MJ, McKenzie JE, Bossuyt PM, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews.

Systematic Reviews. 2021/03/29 2021;10(1):89. Creative Commons.'?

Experimental and Quasi-Experimental Studies

Twenty-one experimental or quasi-experimental studies met the inclusion criteria (Table 1). All experimental or quasi-
experimental studies comprised at least two sleep doses, one of which served as the control condition representing
“habitual” or “recommended” sleep durations (usually 7 -9 h), and one which served as the acute sleep loss condition
(total or partial sleep deprivation). With the exception of one study using a quasi-experimental repeated measures

19,34

design®® and two studies which randomly assigned participants to sleep dose conditions, the remaining 18 studies

counterbalanced the order of conditions in within-subject crossover designs. Five studies also included additional

experimental conditions, such as real-world versus simulated driving,”® and placebo-controlled interventions involving

22,32 17,20
1,

alcoho or caffeine.
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Table | Experimental and Quasi-Experimental Studies

Citation

Population

Study Design

Sleep Duration Factor

Driving Metric

Results

Akerstedt et al
(2010)"*

Private vehicle owners (n = 14)
Age: 37.9 y (range = 24-57)
Sex: 7f, 7m

Counterbalanced

crossover design

Sleep conditions:

® Rested control, 8 h TIB (23:00—
07:00)

L] Sleep restriction,

(03:00-07:00)

4 h TIB

High-fidelity simulator, mobile
base
sDLP

® No main effect of SR on SDLP
® Significant interaction of sleep duration and time of day (p < 0.01). Worse in SR vs

control during afternoon.

Anderson and Horne

(2013)'%

Healthy young men (n = 8)
Age: 20-26 yrs

Counterbalanced

crossover design

Sleep conditions:
® Normal duration control, 8.1 h
+0.2 (M SD)
L] Sleep restriction, 5 h TIB

High-fidelity simulator, fixed base

Lane crossing incidents

® Drivers more distracted following SR vs control condition (180.9 + 12.6 vs 107.6 + 18.8,
p < 0.005)

® During SR, more distractions were associated with incidents than for control sleep (p <
0.048)

Barrett et al (2004)'®

Healthy young women (n = 12)
Age: 20.7 0.1 y (M + SEM)

Counterbalanced
crossover design

®  Placebo vs Alcohol

Sleep conditions:
® Normal duration control, 8.1 h
+ 0.2 h (M SEM)
® Sleep restriction,
(02:00-07:00)

5 h TIB

High-fidelity simulator, fixed base

® |ane crossing incidents

Significant effect of condition (p < 0.001):
® 5 h TIB (placebo) had 784% more incidents than normal sleep (placebo)

Bartrim et al (2020)'7

Healthy young adults (n = 20)
Age: 233+ 57y (M + SD)
Sex: | If, 9m

Randomized crossover
trial

® Placebo vs Caffeine

Sleep conditions:
L4 Day 0: Rested control, 28 h TIB
(wake time at 05:00)
® Day |-3: Sleep restriction, 5 h
TIB (00:00-05:00)

Medium-fidelity driving simulator,
fixed-base
® sDLP
® sDsp

® |ane crossing

®  No main or interaction effects of day (8 h vs 5 h TIB) or treatment (placebo vs caffeine)
on SDLP or lane crossing

®  Main effect of day on SDSP (p = 0.025), with worse performance on day | (5 h TIB).

Cai et al (2021)'®

Younger adults (n = 16)
Age: 243 3.1y

Sex: 7f, 9Im

Older adults (n = 17)
Age: 573 £52y

Sex: 8f, 9Im

Mixed design,
counterbalanced

crossover

Sleep conditions:
® Rested control, 8 h TIB
® Sleep deprivation, 0 h TIB (224-

h wakefulness)

On-road assessment, closed-loop
track
® |ane departures
Critical incidents (crashes,

near-misses)

®  Younger drivers exhibited 7.37 x more lane departures, and | | x greater risk of critical
incidents following sleep deprivation.

®  Older drivers exhibited 3.5 x more lane departures following sleep deprivation.

Caponecchia and

Williamson (2018)'°

Healthy driving adults (n = 41)

Mean age range: 37 + 8.3-42.1 £+ 63y
(M £SD)

Sex: 16f, 25m

Randomized control

trial

Sleep conditions:
® 0 hsleep loss — 7.59 + 1.94 h of
TST
® 2 hsleep loss — 5.05 + 1.69 h of
TST
® 4 h sleep loss —4.06 + 1.08 h of
TST

Medium-fidelity driving simulator,
fixed-base
® Percentage of speed limit
SDLP

®  Main effect of sleep loss (p = 0.001) on SDLP:

o 4 h sleep loss worse than 2 h (p = 0.016) and 0 h (p = 0.001) of sleep loss
®  Main effect of sleep loss (p = 0.020) on percentage of speed limit:
® 2 hsleep loss drove slower vs 0 h (p = 0.031) and 4 h (p = 0.041) sleep loss

De Valck and Cluydts
(2001)*

Healthy young adults (n = 12)
Age: 225+ 1.6y (M £ SD)
Sex: 5f, 7m

Counterbalanced
crossover design

® Placebo vs Caffeine

Sleep conditions:

® Rested control, 7.5 h TIB
(00:00-07:30)

® Sleep restriction, 45 h TIB

(00:00-04:30)

PC-based driving task
® Lane drifting
® sDsp
Critical incident (crash, off-

road event)

® Worse lane drifting (p < 0.05) for 4.5 h TIB than 7.5 h TIB (placebo condition)
Trend (p < 0.10) of TIB effect for SDSP, 4.5 h worse than 7.5 h
® More critical incidents (p < 0.05) for 4.5 h TIB than 7.5 h TIB at 13:00 (placebo group)

(Continued)
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Table | (Continued).

Citation

Population

Study Design

Sleep Duration Factor

Driving Metric

Results

Filtness et al (2012)%'

Healthy male drivers (n = 40)

Age: young — 22.7 y (range = 20-26);

older — 66.6 y (range = 52-74)

Mixed design,
counterbalanced

crossover

Sleep conditions:

® Normal duration control, mean

range: 7.8-84 h

®  Sleep restriction, 5 h TIB

High-fidelity simulator, fixed base

Lane crossing incidents

Significant (p < 0.001) effect of sleep condition, with more sleep-related incidents

following SR (young and old)

Horne et al (2003)*

Healthy young men (n = 12)

Counterbalanced

Sleep conditions:

High-fidelity simulator, fixed base

Significant effect of condition (p < 0.001):

Age: 22.7 y (range = 20-26) crossover design ®  Normal duration control, 8.4 h |® Lane crossing ® 5 h TIB (placebo or alcohol) worse than habitual sleep (placebo)
®  Placebo vs Alcohol (7.5-9 h)
®  Sleep restriction, 5 h TIB
Jongen et al (20|5)23 Healthy adults (n = 24) Counterbalanced Sleep conditions: On-road assessment, motorway ® SDLP worse after sleep deprivation than control sleep (18.2 + 0.7 vs 15.1 + 0.6, p <
Age: 26.9 + 3.4y (M £ SD) crossover design ® Normal duration control, wake |® SDLP 0.001)
Sex: 12f, 12m time <07:45 SDSP worse after sleep deprivation than control sleep (2.50 + 0.14 vs 2.09 £ 0.8, p <
® Sleep deprivation, 0 h TIB (24-h 0.01)
wakefulness at 09:00)
Miyata et al (2010)** Healthy adults (n = 19) Randomized crossover Sleep conditions: PC-based driving task ® No difference between sleep conditions for SDLP
Age: 292 £ 8.1 y (M £ SD) trial ® Rested control, 8 h TIB (23:00- (® SDLP ® Brake reaction time significantly longer in SR condition than control (546 + 23 vs 478 +
Sex: 9f, 10m 07:00) ® Brake reaction times 51 ms, p < 0.05)
° Sleep restriction, 4 h TIB
(03:00-07:00)
Otmani et al (2005)% | Young men (n = 10) Counterbalanced Sleep conditions: High-fidelity simulator, mobile ® More frequent edge-line crossings (p = 0.04) after sleep restriction (2.7 + 3.8) than
Age: 29.6 2.6 y (M + SD) crossover design ®  Normal duration control, 8.0 h base normal sleep (1.4 £ 1.9)
Middle-aged men (n = 10) +09h(M+£SD) ® SpLP ® No significant effect SDLP or steering wheel movements (p > 0.05)
Age:49.6 £ 3.1y ® Sleep restriction, 4h TIB [® Steering wheel movements
(03:00-07:00) ® Lane crossings
Perrier et al (2016)% Healthy adults (n = 24) Counterbalanced Sleep conditions: On-road assessment, motorway ® 7 driving sessions prematurely terminated following sleep deprivation
Age: 269 £ 34y (M + SD) crossover design ® Normal duration control, wake | SDLP ® Significant condition x TOT interaction (p < 0.01). SDLP stable following normal sleep,
Sex: 12f, 12m time <07:45 but significantly increases with sleep deprivation
®  Sleep deprivation, 0 h TIB (24-h
wakefulness at 09:00)
Philip et al (2005a)*” Healthy young men (n = 22) Randomized crossover Sleep conditions: On-road assessment, highway ® Significantly more incidents after restricted sleep (535 crossings) vs normal sleep (66):
Age: 21.5 y (range = 18-24) trial ® Rested control, 85 h TIB [® Lane crossing incidents ® Relative risk of inappropriate crossings increased 8.1 times (95% Cl: 3.5-20.5)
(23:00-07:30)
o Sleep restriction, 2 h TIB
(23:00-01:00)
Philip et al (2005b)?® Healthy young men (n = 12) Randomized crossover Sleep conditions: On-road assessment, highway ® More lane crossing incidents in simulated task vs real driving (p < 0.001)
[ ]

Age:21.1 £ 1.6y (M + SD)

trial
® Real vs Simulated

driving

® Rested control, 8 h TIB (23:00-

07:00)

® Sleep restriction, 2 h TIB

(23:00-01:00)

® |ane crossing incidents
PC-based driving task

Lane crossing incidents

More line crossing incidents in sleep restriction condition vs control
In real drive, SR resulted in ~4-5 incidents per 1.75 h drive compared to <I for rested

control
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Pizza et al (2004)%°

Healthy young adults (n = 10)
Age: 249 £ 0.6 y (M £ SD)
Sex: 5f, 5m

Repeated measures

design

Sleep conditions:
® Normal duration control, mini-
mum, 6-7 h
® Sleep deprivation, 0 h TIB

PC-based driving task
® Crashes
® SDLP

Speed exceedance

Worse performance across the day following sleep deprivation:
® Crashes (p = 0.014),
® SDLP (p = 0.003),
® Speed exceedance (p = 0.018), and SDLP (p = 0.003)

Shekari Soleimanloo

etal (2019)®

Healthy driving adults (n = 12)
Age: 337 £7.1 y (M £ SD)
Sex: 6f, 6m

Randomized crossover

trial

Sleep conditions:
® Rested control, 8 h TIB (23:00—
07:00)
® Sleep deprivation, 0 h TIB (224-
h wakefulness at 07:00)

On-road assessment, closed-loop
track

® |ane departures

® Premature termination of drive with sleep deprivation, OR: 1.18 (p = 0.031)

® |ncreased rate of out-of-lane events, relative risk: 3.71, (95% Cl: 3.5-3.9, p < 0.0001)

Shiferaw et al
(2018)*'

Healthy driving adults (n = 9)
Age: 33 £ 7.1 y (male; M £ SD),
34 £ 10.2 y (female)

Sex: 5f, 4m

Randomized crossover

trial

Sleep conditions:
® Rested control, 8 h TIB (23:00—
07:00)
®  Sleep deprivation, 0 h TIB (224-

h wakefulness)

On-road assessment, closed-loop
track

® |ane departures

® ¢ driving sessions prematurely terminated following sleep deprivation

®  Odds ratio for lane departures, 6.53 (95% Cl: 4.3-10.2) with sleep deprivation

Vakulin et al (2007)*

Healthy young men (n = 21)
Age: 225+ 3.7y (M £ SD)

Randomized crossover

trial

® Placebo vs Alcohol
(0.025%/0.035%)

Sleep conditions:

® Normal TIB control, 85 h *
0.3 h (M £SD)

L] Sleep restriction, 4 h TIB
(02:00-06:00)

PC-based driving task

® Steering deviation

® sDsp

® Critical incident (crash, off-

road event, braking lapses)

® No effect of SR (placebo) vs control for steering or SDSP
® Significantly (p = 0.002) more participants crashed in SR (placebo: 19%, alcohol: 23—

33%) vs control (4.7%) condition

Wijayanto et al
(2021)*

Male university students (n = 15)

Age: 21.1 £ 0.8y (M + SD)

Randomized crossover

trial

Sleep conditions:
® Rested control, 8 h TIB (21:00—
05:00)
®  Sleep deprivation, 0 h TIB (224-
h wakefulness at 07:00)

PC-based driving task

collisions

® Significant effect of sleep condition on collisions (p = 0.006), with more collisions

following sleep deprivation than normal sleep (7 + | vs 2 £ |)

Zeller et al (2020)**

University students (n = 60)
Age: 239 £ 39y (M % SD)
Sex: 32f, 28m

Randomized control

trial

Sleep conditions:
® Long sleep, 28 h TIB ($23:00-
07:00)
® Short sleep, < 5h TIB (202:00—
07:00)

PC-based driving task
® SpLP

® Worse SDLP for short sleep vs long sleep (p = 0.005)
® Steeper decline of SDLP with TOT for short sleep vs long sleep (p = 0.01)

Abbreviations: TIB, time in bed; TOT, time on task; TST, total sleep time; SDLP, standard deviation of lane position;

SDSP, standard deviation of speed; SR, sleep restriction.
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Nine experimental studies compared driving following a night-time control sleep with driving following either total

18,23,26,29-31,33
7) »23,26, >

sleep deprivation (0 h TIB; n = or severe night-time restriction (2 h TIB; n = 2).2728 Two of the total

sleep deprivation studies were conducted using a computer-based simulated driving task,?*~* while the other five were

18,30,31

conducted in real on-road drives, either on closed-loop tracks or on the highway with a licensed instructor.”**® The

two studies involving severe sleep restriction of 2 h TIB also assessed driving on an open highway.?”*® As expected

based on the effects of sleep loss in other domains of performance,”>’

these studies all showed severe and significant
impairments in both real and simulated driving performance.

The most common measures of driving performance were the standard deviation of lane position (SDLP), the
frequency of lane departures/crossings, and crashes. When undergoing total sleep deprivation, a number of studies
found that driving performance was significantly worse as compared with well-rested conditions. Pizza et al*’ and
Jongen et al** found that SDLP became significantly worse compared to a normal duration of sleep (ie, at least 67 h),
with on-road and PC-based simulator tasks, respectively. Shiferaw et al*' reported an elevated odds of lane crossings
(OR = 6.53), and Shekari Soleimanloo et al*® reported an increased odds (OR = 1.18) of having to terminate the drive
prematurely and an increased risk of out-of-lane events (OR = 3.71), both on on-road closed-loop tracks. Similar
findings were reported by Cai et al'® on a similar closed-loop track, with lane crossings increasing by 3.5 and 7.4 times
in older and younger adults, respectively.

Twelve experimental studies investigated the effects of moderate sleep loss, ranging from 4 h to 5 h TIB. Of these

. . . L 20,24,32,34
studies, four assessed performance using computer-based simulated driving tasks®®**>*-

14-17,19,21,22,25

and eight used medium- to
high-fidelity driving simulators, which had wider display screens and more realistic vehicle controls.
Overall, the results from these studies also indicate significantly worse performance for short sleep durations compared
to normal sleep durations of 7.5 h to 8.5 h. When restricted to between 4 h and 5 h TIB, the SDLP tended to become
larger and there were more frequent critical incidents, including crashes.?**** This was not uniform across all studies,
however, as Miyata et al** observed no effect of 4-h TIB on SDLP on a PC-based driving task, though brake reaction
times did become significantly longer. Research from the high-fidelity driving simulators with fixed base cabins also
found significantly more lane crossings and increased SDLP with 5 h TIB. These measures also became significantly
worse with high-fidelity driving simulations after 4 h TIB.'*?

In a separate study, Caponecchia and Williamson'® compared the effects of three sleep loss conditions on driving in
a medium-fidelity simulator by requiring participants to reduce their normal sleep durations via delayed bedtimes — 0 h
(control), 2 h, or 4 h. Participants obtained an average (£ SD) of 7.6 (£ 1.9) h, 5.1 (= 1.7) h, and 4.1 (£ 1.1) h of sleep in
each condition, respectively. It was found that SDLP during the subsequent morning drive was significantly worse for
participants who slept ~4.1 h than for both other conditions, but sleeping ~5.1 h was not significantly worse than ~7.6 h.
In terms of maintaining the speed limit, participants who slept ~5.1 h (mild sleep loss) drove slower than those in the
control and moderate sleep loss conditions — possibly an indication of drivers with less sleep loss attempting to be more
careful and drivers with greater sleep loss being more reckless. Although the effects of 4-5 h TIB have not compared
against a control sleep, all the results show a consistent pattern of impairment on the primary driving measures. No

experimental or quasi-experimental studies investigated the effects of sleep restriction to 6 h or 7 h TIB.

Naturalistic and Longitudinal Studies

Naturalistic studies typically involve observation without the classification of participants into groups, and without the
implementation of specific conditions. Just one longitudinal and three naturalistic studies were included in this review
based on the predetermined selection criteria, the findings of which were all based on self-report measures (Table 2). Two

3536 with one

naturalistic studies were based on data collected from professional drivers (heavy vehicle drivers),
naturalistic study of a population of nurses’’ and the one included longitudinal study based on a large sample of
young drivers (aged 17-24 years).*® All studies included real-world driving outcomes, such as crash rates and driving

performance measures (ie, lane deviation). Two studies’ ="

provided a comparison of driving outcomes in situations
where prior sleep was either greater or less than 6 h in the previous day. Findings suggested that where drivers had fewer
than 6 h of sleep prior to driving, there was an increased risk of crashes and critical incidents (ie, both crashes and near

misses). However, neither study broke down prior sleep duration further than a simple pairwise comparison (ie,
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Table 2 Naturalistic and Longitudinal Studies

Sex: Not reported

vious 24 h

® Hard braking

Citation Population Study Sleep Duration Factor Driving Metric Results
Design

Hanowski et al | Truck drivers (n = 82) Naturalistic Prior sleep On-road vehicle Sleep duration (p = 0.0001)
(2007)** Age: 39 years (range = study ® Sleep duration prior to critical |® Critical incident | Mean: 6.63 + 1.47 h

24-58 years) incident (Crashes, near crashes | Prior to critical incident (all): 528 + 2.03 h

Sex: If, 8Im ® Self-report and crash relevant Sleep duration (p = 0.0005 compared with mean)

conflicts) Prior to critical incident (all): 525 + 2.15 h

Liu et al Heavy vehicle drivers (n = | Naturalistic Habitual sleep On-road vehicle Lane deviation
(2019)* 96). study ® |nsufficient sleep time (<7 h) vs |® Lane deviation Insufficient sleep time: Substantial increase after 8 h of driving, peak

Age: Not reported normal sleep time (7-9 h) vs ® lane crossing after 9 h of driving

Sex: Not reported abundant sleep time (>9 h) Normal sleep time: No increase based on driving hours

Abundant sleep time: Substantial increase after 9 h of driving

Martiniuk et al | Young adult drivers aged Longitudinal | Habitual sleep Incident Database Greater risk of crash in participants who reported sleeping less than
(2013)°® in New South Wales cohort ® Self-reported sleep duration: | Crashes / accidents 6 h/night compared with those who reported sleeping more than 6

(Australia) (n = 20,822) <6 hvs>6h h (relative risk [RR], 1.21; 95% CI, 1.04-1.41).

Age: 17 = 49%; 18-19 =

37%; 20-24 = 14%

Sex: 10,502f, 8825m
Smith et al Night shift nurses (n = 32) | Naturalistic Prior sleep On-road vehicle Hours of prior sleep
(2021)* Age: 33.4 + 7.2 years study ® Self-reported prior sleep in pre- |® Swerve ® Swerve (p = 0.84)

® Hard braking (p = 0.98)
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comparing a longer sleep with a shorter sleep group). Therefore, it is possible (and indeed likely) that greater
performance decrements occur when fewer than 6 hours of prior sleep is obtained. One study36 found that driving
performance decrements were seen earlier in the drive in heavy vehicle drivers who obtained fewer than 7 h of sleep as
compared with drivers who had obtained more sleep. Conversely, one study indicated that there was no difference in
driving performance metrics (swerve and hard braking) based on prior sleep.’” Unfortunately, no appropriate odds ratios
were included within any naturalistic or longitudinal study. As a result, we are limited to the conclusions we can draw
from these studies on the relationship between prior sleep and driving performance — other than to state that more sleep is
typically associated with improved performance.

Case—Control Studies

After screening, 11 case—control studies were deemed eligible for inclusion (Table 3). In the context of this review, these
studies obtained driving incident records (cases) from crash databases, police reports, or at hospital emergency rooms.
Comparisons of prior sleep duration were then made between these groups and matched controls (who had either not
experienced a crash, had only experienced a non-sleep-related crash, or were not deemed culpable of a crash). There were
some differences in how sleep-wake history was measured and how cases/controls were defined between case—control studies
included in this review. Nine case—control studies measured self-reported sleep duration in the prior sleep period, prior night,
or the prior 24 h immediately before the crash.®® *'*3 434849 The remaining case—control studies measured average daily
sleep over the past week and amount of sleep in the prior 48 h,** or the average daily sleep in the last three months.*® Cases
were defined as crashes where at least one person died or was injured requiring hospitalization;** where the driver was
admitted to the hospital emergency room;*® where a fatality was caused by falling asleep at the wheel;* reported by police
officers;*” and where the drivers were hospitalized and also deemed to be responsible for the crash.?4%4°

Crash likelihood was assessed based on a selected sleep duration cut-point. Five studies investigated the odds of

having an incident after <6 h of sleep compared to >6 h of sleep,’***-*+

139

and one study compared the odds of an
incident after <5 h compared to >5 h sleep.*! Bakiri et al* found that there was more than double the odds having a crash
with <6 h sleep (OR: 2.06, 95% CI: 1.31-3.23), and Herman et al** found that the odds of crashing were almost six times
greater (OR: 5.9, 95% CI: 1.66-20.85). Kalsi et al*> found that the odds of a fatal accident following <6 h of sleep the
previous night were significantly higher than with >6 h of sleep (OR: 9.45, 95% CI: 1.49-59.97). When using a shorter
sleep cut-point of <5 h of sleep in the past 24 h, Connor et al*' found that the odds of a serious crash were more than
double for the short sleep group (OR: 2.7, 95% CI: 1.4-5.4).

Unlike the aforementioned case—control studies, Stutts et al*® and Tefft** assessed the odds of having a crash based on
multiple sleep duration conditions against a reference sleep. Compared to 8 h of sleep in the prior 24 h, the odds of
a fatigue-related crash over a regular crash increased after 67 h of prior sleep (OR: 2.6, 95% CI: 1.6—4.1) but even more
so after <4 h of prior sleep (OR: 20, 95% CI: 9.9-39.9).* In the study by Tefft,* drivers were most likely to be identified
as culpable of causing a crash when obtaining less than 4 h sleep (OR: 15.1, 95% CI: 4.2-54.5). However, even a mild
form of sleep loss (6—7 h sleep obtained in the last 24 h) increased the odds of being culpable of a crash (OR: 1.3, 95%
CI: 1.04-1.7). Approximately double the risk of being culpable for a crash was seen at between >5—<6 h (OR: 1.9, 95%
CI: 1.1-3.2) and >4—<5 h (OR 2.9, 95% CI: 1.4-6.2). See Figure 2 for an overview of crash likelihood based on prior
sleep within case—control studies that reported appropriate odds ratios.

Cross-Sectional Studies
Twenty-five cross-sectional studies met the inclusion criteria (Table 4). A number of these studies were performed in

. 51-53,55- 1,72
large samples of the general population,’'>3-33737:6%.71.7

with some performed in occupation-based samples, such as
nurses>* and heavy vehicle drivers.®"** %7 Typically, these studies were based on either interview or survey data and
therefore relied on individual recall.

Most cross-sectional studies were based on habitual reports (ie, how much sleep is generally obtained and/or crashes
or incidents that occurred over the previous month/year) (n = 20). As would be expected, poorer driving outcomes were
generally seen when fewer hours of sleep were habitually obtained. Many studies broke the amount of prior sleep into

categories for direct comparison (ie, comparing driving outcomes in individuals who regularly obtain more or less than
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Table 3 Case—Control Studies

Age <44 y: 69%

Sex: 59% male

responsible for crash, admitted to

hospital in previous 72 h

Citation Population Study Design Sleep Duration Factor Driving Metric Results
Cummings Cases (n = 200) Case—control Average hours slept per night |® Cases: Car drivers interviewed Average hours asleep per night, adjusted RR of crash = I.I (95% Cl: 0.9-1.3, p > 0.05)
et al (2001)* Age <44 y: 62.5% in last week within 96 h of crash Increased crash risk for drivers who slept <9 h in the prior 48 h
Sex: 67.0% male Hours of sleep in previous 48 |® Controls: Drivers matched to
Control (n = 199) hours: reference crash location, hour,
Age <44 y: 53.3% and day of the week
Sex: 70.9% male
Connor et al Cases (n = 571) Case—control Sleep in previous 24 hours: ® Cases: Car drivers admitted to |® Compared to >5 h, injury crash risk for drivers reporting <5 h of sleep in prior 24 h increased, OR
(2002)*' Age <44 y: 72.4% ® <5hvs>5h (Ref) hospital or died as result of a crash 2.7 (95% Cl: 1.4-5.4)
Sex: 65.3% male ® Controls: Randomly selected
Controls (n = 588) drivers
Age <44 y: 60.5%
Sex: 58.7% male
Stutts et al Cases (n = 467) Case—control Hours slept night/day before ® Cases: “Sleep crash” driver identi- | Sleep prior to crash (Ref. 8 h)
(2003)* Age 357y crash: fied as asleep or fatigued ® Sleep crash vs control crash, 28 h, OR 0.94 (95% Cl: 0.56—1.58), 7-7.9 h, OR 1.25 (95% ClI: 0.79-
Sex: 70% male ® <4 h 449 h, 559 h, 6~ |® Positive control: Crashes in 1.97), 6-6.9 h, OR 2.58 (95% Cl: 1.63—4.09), 5-5.9 h, OR 9.80 (95% CI: 5.49-17.47), 4-4.9 h, OR
Positive Controls 6.9 h, 7-7.9 h, 8 h (Ref.), which driver not identified as 12.17 (95% ClI: 6.20-23.89), <4 h, OR 19.87 (95% Cl: 9.89-39.92)
(n = 529) >8 h asleep or fatigued Habitual sleep (Ref. 28 h):
Age 394y Habitual hours sleep/night: |® Negative control: sample of dri- |® Sleep crash vs No crash, 7-7.9 h, OR 0.94 (95% CI: 0.59—1.49), 6-6.9 h, OR 1.45 (95% CI: 0.91-2.30),
Sex: 55% male ® <5 h, 559 h 669 h, 7- vers with no history of crashes in 5-5.9 h, OR 4.00 (95% Cl: 2.10-7.62), <5 h, OR 6.13 (95% Cl: 2.28-16.49)
Negative Controls 7.9 h, 28 h (Ref)) prior 3 years
(n = 407)
Age 575y
Sex: 48% male
Dorrian et al Cases (n = 62) Case—control Sleep in prior 24 h ® Cases: Single-vehicle non-fatal | Fatigue-related crash vs control:
01* Controls (n = 45) Sleep in prior 48 h crashes attributed to fatigue ® Sleep in prior 24 h, 6.9 + 3.0 hvs 9.1 £ 2.1 h (p < 0.01)
Age: Not reported ® Control: Single-vehicle non-fatal |® Sleep in prior 48 h, 15.8 + 4.5 hvs 17.7 + 3.4 h (p < 0.05)
Sex: Not reported crashes not attributed to fatigue
Bakiri et al Cases (n = 453) Case—control Hours slept during the ® Cases: Driver deemed responsible | Sleep duration in prior 24 h:
(2013),%° Age <44 y: 67% previous 24 h: for crash, admitted to hospital in ® <6 h, 2.06 (95% Cl: 1.31 to 3.23)
Galéra et al Sex: 63% male ® <6 hvs>6h (Ref) previous 72 h
(2012)* Controls (n = 502) ® Control: Driver deemed not

(Continued)
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Table 3 (Continued).

Citation Population Study Design Sleep Duration Factor Driving Metric Results
Stevenson et al | Cases (n = 530) Case—control The hours of sleep in the ® Cases: Heavy-vehicle drivers | Likelihood of sleep duration affecting crash rate: OR 0.98 (95% Cl: 0.97—-1.00)
(2014)¥ Age: 44 y (range = 21— prior day before the crash involved in police-reported non-
74) fatal crashes
Controls (n = 517) ® Control: Heavy-vehicle drivers
Age: 46 y (range = 19— who had not crashed
74)
Herman et al Cases (n = 131) Case—control Amount of sleep in the ® Cases: Motor vehicles involved in | Increase in the odds those who reported <6 h of sleep during the previous 24 h: OR 5.9 (95% ClI: 1.66—
(2014)* Age <44 y: 75.6% previous 24 h: crashes where at least one person 20.85)
Sex: 95.4% male ® <6 hvs 26 h (Ref) died or was hospitalized
Controls (n = 752) ® Control: motor vehicles identified
Age <44 y: 74% in roadside surveys
Sex: 93.2% male
Philip et al Cases (n = 272) Case—control Sleeping <6 h in the last three |® Cases: Drivers of 4-wheel vehicles | Compared to >6 h of sleep per night, sleeping <6 h significantly increased the crash risk. OR: 1.69 (95%
(2014)% Age: 398 + 169y months admitted to hospital emergency Cl: 1.00-2.85)
Sex: 42.7% male room after a traffic crash
Controls (n = 272) ® Control: Drivers interviewed dur-
Age: 439 + 160y ing random police road checks
Sex: 57.4% male
Tefft (2018)*° Cases (n = 3600) Case—control Hours of sleep in 24 h before |® Cases: drivers involved in a crash | Compared to sleep 27 and <10 h, the odds of being culpable for the crashes increased:
Age <44 y: 68% crash: and deemed culpable ® >|0h, OR 1.3 (95% CI: 0.9-1.7),
Sex: 53% male ® <400 h, 4:00-4:59 h, 5:00- (® Controls: drivers involved in [® 26-<7h, OR I.3 (95% Cl: 1.04-1.7),
Controls (n = 3245) 5:59 h, 6:00-6:59 h, 7:00— a crash and deemed nonculpable ® >5.<6h, OR 1.9 (95% CI: 1.1-3.2),
Age <44 y: 63% 9:59 h (Ref.), 210:00 h ® >4<5h, OR 29 (95% CI: 1.4-6.2),
Sex: 56% male ® <4h, OR I5.1 (95% ClI: 42-54.4)
Kalsi et al Cases (n = 122) Case—control Sleep duration the previous ® Cases: fatal motor-vehicle crash | Compared to 26 h sleep, the OR of a sleep-related fatal crash increased with short sleep <6 h, 9.45 (95%
(2018)* Age:44 £ 19y night: caused by falling asleep at the wheel | Cl: 1.49-59.97)

Sex: 82% male
Controls (n = 136)
Age: 45+ 19y

Sex: 85% male

® <6hvs26h

® Controls: fatal motor-vehicle crash

not caused by falling asleep
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Study OR with 95% ClI
<4 h vs. Ref. i
Stutts et al. (2003) - F crash vs. N-F crasht* e 19.87 [9.89, 39.92]
Tefft (2018)* ' . 15.1 [4.2, 54.4]
24 h to <5 h vs. Ref. i
Stutts et al. (2003) - F crash vs. N-F crash 14 ° 12.17 [6.20, 23.89]
Tefft (2018)% . 2.9[14,6.2]
<5 h vs. Ref.
Connor et al. (2002)*" [ 2.7 [1.4,5.4]
Stutts et al. (2003) - F crash vs. No crash *48 e 6.13 [2.28, 16.49]
25 h to <6 h vs. Ref.
Stutts et al. (2003) - F crash vs. N-F crasht4® ° 4.00[2.10, 7.62]
Stutts et al. (2003) - F crash vs. No crash**® o 9.80[5.49, 17.47]
Tefft (2018) e 1.9[1.1,3.2]
<6 h vs. Ref.
Bakiri et al. (2013)° P 2.06 [1.31, 3.23]

)
Herman et al. (2014)* 5.9 [1.66, 20.85]
Philip et al. (2014)% — 1.69 [1.00. 2.85]

Kalsi et al. (2018)¢ 9.45 [1.49, 59.97]

26 to <7 h vs. Ref.

Stutts et al. (2003) - F crash vs. No crash*#8 o 1.45[0.91, 2.30]
Stutts et al. (2003) - F crash vs. N-F crasht48 ° 2.58[1.63, 4.09]
Tefft (2018)% . 1.3[1.04, 1.7]
0.1 | 1‘ - “'1‘1‘0 | HH{E‘)O

Crash less likely  Crash more likely

Log of odds ratio

Figure 2 Odds ratios for case—control studies assessing the likelihood of a crash based on prior sleep. TOR of a fatigue crash vs non-fatigue crash, *OR of a fatigue crash vs
no crash. Note Ref categories differ between studies (range: 6—8 h) but reflect a greater amount of prior sleep.

X hours of sleep per night). However, due to the real-world nature of these data, and the fact that habitual sleep duration
for most individuals is over 6 h,”” few cross-sectional studies included group comparisons based on short periods of sleep
(eg, <5 h sleep per night).

Two included articles (based on the same dataset) included participants who reported severely truncated habitual sleep
opportunities. This study on truck drivers in India found that when drivers reported a habitual sleep duration of less than
4 h per night, there was an increased likelihood of driving violations, as compared with those who regularly obtained 6—
8 h of sleep (OR: 0.87 when <4 h prior sleep used as reference).®® The second article using this dataset reported a similar
increase in the likelihood of falling asleep while driving in individuals who regularly obtained less than 4h sleep/night
(OR = 2.52).%¢

In a study of 683 heavy vehicle drivers, individuals who habitually obtained 5 h sleep/night were over twice as likely
to fall asleep at the wheel than drivers who regularly obtain more than 7 h/sleep per night.”® This aligns with findings of
a study of over 31,000 truck drivers, where a significantly higher likelihood of having fallen asleep while driving over the
past month was reported if the driver habitually reported obtaining either 5 h or 6 h of sleep as compared with obtaining
7 h of sleep.®” Within this study, approximately double the crash risk was seen when drivers habitually obtained 5 h of
sleep per night as compared with 6 h. Similarly, driving errors (speeding, sudden start and acceleration, sudden
deceleration, sudden braking) have been shown to double between 5 h and 6 h of habitual sleep.®’ One study examined
shorter amounts of prior sleep than 6 h but unfortunately did not report the outcomes of less than 5 h prior sleep
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Table 4 Cross-Sectional Studies

Sex: 1595f, 177m

duration

Citation Population Study Sleep Duration Driving Metric Results
Design | Factor
Abe et al Drivers who had been in | Cross- Prior sleep Rear end, single vehicle collision, or ® Results showed that the occurrence of rear-end collision was sig-
(2010)*° a rear end, single vehicle, | sectional |® Sleep duration pre- | other motor vehicle crash nificantly associated with a sleep duration of less than 6 h (adjusted
or other crash (n = 1772) ceding crash OR [95% CI] = 2.20 (1.31-3.70), p < 0.01).
Age = 35.2+15.5 years ® <6hvs>6h ® Shorter sleep duration less than 6 h was also significantly associated
Sex: 510f, 1262m with the occurrence of single-car crashes (adjusted OR [95% CI] =
2.45 (1.38-4.35), p < 0.01)
Abe et al General population (n = Cross- Habitual sleep Self-reported motor vehicle crashes in | Reports of motor vehicle crash/es attributed to falling asleep in the
sectional |® Self-reporte sleep | the last 5 years attributed to falling ast 5 years
2011)°' 4097 ional |® Self d sl he last 5 ibuted to falli last 5
Age = 42.5+13.4 years duration on weekdays | asleep <6 h: 2.2%
Sex: 873f, 3224m ® <6 h, 6 h—<7h, 7 h- 6 h—<7 h: 1.5%
<8 h, 8 h—<%h, 2%h 7 h—<8 h: 0.2%
8 h—<9 h: 0.8%
29 h: 0.0%
Abe et al General population (n = Cross- Habitual sleep Self-reported falling asleep at the wheel | Reports of having fallen asleep while driving
sectional (® Self-reporte slee in the previous year <6 h: 15.4%
2012)>2 4097 | |® Self-reported  sleep he p y 6 h: 15.4%*
Age = 42.5+13.4 years duration on weekdays 6 h—<7h: 9.7%*
Sex: 873f, 3224m ® <6 h, 6 h—<7h, 7 h- 7 h—<8h: 5.4%
<8 h,8h-<9h,29h 8 h—<%h: 6.3%
29 h: 11.1%
AlShareef et al General population (n = Cross- Habitual sleep Self-reported falling asleep at the wheel |® Shorter sleep duration [OR 0.91 (95% CI 0.84-0.97); p = 0.007]
(2021)°3 4679) sectional |® Self-reported average | in the previous year associated with increased odds of having fallen asleep while driving
Age = 32.3 + 1.3 years sleep duration in the previous year
Sex:638 f, 407 Im
Andreassen et al | Nurses (n = 1781) Cross- Habitual sleep Self-reported falling asleep at the wheel |® Sleep duration (hours) was inversely and significantly related to
(20|8)54 Age = 36.6 + 8.8 years sectional |® Self-reported  sleep dozing off while driving. OR [95% CI] = (0.71[0.55-0.92])
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Center for General population (n = Cross- Habitual sleep Self-reported falling asleep at the wheel |® 4.7% (95% Cl: 4.2-5.1%) report nodding off/falling asleep while
Disease Control | 74,571) sectional |® Self-reported average | during the last 30 days driving in past 30 days.
and Prevention Age = sleep duration Those sleeping <7 h/day on average were more likely to report
(201 1) 19-24: 2330 ® <7h\vs27h falling asleep while driving (7.3% vs 3%).

25-34: 6637

35—44: 10645

45-54: 15,407

55-64: 16,385

265: 23,167

Sex: 46,2411, 28,330m
Center for General population (n = Cross- Habitual sleep Self-reported falling asleep at the wheel 4.2% (95% Cl: 3.9—4.6%) fall asleep at the wheel in the past 30 days.
Disease Control | 147,076) sectional |® Self-reported average | during the last 30 days Prevalence of falling asleep at wheel:
and Prevention Age = sleep duration ® <6h/night = 6.7% (95% CI: 6.1-7.5%)
(2013)® 19-24: 4361 ® <6h, 7h-9h,2I0h ® 7-9h/night = 2.6% (95% ClI: 2.3-2.9%)

25-34: 12,200 ® >|0h/night = 3.9% (95% Cl: 2.5-6.0%)

35-44: 20,231

45-54: 29,362

55-64: 33,054

265: 47,868

Sex: 90,755f, 56,321m
Chen et al General population (n = Cross- Habitual sleep Self-reported major injuries Non-significant increase in the odds of experiencing a traffic related
(20I0)57 1781) sectional |® <7 hvs>7h injury among drivers reporting less than 7hrs habitual sleep time

Age = 46.6 = 7.8 years (OR = 1.35, 95% CI = 0.97-1.87).

Sex: 1595f, 177m
Di Milia et al Commuters in regional Cross- Sleep in previous 48 Lane crossing Subjects who reported less than 10 hours sleep in the previous 48
(2012)°® Queensland (n = 649) sectional | hours: >10 h vs <10 h. hours were more likely to report a lane crossing during their

Age = 43.8 + 13.5 years
Sex: 75%m

Sleep in the previous 24
hours: >5 h vs <5 h

journey (adjusted OR 2.58, 95% CI 1.03-6.46, p = 0.05).

No significant associations between subjects who reported less
than 5 hours sleep in the previous 24 hours with the odds of
reporting a lane crossing (adjusted OR 1.04, 95% Cl 0.44-2.38, p =
0.93)

(Continued)
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Table 4 (Continued).

Citation Population Study Sleep Duration Driving Metric Results
Design | Factor
Elliman et al Drill sergeants (n = 856) | Cross- Prior sleep Self-reported falling asleep at the wheel |® 29% of drill sergeants who slept 26 h fell asleep at least once while
(2020)*° Age = Not reported sectional |® Self-reported average | during a multi-day training assignment driving
Sex: 203f, 652m sleep per 24 h during ® 47% of drill sergeants who slept <5 h fell asleep while driving.
past week ® (Odds ratio of falling asleep at wheel at least once on the trail with
® <3h,4h,5h,6h,7h, <5 h sleep compared to 26 h sleep, 2.12 (95% ClI, 1.51-2.98).
28 h
Hutchens et al Young adults (n = 506) Cross- Habitual sleep Self-reported involvement in crash/es at |® <8 h sleep group 1.284 times more likely to be involved in a crash
(2008)%° Age: 17.8 years (range sectional |® Self-reported  sleep | any time than >8 h sleep group
14-22) duration ® OR =1.28, 95% Cl = 1.03-1.61, p = 0.029)
Sex: 236f, 270m ® >8hvs<8h
lkeda et al Short haul commercial Cross- Habitual sleep ® Overspeeding Overspeeding (adjusted OR)
(2021)®' truck drivers (n = 110) sectional |® Self-reported  sleep |® Sudden start and acceleration <5 h: 1.49 (0.474.71)

Age =495 + 1.4 years
Sex: 110m

duration
® <5h,5h,6h 27h

® Sudden deceleration
® Sudden braking

5 h: 0.83 (0.30-2.30)

6 h: 1.0 (reference)

27 h: 0.64 (0.19-2.16)

Sudden start and acceleration (adjusted OR)
<5 h: 1.75 (0.14-22.12)

5 h: 0.38 (0.07-2.13)

6 h: 1.0 (reference)

27 h: 0.27 (0.04-1.69)

Sudden deceleration (adjusted OR)
<5h: .17 (0.31-4.34)

5h:0.39 (0.13-1.16)

6 h: 1.0 (reference)

27 h: 0.69 (0.19-2.51)

Sudden braking (adjusted OR)

<5 h: 2.87 (0.87-9.45)

5 h: 1.08 (0.38-3.03)

6 h: 1.0 (reference)

27 h: 1.05 (0.31-3.53)
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Johnson et al Medical students (n = Cross- Habitual sleep Self-reported ‘nodding off’ at the wheel | Self-reported ‘nodding off’ while driving in the past year (p=0.01)
(20I7)(’2 307) sectional |® Self-reported average | in the past year ® <6 h (n=20; 22%)
Age: 26.4 years (range weeknight sleep in ® 6-6.9 h (n = 85; 14.5%)
21-42) the previous academic ® >7 h (n=20I; 55%)
Sex: 169f, 111m, 27 did quarter
not respond <6 h vs 6-6.9 h vs
>7 h sleep/night
Kim et al Commercial vehicle Cross- Habitual sleep Reported motor vehicle crash or near | Motor vehicle crash (p=0.022)
(20I8)(’3 drivers (n = 89) sectional |® Self-reported  sleep | miss in the previous year 27 h: 0.0%
Age = 41.5 £ 10.4 years duration on workdays 26 h—<7 h: 8.1%
Sex: 89m ® >7h,26 h—<7 h, <6 h <6 h: 23.8%
Near miss (p=0.016)
27 h: 30.8%
26 h—<7 h: 28.2%
<6 h: 63.6%
Lemke et al Truck drivers (n = 260) Cross- Habitual sleep ® Self-reported sleepy driving fre- |® Sleep duration had a significant impact on crash or crash risk over
(2016)%* Age = 46.6+10.5 years sectional |® Self-reported  sleep quency over the past month the past month
Sex: 260m duration on workdays |® Self-reported crashes/near misses ® Beta = —0.38, p < 0.05
® low = less than 6.5 h
daily
® Moderately low =
6.5hto 749 h
® Average = 7.5 h to
849 h
® High = 8.5 h or more
Mahajan et al Truck drivers (n = 453) Cross- Habitual sleep Violations including: ® Compared to sleeping less than 4 h, sleeping 6 h—-8 h is associated
(20192)%° Age = <25: 10.8% sectional |® Self-reported  sleep |® Ignoring traffic lights with reduced frequency of driving violations in past 5 years (B =
26-35: 47.9% duration ® Driving too close to lead vehicle —0.62, SEM = 0.23, Wald = 7.10 p = 0.0, Odds ratio Exp(B)= 0.54).
36—45: 30.9% ® >]0 h\ ® Forgetting to use indicator at turn ® All other associations non-significant.
246: 10.4% 8 h-10h ® Forget to use indicator to overtake
Sex: 453m 6 h-8h ® Overspeeding/racing on the road in
4h-6h hurry
<4 h

(Continued)
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Table 4 (Continued).

Citation Population Study Sleep Duration Driving Metric Results
Design Factor
Mahajan et al Truck drivers (n = 453) Cross- Habitual sleep Self-reported falling asleep at the wheel |® Significant decrease in the odds of falling asleep while driving among
(2019b)%¢ Age = <25: 10.8% sectional |® Self-reported  sleep drivers reporting a habitual sleep duration of 6 h—8 h compared to
26-35: 47.9% duration those who reported less than 4 h of sleep (OR = 2.52[1.63, 3.88]).
36—45: 30.9% ® >|0h ® All other comparisons were non-significant.
46-55: 8.6% 8-10 h
256: 1.8% 68 h
Sex: 453m 4-6 h
<4 h
Maia et al Truck drivers (n = 31,522) | Cross- Habitual sleep Self-reported drowsy driving ® Adjusted logistic regression results for falling asleep at the wheel
(2013)%” Age =460+ 173 sectional |® Self-reported  sleep [® “During the past 30 days, have you associated with sleep duration.
years duration ever nodded off or fallen asleep, even [® Reported is OR (95% CI).
Sex: 16,224f, 15,298m ® <5 h 5h-6h 7h, just for a brief moment, while ® 7 h category used as ref, only significant associations reported.
8 h-9 h, or 210 h/ driving?” ® Equal to or less than 5 h = 3.6(2.6,4.9); 6 h = 1.9(1.4,2.5); 9h = 0.3
night (0.15,0.72).
Morrow et al Truck drivers (n = 116) Cross- Habitual sleep ® Crashes ® Hierarchical regression analysis predicting near misses, and crash
(2004)°® Age = 43 (range: 22-63) sectional |® Self-reported  sleep |® Near misses involvement showed no significant associations with sleep duration.
years duration
Sex: 96%m ® S5hvs>5h
Ohayon et al General population (n = Cross- Habitual sleep Self-reported driving crashes during the |® Sleep duration <6h per main sleep episode was independently
(2010)*° 3345) sectional |® Self-reported duration | previous |2 months associated with driving crashes the previous year (OR: 2.2[1.1-
Age = 33.3—41.3 (mean of main sleep episode 4.7)).
range) ® 67%15h ® Other sleep duration categories not reported.
Sex: Not reported
Perttula et al Heavy vehicle drivers (n = | Cross- Habitual sleep Self-reported falling asleep at the wheel | Fallen asleep (n = 188)
(o1 683) sectional |® Self-reported amount | during the last year <5 h: 16.0%
Age = Not reported of sleep before start- 5-7 h: 63.1%
Sex: Not reported ing work >7 h: 20.9%
® <5h,5-7h,>7h Have not fallen asleep (n = 495)
<5 h: 6.9%
5-7 h: 58.4%
>7 h: 34.7%

<5h more likely than >7h group to report momentarily falling asleep
at the wheel (adjusted OR 2.12, 95% ClI not reported, p < 0.05).
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Quera Salva et al | General population Cross- Prior sleep Near miss sleepy accidents (NMSA) ® Prior sleep in the past 24 h was not significantly associated with the
(2014)" recruited mid-drive at sectional |® Self-reported sleep in [® During current drive occurrence of near misses or crashes.
tollbooth (n = 3051) previous 24 h ® |n previous year
Age = 46 * |3 years “Sleepiness-related accident” in the
Sex: 75%m previous year
Radun et al General population (n = Cross- Sleep obtained prior to | Vehicle crash data from Finnish in-depth | Model 2 (including prior sleep) (p < 0.001)
(2004)"? 1469) sectional | vehicle crash road accident investigation system data | Prior sleep
Age = Not reported ® (ref. 7-8 h) vs <6 h, 6— | (FIRAIS) <6h**: 8.4%
Sex: Not reported 7h,>8h 6—7h: 9.0%
® AND time awake: 7-8h (ref): 22.3%
(ref. <8 h) vs 8-16 h, > 8h: 60.3%
>16 h Model 3 (including prior sleep and time awake) (p=0.01)
Prior sleep
<6 h: 8.0%
6-7 h: 9.8%
7-8 h (ref): 21.2%
>8h:6l.1%
Time awake
<8 h (ref): 51.6%
8-16 h: 43.7%
>16 h*F*: 4.7%
Watling et al Queensland road users (n | Cross- Habitual sleep Driver Behaviour Questionnaire ® Sleep duration: 83 = I.] h
(2020)" = 257) sectional |® Sleep duration on | (DBQ) ® No significant correlation between sleep duration and self-reported
Age = 21.1% 2.2 years Sleep Timing ® Lapses driving lapses (r=—.12), errors (r=—05), code violations (r=—09),
Sex: 53.7%f Questionnaire (STQ) |® Errors sleep-related close calls (r=—05)
® Highway code violations
® Aggressive violations
Wu et al University students (n = Cross- Habitual sleep Road traffic injuries in the past 12 ® Greater likelihood of being injured via automobile crash among
(2020)"* 11,770) sectional |® Self-reported  sleep | months drivers reporting less than 7 h habitual sleep duration compared
Age = 74.4% aged 20-22 duration to those who reported more than 7 h (OR = 1.58 [1.49, 1.67], p <
years ® <7hvs>7h 0.01).

Sex: 47.8%f

Notes: *p < 0.05 compared with 7 h—<8 h group. **Strong effect for under 6 hours compared with ref (OR 10.37, 95% Cl 3.98-26.99). ***Strong effect for >16 hours (OR 8.05, 95% CI 2.10-30.90).
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separately.”® This study found that in drill sergeants during a multi-day training operation, 47% of participants with an
average of <5 h sleep/night during the week fell asleep while driving. These participants were more than twice as likely
to fall asleep while driving than participants who had >6 h/night during the week.

A number of studies included in this review compared driving outcomes between groups who habitually obtained
either greater than or less than 6 h prior sleep. The majority of these studies demonstrate that where less then 6h of sleep
is obtained, there are significant increases in self-reports of falling asleep while driving,’®°* driving crashes during the
previous year,®” and both rear end collisions and single vehicle crashes.’® One study found that the frequency of having
fallen asleep while driving during the previous year was significantly greater for individuals who habitually obtain less
than 6 h sleep/night (15.4% of all individuals) than those who obtain between 7 h and 8 h of sleep.’> However, this study
also showed a significant increase in crash likelihood for individuals who regularly obtain 67 h of sleep per night —
though to a smaller magnitude (9.7% of individuals).>

When the rate of motor vehicle crashes that the participant attributed to falling asleep at the wheel was assessed as an
outcome, a significant increase was seen when <6 h of habitual sleep (2.2% of individuals having experienced a crash
caused by falling asleep) was compared with 7-8 h (0.2%).”" A separate study included crash and near miss rates (though
these were not necessarily attributed to fatigue/falling asleep at the wheel).®® In this study, participants who habitually
obtained less than 6 h sleep/night were far more likely to experience a crash in the previous year (24%) than participants
who regularly obtained >7 h (0%) or between 6 h and 7 h (8%) of sleep per night. Similarly, approximately double the
number of individuals who obtained less than 6 h of sleep per night had experienced a near miss in the previous year,
when compared with those who obtained 7 h or more sleep each night. Another study, based on population-level crash
data, found that when prior sleep and time awake were included in a predictive model, there was a strong effect for
obtaining fewer than 6 h of sleep prior to the crash.”* This study also found a strong effect of prior wake time >16 h when
compared with <8 h.

Several cross-sectional studies included in this review compared habitual prior sleep with a higher-level cut-point (ie,
7 or 8 h sleep). One study compared outcomes from a large (~74,000) sample of drivers from the general population who
regularly obtained greater or less than 7 h of sleep.”” This study found that the shorter sleep group were more likely to
report having fallen asleep while driving in the last 30 days (7.3% vs 3% of participants). Similarly, a study of over
11,000 university students in China found a greater likelihood of being injured in an automobile crash in individuals who
habitually obtained less than 7 h of sleep per night (OR = 1.58).”* Additionally, a significant increase in crash risk was
shown in a sample of young drivers who regularly obtain less than 8 h of sleep, compared with those who regularly
obtain >8 h (OR = 1.28).%°

Some studies (n = 3) performed correlational or regression analyses (rather than comparing groups) and found that
sleep duration was significantly associated with an increased crash risk.’*** Another study indicated that shorter sleep
duration was associated with an increased likelihood of having fallen asleep while driving (as opposed to experiencing
a crash) in the previous year.”

Just one study examined sleep duration over the previous 48 h,”® finding that for participants who reported less than
10 h of sleep over this period, there was an increased likelihood of a lane crossing (adjusted OR 2.58). However, this
study did not compare the difference in driving performance based on hours of sleep over the previous 48 h in any more
granularity than a binary comparison.

Several cross-sectional studies did not find any significant differences in driving outcomes based on prior sleep. For
example, when likelihood of experiencing a self-reported accidental injury of any kind (including traffic injuries) was
assessed based on prior sleep, there were no differences between individuals who habitually obtained more or less than
7 h sleep per night.>” Similarly, studies have reported no differences in lane crossings,’® near misses, or crashes®® when
prior sleep was broken into greater or less than 5 h. Furthermore, one study based on data collected mid-drive at
a tollbooth found no relationship between prior sleep and near miss sleepy accidents (NMSA) either during the present
drive or in the previous year,”" and also no significant relationships were seen between prior sleep and lapses, errors, code
violations, or near misses while driving.”

Figure 3 presents odds ratios for cross-sectional studies based on both prior sleep duration (ie, 5h, 6h, 7h) and
outcome measure. Outcome measures have been divided into either driving performance (eg, lane deviation, over-
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Study OR with 95% CI
<5h prior sleep - driving errors
Di Milia et al. (2012)%® > 1.04 [0.44, 2.38]
Mahajan et al. (2019a)% 0.72 [not reported]
Ikeda et al. (2021) (Driving errors)®' @ 2.87 [0.87, 9.45]
<5h prior sleep - falling asleep
Perttula et al. (2011)™ . 2.12 [not reported]
Maia et al. (2013)¢” . 3.6 [2.6,4.9]
Elliman et al. (2020)%° —e 2.12[1.51, 2.98]
Ikeda et al. (2021)®' 0.411[0.03, 5.03]
<6h prior sleep - falling asleep
Radun et al. (2004)™ ———————— 10.37 [3.98, 26.99]
Ohayon et al. (2010)%° —— 2.2[1.1,4.7]
Abe et al. (2010) (Single car accident)® —— 2.45[1.38, 4.35]
Abe et al. (2010) (Rear end collision)* e 2.2[1.31,3.7]
Abe et al. (2011)® 10.22 [1.39, 75.17]
Perttula et al. (2011)™ . 1.49 [not reported]
Abe et al. (2012)% e 3.2[2.09, 4.92]
Maia et al. (2013)5" o 1.9[1.4,2.5]
<7h prior sleep - falling asleep
Chen et al. (2010)% . 1.35[0.97, 1.87]
Wu et al. (2020)™ . 1.58 [1.49, 1.67]

0.01

Adverse event less likely  Adverse event more likely
Log of odds ratio

Figure 3 Odds ratios for cross-sectional studies assessing the adverse driving outcomes based on prior sleep. Note Ref categories differ between studies (range: 6-8 h) but
reflect a greater amount of prior sleep.

speeding) or the likelihood of a crash or falling asleep while driving. Studies where odds ratios were not available were
not included. Figure 4 presents an overview of odds ratio outcomes of both case—control and cross-sectional studies
based on the amount of prior sleep.

Meta-Analysis
Three meta-analyses were conducted: five hours or more sleep vs less than five hours sleep, six hours or more sleep vs

less than six hours sleep and seven hours or more sleep vs less than seven hours sleep.

Five Hours vs Less Than Five Hours Sleep

Two studies were eligible for inclusion in the five hours vs less than five hours sleep meta-analysis*'~® (Figure 5). Pooled
odds ratio meta-analysis showed a significant difference in odds of a poor driving outcome between the five hours sleep
and the less than five hours sleep groups OR = 1.63, 95% CI [0.07; 3.19] p = 0.040. The results showed no significant
heterogeneity (I> = 53.2%, Q = 2.14, p = 0.144). Visual analysis of funnel plots shows some possible publication bias
(Supplementary Material D: Supplementary Figure 1, Panel A).
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Study
Less than four hours prior sleep
Case Stutts et al. (2003) - F crash vs. N-F crashf ———
control Tefft (2018)*° M
Less than five hours prior sleep
i Connor et al. (2002) —
Stutts et al. (2003) - F crash vs. No crash *“® —
7 Stutts et al. (2003) - F crash vs. N-F crash 14 ———
Tefft (2018)4 ———
r Di Milia et al. (2012)%® e
Mahajan et al. (2019a)% .
lkeda et al. (2021) (Driving errors)®' e e
gé o o] Perttula et al. (2011)7° .
Maia et al. (2013)%” —e—
Elliman et al. (2020) % e
lkeda et al. (2021) (Falling asleep)®" .
B Less than six hours prior sleep
i Tefft (2018) —
Kalsi et al. (2018)45 °
Philip et al. (2014) ———
g(f:‘tfol - Herman et al. (2014)% o
Bakiri et al. (2013)% e
Stutts et al. (2003) - F crash vs. N-F crasht“ ———
L Stutts et al. (2003) - F crash vs. No crash*#® ———
B Radun et al. (2004) 7 —————
Ohayon et al. (2010)%° ————
Abe et al. (2010) (Single car accident)* e
Cross- Abe et al. (2010) (Rear end collision)*° ——
sectional Abe et al. (2011) 5 °
Perttula et al. (2011)™ °
Abe et al. (2012)% —e—
Maia et al. (2013)%” —o—
N Less than seven hours prior sleep
i Stutts et al. (2003) - F crash vs. No crash*#® ——
g::t?ol n Stutts et al. (2003) - F crash vs. N-F crasht* ——
L Tefft (2018)*° —o—
Cross. { Chen et al. (2010 -
sectional Wu et al. (2020)7 .
0.01 01 1 10 100
Adverse outcome less likely Adverse outcome more likely

Log of odds ratio

Figure 4 Odds ratios for cross-sectional and case—control studies assessing the likelihood of an adverse driving outcome (driving errors, falling asleep while driving, or
crashing) based on prior sleep. Note Ref categories differ between studies (range: 6—8 h) but reflect a greater amount of prior sleep. TFatigued crash versus non-fatigued
crash. *Fatigued crash versus no crash.

The sensitivity analysis showed that the overall effect did not change with either study omitted. The ORs from
sensitivity analysis ranged from 1.04 to 2.70. Subgroup analysis showed no significant difference between study by

driving outcome: crash (k = 1) and lane crossing (k = 1), p = 0.144.
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Connor et al., 2002" — 2.70 [0.70; 4.70]
Di Milia et al., 2012* t 1.04 [0.07; 2.01]
e [0.07; 3.19]

I T T T 1

Figure 5 Forest plot of odds ratio meta-analysis for five hours sleep vs less than five hours sleep. Diamond presents the pooled odds ratio of studies included in meta-
analysis. Dotted line denotes the odds ratio prediction interval.

Six Hours Sleep vs Less Than Six Hours Sleep

Ten studies were eligible for inclusion in the six hours sleep vs less than six hours sleep meta-analysis>®3%-42:44746.50.59.61.69
(Figure 6). Pooled odds ratio meta-analysis showed a significant difference in odds of poor driving outcome between the six
hours sleep and the less than six hours sleep groups, OR = 1.27, 95% CI [1.08; 1.45], p < 0.0001. The results showed no
significant heterogeneity I” = 5.90%, Q = 9.56, p = 0.387. Egger’s test and funnel plot analysis showed possible publication

bias (Supplementary Material D: Supplementary Figure 1, Panel B) p = 0.006.

The sensitivity analysis showed that the overall effect did not change with any studies omitted. The ORs from
sensitivity analysis ranged from 1.20 to 1.63. Subgroup analysis showed no significant difference between study by

driving outcome: crash (k = 9) and falling asleep (k = 1) p = 0.083.

Seven Hours Sleep vs Less Than Seven Hours Sleep

Six studies were eligible for inclusion in the seven hours sleep vs less than seven hours sleep meta-analysis*®->7-60-67.72.74
(Figure 7). Pooled odds ratio meta-analysis showed a significant difference in odds of poor driving outcome between the
seven hours sleep and the less than seven hours sleep groups, OR = 1.45, 95% CI [1.01; 2.50], p < 0.0001. The results
showed significant heterogeneity between studies I? = 73.20%, Q = 18.63, p = 0.002. Egger’s test and funnel plot analysis

showed no significant publication bias (Supplementary Material D: Supplementary Figure 1, Panel C), p = 0.080.

The sensitivity analysis showed that the overall effect did not change with any studies omitted. The ORs from
sensitivity analysis ranged from 1.22 to 1.94. Subgroup analysis showed a significant difference by driving outcome:
crash (k = 4), falling asleep (k = 1) and Injury (k = 1), p < 0.001. Falling asleep contributed the largest OR = 1.23, 95%
CI [1.16; 1.26], followed by injury OR = 1.35, 95% CI [0.90; 1.80] and then crash OR = 1.21 95% CI [1.15; 1.26].

Study Odds Ratio 95% CI
Abe et al,, 20107 — 245 [0.97; 3.94]
Bakiri et al., 2013* ——— 2.06 [1.10; 3.02]
Cummings et al., 2001” —|— 1.20 [0.36; 2.04]
Elliman et al., 2020 — 1.25 [0.44; 2.06]
Herman et al., 2014* 5.90 [-3.70; 15.50]
Ikeda et al., 2021° 1.33 [4.29; 6.95]
Kalsi et al., 2018 ° 4.94 [-5.26; 15.14]
Martiniuk et al., 2013” . 117  [1.02; 1.32]
Ohayon et al., 2010* — 2.20 [0.40; 4.00]
Philip et al., 2014 —— 1.69 [0.76; 2.62]

é [1.08; 1.53]

- [0.93; 1.68]

I T T T 1

-4 -2 0 2 4 6

Figure 6 Forest plot of odds ratio meta-analysis for six hours or more sleep vs less than six hours sleep. Diamond presents the pooled odds ratio of studies included in
meta-analysis. Dotted line denotes the odds ratio prediction interval. The red rectangle denotes the predicted confidence interval for pooled effect.
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Study _ Odds Ratio 95% CI
Chen et al., 2009” - 1.35 [0.90; 1.90]
Hutchens et al., 2008 1.28 [0.99; 1.57]
Maia et al., 2013” —_— 3.57 [2.40; 4.73]
Radun et al., 2004~ 4.1 [-2.43; 10.65]
Teftt et al., 2018“ — 1.90 [0.85; 2.95]
Wu et al., 2020 1.21 [1.16; 1.26]

< [1.01; 2.50]

I T T T 1

Figure 7 Forest plot for meta-analysis of seven hours or more sleep vs less than seven hours sleep. Diamond presents the pooled odds ratio of studies included in meta-
analysis. Dotted line denotes the odds ratio prediction interval. The red rectangle denotes the predicted confidence interval for pooled effect.

Study Quality

The quality of studies included in this review was generally moderate to high, as indicated by completion of JBI critical
assessment tools (randomized controlled trial, quasi-experimental, case—control, and cross-sectional tools). As noted
above, studies were categorised as being of low quality if they scored <40%, moderate quality if they scored >40 to
<70%, and of high quality if they scored >70%."* Questions are numbered within the tables, and question text can be
found in Supplementary Material C. Quality assessment outcomes with associated percentages of criterion questions

answered “yes” for experimental studies can be seen in Supplementary Table 1, for quasi-experimental studies in

Supplementary Table 2, for naturalistic and longitudinal studies in Supplementary Table 3, for case—control studies in

Supplementary Table 4, and for cross-sectional studies in Supplementary Table 5. Scores ranged from 8 to 11, 6 to &, 3 to

7, 6 to 10, and 3 to 8 on the experimental, quasi-experimental, naturalistic/longitudinal, case—control, and cross-sectional
studies, respectively. The average proportion of criterion answered “yes” was 72.5% for experimental studies, 81.0% for
quasi-experimental studies, 56.5% for naturalistic and longitudinal studies, 82.7% for case—control studies, and 68.6% for
cross-sectional studies. The average proportion of criterion answered “yes” across all studies was 73.2% (high quality).
As such, we can be reasonably confident in the evidence presented within this review as a whole. In particular, the
evidence provided by studies with a higher degree of control over variables (ie, experimental, quasi-experimental, and
case—control studies) was of particularly high quality. We can therefore be particularly confident in the conclusions drawn
from these studies.

Discussion

To determine a point at which it may be legally possible to deem an individual to be impaired, it is critical to review the
evidence available on driving performance based on prior sleep-wake behaviour. This systematic review was performed to
synthesise relevant literature based on key study designs: experimental or quasi-experimental, naturalistic, longitudinal,
case control, and cross-sectional. For all study design types, there were a range of publications available (experimental =21,
naturalistic = 3, longitudinal = 1, case—control = 11, and cross-sectional = 25). As may be expected, findings of the studies
included in this review generally indicated that there is a dose-response relationship between prior sleep duration and
driving outcomes. That is, participants who had previously had more sleep tended to perform better on driving tasks (both in
a simulator and on the road). These driving outcomes typically included either performance measures (eg, lane deviation,
speeding) or fatigue-related events (eg, likelihood of a crash or falling asleep behind the wheel).

A meta-analysis was undertaken of 18 eligible studies to compare the odds of a fatigue-related driving incident
(including a crash, falling asleep while driving, injury, and driving error) based on amount of prior sleep. Unfortunately,
many studies included in the qualitative review could not be included in the meta-analysis as outcomes inconsistent with
odds ratio meta-analysis were reported, or comparable reference and outcome categories were not included in study
designs. Despite this, all three meta-analyses showed an increased odds of a driving incident. As may be expected, the
greatest likelihood of a driving incident was seen when participants who obtained less than five hours of prior sleep were
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compared with more than 5 hours of prior sleep. It is crucial to acknowledge, however, that very few studies available
could be included in the five-hour meta-analysis due to heterogeneity in the available studies (n = 2).

In determining the appropriate BAC at which to deem a driver to be impaired, the degree of associated crash risk is
considered — and decisions can be made as to the degree of risk a jurisdiction is willing to accept. At the 0.05%BAC
level, there appears to be at a minimum, double the relative crash risk, as compared with 0.00%BAC — regardless of
driver age and gender.”® At the 0.08%BAC level, the relative risk of a crash doubles again (ie, a driver is four times more
likely to have a crash at this BAC as compared with 0.00%BAC).”® For many industrialised jurisdictions, the point at
which relative crash risk reliably doubles is established as the point at which an individual will be “deemed impaired”.”®
It may not be unreasonable to consider the point at which relative risk doubles based on fatigue. That is, how much prior
sleep can be lost before the risk of a crash doubles — and is this considered an appropriate point at which to deem a driver
impaired?

A Potential Point to Deem Impairment

To decide where to deem impairment, outcomes of all study types can be evaluated to establish an amount of prior sleep
that is most likely to accurately reflect driving performance outcomes for most drivers, most of the time. Within the
present review, most studies that included 4 h or 5 h sleep periods saw significant and severe decreases in driving
performance and/or increases in the likelihood of falling asleep at the wheel or experiencing a vehicle crash. These
decrements generally reflected approximately double the likelihood of an adverse outcome (with some studies suggesting
a far higher likelihood). Of note, the meta-analysis comparing five hours or more sleep with less than five hours sleep
was only able to include two studies, due to heterogeneity in the available studies. However, this analysis indicated a near
doubling of the odds of a driving error.

Performance decrements seen when drivers had either six or seven hours of prior sleep were both lower in severity
and less consistent in their occurrence. Despite reduced impairment, this evidence does not suggest that if >5 h sleep is
obtained, all individuals will be safe to drive. That is, while it may be fair to classify individuals as “impaired” if they
have had four or five hours of prior sleep (as impairment would likely be experienced by most individuals, most of the
time), the opposite is not necessarily true for greater than 5 h of prior sleep.

Arguably, this synthesis of the literature would support the theoretical implementation of deemed impairment at the
4-5 h of prior sleep range, given that the relative risk of a crash and/or serious driving error appears to approximately
double after less than 5 h prior sleep. However, we must also consider community expectations and the practicality of
implementing and enforcing this type of regulation — in addition to the degree of acceptability from regulatory bodies. As
with the advent of blood alcohol concentration limitations, it may be prudent to begin with slightly more permissive
restrictions — which most individuals are currently likely to meet during most drives regardless of fatigue-related deemed
impairment regulation. The requirement for drivers to obtain at least 4 h of sleep prior to driving may be a more practical
first step, rather than requiring 5 h of prior sleep. This is consistent with a 2016 expert consensus statement based on
a Delphi methodology, which identified 2 h sleep in the previous 24 h as a potential point after which individuals are
definitely unsafe to drive, but note that a high degree of impairment is also likely after 3—5 h prior sleep.””

While a review of the literature may be able to establish a comparison between fatigue-related driving impairment and
alcohol-related driving impairment, public policy and regulation are typically based on more than scientific evidence in
isolation. For example, community acceptance of driving limitations must be considered, in addition to the appetite of
relevant regulatory bodies to both implement and enforce fatigue-related deemed impairment. Furthermore, the practi-
cality of enforcement may also play a role in establishing this type of regulation (eg, the limitations of roadside testing
and/or the inclusion of prior sleep-wake behaviour in post-crash legal proceedings). Furthermore, there may be the
opportunity to change these restrictions over time as community acceptability and familiarity with the concept of fatigue-
related deemed impairment grows. This tightening of restrictions has happened with alcohol use in several jurisdictions,
including Australia, with the permitted BAC decreasing from 0.08%BAC to 0.05%BAC over time.*
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Considerations When Assessing Fatigue-Related Driving Impairment Literature
Determining what constitutes sufficient sleep to drive safely is, by nature, arbitrary to a degree. However, experimental
studies (which include a high degree of control over potentially confounding factors) generally indicated that significant
and severe performance decrements were seen when drivers had five or fewer hours of sleep in the previous 24 h period.
As may be expected, it appears that greater decrements to driving performance occur when fewer hours of sleep were
obtained (ie, performance was poorer after 4 h of prior sleep than after 5 h of prior sleep). This was demonstrated by
several high-quality studies, such as Caponecchia and Williamson,'® who found that there was a marked difference in
driving performance between individuals who had 4 h of prior sleep and those who had 5 h of prior sleep. Compared to
prior sleep of ~8 h, Otmani et al*> found more frequent lane crossings and Akerstedt,'* in a particularly high-quality
study (as determined via JBI assessment), saw a worsening of lane deviation after 4 hours of prior sleep opportunity.
Several other key studies with high-fidelity simulators show large performance decrements, including significantly more
lane crossings, after a 5 h sleep opportunity compared to 8 h opportunity.'>'7-*'? All included experimental and quasi-
experimental studies were classified as either of high or moderate quality according to JBI quality assessments,
suggesting that these findings are likely reflective of actual impairment. It therefore appears that based on experimental
data, a significant increase in fatigue-related performance impairments to driving is seen when the individual has had
fewer than 4 h sleep the previous night, but substantial decrements are also generally seen with less than 5 h sleep.

Experimental studies included in this review were typically based on simulated driving performance and differ from
on-road studies in both outcome measures (ie, lane deviation/speeding on a simulated driving task as compared with real-
world metrics such as motor vehicle crashes) and the amount of prior sleep that was typically reported. By nature,
naturalistic, longitudinal, case—control, and cross-sectional studies are based on either survey-style data collection or
similar (eg, sleep and driving recall diaries), or large-scale crash statistics. As a result, there is less capacity for these real-
world studies to control the amount of sleep obtained prior to driving. This means that, for many real-world studies, the
amount of prior sleep assessed was greater than within experimental studies. Therefore, a number of studies compared
real-world driving outcomes after 6, 7, or 8 h of sleep in the previous 24 h. These studies suggest that the most substantial
differences in driving outcomes, including crash likelihood, were seen when drivers obtained less than 6 h sleep the night
before. Fortunately, several key studies examined driving performance where prior sleep was greater or less than 4 or 5
h the night before.®'-*>"°7 These studies found that for drivers who regularly obtain less than 4 h sleep/night,®>°° the odds
of falling asleep while driving were more than double those who regularly obtain 6—8 h sleep/night. However, drivers
who habitually obtained less than 5 h sleep/night were also twice as likely to fall asleep than drivers who obtained at least
7 h sleep.”® Double the level of risk (of both crashes and driving errors) was also reported by other studies after obtaining
less than 5 h prior sleep.®’®” As such, it appears that based on self-report and habitual data (eg, cross-sectional,
naturalistic, and longitudinal studies), a significant (approximately double) level of risk is seen after obtaining less
than 5 h sleep the previous night. However, it must be noted that three out of four studies in this category had JBI quality
scores of 50% or less, suggesting an overall low quality of evidence.

In a similar way to many of the included cross-sectional, naturalistic, or longitudinal studies, all included case—control
studies were based on on-road data. However, these designs allow for more direct comparisons — for example, between
groups of individuals who either had (case) or had not experienced a motor vehicle crash (control). From these studies, we
can estimate the likelihood of a crash based on prior sleep. Several studies found double or greater risk of a crash after
having had less than 6 h sleep the night before, as compared to being well rested.*”**** With even less prior sleep (ie, 5 h),

a greater likelihood of crash was seen (between two and twelve times more likely*'#*4°

). However, as with many
observational studies included in this review, little granularity is available differentiating between, for example, three,
four, and five hours of prior sleep (ie, all sleep periods <5 h are categorised together). However, all case—control studies
included in this review were of high or moderate quality according to JBI assessments, suggesting that we can have a high
degree of trust in these outcomes. It is therefore likely that this high degree of variability in crash likelihood represents
differences in total sleep time under 5 h.

When determining a point at which to deem an individual impaired, we must also consider the quality of evidence

available. For all study design types, JBI quality assessments indicated that the literature in this area is of moderate-to-
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high quality. As discussed, studies investigating driving performance have been performed using a variety of research
designs. Each of these designs has both benefits and limitations. Experimental and quasi-experimental designs are able to
clearly differentiate between participants based on prior sleep (as this is typically controlled by the research team). These
studies are able to easily compare groups of individuals who obtained 4, 5, and 6 h of sleep the night before — and thus
are able to make clear statements as to the likelihood of certain outcomes based on prior sleep. However, these designs
typically do not use real-world measures of driving, and therefore rely on the validity of driving simulators to reflect
certain performance decrements. While these simulators are typically good at identifying certain driving outcomes (eg,
lane deviations or speeding), they have limited applicability to real-world driving outcomes. They are typically not
performed over extended periods of time (and as such are less likely to identify the likelihood of falling asleep at the
wheel) and do not measure real-world crash likelihood. Conversely, self-report studies (eg, typically naturalistic, or cross-
sectional studies) measure real-world outcomes. However, these designs rely on the participant’s memory, which may not
be reliable. Furthermore, these study designs are generally based on reports of habitual sleep duration (ie, how much
sleep an individual typically obtains), rather than how much sleep an individual reported obtaining prior to a specific
driving-related incident (eg, a crash). There may therefore be either an over- or under-estimation of the amount of sleep
obtained prior to an incident. It is critical to note that there are both benefits and drawbacks of each design type in
establishing the impact of prior sleep on subsequent driving performance. As such, it is likely prudent to consider the
findings of all study designs, with particular weighting given to those identified as being of high quality (Supplementary
Tables 1-5).

We must also consider the applicability of findings to all drivers. Many studies — particularly those with experimental
designs — were based on small sample sizes, which by nature limit generalisability to the broader population. Many of
these studies included participants who were young and healthy, with no major sleep or health problems under optimum
laboratory conditions (ie, without external factors that typically result in higher levels of fatigue seen in younger
drivers®"). Some included experimental studies may therefore overestimate driving performance in the general popula-
tion. It is possible that different driving performance decrements are seen within older age groups or among individuals
with certain health conditions.

Limitations
In the context of this systematic review, deemed impairment has been conceptualised based on the amount of sleep an
individual has had over the previous day. However, prior sleep in the previous 24 h does not take into consideration other
82,83 _ -

% with

greater driving impairment typically seen during the overnight period, independent of prior sleep.'” Additionally, time

factors that may impact fatigue. For example, time of day is likely to impact fatigue and cognitive performance,

awake is likely to impact fatigue, and associated cognitive performance.'®!"**%% That is, even if an individual had an
extended sleep period the night before, greater fatigue is generally seen when the individual has been awake for a longer
period of time. Not only this but prior sleep-wake history across multiple days can have a cumulative impact on
fatigue.*>*” As a result, using prior sleep to deem impairment may not capture all causes of elevated fatigue-related
driving risk. Furthermore, there are interindividual differences in impairment of performance based on prior sleep,*®
which would be a limitation of using prior sleep to establish driving impairment. That is, some individuals (likely a small
minority) may be prevented from driving when they are not impaired, and some individuals would be legally permitted to
drive, despite experiencing a high degree of impairment. In addition, drivers who have sleep disorders (where sleep may
have reduced restorative value) are likely to experience greater fatigue even in situations where they have had what is
deemed to be “sufficient sleep”.®”

When comparing the potential impact of deemed impairment for fatigued driving with existing drink-driving
regulation and enforcement, we must acknowledge that there are inherent differences. For drink-driving, it is likely
that significant decreases in crashes and fatalities can, at least in part, be attributed to the capacity for roadside testing.*°
Similar roadside testing for prior sleep or fatigue is less straightforward. While there has been some progress toward
establishing a biomarker capable for roadside assessment of fatigue, this is not currently available.”® As such, a prior
sleep requirement for driving may be difficult to enforce at the roadside. However, it may be possible to initially use
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fatigue-related deemed impairment regulation as both a deterrent and as part of post-crash prosecution (ie, where digital
and/or surveillance records can be used).

In basing this preliminary conceptualisation of deemed impairment on prior sleep only, we must acknowledge that
this methodology has limitations. However, we must also consider potential public acceptance and ease of regulation. In
this case, scientifically perfect may be the enemy of good policy. That is, a simple, easy to understand measure for
deeming impairment (ie, prior sleep) would likely be much easier to implement and communicate to relevant stake-
holders (both drivers and regulatory bodies). However, the use of prior sleep only is likely the first step toward a more
complex methodology for deeming impairment. A more complex methodology may, for example, include measures of
prior wakefulness and sleep over the previous 48 hours — and thus be able to detect fatigue-related impairment more
effectively. If additional factors were added to the methodology for deeming impairment, it may be necessary to make
simple calculator tools widely available (eg, smartphone applications). Prior sleep-wake behaviour over several days
could be entered, with an algorithm indicating whether it is safe to drive. Fatigue calculator tools are currently used
within some organisational fatigue management systems and can be an effective strategy for determining whether a task
can or cannot be performed.

The findings of the current meta-analysis must also be interpreted in light of the limitations of available data. A limited
number of studies could be included in each meta-analysis due to heterogeneity of reference and outcome categories. It was
necessary to ensure that outcome (ie, less than five hours sleep) and reference (ie, more than five hours sleep) groups were
consistent amongst all studies to ensure interpretability of findings. However, consequently, many studies did not meet the
criteria for meta-analysis, and thus were excluded. Furthermore, there were not sufficient studies available to conduct meta-
analyses separately based on driving incident type (eg, falling asleep while driving, crash, etc.) which limits the ability to
quantitatively determine differences in specific driving risk in relation to time spent asleep. However, when considering the
available studies, subgroup analysis showed no significant differences by driving error outcome.

Implementation of “Deemed Impairment”

The concept of fatigue-related deemed impairment must be considered in the context of community and regulatory
appetites. When introducing a new regulatory framework, there is the potential to be too stringent with limitations — with
potentially negative unintended consequences. For example, if impairment was strictly deemed at the point at which any
degree of impairment is seen (ie, typically under 8h of prior sleep), it is likely that many drivers would be “over the limit”
during the vast majority of drives.”” While this may have net positive safety outcomes, this level of stringency would likely
be accompanied by low levels of both acceptability and practicality (both for drivers and enforcement). Strict limitations in
the first instance would also likely be ethically problematic — given that failure to obtain sufficient sleep may be out of the
driver’s control, as compared to the consumption of alcohol or other intoxicants (typically a conscious decision).

There may be negative implications of overly permissive regulations which must also be considered. If initial fatigue-
related “deemed impairment” regulations are too permissive, a number of situations where a driver is clearly impaired
will not be considered illegal. In this case, drivers may also believe that they are “safe” to drive simply because they have
had 5 h prior sleep — despite experiencing a high level of impairment. Overly permissive regulations may therefore not
have the desired road safety impact — though there may be legal consequences for certain (likely few) individuals. For
example, in New Jersey, the “Maggie’s Law” legislation considers drivers to be deemed impaired due to fatigue if they
have been awake for longer than 24 h.® While this law may be applied if an individual is involved in a crash after having
had no sleep the previous night, it is unlikely to a) act as a deterrent for other drivers or b) be applied consistently in any
meaningful way (ie, via roadside assessment).

As a result of the potential consequences of either too permissive or too stringent points at which an individual may
be “deemed impaired”, it may not be unreasonable to follow the strategy used by some jurisdictions when initially
implementing BAC as a method of alcohol-related impairment detection. That is, there may be the opportunity to begin
with more permissive limitations, while both community members and enforcement agencies adapt to these require-
ments. After community and regulatory acceptability are established at a more permissive level, the amount of prior sleep
legally required prior to driving could be increased as/when appropriate — likely based on changing community standards.
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Conclusion

This systematic review presents an overview of the current literature examining prior sleep duration and driving
outcomes in an attempt to identify at what point individuals may be deemed to be impaired (ie, generally unable to
safely operate a vehicle). The concept of deemed impairment is not new — and in fact has been used successfully in the
context of alcohol-related impairment. It appears that there may be the potential for fatigue-related impairment to be
deemed at between 4 and 5 h of prior sleep, where the likelihood of being in a fatigue-related vehicle crash is at least
double that of a well-rested individual. However, it must be acknowledged that there is no right answer. In making this
decision, it is not only the scientific evidence that must be considered but also community expectations and acceptability,
practicality of enforcement, and regulatory appetites. Future investigation of these community attitudes, in addition to
practical and enforcement matters, is required to understand the potential impact of fatigue-related deemed impairment
on road users and road safety, and how regulation or legislation may be implemented effectively.
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