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alpha and theta activity),6 they are diffi cult to measure in fi eld 
settings due to signal artifact, are not readily amenable to real-
time signal processing and are not highly predictive of impaired 
behavior due to drowsiness.7 These features have hindered the 
use of EEG for assessing drowsiness in fi eld settings and the 
potential to use it to provide real-time drowsiness monitoring.

Changes in the frequency, amplitude, and duration of blinks 
and episodes of slow eye closure occur in response to increased 
drowsiness caused by sleep deprivation and circadian rhythm 
effects.8-11 While blink duration in rested conditions lasts for less 

Study Objectives: Drowsiness is a major risk factor for 
motor vehicle and occupational accidents. Real-time objective 
indicators of drowsiness could potentially identify drowsy 
individuals with the goal of intervening before an accident 
occurs. Several ocular measures are promising objective 
indicators of drowsiness; however, there is a lack of studies 
evaluating their accuracy for detecting behavioral impairment 
due to drowsiness in real time.
Methods: In this study, eye movement parameters were 
measured during vigilance tasks following restricted sleep 
and in a rested state (n = 33 participants) at three testing 
points (n = 71 data points) to compare ocular measures 
to a gold standard measure of drowsiness (OSLER). The 
utility of these parameters for detecting drowsiness-related 
errors was evaluated using receiver operating characteristic 
curves (ROC) (adjusted by clustering for participant) and 
identifi cation of optimal cutoff levels for identifying frequent 
drowsiness-related errors (4 missed signals in a minute 
using OSLER). Their accuracy was tested for detecting 
increasing frequencies of behavioral lapses on a different task 

(psychomotor vigilance task [PVT]).
Results: Ocular variables which measured the average duration 
of eyelid closure (inter-event duration [IED]) and the ratio of the 
amplitude to velocity of eyelid closure were reliable indicators of 
frequent errors (area under the curve for ROC of 0.73 to 0.83, 
p < 0.05). IED produced a sensitivity and specifi city of 71% 
and 88% for detecting ≥ 3 lapses (PVT) in a minute and 100% 
and 86% for ≥ 5 lapses. A composite measure of several eye 
movement characteristics (Johns Drowsiness Scale) provided 
sensitivities of 77% and 100% for detecting 3 and ≥ 5 lapses in 
a minute, with specifi cities of 85% and 83%, respectively.
Conclusions: Ocular measures, particularly those measuring 
the average duration of episodes of eye closure are promising 
real-time indicators of drowsiness.
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Drowsiness as a result of sleep deprivation, circadian effects, 
or sleep disorders is a major risk factor for motor vehicle 

and occupational accidents.1,2 Objective indicators of drowsi-
ness may allow sleepy individuals to be identifi ed in real time in 
the laboratory, occupational settings, and on the road, with the 
potential to intervene and prevent accidents. Ideally, indicators 
of drowsiness for this purpose should be able to detect brief 
periods of inattention, which may result in an individual failing 
to respond to hazards in the environment. The lack of validated 
real-time objective indicators of drowsiness for fi eld research 
and operational settings, such as driving, restricts both the 
ability to accurately assess drowsiness in these settings and the 
development of fi eld-based interventions for drowsiness. Initial 
laboratory studies have suggested that some ocular measures 
may be good indicators of drowsiness3-5; however, there is a 
paucity of detailed evaluation of the utility of different ocular 
measures for this purpose.

Electroencephalography (EEG) is the gold standard method 
for quantifying sleep state (awake versus sleep). Although EEG 
changes occur with drowsiness in the wake state (increased 

The Accuracy of Eyelid Movement Parameters for Drowsiness 
Detection

Vanessa E. Wilkinson, Ph.D.1; Melinda L. Jackson, Ph.D.1,2; Justine Westlake, B.A./BAppSci (Hons)1; 
Bronwyn Stevens, BBNSc, PGradDip (Psych)1; Maree Barnes, MB.BS1; Philip Swann, Ph.D.3; Shantha M. W. Rajaratnam, Ph.D.4,5,6; 

Mark E. Howard, MB.BS., Ph.D.1

1Institute for Breathing & Sleep, Department of Respiratory & Sleep Medicine, Austin Health, Victoria, Australia; 2Melbourne School 
of Psychological Sciences, The University of Melbourne, Victoria, Australia; 3Department Road Safety, Victoria, Australia; 4School of 
Psychology and Psychiatry, Monash University, Clayton, Victoria, Australia; 5Division of Sleep Medicine, Department of Medicine, 

Brigham and Women’s Hospital, Boston, MA; 6Division of Sleep Medicine, Department of Medicine, Harvard Medical School, Boston, MA

BRIEF SUMMARY
Current Knowledge/Study Rationale: Objective indicators of drowsi-
ness have the potential to identify drowsy drivers. This study evaluated 
the accuracy of ocular measures for detecting drowsiness-related be-
havioral impairment in real-time.
Study Impact: Several ocular measures, particularly those measuring 
the average duration of episodes of eye closure, were found to be accu-
rate in the real-time detection of behavioral impairment in the laboratory. 
Ocular measures are promising indicators of real-time drowsiness.
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than 200 ms, sleep deprivation results in increased blink dura-
tion, episodes of slow eye closure lasting more than 500 ms, 
and increased proportion of time the eyes are closed.10,12 The 
proportion of time the eyes are at least 80% closed (PERCLOS) 
increases in drowsy participants during task performance and is 
reported to correlate well with vigilance and simulated driving 
tasks in the laboratory.5-7 Technological development has enabled 
more detailed measurement of eyelid movements in real time. 
Initial reports suggest that the velocity and amplitude of eyelid 
movements provide useful indicators of drowsiness and that the 
use of multiple eyelid closure metrics may improve the predic-
tion of drowsiness.10,13 There is, however, a paucity of studies 
evaluating the ability of these measures to detect impaired vigi-
lance as a result of drowsiness. In this study we evaluated the 
ability of a range of eye movement parameters to detect impaired 
vigilance (frequent behavioral lapses) following restricted sleep.

METHODS

Participants undertook objective assessment of vigilance 
and drowsiness with concurrent measurement of eyelid move-
ment parameters following a normal night of sleep and a night 
restricted to 4 h time in bed in a randomized crossover design.

Participants
Healthy participants aged between 18-70 years were recruited. 

Participants underwent a medical review and were excluded if 
they had a chronic medical condition that might affect neuro-
cognitive or motor function or be a contraindication to sleep 
restriction including sleep disorders and chronic neurological 
or psychiatric conditions. Participants were also excluded if 
they were heavy smokers, consumed on average ≥ 5 caffeinated 
beverages a day, had significant daytime sleepiness (Epworth 
Sleepiness Scale [ESS] > 11),14 had a high risk of sleep apnea 
on a validated screening survey,15 or had visual impairment 
which was not corrected with glasses.

The study protocol was approved by the Austin Health 
Human Research Ethics Committee and was registered on the 
Australian New Zealand Clinical Trials Registry.

Protocol
Participants attended the Sleep Laboratory, Austin Hospital, 

Heidelberg, for an initial medical screening, to obtain written 
informed consent and for familiarization with tasks and fitting of 
Optalert Drowsiness Measurement System (ODMS) equipment. 
ODMS glasses were fitted by an experienced researcher trained 
in this technique to confirm correct measurement of ocular data.

Two separate days of testing were conducted in random 
order, ≥ 1 week apart. Participants were instructed to maintain 
an 8-h in bed sleep schedule (22:00-06:00), confirmed by sleep 
diary, for the week preceding the testing session. A baseline 
session was performed while participants were in a rested state. 
On the night prior to the sleep restriction session, participants 
restricted their time in bed to 4 h (02:00-06:00). Sleep restric-
tion was confirmed via actigraphy (SenseWear Body Moni-
toring System armband, Pittsburgh, USA) and a sleep diary 
kept for the preceding week.

Participants undertook one 1.5-h performance test battery 
in the rested state (baseline session) and 2 performance 

test batteries following one night of sleep restriction (sleep 
restriction sessions in the morning (SR-AM) and afternoon 
(SR-PM)). Eighteen participants commenced this sequence 
with the baseline session prior to the sleep restriction sessions, 
and 21 participants commenced the sequence with the sleep 
restriction sessions. Three testing sessions were conducted to 
sample a range of impairments due to drowsiness and circa-
dian factors. Performance measures were conducted at 09:00 
(baseline and SR-AM) and 13:00 (SR-PM). The test battery 
consisted of objective vigilance tests in addition to explor-
atory drowsiness and performance questionnaires, which 
are not presented in this analysis. Testing was conducted in 
randomized order in a soundproofed room with dim lighting as 
per maintenance of wakefulness test (MWT) protocol.16 There 
was a short break in between tests to check ocular signals 
and adjust as required. Vigilance testing included the 40-min 
Oxford Sleep Resistance Test (OSLER), and 10-min psycho-
motor vigilance task (PVT). Continuous ODMS recording 
occurred during these testing sessions, in addition to video 
monitoring to ensure synchronization of ODMS measures 
with vigilance testing measures.

Outcome Measures and Data Analysis
A two-step process of analysis was undertaken. In Step 1, 

cutoff values for ocular measures of the ODMS for predicting 
drowsiness-related impairment were derived using the OSLER 
as the gold standard. In Step 2, the sensitivity, specificity, and 
area under the ROC curve were calculated using these cutpoints, 
using the PVT as a gold standard.

Step 1: Derivation of Cutoff Values
Ocular measures were evaluated for their accuracy in 

detecting drowsiness-related impairment and cutoff values 
for detecting impairment were developed. Eyelid movement 
parameters were measured using the ODMS (Optalert, Sleep 
Diagnostics Pty Ltd, Melbourne, Australia). This device 
records 8 ocular variables using infrared light from a light-
emitting diode positioned below and in front of the eye on a 
pair of glasses hardwired to a laptop.17 ODMS is reported to be 
fully functional regardless of the position or movement of the 
person’s head, and in sunlight or darkness.18

The following ocular variables were calculated as an average 
on a minutely basis:

• Inter-Event Duration (IED): blink duration measured 
from the point of maximum closing velocity to 
maximum opening velocity of the eyelid measured in 
seconds.

• Percent Time with Eyes Closed (%TEC): proportion of 
time eyes are closed, determined from the velocity of 
eyelid movement during eyelid closure.

• Blink Total Duration (BTD): duration of blinks measured 
in seconds from the start of closing to complete 
re-opening.

• Negative Amplitude-Velocity Ratio (–AVR): the ratio of 
the maximum amplitude to maximum velocity of eyelid 
movement for the reopening phase of blinks.

• Positive Amplitude-Velocity Ratio (+AVR): the ratio of 
the maximum amplitude to maximum velocity of eyelid 
movement for the closing phase of blinks.
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• Percent Long Closures (%LC): proportion of time eyes 

are fully closed > 10 ms.
• Duration of Ocular Quiescence (DOQ): duration of no 

movements between eyelid and ocular movement events, 
including blinks, saccades and smooth pursuit.

• Johns Drowsiness Scale (JDS): a composite measure 
of drowsiness calculated using weighted values of the 
other recorded ocular variables. JDS is calculated on a 
scale from zero to ten, with higher scores indicative of 
increased drowsiness.17

The OSLER was used as the gold standard for indicating 
drowsiness and determining ocular measure cutoff values. 
OSLER is a portable, computerized, non-assisted method of 
monitoring wakefulness through responses to presented stimuli 
occurring every 3 sec seconds over a 40-min time period, which 
has been found to be reliable in measuring sleep onset.19 The 
OSLER was designed as a simplified version of the maintenance 
of wakefulness test (MWT), a laboratory-based EEG method 
of determining an individual’s ability to remain awake and the 
current recommended method of assessing whether people with 
sleep disorders have the ability to safely drive a vehicle.20,21 
Sleep onset is defined as no response to 7 consecutive OSLER 
stimuli (absent response for 18-21 sec); however, ≥ 4 consecu-
tive missed stimuli (absent response for 9-12 sec) is strongly 
predictive of microsleeps (brief occurrences of theta lasting 
between 3 and 15 sec).22

OSLER and concurrent ocular measures were analyzed in 
1-min bins. Overall OSLER misses per minute and consecutive 
misses within each minute were identified. Consecutive misses 
which crossed a minute bin were attributed to the minute in 
which the missed signals began. Data from the OSLER was 
compared to the corresponding time matched ocular variables 
in one minute bins. Data were excluded from sessions if the 
ODMS signal quality was poor (low amplitude), and for some 
instances of failure of time matching data to ocular variables.

Statistical Analysis for Derivation of Cutoff Values
Statistical analyses were conducted using STATA 11 (Stata-

Corp, College Station, TX: StataCorp LP). Receiver operating 
characteristic (ROC) curve analysis was conducted for each 
ocular variable, using data from all 3 testing sessions, to assess 
the ability of each variable to identify missed OSLER signals 
occurring during any 1-min bin. This analysis was under-
taken for (1) ≥ 4 consecutive missed signals on the OSLER 
in a minute, and (2) ≥ 4 total missed signals on the OSLER 
in a minute. Data were clustered by participant during statis-
tical analysis to account for the multiple minutes of OSLER 
replication for each participant.23,24 Cutoff values to determine 
a level of drowsiness resulting in drowsiness-related deterio-
ration in vigilance for each ocular variable were determined 
using the peak of the ROC curve to determine the optimum 
sensitivity and specificity combination. In addition, high sensi-
tivity cutoff values were determined using the highest sensi-
tivity with a specificity of ≥ 50% and the high specificity cutoff 
values were determined using the highest specificity with a 
sensitivity of ≥ 50%. Lastly, logistic regression models were 
fitted using the ocular variables with the highest discrimina-
tion for detection of missed signals on the OSLER (IED, BTD, 
%TEC, +AVR).

Step 2: Validation of Cutoff Values
The ability of the ocular variables with the greatest discrimi-

nation in detecting frequent missed signals on the OSLER 
(IED, BTD, +AVR, and JDS) were then evaluated for the ability 
(sensitivity and specificity) of their OSLER determined cutoff 
levels to detect different frequencies of lapses per minute on the 
PVT. The PVT is a hand-held reaction time task which assesses 
sustained attention through measuring reaction time to a visual 
stimulus, presented at varying intervals approximately 10 times 
per minute.25 Impaired attention is a reliable consequence of 
drowsiness, with the PVT showing results characteristic of 
decreased attention such as slowed reaction times and increases 
in errors and lapses.26-28 A review of 141 articles utilizing the 
PVT found the 10-min PVT to be the optimal length and the 
outcome of number of lapses to be the most frequently used 
and the most reliable measure when evaluating the effect of 
sleep loss.29 PVT files were inspected for errors (reaction 
time < 100 ms) which were removed from the analysis. PVT 
and concurrent ocular measures were again analyzed in 1-min 
bins. Lapses (reaction time > 500 ms) were identified and the 
number of lapses per minute was determined for each minute.

Statistical Analysis for Validation of Cutoff Values
Data from the PVT were compared to the corresponding time 

matched ocular variables in 1-min bins. The sensitivity and 
specificity of each ocular variable was calculated for detecting 
different frequencies of lapses (1 to ≥ 5) in any minute.

RESULTS

Thirty-nine participants were recruited with data utilized 
from the 33 participants who completed the protocol (29 male, 
mean age 41.4 [ ± 12.9], mean BMI 27.5 [ ± 5.3], and a median 
ESS score of 5 [IQR 4-8]). The mean hours of sleep prior to the 
baseline testing was 6.5 (± 1.0) and prior to the sleep restricted 
testing was 4.0 (± 0.1) (confirmed by actigraphy).

OSLER Misses and Ocular Variables: ROC Curve 
Analysis

A summary of outcome measures for the OSLER and PVT is 
presented in Table 1 and ocular variables during these tasks in 
Table 2 for baseline, SR-AM, SR-PM, and an overall compila-
tion of all data.

ROC area under the curve (AUC) and 95% confidence inter-
vals (CIs) clustered by participant are presented in Table 3 for 
analysis of ocular variables compared to ≥ 4 consecutive missed 
signals on OSLER (equates to 12 sec) and to ≥ 4 overall missed 
signals on the OSLER by minute.

The variables measuring blink duration (IED and BTD) 
had good discriminatory ability for detecting frequent drows-
iness-related missed signals, as did the JDS (Table 3, Figures 
1 and 2). The ratio of the amplitude to velocity of eyelid 
movement during eyelid closure (+AVR) was also an accurate 
discriminator and was better than the ratio during re-opening 
at the end of the blink (–AVR). The measures of proportion 
of time with eyes closed had moderate to poor discriminatory 
ability (%TEC and %LC).

Logistic regression models fitted for ocular variables with 
the highest discrimination for detection of drowsiness-related 
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errors (IED, BTD, %TEC, +AVR) (Figure 3) displayed good 
discriminatory ability in detecting drowsiness via 4 consecutive 
(ROC AUC = 0.76) and 4 overall (ROC AUC = 0.824) missed 
signals in one minute. However, the ROC AUC for these 
models was found to be lower than for the use of the IED vari-
able alone (Table 3), and further analysis using these models 
was not undertaken.

Ocular Variable Cutoff Values for Optimal Sensitivity 
and Specificity

Cutoff values were chosen from the ROC curves for ocular 
variables that were moderate to good discriminators for detecting 
4 consecutive missed signals and 4 overall missed signals on 
the OSLER per minute (Tables 4 and 5). Three cutoff values 
were selected for the variables of IED, BTD, %TEC, +AVR, 

Table 1—Summary of OSLER measures (sleep latency, misses) and PVT measures (reaction time, lapses)
OSLER

Sleep latency Misses 
M ± SD (min) Mdn (IQR) (min) M ± SD Mdn (IQR)

Baseline (n = 17) 37.5 ± 5.1 40 (40-40) 0.05 ± 0.22 0 (0-0)
SR-AM (n = 27) 32.5 ± 10.5 40 (23-40) 0.10 ± 0.30 0 (0-0) 
SR-PM (n = 27) 30.5 ± 11.2 39 (23-40) 0.14 ± 0.35 0 (0-0)
Overall* (n = 71) 32.3 ± 10.7 40 (25-40) 0.12 ± 0.32 0 (0-0)

PVT
Reaction Time Lapses 

M ± SD (ms) Mdn (IQR) (ms) M ± SD Mdn (IQR)
Baseline (n = 21) 244.4 ± 41.7 236.8 (215.7-265.1) 0.28 ± 0.60 0 (0-0)
SR-AM (n = 26) 234.4 ± 45.9 228.8 (211.3-249.1) 0.22 ± 0.54 0 (0-0)
SR-PM (n = 27) 286.1 ± 203.3 231.9 (208.0-280.9) 0.63 ± 1.29 0 (0-1) 
Overall* (n = 75) 263.7 ± 156.1 231.3 (210.2-265.1) 0.45 ± 1.04 0 (0-0)

*Overall analysis used clustering to account for multiple measures per participant. M, mean; Mdn, median; SR-AM, sleep restriction: morning; SR-PM, sleep 
restriction: afternoon.

Table 2—Summary of ocular variables during OSLER and PVT tasks
Ocular measures – OSLER Ocular measures – PVT

Baseline
(n = 17)

SR-AM
(n = 27)

SR-PM
(n = 27)

Overall*
(n = 71)

Baseline
(n = 21)

SR-AM
(n = 26)

SR-PM
(n = 27)

Overall*
(n = 75)

IED
M ± SD 0.22 ± 0.36 0.34 ± 0.59 0.46 ± 1.12 0.39 ± 0.88 0.14 ± 0.06 0.16 ± 0.37 0.18 ± 0.16 0.17 ± 0.26
Mdn
(IQR)

0.13
(0.10-0.20)

0.17
(0.12-0.28)

0.17
(0.10-0.37)

0.17
(0.10-0.30)

0.13
(0.09-0.16)

0.12
(0.09-0.15)

0.14
(0.10-0.18)

0.13
(0.10-0.16)

BTD
M ± SD 0.48 ± 0.53 0.63 ± 1.44 1.10 ± 7.22 0.84 ± 5.13 0.39 ± 0.15 0.38 ± 0.43 0.43 ± 0.24 0.41 ± 0.33
Mdn
(IQR)

0.36
(0.28-0.49)

0.45
(0.32-0.61)

0.40
(0.32-0.68)

0.42
(0.32-0.61)

0.34
(0.29-0.46)

0.34
(0.27-0.40)

0.36
(0.29-0.46)

0.35
(0.29-0.44)

% TEC
M ± SD 3.12 ± 7.74 3.94 ± 10.10 6.67 ± 19.29 5.18 ± 15.20 1.35 ± 2.83 1.44 ± 6.69 2.26 ± 4.98 1.89 ± 5.64
Mdn
(IQR)

0.39
(0.05-1.87)

0.62
(0.07-2.40)

0.91
(0.15-4.92)

0.70
(0.09-3.20)

0.08
(0.02-1.12)

0.19
(0.05-0.97)

0.56
(0.09-1.67)

0.35
(0.06-1.44)

+AVR
M ± SD 1.5 ± 0.4 1.64 ± 0.60 1.68 ± 0.74 1.64 ± 0.66 1.33 ± 0.35 1.23 ± 0.23 1.38 ± 0.42 1.33 ± 0.36
Mdn
(IQR)

1.4
(1.2-1.6)

1.45
(1.26-1.93)

1.44
(1.23-1.89)

1.43
(1.24-1.86)

1.20
(1.10-1.42)

1.19
(1.08 -1.34)

1.24
(1.08 -1.49)

1.21
(1.08-1.43)

JDS
M ± SD 4.1 ± 1.7 4.9 ± 1.9 4.7 ± 2.2 4.7 ± 2.0 3.3 ± 1.7 3.5 ± 1.4 4.2 ± 1.5 3.9 ± 1.5
Mdn
(IQR)

3.8
(2.8-5.1)

5.0
(3.6-6.4)

5.0
(3.2-6.5)

4.8
(3.3-6.4)

3.2
(1.8-4.8)

3.3
(2.4-4.4)

3.9
(3.0-5.5)

3.7
(2.7-5.1)

*Overall analysis used clustering to account for multiple measures per participant. IED, inter-event duration; BTD, blink total duration; %TEC, percent time 
with eyes closed; +AVR, positive amplitude-velocity ratio; JDS, Johns Drowisness Scale; M, mean; Mdn, median; SR-AM, sleep restriction: morning; SR-PM, 
sleep restriction: afternoon.D
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and JDS to demonstrate high sensitivity, high specificity, and 
intermediate cutoff options for detecting frequent drowsiness-
related errors.

PVT Lapses and Ocular Variables
The sensitivity and specificity of detecting lapses at the 

selected cutoff values was determined (Figure 4). At cutoff 

Table 3—ROC area under the curve analysis of missed signals on the OSLER and ocular variables
Four or more consecutive missed signals by minute Four or more missed signals overall in one minute

AUC 95% CI AUC 95% CI
Blink duration variables

IED 0.816 0.729-0.892 0.835 0.758-0.897
BTD 0.733 0.625-0.839 0.767 0.687-0.849

Eyelid closure variables
% TEC 0.684 0.574-0.802 0.722 0.642-0.806
%LC 0.577 0.530-0.635* 0.648 0.573-0.737

AVR variables
+AVR 0.743 0.647-0.832 0.760 0.686-0.826
–AVR 0.669 0.561-0.767 0.641 0.529-0.732

Other
DOQ 0.652 0.545-0.735 0.582 0.477-0.671
JDS 0.744 0.615-0.850 0.770 0.686-0.851

*Unadjusted 95% CIs are presented for %LC (consecutive missed signals). The variable %LC includes a high incidence of 0 values resulting in tied values 
due to bootstrap sampling procedures. This has been corrected for ties in the variable %LC (overall missed signals) but is unable to be corrected for %LC 
(consecutive missed signals). 95% CIs for all other variables have been adjusted to account for repeated measures on the participant. IED, inter-event 
duration; BTD, blink total duration; %TEC, percent time with eyes closed; %LC, percent long closures; +AVR, positive amplitude-velocity ratio; –AVR, negative 
amplitude-velocity ratio; DOQ, duration of ocular quiescence; JDS, Johns Drowsiness Scale; AUC, area under the curve.
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Figure 1—ROC curves of ocular variables for discrimination of consecutive missed signals using inter-event duration (IED), blink 
total duration (BTD), Johns Drowsiness Score (JDS), and percent long closures (%LC)
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levels with an optimal balance between sensitivity and speci-
ficity (Table 4), identification of one lapse had low sensitivity, 
with increasing sensitivity with increasing number of lapses. 
IED, BTD, and JDS had good discrimination for ≥ 3 lapses in a 
minute on the PVT, with a sensitivity and specificity of 71% and 
88% for the IED (100% and 86%, respectively, for ≥ 5 lapses). 
The JDS provided sensitivities of 77% and 100% for detecting 

3 and ≥ 5 lapses in a minute, with specificities of 85% and 83%, 
respectively; +AVR was not sensitive to detecting lapses on 
the PVT. All 4 variables had high specificity in detecting any 
number of lapses on the PVT, and specificity did not decrease 
greatly with increasing number of lapses. Sensitivity of the iden-
tification of PVT lapses increased with lower cutoff levels (high 
sensitivity cutoff); however, this also resulted in a lowering of 
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Figure 2—ROC curves of ocular variables for discrimination of overall missed signals using inter-event duration (IED), blink total 
duration (BTD), Johns Drowsiness Score, (JDS) and percent long closures (%LC)
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with eyes closed), and +AVR (positive amplitude-velocity ratio) for four consecutive and overall misses on the OSLER per minute
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specificity with the potential to erroneously classify individuals 
as unacceptably drowsy when they were not actually impaired. 
Raising cutoff levels to increase specificity (high specificity 
cutoff) resulted in extremely poor sensitivity in detecting PVT 
lapses for all variables other than JDS.

DISCUSSION

In this sleep restriction paradigm, measurement of eyelid 
movements accurately detected frequent episodes of failure to 
respond to visual signals during vigilance tasks. The average 
duration of episodes of eye closure (IED and BTD) provided 
the best discrimination from the primary measures, with the 
ratio of the amplitude to the velocity of eyelid movement during 
eyelid closure also providing good discrimination. These results 
support the use of ocular measures for identifying people who 
are impaired as a result of drowsiness.

Although blink duration and the proportion of time with 
eyes closed increase during circumstances designed to increase 
drowsiness, there is only limited work attempting to relate these 
physiological metrics to the behavioral changes that occur with 
restricted sleep. Reliable automated measures of blink duration 
suitable for on-road driving have previously not been available and 
manual determination of blink duration has been measured from 
EEG/electrooculography signals, video recordings, or stationary 
infrared recordings.13,30,31 Mean blink duration and proportion of 
blinks of prolonged duration increase during monotonous tasks 
and are related to subjectively reported drowsiness.13 Blink dura-
tion is also increased in untreated obstructive sleep apnea patients 
and reduces following treatment both in the laboratory and during 
on road driving.32,33 The variable IED, a measure of eyelid closure 

duration between the points of maximum closing and re-opening 
velocity of the eyelid, has previously only recently been reported. 
This is a measure similar to blink duration, and proved to be most 
accurate at detecting drowsiness-related errors. Both blink dura-
tion and IED were recently shown to increase in duration after 
more than 24 hours of wakefulness and during the circadian nadir 
but the effect of milder sleep restriction, as used in our study, has 
not been described.34

The variable IED accurately identified drowsiness-related 
errors with an ROC curve area under the curve (AUC) of over 
0.8 for detecting frequent missed signals during the OSLER 
task (AUC = 0.816, 95% CI 0.715-0.886, in the analysis of four 
consecutive missed signals and 0.834, 95% CI 0.757-0.896, in 
the analysis of four overall missed signals per minute). Total 
blink duration (BTD), the ratio of the amplitude to velocity 
of eyelid movements during eyelid closure (+AVR) and the 
Johns Drowsiness Score (JDS) were all moderately accurate 
at detecting frequent missed signals, with AUC of 0.733 to 
0.767 for four or more consecutive missed signals and four or 
more overall missed signals per minute. The percentage of time 
with eyes closed (%TEC) had a moderate ability to identify 
frequent missed signals (AUC = 0.683 and 0.721), while other 
individual measures of eyelid movements (–AVR, %LC, and 
DOQ) had fair to poor ability to detect frequent drowsiness-
related errors in both analyses of OSLER data. Several of these 
variables have recently been reported to have moderate ability 
to predict increased lapse frequency and slowing of reaction 
time, with AUC on ROC curves of between 0.62 to 0.74 for 
BTD, IED, %LC, AVR, and JDS.34 These values are slightly 
lower than those identified in our study, perhaps due to the 
comparison utilizing ocular data collected prior to the vigilance 

Table 4—ROC cutoff values for each ocular variable for four or more consecutive missed signals by minute (including alternative 
high sensitivity and high specificity cutoff options)

Optimal sensitivity/specificity High sensitivity High specificity
Cut-off Sens (%) Spec (%) Cut- off Sens (%) Spec (%) Cut- off Sens (%) Spec (%)

IED 0.203 76.00 66.36 0.160 88.00 51.58 0.634 51.00 92.09
BTD 0.462 71.43 59.79 0.412 72.53 50.58 0.804 50.55 87.68
% TEC 0.660 70.33 52.58 0.283 81.32 39.21 3.727 48.35 80.47
+AVR 1.515 76.84 60.21 1.407 80.00 50.13 2.010 50.53 84.08
JDS 5.4 75.26 63.40 4.6 82.47 50.47 6.5 51.55 80.61

IED, inter-event duration; BTD, blink total duration; %TEC, percent time with eyes closed; +AVR, positive amplitude-velocity ratio; JDS, Johns Drowsiness 
Scale; Sens, sensitivity; Spec, specificity.

Table 5—ROC cutoff values for each ocular variable for four overall missed signals by minute (including alternative high sensitivity 
and high specificity cutoff options)

Optimal sensitivity/specificity High sensitivity High specificity
Cut-off Sens (%) Spec (%) Cut- off Sens (%) Spec (%) Cut- off Sens (%) Spec (%)

IED 0.209 77.06 70.45 0.152 90.37 51.13 0.542 51.38 92.57
BTD 0.468 75.37 63.20 0.398 81.77 50.28 0.753 50.74 88.37
% TEC 0.617 74.88 53.24 0.520 77.34 50.34 3.853 50.25 82.94
+AVR 1.567 78.30 66.34 1.402 83.02 50.88 1.990 50.47 85.31
JDS 5.5 75.60 67.97 4.5 88.52 51.16 6.4 53.59 80.63

IED, inter-event duration; BTD, blink total duration; %TEC, percent time with eyes closed; +AVR, positive amplitude-velocity ratio; JDS, Johns Drowsiness 
Scale; Sens, sensitivity; Spec, specificity.
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testing rather than during the testing, and the comparison being 
over a longer time frame.

The percentage long eye closure and percentage of time with 
eyes closed variables are similar to PERCLOS (the propor-
tion of time eyes are > 80% closed) that has been found to be 
good at discriminating between alert and drowsy states in some 
previous studies. The current analysis found that these variables 
had a moderate discriminatory power for detecting frequent 
drowsiness-related errors. %LC was poor at detecting sequen-
tial drowsiness-related errors, with a maximum sensitivity of 
44.64% for detecting four consecutive missed signals on the 
OSLER, a strong indicator of brief sleep periods on EEG.21 It 
proved to be more accurate at detecting four misses in total and 
%TEC, which includes all episodes of eye closure irrespective 
of duration, was more accurate than %LC. The proportion of 
time with eyes closed (PERCLOS) was moderately accurate at 
identifying behavioral lapses in drowsy participants in previous 
studies with improved accuracy when averaged over longer 
time periods.5,7 It has been considered as a potential measure for 
real-time monitoring of drowsiness, although some laboratory 

studies have also found other drowsiness detection methods 
more reliable than PERCLOS.35

In this study we found measures of eyelid closure duration, 
such as IED and BTD, and the ratio of amplitude to velocity of 
eyelid movements, to be better predictors of behavioral lapses 
than the percentage of time with eyes closed, producing the 
highest sensitivities and specificities. For example, the optimal 
cutoff value for IED, derived from the OSLER data, achieve a 
sensitivity of 71% for detecting three behavioral lapses on the 
PVT task, increasing to 100% for detecting five lapses while 
maintaining good specificity (88% and 86% respectively). 
Increasing sensitivity at the expense of lowering specificity 
results in a higher false positive rate, but also a higher likeli-
hood of identifying episodes of drowsiness-related impairment. 
In applied settings such as on-road driving, it may be deemed 
more important to have a low rate of false negatives (high sensi-
tivity), despite a greater false positive rate, to reduce the risk of 
missing episodes of drowsiness.

Sensitivity of accurately detecting PVT lapses at the selected 
cutoff values for IED, BTD, +AVR, and JDS increased with 
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Figure 4—Sensitivity and specificity of the ocular variables correctly identifying increasing numbers of drowsiness-related PVT 
lapses (1–5) using OSLER-derived cutoff values at high sensitivity (A) IED, (B) BTD, (C) +AVR and (D) JDS; optimal cutoff values 
(E) IED, (F) BTD, (G) +AVR, (H) JDS; and high specificity cutoff values (I) IED, (J) BTD, (K) +AVR (L) JDS

Sensitivity = black, specificity = gray. IED, inter-event duration; BTD, blink total duration; %TEC, percent time with eyes closed; +AVR, positive amplitude-
velocity ratio; JDS, Johns Drowsiness Scale.
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increasing number of lapses, without a large decrease in speci-
ficity. Single instances of PVT lapse could be due to non-drows-
iness-related events such as distraction. This is supported by the 
low sensitivity but high specificity found when testing all ocular 
variables at this number of lapses. The frequency of PVT lapses 
has been studied under a variety of circumstances, which can 
help in considering clinically relevant levels of drowsiness. For 
example, participants averaged five lapses in ten minutes at a 
blood alcohol level of 0.05% in one study.36 Lapse frequencies of 
8 and 16 in 10 minutes have been described for 24 and 72 hours 
of wakefulness, respectively.37 Hence, lapse frequencies of two 
and certainly three or more in a minute would indicate marked 
drowsiness. IED, BTD, and JDS were all able to detect this 
frequency of lapses with high sensitivity and specificity. The 
selected lower cutoff levels for these variables provided sensi-
tivities of 67% to 81% for detecting three lapses in a minute, 
increasing to 100% for detecting five or more lapses. The speci-
ficities were reasonable at 70% to 74% for detecting three or 
more lapses at this high sensitivity cutoff. Higher cutoff levels 
resulted in a higher specificity but low sensitivity which would 
indicate a high rate of false negatives. Monitoring drowsiness in 
an applied setting would require an appropriate balance, however 
the fact some of these metrics can achieve a good sensitivity 
for detecting a moderate frequency of drowsiness-related errors 
increasing to a very high sensitivity with very frequent errors, 
while maintaining a low false positive rate suggests that they 
have the potential to be used for drowsiness monitoring.

AVR for eyelid movements is a measure of the velocity of 
eyelid movements relative to the amplitude of the upper eyelid 
movement. AVR increases with drowsiness,17 particularly for 
the eyelid re-opening phase. These ratios have been reported to 
have low inter-subject variability, and hence potentially reduce 
the need for individual calibration.17,38 In the current study the 
+AVR (eyelid closure phase), had an ROC area under the curve 
that was similar to the measures of eyelid closure duration (IED 
and BTD) and the JDS. However, it tended to have a lower 
sensitivity than the other measures for detecting behavioral 
lapses at a range of cutoffs while maintaining a good specificity.

The use of logistic models to fit a more accurate measure 
of drowsiness using several of the recorded ocular variables, 
although producing good discriminatory ability, did not 
improve detection of missed OSLER signals beyond the use of 
individual ocular variables. IED was found to have more accu-
rate discrimination alone than a logistic model using a combi-
nation of ocular measures.

The protocol allowed for a mixture of rested and moderate 
sleep restriction conditions and demonstrated that several ocular 
variables have good ability to detect drowsiness-related errors 
on two psychophysiological tasks. A number of factors might 
alter these outcomes in different settings. While four hours sleep 
restriction is a relatively realistic level of sleep loss experienced 
in the real world, a greater level of sleep restriction and associ-
ated drowsiness might alter the discriminatory power of different 
ocular variables in detecting behavioral lapses. For example the 
speed of eyelid movements or blink duration might increase prior 
to appreciable increases in the percent of time with eyes closed. 
While we found that blink duration measures were better predic-
tors of performance within this paradigm of mild sleep restric-
tion; others with more severe sleep deprivation have found that 

percent of time with eyes closed is a better predictor.34 There was 
some individual variability in ocular measures despite the same 
level of sleep restriction. This may be due to individual vari-
ability in responses to sleep loss and may also be due to baseline 
variability in psychophysiological measures, such as differences 
in ocular muscle responses. The applicability of results from the 
current study may be limited to the study tasks and the laboratory 
setting. In our study, participants were instructed to look directly 
ahead and sit still while performing the tasks. Although our find-
ings suggest that ocular measurements may be a useful indicator 
of drowsiness during driving-related performance some caution 
needs to be exercised in extrapolating these results to other tasks 
and settings such as on-road driving where factors such as head 
and vehicle movement may affect eyelid measures. Of the vigi-
lance tasks utilized in this study, the PVT, at 10-min duration, 
could be used in practical situations to assess driver drowsiness,39 
such as at a roadside testing stop. However, it is not suitable for 
the continuous monitoring of drowsiness as can be achieved with 
ocular measures.

To be functional in monitoring driver drowsiness, a device 
must be portable and able to acquire, process, and produce 
feedback to the driver before drowsiness reaches a level when 
deterioration in attention may lead to accidents. In this study, 
several ocular variables were reliable indicators of drowsiness-
related deterioration in vigilance in the laboratory setting. 
Ocular variables which measured the duration of ocular events; 
IED (duration of eyelid events) and BTD (duration of blinks) 
were the most reliable in detecting drowsiness and lapses, 
with the ratio of velocity to amplitude of eyelid closure also 
a reliable indicator. These are promising measures for real-
time drowsiness monitoring. Further research should evaluate 
their utility during a variety of tasks, in different environments 
(including on-road in vehicle validation) and under a variety of 
sleep restriction conditions.

ABBREVIATIONS

–AVR, negative amplitude-velocity ratio
+AVR, positive amplitude-velocity ratio
%LC, percent long closures
%TEC, percent time with eyes closed
AUC, area under the curve
BTD, blink total duration
CI, confidence interval
DOQ, duration of ocular quiescence
EEG, electroencephalography
ESS, Epworth Sleepiness Scale
IED, inter-event duration
JDS, Johns Drowsiness Scale
MWT, maintenance of wakefulness test
M, mean
Mdn, median
ODMS, Optalert Drowsiness Measurement System
OSLER, Oxford Sleep Resistance Test
PERCLOS, proportion of time eyes are more than 80% closed
PVT, psychomotor vigilance task
ROC, receiver operating characteristic
SR-AM, sleep restriction: morning
SR-PM, sleep restriction: afternoon
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