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Abstract
The pupillographic sleepiness test (PST) is an accurate predictor of alertness failure and performance impairment across sleep
deprivation. At 11min in duration, the task is considered too long to be used in occupational or roadside settings. We therefore
investigated the predictive capacity of the PST at seven shortened test durations. Eighteen healthy young adults (aged 21.4 ± 3.2
years, 10 men) underwent 40 h of continuous wakefulness, completing an 11-min PST and a 10-min psychomotor vigilance task
(PVT) every 2 h. Waking electroencephalography was recorded and scored for microsleeps during PVTs. The PST was divided
into eight equal 82-s blocks and the predictive capacity of the pupillary unrest index (PUI) calculated at descending PST durations
by systematically removing blocks. PUI increased significantly with time awake for all test durations (p < .0001), with a similar
amplitude of PUI observed for test durations of 5.5 min and longer. While all test durations accurately predicted PVT impairment
(AUC: 0.72–0.86, p < .001) and microsleep (AUC: 0.74–0.84, p < .0001), 5.5 min was the shortest duration where accuracy
remained high across level and type of impairment (AUC: 0.79–0.86). For the 5.5-min duration, the positive predictive value
(PPV) and negative predictive value (NPV) were on average 50.1% and 89.4%, respectively, and were comparable to the full 11-
min task (PPV: 49.2%; NPV: 91%). The PST can be shortened to 5.5 min without compromising accuracy in detecting perfor-
mance impairment or physiological drowsiness. The PST is an ideal candidate for fitness-for-duty or fitness-to-drive testing, and
future studies should examine its predictive capacity, at shorter durations, against operationally relevant outcomes.

Keywords Pupillary instability . Fitness for duty . Alertness . Sustained attention . Vigilance . Drowsiness . Sleepiness . Fatigue

Introduction

Drowsiness is a leading cause of motor vehicle crashes
(MVCs), alongside alcohol intoxication and speeding
(Australian Transport Council, 2011; Connor et al., 2002).
Worldwide estimates suggest approximately 20% of serious
MVCs are caused by drowsiness (Blanco, Biever, Gallagher,
& Dingus, 2006; Connor et al., 2002), with insufficient sleep
resulting in a two- to fifteen-fold increase in crash risk (Tefft,
2018). Occupations that require individuals to work shifts,
particularly night shifts, are of major concern due to the syn-
ergistic impact of sleep loss and circadian misalignment on
alertness (Anderson et al., 2012). Accordingly, shift workers
are at a heightened risk of drowsiness-related MVCs

(Crummy, Cameron, Swann, Kossmann, & Naughton, 2008;
Lee et al., 2016), particularly professional drivers (Stevenson
et al., 2014) or those working in healthcare settings (Anderson
et al., 2018; Barger et al., 2005; Ftouni et al., 2012; Mulhall
et al., 2019). A clear strategy for alleviating drowsiness-
related MVCs is the development of tools to monitor and
identify the drowsy state (Wolkow, Rajaratnam, Anderson,
Howard, &Mansfield, 2019).While a number of devices have
been developed and validated in recent years (Dawson, Searle,
& Paterson, 2014), many of these are continuous monitoring
devices providing a warning of the increasing drowsy state
(Anderson, Chang, Sullivan, Ronda, & Czeisler, 2013;
Anderson et al., 2018; Ftouni et al., 2013; Ftouni et al.,
2012; Mulhall et al., 2019).

Single-time-point predictions of drowsiness-related crash
risk, such as tests designed for fitness to drive or fitness for
duty, would allow for early interventions. One such test is the
pupillographic sleepiness test (PST), an 11-min test of pupil
diameter fluctuations (Wilhelm, Wilhelm, Ludtk, Streicher, &
Adler, 1998b). In total darkness, spontaneous oscillations of
pupil diameter reflect changes in autonomic nervous system
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activity (Oken, Salinsky, & Elsas, 2006). In the alert state, the
pupil diameter is largely stable, becoming more unstable with
increasing drowsiness due to fluctuations between sympathet-
ic and parasympathetic control (Oken et al., 2006). This insta-
bility results in oscillations in pupil size, which can be cap-
tured with the pupillary unrest index (PUI) (Lüdtke, Wilhelm,
Adler, Schaeffel, & Wilhelm, 1998). We and others have
shown that the PUI is sensitive to increased time awake
(Maccora, Manousakis, & Anderson, 2018; Regen, Dorn, &
Danker-Hopfe, 2013; Wilhelm, Rühle, Widmaier, Lüdtke, &
Wilhelm, 1998a), and is predictive of subsequent performance
failure (attentional lapses) and increased physiological sleep-
iness (microsleeps and slow eye movements) (Maccora et al.,
2018). Although the PUI metric within the PST is a reliable
indicator of drowsiness, and therefore offers the potential for a
fitness-for-duty/fitness-to-drive test, the duration of the task
(11 min) is too long for a roadside test, andmay not be feasible
within demanding, time-constrained work environments such
as healthcare settings, mining operations, and aircraft flight
decks.

This was highlighted previously using the psychomotor
vigilance task (PVT), a test of a sustained reaction time.
While the full 10-min test duration is optimal for capturing
sleepiness-induced performance failure, shortened test dura-
tions of as little as 3 min can adequately capture impairments
following total sleep deprivation and sleep restriction (Basner
& Dinges, 2011; Loh, Lamond, Dorrian, Roach, & Dawson,
2004; Roach, Dawson, & Lamond, 2006). This has subse-
quently led to the successful implementation of shortened test
durations in healthcare settings to monitor alertness across
successive night shifts (Ganesan et al., 2019), and the devel-
opment of tablet-based apps to measure PVT performance in
operational settings (e.g. Joggle Research, USA).

While it has been shown previously that the PST task does
exhibit a time-on-task effect (like the PVT; Doran, Van
Dongen, & Dinges, 2001), both the first and second half in-
crease separately across a night of sleep (Wilhelm, Wilhelm,
et al., 1998b). The extent to which the PST can be shortened to
make it more operationally practical and feasible remains un-
known. We therefore examined whether the PST, a valid and
reliable automated test of drowsiness, can be reduced in dura-
tion while retaining high accuracy for predicting performance
impairment and physiological sleepiness.

Method

Participants

Eighteen healthy young adults (10 men, 8 women) aged 18–
29 years (M = 21.4 ± 3.2 years) took part in the study.
Participants were non-smokers, consumed less than 300mg
of caffeine per day, and had a body mass index (BMI) within

the healthy range [18–35 (M= 23.45, SD= 4.31)]. They re-
ported a habitual sleep duration of 7–9 h; habitual sleep times
between 22:00 and 01:00 and wake times between 06:00 and
09:00; did not nap more than once a week; had no history of
medical, psychiatric, or sleep conditions; were free of medi-
cations or substances known to affect the central nervous sys-
tem; did not have any visual impairments, eye conditions, or
vision corrected by surgery or corrective lenses; and had not
worked shift work or travelled across two time zones in the
past 3 months. Female participants were not currently preg-
nant or using hormonal contraception.

The sample size was based on previous sleep deprivation
protocols testing the utility of ocular metrics to predict impair-
ment. Our previous work demonstrated significant results with
strong effect sizes (Ns = 10–29) (Anderson et al., 2013; Ftouni
et al., 2013). With N = 18, we demonstrate 99% power to
detect a medium effect size for linear mixed-model analysis.
The present study was approved by Monash University
Human Research Ethics Committee. Written informed con-
sent was provided by participants prior to participation in the
study, and participants were reimbursed for their time.

Procedure

To ensure all participants were sleep-satiated prior to admis-
sion to the study, all participants maintained a self-selected
fixed 9:15 sleep/wake schedule at home for one week.
Compliance with this schedule was monitored with
Actiwatch-2 activity monitors (Philips Respironics, USA)
and time- and date-stamped call-ins at bed and wake time.
During this week, participants were required to abstain from
the consumption of caffeine, alcohol, nicotine, medication,
and recreational drugs, as confirmed by urine toxicology upon
arrival at the laboratory. Participants were admitted to a time-
isolated, temperature- (21 °C ± 1 °C) and light-controlled pri-
vate roomwith ensuite, underwent a baseline night of sleep (8
h) scheduled at their habitual bedtime, and woke to a 40-h
period of extended wakefulness under modified constant rou-
tine conditions. Here, participants were seated upright under
dim light conditions (< 3 lux) and provided with hourly iso-
caloric snacks to equally distribute nutritional intake.
Participants were provided 5 min of free movement every
hour to stretch and use the bathroom. Alertness testing began
2 h post-wake, and was conducted bi-hourly thereafter. A
night of recovery sleep in the laboratory was provided at the
end of the 40 h.

Alertness testing battery

Bi-hourly alertness testing consisted of the pupillographic
sleepiness test (PST), followed by the psychomotor vigilance
task (PVT), with continuous monitoring of brain activity with
electroencephalography (EEG).
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Spontaneous oscillations of the pupil were monitored using
the F2D2 portable PST (AMTech Pupilknowlogy,
Dossenheim, Germany) [see Peters, Grüner, Durst, Hütter,
and Wilhelm (2014) for a full device description]. Under con-
ditions of complete darkness, participants fixated on a small
light-emitting diode housed within a set of portable goggles,
while pupil diameter was measured using an infrared video
pupilometer. Test duration was 11min, pupil diameter was
sampled every 40 ms (sampling rate = 25 Hz), and the pupil-
lary unrest index (PUI) was automatically calculated in eight
82.5 s blocks. During the test, participants were asked to open
their eyes if the eyes remained shut for more than 5 s—no
other conversation was permitted. The test was terminated
after a minimum of 5.5min (four blocks) if the participant
was consistently unable to open their eyes long enough for
the pupil to be detected.

Vigilant attention was assessed using a 10-min visual PVT
(Dinges & Powell, 1985). Participants were required to re-
spond as quickly as possible to an ascending millisecond stop-
watch appearing at random intervals (2–10 s). Following a
response, the participant’s reaction time was displayed on
the screen before the next trial commenced. Failure to respond
w i t h i n 1 0 , 0 0 0 m s s o u n d e d a n a u d i b l e t o n e .
Electroencephalogram (EEG: F3, F4, C3, C4, P3, P4) and
electrooculogram (EOG) linked to the contralateral mastoids
were recorded continuously using Compumedics Profusion 4
software (Compumedics Limited, Melbourne, Australia) and
gold cup electrodes. Data was sampled at 512 Hz, with a low-
pass filter at 30 Hz, a high-pass filter at 0.3 Hz, and a notch
filter at 50 Hz.

Data analysis

Data cleaning PVT responses < 100 ms were removed. Due to
non-normal distribution of the data, PVT lapses (responses >
500ms) were transformed using [(√n)+ (√n+1)] (Basner &
Dinges, 2009). EEG data during the PVT was visually scored
for microsleeps, defined as an intrusion of theta or delta activ-
ity > 3 s in the absence of eye blinks. For each PST, the pu-
pillary unrest index (PUI; changes in pupil diameter in mm/
min) was automatically calculated using AMTech F2D2 soft-
ware in eight bins of 82.5 s (Peters et al., 2014). Briefly, PUI is
the sum of absolute changes in pupil diameter: data was re-
duced by calculating the average for periods of 16 consecutive
values, and the absolute values of the differences from one 16-
value segment to the next are summarised for each 82.5-s bin.
The PUI is the normalised value over a 1-min window, which
is averaged for each complete 82.5-s bin [see Lüdtke et al.
(1998) for full methods]. Every possible test duration was
examined by systematically removing bins and manually cal-
culating the mean PUI for the remaining bins (see Table 1). To
be included in the calculation of the PUI, 50% of the available
blocks had to contain valid data. Those tests that contained

less than 50% valid data were marked as a ‘failed PST’. For all
analysis of PUI metrics, failed PSTs were regarded as missing
data; however, for the final analysis (pass/fail PST), they were
regarded as a ‘failed’ PST due to inability to complete the test.

Time course of changes in alertness For each PST test dura-
tion, PUI data was log-transformed, and data from the first 16
h was averaged to form a baseline measurement of rested
wake performance (Anderson et al., 2013; Ftouni et al.,
2013). Subsequent time points (hours 18–38) were then com-
pared to the baseline value using linear mixed-model analysis
to account for inter-individual variability and missing data.
Time spent awake was modelled as a fixed factor, and partic-
ipant was modelled as a random factor. A compound symme-
try covariance type was used for all models, as this provided
the lowest Schwarz Bayesian criterion (BIC) (Schwarz, 1978).
To compare the different duration tests, a linear mixed model
was run, with test duration and time spent awake modelled as
fixed factors, and participant modelled as a random factor.
Here, the main effect of test duration and the interaction with
time spent awake were examined. An auto-regressive covari-
ance structure was used. Post hoc pairwise comparisons were
conducted within each model as required. A false discovery
rate adjustment was applied to control for type I error
(Benjamini & Hochberg, 1995). FDR adjusted p values (padj)
are provided for all post hoc tests conducted. All statistical
analyses were conducted in SPSS version 24 software (IBM,
Armonk, NY).

Receiver operating characteristic (ROC) analysisROC analysis
was conducted using SigmaPlot version 13 (ROC Curves
Module; Systat Software, Inc., San Jose, CA) to assess the
accuracy of the PUI score at different PST durations in
predicting performance impairment, defined here as the num-
ber of PVT lapses, and physiological sleepiness, defined as the
number of microsleeps during the PVT. Three threshold in-
creases from ‘baseline’ were defined in order to assess mild–
severe impairment: 25%, 50%, and 75%. Thresholds were

Table 1 PST test durations and minimum data blocks required for
inclusion in data analysis

PST testing blocks Task Duration Min. blocks required

8 Blocks 11min (11min 0 s) 4

7 Blocks 9.6 min (9min 38 s) 4

6 Blocks 8.3 min (8min 15 s) 3

5 Blocks 6.9 min (6min 53 s) 3

4 Blocks 5.5 min (5min 30 s) 2

3 Blocks 4.1 min (4min 8 s) 2

2 Blocks 2.8 min (2min 45 s) 1

1 Block 1.4 min (1min 23 s) 1
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calculated according to previous work (Anderson et al., 2013;
Chua et al., 2012), and a given time point was classified as
either ‘alert’ or ‘drowsy’, depending on whether the impair-
ment criteria (performance or physiological) fell below or
above the threshold (Chua et al., 2012). Here, sensitivity is
defined as the percentage of ‘drowsy’ time points that were
correctly assigned a high PUI score (i.e., the percentage of
times the test correctly detected a drowsy individual based
on PVT lapses andmicrosleeps), and specificity is the percent-
age of times the test correctly detected an alert individual.
Positive predictive value (PPV) refers to the percentage of
high PUI scores that were genuinely drowsy points (i.e., the
percentage of positive PSTs that were also considered im-
paired on PVT or EEG), and negative predictive value
(NPV) refers to the percentage of low PUI scores that were
genuinely alert time points. Optimal cut-off values were de-
termined using two criteria: (1) balanced specificity and sen-
sitivity using Youden’s J index (Youden, 1950), and (2) min-
imum specificity of 85% to reduce the number of false posi-
tives, which is important for roadside testing and in line with
recommendations for roadside drug testing (Verstraete, 2005).
In this analysis, only PSTs with > 50% data were included in
the analysis.

Chi-square analysis of PST pass/fail Finally, to examine the
impact of failing to complete the PST due to ocular occlusion
and falling asleep, each PST was dichotomised as a pass/fail.
First, we utilised the cut-off scores developed in the ROC
curve analysis to predict moderate impairment (performance
and physiological) whilst maximising specificity (> 85%), and
a ‘failed’ PST was defined as all PSTs where the PUI was
above the cut-off score, or there was < 50% valid data due to
eye closure. A ‘passed’ PST was any complete PST with a
PUI below the cut-off score. Pearson chi-square analysis was
conducted to examine the predictive capacity of each PST
duration to predict moderate impairment, and sensitivity,
specificity, PPV, NPV, and odds ratios were calculated.
Second, adjusted cut-off scores were proposed to re-
establish maximised specificity (> 85%), and adjusted values
reported.

Results

Data were obtained from 18 participants who each completed
the 40 h extended wake protocol. Data from one participant
was excluded due to binocular miosis in total darkness (pupil
diameter < 3 mm; in addition to other data abnormalities). In
total, 323 ‘alertness testing’ sessions (PVT + PST) were com-
pleted (17 participants x 19 test sessions). Of these, 322
(99.7%) PVT test sessions were included and 322 PST ses-
sions were included (one PST session was lost due to an in-
ability to calibrate the device due to excessive sleepiness;

0.3% data loss). Of the 322 PST sessions, a total of 32 tests
were terminated early due to interference from sleepiness-
related ocular occlusions, and two tests were terminated early
due to the device no longer tracking the pupil—potentially
due to poor calibration. EEG was recorded from 321
(99.4%) PVT sessions, with only two excluded due to techni-
cal difficulties (0.6% data loss). As per Maccora et al. (2018),
PVT lapses [F(11,176) = 15.6, p < .0001] and number of
microsleeps [F(16,174) = 6.69, p < .0001] both showed sig-
nificant increases from the ‘baseline’ well-rested day.
Consistent with PUI, both outcomes showed peak impairment
at 26 h post-wake (see Fig. 1).

Impact of test duration on time course of PUI

Table 2 shows mean PUI and number of data points included
at each time point for each test duration. As can be seen,
shorter test durations resulted in less data loss, as the most
impaired participants who fell asleep part way through the
PST were included. PUI increased significantly across time
awake for all test durations (p < .0001; see Fig. 2). Post hoc
comparisons revealed that PUI was higher for all time points
(hours 18–38) relative to baseline (hours 2–16) for all test
durations (padj < .01) except for the one-block (1.4 min) test
duration: here, relative to baseline, the one-block PST exhib-
ited higher PUI values for all time points (Padj < .05) except
for hour 34 (Padj = 0.074).

There was a main effect of test duration on PUI score
[F(7,352.1) = 13.48, p < .0001], such that compared to the full
11-min test, all test durations ≤ 5.5 min resulted in lower PUI
scores (padj < .023). Additionally, the 1.4-min duration result-
ed in lower PUI scores than all test durations (padj < .046), the
2.8-min duration resulted in lower PUI scores than all test
durations ≥ 5.5 min (padj < .023), and the 4.1-min duration

Fig. 1 Bi-hourly mean (± standard error) psychomotor vigilance task
(PVT) lapses and microsleeps recorded during the 10-min PVT. Grey
shaded area represents habitual sleep period
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resulted in lower PUI scores than all test durations ≥ 6.9 min
(padj < .030). There was no interaction between test duration
and time since wake [F(77,933.5) = 0.21, P = 1.00].

Impact of test duration on predictive capacity of the
PUI

Ability to predict performance impairment

On average, mild performance impairment was classified as
10.27 ± 1.05 lapses (43% of tests classified as impaired), mod-
erate impairment was classified as 19.03 ± 1.83 lapses (35%
of tests classified as impaired), and severe impairment was
classified as 27.78 ± 2.64 lapses (22% of tests classified as
impaired). At the group level, these were comparable to 16
h, 20–22 h, and 24 h of wakefulness, respectively. All PST
durations successfully predicted performance impairment at
all impairment levels (p < .0001; see Table 3). For mild im-
pairment, the area under the curve (AUC) remained constant
at 0.86 for all blocks until the 4.1-min duration task. For mod-
erate and severe impairment, the AUC was relatively stable
until shorter test durations (4.1min and 2.8 min for moderate
and severe impairment, respectively). Associated

recommended cut-off scores (using Youden’s J) appeared to
be at approximately 9 mm/min, dropping below 8 for shorter
test durations (less than 4.1 min when identifying mild impair-
ment, but less than 2.8 min when identifying moderate perfor-
mance impairment). Whenmaximising specificity (to > 85%),
cut-off scores for identifying impairment were higher, at ap-
proximately 11 mm/min (see Table 3), and were relatively
stable for all test durations longer than 4.1 min (where they
dropped below 10mm/min for identifying mild impairment).
Figure 3 shows ROC curves and scatter plots for four different
test durations. As seen in panels d–f, optimal cut-off points
remained relatively stable until the 2.8 min test duration, al-
though there was a high number of false positives across all
test durations (i.e., a PUI score above the cut-off indicating
drowsiness, but no performance failure in the alert column).

When specificity was maximised, sensitivity was highest
for the 11-min test duration (66.7%) for predicting mild im-
pairment, with the highest values also reported for PPV and
NPV (75.9% and 79%, respectively). The difference across all
test durations 4.1 min and longer, however, was minimal, with
PPV ranging from 75.2% to 75.9% and NPV ranging from
75% to 79%. This was also observed for identifying moderate
and severe impairment (see Table 3 and Fig. 3).

Table 2 Mean (standard error) PUI score and number of valid tests per time point (bi-hourly) for each PST duration

11Min 9.6Min 8.3Min 6.9Min 5.5Min 4.1Min 2.8Min 1.4Min

M (SE) N M (SE) N M (SE) N M (SE) N M (SE) N M (SE) N M (SE) N M (SE) N

Hour 2 7.6 (0.8) 17 7.3 (0.8) 17 7.1 (0.8) 17 6.9 (0.8) 17 6.8 (0.8) 17 6.5 (0.9) 17 5.8 (0.8) 17 5.6 (0.9) 17

Hour 4 8.0 (0.9) 16 7.8 (0.9) 16 7.4 (0.9) 16 7.2 (0.9) 16 6.9 (0.9) 16 6.7 (0.9) 16 6.8 (1.0) 17 6.5 (1.0) 17

Hour 6 7.4 (1.0) 17 7.2 (1.0) 17 7.0 (1.0) 17 6.8 (1.0) 17 6.4 (0.9) 17 6.0 (0.9) 17 5.5 (0.7) 17 5.2 (0.7) 17

Hour 8 6.8 (0.8) 17 6.4 (0.8) 17 6.1 (0.7) 17 5.6 (0.7) 17 5.2 (0.6) 17 4.8 (0.6) 17 4.4 (0.5) 17 4.2 (0.4) 17

Hour 10 7.8 (0.7) 17 7.5 (0.7) 17 7.1 (0.7) 17 6.7 (0.7) 17 6.4 (0.6) 17 5.7 (0.5) 17 5.4 (0.5) 17 5.3 (0.5) 17

Hour 12 6.2 (0.7) 17 6.1 (0.7) 17 5.7 (0.6) 17 5.4 (0.6) 17 5.2 (0.6) 17 4.9 (0.6) 17 4.8 (0.7) 17 5.1 (1.0) 17

Hour 14 6.9 (1.0) 16 6.8 (1.0) 16 6.5 (1.0) 16 5.9 (0.9) 16 5.9 (0.9) 17 5.9 (0.9) 17 5.9 (0.9) 17 6.0 (0.8) 17

Hour 16 7.7 (0.8) 17 7.4 (0.8) 17 7.2 (0.8) 17 7.0 (0.8) 17 6.6 (0.8) 17 6.5 (0.8) 17 6.3 (0.8) 17 6.0 (0.9) 17

Hour 18 9.8 (1.1) 15 9.5 (1.1) 15 9.2 (1.0) 16 8.9 (1.0) 16 8.7 (1.0) 16 8.3 (1.0) 16 8.2 (1.1) 16 7.8 (1.2) 16

Hour 20 10.7 (1.0) 17 10.6 (1.1) 16 10.2 (1.0) 17 9.9 (1.0) 17 9.7 (1.0) 17 9.4 (1.1) 17 9.1 (1.0) 17 8.7 (1.1) 17

Hour 22 13.1 (1.2) 17 12.9 (1.1) 17 12.5 (1.2) 17 12.3 (1.2) 17 12.1 (1.2) 17 11.7 (1.1) 17 11.0 (1.0) 17 9.6 (0.9) 17

Hour 24 15.3 (0.8) 13 15.1 (0.8) 13 14.6 (0.7) 14 14.1 (0.7) 14 13.5 (0.7) 15 12.9 (0.9) 15 12.2 (1.2) 17 10.6 (1.1) 16

Hour 26 15.6 (1.1) 13 15.4 (1.3) 12 15.4 (1.2) 14 15.2 (1.3) 14 14.8 (1.4) 14 14.0 (1.4) 14 12.5 (1.1) 15 11.4 (1.3) 15

Hour 28 14.6 (1.7) 12 13.8 (1.7) 13 15.1 (1.9) 15 14.7 (1.9) 15 13.7 (1.7) 17 12.3 (1.5) 17 11.9 (1.5) 17 10.0 (1.4) 16

Hour 30 13.7 (0.9) 15 13.4 (0.9) 15 13.1 (0.8) 16 12.3 (0.7) 16 11.8 (0.9) 17 10.1 (1.0) 16 9.2 (1.0) 17 8.3 (1.1) 17

Hour 32 13.7 (0.9) 17 13.3 (0.9) 17 12.9 (1.0) 17 12.5 (1.1) 17 11.8 (1.1) 17 10.6 (1.1) 17 9.6 (1.2) 17 8.6 (1.1) 17

Hour 34 12.4 (0.9) 17 11.8 (0.9) 17 11.4 (0.9) 17 11.0 (1.0) 17 10.1 (1.0) 17 8.7 (1.0) 17 8.4 (1.1) 17 7.3 (1.1) 17

Hour 36 12.2 (0.9) 17 11.9 (1.0) 17 11.6 (1.0) 17 10.8 (1.0) 17 10.4 (1.0) 17 9.8 (1.1) 17 8.8 (1.0) 17 7.6 (0.9) 17

Hour 38 11.1 (1.0) 16 10.8 (1.0) 16 10.3 (0.9) 17 9.9 (0.9) 17 9.4 (0.9) 17 9.1 (0.8) 17 8.4 (1.0) 17 7.9 (1.1) 17

F Statistic 11.47* 10.87* 11.98* 10.56* 9.92* 7.79* 6.42* 4.03*

Note:M=mean; SE = standard error. Maximum number of tests per time point is 17. Hours 2-16 represent ‘baseline’, or normal waking day. Hours 18-
38 represent sleep deprivation. * p < .00005
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Ability to predict physiological sleepiness

On average, mild physiological sleepiness was classified as
4.87 ± 0.75 microsleeps (29% of tests classified as impaired),
moderate impairment was classified as 9.74 ± 1.50
microsleeps (20% of tests classified as impaired), and severe
impairment was classified as 14.60 ± 2.24 microsleeps (12%
of tests classified as impaired). At the group level, these were
equivalent to 16–18 h, 22–24 h, and 26–28 h of wakefulness,
respectively. Similar to performance impairment, ROC curve
analysis revealed that all PST durations significantly predicted
physiological impairment at all impairment levels (p < .0001;
see Table 4). For mild impairment, AUC remained constant at
~0.80 for all test durations 5.5 min and longer. Using
Youden’s J, recommended cut-off scores remained stable at
~10 mm/min until the 4.1-min duration, where they consis-
tently decreased for all levels of impairment. When
maximising specificity (to > 85%), cut-off scores were higher.
Table 4 presents the sensitivity, specificity, and positive and
negative predictive values for all test durations, and Fig.
4 shows ROC curves and scatter plots for four different test
durations. As seen in Table 4, sensitivity was highest for the
5.5-min test duration (59%) for predicting mild impairment.
Accordingly, the PPV and NPVwere also highest (at 61% and
84%, respectively), and were improved relative to the full 11-
min duration test (55% and 83%, respectively). This was not
observed, however, for moderate and severe impairment,
where the 11-min test appeared to perform ‘best’, although,
similar to that described for performance impairment (see
above), the difference between all test durations 5.5–11min
was minimal for PPV (moderate impairment, range 47.2–
47.9%; severe impairment, range 30.4–31%) and NPV (mod-
erate impairment, range 89.7–92.2%; severe impairment,
range 92.5–93.8%). Reduced accuracy across test durations
4.1 min and shorter was consistent across all levels of impair-
ment (see Table 4 and Fig. 4).

Ability to predict moderate impairment using a pass/fail
criteria

Chi-square analysis of the dichotomised PSTs based on the
‘maximised specificity’ cut-off scores presented in Tables 3
and 4 showed that all PST durations significantly predicted
moderate performance impairment and physiological impair-
ment (p < .001). As seen in Table 5, using these cut-off scores
but including ‘failed’ PSTs, sensitivity increased slightly and

specificity decreased slightly, with similar odds ratios.
Adjustment of cut-off scores to improve specificity back to
at least 85% resulted in minor increases in cut-off scores (in-
creases of less than 1.12) and minor changes to sensitivity and
specificity.

Discussion

This paper is the first to systematically investigate the sensi-
tivity of shortened PST durations to sleep loss, as well as the
associated predictive capacity to detect performance and phys-
iological impairment at shorter test durations. Taking into
consideration various levels of impairment (mild, moderate,
and severe) and various types of impairment (behavioural and
physiological), our data suggest that a shortened test duration
of 5.5 min has the same level of accuracy (and in some cases
better accuracy) than the full 11-min test duration, and is thus
considered optimal. For operational settings where time is
critical, the test may be employed at 4.1 min with relatively
little compromise on accuracy, although we do not recom-
mend test durations less than this unless impairment is severe.

The development of a short, objective, and predictive
test of drowsiness is critical for early intervention, and
optimal for fitness-for duty-tests and fitness-to-drive
tests, including roadside testing. The PST is one of
the few commercially available tests that allow for a
single-time-point assessment of drowsiness, and has
been previously shown to predict subsequent perfor-
mance impairment and physiological sleepiness
(Maccora et al., 2018). Demonstrating that the device
and PUI metric accurately predict performance impair-
ment and physiological sleepiness at shorter test dura-
tions makes this test more operationally practical for
field, clinical, and roadside settings, either in experi-
mental research studies or within an operational fatigue
risk management strategy.

We observed clear time-on-task effects which were consis-
tent with previous data showing a small time-on-task effect of
the PST (Wilhelm, Wilhelm, et al., 1998b). Here, we showed
a marked reduction in PUI scores for the three shortest PST
durations (1.4min to 4.1 min), as well as a reduction for the
5.5-min duration relative to the 11-min task. This suggests that
longer test durations yield higher PUI scores, although no
significant interaction with time awake was found. These re-
sults highlight the importance of developing individualised
cut-offs for each test duration. As we exhibited a clear time-
on-task effect of PUI, it is worth noting that a comparison of
the predictive capacity of the first 1.4 min (as we have done)
with the final 1.4 min of the full 11-min PSTwould very likely
result in different predictive values and different PUI cut-off
scores, as the final 1.4 min would likely yield higher mean

�Fig. 2 Bi-hourly mean (± standard error) pupillary unrest index (PUI;
mm/min) for each PST duration. Panel a shows the standard 11-min test
duration, and panels b–h show each shortened duration, with the 11-min
duration as a comparison. Black triangles represent a significant increase
from baseline (hours 2–16; padj < .01); white triangles represent a signif-
icant increase from baseline (padj < .05). Grey shaded area represents
habitual sleep period
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Fig. 3 Receiver operating characteristic curve analysis for mild (upper
panels), moderate (middle panels), and severe (lower panels) performance
impairment. Panels a–c show ROC curves for four PST durations, and
panels d–f show the mean PUI score for different test durations
dichotomised as alert or drowsy based on PVT lapses. Solid bars
represent mean PUI for each dichotomisation. Dashed horizontal line

represents optimal cut-off score for each test duration (red = Youden’s
J; blue = 85% specificity). Alert tests above the dashed line represent false
positives (FP); alert tests below the line represent true negatives (TN);
drowsy tests above the line represent true positives (TP); and drowsy tests
below each line represent false negatives (FN)
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PUI scores. However, as this lacks operational utility, we have
not explored this possibility within this manuscript.

Our study provides optimal cut-off scores and ROC
curve results for all test durations (see Tables 3 and 4)

for any future study or operational setting that may wish
to employ a shorter test duration. As all test durations sig-
nificantly predicted performance and physiological impair-
ment above chance (all AUCs above 0.70)—even the 1.4-

Fig. 4 Receiver operating characteristic curve analysis for mild–severe
physiological sleepiness. Panels a–c show ROC curves for four PST
durations, and panels d–f show the mean PUI score for individual tests
dichotomised as alert or drowsy based on microsleeps. Solid bars repre-
sent mean PUI for each dichotomisation. Dashed horizontal line

represents optimal cut-off score for each test duration (red = Youden’s
J; blue = 85% specificity). Alert tests above the line represent false posi-
tives (FP); alert tests below the line represent true negatives (TN); drowsy
tests above the line represent true positives (TP); and drowsy tests below
each line represent false negatives (FN)
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min test duration—the test may be adjusted relative to op-
erational needs, and using our cut-off points for decision-
making (i.e., employ countermeasure, proceed to rest
break, etc.). As the cut-off for accurately detecting impair-
ment changes with decreasing test duration, it is critical
that impairment thresholds are modified accordingly, akin
to the changing threshold for a PVT lapse at shorter PVT
test durations (Basner, Mollicone, & Dinges, 2011).
Consistent with the full-duration PST, shorter duration
values resulted in better predictive capacity for perfor-
mance impairment than physiological impairment, and re-
duced predictive capacity for severe levels of impairment
compared to the mild and moderate levels of impairment,
with a noticeable reduction in sensitivity. The severe im-
pairment thresholds were equivalent to approximately 24–
26 h of sleep deprivation at the group level, which repre-
sented peak levels of impairment due to the additive effect
of homeostatic sleep pressure and the circadian nadir in
alertness (Maccora et al., 2018). Therefore, the reduced
sensitivity suggests that the PUI score increases prior to
reaching peak impairment and is therefore better at
predicting impairment that includes earlier, milder forms
of drowsiness (i.e., extended wakefulness of 16–20 h).

Although ocular metrics are highly sensitive to detecting
the drowsy state (Cori, Anderson, Shekari Soleimanloo,
Jackson, & Howard, 2019), the PST does rely on the eye
remaining open to capture an accurate recording of the pupil

and its changing diameter. As drowsiness increases, data loss
on the PST increases due to the onset of microsleeps, possibly
reducing its efficacy. A shortened test duration of 5.5 min
therefore also results in a greater level of data retention. For
instance, for the 5.5-min duration, only 2.2% (7/323) of tests
were excluded from analysis, compared to 6.2% (20/323) for
the full 11-min test duration. This allows for analysis of sleep-
ier individuals who were physically unable to complete the
full 11-min test without falling asleep (although operationally
this would indicate a ‘failed’ test). It is worth noting that in the
real world, an inability to complete the PSTwould typically be
considered a ‘failed’ PST. Analysis of the PST using a pass/
fail criterion showed that the predictive efficacy was mostly
unaffected, with comparable levels of sensitivity and specific-
ity for detecting moderate impairment. Therefore, we suggest
that utilising a 50% data inclusion criteria, marking a PST as
either ‘failed’ or ‘impaired’ results in equal predictive value,
and could be used in operational or research settings.

The PVT is the most widely used tool for detecting drows-
iness, largely due to its sensitivity and lack of learning effects
(Balkin et al., 2004; Lim&Dinges, 2008).While considered a
reliable candidate for predicting operator fatigue-related defi-
cits, the 10-min duration was considered too long to be ac-
ceptable in operational settings, particularly when repeated
administration was required (Basner et al., 2011; Dinges &
Mallis, 1998). Interestingly, and somewhat consistent with
our test duration outcomes, a 5-min task has been consistently

Table 5 Chi-square results for performance failure and physiological impairment using a pass/fail criteria for the PST

Impairment PST
length

Original (max spec.) Cut-off score Secondary (max spec.) Cut-off score

Chi-
square

Cut-
off

Sens. Spec. PPV NPV Odds
ratio

Chi-
square

Cut-
Off

Sens. Spec. PPV NPV Odds
ratio

Performance 11min 78.94* 12.81 66.37 82.86 67.57 82.08 9.54 73.21* 13.43 60.18 85.71 69.39 80.00 9.07

9.6 min 78.94* 12.58 67.26 82.86 67.86 82.46 9.93 68.47* 13.18 58.41 85.71 68.75 79.30 8.43

8.3 min 86.71* 12.25 66.37 84.76 70.09 82.41 10.98 83.08* 12.56 63.72 85.71 70.59 81.45 10.54

6.9 min 86.71* 11.94 63.72 83.81 67.92 81.11 9.09 78.57* 12.03 62.83 85.24 69.61 81.00 9.76

5.5 min 84.71* 10.95 66.37 84.29 69.44 82.33 10.59 86.16* 11.01 65.49 85.24 70.48 82.11 10.96

4.1 min 68.11* 10.46 61.06 83.81 66.99 80.00 8.12 70.82* 10.90 59.29 85.71 69.07 76.65 8.74

2.8 min 49.63* 10.07 52.21 84.76 64.84 76.72 6.08 47.19* 10.25 50.44 85.24 64.77 76.17 5.88

1.4 min 35.78* 10.11 45.13 85.24 62.20 74.27 4.75 40.21* 10.35 45.13 86.67 64.56 74.59 5.35

Physiological 11min 74.56* 13.76 71.88 82.49 50.55 92.17 12.04 67.06* 14.46 64.06 85.21 51.90 90.50 10.27

9.6 min 58.65* 13.75 65.63 82.10 47.73 90.56 8.76 68.13* 14.87 60.94 87.16 54.19 89.96 10.59

8.3 min 65.95* 13.28 65.63 84.05 50.60 90.76 10.06 65.03* 13.82 62.50 85.60 51.95 90.16 9.91

6.9 min 62.35* 13.06 64.06 84.05 50.00 90.38 9.39 68.38* 13.57 62.50 86.38 53.33 90.24 10.57

5.5 min 56.86* 12.71 60.94 84.44 49.37 89.67 8.46 62.71* 13.10 59.38 86.77 52.78 89.56 9.59

4.1 min 56.86* 12.05 60.94 84.44 49.37 89.67 8.46 56.38* 12.13 59.38 85.21 50.00 89.39 8.42

2.8 min 22.89* 11.72 42.19 84.82 40.91 85.49 4.08 32.67* 12.56 42.19 88.33 47.37 85.98 5.52

1.4 min 22.89* 10.82 42.19 84.82 40.91 85.49 4.08 25.80* 10.90 42.19 85.99 42.86 85.66 4.48

Note: *p < .001; AUC= area under the curve; Sens. = sensitivity; Spec. = specificity; PPV = positive predictive value; NPV = negative predictive value
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shown to yield similar levels of sensitivity to sleep loss as the
standard 10-min PVT (Lamond, Dawson, & Roach, 2005;
Lamond et al., 2008; Roach et al., 2006), as has a modified
3-min version (Basner et al., 2011), while test durations of less
than 2 min were considered too brief (Loh et al., 2004; Roach
et al., 2006).

Our analysis was designed to make the PST more opera-
tionally feasible and practical. When evaluating the validity of
a drowsiness detection device for fitness for duty or fitness to
drive, it is essential to examine not only the capacity to detect
drowsiness (i.e., time awake, or during the circadian nadir),
but also performance on a different task, and ideally a task that
relates most closely to job performance, particularly when job
performance represents a serious risk (i.e., driving, ICU mon-
itoring, control room, etc.) (Gilliland & Schlegel, 1993).
While we have shown a shortened 5-min PST to accurately
detect time awake, performance impairment, and physiologi-
cal indices of drowsiness, it remains unclear whether the PST
accurately predicts real-world performance outcomes such as
driving or other operationally relevant outcomes. The portable
nature of the F2D2 device, the objective and physiological
nature of data recording, and the flexible task duration make
the PST an ideal candidate for fitness-for-duty/roadside test-
ing of drowsiness. Future field-based studies are needed, how-
ever, to demonstrate its utility in predicting operationally rel-
evant drowsiness-related risk.
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