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INTRODUCTION
Alcohol intoxication and drowsiness are leading causes of 

motor vehicle crashes,1–5 which are likely to result in serious 
injury or fatality to the driver or other road users.5–7 Legal 
limits of blood alcohol levels while driving exist to endorse 
safer driving practices, and are based on performance impair-
ment following alcohol intake in alert, non-drowsy individ-
uals.8 It is well documented however that legal levels of blood 
alcohol concentration (BAC) and prior insufficient sleep (5 h) 
combine to form a synergistic deterioration on driving perfor-
mance.9,10 Although driving is a complex behavior involving a 
combination of motor control, cognitive processing, and visual 
attention,11 the primary manifestation of alcohol and drows-
iness-related motor vehicle crashes is attention failure, typi-
fied by a lack of, or delayed response to visual stimuli in the 
environment.12,13 Despite a plethora of research examining the 
independent effect of alcohol and sleep loss on attention, little 
is known about the combination of these factors on different 
types of attentional failure.

Attention is not a unitary construct but a combination of vol-
untary and involuntary processes. The frontoparietal network 
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model of attention is the most widely accepted neural model 
and describes dynamic interactions between dorsal (“top-
down”) and ventral (“bottom-up”) subnetworks, allowing in-
dividuals to focus attention in a goal-oriented manner (“top 
down” voluntary attention) while inhibiting more automatic 
responses to irrelevant stimuli (“bottom-up” involuntary at-
tention).14 Selective attention, or the ability to attend to one 
information source while excluding all others, is dependent on 
an adequate state of vigilance, which is often characterized 
and measured by changes in sustained attention.15 Vigilance, 
or sustained attention, is highly dependent on the sleep-wake 
state,16 whereby sleep loss results in “state-instability”— rapid 
and uncontrolled sleep initiation with simultaneous fluctua-
tions in sustained attention.17 Within the field of sleep and cir-
cadian science, this is typically captured by the Psychomotor 
Vigilance Task (PVT).19,20

The effect of sleep deprivation on selective attention was 
first documented over four decades ago. Norton demonstrated 
that sleep deprived individuals were inefficient at sorting cards 
containing irrelevant information,22 suggesting a deficit in 
selective attention processes following sleep loss. Since then, 
studies examining the effect of sleep loss on selective attention 
have been comparatively scarce compared to those focusing on 
sustained attention. Because focusing attention in the presence 
of irrelevant distractors is essential in many occupational set-
tings, there exists renewed interest in examining the effect of 
sleep loss on selective attention; more specifically the ability 
to inhibit the involuntary capturing of attention while main-
taining voluntary control of attention allocation.23–25 Our recent 
work suggests sleep deprivation affects the ability to inhibit a 
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response to a peripheral, irrelevant stimulus thus enhancing 
“distractibility.” Sleep deprivation led to slower responses, 
more head turns, and increased number of attention lapses on 
the PVT when performed in the presence of a peripheral dis-
tractor.23,24 This may be due to a different effect of sleep depri-
vation on voluntary and involuntary attention mechanisms. For 
instance, in separate studies, insufficient sleep has been associ-
ated with increased responsiveness of involuntary attention26 
yet reduced capability in the voluntary allocation of attention, 
as reflected by slower responses when a voluntary inhibitive 
action was required (i.e., when responding to a target when 
preceded by an invalid cued target on a cued reaction time 
task).27 Notwithstanding different experimental approaches, 
collectively these findings suggest that when sleep is deficient 
the voluntary “top down” control of attention worsens 27 while 
the involuntary “bottom up” allocation of attention becomes 
sensitized. 26

The ocular motor system and the attention system share neu-
roanatomical networks.28,29 The allocation of visual attention, 
whether voluntary (“top-down”) or involuntary (“bottom-up”), 
consequently depends on the interaction of these networks.30–36 
Examination of voluntary and involuntary aspects of attention 
therefore can be examined using ocular motor paradigms,37,38 
whereby participants initiate or inhibit a response to visual tar-
gets via an ocular saccade. Bocca and colleagues 25 examined 
inhibitory control using an antisaccade task, where the eye 
movement is generated in the opposite direction of a suddenly 
appearing target. Here, sleep loss had a detrimental effect on 
the voluntary allocation of attention, as reflected by slower 
initiation of correct inhibitory antisaccades and increased 
number of inhibition errors. Similar to sleep loss, the effect 
of alcohol on attention is well documented,40 especially with 
respect to deficits in sustained attention.41–45 Evidence sug-
gests clear impairment in the voluntary control of attention fol-
lowing alcohol intake. Utilising an antisaccade task, alcohol 
(BAC 0.07%) has consistently led to slower latencies for cor-
rectly directed antisaccades.46–48

Although much data exist on the effect of sleep loss and al-
cohol on sustained and selective attention separately, studies 
examining the combined effects of sleep loss and alcohol re-
main largely focussed on sustained attention50,51 or global as-
pects of driving impairment, such as lane departures.9,50,52–56 
Clear increases in lane drifting (typical of sleep related crashes) 
and steering deviation have been reported during a 2-h simu-
lated driving task in the afternoon9,10,54 and evening55 following 
a night of partial sleep restriction (between 4–5 h) when com-
bined with alcohol within legal limits (0.05% BAC). These ad-
verse driving outcomes have been largely attributed to changes 
in vigilance, drowsiness, and sleep onset/microsleep.9,10 How-
ever, we have previously described that poor driving outcomes 
such as lane drifting following restricted sleep may not be due 
to falling asleep or vigilant decrements, but instead may be 
due to the driver being distracted.57 The extent to which the 
poor driving outcomes in previous driving studies combining 
sleep loss and alcohol are due to reductions in vigilance and/or 
deficits in the voluntary and involuntary allocation of attention 
remains unknown.

To understand further the cause of sleep related motor ve-
hicle crashes, it is important to elucidate the facets of attention 

most vulnerable to sleep loss. These include sustaining atten-
tion, the voluntary allocation of attention to important safety 
critical stimuli, and the inhibition of attention to irrelevant 
stimuli. In addition, it is important to examine these (1) with 
and without alcohol due to the synergistic effect of alcohol on 
performance impairment following restricted sleep and (2) fol-
lowing more typical sleep restriction regimens that are known 
to elevate crash risk; i.e., 5 h.58 To our knowledge no study 
has examined changes in voluntary and involuntary attentional 
processes in individuals following restricted sleep combined 
with moderate amounts of alcohol intake. This forms the basis 
of our study.

METHODS

Participants
Sixteen healthy male participants (age range: 18–27 y; 

M = 21.90 ± 0.60 y) were recruited to take part in the study. 
All participants had a body mass index within the range 18–33 
(24.05 ± 0.81), were nonsmokers, did not consume more than 
300 mg of caffeine per day, and reported being mild-mod-
erate alcohol drinkers (between 2 and 14 standard drinks per 
week).59 Participants were screened to ensure all had habitual 
sleep times between 22:00–01:00 and wake times between 
06:00–09:00; reported no history of psychiatric or sleep dis-
orders, epilepsy or migraines; were not taking medication af-
fecting the central nervous system; did not have nystagmus or 
corrected vision via optical frames/lenses; or had not worked 
shifts in the past 3 months or traveled across two time zones 
in the past month. Daytime sleepiness was assessed using 
the Epworth Sleepiness Scale (ESS) and sleep quality via the 
Pittsburgh Sleep Quality Index (PSQI). Those who were posi-
tive for daytime sleepiness (ESS > 10)60 or poor sleep quality 
(PSQI > 5)61 were also excluded from the study.

All participants were reimbursed for their time and provided 
full, written informed consent. The study was approved by the 
Monash University Human Ethics Research Committee.

Design
The study comprised a repeated-measures design whereby 

participants undertook all four conditions of the study. These 
were: 1. Baseline – where no alcohol consumption nor sleep re-
striction occurred; 2. Alcohol – where participants consumed 
alcohol to reach a breath alcohol concentration (BrAC) of 
0.05% after a normal night’s sleep; 3. Sleep restriction – where 
participants had their sleep restricted to 5 h from 02:00 until 
07:00 prior to the experiment; and 4. Combined – where par-
ticipants had their sleep restricted to 5 h (02:00 – 07:00) and 
consumed alcohol to reach a BrAC of 0.05%. Conditions were 
counterbalanced across participants and each condition sepa-
rated by at least a 5-day washout period.

The study was powered on a similar study design using the 
proxy measure of braking reaction time.52 With a group size of 
16, for four conditions, we had 95.2% power to detect a signifi-
cant main effect of condition (∆ = 529.4 ms, σ = 355.7, α = 0.05).

Procedure
Eligible participants were required to attend the laboratory 

prior to the study to complete the PVT and the ocular motor 
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tasks to ensure familiarity and/or eliminate known practice 
effects.62 During both the practice trial and the main study, 
participants were asked to maintain their normal sleep habits 
except when otherwise instructed. Participants abstained from 
alcohol and caffeine for 24 h prior to all testing. Compliance 
with sleep requirements was monitored using Actiwatch Spec-
trums (Philips Respironics, BMedical, Australia) and sleep 
diaries, and compliance with alcohol intake were monitored 
via BRaC using an AlcoLimit Enforcer 2 (AlcoLimit Breath-
alysers Pty Ltd, Manly, Australia).

For the main study, and for each condition, participants 
were asked to eat breakfast at habitual times followed by a 
snack at 11:00. Following this they were required to abstain 
from eating before arriving at the laboratory to facilitate ac-
curate alcohol calculations. Participants arrived at the labora-
tory at 12:00 where actigraphy and BrAC were examined for 
compliance. Participants were provided with a 480-mL drink 
at 12:30, from which they took a 30-mL sip every minute for 16 
min. In the nonalcohol conditions (Baseline and Sleep Restric-
tion), the 480 mL contained orange juice with the rim dipped in 
vodka.54,63 In the alcohol conditions (Alcohol and Combined), 
the 480-mL drink contained a calculated amount of 37.5% 
proof vodka (Smirnov Triple Distilled) to achieve a BrAC of 
0.05%, with orange juice added to make the drink content up 
to 480 mL. Alcohol volume was calculated based on previous 
work10 using the following formula:

Alcohol Dose (g) =               × Target BAC
TBW
0.8

g
L

where TBW = 2.447 − (0.09516 × age[yrs]) + (0.1074 × 
height[cm]) + (0.3362 × weight[kg]).

Alcohol was administered single-blind. Breathalyzer tests 
were taken at 13:00 and 13:30. Because alcohol is well known 
for its biphasic effects (stimulating arousal on the ascending 
arm of the BrAC curve and sedation on the descending arm 
of the BrAC curve64–66), our study was designed such that the 
attention tasks were administered during the soporific de-
scending arm of the BrAC curve.

The attention test battery began at 13:00 and consisted of 
(1) ocular motor tasks to examine voluntary and involuntary 
control of selective attention (13:00–13:15) and (2) the PVT to 

examine sustained attention (13:30–13:45). The Karolinska 
Sleepiness Scale (KSS) was used to examine subjective sleepi-
ness every 15 min during testing. Total test time was 45 min. 
The study protocol can be seen in Figure 1.

Subjective Sleepiness
Subjective sleepiness was measured with the KSS.67 This is 

a nine-point verbally anchored scale whereby participants rate 
their subjective level of sleepiness, ranging from (1) Extremely 
alert to (9) Very sleepy, great effort to keep alert, fighting sleep. 
Individuals rated their sleepiness every 15 min from 13:00 
until 13:45, before and after each attention test.

Voluntary and Involuntary Selective Attention: Ocular Motor 
Test Battery

Participants completed two ocular motor paradigms (see 
next paragraphs). These tasks require participants to initiate or 
inhibit a saccade (eye movement) in response to visual target 
stimuli displayed on a computer screen. All instructions were 
scripted to ensure consistency between participants and con-
ditions: “In this task, you are required to look at the target 
cross which will appear in the centre of the screen. At random 
intervals, a second cross will appear either to the left or the 
right of that central cross. As soon as you see these left or right 
crosses appear, you must look at (a) that cross as quickly and 
as accurately as possible [visually guided] or (b) the opposite 
location to that cross as quickly and as accurately as possible 
[antisaccade]. The central cross will then reappear, you should 
look again at the central cross and the task will repeat. Do you 
understand?”.

Binocular eye movements were recorded using an Eyelink 
1000 eye tracker (SR Research Ltd, Ontario, Canada). The 
Eyelink 1000 consisted of a desktop-mounted camera with a 
sampling rate of 500 Hz, and a stimulus display monitor with 
a resolution of 1068 × 1050 and a refresh rate of 60 Hz. Partici-
pants were seated 51 cm from the camera and 82 cm from the 
stimulus display monitor in a darkened, silent room. The order 
of presentation of the ocular motor tasks was counterbalanced.

Visually Guided Task
A visually guided task may be used to measure involun-

tary, reflexive attention.68 Participants were asked to fixate on 

Figure 1—Study protocol indicating timing of drink administration (12:30), ocular motor tasks (between 13:00–13:15) and PVT (between 13:30–13:45). 
Timing of drink administration, testing, breathalyzer tests (○) and Karolinska Sleepiness Scale ratings (Δ) are shown. Participants were discharged from the 
laboratory when breath alcohol concentration had returned to < 0.02%. PVT, Psychomotor Vigilance Test.
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a central fixation stimulus before generating a saccade to a 
peripheral target cross when it appeared. The central fixation 
stimulus was presented between 750 and 1,500 ms (subtending 
0.05° × 0.05° of visual angle), before a peripheral target cross 
(subtending 1.6° × 1.6° of visual angle) with a black crosshair 
at the center (subtending 0.6° × 0.6° of visual angle) appeared 
to the right or left of the fixation stimulus, at either 5° or 10° 
from center. Only one cross would be presented at a time (no 
gap). After presentation of the peripheral target cross, the cen-
tral fixation stimulus was re-presented and a new trial began. 
Forty-eight trials were presented in two separate blocks of 24. 
Total task duration: 2 min 10 sec (time between blocks 5–10 
sec).

Target crosses were presented equally to the right and left 
side and equally to the 5° and 10° positions to eliminate pre-
emptive responses.

Antisaccade Task
An antisaccade task requires individuals to inhibit a re-

flexive saccade to a target stimulus and instead generate a sac-
cade to its mirror location.69 This task was used to measure the 
voluntary control of attention.

Stimuli consisted of crosses presented in the horizontal 
plane on the stimulus display monitor. A central fixation stim-
ulus was presented (subtending 1.6° × 1.6° of visual angle), 
with a central black crosshair (subtending 0.6° × 0.6° of visual 
angle) to serve as a fixation stimulus. With a random interstim-
ulus interval of 1,200–1,600 ms, a target stimulus cross was 
presented to the right or left of the fixation stimulus, at either 5° 
or 10° from center in the horizontal plane. Upon presentation, 
participants were required to inhibit a reflexive saccade toward 
the target stimulus and instead generate a saccade to its mirror 
location. Simultaneously with the presentation of the target 
stimulus, the central fixation stimulus disappeared such that 
only one stimulus cross appeared on the screen at one time (no 
gap). After presentation of a peripheral target stimulus (1,500 
ms), the central fixation stimulus was re-presented and a new 
trial started. Forty-eight trials were presented in two sequen-
tial blocks of 24. Total task duration: 2 minutes 19 seconds 
(time between blocks 5–10 sec).

Sustained Attention: The PVT
Sustained attention was assessed using a 10-min visual 

PVT.19 Participants sat with their preferred finger from their 
dominant hand on a response button, and responded as quickly 
as possible when a stimulus appeared on the screen in the form 
of a millisecond counter. The interstimulus interval ranged 
from 2–10 sec. Response times for each trial were displayed 
on the screen prior to the next trial. If no response occurred 
within 10,000 ms, an on/off audio tone rang. Data were cleaned 
to remove any response < 100 ms including errors of commis-
sion. Mean response time, 10% fastest and slowest response 
times, and number of lapses (responses times > 500 ms) were 
calculated.

Data Analysis
Paired-samples t-tests were conducted to ensure no differ-

ence in BrAC in the Alcohol and Combined conditions at both 
13:00 and 13:30.

For the ocular motor tasks, data were analyzed using a cus-
tomized program written in MATLAB (MATLAB, The Math-
Works Inc., Natick, MA). Response latencies were calculated 
for each correct saccade, characterised as the temporal differ-
ence between fixation offset and saccade onset. Saccade onset 
was determined using a velocity criterion of 30o per second. In 
addition, according to previous studies,69 for the antisaccade 
task the first two trials were discarded if the initial saccade was 
classified as a direction error.

In the antisaccade task, directional error frequency (a sac-
cade to the cue, not its mirror location) was calculated. All 
trials were examined for quality to ensure a valid trial. Trials 
were deemed invalid and eliminated from analysis due to 
blinking within 200 ms either side of cue presentation or when 
interfering directly with a saccade; small saccades < 3° may 
be indicative of saccadic intrusions such as square wave jerks; 
anticipatory errors defined as a saccade occurring before target 
presentation or < 100 ms after target presentation; or an un-
stable baseline defined as a movement greater in magnitude 
than ± 3° directly before or during the target onset. Each sac-
cadic response latency was transformed using its reciprocal 
[1/(×/1000)] to normalize the data. Latencies that were ± 2.3 
standard deviations greater than the transformed mean were 
removed. All ocular motor measures were averaged, within 
participant. Participants with an average latency ± 2.3 stan-
dard deviations greater than the group mean were also re-
moved from analysis.

As reaction time data typically are not normally distributed,70 
all PVT data were normalized. The reciprocal reaction time [1/
(×/1000)] was calculated for mean reaction time, slowest 10% 
of reaction times, and fastest 10% of reaction times. Lapses 
were transformed using [(√n)+(√n+1)].71 Cumulative distribu-
tion plots were created as previously described.72 Area under 
the curve (AUC) was calculated for both the normal response 
range (100 ms–500 ms) and the “lapse range” (responses > 500 
ms).

Linear mixed-model analysis was performed on all trans-
formed ocular motor (response latency; % directional errors) 
and PVT outcomes (mean reaction time [RT], fastest 10%, 
slowest 10%, and number of lapses). Condition was modeled 
as a fixed factor and Participant as a random factor. For KSS 
only, a two-way (Condition*Time) linear mixed model using 
Condition (4 levels) and Time (4 levels) as fixed factors and 
Participant as a random factor was used. For all linear mixed 
models, a compound symmetry covariance type was used as 
this provided the lowest Schwarz Bayesian Criterion (BIC).73 
Post hoc pairwise comparisons were conducted using a false 
discovery rate (FDR) comparison to control for familywise 
error.74,75 For all post hoc tests, adjusted P values (Padj) are pro-
vided using the FDR “q” adjusted significance value.

All statistical analyses were performed using SPSS 20.0 
(IBM Corp., Armonk, NY). Means and standard error of the 
mean (SEM) are reported unless otherwise stated.

RESULTS
Data were obtained from 16 participants. One participant 

was excluded from all analyses due to lack of compliance to 
procedures, and one participant was excluded from ocular 
motor analysis due to excessive blinking. The final analysis 
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was performed on n = 14 for all ocular motor analyses, and 
n = 15 for PVT and KSS data. Due to technical difficulties, 
two participants did not provide a BrAC at 13.00 (n = 14) and 
one participant at 13.30 (n = 15). Finally, of a possible total of 
5,264 ocular motor trials (or saccades) 5,002 were classified as 
valid, representing a 5% loss of data. These include 56 trials 
removed on the antisaccade task (2.2% loss) and 206 trials re-
moved from the visually guided task (7.7% loss).

Prior Sleep: Adherence to Sleep Restriction Protocol
Sleep duration was significantly different due to condition 

(F(3,42) = 125.48, P < 0.001), such that individuals slept longer 
prior to Baseline (424.3 ± 15.4 min) and Alcohol (430.9 ± 14.4 
min) conditions compared to both Sleep Restriction (271.2 ± 7.0 
min) and Combined (269.9 ± 8.6 min) conditions (P < 0.001). Con-
sistent with protocol adherence, there was no difference in sleep 
duration between Baseline and Alcohol conditions (P = 0.567), 
and Sleep Restriction and Combined conditions (P = 0.912).

Breath Alcohol Concentration
All participants across all conditions had a BrAC of 0.00% 

upon arrival to the laboratory. There was no difference in 
BrAC, at either time point (P > 0.5), between the Alcohol 
(M1300h = 0.045 ± 0.004%; M1330h = 0.04 ± 0.004%) and Combined 
condition (M1300h = 0.048 ± 0.004; M1330h = 0.041 ± 0.003%).

Subjective Sleepiness
Subjective sleepiness significantly differed according 

to condition (F(3,210) = 23.44, P < 0.001), such that partici-
pants reported higher sleepiness in all conditions compared to 
Baseline (Padj < 0.001). In addition, they also rated themselves 
sleepier in the Combined condition compared to Sleep Restric-
tion (Padj = 0.0012) and Alcohol conditions (Padj < 0.001).

There was a significant main effect of time (F(3,210) = 49.02, 
P < 0.001), such that pretest sleepiness ratings at 13:00 were 
significantly lower than all other time points (Padj < 0.001). 
There was also a significant increase in sleepiness from 13:30 
to 13:45 (Padj = 0.011). There was no interaction between condi-
tion and time (P = 0.59). See Figure 2.

Vigilant Attention: PVT
Changes in PVT performance due to condition can be seen in 

Figure 3. As seen in Figure 3A, there was a main effect of condi-
tion on mean RT (F(3,42) = 3.09, P = 0.037). Although mean RT 
was slower in the Combined condition compared to both Base-
line (P = 0.015; Padj = 0.09) and Sleep Restriction conditions 
(P = 0.031; Padj = 0.093) these were above the level of signifi-
cance when adjusted. Fastest 10% of reaction times (see Figure 
3C) also increased due to condition (F(3,42) = 3.49, P = 0.024), 
such that the fastest responses slowed under the Combined con-
dition compared to Sleep Restriction (Padj = 0.042) and Baseline 
(Padj = 0.054). Lapses increased due to condition (F(3, 42) = 3.15, 
P = 0.035), such that more lapses occurred in the Combined 
condition compared to Baseline (Padj = 0.048) and Sleep Re-
striction (Padj = 0.099); see Figure 3D. There was no significant 
change in slowest 10% of reaction times (Figure 3B) due to con-
dition (F(3,42) = 2.54, P = 0.069).

To examine change in RT distribution, we examined the 
cumulative distribution of PVT responses. The distribution of 

responses for each condition is comparable with a normal dis-
tribution followed by a long tail (Figure 4A). Area under the 
curve (AUC) analysis revealed no differences between condi-
tion (F(3,42) = 1.11, P = 0.356). However, on specific analysis 
of the normal response range (100–500 ms) (Figure 4B) and 
lapse range (> 500 ms) (Figure 4C) subtle changes were ob-
served. For the normal response range, there was a signifi-
cant difference between condition for AUC (F(3,42) = 3.33, 
P = 0.029). Here, the Combined condition had significantly 
fewer responses than the Baseline condition (Padj = 0.036). 
Likewise, analysis of the lapse range revealed a significant dif-
ference between condition (F(3,42) = 3.69, P = 0.019), with the 
Combined condition having significantly more responses than 
the Baseline condition (Padj = 0.024).

Ocular Motor Paradigms

Antisaccade Task
There was a significant increase in response latency on the 

antisaccade task due to condition (F(3,39) = 3.65, P = 0.021), 
such that the Combined condition resulted in a slower genera-
tion of the antisaccade compared to Baseline (Padj = 0.036). In 
addition, there was an increase in the percentage of directional 
errors (F(3,39) = 17.18, P < 0.001) in the Sleep Restriction con-
dition compared to all other conditions (Padj < 0.001). Data are 
shown in Figure 5 for mean response latency (left panel) and 
percentage of directional errors (right panel).

Visually Guided Task
Response latencies differed significantly between condi-

tions (F(3,39) = 6.19, P = 0.002) such that the Sleep Restric-
tion condition resulted in faster latencies compared to Baseline 
(Padj = 0.044), Alcohol (Padj = 0.003) and Combined conditions 
(Padj < 0.001). See Figure 6.

DISCUSSION
Our data indicate alcohol intake within legal limits (BrAC 

0.05%) following 5 h of restricted sleep creates a synergistic 

Figure 2—Mean KSS Score (± standard error of the mean) for each 
condition. Shaded areas represent the ocular motor test paradigm 
(13.00–13.15) and the PVT (13.30–13.40). KSS, Karolinska Sleepiness 
Scale; PVT, Psychomotor Vigilance Test.
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detrimental effect on vigilant/sustained attention. We observed 
more lapses in attention and a slower mean response time on 
the PVT when alcohol and restricted sleep were combined, 
compared to when each existed alone. Although these data 
confirm previous findings that sleep loss and alcohol combined 
affects the capacity to continually attend to external stimuli, 
they provide little insight into the attentional mechanisms in-
volved in this process. To address this, we also examined the 
effects of alcohol and sleep restriction, alone and combined, 
on the voluntary and involuntary allocation of attention using 
well-established ocular motor paradigms. Although a combi-
nation of sleep restriction and alcohol slowed down the volun-
tary allocation of attention (reflected by slower latencies on the 
antisaccade task), sleep restriction alone increased inhibitory 
errors in the voluntary allocation of attention while acceler-
ating the involuntary allocation of attention (reflected by faster 
latencies on the visually guided task). These data suggest sleep 
restriction alone enhances distractibility.

Although deficits in sustained attention have been well de-
scribed in the sleep literature,13,17,76 attention is not a unitary 
construct.15,77 Because sleep loss is unlikely to exert only a 
nonspecific de-arousing effect, understanding which aspects 
of attention are detrimentally affected by sleep loss is vital 
to overcoming attention failure in safety critical environ-
ments. Previously, we have alluded to enhanced distractibility 
during sleep loss as reflected by an increased number of atten-
tion lapses when sleep restricted participants performed the 
PVT in the presence of distracting, task-irrelevant peripheral 

stimuli (TV programme).23,24 In addition, the collective find-
ings of Salmi et al.26 and Versace et al.27 provide evidence for 
enhanced distractibility following sleep loss. Although these 
studies report on different types of sleep disruption and tasks 
to separately examine voluntary and involuntary allocation of 
attention, their observations mirror ours in that the voluntary 
allocation of attention is impaired,27 whereas the involuntary 
allocation of attention to irrelevant stimuli is heightened26 fol-
lowing restricted sleep. This enhanced distractibility during 
sleep loss may have a neurophysiological basis. The ability to 
attend to external stimuli in the environment involves filtering 
out distracting stimuli.14,78 Although the prefrontal cortex (PFC) 
is not critical for performing simple, automatic behaviors,79 it 
is part of a network that is crucial for continually focusing at-
tention by filtering out distracting stimuli.14 Because the PFC is 
preferentially susceptible to sleep deprivation,80–82 the reduced 
capacity to filter incoming information and become more re-
sponsive to irrelevant stimuli is expected following sleep loss. 
Because our study did not capture neural correlates of atten-
tion allocation however, this explanation remains speculative, 
and further work utilizing imaging techniques is required to 
elucidate the underlying neural basis for enhanced distract-
ibility following sleep loss.

Our data correspond with Bocca et al.25 in that sleep loss 
decreases the voluntary control of attention on an antisaccade 
ocular motor task. Despite this, previous studies have reported 
no deficit on the antisaccade task for either latency or inhibi-
tory errors following 20 h awake.83,84 These conflicting findings 

Figure 3—Mean and standard error of the means for Psychomotor Vigilance Test performance under Baseline (BL), Alcohol (AL), Sleep Restriction (SR), 
and Combined (C) conditions. These include (A) Mean Reaction Time (BL: 311.0 ± 15.2ms; AL: 388.7 ± 44.1 ms; SR: 322.5 ± 15.8 ms; C: 498.3 ± 131.4 
ms); (B) Slowest 10% of reaction times (BL: 533.5 ± 36.3 ms; AL: 1122.1 ± 380.2ms; SR: 562.8 ± 60.4 ms; C: 1429.3 ± 610.1 ms); (C) Fastest 10% of 
reaction times (BL: 225.2 ± 5.5 ms; AL: 232.2 ± 6.4ms; SR: 223.9 ± 6.4 ms; C: 242.4 ± 9.3ms); and (D) Number of Lapses (BL: 3.5 ± 1.0; AL: 6.9 ± 2.1ms; 
SR: 4.6 ± 1.6 ms; C: 9.7 ± 3.2 ms). ^Padj < 0.10; *Padj < 0.05. Untransformed data are plotted.
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may be due to (1) a lack of control over laboratory procedures 
including caffeine access83; (2) differences in the ocular motor 
task including number of trials and the use of a “gap” para-
digm84; or (3) differences in the time of day for testing under 
baseline and sleep loss conditions.83,84 We can address each of 
these in turn. First, as environment24 and caffeine85 affect at-
tention failure, a lack of control over these factors may affect 
study outcomes. Second, Zils et al.84 used different parameters 
on the antisaccade task compared to ours: they evaluated a 
relatively small number of trials (20 versus 48 in our study) 
and incorporated a gap paradigm (where a 200ms temporal 
gap occurred between the fixation stimulus disappearing and 
the target stimulus appearing compared to our study with no 
gap where the fixation stimulus disappeared at the same time 
the target stimulus appeared). As Bocca et al. also reported 
increased latencies and directional errors (comparable to our 
findings) using a 200-ms gap paradigm on the antisaccade 
task, this does not explain the conflicting findings reported in 
the study by Zils et al. In addition, Bocca and colleagues also 
reported significant effects when examining only the first 20 
trials (we also found the same in our study; analysis not shown, 
Padj < 0.001). As such, we argue that the conflicting findings 
between our study and Zils et al.84 was not due to differences 
in the antisaccade task. Third, we suspect a major contributory 
factor to the conflicting findings on the antisaccade task was 
the lack of control over time of day in previous studies. Sim-
ilar to Bocca et al.,25 we examined ocular motor performance 
during the midafternoon circadian nadir (13:00–14:00) con-
trolling for time of day, i.e., baseline and experimental condi-
tions occurred at the same clock time. In contrast, those studies 
reporting nil effects of 24 h of sleep loss83,84 had no time of 
day control as ocular motor testing occurred in the morning 
hours compared to a baseline collected the previous evening. 
In addition, in those studies sleep deprivation testing occurred 
from 07:30 to 08:00, which may have corresponded with a 
wake-promoting alerting signal from the circadian clock.86,87 
As performance varies throughout the 24-h day,87,88 a lack of 
control for time of day likely exerts a large effect on attention 
outcomes. Because no data currently exist describing changes 
in voluntary and involuntary control of attention due to circa-
dian phase, this interpretation remains speculative.

Although sleep restriction alone led to increased directional 
errors on the antisaccade task, the combination of alcohol and 
sleep restriction resulted in decreased directional errors with 
slower antisaccadic response latencies. This result may be due 
to: (1) a speed-accuracy tradeoff, where participants sacrificed 
the speed of the response in favor of improved accuracy; (2) 
a speed-interference effect, where slowing of attention pro-
cessing caused by alcohol resulted in more time for inhibitory 
systems to engage89; or (3) a differential effect of alcohol on 
neural function at different sites (i.e., those involved in latency 

Figure 4—Comparison of the total sum of responses occurring: (A) 
across the entire reaction time range for each condition; (B) in the normal 
response range (100–500 ms); and (C) in the lapse range (> 500 ms).

Figure 5—Mean and SEMs for response latency (left panel) and percentage of directional errors (right panel) on the antisaccade task under Baseline (BL), 
Alcohol (AL), Sleep Restriction (SR), and Combined (C) conditions. (Left panel) Mean Response Latency (BL: 275.6 ± 6.5 ms; AL: 283.8 ± 6.0 ms; SR: 
284.7 ± 8.5 ms; C: 294.8 ± 7.5ms). (Right panel) Percentage of Directional Errors (BL: 27.4 ± 3.6%; AL: 28.3 ± 4.7%; SR: 45.8 ± 4.9%; C: 28.4 ± 4.3%). 
***Padj < 0.0001, *Padj < 0.05. Untransformed data are plotted.
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versus those involved in generating the saccade).46 Awareness 
of alcohol intake by study participants may exacerbate a speed-
accuracy tradeoff for the combined condition. As our study 
was designed in a single blind manner comparable to previous 
studies,53–55,63 we did not evaluate whether participants were 
aware of alcohol intake and were unable to elucidate whether 
this had a true effect in our study. We suspect this had minimal 
effect on our data outcomes however because we did not find 
uniformity of impairment across alcohol conditions, plus in-
creased awareness and performance compensation is typically 
associated with higher doses of alcohol intake. (e.g., 0.8–0.9 
g/kg).90,91 As suggested by the speed-interference theory, the 
delayed response might allow for a longer period of time for in-
hibition systems to engage thus reducing directional errors. Al-
though our data are consistent with previous studies reporting 
an alcohol-induced slowing of voluntary allocation of attention, 
with a corresponding decrease or no change in directional er-
rors,46–48 no study has yet confirmed the mechanism by which 
alcohol may exert this behavioral effect.

Our data may provide some insight into current theories of 
sleep loss on cognitive outcomes.94 The Controlled Hypoth-
esis theory posits that long, monotonous tasks are affected by 
sleep loss due to a greater top-down control required to sustain 
performance,95 whereas the Neuropsychological Hypothesis 
theory describes how sleep loss preferentially impacts the pre-
frontal cortex.81,96,97 as evidenced by hypoactivation of lateral 
and medial PFC following sleep deprivation.98,99 Although our 
data demonstrate impaired top-down control of attention (in-
creased errors on the antisaccade task) during sleep loss, as the 
tasks we employed were short in duration, we argue that this is 
driven by a physiological consequence of sleep loss (neuropsy-
chological hypothesis), rather than the task itself (controlled 
hypothesis). Our data also concur, in part, with the Vigilance 
Hypothesis theory, which argues that arousal/vigilance is a 
common, underlying factor responsible for the wide array of 
cognitive deficits observed.100,101 Because the involuntary cap-
turing of attention on the visually guided task was significantly 

faster, this cannot be explained by the vigilance hypothesis. 
Taking this into consideration, our study outcomes do not sup-
port one single theory of sleep loss on cognition, but instead 
suggest a combined, integrative theory is required.

Our study is novel in two respects. First, it examines 
changes in voluntary and involuntary control of attention 
following sleep restriction, with and without alcohol intake. 
Previous studies have examined the combined effect of sleep 
restriction and alcohol using driving simulation and/or PVT 
measures.10,52–56,90 These tasks provide little insight into spe-
cific attentional mechanisms affected by the combination of 
these factors. For instance, driving taps into more global as-
pects of performance impairment, whereas the PVT examines 
vigilant attention.18 Although we have previously shown the 
PVT can be used to disentangle causes of attentional failure, in 
particular distraction,23,24 when combined with synchronized 
video/electroencephalography/eye tracking data, this is time-
consuming and requires a large amount of offline processing. 
In comparison, the ocular motor tasks we employed are shorter 
(~2 min), require less offline processing, and target the volun-
tary and involuntary attention networks within the same task, 
while yielding the same research outcomes as the combined 
PVT/eye tracking approach. As such, future work might con-
sider incorporating both measures of sustained vigilant atten-
tion (i.e., the PVT) and selective attention (i.e., ocular motor 
paradigms) to enhance the understanding of attentional failure 
during sleep loss. Second, our study protocol included more 
typical levels of sleep restriction (5 h versus 24 h used previ-
ously), with and without the addition of legal levels of alcohol. 
Our research findings can therefore be translated to real-world 
outcomes, and may promote future ecologically based research. 
Our data suggest drivers or other personnel involved in safety 
critical monitoring (i.e., air traffic control, intensive care units, 
security monitoring) may be prone to enhanced distractibility 
following reduced sleep. We therefore encourage future work 
to evaluate changes in both sustained attention, and voluntary 
and involuntary allocation of attention, using more ecologi-
cally valid tasks and environments.

To ensure adherence to the protocol, we ensured BrAC read-
ings were comparable between conditions employing alcohol 
(Alcohol versus Combined) and that prior sleep was compa-
rable between conditions involving restricted sleep (Baseline 
versus Alcohol; Sleep Restriction versus Combined). As such, 
our findings were not due to any uncontrolled changes in these 
factors. In addition, although the tasks themselves induced 
sleepiness, as reflected by significant changes in pre- and post-
KSS test scores, this increase was observed for both ocular 
motor and PVT test sessions (Figure 2). Therefore, any inter-
pretation of the differential effect of condition on sustained 
attention (PVT) and selective attention (ocular motor) is not 
wholly due to an increase in task-induced sleepiness, but likely 
to altered effects on attention mechanisms combined with re-
duced vigilance and arousal.

Finally, we address our study limitations. First, this study 
may be limited by its sample size. Although we powered our 
study a priori based on data examining braking reactions 
time,52 our study lost power in post hoc comparisons due to cor-
recting for multiple comparisons. To address this we employed 
a less conservative correction method (i.e., FDR) and provide 

Figure 6—Mean ± standard error of the mean for response latency on 
the visually guided task for all conditions. (Baseline: 185.4 ± 6.2 ms; 
Alcohol: 189.0 ± 5.7 ms; Sleep Restriction: 177.7 ± 3.9 ms; Combined: 
191.7 ± 5.7ms). *Padj < 0.05; ***Padj < 0.001. Untransformed data are 
plotted. 
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unadjusted and adjusted values for data outcomes, where ap-
plicable. Second, alcohol exerts a biphasic effect, stimulating 
arousal on the ascending arm of the BrAC curve and sedating 
on the descending arm of the BrAC curve.64–66 The timing of 
our study protocol was designed to ensure testing took place 
during the soporific descending arm of the BrAC curve. Al-
though this was true for all participants in the combined 
condition, for the alcohol condition four participants were at 
peak alcohol rather than on the descending arm when testing 
commenced. However, because our results indicate a general 
slowing of attention due to alcohol, rather than arousing, we do 
not believe this altered the direction of our findings.

In summary, we examined the effect of 5 h of sleep re-
striction and alcohol intake within legal limits (BrAC 0.05%), 
alone and combined, on sustained attention and voluntary/
involuntary allocation of attention. Although the combina-
tion of sleep restriction and alcohol led to a general slowing 
of all attentional processes, sleep restriction alone led to en-
hanced distractibility. This was indicated by reduced ability 
to ignore a peripheral stimulus on the antisaccade task, and a 
faster involuntary response to a peripheral target on the visu-
ally guided task. As alcohol and drowsiness are leading causes 
of motor vehicle crashes in Australia and worldwide, these 
data suggest (1) future work evaluating the effect of sleep loss 
and legal alcohol intake in ecologically valid, safety critical 
environments requiring the voluntary control of attention and 
inhibition of distractors; (2) targeted interventions aimed at re-
ducing distractibility in sleep restricted individuals working 
in safety-critical occupational settings; and (3) modification of 
legal limits of alcohol consumption during periods of extended 
wake or restricted sleep. Although many safety critical tasks 
including driving involve a combination of complex behaviors, 
the primary manifestation of a sleep related accident is atten-
tional failure. By further understanding the effect of sleep loss 
on vigilance/sustained attention, and the voluntary and invol-
untary allocation of attention, our study provides key evidence 
for specific signatures of sleep-related attention failure to better 
inform interventions targeting sleep-related accident risk.
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