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Abstract

Introduction

Drivers should be aware of possible impairing effects of alcohol, medicinal substance, or

fatigue on driving performance. Such effects are assessed in clinical trials, including a driv-

ing task or related psychomotor tasks. However, a choice between predicting tasks must be

made. Here, we compare driving performance with on-the-road driving, simulator driving,

and psychomotor tasks using the effect of sleep deprivation.

Method

This two-way cross over study included 24 healthy men with a minimum driving experience

of 3000km per year. Psychomotor tasks, simulated driving, and on-the-road driving were

assessed in the morning and the afternoon after a well-rested night and in the morning after

a sleep-deprived night. Driving behaviour was examined by calculating the Standard Devia-

tion of Lateral Position (SDLP).

Results

SDLP increased after sleep deprivation for simulated (10cm, 95%CI:6.7–13.3) and on-

the-road driving (2.8cm, 95%CI:1.9–3.7). The psychomotor test battery detected effects

of sleep deprivation in almost all tasks. Correlation between on-the-road tests and simu-

lator SDLP after a well-rested night (0.63, p < .001) was not present after a night of

sleep deprivation (0.31, p = .18). Regarding the effect of sleep deprivation on the psy-

chomotor test battery, only adaptive tracking correlated with the SDLP of the driving

simulator (-0.50, p = .02). Other significant correlations were related to subjective VAS

scores.
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Discussion

The lack of apparent correlations and difference in sensitivity of performance of the

psychomotor tasks, simulated driving and, on-the-road driving indicates that the tasks may

not be interchangeable and may assess different aspects of driving behaviour.

Introduction

In the last decades, public and private organisations tried to improve automobile safety and

decrease unsafe driving practices by addressing impaired driving [1]. Despite efforts, road

trauma is still a significant public health issue [2]. A major cause of driving crashes and deaths

is drowsy driving and/or driving under influence [3, 4]. This has recently been confirmed in a

systematic review and meta-analysis in which a strong association between sleepiness and car

accidents was established [5]. Additionally, several research groups demonstrated that sleep

deprivation impairs driving performance in simulated driving and on-the-road driving tests.

Driving performance must be captured in a reliable, repeatable, and sensitive manner to

study the effect of interventions (e.g., sleep deprivation, medication, or distractions in the car).

Limiting the environmental variables (e.g., interaction with other road users) and standardis-

ing road conditions (e.g., length, number of lanes, or speed limit) supports the creation of a

standardised test. Many on-the-road driving studies are performed on a highway where sub-

jects stay in a single lane and thus limit their interactions with other drivers. While this stan-

dardised procedure results in reliable and repeatable results, one could argue that this costly

and time-consuming measurement can be easily replaced with a driving simulator.

Simulated driving is a widely used alternative for on-the-road driving. Besides cost-effective-

ness, high levels of drugs and alcohol can be tested in a laboratory setting with medical assis-

tance nearby. This makes the driving simulator an attractive and safer method to study

healthcare interventions on driving behaviour. Moreover, in 2017, the United States Food and

Drug Administration (FDA) started accepting driving simulator studies for the registration of

(new) drugs in some conditions [6]. However, as there is a wide variety in the validity of simula-

tors ranging from simple single-monitor desk setups to hydraulic based widescreen setups, it is

known that the driving experience in a simulator can be considered unrealistic. The lack of con-

sequences (e.g., after a car crash) might preclude a sense of fear and vigilance, resulting in a dis-

torted representation of the drug effect. Even though simulators are not always found to have

similar sensitivity to drug effects as the on-the-road task [7, 8], driving simulators can detect

impaired driving performance induced by sleep deprivation and well-known drugs [9–11].

Driving performance is often quantified by measuring a single measure describing the

swaying/waving of the car and expressed with the standard deviation of the lateral position

(SDLP). This measure is sensitive to CNS modulators (e.g., sleep deprivation, alcohol, and

drugs [12–14]), and is regarded as reflecting overall driving [15]. However, when testing skills

in isolation, such as hand-eye coordination, concentration, and decision making, correlations

for these individual tests with the SDLP are modest at the most [9, 13, 16]. Therefore, it

remains intriguing to better understand the contribution of cognitive domains to driving per-

formance. Integrating isolated skills with those derived from the driving task could provide

detailed information on intervention effects. In fact, combining cognitive/motor performance,

on-the-road driving, and simulated driving in a single study, is rarely explored. Here, we aim

to compare the impact of sleep deprivation on driving performance using on-the-road driving,

simulator driving, and psychomotor tasks in healthy subjects.
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Methods

This was a single-centre randomised, two-way cross-over study. The study was conducted at

the clinical research unit of the Centre for Human Drug Research (CHDR) in Leiden, The

Netherlands. The study was approved by the Medical Ethics Committee Stichting Beoordeling

Ethiek Biomedisch Onderzoek (Assen, the Netherlands) and registered under

NL68626.056.19. The study was conducted according to the Dutch Act on Medical Research

Involving Human Subjects (WMO) and in compliance with all International Conference on

Harmonisation Good Clinical Practice (ICH-GCP) guidelines.

Participants

All participants provided written informed consent before screening and study-related activi-

ties. This study was a part of a more extensive research on the effects of sleep deprivation>

Next to the impact of sleep deprivation on driving, effects on pain thresholds were assessed.

Because of the influence of the ovarian cycle on pain thresholds, initially, only men were

invited to participate. For the latter assessment, only men between 23 and 35 years of age were

invited to participate in the study. Only experienced drivers, defined as participants having a

valid driving licence for at least five years and having, on average, a self-reported annual mile-

age of at least 3000 km, were included in the study. No history or presence of sleep disorders

was allowed. Participants had to remain in the same time zone as the Netherlands at least

seven days before the first visit and during the trial period. Additionally, participants showing

signs of Simulator Sickness Syndrome before or during a screening of the simulated driving

sessions were not eligible to participate. See Fig 1 for the CONSORT flow diagram.

Experiment design

During the screening period, all participants were trained on the study assessments by com-

pleting the full or a shortened version of each test. After inclusion, participants attended the

clinic on two visits: a sleep-deprivation visit, and a well-rested visit. Participants were random-

ized on the order of visits, with at least 5 days to recover from the sleep deprivation if per-

formed first (see Fig 2). Participants were not allowed to consume caffeine, alcohol or drugs

during the clinical trial starting 4, 24 hours and 3 days prior to the first visit, respectively. To

make sure the participants were well rested prior to the study, they were asked to maintain a

normal sleep rhythm (at least 8 hours between 22:00 and 8:00) for two nights prior to the visits.

For the sleep deprived (SDP) visit, participants arrived in the late afternoon and could leave

the day after. Participants were kept awake throughout the night after arrival. All assessments

were performed in the morning after sleep deprivation. During the visit, participants were

allowed only light physical activities (e.g., foosball). During the well-rested (WR) visit, partici-

pants were instructed to sleep at home for at least 8 hours before they were admitted to the

clinical unit. All assessments were subsequently completed twice: once in the morning and

once in the afternoon.

Assessments

The assessments contain simulated driving, on-the-road driving, the performance of a cogni-

tive test battery (NeuroCart), and general questionnaires. The cognitive test battery consists of

six tests: eye movement test (both smooth pursuit and saccadic), adaptive tracker, VAS Bond

& Lader, Karolinska Sleepiness Scale and the body sway test. All measurements were per-

formed in a quiet room with dimmed lightning. There was only one subject per session in the

same room. The order of the assessments for each round of assessments is visualized in Fig 3.
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On-the-road driving. For on-the-road driving, a car (Volkswagen caddy) was specifically

modified with safety and measurement equipment (GRIDT). The location of the car was

recorded using a GPS sensor mounted on the roof of the car. A Mobileye system (MobilEye

Vision Technologies Ltd., Israel) was used to determine the relative position of the car on the

road and log the speedometer (both sampled with a frequency of 13Hz). This data was used to

determine the Standard Deviation of Lateral Position (SDLP) of the driving session [17]. See

Fig 1. CONSORT flow chart of screening, participation and analysis.

https://doi.org/10.1371/journal.pone.0278300.g001
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Fig 4 for a visual impression of the SDLP. For safety reasons, a certified driving instructor sat

on the passenger seat during all on-the-road assessments and had access to dual controls. Sub-

jects were instructed to drive on a predefined section of a public road (N11, the Netherlands)

and to maintain a steady speed of 95km/h. Subjects were instructed to only overtake other

vehicles when this was required for maintaining a steady speed. The chosen trajectory was a 40

km long two-lane highway starting at 15-minute drive from the clinical unit with a speed limit

Fig 2. Schematic overview of the study design. WR: Well-rested. SDP: Sleep Deprived.

https://doi.org/10.1371/journal.pone.0278300.g002

Fig 3. Schematic overview of the order of tests.

https://doi.org/10.1371/journal.pone.0278300.g003

Fig 4. Visual impression of the car weaving within a lane. The Standard Deviation of Lateral Position (SDLP) is calculated as the standard

deviation of the sway around the average position within the lane.

https://doi.org/10.1371/journal.pone.0278300.g004
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of 100 km/h. The road contained two sections including traffic lights with a speed limit of

70km/h for 0.5 km, each. Subjects were to drive on this road in both directions turning the

vehicle after 26km. The subjects received instructions identical to the published SOP by Ver-

ster et al. [15] prior to the start of the drive and these instructions were repeated on request. A

research assistant was present in the car to operate the data logging system.

Cleaning of the on-the-road data. Data outside the trajectory of interest was removed using

the GPS prior to data analysis. Additionally, measurements outside the speed range of 85–110

km/h and during successful lane switches were excluded from the analysis data set. A success-

ful lane switch is defined as the crossing of the white stripes in the road with the middle of the

car. The start of a lane switch is a deviation of the middle lane of at least 100cm. The end of a

lane switch is defined as the moment when the car is within 100cm of the middle of the new

lane. To make sure pre-lane and post-lane switch behaviour (e.g., the intention to switch

lanes) is also excluded from the data, three seconds before the start and after the end of a lane

switch is included in the removal of data. Therefore, the data collected between two-lane

switches (i.e., to the left lane and back) can be kept for analysis. The data removal is illustrated

in Fig 5.

Simulated driving. The simulated driving test was performed on a fix-based driving sim-

ulator (Drivemaster, Green Dino B.V., the Netherlands) [9, 18]. Each experiment session

lasted for 20 minutes of driving on a two-lane highway with traffic. Subjects were instructed to

maintain a steady speed of 100 km/h on the outer lane. Overtaking was only allowed for main-

taining a steady speed. The first five minutes were removed prior to data analysis [19]. A test

drive of 15 minutes was performed on the same simulated highway trajectory during screen-

ing. Lane switches were removed following the same procedure as described above.

Driving questionnaires. After each (simulated) driving task a combined perceived driv-

ing effort and quality scale was used to record a self-assessment of the subjects driving perfor-

mance [15]. The performance and motivation score is a VAS scale running from 1 (worst

driving performance possible) to 15 (best driving performance possible). The perceived effort

scale is a labelled VAS scale with 1 (no effort at all) and 15 (most effort possible). The driving

instructor provided an opinion on subjects driving behaviour on the road with a scale of 1 to

10, with 10 representing perfect driving behaviour, on 11 aspects of driving: scanning, change

Fig 5. Schematic overview of data removal during a lane switch. All data between three seconds before until three seconds after a lane

switch is removed prior to analysis.

https://doi.org/10.1371/journal.pone.0278300.g005
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of gear, steering, breaking, use of clutch, speed, rounding corners, anticipation on surround-

ings, applying traffic regulations, attention and reaction time. The total score was used for fur-

ther analysis.

Eye movement measurements. Recording and analysis of saccadic eye movements is con-

ducted with a microcomputer-based system that samples and analyses eye movements. The

program for signal collection and the AD-converter is from Cambridge Electronic Design

(CED Ltd., Cambridge, UK), the signal amplification using Grass (Grass-Telefactor, An Astro-

Med, Inc. Product Group, Braintree, USA) and the sampling and analysis scripts are developed

at the CHDR (Leiden, the Netherlands). Disposable silver-silver chloride electrodes (Ambu

Blue Sensor N) will be applied on the forehead and beside the lateral canthi of both eyes of the

subject for registration of the electro-oculographic signals. Skin resistance is reduced to less

than 5 kOhm before measurements by scrubbing the skin and using electrolyte gel. Head

movements are restrained using a fixed head support. The target consists of a moving dot that

is displayed on a computer screen. This screen is fixed at 58 cm in front of the head support.

Saccadic eye movements are recorded for approximately 15 degrees to either side for stimu-

lus amplitudes. Fifteen saccades are recorded with interstimulus intervals varying randomly

between 3 and 6 seconds. Average values of latency (reaction time), saccadic peak velocity of

all correct saccades and inaccuracy of all saccades will be used as parameters. Saccadic inaccu-

racy is calculated as the absolute value of the difference between the stimulus angle and the

corresponding saccade, expressed as a percentage of the stimulus angle. Saccadic peak velocity

is one of the most sensitive parameters for sedation [20, 21]. The use of a computer for mea-

surement of saccadic eye movements was originally described by Baloh et al. [22], and has

been validated at CHDR by Van Steveninck et al. [20].

For smooth pursuit eye movements, the target moves at a frequency ranging from 0.3 to 1.1

Hz, by steps of 0.1 Hz. The amplitude of target displacement corresponds to 22.5 degrees eye-

ball rotation to both sides. Four cycles are recorded for each stimulus frequency. The time in

which the eyes are in smooth pursuit of the target will be calculated for each frequency and

expressed as a percentage of stimulus duration. The average percentage of smooth pursuit for

all stimulus frequencies will be used as parameter. The method has been validated at CHDR by

Van Steveninck et al. [23, 24] based on the work of Bittencourt et al. [25] and the original

description of Baloh et al. [26].

Adaptive tracker. The adaptive tracking test was performed using customised equipment

and software (based on TrackerUSB hard-/software (Hobbs, 2004, Hertfordshire, UK)). This

3.5-minute period is including a run-in time of 0.5 minute, in this run-in time the data is not

recorded. Adaptive tracking is a pursuit-tracking task. A circle moves randomly about a

screen. The subject must try to keep a dot inside the moving circle by operating a joystick. If

this effort is successful, the speed of the moving circle increases. Conversely, the velocity is

reduced if the test subject cannot maintain the dot inside the circle. The average performance

and the standard deviation of scores over 3.5 minutes will be used for analysis. The adaptive

tracking test has proved sensitive for measurement of CNS effects of alcohol [27], various

pharmacological compounds [28] and sleep deprivation [29].

Body sway. The body sway meter allows measurement of body movements in a single

plane, providing a measure of postural stability. Body sway is measured with a pot string meter

(Celesco) based on the Wright ataxiameter [30]. With a string attached to the waist, all body

movements are integrated and expressed as mm sway. Before starting a measurement, subjects

were asked to stand still and comfortable, with their feet approximately 10 cm part and their

hands in a relaxed position alongside the body and eyes closed. The total sway during two min-

utes is used as a parameter for body sway. The method has been used to demonstrate effects of

sleep deprivation [31], alcohol [32] and several pharmacological compounds [28].
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VAS Bond & Lader. Visual analogue scales as originally described by Norris have often

been used previously to quantify subjective effects of a variety of sedative agents [33, 34]. Sub-

jects indicate (with a mouse click on the computer screen) on sixteen horizontal visual ana-

logue scales how he feels. From these measurements, three main factors are the calculated as

described by Bond and Lader [35]: alertness (from nine scores), contentedness (often called

mood; from five scores), and calmness (from two scores).

Karolinska Sleepiness Scale (KSS). The Karolinska Sleepiness Scale (KSS) [36] measures

the participant’s state of sleepiness at a given moment in time. Participants were asked: ‘Use

the following scale to indicate how sleepy you are feeling at this moment. Write the number in

the box.’ Nine numerical response alternatives are listed vertically with verbal labels assigned

to alternate numbers: 1. Extremely Alert; 2; 3 Alert; 4; 5 Neither Alert nor Sleepy; 6; 7 Sleepy

But Not Fighting Sleep; 8; 9 Extremely Sleepy, Fighting Sleep, Effort to Stay Awake.

Statistical analysis

All statistical analyses were performed using SAS version 9.4 (SAS Institute, Inc., Cary, NC,

USA). A sample size calculation was performed using previous results of the simulator with a

two-sided paired t-test [9]. A total sample size of n = 20 would be sufficient to determine sig-

nificant differences in SDLP measured with the driving simulator of 2.5cm with a significance

level of 0.05 and a power of 0.80. Accounting for technical malfunctions and subjects dropping

out, we aimed to include 24 subjects.

Each variable was analysed with a mixed model analysis of variance with fixed factor condi-

tion (separate for each set of assessments) and random factor subject. Simulator mean speed,

simulator standard deviation speed, GRIDT mean speed, and body sway were log-transformed

to correct for a log-normal distribution before statistical analysis.

The repeatability was quantified by the coefficient of variation (CoV) within and between

subjects, as estimated from the subject (between-subject) variability and residual (within-subject)

variability of the mixed model analysis and the mean over the three conditions of the estimated

least square means. The common variance is the sum of the inter and intrasubject variability.

For log-transformed variables the CoV is calculated from the same estimated variabilities of the

mixed model analyses which are back transformed by 100 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
evariability � 1
p

to a CoV.

Pearson correlations were calculated for the SDLP and each variable in each condition (well

rested and sleep deprived). In case of log normal distribution of a variable the log values of the

variable are used.

Results

Participants

A total of 25 participants were enrolled in the study from March to June 2019. Two subjects

stopped participation during the night of sleep deprivation due to illness unrelated to the sleep

deprivation. Because one of these subjects had sleep deprivation as his first visit, the subse-

quent well-rested visit was also not performed. Twenty-four subjects are included for statistical

analysis (age mean (SD) is 25.7 (1.6) years, BMI is 24.3 (3.4) kg/m2). Data could not be col-

lected during 3 GRIDT assessments (two during the sleep-deprivation visit and one afternoon

session during the well-rested visit) due to technical difficulties.

Repeatability of driving parameters

GRIDT. The repeatability of the GRIDT driving parameters (i.e., SDLP, mean speed, SD-

speed) during the well-rested visit (morning and afternoon) is presented in Table 1. Results of
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driving parameters are presented in Table 2. The mean (SD) SDLP for the GRIDT was 21.33

cm (2.3) and 22.26 cm (2.4) during the morning and afternoon, respectively. The coefficient of

variation (CoV) was 8.9% and 6.5% for the inter-and intra-subject variability, respectively. The

common variance was 6.13 (CoV: 11.0%).

Driving simulator. The simulator driving parameters are presented in Table 2. The SDLP

(SD) is 30.14 cm (5.2) and 32.16 cm (5.5) during the well-rested visit for morning and after-

noon driving assessments, respectively. The CoV for the simulator was 11.8% and 16.5% for

inter and intra subject variability, respectively (Table 1). The common variance of the SDLP

measured in the simulator was 47.99 (CoV: 20.3%). The Bland-Altman plot (Fig 6) shows the

bias and limits of agreement for the simulator (bias: -2.01 and 95% limits of agreement: -11.10

and 7.09) as well as for the GRIDT (bias: -0.860 and 95% limits of agreement: -4.33 and 2.61).

Sensitivity of driving parameters

GRIDT. The GRIDT SDLP was significantly increased (2.76 cm, p< .001) after a night of

sleep deprivation compared to the morning assessments after a well-rested night. While the

mean speed was reduced after sleep deprivation, the SD speed was not (Table 2). Subjects

report lower driving performance and motivation and increased driving effort after sleep dep-

rivation compared to the well-rested morning. In line with the results of these self-reported

questionnaires, the instructor assessment also indicated lower driving performance scores

after sleep deprivation.

Table 1. Inter-subject, intra-subject, common variance, and minimal detectable effect size (MDES), calculated at the well-rested visit. CoV: Coefficient of Variation.

Variable Inter-subject Variance (CoV) Intra-subject Variance (CoV) Common Variance (CoV) MDES N = 16 cross-over

SDLP (cm) Simulator 16.32 (11.8%) 31.67 (16.5%) 47.99 (20.3%) 6.0

GRIDT 3.99 (8.9%) 2.14 (6.5%) 6.13 (11.0%) 1.6

Mean speed1 (km/h) Simulator 1.2% 1.4% 1.9% 1.5%

GRIDT 1.2% 1.0% 1.6% 1.1%

SD-speed1 (km/h) Simulator 25.6% 21.3% 33.7% 25.0%

GRIDT 14.7% 9.9% 17.8% 11.0%

1 Geometric mean based on logarithmic transformed data

https://doi.org/10.1371/journal.pone.0278300.t001

Table 2. Results of driving-related parameters for both the simulator and GRIDT.

Parameter SDLP [cm] Mean Speed (km/h) SD Speed (km/h) Performance and

motivation (cm)

Driving effort (cm) Instructor

assessment

Simulator GRIDT Simulator1 GRIDT1 Simulator1 GRIDT1 Simulator GRIDT Simulator GRIDT GRIDT

Well rested

morning (SD)

30.14 (5.2) 21.33

(2.3)

96.96 (1.6) 95.72 (1.4) 2.57(0.9) 3.55 (0.7) 8.4 (1.8) 9.1 (2.1) 3.4 (2.1) 3.3 (1.6) 67.0 (5.5)

Well rested

afternoon (SD)

32.16 (5.5) 22.26

(2.4)

96.92 (1.9) 95.64 (1.4) 2.65 (1.0) 3.59 (0.7) 7.9 (2.2) 8.4 (2.4) 4.6 (2.9) 3.4 (2.2) 66.2 (6.3)

Sleep deprived

(SD)

40.26 (9.4) 24.08

(2.7)

97.33 (1.9) 94.99 (1.7) 3.36 (1.1) 3.73 (0.5) 4.6(2.6) 5.6 (2.4) 10.3 (3.4) 9.2 (4.4) 61.1 (6.6)

Contrasts2

[95% CI]

9.97 (6.65–

13.29)

2.76

(1.87,

3.66)

0.4% (-0.4%,

1.3%)

-0.7%

(-1.3%,

-0.1%)

28.7% (13.7%,

45.7%)

5.0%

(-1.1%,

11.6%)

-3.8 (-5.0,

-2.6)

-3.5 (-4.8,

-2.2)

6.9 (5.7,

8.1)

5.9 (4.4,

7.4)

-5.9(-8.1, -3.7)

p-value2 < .001 < .001 0.34 < 0.05 < .001 0.11 < .001 < .001 < .001 < .001 < .001

1 Geometric mean based on logarithmic transformed data
2 Contrasts between the well-rested morning and sleep deprived

https://doi.org/10.1371/journal.pone.0278300.t002
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Driving simulator. The SDLP measured by the simulator was significantly increased

(9.97 cm, p< .001) after a night of sleep deprivation compared to the morning assessment

after a well-rested night. The SD-speed for the simulator increased significantly after a night of

sleep deprivation compared to the assessments on the well-rested morning, while the mean

speed was not. Like the GRIDT, subjects rate a decrement in their driving performance and

motivation, and an increase in effort scores after a night of sleep deprivation compared to the

well-rested morning.

Correlation between simulator and psychomotor test battery

The mean and 95% CI results of the cognitive tests are presented in Table 3. Except for the

smooth eye pursuit (p = .34), all tests performed using the NeuroCart1 were significantly

affected by sleep deprivation. The Pearson correlations are calculated between the parameters

in each condition (i.e., well-rested and sleep-deprived) and the SDLP of both the simulator

Fig 6. Combined Bland-Altman plot for simulator (bias: -2.01 and 95% limits of agreement: -11.10 and 7.09) and

GRIDT (bias: -0.860 and 95% limits of agreement: -4.33 and 2.61).

https://doi.org/10.1371/journal.pone.0278300.g006

Table 3. Mean values (SD) of NeuroCart parameters.

Parameter Karolinska

Sleepiness Scale

Saccadic peak

velocity (deg/s)

Saccadic

reaction time

(sec)

Smooth

pursuit (%)

Body sway

(mm)1
Adaptive

tracking (%)

VAS

Alertness

(mm)

VAS

Calmness

(mm)

VAS

Mood

(mm)

Well rested morning

(SD) n = 24

3.5 (1.2) 528.8 (62.0) 0.214 (0.03) 45.23 (9.3) 211.0

(80.8)

32.7 (4.2) 53.8 (5.3) 54.3 (5.5) 54.9 (6.7)

Well rested afternoon

(SD) n = 24

4.0 (1.2) 514.4 (55.6) 0.216 (0.03) 44.63 (9.9) 204.3

(97.6)

33.1 (5.2) 52.1 (6.2) 56.5 (6.1) 55.3 (5.8)

Sleep deprived (SD)

n = 23

6.8 (1.2) 489.1 (61.7) 0.222 (0.03) 44.56 (12.2) 249.0

(130.1)

26.8 (5.9) 34.7 (9.2) 61.5 (11.0) 49.7 (7.2)

Contrasts (95% CI) of

Well rested morning vs

Sleep deprived

3.3 (2.7, 4.0) -40.71 (-53.25,

-28.16)

0.0084 (0.0007,

0.0162)

-1.04 (-3.20,

1.13)

17.6%

(2.3%,

35.1%)

-5.847

(-7.581,-

4.113)

-19.18

(-23.07,

-15.29)

7.23 (3.57,

10.89)

-5.27

(-7.96,

-2.58)

p-value of Well rested

morning vs Sleep

deprived

p< .001 p< .001 p< 0.05 p = 0.34 p< 0.05 p< .001 p< .001 p< .001 p< .001

1 Geometric mean based on logarithmic transformed data

https://doi.org/10.1371/journal.pone.0278300.t003
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and the GRIDT in that same condition (Table 4). The correlations are included in the overview

when at least one of the driving assessments has a significant correlation (p< .05). For these

cases the correlation with the other driving assessment (i.e., GRIDT or diving simulator) is

shown, except for the test related subjective scores. The highest correlation (-0.73, p< .001)

was between the driving simulator SDLP and corresponding subjective driving performance

and motivation score. The smooth eye pursuit significantly correlated with the simulator

SDLP (0.49 with p = .01), but not with the GRIDT SDLP (p = .41). The correlation between

the driving assessment in the simulator and with the GRIDT was significant for the well-rested

morning (0.63 with p< .001) and the well-rested afternoon (0.58 with p = .003). Although not

presented in Table 4, the correlation was not significant for the SDLP after a night of sleep dep-

rivation (0.31 with p = .18).

The scatter plot in Fig 7 shows a linear correlation between the SDLP measured by the

GRIDT and the simulator for each set of assessments. The correlation between both well-

rested assessments was rather similar, the trendline flattens for the sleep deprived

measurements.

Additional Pearson correlations were calculated for the difference in the well-rested morn-

ing measurement, and the sleep deprived measurement (see Table 5). Like Table 4, only signif-

icant correlations were shown. Four correlations were ±0.50 or stronger, but most correlations

Table 4. Pearson correlations for the variables in different conditions. Only correlations with at least one significant correlation (p< .05) are included in this overview.

Variable SDLP Condition (Pearson) correlation p-value Intercept Slope

SDLP GRIDT Simulator Well rested morning 0.63 < .001 12.79 0.28

Well rested afternoon 0.58 .003 13.68 0.26

Mean Speed simulator Simulator Well rested afternoon 0.21 .33 94.60 0.07

Mean Speed GRIDT GRIDT Sleep deprived morning -0.54 .01 103.18 -0.34

Subj driving performance and motivation simulator Simulator Sleep deprived morning -0.73 < .001 12.57 -0.20

Well rested afternoon -0.40 .05 13.00 -0.16

Subj driving effort simulator Simulator Sleep deprived morning 0.56 .01 2.05 0.20

Well rested afternoon 0.49 .02 -3.53 0.25

Subj driving effort GRIDT GRIDT Sleep deprived morning 0.44 .05 -7.54 0.70

Smooth eye pursuit Simulator Well rested morning 0.49 .01 18.41 0.89

GRIDT Well rested morning 0.18 .41 30.10 0.71

https://doi.org/10.1371/journal.pone.0278300.t004

Fig 7. Scatter plot of the SDLP measured by the simulator and the GRIDT for the well-rested morning (WRM),

well-rested afternoon (WRA) and the sleep deprived (SD) assessments.

https://doi.org/10.1371/journal.pone.0278300.g007
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were not significant (p> .05). The adaptive tracker, which is the only NeuroCart1 test

included in the table, had a significant correlation with the simulator of -0.50 with p = .02, but

not with the GRIDT (correlation of -0.13 with p = .58).

Discussion

To obtain a more detailed overview of the effect of healthcare interventions on driving perfor-

mance, it is important to assess driving performance and assess both cognitive and motor per-

formance. Here, we present the results of a study where the driving performance (both on the

road and in a simulator) and the performance on a variety of psychomotor tasks were affected

by sleep deprivation. Additionally, we compared the correlations between the different tasks.

Repeatability of on-the-road and simulated driving

Instead of a camera mounted on the left backside on the car’s roof as often used in on-the-

road driving test [Verster & Roth], we installed a camera system (Mobileye) behind the front

window to capture the SDLP during the on-the-road task. Using this method, we observe

slightly higher SDLP values under well-rested conditions than reported in other studies [16].

This difference might be explained by the different position of the camera systems and differ-

ences in the processing of raw video to the estimated lateral position. However, we observe

similar SDLP values and variability in the SDLP values compared to another clinical trial using

the Mobileye [37]. Additionally, the Mobileye was successfully used in other driving studies

[38, 39]. Therefore, we conclude that the on-the-road values presented here are reliable.

The SDLP, mean speed, and the SD speed were repeatable during on-the-road and simu-

lated driving (see Table 1). While the repeatability of the mean speed was similar for both sim-

ulated and on-the-road driving, the repeatability of the SDLP and SD speed were better during

on-the-road driving than during simulated driving. An explanation could be that environmen-

tal conditions were constrained in the simulator (e.g., road conditions, other cars) and identi-

cal for all sessions. These constraints were not present during the on-the-road task, in which

participants’ constant vigilance is required to anticipate unpredictable events. This could indi-

cate that the driving simulator has a faster habituation effect. As suggested by Helland et al.,

subjects have a lower sense of danger and gravitational cues when driving in a driving simula-

tor which are normally used to adjust steering [40]. This might explain the higher SDLP values

(Table 2) and the higher variability of the SDLP of the driving simulator (Table 1).

Table 5. Pearson correlations for the delta between sleep deprivation and well-rested morning for any parameter and the SDLP of the simulator and GRIDT. Only

correlations with at least one significant value (i.e., p� .05) are presented.

Parameter SDLP (Pearson) correlation P-value Intercept Slope

SDLP GRIDT Simulator 0.51 .02 1.60 0.15

Subj driving performance and motivation simulator Simulator -0.50 .01 -2.03 -0.18

Subj driving effort GRIDT GRIDT 0.45 .04 3.31 0.97

Adaptive Tracker Simulator -0.50 .02 -3.72 -0.22

GRIDT -0.13 .58 -4.81 -0.24

VAS Alertness Simulator -0.44 .04 -14.25 -0.51

GRIDT 0.48 .03 -24.45 21.60

VAS Calmness Simulator -0.10 .64 8.28 -0.11

GRIDT -0.44 .05 13.66 -22.25

VAS Mood Simulator -0.53 .01 -1.32 -0.41

GRIDT -0.02 .95 -4.81 -0.06

https://doi.org/10.1371/journal.pone.0278300.t005
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Nonetheless, we conclude that on-the-road driving performance can be assessed with better

repeatability than simulated driving.

Effect of sleep deprivation

Sleep deprivation affected all CNS task outcomes, except for the smooth eye movements, mean

speed in the driving simulator, and the SD of the speed in the on-the-road car (Tables 2 and

3). This is in line with what was reported previously by others on simulated driving [41], on-

the-road driving [16], and on the psychomotor test battery [29]. The psychomotor test results

reported here are similar to those reported for medication-induced drowsiness [42, 43]. The

on-the-road task showed a smaller effect of sleep deprivation on the SDLP than the driving

simulator (13% vs 33%). However, the minimal detectable effect size (MDES) of the SDLP in

the on-the-road task is lower compared to the driving simulator (1.6 vs 6.0), which can be

explained by the lower variability of the SDLP in the on-the-road driving task than in the driv-

ing simulator task (Table 2). The difference in sensitivity to the effects of sleep deprivation on

simulator compared to on-the-road driving indicates that the tasks are not fully interchange-

able and may assess different aspects of driving behaviour.

The simulator and on-the-road SDLP values were significantly correlated during both the

well-rested morning and afternoon sessions (Table 4 and Fig 7). The slope value of the linear

regression lines for the well-rested morning and afternoon sessions was gradual for both ses-

sions. Interestingly, the simulator and on-the-road SDLP values were no longer correlated dur-

ing the sleep deprivation condition, while the correlation between the effect of sleep

deprivation on the simulator and on-the-road SDLP values was significant (Table 5). Com-

bined with the earlier discussed MDES, this could indicate that the simulator task is more sen-

sitive to the effect of sleep deprivation or, that the driving tasks do not measure the same

change in driving behaviour. Another explanation could be a test order effect because of the

fixed order of tests in the study design. Even though both the simulator and the on-the-road

task can be used to detect sleep deprivation induced changes, the lack of (strong) correlations

between both tasks during sleep deprivation could indicate that simulated driving and on-the-

road driving are affected by sleep deprivation differently.

Correlations between driving and psychomotor tasks

This study aimed to compare the effect of sleep deprivation on the driving tasks and the psy-

chomotor test battery. High correlations between the tasks indicate a higher level of validity

for the psychomotor test battery. Additionally, these correlations provide information on how

sleep deprivation impairs driving performance. When assessing each set of measurements sep-

arately, none of the tasks were significantly correlated with the SDLP of the driving simulator,

except for the smooth eye pursuit task at well-rested morning (Table 4). Interestingly, the

smooth eye pursuit is the only task that was unable to detect the effect of sleep deprivation.

The absence of a significant correlation between postural balance and the simulated driving

SDLP confirms the findings of Jongen et al. in 2015 [16]. In a study by Huizinga et al. assessing

the effect of alcohol and alprazolam using the same driving simulator, tracker task, and eye

movement tasks, there was a significant correlation using linear regression between SDLP and

the psychomotor tasks. The lack of (strong) correlations between the psychomotor and driving

tasks in this study indicates that care must be taken when relating psychomotor performance

to driving ability.

For the effect of sleep deprivation, only a few of the correlations between the driving simu-

lator, on-the-road driving, and psychomotor tasks were significant. Of the psychomotor tasks,

the adaptive tracker showed a significant correlation with the driving simulator, but not for
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the on-the-road driving, for the effect of sleep deprivation (Table 5). Park et al. [44] suggested

that the driving simulator task might measure different effects because of the long monotonous

task compared to the short psychomotor tasks. Another reason for the insignificant correlation

between the psychomotor and on-the-road tasks is that the on-the-road steering wheel and

other technical properties of the car induced more heavy steering and a default position to

steer straight ahead, which might help maintain a straight course, thereby effectively reducing

the SDLP. These technical properties are not present in the simulator and tracker. Another

explanation could be a possibly heightened sense of danger during the on-the-road assessment

due to the inability of a serious crash in the simulator. This cannot be confirmed since no

assessments of fear, stress or stress hormone levels were performed during the day. Any of

those measurements should be included when assessing possible test-effects. The difference

between the assessments is the possible anxiety for a crash and the external visual/audiological

stimuli during the on-the-road driving task (such as weather and special vehicles). Even

though no radio or conversations were allowed during on-the-road driving, the surroundings

were less repetitive and stable than the psychomotor test battery and driving simulator. All

other significant correlations for the sleep deprivation effect and the driving simulator are

found with the subjective assessments of driving (performance and effort) and the VAS-BL

(Table 5). However, it should be noted that the participants in this study were not blinded,

which might have influenced this study’s subjective measures.

The test duration for both driving tasks was around 30 minutes. This made it possible to

compare both tasks, but it does deviate from the standard length of the on-the-road tasks,

which is 100 km [15]. Increasing the length of the trajectory, and therefore the duration of the

task, might show a more prominent effect of sleep deprivation on the SDLP. The data for this

study has not been analysed in the same way as done by Verster et al. [15]. A different cut-off

for speed is used and removing of lane switches. The absolute increase of the SDLP found in

this study must therefore be compared to other on-the-road driving studies with care.

Limitations

Several limitations should be noted when interpreting the results of this study. First, the study

design did not include a habituation night for both the well-rested and sleep deprivation visits.

Lifestyle restrictions demanded that each participant have a stable sleep pattern with a bedtime

between 22:00 and 23:00 hours and awakening between 7:00 and 8:00 hours. Although all par-

ticipants confirmed adherence at the start of each visit, it cannot be ruled out that a few partici-

pants had not followed up on these restraints. While the effect of sleep deprivation was

detected for most measures, the result of the study could have been optimised by adding a

habituation night [45].

Secondly, differences in the interval between the two study visits between subjects may have

influenced study outcomes. A 5-day interval was applied between the sleep deprivation visit

and the subsequent well-rested visit for one group of participants. In contrast, the other group

performed the well-rested and sleep-deprived visits contiguously. This may have led to a differ-

ence in familiarisation or learning effect between the two groups. If we had introduced a 5-day

interval between the well-rested and the sleep deprivation periods, this potential bias could

have been prevented. However, all subjects were trained during the screening period on all

study procedures. Therefore, the learning and familiarisation effect during the actual study

periods is expected to be small.

This study was performed in young, healthy men who were considered experienced drivers.

This population was chosen for pragmatic reasons as a second part of the study included deter-

mining the effects of sleep deprivation on evoked pain tests, which had to be initially restricted
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to a male population [46, 47]. Results may have been different if elderly or female drivers had

also been included [14, 48]. Additionally, less experienced drivers can overestimate their driv-

ing performance [49, 50] which might influence the results of the driving tasks and the correla-

tions between driving variables and the psychomotor test battery. In conclusion, the selection

of the study populations may limit the generalisability of the study results.

The current selection of psychomotor tasks does not cover all cognitive domains which

might be influenced by sleep deprivation. Other tests often used in sleep deprivation studies,

such as the PVT-192 [51], might have better correlations between the isolated testing of psy-

chomotor functioning and the SDLP measured with either the simulator or the on-the-road

car.

Conclusion

In general, this study demonstrates that the psychomotor test battery, driving simulator and

on-the-road driving tasks, are sensitive to sleep deprivation. However, the lack of apparent

correlations between test variables under well-rested and sleep-deprived conditions indicates

that each task in this study measures driving impairment differently. This study supports the

need for studies in early drug development, including driving tasks as close to real-life driving

as possible and indicates the complexity of (impaired) driving behaviour.
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