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Abstract
Study Objectives: The behavioral and cognitive consequences of severe sleep deprivation are well understood. Surprisingly, relatively little is
known about the neural correlates of mild and acute sleep restriction on tasks that require sustained vigilance for prolonged periods of time
during the day.
Methods and Results: Event-related potential (ERP) paradigms can reveal insight into the neural correlates underlying visual processing and
behavioral responding that is impaired with reduced alertness, as a consequence of sleep loss. Here, we investigated the impact of reduced
vigilance following at-home mild sleep restriction to better understand the associated behavioral consequences and changes in information
processing revealed by ERPs. As expected, vigilance was reduced (e.g. increased lapses and response slowing) that increased over the course
of the experiment in the “sleep restricted” (5 hr sleep) compared with the “sleep-extension” (9 hr sleep) condition. Corresponding to these
lapses, we found decreased positivity of visually evoked potentials in the Sleep Restriction vs. Sleep Extension condition emerging from 316
to 449 ms, maximal over parietal/occipital cortex. We also investigated electrophysiological signs of motor-related processing by comparing
lateralized readiness potentials (LRPs) and found reduced positivity of LRPs in the Sleep Restriction vs. Sleep Extension condition at 70–40 ms
before, and 115–158 ms after a response was made.
Conclusions: These results suggest that even a single night of mild sleep restriction can negatively affect vigilance, reflected by reduced
processing capacity for decision making, and dulls motor preparation and execution.

Statement of Significance
Even a small amount of sleep loss can affect daytime performance, particularly in the face of monotonous tasks. However, relatively little is
known about the neural basis of mild and acute sleep restriction. We investigated the electrophysiological correlates and behavioral consequences of only 2 hr of at-home sleep restriction. This amount of sleep loss negatively affected sustained vigilance. Event-related brain potentials showed that sleep loss reduced processing capacity for decision making, motor preparation, and execution. These may serve as an
electrophysiological index of drowsiness. Thus, even a seemingly innocuous amount of sleep loss could be hazardous in certain situations
(e.g. following daylight savings, in the workplace, and long-haul highway driving). Future studies could employ functional neuroimaging
techniques to better understand the brain regions and functional brain connectivity affected by only a small amount of sleep restriction.
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Introduction

Methods
Participants
All participants were between the ages of 20 and 35. An initial
telephone screening interview was used to exclude participants
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As a society, we live increasingly sleepless lives. It is more common than ever for individuals to have restricted time in bed or
time asleep. Disordered sleep has reached epidemic proportions
in North America. Over 3 million Canadians met the criteria for
insomnia in a 2002 survey [1], and it is estimated that between
50 and 70 million Americans suffer from sleep disorders [2]. Up
to 40% of the population reports daytime sleepiness or problems
falling asleep [3]. In the last century, average sleep duration has
decreased by ~20% [4]. On average, more than 30% of adults
get less than 7 hr of the recommended 7–9 hr of sleep [5, 6].
Taken together, as a consequence, we spend less and less time
sleeping.
There are real-world implications for a society that is less
vigilant as a consequence of being chronically sleep deprived.
Even mild, acute sleep loss, such as the 1 hr time shift to daylight savings time (DST) in the spring and fall, affects sleep quality and daytime vigilance. For example, on Monday following the
spring DST change, when clocks are set forward 1 hr (i.e. sleep
duration is reduced by 1 hr), the incidence of minor workplace
accidents is significantly increased compared with a regular
work day [7–13]. Similarly, a significant increase in fatal vehicle
crashes has also been reported to occur for 1 week following the
spring DST change [14].
There are two principle measures for detecting the degree
to which an individual shows signs of reduced alertness. Firstly,
behavioral measures of alertness can be assessed using subjective ratings like the Stanford Sleepiness Scale (SSS) [15], or objective measures of alertness using the Psychomotor Vigilance Task
(PVT) [16], which requires an individual to attend to a stimulus and respond as quickly as possible. The latter requires sustained attention, visual processing, feature detection, and motor
response preparation, initiation, and execution. All of which
could putatively be negatively affected by sleep loss. The PVT
has been shown to be a highly reliable measure of sustained
vigilance [17, 18]. Secondly, physiological measures of brain
activity recorded using electroencephalography (EEG) can be
used to assess the physiological signs of reduced alertness. In
addition to fluctuations in power in specific frequency bands
(e.g. increases in α and decreases in β) associated with differing levels of alertness [19–26], event-related potentials (ERPs)
can provide insight into impaired information processing as a
consequence of reduced alertness, such as in the case of sleep
loss. For instance, early ERP components such as the P1 and the
N1, which reflect sensory processing, are modulated in response
to various levels of alertness [25, 27, 28]. However, disruptions
at these early stages can affect downstream processing at later
stages. Components such as the P3 and the lateralized readiness
potential (LRP) are useful in detecting changes in decision making, processing capacity [29], and can provide information about
motor response preparation, initiation, and execution [30, 31] as
a function of alertness.
A rich body of knowledge exists on the impact of mild sleep
restriction on objective vigilance [17, 18, 32–35]. However, relatively little is known about the electrophysiological markers
of reduced vigilance as a result of mild and acute sleep loss
(a seemingly innocuous, but potentially hazardous scenario).
One study by Cote et al. examined the impact of mild (3 or
5 hr of sleep) and acute (one or two nights) of sleep restriction, employing power spectral analyses to investigate the

EEG frequency characteristics affected by sleep loss [35]. They
found that only one night of sleep restriction led to performance deficits and EEG slowing. Another study observed a
larger N170 in response to sad images, and a larger amplitude
late positive potential to positive images after only one night
of sleep mild restriction (4 hr sleep) [34], thus, suggesting that
mild and acute sleep restriction affects emotional processing in terms of neural reactivity and attention, respectively.
However, few studies have simultaneously recorded EEG with
the PVT, and the few that have tested electrophysiological
correlates of arousal in the face of sleep restriction did so
under conditions of severe and acute sleep deprivation (e.g.
>24 hr of continuous wakefulness) [33, 36–40], chronic sleep
restriction [41], or by testing throughout the normal nocturnal
sleep period, when sleep pressure is maximal [42]. This type
of sleep deprivation is not very common outside of highly
controlled laboratory situations or under extreme conditions
(e.g. shift work or long, transmeridian flights). What remains
unclear is how mild and acute sleep loss, which more accurately reflects the growing trend of sleep habits of modern
society, affects cognitive and behavioral processing during
tasks which demand sustained vigilance for prolonged periods of time.
Here, we aim to understand the behavioral, cognitive, and
neural consequences of mild and acute sleep loss while performing a monotonous sustained attention task (PVT) for a
prolonged period during the daytime. By employing simultaneous EEG and vigilance testing following one night of mild
sleep restriction, we can better understand the physiological
signs of reduced vigilance under such common conditions.
Specifically, we investigated both the perceptual (visualevoked responses) and behavioral (response-locked) ERPs
during a sustained vigilance task in mildly sleep restricted
vs. mildly sleep-extended conditions in a repeated-measures
design. To be comparable to previous studies employing finegrained sleep restriction protocols [33, 43–46], we employed
a 5 hr sleep opportunity when compared with a 9 hr sleep
opportunity, with the latter designed to ensure that participants were indeed well-rested by providing them a slightly
longer sleep opportunity than the participants typical ~8 hr
of sleep. This procedure also ensured that those participants
who typically sleep 9 hr/night did not experience 1 hr of sleep
restriction. PVT and SSS testing took place at the circadian
trough (i.e. the “mid-afternoon dip”) with simultaneous EEG
recording. Together, these techniques may reveal insight into
the cognitive processes which are impaired with commonly
experienced levels of sleep loss, and to identify the physiological signs which predict reduced vigilance with high temporal
precision. We expected that (1) sleep restriction would lead
to increased subjective and objective sleepiness, and (2) we
hypothesized that this reduced vigilance would be reflected in
both the visual-evoked potentials (VEPs) and motor response–
locked LRP brain responses.
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Behavioral tasks
Stanford Sleepiness Scale
SSS was used as a subjective measure of sleepiness [15]. It is an
8-item scale that asks the individual to indicate the scale rating
(from “Feeling active, vital, alert, or wide awake” to “Asleep”) that
best describes how they are feeling at that particular moment in
time. A scale rating of 1 indicates that the individual is at peak
alertness. A scale rating from 2 to 4 indicates that the individual
could be suffering from a lack of sleep. A scale rating of 5 to
7 could indicate that they have a serious sleep debt and need
more sleep, especially if this individual should be feeling alert
at that time of day.
Psychomotor Vigilance Task
PVT was used as an objective measure of sustained vigilance
[16]. The PVT is a simple, visual reaction time (RT) test, whereby
participants are instructed to focus their gaze on a fixation
point (e.g. an on-screen plus sign “+”) and respond as quickly
as possible, by pressing the space bar (i.e. the “response”), to the
appearance of a numerical timer (i.e. the “stimulus”) which was
presented on-screen at a random interval between 2 and 10 s
long. Participants performed six sessions of 100 trials, taking
approximately 70 min in order to have a sufficient number of

events for the analyses, but also importantly, to examine the
impact of sleep restriction on extended periods of time when
vigilance is required in the face of a monotonous task. These
trials were also later categorized as the fastest 15% and slowest 15% RTs (see “ERP Analyses” section for details), as extreme
responses have been found to be sensitive to sleep restriction
[18]. Consistent with the extant literature [16, 18, 50], any RT <
100 ms were considered false starts, and RTs > 500 ms were considered lapses, which were excluded from subsequent behavioral and ERP analyses. As done in previous studies employing
the PVT, RT (ms) was transformed using an inverse transformation [16–18, 32, 43, 50, 51]. Also, consistent with previous behavioral studies [17, 44, 52, 53], and the one previous ERP study
employing the PVT and sleep restriction [54], we employed a
visual PVT to assess the electrophysiological and cognitive processes affected by mild and acute sleep restriction. The choice
of a visual PVT task was also made as this study was intended
to serve as a “proof-of-concept” study to be adapted to other
settings where visual attention is required, such as in a driving
simulator environment.

Procedure
All participants were initially screened to verify that they met
inclusion criteria (see “Participants” section for details). For
the night prior to each testing day, all participants were instructed to either sleep from 1 am to 6 am (e.g. 5 hr of sleep in
the “sleep-restricted” condition), or from 12 am to 9 am (e.g.
9 hr of sleep in the “sleep-extended” condition). We allowed a
9 hr sleep opportunity so that those who habitually tend sleep
9 hr per night would not experience 1 hr of sleep restriction
(n.b., participants were young adults, and those that typically
slept less than 7 hr, or more than 9 hr were initially screened
out from participating in the study). One week occurred between testing conditions and conditions were counterbalanced across participants. Wrist actigraphy and sleep diaries
were used to verify that participants adhered to the sleep
timing instructions. On each testing day, participants arrived
at the sleep laboratory at 12:00 pm. Upon arrival, electrodes
were applied to their scalp and face. Testing began at 1:15 pm.
Participants were asked to sit approximately 60 cm away from
the testing computer screen. Six sessions (100 trials each)
were completed in total where participants’ brain activity was
recorded via EEG (see “EEG Acquisition and Pre-Processing
Procedures” section for details). Participants completed the
SSS prior to the first PVT session and following each PVT session thereafter. The PVT testing session lasted, on average, approximately 1 hr 10 min.

EEG acquisition and preprocessing procedures
Data were acquired from a 24-channel electroencephalographic
(EEG) Embla Titanium (Natus, Pleasanton, CA) amplifier system.
EEG was recorded at a sampling rate of 512 Hz, with a high pass
filter of 0.1 Hz and a low pass filter of 220 Hz. EEG (M1, M2, Fp1,
Fp2, Fpz, F3, F4, Fz, C3, C4, Cz, P3, P4, Pz, O1, and O2) and electrooculogram (EOG; placed on the outer canthus of the eyes) referential recordings (reference Fpz) were re-referenced offline to
the averaged mastoid derivations (M1 and M2), placed according
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for irregular sleep schedules (i.e. sleep beyond the recommended 7–9 hr of sleep, or outside the hours of 10:00 pm to
9:00 am) in order to include participants who slept, on average 8 hr, at normal times. Based on the results of the screening interview, participants were included only if they were
right-handed, had no hand mobility problems, did not do shift
work, did not use medications known to affect sleep, did not
consume excessive nicotine (i.e. considered themselves a “nonsmoker”), excessive caffeine (i.e. consumed <1–2 drinks/day)
or excessive alcohol (i.e. consumed <7 drinks/week), or have
a history of chronic pain, seizures, or head injury. Participants
were required to abstain from drug use, nicotine, and alcohol at
least 3 days prior to, and throughout the duration of the study,
logged by the participant in their sleep journal and confirmed
with the participant (by the researcher) prior to each testing
session. Participants were instructed to consume no more than
a single caffeinated beverage per day in the am, upon awakening. Participants’ sleep routines throughout the study were
confirmed by actigraphy and sleep diaries. To ensure normal
sleep–wake patterns and rule out anxiety and depression, participants who met the initial screening were also asked to fill
out the Sleep Disorders Questionnaire [47], as well as the Beck
Depression [48] and Anxiety Inventories [49].
In total, 26 participants met the inclusion criteria for this
study. Of these, six had either poor quality or missing EEG
data, and two had too few artifact-free trials for analysis purposes. Thus, a total of eight participants were not included in
the analyses. There were no demographic or sleep habit differences between those included and those with missing or
poor quality data. Thus, 18 individuals (median age 21, range
20–26) were included (N = 14 females). Written and informed
consent was obtained prior to participation in the study. This
study was approved by the Western University Research Ethics
Board.
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to the international 10–20 electrode placement system [55].
A submental electromyogram (EMG) channel was recorded as a
bipolar derivation.

For the event-related analyses, the data were segmented into
696 ms single trial “epochs” time-locked to the onset of each
stimulus (100 ms prestimulus plus 596 ms poststimulus) for
visual ERPs and segmented into 969 ms epochs time-locked
to motor responses (500 ms preresponse plus 500 ms postresponse). Epochs were re-referenced to the average of both
mastoids and baseline corrected. Trials containing movement
artifacts were visually identified and excluded from analysis.
Bad channels were visually identified, removed, and interpolated using EEGLAB [56]. There were a total of 16 EEG channels
that were included in the analysis, but no more than three existing channels that were present but noisy were interpolated
per data set. Six data sets required no interpolation, and eight
required only one channel to be interpolated, three recordings
required two channels to be interpolated, and only one data
set had three channels interpolated. Blink and other ocular
artifacts were subsequently removed using Independent
Components Analysis implemented in EEGLAB. All ocular ICs
were visually verified prior to correction. Epochs were first
grouped into two vigilance states: (1) sleep-extended (Sleep
Extension) and (2) sleep-restricted (Sleep Restriction), and further divided into fast and slow responses by selecting trials
corresponding to reactions times in the fastest 15% and slowest 15%, respectively. (Extreme slowest and fastest responded
are conventionally taken as the most extreme 10%; however,
to have a sufficient number of trials (N = 100) for analysis purposes, here, we included the most extreme 15% of trials.) This
produced four experimental conditions: (1) Sleep Extension,
fastest responses; (2) Sleep Extension, slowest responses; (3)
Sleep Restriction, fastest responses; and (4) Sleep Restriction,
slowest responses. To examine whether these conditions differed in perceptual and/or motor processing, we analyzed
VEPs and LRPs. All preprocessing steps were performed using
MATLAB and EEGLAB.
ERPs are conventionally analyzed by identifying maximum and minimum peaks at a particular poststimulus time.
The average of all activity in the prestimulus interval serves
as a zero-voltage baseline from which each data point is
measured against. However, this approach assumes that a
cognitive process occurs within a highly selective time interval (e.g. at the latency of P1). In the present study, we examined all data points within the poststimulus epoch. Separate
t-tests could then be run on each of the almost 1000 data
points to compare the two conditions. This, of course, will
result in inflating the chances of making Type I errors. Data
were thus analyzed in two ways. First, the visually evoked
responses were analyzed using the cluster-mass procedure
[57] implemented in FieldTrip [58]. Briefly, this procedure
compares adjacent spatiotemporal data points across conditions using t-tests. Single-subject ERP averages (across all trials and channels) elicited by each condition were compared
using paired-samples t-tests. Although the t-test step is parametric, FieldTrip employs a secondary nonparametric clustering method to address the issue of multiple comparisons.

Results
Behavioral results
When considering changes in PVT performance (Table 1)
across the six PVT blocks of trials as a function of sleep condition, a sleep condition (Sleep Extension, Sleep Restriction)
× PVT block (blocks 1–6) ANOVA revealed significantly more
lapses in the Sleep Restriction vs. Sleep Extension condition (F(1,17) = 8.89, p = 0.008, η2 = 0.34) and an increasing number of lapses over the course of the six blocks of PVT trials
(F(5,85) = 10.05, p < 0.001, η2 = 0.37). A similar pattern of results was
observed for the slowest responses in the Sleep Restriction vs.
Sleep Extension condition (F(1,17) = 4.78, p = 0.043, η2 = 0.22) and
over the course of the six blocks of trials (F(5,85) = 4.49, p = 0.001,
η2 = 0.22). Overall response speed was marginally significantly
faster in the Sleep Extension vs. Sleep Restriction condition
(F(1,17) = 4.33, p = 0.053, η2 = 0.20) and became slower across
the six blocks (F(5,85) = 5.75, p < 0.001, η2 = 0.25). There was no
significant effect of sleep condition for the fastest responses
(F(1,17) = 0.12, p = 0.736, η2 = 0.01), but performance did slow
over the course of the blocks of trials (F(5,85) = 2.63, p = 0.029,
η2 = 0.13).
A similar analysis approach revealed that in terms of subjective sleepiness, the SSS scores (Table 1) were higher in the Sleep
Restriction when compared with the Sleep Extension condition
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ERP analyses

Specifically, t-values of adjacent spatiotemporal points
whose p values were less than 0.05 were clustered together
by summating their t-values, and the largest such cluster
was retained. A minimum of two neighboring electrodes
had to pass this threshold to form a cluster, with neighborhood defined as other electrodes within a 4 cm radius. This
entire procedure, i.e. calculation of t-values at each spatiotemporal point followed by clustering of adjacent t-values,
was then repeated 1000 times, with recombination and randomized resampling of the ERP data before each repetition.
This Monte Carlo method generated a nonparametric estimate of the p value representing the statistical significance
of the originally identified cluster. This approach provides
increased power relative to other corrections for multiple
comparisons such as Bonferroni correction and false discovery rate. All analyses were two-tailed and included data
from 100 ms prestimulus until the end of the epoch (596 ms).
Second, LRPs were measured with respect to the response,
rather than the stimulus. Because all responses were made
with the right hand, a negative readiness potential occurring
prior to response should be larger over the left than the right
hemisphere (i.e. it will be lateralized). This LRP was measured in a difference wave calculated by subtracting activity at
ipsilateral (right hemisphere) sites from that of contralateral
(left hemisphere) sites. That is, LRP time courses were computed by subtracting channels C3, F3, Fp1, O1, P3 from C4,
F4, Fp2, O2, P4, respectively. These data were then analyzed
using a cluster-based approach of successive t-tests, whereby
t-tests were performed across all trials and electrodes at each
time point, ranging from 500 ms before to 500 ms after the
response, for each condition. A criterion of 12 or more consecutive time frames (approximately 24 ms), where p < 0.05
was used to assess statistical significance [59].
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(F(1,17) = 5.01, p = 0.039, η2 = 0.23) and increased over the course of
the testing session (F(6,102) = 11.62, p < 0.001, η2 = 0.41).

To examine whether vigilance state affects visually related processing, we compared VEPs for participants who had extended
sleep to those who had restricted sleep. We found electrophysiological differences associated with performing the simple,
visual PVT task under the different vigilance-related states for
a late positivity following stimulus onset (i.e. time-locked to the
appearance of the numerical timer; Figure 1, top). This positivity
corresponds well to the timing of the P3. Grand-averaged ERPs
Table 1. Overall PVT performance and SSS scores (mean of blocks of
trials) in the sleep extension (Sleep Extension) and sleep restriction
(Sleep Restriction) conditions

SSS
Number of lapses
Mean response speed
Mean fastest
Mean slowest

Sleep Extension

Sleep Restriction

M

SD

M

SD

3.60
34.02
2.08
2.61
1.49

1.28
24.48
0.37
0.29
0.47

4.47
40.88
1.98
2.62
1.31

0.97
23.79
0.34
0.28
0.45

Speed expressed as the reciprocal of reaction time (ms) × 1000.

(the average of all participant’s ERPs) are illustrated at the bottom of Figure 1A. Consistent with the usual scalp distribution of
the P3, its amplitude was maximum over parietal/occipital cortex
(Figure 1, bottom). More specifically, ERPs were sorted for the fastest and slowest RTs. For the fastest RTs, the ERP revealed sleep
condition differences for a positivity occurring between 344 and
418 ms (Figure 1A, top). This late positivity was larger for the fastest response times in the Sleep Extension condition compared
with fastest response times in the Sleep Restriction condition
(p = 0.039; mean difference = 0.91; Cohen’s d = 0.98). Similarly,
for the slowest RTs, ERPs also revealed a significantly larger late
positivity between 316 and 449 ms (Figure 1B, top) for the Sleep
Extension condition in contrast to those with restricted sleep
(p = 0.004; mean difference = 0.67; Cohen’s d = 0.69). Conversely,
we found no difference in amplitude at any point throughout the
epoch between the fastest and slowest 15% within each condition. Therefore, completing the PVT in a state of reduced vigilance
induced by restricted sleep results in a reduced positivity corresponding to the P3 compared with a sleep-extended state. The
reduction in this late positivity was observed for both the fastest
and the slowest RTs. Together, this suggests that regardless of the
speed of the response to the visual stimuli (e.g. fastest responses
or slowest responses), the P3-like component was reduced in
amplitude following mild acute sleep restriction. Moreover, sleep
condition differences at earlier time periods, corresponding to
the P1 and N1 (shown in Figure 1), were not significant for trials
sorted according to the fastest and slowest RTs.

Figure 1. ( A) Top panel are grand averaged visual-evoked potentials (N = 18) for the fastest trials in both sleep related conditions; sleep extension condition (Sleep
Extension, Fastest Responses; red) and sleep restriction condition (Sleep Restriction, Fastest Responses; blue) for significant electrodes (marked by gray shaded region)
using cluster-based permutation statistics. P1, N1, and P3 peaks are indicated. Bottom panel is the scalp topography reflecting mean activity (μV) during the significant
time window for the Sleep Extension vs. Sleep Restriction conditions for the Fastest Responses. (B) Top and bottom panels reflect the same information presented in
(A), comparing the slowest trials in both conditions (Sleep Extension vs. Sleep Restriction conditions for the Slowest Responses). Significant electrodes included in the
average waveform for Figure 1A (top panel) include O1, O2, P3, P4, Pz, C3, C4, Cz, Fz, F4, and Fp2 and the significant electrodes for Figure 1B (top panel) include O1, O2,
P3, P4, Pz, C3, C4, Cz, Fz, F3, and Fp1.
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Lateralized readiness potential

Figure 2. (A) Grand averaged LRPs comparing the fastest trials in the Sleep Extension (SE) condition (red) vs. Sleep Restriction (SR) condition (blue) prior to making a
response (pre). Statistical significance (shaded gray area) was based on successive t-tests, where p < 0.05 for at least 12 consecutive time points (approximately 24 ms).
(B) Differences in the grand averaged lateralized evoked potentials between the fastest trials in the Sleep Extension (red) vs. Sleep Restriction (blue) in the period after
a response was a made (post). (C) Grand averaged lateralized readiness potentials for the slowest responses in the Sleep Extension (red) and Sleep Restriction condition
(blue). We found no differences at any point either before or after the response (pre and post). (D) Grand averaged lateralized evoked potentials for the fastest (red) and
slowest (blue) trials in Sleep Extension condition in the period after a response was a made (post). The time window when the two conditions differed based on successive t-tests are highlighted by the shaded gray region. (E) A comparison of the grand averaged lateralized readiness potentials for the fastest (red) vs. slowest (blue)
response in the Sleep Restriction Condition revealed no differences before or after the response was made (pre and post). The LRP was measured in a difference wave
calculated by subtracting activity at ipsilateral (e.g. right hemisphere) sites from that of contralateral (left hemisphere) sites by subtracting C3, F3, Fp1, O1, and P3 from
C4, F4, Fp2, O2, and P4, respectively.
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In addition to visual processing-related ERP differences, we also
examined how the two vigilance states affected motor-related
processing by computing the brain activity prior to (Figure 2A)
and following (Figure 2B) each button press. We found prestimulus LRP condition increases in positvity from −70 to −40 ms
for the fastest responses in the Sleep Extension vs. the Sleep
Restriction condition. A significant postresponse increase in
positivity was also found in the 115–118 ms interval for the
Sleep Extension condition compared with the Sleep Restriction
condition (Figure 2B). On the other hand, both preresponse
and postresponse LRP differences were not significant for the

slowest responses (Figure 2C). Additionally, further investigation revealed a significantly larger positivity for the fastest
compared with the slowest responses in the 115 to 152 ms
postresponse interval (Figure 2D). This was only the case for
the Sleep Extension condition, as no differences were apparent at any interval for the fastest vs. slowest responses in the
Sleep Restriction condition (Figure 2E). No other comparisons
revealed statistically significant results. These results suggest
that restricted sleep may affect processes involved with both
preparing and executing a motor response, and that very slowest responses executed by those under sleep-extended conditions, and produces a pattern of activity that resembles those
with restricted sleep.
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Discussion

PVT task was much smaller than that usually observed in oddball tasks (often over 10 µV). This is probably because the PVT
stimulus was presented on every trial, thereby attenuating the
magnitude of the response to the presentation of the unpredictable and infrequent stimuli. Nevertheless, on both the fastest
and slowest response trials, the amplitude of this “P3-like” positivity was significantly reduced in the sleep restriction condition. Thus, the differences appear to be present regardless of the
speed of responding to the stimulus.
Even after only 2 hr of sleep loss, RT was delayed. A possible
explanation for the deterioration in performance on the PVT is
thus stimulus evaluation processes, normally reflected by the
P3 that employ classic oddball paradigms. On the other hand,
processes involved in the actual motoric response may also be
implicated. In addition to stimulus-related information processing, a slowed RT may also be a result of inadequate motor-related
preparation or execution. This was examined here by the LRP.
Because the participants responded with the right hand, this
preresponse motor readiness potential would be expected to be
larger over the left hemisphere. Sleep restriction also resulted in
an attenuation of this LRP. However, unlike the VEP differences,
this effect was only observed for the fastest responses. Thus,
an explanation for a reduction of very fast responses following
sleep restriction may be related to an inadequate readiness to
respond. Although responding rapidly may require an optimal
readiness-to-respond, this may not be necessary for the very
slow responses.
Here, our behavioral results suggest that even a small
amount of sleep loss on only one night significantly reduced
vigilance and increased sleepiness. Mild and acute sleep restriction also led to significant changes in brain activity. Specifically,
we found that sleep loss negatively affected processing of visual
stimuli requiring sustained vigilance, and also reduced motorrelated responses following stimulus presentation, supported by
changes in both visually evoked and motor-related electrophysiological brain potentials.
Previous studies have investigated deficits in information
processing during acute, but severe sleep deprivation, reflected
by ERPs. By contrast, in the current study, we employed acute
and mild sleep restriction with subsequent testing during the
day. We found that later components from ~300 to 500 ms were
reduced in sleep restricted when compared with sleep-extended
conditions for both the fastest and slowest response times, but
no ERP difference in fastest vs. slowest within each condition,
likely reflecting reduced processing capacity for decision making [29]. We have extended these findings by also investigating motor response-locked evoked potentials. These analyses
revealed that the amplitude of the LRP was reduced in the sleeprestricted compared with sleep-extended condition, both before
(−70 to −40 ms) and after (115 to 158 ms) the motor response,
thus suggesting that motor response preparation and execution
[30, 64] were likely impaired under conditions where sustained
vigilance is required. Interestingly, the P3b component characterized by positivity over posterior electrodes, coinciding with
the topography of our VEP late positivity findings, and have
recently been suggested to reflect processing at the intersection between perception and decision making [65]. Unlike the P3
which reflects the response to a rare and unpredictable stimulus, in the present study, this reduction of amplitude of late positivity might instead reflect lethargy in making a response at all,
to an unpredictable stimulus in the face of monotony and sleep
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Much is known about the behavioral and cognitive consequences of chronic sleep loss [5, 60–63]. Recent advancements
have been made on the impact of severe, acute sleep loss on objective measures of vigilance and subjective measures of sleepiness, and also how this relates to EEG oscillations [42]. However,
surprisingly, relatively little is known about the accompanying
changes in brain activity associated with changes in vigilance
(e.g. PVT performance) from mild (e.g. only a couple of hours)
and acute (e.g. only a single night) of sleep loss.
Although the PVT is undoubtedly the most frequently used
cognitive task in sleep deprivation studies, very few studies
have examined the actual neural correlates of information processing of the stimulus or related to the behavioral response.
In one study, Hoedlmoser et al. examined the effect of total
sleep deprivation on the PVT administering it at normal bedtime, and every hour thereafter over the course of a normal 8 hr
sleep period [42]. They recorded ERPs following presentation of
the stimulus. The authors noted that the early P1 amplitude became increasingly attenuated. The P1 is sensitive to manipulations of attention. By contrast, there was no modification of
the N1 component. Unfortunately, the authors did not investigate processing related to the P3 component. Their results suggest that attenuation with total sleep deprivation may reflect
an inability to sustain attention to the stimulus. By contrast,
the present study examined the effects of only 2 hr of sleep restriction—an amount of sleep loss typically regarded as benign.
A major aim of this study was to monitor the extent of information processing relative to the visual stimulus (the onset of
the numerical timer) used in the PVT. Rather than studying the
peaks and valleys elicited by the stimulus relative to baseline,
we tested the effects of sleep loss at every point in time. Unlike
the results of Hoedlmoser et al., the 2 hr of sleep loss and subsequent testing during the daytime did not significantly affect
data points in the ~100 to 200 ms range corresponding to the
traditional P1 or N1 components. Given that these studies are
otherwise very comparable, taken together, it would appear that
this early processing is only affected by sleep loss lasting longer
than 2 hr, or when testing occurs during nonoptimal times (e.g.
during the normal sleep period).
Two hours of sleep loss did however result in a significant attenuation of a parietal maximum positivity occurring between
about 300 and 500 ms (n.b., although not all data points within
this time interval were significantly different between conditions). This spatiotemporal pattern corresponds to the muchstudied P3. The P3 is classically elicited by the detection of
infrequently presented stimuli. The definition of “infrequently”
can vary. In most P3 studies, an oddball task is employed in which
participants are presented with rapidly occurring “standard”
stimuli, and at rare, unpredictable times, a “non-standard” target
is presented. Stimuli are usually presented rapidly, e.g. every 1
to 2 s. In the oddball task, the probability of target presentation
is thus very low. In this sense, the target occurs infrequently. By
contrast, in the PVT, only a single stimulus type is presented.
Its probability of occurrence is thus 1.0. It however occurs infrequently in time, and also at an unpredictable interstimulus
interval, and thus may share some common information-processing properties as classic P3 paradigms, and may be a sensitive metric of information processing affected by sleep loss. That
said, the amplitude of the positivity that was elicited during the
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restriction. Together, these results suggest that our findings of
changes in both visually evoked and response-evoked measures
of brain activity linked to poorer performance on the PVT may
reflect an electrophysiological index of drowsiness.
The behavioral, cognitive, and electrophysiological correlates of mild and acute sleep loss are important to understand,
as this type of sleep loss is ubiquitous, and, perhaps even more
importantly, is typically regarded to be innocuous. The results
of the present study suggest that even a small amount of sleep
loss can have deleterious consequences for visual attention and
behavioral responding in the face of actively trying to sustain
vigilance. Thus, this type of sleep restriction has high ecological
validity when compared with more extreme forms of sleep deprivation. This has direct implications for scenarios such as the
DST change, long-haul highway driving, academic performance,
and in a variety of workplace settings that require sustained
vigilance in the face of a monotonous task. Thus, understanding
the cognitive processes and neural markers of sleep loss may
lead to important advancements in identifying and mitigating
lost productivity, and potentially dangerous lapses in vigilance
in the workplace, classroom, and when loss of vigilance can be
life threatening, e.g. when driving motor vehicle.
Future research combining vigilance testing and electrophysiological recording in more ecologically valid test conditions (e.g.
using driving simulators) may help us to uncover how sleep loss
can impair performance, and to identify the neural markers
of reduced vigilance. In addition, the interaction of sleep pressure and circadian rhythmicity on mild acute sleep loss would
be interesting to disentangle, in terms of understanding when
vigilance is maximally or minimally affected. Here, we chose
the “mid-afternoon dip” for the time of the testing sessions in
order to maximize the chance of detecting the effects of sleep
loss on related behavior, information processing, and the EEG.
Finally, future studies could also employ combined neuroimaging to better understand the functional and neuroanatomical
substrates which are affected by sleep loss.
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