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Abstract

Study Objectives: The psychomotor vigilance test (PVT) is frequently used to measure behavioral alertness in sleep research on various
software and hardware platforms. In contrast to many other cognitive tests, PVT response time (RT) shifts of a few milliseconds can be
meaningful. It is, therefore, important to use calibrated systems, but calibration standards are currently missing. This study investigated the
influence of system latency bias and its variability on two frequently used PVT performance metrics, attentional lapses (RTs 2500 ms) and
response speed, in sleep-deprived and alert participants.

Methods: PVT data from one acute total (N = 31 participants) and one chronic partial (N = 43 participants) sleep deprivation protocol were
the basis for simulations in which response bias (+15 ms) and its variability (0-50 ms) were systematically varied and transgressions of
predefined thresholds (i.e. +1 for lapses, +0.1/s for response speed) recorded.

Results: Both increasing bias and its variability caused deviations from true scores that were higher for the number of lapses in sleep-
deprived participants and for response speed in alert participants. Threshold transgressions were typically rare (i.e. <5%) if system latency
bias was less than +5 ms and its standard deviation was <10 ms.

Conclusions: A bias of +5 ms with a standard deviation of <10 ms could be considered maximally allowable margins for calibrating PVT
systems for timing accuracy. Future studies should report the average system latency and its standard deviation in addition to adhering to
published standards for administering and analyzing the PVT.

Statement of Significance

The psychomotor vigilance test (PVT) is a sensitive and popular assay of the behavioral effects of sleep restriction and circadian misalign-
ment. However, standardization of the PVT is poor both in terms of how to administer and analyze the PVT, as well as in terms of accuracy
requirements for the chosen software and hardware platforms. To our knowledge, this is the first systematic investigation on the effects
of a biased system latency and its variability on frequently used PVT outcome metrics in alert and sleep-deprived participants. It demon-
strates that system latency bias should not exceed +5 ms and its variability should not exceed 10 ms to guarantee valid inferences from
PVT trials.
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Introduction

The psychomotor vigilance test (PVT) [1] is a widely used
measure of behavioral alertness, owing in large part to the
combination of its high sensitivity to sleep deprivation [2, 3]
and negligible aptitude and practice effects [4]. The standard
10-minute PVT measures sustained or vigilant attention by
recording response times (RTs) to visual (or auditory) stimuli
that occur at random inter-stimulus intervals (IS, 2-10 s in the
standard 10-min PVT, including a 1-s feedback period during
which the RT to the last stimulus is displayed) [1, 5]. RT to
stimuli attended to has been used since the late 19th century
in sleep deprivation research [6, 7] because it offers a simple
way to track changes in behavioral alertness caused by inad-
equate sleep, without the confounding effects of aptitude and
learning [2-4, 8]. Moreover, the 10-minute PVT has been highly
reliable, with intra-class correlations for key metrics such as
lapses reporting test-retest reliability above 0.8 [3]. PVT per-
formance also has ecological validity in that it can reflect real-
world risks, because deficits in sustained attention and timely
reactions adversely affect many operational tasks, especially
those in which work-paced or timely responses are essential
(e.g. stable vigilant attention is critical for safe performance
in all transportation modes, many security-related tasks, and
a wide range of industrial procedures). Lapses in attention as
measured by the PVT can occur when fatigue is caused by ei-
ther sleep loss or time on task [9, 10], which are the two factors
that make up virtually all theoretical models of fatigue in real-
world performance. There is a large body of literature on atten-
tional deficits having serious consequences in applied settings
[11-14].

Sleep deprivation induces reliable changes in PVT perform-
ance, causing an overall slowing of RTs, a steady increase in
the number of errors of omission (i.e. lapses of attention, his-
torically defined as RTs > twice the mean RT or 500 ms), and a
more modest increase in errors of commission (i.e. responses
without a stimulus, or responses that reflect false starts [FS])
[15]. These effects can increase as task duration increases (the
so-called time-on-task effect or vigilance decrement) [16]. The
10-minute PVT has been sensitive to both acute total sleep de-
privation (TSD) [8, 15, 17] and chronic partial sleep deprivation
(PSD) [15, 17-21] It is affected by sleep homeostatic and circa-
dian drives and their interactions [22], revealing large but stable
inter-participant variability in the response to sleep loss [23].
The PVT demonstrates effects of jet lag and shift work [24] and
improvements in alertness after wake-promoting interventions
[25, 26] and recovery from sleep loss [27, 28] and after initiation
of continuous positive airway pressure (CPAP) treatment in pa-
tients with obstructive sleep apnea [29]. The PVT is often used
as a “gold standard” measure for the neurobehavioral effects of
sleep loss, against which other biomarkers or fatigue detection
technologies are compared [30, 31].

However, despite its performance simplicity, the complexity
of developing a valid and reliable PVT is often underestimated.
In contrast to most other cognitive tests, RT shifts of a few
milliseconds can be meaningful on the PVT. For example, the
dataset used for the simulations described below contained
1,835 lapses. If we subtract 5 ms from each RT, we end up with
1,778 lapses (drop of 3.1%). If we add 5 ms, we end up with 1,909
lapses (increase of 4.0%). It is, therefore, important to use cali-
brated software and hardware. Numerous versions of the PVT
are available, commercially or for free, across several hardware

platforms. Researchers also frequently program their own ver-
sion of the PVT. It is, therefore, unclear how data produced on
different versions of the PVT compare across studies. This is es-
pecially true for computerized versions of the PVT [32, 33| that
use a mouse or a keyboard for response input relative to those
that use a touchscreen. For example, both the orientation of a
smartphone and the input method (e.g. tapping the screen vs.
swiping) have been shown to influence RTs [34, 35].

Further complicating the problem, different PVT platforms
and devices may have unique response latencies, that is, the
time it takes for a stimulus to be displayed plus the time it takes
for a response (e.g. pushing down the spacebar) to be registered
by the system. Screens refresh at different rates (e.g. 60 Hz), and
if the refresh cycle has just passed the PVT response box when
the stimulus is initiated by the software, it may take another
full cycle before the stimulus is displayed (well-programmed
software can take this refresh cycle into account). Also, as a
way to save energy, many smartphones and tablets will reduce
the screen polling rate if the user has not engaged the screen
for a specified time, which can lead to response binning (e.g.
in 16.6 ms bins for a polling rate of 60 Hz). During calibration,
the average response latency is typically determined by pre-
cisely measuring stimulus onset and user response (e.g. with a
high-speed camera), and comparing the thus determined true
RT to the one registered by the system. This process is repeated
for several stimuli, and the average latency is then subtracted
from RTs registered by the system [34].

It is currently unclear how errors in PVT system calibration
may affect PVT validity. For example, if the calibration overesti-
mates average response latency by 5 ms, are PVT outcome met-
rics still valid? Furthermore, the system latency is typically the
result of several serial processes that may sample at different
frequencies, which introduces variability of system response la-
tencies that may be critical for the validity of the PVT. For ex-
ample, Arsintescu and colleagues [34] evaluated the response
latency of a smartphone version of the PVT with high-speed
cameras. They found an average response latency of 68.5 ms
with a standard deviation of 18.1 ms.

To our knowledge, no study to date has investigated the effect
of a systematic bias in system latency (and latency variability)
on the validity of PVT results, and these were the objectives of
our study. As PVT result validity may be affected differently in
alert and sleep-deprived participants, we used data from both
acute total and chronic PSD studies and conditions in which
participants were well-rested (see below). We investigated the
effects of system latency bias and variability on two standard
outcomes of the PVT:

1. Lapses of attention (defined as RTs >500 ms) are errors of
omission and frequently used as the primary outcome of
the PVT [5].

2. Response speed is the reciprocal transform of RTs and has
been shown to have favorable statistical properties and
high sensitivity to sleep loss relative to the other standard
PVT outcomes 5, 36].

Methods
Participants and protocol

The following descriptions of the TSD and PSD protocols as well
as PVT administration are adapted from Basner and Dinges [37].



Acute TSD protocol

TSD data were gathered on N = 36 participants in a study on
the effects of night work and sleep loss on threat detection per-
formance on a simulated luggage screening task [5]. Study parti-
cipants stayed in the research lab for five consecutive days that
included a 33-hour period of TSD. After inspection of the raw
PVT data, four participants (11.1%) were excluded from the ana-
lysis due to nonadherence or excessive fatigue during the base-
line period (i.e. first 16 h of wakefulness). Another participant
withdrew after 26 hours awake. Therefore, N = 31 participants
(mean age + SD = 31.1 + 7.3 y, 18 female) contributed to the ana-
lyses presented here. The study started at 08:00 am on day 1 and
ended at 08:00 am on day 5. A 33-hour period of TSD started
either on day 2 (N = 22) or on day 3 (N = 9) of the study. On days
preceding or following the TSD period, participants had 8-hour
sleep opportunities between 12:00 am and 08:00 am. The first
sleep period was monitored polysomnographically to exclude
possible sleep disorders.

Chronic PSD protocol

PSD data were obtained from N = 47 healthy adults in a laboratory
protocol involving 5 consecutive nights of sleep restricted to 4
hours per night (04:00 am to 08:00 am period) following two base-
line nights with 10 hours of time in bed each. Three participants
(6.4%) were excluded from the analysis due to nonadherence or
excessive fatigue during baseline data collection. One additional
participant had no valid baseline data. Therefore, N = 43 partici-
pants (16 females) who averaged 30.5 + 7.3 years (mean + SD) con-
tributed to the analyses presented here. A detailed description of
the experimental procedures is published elsewhere [28].

Both protocols

In both TSD and PSD experiments, participants were free of
acute and chronic medical and psychological conditions, as es-
tablished by interviews, clinical history, questionnaires, physical
exams, and blood and urine tests. They were studied in small
groups (4-5) while they remained in the Sleep and Chronobiology
Laboratory at the Hospital of the University of Pennsylvania.
Throughout both the experiments, participants were continu-
ously monitored by trained staff to ensure adherence to each
experimental protocol. They wore wrist actigraphs throughout
each protocol. Meals were provided at regular times throughout
the protocol, caffeinated foods and drinks were not allowed, and
light levels in the laboratory were held constant during sched-
uled wakefulness (<50 lux) and sleep periods (<1 lux). Ambient
temperature was maintained between 22 and 24°C.

In both TSD and PSD experiments, participants completed
30-minute bouts of a neurobehavioral test battery every 2
hours during scheduled wakefulness. The same battery was
administered in both protocols and included the Digit Symbol
Substitution Task, a Visual Memory Task, an NBACK task, a Visual
Search and Tracking Task, and the 10-minute PVT, in that order.
In the TSD experiment, each participant performed 17 PVTs in
total (starting at 09:00 am after a sleep opportunity from 12:00
am to 08:00 am with bout #1 and ending at 05:00 pm on the next
day after a night without sleep with bout #17). The data of the
TSD protocol were complete, and thus N = 527 test bouts con-
tributed to the analysis. Consistent with previous publications
[5,37, 38], we only used the test bouts administered at 12:00 pm,
04:00 pm, and 08:00 pm on each of baseline days 1 and 2 and
the days after restriction nights 1 to 5 in the PSD experiment.
Of the N = 903 scheduled test bouts, N = 23 (2.5%) were missing,
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and thus N = 880 test bouts contributed to the analysis. Between
neurobehavioral test bouts, participants were permitted to read,
watch movies and television, play cardboard games, and interact
with laboratory staff to help them stay awake, but no naps/sleep
or vigorous activities (e.g. exercise) were allowed.

In both the experiments, all participants were informed
about potential risks of the study, and a written informed con-
sent and IRB approval were obtained prior to the start of the
study. They were compensated for their participation and moni-
tored at home with actigraphy, sleep-wake diaries, and time-
stamped phone records for time to bed and time awake during
the week immediately before the PSD study.

PVT assessments

We utilized a precise computer-based version of the 10-minute
PVT, which was performed and analyzed according to the
standards set forward in the study of Basner and Dinges [5].
Participants were instructed to monitor a red rectangular box
on the computer screen and press a physical response button
as soon as a yellow stimulus counter appeared on the screen,
which stopped the counter and displayed the RT in milliseconds
for a 1-second period. The ISI, defined as the period between the
last response and the appearance of the next stimulus, varied
randomly from 2 to 10 seconds. The participant was instructed
to press the PVT response button as soon as each stimulus ap-
peared, in order to keep the RT as low as possible, but not to
press the button before the stimulus appeared (which yielded a
“FS” warning on the display).

Bias simulations

To investigate how PVT metrics change when bias is introduced,
we simulated a wide range of bias severity and variability,
and calculated scores before and after bias was introduced.
Simulations proceeded in the following steps:

1. PVT lapses and PVT response speed were calculated based on
the raw data, which was considered bias-free for our purposes.

2. Bias was added to the raw data by adding random num-
bers drawn from a normal distribution with a mean of p (e.g.
5 ms) and standard deviation of o (e.g. 10 ms) (see below) to
each reaction time.

3. Scores from #1 above were recalculated using the newly bi-
ased data, and the differences between the biased and un-
biased scores were examined. The key outcome of interest
was the proportion of scores that were “too biased,” where
too biased (termed a “violation”) meant that the absolute
difference between the biased and unbiased scores was
larger than an a priori specified cutoff value. For lapses, this
cutoff value was set to 1, meaning if the biased and unbi-
ased scores differed by more than +1 lapse, that score was
a violation (i.e. too biased). The violation cutoff for response
speed was set to 0.1 s™%. These cutoffs were informed by ex-
perience of the authors in analyzing PVT data as well as
simulations that estimated the variability in PVT outcomes
based on the stochastic nature of PVT responses.*

1 RTs of a PVT were randomly drawn and assigned to two bins in a way
that each bin contained ~50% of RTs. Lapses and response speed were
then calculated, and the absolute difference between bins 1 and 2 re-
corded. The mean absolute difference based on 500 simulations was 1.6
lapses and 0.13 1/s, respectively.
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Figure 1. Simulation results for PVT lapses (upper 3 panels) and PVT response speed (lower 3 panels) under different sleep deprivation states: total (left), partial
(middle), and no (right) sleep deprivation depending on calibration bias (y-axis) and its standard deviation (x-axis). The numbers in each cell represent the percent of
simulations where predefined thresholds of acceptable deviation (1 lapse and 0.1/s, respectively) were exceeded. Cells are color coded based on the % deviation in the

following way: green <5%, yellow >5% and <10%, and red >10%.

4. Steps #2 and #3 above were repeated 1,000 times, and the
mean number of violations was recorded.

5. Steps #2, #3, and #4 were repeated after varying p and o,
specifically, p ranged from -15 ms to +15 ms in 1 ms incre-
ments, while o ranged from 0 to 50 ms in 5 ms increments.
All combinations were simulated for a total of 31 * 11 = 341
sets of simulations (341,000 simulations total per sample).

6. Bland-Altman plots were constructed to examine how the
severity of bias changed as overall scores increased. Note
that, for calculation of Bland-Altman plots, we used some
extreme values of p not covered in the ranges in #5 above.
For example, mean bias as extreme as +/- 40 ms was used
so as to present a complete range of the phenomena shown
in the Bland-Altman plots.

7. The above six steps were completed three times, once for
each level of sleep deprivation (i.e. TSD, PSD, and no sleep
deprivation), for 1.023 million simulations in the full study.

Results

Simulation results are shown for percent violations in
Figure 1 and for absolute lapse and response speed values in
Supplementary Figure S1. PVT lapses were less affected by cali-
bration bias and precision in the alert compared with the sleep-
deprived state. In the alert state, a bias of up to +10 ms with
a standard deviation of up to 20 ms rarely exceeded the pre-
defined threshold of +1 lapse in more than 5% of simulations.

These values shrank to a bias of up to +5 ms with a standard
deviation of up to 10 ms in the sleep-deprived state. In contrast,
the response speed metric was more sensitive to calibration bias
and variability in the alert state relative to the sleep-deprived
state. However, in both conditions, the maximally tolerated de-
viation of 0.1 s™* was exceeded in >5% for a calibration bias out-
side of +5 ms, with more frequent transgressions if the standard
deviation of bias was equal to or greater than 20 ms.
Bland-Altman plots are shown for PVT lapses in Figure 2 and
for PVT response speed in Figure 3. For both PVT lapses and re-
sponse speed, the absolute difference between simulated and
actual outcomes clearly increased with (1) an increasing number
of lapses/higher response speed, (2) increasing calibration bias,
and (3) increasing standard deviation of bias. For a bias of up to
+5 ms and a standard deviation of up to 10 ms, the difference be-
tween simulated and actual test scores remained mostly within
the predefined limits (i.e. 1 lapse and 0.1 s™), even for extreme
scores (i.e. a high number of lapses and high response speed).

Discussion

This study investigated the influence of the magnitude and vari-
ability of measurement bias on two frequently used PVT per-
formance outcomes, attentional lapses, and response speed.
As expected, both increasing bias and variability of system la-
tency were demonstrated to cause deviations from true scores.
Additionally, deviations were higher for test bouts with a high
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Figure 2. Bland-Altman plots graphing the difference of simulated and actual lapses against the mean of simulated and actual lapses for different response biases
(represented by different colors) and standard deviations of response bias (represented in different panels). Each dot reflects one simulation. Lines reflect linear regres-
sions for each bias category.
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number of lapses (i.e. in sleep-deprived participants) or high
response speeds (i.e. in alert participants). The latter can be ex-
plained by the different properties of the two scores. Lapses on
the 10-minute PVT are defined as RTs > 500 ms. Alert participants
typically average RTs between 200 and 300 ms (i.e. ~200-300 ms
below the lapse threshold). Even large biases or variable system
latency barely affect the number of lapses in this scenario. In con-
trast, due to the reciprocal transform, the response speed metric
shows greater changes in the fast response domain, and larger
biases or a variable system latency will, therefore, affect scores of
alert participants more than those of sleep-deprived participants.

Transgressions of predefined thresholds (i.e. +1 lapse, £0.1/s)
were typically rare (i.e. <5%) if bias was less than +5 ms and the
standard deviation of bias was less than 10 ms. Using PVT sys-
tems with response latencies that do not meet these criteria
will be associated with increasingly biased PVT outcomes de-
pending on the magnitude of the calibration error and system
latency variability. These biases may be considered unaccept-
able depending on the use of the PVT data (e.g. research,
fitness-for-duty).

Importantly, correct system calibration also matters for
studies in which a participant consistently uses the same hard-
ware. For example, a system that introduces a response latency
of 200 ms will, if uncorrected, produce a large number of lapses
in the alert state and leave only little room for additional lapses
in the sleep-deprived state (i.e. decrease effect size).

Limitations

The investigated participants were healthy, had a restricted age
range, and were investigated in a controlled laboratory environ-
ment. The results may, therefore, not generalize to non-healthy,
older, or younger groups of participants and also may not gener-
alize to operational environments. Our findings may not extend
to acute total sleep loss beyond 33 hours, or chronic partial sleep
restriction exceeding five consecutive days, or using a sleep
restriction paradigm different from 4 hours sleep opportunity
per night. Finally, we investigated the effects of response bias
and variability only on PVT lapses and response speed, two fre-
quently used outcomes with favorable statistical and interpret-
ational properties. Thus, it is unclear to what extent the findings
translate to other PVT outcome metrics.

Conclusions

As expected, simulations based on data derived from alert and
sleep-deprived participants demonstrated that both bias and
variability of system latency negatively affect the validity of PVT
scores. The results of our simulations suggest that a response bias
of up to +5 ms with a standard deviation of up to +10 ms are tol-
erable for PVT lapses and response speed relative to predefined
thresholds. These values could be considered as new standards
for the timing accuracy calibration of systems that administer the
PVT. Minimally, future studies should report the average system
latency and its standard deviation in addition to adhering to pub-
lished standards for administering and analyzing the PVT [5].

Supplementary Material

Supplementary material is available at SLEEP online.
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