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Abstract
Background One of the most common ways to examine the daytime impact of sleep loss is the use of the psychomotor vigilance
test (PVT). PVTmetrics, includingmedian reaction time (RT) and number of lapses, have been examined in a variety of studies in
which both acute and chronic sleep times are manipulated. Most of these studies involve young, healthy individuals and use a
visual stimulus. As light is a possible countermeasure to sleep loss, and sometimes incompatible with the use of visual PVT, PVT
with auditory cues (aPVT) has been used. A threshold of 400 ms is commonly used to delineate lapses from normal RT in the
aPVT. As aging can influence a variety of brain functions, we wanted to examine whether this lapse threshold was accurate for
use in older adults.
Methods Twenty-eight young and 19 healthy older participants performed a 10-min auditory PVT approximately 90 min before
habitual bedtime. The occurrence of lapses was determined by five objective RT thresholds: (1) 400 ms, (2) 500 ms, (3) 2 ×
median, (4) mean + 2 × SD, and (5) method 4 without outliers. Results of these methods were compared with a triplicate visual
inspection of RT histograms to determine RT outside of the expected log normal distribution.
Results In both groups, methods 1, 4, and 5 performed poorly, while methods 2 and 3 were adequate, though method 3 was
statistically superior.
Conclusion In both age groups, the use of twice the median as an objective threshold had the best concurrence with visual
scoring.

Keywords Sleep . Reaction time . Aging . Alertness . Thresholds . Cognition

Introduction

Sleep deprivation and sleep restriction are widespread prob-
lems of modern society and can lead to, among other negative
effects, a degradation of attention, especially vigilant attention
[1]. Several tests can be used to measure these cognitive dec-
rements in the laboratory, but the most widely used is the

psychomotor vigilance test (PVT) [2], which measures a re-
action time to a stimulus and can be used as an indicator of
sustained attention. Performance on the PVT over time tracks
cumulative time awake in a variety of settings and does not
exhibit a learning effect; as such, it is a useful tool with which
to study the objective impact of a variety of interventions on
sustained attention [3–5].

The PVT itself is a response (button press) to an irregularly
presented stimulus over what is typically a fixed 10 min.
There are a variety of metrics that can be derived from a
PVT, notably median reaction time, the number of lapses (fail-
ures of attention), and time-on-task decrement [6]. Most stud-
ies that use the PVT have a visual stimulus (typically, a milli-
second counter). In studies in which the impact of lighting on
sustained attention is being assessed, the use of a visual stim-
ulus on the PVT is undesirable as it exposes the participant to
additional light. As such, an auditory version of the PVTusing
a simple tone stimulus is often used in these settings. In the 10-
min visual version of the PVT, a threshold of 500 ms is often
used to define a lapse of attention [2]. That is, responses longer
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than 500 ms are considered to be outside of the normal range
of attentive responses and are defined as a period of inatten-
tiveness. Indeed, the lapses and slower RTs might stem from
changes in cortical sensory, attention, and motor control path-
ways [7, 8] and are increased under sleep deprivation. It is
unknown, however, if the mechanism underlying lapses in
visual attention during a PVT is the same as the mechanism
underlying lapses in auditory attention during a PVT.

In studies that examine the auditory version of the PVT
(aPVT), a fixed threshold of 400 ms is often used [9].
According to Jung et al., this fixed 400-ms threshold was
adapted in an arbitrary fashion to better match the number of
lapses observed in a visual PVT and an auditory PVT (cf.,
Figure 2 in that publication).

Most of the studies in which the aPVT has been adminis-
tered have examined young individuals. Older individuals can
experience both a decrease in overall cognitive function [10,
11] and a reduction in speed of auditory processing [12, 13].
As such, the normal range of aPVT reaction times in an older
individual could be shifted to longer RTs (i.e., slower re-
sponse). The use of the 400-ms threshold in older adults tak-
ing an aPVT, consequently, might be inappropriate.

In this study, therefore, we examined whether the fixed
400-ms aPVT lapse threshold is an appropriate cutoff for both
young and older individuals or whether an alternate value
should be used.

Methods

Study participants

Two separate cohorts, young (18–35 years old) and older (55–
85 years old), were recruited for two different studies
(ClinicalTrials.gov: NCT01119365, NCT02632318).
Participants were recruited through online or poster
advertisements. Participants were without any sleep problem
and in stable self-reported health. Further exclusion criteria
included smoking, extreme chronotypes [14], use of illegal
drugs or drugs that could impact light sensitivity or sleep,
excessive alcohol intake [15], and a history of shift work.
The protocol was approved by the Stanford University
Institutional Review Board and all procedures adhered to the
principles outlined in the Declaration of Helsinki. While the
experiment was registered in ClinicalTrials.gov, the current
analyses were exploratory in nature.

Twenty-eight young participants (13 women, mean age ±
SD: 28.1 ± 3.91 years old) and 19 older participants (11 wom-
en, mean age ± SD: 69.0 ± 8.4 years old) were enrolled (N =
47). Both groups were required to keep at least one week of a
regular sleep-wake cycle prior to coming to the laboratory.
This schedule helped to ensure a predictable phase angle be-
tween the circadian system and the timing of sleep, as well as a

regular amount of sleep (7–8 h per night) to avoid sleep dep-
rivation. Compliance to this schedule was verified using wrist
actigraphs (Motionlogger, Ambulatory Monitoring Inc.,
Ardsley, NY) and self-reported sleep logs.

Procedures

Upon entry to the laboratory, participants were screened for
proximal use of alcohol and urine; use of either was exclu-
sionary. In the first study, young individuals came to the lab-
oratory 9 h before their habitual bedtime, while in the second
study, older individuals came to the laboratory 3 h before their
habitual bedtime. From the time of entry into the laboratory,
participants remained in a windowless, light-controlled,
sound-attenuated bedroom, without any information
concerning time of day. Following a practice aPVT, older
participants had a PVT 2 h before sleep time. This aPVT
was conducted under a white fluorescent broad-spectrum light
(~ 150 lx in the horizontal angle of gaze). Following a practice
aPVT, young individuals were exposed to the same fluores-
cent lighting as the older individuals, except that their lighting
was dim (< 15 lx in the horizontal angle of gaze). Young
individuals took five additional aPVT in the evening; the
aPVT administered 90 min before habitual bedtime was ex-
amined herein to align with the only aPVT done by the older
group in the evening.

aPVT

The participant was asked to press a button as quickly as
possible in response to a 1000-Hz tone. Tones were delivered
at a constant volume that the individual participant could hear
comfortably. Each tone was separated by a random interval of
1 to 6 s [16], and each tone continued until the response oc-
curred. No RT feedback was provided. Each session com-
prised approximately a hundred trials and lasted 10 min.

The test was administered with a custom-built aPVT based
on an Arduino Uno microcontroller board and a single hard-
ware button which stops the stimulus and recorder when
pressed. Data was logged by the Arduino and interfaced via
Python (Python 2.7.12) with a PC running Linux (Linux
4.8.0).

Analysis

We evaluated the reaction times for the single aPVTsession in
each of the 47 participants. The first three reaction times re-
corded were discarded as an Badaptation^ response to
performing the test. We also removed Bfalse start^ responses
(reaction times < 150 ms), as reaction times this rapid would
likely represent responding in anticipation of the stimulus.
There were no false start responses in the older group, and
there were four false starts (0.14%) removed in the young
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group. We examined the histogram distributions of the re-
maining reaction times in each participant (see Fig. 1). Log
normal curves were fitted to each of the histograms, and these
graphs were examined by three observers (EK, VG, JMZ),
each blind to the age of the participant, who independently
determined whether a reaction time fell outside of the expect-
ed distribution (i.e., was a Blapse^). A consensus was obtained
for each reaction time being within a normal range or being a
lapse. We did not use a confidence interval to determine
whether a value was outside of a log normal distribution as
the presence of outliers drove the log normal distribution to
include a greater number of values that would have otherwise
been outside of the distribution. The consensus among the
three observers constitutes the Bstandard^ to which objective
determinations of lapses were compared. Five different thresh-
olds were used to objectively demark the occurrence of a
lapse: (1) fixed threshold of 400 ms (typically used in the
literature for aPVT [9]), (2) fixed threshold of 500 ms (typi-
cally used in the literature for visual PVT [17]), (3) twice the
median value, (4) mean value plus twice the standard devia-
tion, and (5) mean value plus twice the standard deviation
after extreme values (defined as all the values over twice the
median) were removed. Distributions were fitted using Origin
(OriginPro 2017, OriginLab Corporation, Northampton, MA)

and analyzed with R (RStudio 3.5.0 [18]). Data are presented
with standard deviations. Individual statistical tests are noted
below. The sum of the square of the error (SSE) was calculated

as follows: ∑n
i¼1 VLi−TLið Þ2, such that VL is the number of

visual lapses, TL is the number of threshold-based lapses, and
n is the number of participants.

Results

In the course of a single 10-min aPVT, there were 105 ±
4.49 responses obtained in each young participant and
101 ± 4.71 responses obtained in each older participant.
Responses in both the young and older groups were non-
normally distributed, with a log normal distribution
fitting each individual reasonably well (Fig. 1; average
± SD adjusted R2 of the log normal fits = 0.91 ± 0.079,
range = 0.62–1.00). The average of the individual mean
reaction times is 290 ± 44.7 ms and 365 ± 154 ms in the
young and old, respectively (p < 0.05, t test). The average
of the individual median reaction times is 272 ± 41.9 ms
and 294 ± 37.4 ms in the young and old, respectively (p =
0.072, t test).

Fig. 1 Example histograms of reaction times from an older (top) and a
young (bottom) participant completing a single aPVT trial. The different
thresholds examined in this manuscript are provided as follows: (1)
400 ms (black dashed line): 26 lapses (older), 29 lapses (young); (2)
500 ms (red dashed line): 3 lapses (older), 7 lapses (young); (3) 2 ×
median (blue dashed line): 2 lapses at 720 ms (older), 1 lapse at 733 ms

(young); (4) median + 2 × SD (green dashed line): 2 lapses at 556 ms
(older), 3 lapses at 544 ms (young); and (5) median + 2 × SD (no outliers)
(magenta dashed line): 3 lapses at 500 ms (older), 5 lapses at 527 ms
(young). The arrows indicate the reaction times that were identified by
three independent viewers and scored as Blapses,^ three in both the young
and older groups
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Using the literature-derived fixed threshold of 400 ms, 25
of the 28 young participants (89%) had at least one lapse and
13 of the 19 older participants (84%) had at least one lapse
(Table 1). Of the participants who had at least one lapse, the
average number of lapses was 7.56 ± 6.86 in the young and
10.8 ± 10.4 in the older participants. It was evident from visual
observation of the distribution curves of reaction times, how-
ever, that many of the Blapses^ defined by a 400-ms threshold
still fell within a log normal distribution.

According to the visual scoring of lapses, 68% of the older
participants had at least one lapse and there were 5.31 ± 5.20
lapses per older participant with a lapse. In the young partic-
ipants, visual scoring identified 75% of the individuals having
at least one lapse and 4.38 ± 3.14 lapses per young individual
with a lapse. The standard 400-ms threshold overestimated
lapses by more than twofold in older adults and 1.7-fold in
young adults (Table 1). The 500-ms and twice the median
thresholds performed much better, with slight overestimation
(older cohort) or underestimation (young cohort) of lapses.
The mean plus twice the standard deviation threshold per-
formed poorly as all individuals were determined to have
lapses, but the average number of lapses per individual was
underestimated. Similarly, the threshold based on the mean
plus twice the standard deviation after extreme values were
excluded determined all individuals had lapses and
overestimated the number of lapses. Using the sum of the
square of the error as a marker of goodness of fit to the stan-
dard, the threshold set by twice the median performed the best
in both age groups.

Discussion

Our data indicate that the use of a single, fixed threshold to
determine the occurrence of lapses on an aPVT, in either
healthy young or older adults, is insufficient. The standard
fixed threshold of 400 ms yields nearly twice the rate of lapses
during an evening aPVT session as would be determined

through visual inspection of the response time distribution.
The use of the fixed 500-ms threshold, typically used on a
standard visual PVT, performs better, though the use of a
variable threshold set at twice the median value has the best
performance.

We determined the standard of the presence or absence of a
lapse through visual inspection and agreement among three
independent viewers. Overlaid atop the histogram distribu-
tions (see Fig. 1) was a log normal distribution. Data
conformed well to a log normal distribution, not unexpectedly
as the shortest response times are limited by a physiologic
speed at which faster times are not possible. While the use
of standard deviations is often helpful in determining outliers
in normally distributed data, their inclusion in two different
variable threshold methods was only somewhat helpful and
did not reach the performance of the variable threshold calcu-
lated as twice the median.

Our data were obtained during a baseline session in two
separate protocols, one involving healthy young adults and the
other involving healthy older adults. There were notable dif-
ferences in the protocols that make problematic the direct
comparison of the reaction times in the two groups. First, the
older group entered the lab later in the day than the young
group and was exposed to normal room lighting prior to and
during the aPVT. The young group was exposed to very dim
light for 6.5 h prior to and during their aPVT. Even the normal
room lighting to which the older adults were exposed has the
potential for changing performance on the PVT [19]. Second,
the aPVT that the older participants performed was their first
session of the test, while young participants had five sessions
of the aPVT prior to taking the aPVT for which the results are
reported. We chose to align participants by approximate time
relative to normal sleep rather than test number as the PVT has
a relatively shallow learning curve [1, 4], and we anticipated
similar results between the cohorts. Thus, our data are insuf-
ficient to compare the difference in reaction times or lapses
between the two cohorts, but are sufficient to examine the
different thresholds for determination of lapses in the two

Table 1 Determination of lapses by various threshold methods

Standard Threshold-based

Visual Fixed (400 ms) Fixed (500 ms) 2 ×median Median + 2 × SD Median + 2 × SD
(no outliers)

Older % with a lapse 68% 84% 68% 58% 100% 100%

No. of lapses (non-zero) 5.31 ± 5.20 10.8 ± 10.4 6.85 ± 6.95 6.18 ± 5.93 3.11 ± 1.66 7.16 ± 5.80

SSE n/a 1464 134 63 502 315

Young % with a lapse 75% 89% 75% 75% 100% 100%

No. of lapses (non-zero) 4.38 ± 3.14 7.56 ± 6.86 3.81 ± 3.13 2.90 ± 2.35 3.86 ± 1.90 6.43 ± 2.82

SSE n/a 1913 526 383 426 730

SSE sum of the square of the errors, SD standard deviation, n/a not applicable
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cohorts. The most parsimonious interpretation of the data is
that the use of a variable threshold (twice the median from a
baseline, non-sleep-deprived session) would be the most ap-
propriate to use when analyzing the aPVT in either young or
older healthy individuals.
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