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RESEARCH ARTICLE

Sensitivity and Validity of Psychometric Tests
for Assessing Driving Impairment: Effects of
Sleep Deprivation
Stefan Jongen1*, Joy Perrier1,2, Eric F. Vuurman1, Johannes G. Ramaekers1,
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1 Department of Neuropsychology and Psychopharmacology, Faculty of Psychology and Neuroscience,
Maastricht University, Maastricht, The Netherlands, 2 U 1075 COMETE, INSERM, Caen, France

* stefan.jongen@maastrichtuniversity.nl

Abstract
Objective

To assess drug induced driving impairment, initial screening is needed. However, no con-

sensus has been reached about which initial screening tools have to be used. The present

study aims to determine the ability of a battery of psychometric tests to detect performance

impairing effects of clinically relevant levels of drowsiness as induced by one night of

sleep deprivation.

Methods

Twenty four healthy volunteers participated in a 2-period crossover study in which the high-

way driving test was conducted twice: once after normal sleep and once after one night of

sleep deprivation. The psychometric tests were conducted on 4 occasions: once after nor-

mal sleep (at 11 am) and three times during a single night of sleep deprivation (at 1 am,

5 am, and 11 am).

Results

On-the-road driving performance was significantly impaired after sleep deprivation, as mea-

sured by an increase in Standard Deviation of Lateral Position (SDLP) of 3.1 cm compared

to performance after a normal night of sleep. At 5 am, performance in most psychometric

tests showed significant impairment. As expected, largest effect sizes were found on perfor-

mance in the Psychomotor Vigilance Test (PVT). Large effects sizes were also found in the

Divided Attention Test (DAT), the Attention Network Test (ANT), and the test for Useful

Field of View (UFOV) at 5 and 11 am during sleep deprivation. Effects of sleep deprivation

on SDLP correlated significantly with performance changes in the PVT and the DAT, but not

with performance changes in the UFOV.

Conclusion

From the psychometric tests used in this study, the PVT and DAT seemmost promising for

initial evaluation of drug impairment based on sensitivity and correlations with driving
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impairment. Further studies are needed to assess the sensitivity and validity of these psy-

chometric tests after benchmark sedative drug use.

Introduction
Medicinal and illicit drugs can have detrimental side effects, such as sedation and reduced
alertness, which can cause driving impairment possibly leading to traffic accidents (e.g. [1], [2],
[3], [4], [5]). Performance testing should be applied to provide meaningful precautions for
users and prescribers regarding the impact of particular drugs on driving, either as part of the
drug registration process (e.g. [6]) or for already marketed medicinal or illicit drugs (e.g.[7]).
Methodological guidelines for experimental studies assessing the effects of drugs on driving in-
dicate that relatively simple laboratory tests can be used as a first step in screening a drug’s im-
pairing potential as they often provide the earliest evidence of impairment on driving
performance [8], and that more sophisticated procedures (e.g. driving simulators, on-the-road
testing) should be included in a later stage [9], [10], [11], [12]. The advantage of simple labora-
tory tests is that these tests are generally easy to administer, are cost-effective, and have a rela-
tive short duration [9], [11], [12], [13]. Many tests are being used to indicate whether drugs
impair driving performance and to judge fitness to drive when drugs are being used. However,
no consensus has been reached about which specific initial screening tools are best to be used
[10], as the link between test outcomes and clinical relevance is often unclear.

Therefore, it is needed to establish a link between tests and effects of clinical relevance in
order to compare results over separate studies. To provide this information, a requisite of a test
is to be sufficiently sensitive to detect clinically relevant impairment [5], [10]. Drugs with
known impairing effects can be used to induce clinically relevant levels of impairment, such as
alcohol. Epidemiological studies have indicated an increase of traffic accidents with alcohol
reaching blood alcohol concentrations of 0.5 g/L [14], [15]. However, when a psychometric test
is not sensitive to the impairing effects of clinically relevant levels of alcohol, it does not neces-
sarily mean it is not sensitive to more specific drug effects.

Another way to establish the clinically relevant performance impairment of a test is to assess
its sensitivity to clinically relevant levels in drowsiness induced by one night of sleep depriva-
tion [16], [17]. After alcohol, sleepiness is the most frequent cause of motor vehicle accidents
[18], [19]. Being sleep deprived while driving is a serious problem and is a direct or contribut-
ing factor in road related accidents [20], [21], [22]. Many experimental studies have confirmed
that driving related skills, such as vigilance and divided attention, deteriorates under conditions
of sleep deprivation [23], [24], [25], [26], [27], [28], [29]. The present study includes sleep dep-
rivation to induce clinically relevant levels of sedation to assess relevant impairment.

A number of psychometric tests are often used to assess possible driving impairment, but the
choice of tests differs depending on the area of research or practice. The Psychomotor Vigilance
Test (PVT) is often used in sleep research for assessing drowsiness resulting from disturbed or
insufficient sleep [30], [31], [32]. The Critical Tracking Test (CTT), Divided Attention Test
(DAT), the Digit Symbol Substitution Test (DSST) and the Determination Test (DT) as part of
the Vienna Test System [33] are often used in psychopharmacological studies to assess drug in-
duced effects in healthy volunteers or patients [8], [11], [34], [35], [36], [37], [38]. A Postural
Balance Test (PBT) has been indicated as a feasible test to assess drowsiness at the roadside [39].
Furthermore, several of these tests (i.e. PVT, DAT, and PBT) are sensitive to the impairing
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effects of clinically relevant levels of alcohol reaching a Blood Alcohol Concentration (BAC)
of 0.5 g/L [40].

In the field of ageing and dementia, The Concept Shifting Test (CST) or the equivalent Trail
Making Test [41], [42] and a test of Useful Field of View (UFOV) [43] are used to assess driv-
ing impairment. The Attention Network Test (ANT) is used in the field of neuropsychology
[44] as it measures the efficiency of multiple attention networks.

After initial screening, measures of driving with higher ecological validity are often used to
assess drug induced impairment. The standardized highway driving test used in the Nether-
lands [1], [2], [13] is a sensitive and reliable measure to assess drug induced impairment.
Standard Deviation of Lateral Position (SDLP) is the primary outcome of this test and has
been proven to be sensitive to the effects of many sedative drugs, such as alcohol [45], [46], an-
tidepressants [8], antihistamines [47], [48], the residual effects of hypnotics [49], [50], [51],
and was sensitive to the effects of sleep deprivation [52]. Therefore, the highway driving
test is used as a reference to indicate the magnitude of the effect of clinically relevant
levels of impairment after one night of sleep deprivation. Laboratory tests showing
comparable effect sizes could be useful as initial screening tools to assess drug induced
driving impairment.

In addition, laboratory tests can be useful when they are able to predict actual driving im-
pairment. Two reviews correlated drug-induced changes driving performance (SDLP) and per-
formance in a number of psychometric tests [8], [53]. Ramaekers [8] calculated intrasubject
correlations (n = 32) between changes in driving and psychomotor task performance across
treatment conditions. Correlations were assessed in two separate studies showing mild and
strong drug effects of antidepressant drugs (i.e. doxepin 75 mg and amitriptyline 75 mg, respec-
tively). Tests of critical tracking, divided attention, choice reaction time, critical flicker fusion,
memory, finger tapping, and vigilance were included. Results showed several significant corre-
lations, but these were relatively modest. The highest correlations (r = 0.45) were found be-
tween SDLP and tracking performance as measured by the CTT and the DAT for strong drug
effects. The strength of the associations depended on the severity of the drug effects; correla-
tions diminished with milder drug effects.

Verster and Roth [53] analysed data from three studies (n = 96) showing varying effects of
hypnotics, antihistamines, analgesics, and alcohol on actual driving and performance in tests of
tracking, divided attention, memory and digit symbol substitution. Similar to the findings of
Ramaekers [8], highest correlations with changes in SDLP were found for tracking in a contin-
uous tracking test and a divided attention test (overall r = 0.47). Nevertheless, regression analy-
sis showed that the combination of all performance parameters explained only 33% of the
variance found in driving. Notably, the strength of the associations depended again on the se-
verity of the impairing effects.

The main objective of the present study was to determine the ability of nine psychometric
tests to detect clinically relevant impairing effects of drowsiness as induced by one night of
sleep deprivation. More specifically, the sensitivity of these laboratory tests was assessed during
a single night of sleep deprivation at 1:00 am, 5:00 am, and 11:00 am, i.e. after 16, 20 and 26
hours of wakefulness and compared with performance after a night of normal sleep. A second-
ary objective was to determine and compare the magnitude of the sedative effects on these tests
during and after a night of sleep deprivation for future reference in clinical trials. We hypothe-
sized that all these tests would be sensitive to the impairing effects of one night of sleep depriva-
tion, but that the magnitude of the impairing effect would differ between tests. The magnitude
of the effects in the laboratory tests was compared with the magnitude of effect on SDLP in the
highway driving test. We expected a large effect of sleep deprivation on SDLP in the highway
driving test. A third objective was to determine the correlations between performance changes
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in these tests and those in driving performance to evaluate the validity of each test for predict-
ing driving impairment (i.e. SDLP changes).

Methods

Participants
Twenty-four healthy volunteers (12 males, 12 females) aged between 23–45 years were recruited
through advertisements at Maastricht University. Initial screening was based on a medical histo-
ry questionnaire. Eligible participants were invited for a physical examination, which included
urinalysis, tests for drugs of abuse (amphetamines, benzodiazepines, cannabis, cocaine, 3,4-
methylenedioxymethamphetamine, and opiates), and a 12-lead electrocardiogram. For partici-
pation, the following inclusion criteria had to be met: possession of a valid driving license for
three years or more, driving experience of at least 5000 km per year on average over the last
three years and a body mass index (BMI) between 19 and 29 kg mˉ². Exclusion criteria included:
shift work; history of a sleep disorder; extreme morning or evening type; any history of psychiat-
ric or medical illness; history or current drug or alcohol abuse; current use of psycho-active
medication; excessive caffeine use, defined as drinking six or more cups of coffee per day.

The mean (± SD) age of the participants was 26.9 (± 3.4) years. The study was conducted in
accordance with the code of ethics on human experimentation established by the declaration of
Helsinki (1964) and amended in Seoul (2008). All participants were informed of the study’s
goal, procedures, and potential hazards in writing, and they indicated their informed consent
in writing. The Medical Ethics Committees of Maastricht University approved the study. Par-
ticipants received a financial compensation for their participation in the study.

Design
The study was conducted according to a 2-period cross-over design to compare performance
after one night of sleep deprivation with performance after a normal night of sleep. The high-
way driving test was conducted twice: one after normal sleep and once after one night of sleep
deprivation (i.e. 24h of wakefulness) both starting at 9:00 am. The psychometric tests were con-
ducted on 4 occasions: once after normal sleep (at 11:00 am) and three times during a single
night of sleep deprivation (at 1:00 am, 5:00 am, and 11:00 am, i.e. after 16h, 20h, and 26h of
wakefulness). Both conditions were separated by an interval of at least one week, and the order
was balanced over participants. To reduce order effects between the tests, the test battery was
divided in two parts and these parts were balanced over participants.

Procedure
Participants were individually trained to perform the behavioral tests prior to the first test day
in two separate sessions. Participants agreed not to use any drugs of abuse or oral medication
(except oral contraceptives and paracetamol) during the study. During participation in the
study, alcohol intake was not allowed from 24 hours prior to each test day until discharge. On
testing days, caffeine intake and smoking was not allowed until discharge. In both conditions,
participants wore wrist actimeters and filled in sleep diaries to evaluate the rest/activity rhythm
one week before testing.

In the sleep deprivation condition, participants were called at 9:00 am to wake them up and
to verify a night of good sleep assessed by the Groningen Sleep Quality Scale (GSQS, [54]). Par-
ticipants arrived at the site at 9:00 pm in order to accompany them in complying with the pro-
cedures. They yielded urine and breathe samples to confirm their compliance with
prohibitions against use of drugs and to verify a BAC of 0.0 g/L. At 1:00 am and 5:00 am, the

Sensitivity and Validity of Tests for Assessing Driving Impairment

PLOS ONE | DOI:10.1371/journal.pone.0117045 February 10, 2015 4 / 22



participants performed the first and second session of the laboratory tests, comprising the
Critical Tracking Test, Divided Attention Test, Psychomotor Vigilance Test, Digit Symbol Sub-
stitution Test, Attention Network Test, Concept Shifting Test, Postural Balance Test, Determi-
nation Test, and the test of Useful Field of View. At 8:00 am, a standardized breakfast was
served. Participants were transported to the highway at 8:30 am. The highway driving test was
conducted from 9:00 am to 10:00 am. Upon completion of the driving test the participants re-
turned to the testing facilities for a third test session, starting at 11:00 am. See Fig. 1 for a time-
line of testing during a single night of sleep deprivation.

After a night of normal sleep, participants arrived at the site at 07:45 am. The GSQS was ad-
ministered and participants yielded urine and breathe samples to confirm their compliance
with the protocol. The highway driving test was conducted from 9:00 am to 10:00 am. The par-
ticipants returned to the testing facilities for one test session comprising the laboratory tests
described above.

Both testing days ended at 13:00 pm. After normal sleep, participants were dismissed; after
sleep deprivation, participants were driven home.

Assessment
Highway Driving Test. In the standardized highway driving test [2, 13] the participant oper-
ates a specially instrumented vehicle over a 100-km (61-mile) primary highway circuit, accom-
panied by a licensed driving instructor having access to dual controls. The task of the
participant is to maintain a constant speed of 95 km/h (58 m/h) and a steady lateral position
between the delineated boundaries of the right traffic lane. The vehicle speed and lateral posi-
tion are recorded continuously. These signals are digitized at a rate of 4 Hz and edited off-line
to remove data recorded during overtaking manoeuvres or disturbances caused by roadway or
traffic situations. The remaining data are then used to calculate mean values and standard devi-
ation of lateral position and speed. The primary outcome variable is Standard Deviation of Lat-
eral Position (SDLP, in cm) which is a measure of road tracking error, or ‘weaving’. The
secondary outcome variable is the Standard Deviation of Speed (SDSP), which is an index of
the ability to maintain a constant speed.

Psychomotor Vigilance Task. The Psychomotor Vigilance Task (PVT) is based on a simple
visual reaction time test [55]. Mean reaction time (RT) in ms, inverse reaction time (1/RT),
and lapses (i.e. RT> 500 ms) were calculated. 1/RT emphasizes slowing in the optimum and
intermediate response domain and it substantially decreases the contribution of long lapses.
For calculation mean 1/RT each RT (ms) was divided by 1,000 and then reciprocally trans-
formed [56].

Fig 1. Timeline of the sleep deprivation condition. Abbreviation: GSQS = Groningen Sleep Quality Scale.

doi:10.1371/journal.pone.0117045.g001
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Critical Tracking Task. The Critical Tracking Task (CTT) measures the ability to control
an unstable error signal in a first-order compensatory tracking task [57]. This test is designed
to measure psychomotor coordination. Participants are instructed to keep an unstable cursor
in the middle of a horizontal plane by counteracting or reverse its movements with the aid of a
joystick. The frequency of cursor deviations at which the participant loses control is the critical
frequency or lambda (λc), in rad sˉ1. The CTT includes five trials to obtain a reliable mean per-
formance score. The highest and lowest scores are removed, as extreme high or low scores
could cause high skewness of the mean performance. The final score is the average of the three
remaining scores.

Divided Attention Task. The Divided Attention Task (DAT) measures the ability to divide
attention between two simultaneously performed tasks [36]. In the primary task, the partici-
pant performs the same tracking task described above, yet at a constant level of difficulty set at
50% of his or her maximum capacity, as measured by the individual’s best mean lambda score
in the CTT at the end of training. In the secondary task, the participant monitors 24 peripheral
displays in which single digits change asynchronously at 5-s intervals. Participants are in-
structed to remove their foot from a pedal as rapidly as possible whenever the digit “2” appears.
This signal occurs twice at every location, in random order, at intervals of 5–25 seconds. The
primary dependent measures in each subtask are tracking error (in mm) and average reaction
time to targets (in ms). Secondary control measures are control losses in the tracking task and
number of hits in the target detection task.

Digit Symbol Substitution Test. The Digit Symbol Substitution Test (DSST) measures
many different psychomotor and cognitive functions at the same time [58]. A computerized
version [59] of the original paper-and-pencil test taken from the Wechsler Adult Intelligence
Scale is used (e.g. [60]). The participant is required to match each digit with a symbol from the
encoding list as rapidly as possible by using a touch screen. The number of digits encoded cor-
rectly within 3 min is the performance measure.

Attention Network Test. The Attention Network Test (ANT) provides measures of three
functions of attention within a single task [61]. Participants are instructed to keep their eyes
fixed on a fixation cross throughout the test. Then, at some variable interval (ranging from 400
to 1600 ms) a cue is presented for 100 ms. After the offset of the cue, a target display appears,
and remains on until response (i.e., a key-press indicating the direction of the target arrow), or
for 1700 ms if no response is made. Dependent variables are total reaction time, alerting (i.e.
difference between reaction time in no cue condition and double cue condition), orienting (dif-
ference between reaction time in center cue condition and spatial cue condition) and conflict
(difference between reaction time with incongruent flankers and congruent flankers). The test
duration is approximately 20 minutes. For a full description of the task, see the article of Fan
and colleagues [61].

Concept Shifting Task. The computerized Concept Shifting Task (CST) is used to measure
processing speed and cognitive flexibility [62]. It consists of three subtasks (A, B, and C). On
each display 16 small circles are grouped into one larger circle. In the smaller circles the test
items (numbers [A], letters [B] or both [C]) appear in a fixed random order. In part A, partici-
pants are asked to cross out numbers (1–16) in the right order as quickly and accurately as pos-
sible, using a touch screen. In part B, the circles contain letters (A–P) that have to be crossed out
in alphabetical order. In part C, the both numbers and letters are displayed, and the participant
is requested to alternate between numbers and letters. The time needed to complete each part is
scored (CST-A, CST-B, CST-C in s, respectively). An interference score (CSTi) was obtained by
the following formula: (CST-C −½ � (CST-A + CST-B)) / (½ � (CST-A + CST-B)) � 100.

Postural Balance Test. The Postural Balance Test (PBT) is measured by using the AMTI
AccuSway System for Balance and Postural Sway Measurement (Advanced Mechanical
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Technology, Inc., Watertown, MA) force platform [63], [64]. Postural sway is assessed by mea-
suring the length of the path of the centre-of-pressure (COP), and the area of the 95% confi-
dence ellipse enclosing the COP (A95), which is the primary outcome measure in cm2. The test
is conducted in two trials of both 60 seconds: one trial with the participants’ eyes open and one
trial with eyes closed, both with feet apart at hip’s width.

Determination Test. The Determination Test (DT) [33] is used to measure resilience of at-
tention and reaction speed under conditions of sensory stress. The task of the participant is to
identify various stimuli and to react to them by pressing the respective corresponding response
buttons, using the response panel of the Vienna Test System. The test is administered as a com-
puterized adaptive test whereby the presentation time of the stimuli adjusts itself to the reaction
speed of the participant. However, unlike classic computerized adaptive tests, this test form
presents the stimuli a little faster than would be optimal given the participants’ reaction speed,
thus resulting in a condition of sensory stress. Median reaction time and correct responses
were used to assess the performance of the participants. Total duration of the test is approxi-
mately 4 min.

Useful Field of View test. The test of Useful Field of View (UFOV) is a computer-based test
measuring detection time for three subtests (visual processing speed, divided attention, and se-
lective attention) which involve attentional tasks of increasing difficulty [65]. A total detection
time was computed by summing the threshold scores for the 3 subtests. Total duration of the
test is approximately 7 min. For a full description of the task, see the article of Edwards
and colleagues [65].

Subjective rating scales. The driving instructors rated each participant’s driving quality and
sedation at the conclusion of the highway driving test, using two 100-mm visual analogue
scales. Participants rated their subjective feeling of sleepiness and driving quality prior to, half-
way, and at the conclusion of the Highway Driving Test using the Karolinska Sleepiness Scale
(KSS, [66]) and a modified version of the Driving Quality Scale (DQS, [67]). The KSS is a nine-
point rating scale ranging from extremely alert (1) to very sleepy, great effort to keep alert,
fighting sleep (9). The modified DQS is a 10 point rating scale ranging from extremely poor (1)
to extremely good (10).

Statistical analyses
Sample size calculation was based on detecting a minimally relevant difference with an effect
size of 0.25 between performance after a normal night of sleep and at 5:00 am, i.e. after
20 hours of wakefulness during a night of sleep deprivation. Given a test-retest reliability of pa-
rameters at the Psychomotor Vigilance Test of at least r = 0.80 [68], a group of 24 participants
should permit detection of a mean change in reaction time, with a power of at least 95% and an
α of .05.

For the highway driving test, each variable was analyzed using General Linear Model
(GLM) repeated measures with wakefulness (two levels) as within subject factor. For the labo-
ratory tests, each variable was analyzed using GLM repeated measures with wakefulness (four
levels) as within subject factor. Three separate sleep deprivation-normal sleep contrasts were
conducted when an overall effect of sleep deprivation was found.

Change scores for each of the dependent variables were transformed to z-scores, which were
calculated across the pooled changes in the single night of sleep deprivation on three occasions
relative to performance on a separate day after one night of normal sleep. This allows for easy
comparison across each of the various performance tests [69]. To determine the magnitude of
the simple effects at various times during the night of sleep deprivation, Dunlap et al.’s [70] ef-
fect size (ES) statistics (i.e. tc[2(1-r)/n]

1/2) were calculated. This statistic is used to calculate

Sensitivity and Validity of Tests for Assessing Driving Impairment

PLOS ONE | DOI:10.1371/journal.pone.0117045 February 10, 2015 7 / 22



effect sizes in repeated measure designs. Effect sizes between 0 and 0.19 are considered small,
between 0.20–0.69 are considered moderate and 0.70 or higher are considered large [71].

To determine the correlations between changes in psychometric test performance and driv-
ing, Pearson’s correlations were calculated between changes scores of SDLP and psychometric
performance immediately before and after driving, i.e. at 5 am and at 11 am. Only significant
correlations are reported. All statistical analyses were done by using the Statistical Package for
the Social Sciences for Windows (version 21; SPSS Inc, Chicago, IL, USA).

Results

Missing data
One participant withdrew from further testing at 5:00 am due to excessive sleepiness. His data
were excluded for statistical analyses. Due to technical problems, no data were collected for one
participant during the DT and for another during the DAT on a single occasion. Only partici-
pants with complete data sets were entered in the analysis of the respective performance pa-
rameters. Outliers, defined as a difference by more than two times the standard deviation from
the mean, were removed.

Effects of sleep deprivation on highway driving test
Table 1 summarizes the mean (SE) scores obtained in the highway driving test. Seven driving
tests were terminated before scheduled completion, all in the sleep deprivation condition. One
test was terminated by the driving instructor because he judged the participant to be too

Table 1. Mean (SE) and effects of one night of sleep deprivation in the on-the-road highway driving test.

Time of day Overall effect

9:00 am 9:00 am (+24 h) F Dunlap’s ES

SDLP 15.11 (0.6) 18.23 (0.7) 30.29*** 0.97

SDSP 2.09 (0.08) 2.50 (0.14) 8.56** 0.73

Mean lateral position 95.70 (2.6) 97.15 (2.4) 0.76 0.12

Mean speed 93.37 (0.4) 92.69 (0.6) 2.34 0.27

Subjective sleepiness (KSS 1–9)

Before driving 2.83 (0.2) 5.78 (0.4) 49.72*** 2.17

At turning point 2.65 (0.3) 6.74 (0.3) 108.60*** 2.89

After driving 3.28 (0.3) 6.94 (0.4) 82.28*** 1.95

Subjective driving quality (1–10)

First part 7.48 (0.2) 5.61 (0.4) 19.52*** 1.32

Second part 7.44 (0.2) 5.72 (0.4) 13.83** 1.19

Instructor rating (VAS mm)

Sedation 13.65 (2.1) 56.35 (6.0) 59.65*** 1.79

Driving quality 25.96 (2.5) 41.00 (3.3)a 12.15** 1.06

Abbreviations: ES = Effect Size; SDLP = Standard Deviation of Lateral Position, SDSP = Standard Deviation of Speed, KSS = Karolinska Sleepiness

Scale, VAS = Visual Analogue Scale.

*p <. 05,

**p <. 01,

***p <. 001
a Increase of mm indicate worse subjective driving quality.

doi:10.1371/journal.pone.0117045.t001
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drowsy to continue safely. Six tests were terminated by participants because they felt too
drowsy to continue safely. All premature terminations occurred between 30 and 60 minutes of
the driving test. Of these driving tests, SDLP scores were calculated from the data collected
until termination of the test.

Analysis showed that mean SDLP was significantly increased by 3.1 cm after sleep depriva-
tion compared to driving after a night of normal sleep (F1, 22 = 30.29, p<. 001). This increase
corresponds to an effect size of 0.97. SDSP was significantly increased after one night of sleep
deprivation as compared with driving after a normal night of sleep (F1, 22 = 8.56, p<. 01). This
increase corresponds to an effect size of 0.73.

Subjective rating scales. In the sleep deprivation condition, participants felt significantly
more sleepy than normal, as measured with the KSS before (F1, 22 = 49.72, p<. 001) halfway
(F1, 22 = 108.60, p<. 001), and at the end (F1, 22 = 82.28, p<. 001) of the driving test. At the
same time, participants judged their driving quality to be worse than normal during the
first and second half of the driving test (F1, 22 = 19.52, p<. 001; F1, 22 = 13.83, p<. 001, respec-
tively). In line with this, instructors judged subjects to appear more sedated (F1, 22 = 59.65,
p<. 001) and drive worse (F1, 22 = 12.15, p<. 01) after one night of sleep deprivation com-
pared with driving after a normal night of sleep.

Laboratory tests
Table 2 presents a summary of the means and standard errors of the means (SE) of all perfor-
mance scores, the results of the analyses of variance, and the simple contrasts.

Psychomotor Vigilance Test. Mean reaction time (F3, 18 = 9.20, p<. 01) and lapses
(F3, 18 = 6.37, p<. 01) in the PVT were significantly different between the conditions of sleep dep-
rivation. Contrast analysis indicated an increase of mean reaction time at 5:00 am (F1, 20 = 10.95,
p<. 01) and 11:00 am (F1, 20 = 30.30, p<. 001) during sleep deprivation compared with mean re-
action time after a night of normal sleep. Lapses increased at 5:00 am (F1, 22 = 6.95, p<. 05) and
11:00 am (F1, 22 = 20.66, p<. 001) during sleep deprivation compared with lapses after a normal
night of sleep. To decrease the contribution of long lapses, inverse reaction times (1/RT)
were calculated. A main effect of sleep deprivation was found at 1/RT (F3, 20 = 22.19, p<. 001).
Contrast analysis indicated a decrease of 1/RT at 5:00 am (F1, 22 = 24.22, p<. 001) and 11:00 am
(F1, 22 = 44.26, p<. 001) during sleep deprivation compared with 1/RT after a normal night of
sleep (see Fig. 2).

Critical Tracking Test. A trend towards a main effect of sleep deprivation was found on
mean tracking performance in the CTT (F3, 20 = 2.98, p = .06). Contrast analysis revealed a
trend towards an increase of mean tracking performance at 5:00 am (F1, 22 = 3.29, p = .08) and
a trend towards a decrease of tracking performance at 11:00 am (F1, 22 = 4.00, p = .06) during
sleep deprivation compared with performance after a normal night of sleep (see Fig. 2).

Divided Attention Test. Two participants were not able to perform the DAT (i.e. more
than 100 control losses) at 11:00 am during sleep deprivation; therefore these participants were
not considered for the analysis. The secondary control measures, control losses (F3, 18 = 4.85,
p = .01) and misses (F3, 18 = 4.81, p = .01), were significant different between conditions of
sleep deprivation. These variables are therefore taken into account for measuring primary and
secondary task performance.

The distributions of control losses and misses were highly skewed. Therefore, transforma-
tions were applied to their logarithmic scores (log 10) before transformation to z-scores. Log
10 was applied to deal with zero values by using the formula NEWX = LG10 (X + 1). ANOVA
of tracking performance (i.e. the sum scores of the z-scores of the average tracking error and
log10 of the total number of control losses) revealed a significant main effect (F3, 17 = 18.54,
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Table 2. Mean (SE), Overall Effects of Sleep Deprivation and Contrast Analyses of Laboratory Tests.

Normal night
of sleep

Sleep deprivation Overall effect Simple contrasts

11:00 am 01:00
am

05:00
am

11:00
am

11:00 am versus
01:00 am

11:00 am versus
05:00 am

11:00 am versus
11:00 am

Test Mean (SE) F p p p p

Psychomotor Vigilance Test

Inverse reaction time 3.96 (0.09) 4.02
(0.07)

3.57
(0.14)

3.44
(0.10)

22.19 <0.001 0.22 <0.001 <0.001

Mean reaction time (ms) 258 (4.9) 265 (6.6) 308
(17.2)

328.5
(13.5)

9.20 <0.01 0.09 <0.01 <0.001

Lapses 0.83 (0.30) 1.13
(0.28)

6.30
(2.06)

8.39
(1.68)

6.37 <0.01 0.44 0.02 <0.001

Critical Tracking Test

Mean lambda (rad/s) 3.73 (0.12) 3.82
(0.11)

3.65
(0.15)

3.52
(0.16)

2.98 0.06 0.08 0.41 0.06

Divided Attention Test

z-AE+z-lg10(cl) -0.65 (0.29) -0.95
(0.29)

0.31
(0.41)

1.27
(0.38)

18.54 <0.001 0.22 <0.01 <0.001

z-RT+ z-lg10(mi) -0.48 (0.36) -0.46
(0.33)

0.20
(0.50)

0.75
(0.44)

6.47 <0.01 0.92 0.05 <0.01

Attention Network Test

Overall reaction time (ms) 492 (12) 492 (13) 552 (22) 586 (20) 11.73 <0.001 0.99 <0.01 <0.001

Alerting effect (ms) 53 (6) 55 (5) 59 (10) 69 (7) 1.52 0.24 0.69 0.48 0.06

Orienting effect (ms) 49 (4) 51 (4) 57(5) 32 (5) 2.30 0.11 0.22 0.72 0.27

Conflict effect (ms) 103 (6) 96 (6) 115 (9) 130 (10) 6.23 <0.01 0.10 0.17 0.03

Digit Symbol Substitution Test

Correct responses 105.6 (3.0) 101.4
(3.1)

96.4
(3.3)

98.4
(3.6)

3.63 0.03 0.03 0.021 <0.01

Concept Shifting Test

Reaction time CST-A (s) 18.6 (0.9) 19.1
(0.9)

19.0
(0.6)

19.0
(0.6)

0.65 0.59 0.59 0.20 0.42

Reaction time CST-B (s) 21.1 (0.9) 21.8
(0.9)

22.1
(0.7)

21.6
(0.7)

1.43 0.27 0.27 0.10 0.06

Reaction time CST-C (s) 24.9 (1.2) 25.7
(1.4)

28.3
(1.2)

24.9
(1.0)

3.22 0.05 0.05 0.36 <0.01

Interference (CSTi) 25.7 (3.2) 24.8
(3.6)

38.2
(5.1)

22.8
(2.8)

2.04 0.14 0.79 0.04 0.53

Determination Test

Correct responses 296.4 (9.0) 291.1
(9.1)

278.0
(12.3)

279.0
(12.8)

2.36 0.10 0.28 0.06 0.02

Median reaction time (ms) 646 (14) 665(14) 681 (18) 681 (20) 3.89 0.03 <0.01 <0.01 0.02

Useful Field of View Test

Total detection time (ms) 80.6 (6.4) 86.3
(8.2)

140.0
(19.8)

131.4
(17.4)

4.26 0.02 0.38 <0.01 <0.01

Postural Balance Test

Eyes open—ln-area 95 (cm2) 0.42 (0.16) 0.43
(0.16)

0.84
(0.13)

0.61
(0.14)

7.34 <0.01 0.91 <0.01 0.15

Eyes closed—ln-area 95 (cm2) 0.61 (0.1) 0.60
(0.1)

1.0 (0.2) 0.90
(0.2)

3.82 0.03 0.97 <0.01 0.04

Abbreviations: z-AE = z-score of average tracking error; z-lg10(cl) = z-score of log transformed total number of control losses; z-RT = z-score of reaction

time; z-log10(mi) = z-score of log transformed total number of misses; ln = natural log.

doi:10.1371/journal.pone.0117045.t002
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Fig 2. Mean baseline normalized performance at 1:00am (16 hours awake), 5:00am (20 hours awake) and 11:00 am (26 hours awake) compared
with performance after a normal night of sleep (at 11:00 am) across dependent variables of the Psychomotor Vigilance Test, Critical Tracking Test,
Divided Attention Test, and Attention Network Test. *p< 0.05, **p< 0.01, ***p< 0.001. Error bars indicate the standard error of the mean.

doi:10.1371/journal.pone.0117045.g002
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p<. 001) of sleep deprivation. Contrast analyses indicated that tracking performance was sig-
nificantly decreased at 5:00 am (F1, 19 = 8.76, p<. 01) and 11:00 am (F1, 19 = 53.29, p<. 001)
during sleep deprivation compared with tracking after a normal night of sleep (see Fig. 2).

A significant main effect in target detection performance (i.e. a sum of the z-scores of reac-
tion time and log10 of total number of misses) was found (F3, 17 = 6.47, p<. 01). Contrast
analyses indicated that target detection performance was significant decreased at 5:00 am
(F1, 19 = 4.48, p<. 05) and 11:00 am (F1, 19 = 14.50, p = .001) during sleep deprivation com-
pared with target detection performance after a normal night of sleep (see Fig. 2).

Attention Network Test. A main effect of sleep deprivation was found on total reaction
time in the ANT (F3, 20 = 11.73, p<. 001). Total reaction time increased at 5:00 am (F1, 22 =
13.79, p = .001) and 11:00 am (F1, 22 = 27.22, p<. 001) during sleep deprivation compared with
total reaction time after a normal night of sleep (see Fig. 3). The conflict effect was different be-
tween conditions of sleep deprivation (F3, 20 = 6.23, p<. 01). The conflict effect increased at
11:00 am (F1, 22 = 5.08, p<. 05) during sleep deprivation compared with the conflict effect
after a night of normal sleep. No main effects of sleep deprivation were found for the alerting
and orienting effect (see Fig. 2).

Digit Symbol Substitution Test. The amount of correct responses in the DSST was signifi-
cantly different between the conditions of sleep deprivation (F3, 20 = 3.63, p<.05). Participants’
correct responses decreased significantly at 1:00 am (F1, 22 = 6.17, p<. 05), 5:00 am (F1, 22 =
11.13, p<. 01), and 11:00 am (F1, 22 = 9.32, p<. 01) during a night of sleep deprivation com-
pared with correct responses after a normal night of sleep (see Fig. 3).

Concept Shifting Test. A main effect of sleep deprivation was found on subtest C in the
CST (F3, 20 = 3.22, p<. 05). Reaction time of part C increased at 5:00 am (F1, 22 = 8.95, p<. 01)
during sleep deprivation compared with reaction time of part C after a normal night of sleep
(see Fig. 3). No main effects of sleep deprivation were found at the subtests A and B and at the
interference score (CSTi).

Determination Test. Median reaction time at the DT was significantly different between
the conditions of sleep deprivation (F3, 19 = 3.89, p<. 05). Contrast analysis revealed that medi-
an reaction time increased at 1:00 am (F1, 21 = 9.59, p<. 01), 5:00 am (F1, 21 = 8.30, p<. 01),
and 11:00 am (F1, 19 = 7.03, p<. 05) during sleep deprivation compared with median reaction
time after a night of normal sleep (see Fig. 3). No main effects were found on the other variables
(i.e. correct responses, misses, and mistakes).

Useful Field of View test. A main effect of sleep deprivation was found on the third subtest
(i.e. selective attention) of the UFOV (F3, 18 = 5.05, p = .01). Detection time at the selective at-
tention test increased at 5:00 am (F1, 20 = 12.47, p<. 01) and 11:00 am (F1, 20 = 11.93, p<. 01)
during sleep deprivation compared with detection time at the selective attention test after a
night of normal sleep. No main effects were found on subtest one (i.e. visual processing speed)
and two (i.e. divided attention) of the UFOV, although a trend was found toward a main effect
of sleep deprivation on the divided attention subtest (F3, 17 = 3.14, p = .052).

A main effect of sleep deprivation was found on the total score of the UFOV (F3, 18 = 4.26,
p<. 05). Contrast analysis revealed that total detection time increased at 5:00 am (F1, 20 =
11.62, p<. 01), and 11:00 am (F1, 20 = 12.13, p<. 01) during sleep deprivation compared with
total detection time after a night of normal sleep (see Fig. 3).

Postural Balance Test. As data of the area of the 95% confidence ellipse enclosing the COP
(A95) in the PBT was not normally distributed, data was log transformed (e.g. [72]). Main ef-
fects of sleep deprivation were found on A95 with both eyes open (F3, 19 = 7.34, p<. 01) and
eyes closed (F3, 19 = 3.82, p<. 05). Contrast analysis revealed this effect was due to performance
at 5:00 am (F1, 21 = 11.67, p<. 01) compared with A95 with eyes open after a night of normal
sleep (see Fig. 3). With eyes closed, contrast analysis revealed this effect was due to
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Fig 3. Mean baseline normalized performance at 1:00 am (16 hours awake), 5:00 am (20 hours awake) and 11:00 am (26 hours awake) compared
with performance after a normal night of sleep (at 11:00 am) across dependent variables of the Digit Symbol Substitution Test, Concept Shifting
Test, Determination Test, Useful Field of View Test, and Postural Balance Test. *p< 0.05, **p< 0.01, ***p<0.001. Error bars indicate the standard
error of the mean.

doi:10.1371/journal.pone.0117045.g003
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performance at 5:00 am (F1, 21 = 8.53, p<. 01) and 11:00 am (F1, 21 = 4.64, p<. 05) during
sleep deprivation (see Fig. 3).

Comparison of performance measures
A summary of the mean difference with 95% confidence intervals, mean baseline-normalized
z-scores, and Dunlap’s effect sizes (ES) is shown in Table 3. Effect sizes and z-scores indicate
that tasks and parameters differ in sensitivity to the effects of one night of sleep deprivation. At
11:00 am after a night of sleep deprivation, largest effect sizes were found in the DAT on prima-
ry task performance and false alarms in secondary task performance (ES = 1.26 and 0.86, re-
spectively), inverse reaction time, mean reaction time and lapses in the PVT (ES = 1.13, 0.98,
and 1.23, respectively), overall reaction time in the ANT (ES = 1.13) and total detection time in
the UFOV (ES = 0.70). At 5:00 am during the night of sleep deprivation, all these tests showed
smaller effect sizes (0.60� ES� 0.88) compared with 11:00 after a night of sleep deprivation.
At 5:00 am, effect sizes were moderate (0.56� ES� 0.62) on the test parameters of the CST
and PBT, but smaller (0.00� ES� 0.41) at 11:00 am during sleep deprivation.

At 1:00 am during the night of sleep deprivation, two test parameters, correct responses in
the DSST and median reaction time in the DT, showed moderate effect sizes (both ES = 0.28).
These parameters showed moderate effects at 5:00 am and 11:00 am during and after a night of
sleep deprivation: 0.60 and 0.43 on correct responses in the DSST and 0.45 and 0.39 on median
reaction time in the DT, respectively.

Smallest effect sizes, i.e. 0.11 and 0.29, were found on lambda in the CTT at 5:00 am and
11:00 am, respectively, during sleep deprivation, respectively.

Correlations between laboratory tasks and highway driving test
Table 4 summarizes the significant correlations between changes in laboratory tasks and
changes in the on-the-road highway driving test. Changes of mean reaction time in the PVT
between 5:00 am and performance after a normal night of sleep correlated with changes in
SDLP (r = 0.68, p<. 01) (see Fig. 4). SDLP changes significantly correlated with changes in
lapses (r = 0.66, p<. 01) and inverse reaction time (r = -0.52, p<. 05) in the PVT between
5:00 am and performance after a normal night of sleep. Moderate correlations were found be-
tween changes of SDLP and changes of total mean reaction time in the ANT (r = 0.48, p<. 05),
median reaction time in the DT (r = 0.47, p<. 05), and secondary task performance in the
DAT (r = 0.47, p<. 05) between 5:00 am during sleep deprivation and performance after a nor-
mal night of sleep.

Moderate correlations were found between changes in SDSP and changes of correct re-
sponses (r = -0.56, p<. 01) and median reaction time (r = 0.55, p<. 05) in the DT between
5:00 am and performance after a normal night of sleep. Changes in SDSP correlated moderately
with changes of correct responses in the DSST (r = -0.42, p<. 05) between 11:00 am during
sleep deprivation and performance after a normal night of sleep.

Discussion
The main objective of the present study was to determine the ability of nine psychometric tests
to detect performance impairing effects of clinically relevant effects of drowsiness as induced
by one night of sleep deprivation. After one night of sleep deprivation, performance at all psy-
chometric tests except the CTT, was decreased. Specifically, performance in the DT and DSST
was decreased at 1:00 am. At 5:00 am during a night of sleep deprivation, performance was im-
paired in the PVT, DAT, ANT, UFOV, DT, PBT, CST and DSST. At 11:00 am after a night of
sleep deprivation, performance was impaired in all these tests, except the CST. The magnitude
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Table 3. Mean difference scores with 95% confidence intervals with performance after normal night of sleep, mean baseline*-normalized z-
scores, and effect sizes (Dunlap’s) of the performance tests.

01:00 am
(16h awake)

05:00 am
(20h awake)

11:00 am
(26h awake)

1:00
am

5:00
am

11:00
am

11:00 am versus
01:00 am

11:00 am versus
05:00 am

11:00 am versus
11:00 am

Test 95% CI 95% CI 95% CI z-scores ES ES ES

Psychomotor Vigilance Test

Inverse reaction time +0.06 -0.04 to
0.17

-0.39 -0.55 to-
0.22

-0.51 -0.67 to-
0.35

-0.21 0.59 1.09 -0.15 0.60+ 1.13++

Mean reaction time (ms) +6 -1 to 15 +50 18 to 81 +70 44 to 97 0.23 0.47 0.69 0.21+ 0.62+ 0.98++

Lapses +0.30 -0.49 to
1.10

+5.48 1.17 to
9.79

+7.57 4.11 to
11.02

0.22 0.68 1.26 0.22+ 0.78++ 1.23++

Critical Tracking Test

Mean Lambda (rad/s) +0.09 -0.01 to
0.19

-0.08 -0.27 to
0.12

-0.21 -0.42 to
0.01

-0.16 0.11 0.27 -0.16 0.11 0.29+

Divided Attention Test

z-AE+z-lg10(cl) -0.30 -0.80 to
0.20

+0.96 0.28 to
1.63

+1.92 1.37 to
2.47

-0.23 0.53 1.13 -0.22 0.62+ 1.26++

z-RT+ z-lg10(mi) +0.02 -0.45 to
0.49

+0.68 0.01 to
1.36

+1.23 0.55 to
1.90

0.01 0.31 0.62 0.01 0.32+ 0.67+

Attention Network Test

Overall reaction time (ms) 0 -16 to
17

+60 27 to 94 +94 57 to
132

0.00 0.58 0.98 0.00 0.63+ 1.13++

Alerting Effect (ms) +2 -7 to 10 +6 -12 to
24

+16 -1 to 33 0.07 0.14 0.48 0.06 0.16 0.51+

Orienting Effect (ms) +2 -7 to 10 +8 -3 to 18 -2 -16 to 12 0.08 0.33 -0.07 0.08 0.34+ -0.08

Conflict Effect (ms) -8 -17 to 2 +12 -5 to 29 +26 2 to 50 -0.29 0.28 0.53 -0.26 0.32+ 0.63+

Digit Symbol Substitution Test

Correct responses -4.2 -7.7 to-
0.69

-9.2 -14.9 to-
3.5

-7.2 -12.0 to-
2.3

0.28 0.58 0.41 0.28+ 0.60+ 0.43+

Concept Shifting Test

Reaction time CST-A (s) +0.5 -0.3 to
1.4

+0.5 -0.7 to
1.6

+0.4 -0.9 to
1.8

0.13 0.16 0.14 0.13 0.12 0.11

Reaction time CST-B (s) +0.7 -0.1 to
1.6

+1.0 -0.1 to
2.1

+0.5 -0.8 to
1.7

0.17 0.29 0.13 0.16 0.23+ 0.11

Reaction time CST-C (s) +0.7 -0.9 to
2.4

+3.4 1.0 to
5.7

0.0 -1.8 to
1.8

0.11 0.61 0.01 0.11 0.59+ 0.00

Interference (CSTi) -0.9 -8.0 to
6.2

+12.5 0.6 to
24.4

-2.9 -12.3 to
6.5

-0.05 0.53 -0.21 -0.06 0.62+ -0.20+

Determination Test

Correct responses +18 6 to 30 +35 10 to 60 +34 7 to 61 0.28 0.42 0.37 0.13 0.35+ 0.29+

Median reaction time (ms) -5.3 -15.2 to
4.6

-18.5 -37.8 to
0.9

-17.5 -32.1 to-
2.8

0.12 0.32 0.29 0.28+ 0.45+ 0.39+

Useful Field of View Test

Total detection time (ms) +5.7 -7.7 to
19.1

+59.4 23 to 96 +50.8 20.4 to
81.3

0.15 0.65 0.64 0.17 0.75++ 0.70++

Postural Balance Test

Eyes open—ln-area 95 (cm2) +0.01 -0.24 to
0.27

+0.42 0.17 to
0.68

+0.19 -0.07 to
0.45

0.16 0.38 0.06 0.02 0.62+ 0.27+

Eyes closed—ln-area 95 (cm2) -0.00 -0.26 to
0.25

+0.39 0.11 to
0.67

+0.30 0.01 to
0.58

-0.01 0.50 0.37 0.01 0.56+ 0.41+

+ indicates moderate effect size;

++ indicates large effect sizes.

Abbreviations: RT = Reaction Time; z-AE = z-score of average tracking error; z-lg10(cl) = z-score of log transformed total number of control losses; z-RT =

z-score of reaction time; z-log10(mi) = z-score of log transformed total number of misses; ln = natural log.

* baseline is performance after a night of normal sleep on a separate day.

doi:10.1371/journal.pone.0117045.t003
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of effect was different among the tests at 5:00 am and 11:00 am during and after a night of sleep
deprivation; largest effect sizes (i.e.� 0.70) were found at the PVT, DAT, UFOV, and ANT.

In the highway driving test, a large impairing effect was found on SDLP after one night of
sleep deprivation. SDLP increased with 3.1 cm compared with SDLP after a normal night of
sleep, which is comparable to impairment at a BAC between 0.5 and 0.8 g/L [45] indicating the
clinically relevant impairment after one night of sleep deprivation.

Table 4. Significant correlations between changes in laboratory test parameters and changes in on-the-road highway driving parameters
between time points during a night of sleep deprivation and testing after a normal night of sleep.

Δ SDLP

Test Variable Time of day during sleep deprivation na Pearson’s r

Psychomotor Vigilance Test Mean reaction time 5:00 am 21 0.68**

Lapses 5:00 am 21 0.66**

Inverse reaction time 5:00 am 21 -0.52*

Attention Network Test Total mean reaction time 5:00 am 23 0.48*

Determination Test Median reaction time 5:00 am 20 0.47*

Divided Attention Test Mean reaction time and misses 5:00 am 20 0.47*

Δ SDSP

Determination Test Correct responses 5:00 am 20 -0.56**

Median reaction time 5:00 am 20 0.55*

Digit Symbol Substitution Test Correct responses 11:00 am 23 -0.42*

a outliers, i.e. values larger than ± 2 SD from the mean, were removed.

*p <. 05,

**p <. 01.

Abbreviations: SDLP = Standard Deviation of Lateral Position, SDSP = Standard Deviation of Speed.

doi:10.1371/journal.pone.0117045.t004

Fig 4. Correlations between changes (performance at 5:00 am—performance after normal night of
sleep) in mean reaction time in the Psychomotor Vigilance Test and changes in SDLP.

doi:10.1371/journal.pone.0117045.g004
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As expected, lapses and inverse reaction time in the PVT were among the most sensitive pa-
rameters to the impairing effects of being awake for 20 and 26 hours, which is in line with pre-
vious studies (e.g. [26], [30], [31], [32], [55]). The PVT was previously found to be sensitive to
alcohol doses reaching clinically relevant BAC of 0.5 g/L [40] and lower [73]. The PVT is a
promising screening tool to detect impairment, although it has not yet been shown to be sensi-
tive to the impairing effect of medicinal drugs, such as zopiclone 7.5 mg [74]. Previous studies
have consistently shown that the residual effects of zopiclone 7.5 mg impair driving perfor-
mance, as indicated by an increase of SDLP comparable to impairment with a BAC of 0.5 g/L
[49], [51]. Further research should examine the sensitivity of the PVT to benchmark sedative
drugs to indicate its ability to detect specific drug effects.

The effects of sleep deprivation at the DAT are in line with previous studies [24], [27]. The
DAT has previously been shown to be sensitive to the effects of many sedative drugs such as
doses of alcohol, antidepressants, antihistamines, and the residual effects of hypnotics [37],
[40], [46], [48], [60], [74]. The present results support the use of the DAT as screening tool for
assessing clinically relevant driving impairment.

In the present study, performance at an UFOV test was impaired after sleep deprivation,
which is in line with a previous study assessing these effects on performance in the UFOV
while driving in a simulator [75]. The UFOV test seems a promising screening tool to assess
drug induced impairment, although no significant effects were found in a previous study with
alcohol reaching a clinically relevant blood alcohol level of 0.48 g/L [69]. Further research
should therefore assess the sensitivity of the UFOV test to the specific effects of sedative drugs.

The ANT was also one of the most sensitive tests after sleep deprivation in the current
study. The sensitivity of the ANT after sleep deprivation is in line with previous studies [76]
[77]. Although total reaction time and the conflict effect were affected, the orienting and alert-
ing effects were not increased after sleep deprivation. Thus, overall performance at the ANT is
sensitive to the impairing effects of sedation, while specific effects at the networks of attention
are less sensitive to indicate impairment. Furthermore, no effects of an alcohol dose reaching a
clinically relevant level of 0.5 g/L were found in a previous study [40]. In addition, the ANT has
a relative long duration (i.e. 20 min). Thus, other tests with a shorter duration measuring reac-
tion time could be preferred to screen for relevant impairment.

The DSST, DT, and PBT were sensitive to the impairing effects of one night of sleep depri-
vation, but effect sizes were only modest. In these tests, performance slightly improved in the
morning, as effect sizes were lower after 26 hours of wakefulness compared with effect sizes
after 20 hours of wakefulness. This finding of a slight improvement in the morning was previ-
ously indicated in a cognitive psychomotor task [78]. This could be due to circadian effects, as
assessing performance at 11:00 am is at a more favorable circadian phase compared to 5:00 am
[79]. Therefore, the time of day should be considered when using these tests as screening tools
to assess drug induced impairment.

A potential limitation of the use of laboratory tasks to assess driving impairment is their
lack of validity for measuring driving and predicting accident risk [80]. The present study
found relatively high correlations between performance changes in the PVT and changes in the
highway driving test due to sleep deprivation. In contrast, analysis of drug induced impairment
found only modest correlations [8], [53]. The high correlations found in the present study
could be explained by the type of task and the type of manipulation. Regarding the type of task,
both the PVT and the highway driving task require the ability to sustain attention over a longer
period. In addition, both tests are known to be very sensitive to the effects of sleep deprivation
[24], [52]. Correlations tend to increase with stronger impairing effects, as shown by drug stud-
ies [8], [53]. Drugs may have different or more subtle effects than a night of sleep deprivation.
In addition, safe driving does not only depend on the ability to remain vigilant. Further studies
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should therefore be conducted to determine the ability of the PVT and other tasks to detect
clinically relevant drug induced impairment.

To summarize, largest effects of sleep deprivation were found on performance in the PVT,
DAT, ANT and UFOV. These effects were comparable to or larger than the effect on SDLP in
the highway driving test. Furthermore, these tests were minimally influenced by circadian ef-
fects, as performance impairment was larger at 11:00 am compared with 5:00 am during sleep
deprivation. In addition, performance changes in the PVT, DAT and ANT correlated signifi-
cantly with changes in SDLP. Performance changes in the UFOV did not correlate with
changes in driving and the duration of the ANT is considerably long compared with the other
tests. The PVT and DAT seem therefore more preferable than the UFOV and the ANT.

According to the present study, effects of clinically relevant levels of drowsiness as induced
by one night of sleep deprivation can be used as minimally relevant effects of impairment. One
limitation of the implications of the present study is, however, that sleep deprivation, alcohol,
and sedative drugs have qualitatively differences [81], [82]. Sedative drugs could have more
specific effects on simple laboratory tests. Further studies with a double-blind, placebo-con-
trolled, cross-over design examining the effects of benchmark sedative drugs are helpful to as-
sess the sensitivity of laboratory tests to the potentially impairing effects and whether specific
tests can predict drug induced driving impairment.

In conclusion, from the psychometric tests used in this study, the PVT and DAT seem most
promising for initial evaluation of drug induced impairment based on sensitivity, correlations
with driving impairment, and short duration. The effects of one night of sleep deprivation on
these tests are similar to or larger than clinically relevant levels of alcohol [40]. Such decreases
in arousal after one night of sleep deprivation are clinically relevant, as an increased crash risk
has been indicated at night or in the early morning hours [20], [21], [22]. The suggested initial
screening tools can be used as a first step to provide meaningful precautions for users and pre-
scribers about the impact of drugs on driving.
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