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Most objective drowsiness measures have limited ability to provide continuous, accurate assessment of
drowsiness state in operational settings. Spontaneous eye blink parameters are ideal for drowsiness
assessment as they are objective, non-invasive, and can be recorded continuously during regular activ-
ities. Studies that have assessed the spontaneous eye blink as a drowsiness measure are diverse, varying
greatly in respect to study design, eye blink acquisition technology and eye blink parameters assessed.
The purpose of this narrative review is to collate these studies to determine 1) which eye blink pa-
rameters provide the best state drowsiness measures; 2) how well eye blink parameters relate to and
predict conventional drowsiness measures and 3) whether eye blink parameters can identify drowsiness
impairment in obstructive sleep apnoea (OSA) - a highly prevalent disorder associated with excessive
sleepiness and increased accident risk. In summary, almost all eye blink parameters varied consistently
with drowsiness state, with blink duration and percentage of eye closure the most robust. All eye blink
parameters were associated with and predicted conventional drowsiness measures, with generally fair to
good accuracy. Eye blink parameters also showed utility for identifying OSA patients and treatment

Circadian alertness
Obstructive sleep apnoea

response, suggesting these parameters may identify drowsiness impairment in this group.

© 2019 Elsevier Ltd. All rights reserved.

Introduction

Drowsiness is a fluctuating, intermediate state between wake-
fulness and sleep, characterised by an uncontrollable propensity to
sleep, slowed reactions, reduced attention and impaired neuro-
behavioral performance [1—3]. Motor vehicle drivers who show
physical signs of drowsiness are three times more likely to have an
accident than non-drowsy drivers [4]. The related health and eco-
nomic impact is substantial, as drowsiness related motor vehicle
accidents are likely to result in death and serious injury [5].
Drowsiness also affects occupational productivity, with individuals
who suffer from sleep disorders more likely to make errors, as well
as fall asleep at, and be absent from the workplace [G]. To minimise
the health and economic burden of drowsiness, simple and accu-
rate tools are required that objectively measure drowsiness.
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Numerous subjective, behavioural and physiological measures
of drowsiness exist, but each has limitations. Self-report measures
such as the Karolinska sleepiness scale (KSS) [7] are simple to
administer and while many individuals show an awareness of their
sleepiness that is associated with objective outcomes [8—10]
reporting may be unreliable in operational settings or under
chronic levels of insufficient sleep [11]. Cognitive or psychomotor
tasks also provide a simple drowsiness measure, but are disruptive
to regular activities. In contrast, physiological indices such as ocular
measures and electroencephalogram (EEG) can theoretically pro-
vide continuous drowsiness assessment during regular activities
with minimal interruption. EEG is the most extensively studied
physiological indicator of drowsiness and has good validity [12],
however its routine use in the field is limited by challenges with
signal noise, electrode application, and limited real-time analysis.
Whereas technological advancements have enabled simple real-
time analysis of eye blink parameters that is appropriate for use
both in laboratory and in field.
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Abbreviations

-AVR Negative amplitude-velocity ratio — Ratio of

amplitude to velocity of the eyelid reopening phase

+AVR Positive amplitude-velocity ratio - Ratio of amplitude
to velocity of the eyelid closing phase

aMT6s 6-suplhatoxymelatonin

AUC Area under the curve

BTD Blink total duration

CBT Core body temperature

CPAP Continuous positive airway pressure

EEG Electroencephalogram

EOG Electrooculogram

IED Inter-event duration — A blink duration measure
JDS Johns drowsiness scale

KSS Karolinska sleepiness scale

LEC Long eye closures

MWT Maintenance of wakefulness test

OSA Obstructive sleep apnoea

OSLER Oxford sleep resistance test

PERCLOS Percentage of time with the eyes closed
PVT Psychomotor vigilance test

TEC Time with eyes closed

TIB Time in bed

The spontaneous eye blink

The spontaneous eye blink is controlled by two opposing ocular
muscles, the orbicularis oculi and the levator palpebrae. These
muscles are innervated by the seventh and eighth cranial nerves,
with nuclei located between the pons and medulla. The close
proximity of these nuclei to the structures that control the sleep-
wake state provides a neurophysiological basis as to why these
eye blink parameters provide insight into drowsiness state.

Spontaneous eye blink parameters used to indicate drowsiness
can be broadly grouped into measures of blink frequency, duration,
percentage of time with the eyes closed, eyelid speed and com-
posite measures (see Table 1 and Fig. 1). These parameters are
typically averaged across one minute time windows. Electroocu-
logram (EOG) [13—30], digital video [28,31—36] and infrared ocu-
lography [3,29,31,37—45] have each been used for eye blink
measurement (Fig. 1) and have different benefits and technical
challenges. EOG utilises electrodes placed adjacent to the eyes and
is highly accurate in detecting blinks due to a high sampling rate.
However, real-time analysis has not been developed and electrode
placement is impractical in operational scenarios with data loss

Table 1

frequent due to poor electrode contact or movement artefact.
Digital video records images of the face and eyes, and typically uses
feature detection software to extract relevant eye blink metrics.
Digital video has the advantage of being non-obtrusive, but is
suitable only for monitoring where the individual is stationary and
the main direction of gaze is fixed, such as during driving. Digital
video cannot detect parameters when the eyes are out of frame and
can struggle with high light reflectance conditions or when sun-
glasses are worn, although technological advancements appear to
be overcoming the latter issues [46]. Infrared oculography utilises
an infrared sensor, typically embedded within or connected to a
glasses frame, which extracts eye blink parameters by measuring
eyelid position. Unlike digital video, infrared oculography is
attached to the individual, which minimizes data loss, but move-
ment artefact can impair signal quality, and some users may find
wearing a device uncomfortable or undesirable. Furthermore, with
infrared oculography, individual signal calibration is often required
to obtain optimal signal quality because of interindividual
differences in facial structure. Despite these limitations, digital
video and infrared oculography have the advantage of providing
real-time analysis suitable for use in ambulatory and/or operational

Spontaneous eye blink parameters broadly categorised into measures of eye blink frequency, duration, eyelid speed, percentage of eye closure and composite measures.

Definition of parameter and acquisition techniques used are also shown.

Category Parameter Definition Acquisition Technique
Frequency Eye blink rate Eye blink rate during a specified time window (usually 1 min) EOG [13,14,23-29]
Video [34—36]
10 [38,42]
Duration Total blink Duration of the closing, closed and reopening phases of the blink eye blink EOG [15—22,27,28,30]
10 [3,29,37,39—42]
Closed phase The duration of the closed phase of an eye blink only Video [34,36]
EOG [28]
10 [38,42]
Closing phase Eye blink closing phase duration only EOG [28]
10 [38,42]
Reopening phase Eye blink reopening phase duration only EOG [28]
10 [38,42]
Inter-event duration (IED) Time between the maximum velocity of the eyelid reopening to the 10 [3,37,41—-43]
maximum velocity of the eyelid closing
Eyelid speed Negative Amplitude-Velocity Ratio (-AVR) Ratio of eyelid reopening amplitude to velocity 10 [3,39—-41,43]
EOG [27,28]
Positive Amplitude-Velocity Ratio (+AVR) Ratio of eyelid closing amplitude to velocity 10 [37,39—41]
EOG [27,28]

Percentage of
eye closure

Percentage of time with the
eyes closed (PERCLOS)

% Time eyes closed (TEC)

% Long eye closures (LEC)

Composite measure Johns Drowsiness Scales (JDS)
Photooculography

Percentage of time the eyes are closed (usually defined as >80% of
pupil coverage in 5 min)

Percentage of time per minute that the eyelids are deemed to be closed
Percentage of time per minute that the eyelids are deemed to be
closed for longer than 10 ms

Scaled from 0 (very alert) to 10 (very drowsy)

Scaled from 0 (well alert) to 10 (very drowsy)

Video [28,31-33]

10 [3,29,31,37,39—41]
10 [3,29,38,42,43]

10 [3,9,29,31,37,39—41,44]|
Photo [50]

Legend: EOG — Electrooculogram; 10 — Infrared oculography.
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% Percentage of eye closure measures (% of time eye closed within a time window)

Blink rate (count/time)

1

Blink duration (msec)

2 3
Eyelid speed (AVR)
[

Amplitude

100 % open Total blink
Eyelid
position
0 % open
(closed) Eyelid Eyelid] ~ Eyelid
closing closed; reopening

Velocity

Fig. 1. Top left contains an example schematic of eye blink acquisition technologies — video camera, infrared sensor (attached to glasses frames) and electrooculogram ([EOG] —
electrodes around the eyes). Below this is a schematic of key eyeblink parameters attained by these technologies: blink duration, eyelid speed, blink rate and percentage of eye
closure measures. Note composite measures can also be attained by combining multiple measures. AVR- Amplitude velocity ratio.

environments. Proprietary devices that utilise these measures
typically have in-built alarm systems that can notify the user if they
are close to, or have exceeded, critical drowsiness levels, enabling
the user to intervene to mitigate the drowsiness risk. A further
advantage of these devices is that they have the capability to
transmit acquired drowsiness information in real-time to opera-
tional command centres, giving the employers the potential to
monitor their employees' drowsiness state and intervene as
appropriate.

The digital video and infrared oculography eye blink pro-
prietary drowsiness monitoring devices work by filtering eye
blink parameters through black box algorithms to produce a
score that is then compared to a drowsiness cut-off value. For
example, Optalert, which utilises infrared oculography, calculates
the John's Drowsiness Scale (JDS), a composite measure that in-
cludes parameters of eye blink amplitude-velocity ratios and
blink durations [44,47]. ]DS scores vary between 0-very alert, and
10-very drowsy, with values updated every minute. Scores be-
tween 4.5 and 4.9 signal a cautionary warning, while scores
greater than five signal a critical warning [47]. A description and
evaluation of other proprietary ocular drowsiness monitoring
devices, that have only had limited empirical validation are
provided elsewhere [12].

Given that eye blink measures of drowsiness have been assessed
using diverse study designs and a variety of recording techniques,
the purpose of this review was to collate the literature to evaluate:
1) Which eye blink parameters provide the most useful measure of
state drowsiness; 2) How different eye blink parameters compare
to existing drowsiness measures and 3) How useful eye blink pa-
rameters are for detecting drowsiness in patients affected by
obstructive sleep apnoea (OSA) — a highly prevalent sleep disorder
associated with fragmented sleep, excessive daytime sleepiness
and increased motor vehicle accident risk.

To ensure relevant empirical work was considered a search
strategy was used that identified articles that had assessed eye
blink parameters during drowsiness inducing conditions of
extended wakefulness/restricted sleep, low circadian alertness and
OSA. For a detailed description of the search see the online
supplement.

Section 1 - Which eye blink parameters provide the most
useful measure of state drowsiness?

To be a useful measure, eye blink parameters must vary in a
predictable direction with drowsiness state. Studies that
measured eye blink parameters during alert and drowsy condi-
tions were reviewed in relation to the drowsiness inducing con-
dition assessed (extended wakefulness/restricted sleep and low
circadian alertness) and are listed in Table 2. Because the tasks
during which eye blink parameters were recorded varied, and
tasks that are more simple and mundane have a greater impact on
drowsiness [48], studies were further categorised according to
task complexity.

Extended wakefulness

Minimal complexity and engagement tasks

Fixation tasks. Fixation tasks involve staring at a wall or com-
puter screen for several minutes. EOG blink rate during fixation
tasks has been assessed in several studies with conflicting re-
sults. In two studies, eye blink rate progressively increased
across extended wakefulness, such that after ~24 h awake,
values were up to twice that of baseline levels [13,14]. In
contrast, a longer 32 h sleep deprivation study showed that
while eye blink rate initially increased across the first 16 h, it
then progressively declined across the last 16 h [23]. This
discrepancy may be because in extreme drowsiness, eye blink
rate dissipates as the amount of time spent with the eyes closed
increases. This notion is supported by a study that utilised
infrared oculography and demonstrated that at 30 h of extended
wake there was 3—4 fold increase in eye closure metrics of
percentage of time with the eyes closed (%TEC) and long eye
closures (%LEC) as well as a doubling of blink total duration
(BTD) from baseline [3]. However, blink rate was not assessed in
this study. Other eye blink measures that were assessed, were
the composite measure the JDS, which increased by 55% and the
eyelid reopening amplitude to velocity ratio (-AVR) which
increased by ~13%, indicating that these combination measures
may be useful indicators of drowsiness state [3].
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Studies that have assessed eye blink parameters under drowsiness inducing conditions. Studies are organised according to drowsiness inducing condition: extended wake-
fulness and low circadian alertness, as well as task complexity and level of engagement required: Minimum, Moderate, High and Very High.

Condition Task Type Study Participants Male Age range Eye blink Eye blink Eye closure Composite Eyelid Eyelid
Frequency duration Measure closing Reopening
speed Speed
(%) years) JDS (+AVR) (—AVR)
Extended Wake Min — FT Anderson Cetal 2013 [3] H=29 62 18-34 110 110 110 110
Barbato G et al 1995 [13] H=8 25 N/A 1T E
Barbato G et al 2007 [14] H=25 32 18-23 T E
Cajochen Cetal 1999 [23] H=10 100 21-31 NCE
Mod — PVT Frangois C et al 2016 [50] H =124 46 19-34 TP
Ftouni S et al 2013 [39] H=10 100 20-25 NC IO 110 110 t10 110
Jackson ML et al 2016 [31] H =22 14 18-26 Tt 1I0&NCV 1t 10
Jackson ML et al 2016 [32] PD =12 92 23-62 TV
Ong JL et al 2013 [49] H=19 59 18-35 TV
High — DS Akerstedt T et al 2005 [30] SW =10 50 N/A TE
Alvaro PK et al 2016 [33] PD = 20 100 N/A TV
Anund A et al 2009 [15] H=17 47 N/A TE
Jackson ML et al 2016 [31] H =22 14 18-26 tI0&NCV 110
Jackson ML et al 2016 [32] PD =12 92 23-62 TV
Very High — DR Anderson C et al 2018 [9] SW =16 38 25-33 110
Ftouni S et al 2013 [29] SW =27 15 N/A 110 110 110
Lee ML et al 2016 [37] SW =16 44  19-65 1210 NCIO 1210 1210
Shiferaw BA et al 2018 [34] H=9 44 N/A A% TV
Low circadian Min — FT Anderson Cet al 2013 [3] H =129 62 18—34 1 10 1 10 1 10 110
alertness Barbato G et al 2000 [24] H=24 33 18-23 T E
Caffier P et al 2003 [38] H = 60 43  16-64 NC IO 110 110
De Padova V et al 2009 [25] H = 12 25  64-79 NCE
High — DS Ahlstrom C et al 2017 [19] H =30 100 18-25 TE
Ahlstrom C et al 2018 [21] H =30 100 18-25 TE
Anund A et al 2018 [20] PD =11 & H=15 100 19-25 TE
Very High — DR Akerstedt T et al 2013 [17] H =18 56 30-60 TE
Anund A et al 2013 [18] H=24 50 25-65 TE
Hallvig D et al 2014 [22] H=33 N/A  30-60 TE
Sandberg D et al 2011 [16] H =18 50 25-60 T E
Extended wake X Min — FT Slama H et al 2018 [35] H=35 48 18-26 T ve
Low circadian Mod — PVT Ftouni S et al 2015 [40] SW =22 68 18-64 10 ‘10 10 1+ 410 NCIO

alertness

Task type refers to whether it is minimum (min), moderate (mod), high or very high level of engagement and complexity. FT - fixation task, PVT-Psychomotor Vigilance Test,
DS- Driving simulation and DR- Driving on road. Participants refers to type of participant with H — Healthy, PD — Professional Driver and SW — Shift worker. The number after
the = indicates how many participants were assessed. Recording technology is indicated by E for EOG, 10 for Infrared oculography, V for Video and P for Photooculography. 1
Indicates eye blink parameter significantly increased as a function of drowsiness condition, | eyeblink parameter significantly decreased as a function of drowsiness condition,

NC — no change in the parameter.

2 Interaction effect of drowsiness condition and another measured parameter (such as time on task). JDS — Johns Drowsiness Score. " Indicates the one composite measure

study that did not use the ]JDS.

Moderate complexity and engagement tasks

Psychomotor vigilance test. Eye blink parameters have also been
measured during the psychomotor vigilance test (PVT), a simple
reaction time task highly sensitive to sleepiness [11]. Following
~24 h of wakefulness, reaction times slowed and lapses increased
relative to normal sleep or the first 16 h of wakefulness
[31,32,39,49]. Eye closure metrics of ¥TEC and the percentage of
time where >80% of the pupil is covered (PERCLOS) typically
increased two- to three-fold following extended wakefulness
[31,32,39,49]. Eyelid closing and opening speed slowed as indicated
by a 20—30% increase in the amplitude-velocity ratios of the eyelids
reopening (-AVR) and closing (+AVR). The composite measure the
JDS increased by ~40—50% [31,39], while another composite mea-
sure based on photooculography (high speed camera images)
increased by ~50% [50]. Blink duration, was the only parameter that
did not show a significant time awake effect, with an initial increase
and peak at ~24 h of wakefulness, followed by a decline in the
subsequent 16 h [39]. This was possibly due to circadian effects, as
the decline occurred between 0800 and 1600 h, when alertness
levels were relatively high.

High complexity and engagement tasks

Simulated driving studies. Following extended wakefulness, simu-
lated driving was associated with greater lane position and speed
variability, slowed braking reaction times, and increased lane
crossings and crash occurrence [15,30—32]. In respect to eye blink
parameters, EOG blink duration increased by ~20% [15,30] and JDS
increased by ~80% [31]. Eye closure metrics also worsened with an
11-fold increase in %$TEC [31] and a three to five-fold increase in
PERCLOS [31,32]; although the latter did not reach significance for
one study [31]. The null finding may be explained by the recording
technology, as a proprietary video device (Co-Pilot— no longer in
production) was used to extract PERCLOS. This technology is
restricted by direction of gaze and also a low sampling rate of 3
times per second, which was likely not enough to accurately detect
eye closure. This is supported by the same study finding significant
results for a similar measure (%TEC) [31] that was recorded
simultaneously using infrared oculography, which sampled data at
500 times per second and has better tolerance to changes in gaze
direction. This highlights the potential for different outcomes
depending on acquisition technique.
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Changes in the duration of single PERCLOS episodes (>1s) have
also been examined across 24 h of wakefulness. In the first 14 h,
episodes were infrequent and short in duration (1—3s), but after
17 h awake, 4—6s durations became prominent. After 23 h awake,
eye closure durations up to 18s were observed [33]. Thus, the
duration of individual eye closure episodes may be as useful for
detecting drowsiness impairment as averaged metrics.

Very high complexity and engagement tasks

On road driving studies. Eye blink parameters have also been
evaluated during on road driving. Following a night of no sleep,
healthy individuals had a 3-fold increase in lane departure rate
during a 2 h track drive relative to a night of regular sleep
(7.7 + 0.5 h) [34]. Eye blink rate and duration were also impaired
following no sleep, increasing by 33% and 12% respectively [34]. Lee
[37] similarly assessed shift workers following regular sleep and
nightshift (where 7.6 + 2.4 h and 0.4 + 1.1 h of sleep was obtained
respectively). Lane departure rate and near crashes were greater
post nightshift. For eye blink parameters attained via infrared
oculography, the JDS almost doubled and blink duration, measured
by the time between the maximum velocity of the eyelid reopening
to closing (inter-event duration [IED]), increased by 20%. Other
parameters of blink duration (BTD) and eyelid closing speed
(+AVR) varied with drive duration, but demonstrated a more rapid
deterioration across the post nightshift drive. ¥TEC showed no ef-
fects relating to sleep condition but this may have been because
drowsiness impairment was not extreme as participants had only
been awake for 12.8 + 4.8 h since their last sleep episode prior to
the post nightshift drive.

Ftouni [29] assessed eye blink parameters in shift workers via
infrared oculography during their regular commute to and from
night shift across two weeks. Self-rated adverse driving events
relating to sleep, inattention and hazard were greater post night-
shift which was associated with an average of 15.8 + 3.3 h of prior
wakefulness. Eye blink parameters were also worse post-nightshift,
with eye closure metrics of %LEC and %TEC increasing three and
two-fold respectively. Blink duration as measured by BTD increased
by 15% and the JDS increased by 22%. A similar study assessed
medical physicians driving to and from six extended duration work
shifts (28.3 + 1.9 h in duration) [9]. Driving from shift was associ-
ated with a three to five-fold increase in self-reported adverse
events relating to sleep, inattention, hazard and violations, as well
as a 48% increase in JDS compared to the drive to shift. Therefore,
these measures appear highly capable of detecting drowsiness in
the real world during regular driving.

Low circadian alertness

Minimal complexity and engagement tasks

Fixation tasks. Time of day (a surrogate measure of circadian
alertness) and its impact on EOG eye blink frequency has been
assessed using fixation tasks spaced across regular waking hours
[24,25]. One study demonstrated a 45% increase in blink rate when
assessed in the evening (~20:30 h) relative to daytime, indicating
potential circadian affects [24]. Whereas another study demon-
strated no variation across sessions [25]. The inconsistent results
may be related to eye blink frequency not being a consistent
drowsiness indicator, or possibly, large differences in sample de-
mographics between the two studies.

Time of day effects on eye blink parameters measured by
infrared oculography were assessed during a fixation task in
healthy participants in the morning before work, where it was
assumed they were alert, and in the evening after work, where it
was assumed they were drowsy [38]. Compared to the morning
session, in the evening session the % of long closure duration blinks

increased 3-fold. In addition, blink duration increased by 27%,
eyelid reopening time increased by 34% and eyelid closing time
increased by 13%. Blink rate was the only parameter to show no
significant change.

Another study assessed the impact of circadian rhythm on eye
blink parameters by assessing core body temperature (CBT) via a
rectal thermometer during a 30 h extended wakefulness study [3].
Eye blink parameters were compared between low circadian
alertness (the ‘biological night’ defined as 6 h before and 2 h after
CBT minimum) and relatively high circadian alertness (average of
8 h prior to CBT maximum). During low circadian alertness, $TEC
and %LEC approximately doubled and blink duration measures of
BTD and IED increased by 39% and 23% respectively. Additionally,
the composite measure the JDS increased by 45% and the amplitude
to velocity ratio of eyelid reopening (-AVR) increased by 14%. Based
on these findings, eye blink parameters appear to approximate
circadian variations in alertness well.

High and very high complexity and engagement tasks

Simulated and on road driving studies. Time of day effects are also
observed for simulated and on road driving performance, with
night driving associated with greater lane position variability
[16—18], increased line crossings [17,19—22] and reduced speed
[16,17,19—-21]. For eye blink parameters, EOG eye blink durations
are longer during night driving [16—22] with an additional com-
pounding interaction effect of drive duration [18,20,21].

Extended wakefulness and low circadian alertness

Minimal complexity and engagement tasks

Fixation tasks. Slama [35] assessed time of day effects on video eye
blink rate during a fixation task in healthy individuals exposed to
either normal sleep (397 + 40 min) or no sleep. Eye blink rate
approximately doubled in the extended wakefulness group from
the evening to morning session, whereas there was no change in
the normal sleep group.

Moderate complexity and engagement tasks

Psychomotor Vigilance Test. Ftouni [40] assessed extended wake-
fulness and circadian effects on eye blink parameters during the
PVT. Shift workers were assessed at the beginning (20:00 h) and
end of a simulated night shift (05:55 h), where they had spent ~16 h
awake. Circadian phase was measured via a urinary metabolite of
melatonin (6-suplhatoxymelatonin — aMT6s). At end shift, partic-
ipants 3 h within the aMT6s acrophase had slower reaction times
and an ~11-fold increase in eye closure (%TEC), an approximate
doubling of the JDS and blink duration (BTD) measures, as well as
an ~25% increase in +AVR compared to the beginning of the shift. In
contrast, there was no or minimal change in eye blink parameters
for participants 3 h outside of the aMT6s acrophase, thus rein-
forcing the circadian influence on these parameters. However,
—AVR showed no effect, suggesting that it may be a less sensitive
marker of circadian influences and extended wakefulness
combined.

Summary

Blink duration and percentage of eye closure metrics were the
most frequently evaluated eye blink parameters across studies and
were shown to consistently increase irrespective of drowsiness
condition, assessment tasks or acquisition technology, suggesting
that they are robust state drowsiness measures (Table 2). The
magnitude of the increase across experimental studies was typi-
cally between 10 and 40% for blink duration and two to four-fold for
percentage of eye closure metrics. Blink duration had the advantage
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of also extensively being evaluated under low circadian alertness as
well as high complexity tasks such as real on road driving. In
contrast, percentage of eye closure metrics were mostly evaluated
in the laboratory under conditions of extended wakefulness, and
therefore during a more extreme drowsiness state. Whether per-
centage of eye closure metrics remain a good indicator of drowsi-
ness in less extreme drowsiness states remains to be assessed. The
JDS was the next most frequently studied parameter and also
consistently increased during drowsiness, while eyelid closing and
reopening speeds also showed promise. However, further work is
required to determine the effect of circadian alertness on both of
these parameters. Eye blink rate was the least consistent metric and
while it mostly increased with drowsiness, some studies showed no
change or a decrease, which may be due to a biphasic influence of
drowsiness on this parameter. Notably restricted sleep effects were
only assessed in two studies, but the direction of eye blink pa-
rameters was not clearly described for one study [27] and the other
assessed eye blink parameters while the participants were trying to
fall asleep [26] which may confound results. Thus, further studies
evaluating how sleep restriction influences these eye blink pa-
rameters are required.

Section 2 — How well do spontaneous eye blink parameters
compare to conventional drowsiness measures?

Eye blink measures have been related to existing drowsiness
measures of subjective sleepiness, neurobehavioral performance,
EEG and driving performance, validating their use for evaluation of
drowsiness.

Subjective sleepiness

The relationship between eye blink parameters and subjective
sleepiness has typically been assessed using the KSS, but also via
visual analogue scale measures of drowsiness, with correlations
generally ranging from moderate to strong [31,33,38,39], with some
minimal or null findings also observed [17,18,35]. Laboratory
studies have assessed the ability for eye blink parameters to predict
the KSS. An extended wakefulness study assessed whether eye
blink parameters derived from infrared oculography could predict
KSS levels > “some signs of sleepiness” using receiver operating
characteristic area under the curve (AUC) analysis [3]. The ability of
the predictor to detect drowsiness using AUC can be interpreted as:
.90-.99 excellent, .80-.89 good, .70-.79 fair, .60-.69 poor and .59 or
less fail [51]. JDS was shown to be a good predictor (AUC = .80), eye
closure metrics fair (AUC = .76-.77), blink duration metrics poor to
fair (AUC = .68-.71), and eyelid reopening speed poor (AUC = .68)
[3]. Another laboratory study modelled the relationship between
PERCLOS and KSS, but found no relationship (p = .32), although
measurement was made using the aforementioned Co-Pilot device
which had a low sampling rate [32]. An on road driving study
supported the ability for eye blink parameters to approximate
subjective sleepiness, as EOG blink duration while driving was a
significant predictor of reported KSS while driving (regression
slope = 0.006 and standard error = 0.000) [16].

Neurobehavioral performance

Psychomotor vigilance test

Numerous studies have shown that eye blink parameters
moderately to strongly correlate with PVT lapses and reaction times
[31,33,39,49,50]. Following extended wakefulness PERCLOS was
demonstrated to be a strong predictor of lapses (r = .68) [32]. A
similar metric ¥TEC was shown to be good at detecting >8 PVT
lapses (AUC = 0.87) following extended wakefulness, which was

equivalent to the number of lapses that occurred in the same par-
ticipants at a blood alcohol content of 0.05% [31]. Other extended
wakefulness studies assessed the ability for eye blink parameters
measured via infrared oculography to detect a 50% and 75% in-
crease in PVT lapses [3,39]. Eye blink parameters of ]JDS, BTD, %TEC
and eyelid opening/closing speeds had poor to good detection
ability, with ]DS the best in one study (AUC =.74) 3], and +AVR the
best in another (AUC = .82) [39]. For the latter study, +AVR was a
better predictor of lapses than the KSS [39], suggesting a potential
advantage of these metrics over conventional subjective drowsi-
ness measures.

Oxford sleepiness resistance test

The Oxford sleepiness resistance test (OSLER) requires partici-
pants to continuously respond to stimuli presented at 3s intervals
for 40 min [52]. For detecting at least one 1 OSLER lapse per minute
following sleep restriction PERCLOS was good (AUC = .85), blink
frequency fair (AUC =.79) and blink duration poor (AUC = .65) [28].
In contrast, a similar study found that blink duration best detected
>4 consecutive OSLER lapses (AUC = .82), while eye closure met-
rics, the JDS, and eyelid closing/reopening speeds ranged between
fail to fair (AUC = .58-.74) [41]. Differences in eye blink duration
detection abilities between these studies may be related to differ-
ences in acquisition technology as the first utilised EOG and the
latter infrared oculography, as well as differences in detection of
different levels of drowsiness impairment (e.g., >1 lapse vs. >4).

Electroencephalogram

Few studies demonstrated moderate to strong correlations be-
tween eye blink parameters and EEG power spectra or EEG signs of
sleepiness [13,17,39,50]. Eye blink parameters lag behind EEG po-
wer spectra by ~1 h [39]. However, the extent to which this cor-
responds to EEG-defined microsleeps is unknown.

Driving performance

Simulated driving

Moderate to strong correlations have been identified between
eye blink metrics and simulated driving measures of lane position,
speed, crash occurrence and reaction times [31,33,44]. On simu-
lated driving tasks PERCLOS has been shown to predict lateral po-
sition (r =.61), but not speed, braking reaction time or crashes [32].
In addition, JDS has fair ability (AUC = .76) for predicting off-road
events following extended wakefulness [44]. These findings sug-
gest that eye blink parameters have the potential to detect driving
performance impairment secondary to drowsiness.

On road driving

During on road closed track driving video measured blink rate
and blink duration were significant but poor predictors of lane
departure (AUC = .66 and .63 respectively) [34]. Liang [45] utilised
data from Lee [37] and demonstrated that the addition of infrared
oculography parameters of eye closure, eyelid closing/reopening
speed and the ]JDS, significantly improved a lane crossing prediction
model changing the detection ability from fair (AUC = .72 — with
subjects factors only) to between good to excellent (AUC = .84-.90).
A similar improvement was observed when eye blink parameters
were added to an EEG micro-sleep prediction model (AUC = .81 —
with subjects factors only, to AUC = .84-.94 when eye blink pa-
rameters were added) but the difference did not reach significance
[45].

During real on road driving, EOG blink duration has been shown
to predict lateral lane position (slope = —0.060 and standard
error = 0.008) [16] as well as lane departures [22]. A study that
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assessed regular commuting in shift workers across two weeks
found that eye blink parameters recorded via infrared oculography
had the highest adjusted odd-ratios for self-reported sleep events
(blink duration OR = 5.35) and inattention events (JDS <4.5 vs > 4.5
OR = 4.58) [29]. For self-reported hazard and violation events, KSS
and time awake were significant predictors but eye blink parame-
ters were not. This suggests that eye blink parameters may be
better at identifying driving impairments specific to sleep, rather
than driving impairment in general.

Summary

Eye blink parameters moderately to strongly correlated with
conventional drowsiness measures in most publications. Table 3
summarises the findings of studies that assessed the ability of eye
blink parameters to predict conventional drowsiness measures. The
parameters of blink duration, percentage of eye closure and com-
posite JDS were most thoroughly studied and were shown to
consistently relate to and predict neurobehavioral task performance
and subjective sleepiness with an AUC accuracy that was mostly fair to
good. DS and percentage of eye closure also showed promise for
predicting simulated driving but were each assessed in a single study
only. Blink duration was evaluated in several on road driving studies
and predicted driving impairment in a majority, suggesting it is a
promising in-field assessment tool. For eye blink frequency and eyelid
closing/opening speed, a few studies showed potential predictive
ability, but further validation work is required before they could be
considered a reliable drowsiness measure. A limitation of the studies
listed in Table 3, is that for those studies that utilised AUC to assess
detection accuracy (as indicated by * symbols), all but one were
conducted in controlled laboratory environments. Therefore further
work is required to determine whether detection accuracy is similar
during uncontrolled naturalistic driving or operational settings where
other extraneous factors are present. Additionally, variation in
detection accuracy within Table 3 may be attributed to acquisition

Table 3

technology. Therefore further work should assess different acquisi-
tion technologies simultaneously to determine whether they result in
different accuracies and if so, which is best for drowsiness detection.

Section 3 — How useful are eye blink parameters for detecting
state drowsiness in obstructive sleep apnoea patients?

OSA is a common sleep-breathing disorder that affects ~10% of
adults [53]. OSA is characterised by repeated upper airway
collapse during sleep. Consequences include sleep fragmentation,
intermittent hypoxia, excessive daytime sleepiness and neuro-
cognitive impairment [54]. OSA is associated with a two to three-
fold increase in motor vehicle accident risk [55], but not all OSA
patients are affected by sleepiness [56] and there is no simple
objective method of identifying affected individuals. The main-
tenance of wakefulness test (MWT) is an objective sleepiness
measure [57] recommended for fitness to drive assessment [58],
but the task does not replicate the driving scenario. Limited
studies have demonstrated that MWT has a weak to moderate
relationship with driving impairment [59—61]. Because of cost
MWT is typically restricted to severe patients or those in high risk
occupations. Measuring eye blink parameters presents an alter-
native option for fitness to drive assessment in OSA. An advantage
of eye blink based drowsiness monitoring is the ability to
continuously assess drowsiness during regular driving over days,
weeks or months, enabling assessment during increased risk
scenarios such as extended or evening driving. An additional
benefit is the capability for automated analysis, which may reduce
cost relative to the MWT, which requires specialised manual
analysis. However, to date, only a few studies have evaluated eye
blink measures of drowsiness in OSA and their ability to predict
real world crash risk has not been assessed.

One study demonstrated that eye blink parameters may be as
useful as MWT for detecting sleepiness and treatment response in
OSA patients. Relative to healthy controls, OSA patients had longer

Summary table of studies that have assessed the ability of eye blink parameters to predict existing drowsiness measures of subjective sleepiness, neurobehavioral performance,
EEG, simulated driving and on road driving. X/X denotes the number of studies in which eye blink parameters successfully predicted existing drowsiness measures.

Subjective Sleepiness PVT and OSLER

EEG Simulated Driving On road Driving Total

Blink Duration 2/2
Anderson C et al., 2013 [3] ***

Sandberg D et al., 2011 [16] S

4/4
Abe T et al,, 2011 [28] **

Anderson C et al., 2013 [3] **
Ftouni S et al., 2013 [39] ***

0/0 0/0 3/4
Ftouni S et al., 2013 [29] S
Hallvig D et al., 2014 [22] S

Sandberg D et al., 2011 [16] S

9/10

Percentage of Eye Closure 1/2

Eye blink Frequency

Anderson C et al,, 2013 [3] ***
Jackson ML et al., 2016 [32] NS

0/0

Eyelid closing/reopening 1/1

speed

Composite JDS

Total

Anderson C et al., 2013 [3] **

1/1
Anderson C et al.,, 2013 [3] ****

5/6

Wilkinson VE et al., 2013 [41] ****
6/6

Abe T et al., 2011 [28] ****
Anderson C et al., 2013 [3] ***
Ftouni S et al., 2013 [39] **
Jackson ML et al., 2016 [31] ****
Jackson ML et al., 2016 [32] S
Wilkinson VE et al., 2013 [41] **

0/0 1/1
Jackson ML et al., 2016 [32] S

Shiferaw BA et al., 2018 [34] **
11 9/10
Ftouni S et al., 2013 [29] S

11 0/0 0/0 11 2/2
Abe T et al., 2011 [28] *** Shiferaw BA et al., 2018 [34] **

3/3 0/0 0/0 0/0 4/4
Anderson C et al., 2013 [3] **

Ftouni S et al., 2013 [39] ****

Wilkinson VE et al., 2013 [41] ***

3/3 0/0 1/1 11 6/6

Anderson C et al.,, 2013 [3] ***
Ftouni S et al., 2013 [39] ***
Wilkinson VE et al., 2013 [41] ***
1717

Johns MW et al., 2008 [44] *** Ftouni S et al.,, 2013 [29] S

0/0 22

6/7

Note only studies that reported significance values or area under the curve (AUC) values are reported. For studies that reported AUC ***** denotes excellent accuracy .99-.90,

RS

good accuracy .89-.80, *** fair accuracy .79-.70, ** poor accuracy .69-.60 and * fail .59 or less. When studies measured multiple parameters for the same eye blink category

the best AUC was indicated in the table. For studies that did not report AUC, S denotes a significant predictor and NS a non-significant predictor. PVT — Psychomotor vigilance

test, OSLER — Oxford sleepiness resistance test and EEG-electroencephalogram.
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eye blink durations measured via video during real on road driving
and shorter sleep latencies on the MWT indicating greater
sleepiness [36]. However, following nine weeks of continuous
positive airway treatment (CPAP), blink duration and MWT la-
tencies were no longer different from controls. There is also indi-
cation that eye blink parameters may distinguish between OSA
patients with and without sleepiness [42]. For OSA patients who
reported excessive daytime sleepiness, a single night of CPAP
reduced infrared oculography blink duration by 13%, eyelid
reopening time by 17% and increased blink frequency by 29%. In
contrast, for OSA patients who did no report excessive daytime
sleepiness there was no improvement in eye blink parameters
following treatment. Another study suggested that eye blink pa-
rameters could predict driving impairment in OSA, as EOG long
closures (>2 s) had an OR of 7.2 for detecting at least one crash
event in OSA patients assessed on a driving simulator following
restricted sleep (4 h TIB) [62]. More recently it was demonstrated
that infrared oculography eye blink parameters measured during
simple laboratory tasks could distinguish between OSA patients
and healthy controls [43]. —AVR was consistently greater in OSA
patients regardless of the assessment tasks which comprised a
driving simulation (high complexity), PVT (moderate complexity)
and OSLER (minimal complexity). Blink duration was a useful
discriminator during the PVT and OSLER and %LEC only during the
OSLER. This highlights the potential for these measures to be uti-
lised in the laboratory with -AVR likely to be sensitive irrespective
of task complexity. However, further work needs to be done, to
determine whether these measures actually link to sleepiness
related on road driving impairment in this patient population.

Summary

Limited studies have demonstrated that eye blink measures
are able to distinguish between OSA patients and healthy con-
trols, identify OSA patients affected by drowsiness and evaluate
OSA treatment response. Fitness to drive assessment in OSA is
challenging given current recommended laboratory assessments
(MWT) are expensive and not strongly related to crash risk. Eye
blink parameters measured while driving provide the opportu-
nity to assess drowsiness in field. Propriety devices that are
suitable for extended monitoring during driving and provide
automated analysis could be used for this purpose. However,
whether eye blink measures provide a better measure of
drowsiness than the MWT remains to be assessed. Given device
cut-off scores have been established in relation to sleep deprived
healthy individuals [47], cut-off scores related to driving
impairment in an OSA population will need to be established.
However, compliance may be a potential caveat of these devices,
as patients may choose not to drive if they are drowsy and know
they are being monitored.

Discussion

This review demonstrated that irrespective of whether drows-
iness impairment was due to extended wakefulness or reduced
circadian alertness, eye blink parameters consistently changed in a
predictable direction. These results were similar across both labo-
ratory and field settings as well as different assessment tasks
irrespective of degree of engagement and complexity. Eye blink
parameters were shown to be associated with, and predictive of
conventional drowsiness measures. These findings support the use
of eye blink parameters for drowsiness monitoring in operational
settings such as the transport and mining industry, where they
provide an advantage over conventional drowsiness measures. In
these sectors, these technologies could also be used to evaluate the

impact of other interventions, such as scheduling changes. Another
potential application of eye blink parameters is clinical drowsiness
assessment during regular driving in OSA. However, further
research is required to determine if this would improve detection
capability beyond the currently recommended fitness to drive
measures.

Blink duration and percentage of eye closure metrics were the
most frequently assessed eye blink parameters and the most
consistent for drowsiness detection. These parameters predicted
conventional drowsiness outcomes with an accuracy that typically
ranged from fair to good (see Table 3). Blink duration is recom-
mended for operational drowsiness assessment because it was
extensively evaluated across both laboratory and field settings and
conditions of extended wakefulness and low circadian alertness.
Blink rate was the least reliable metric and is not recommended for
operational drowsiness assessment. Eyelid closing/reopening
speed and composite measures showed promise but require further
evaluation before being considered useful indicators of drowsiness.

The few studies that assessed OSA, showed that eye blink pa-
rameters distinguished between individuals with and without OSA
[36,43], OSA patients with and without excessive daytime sleepi-
ness [42] and OSA patients with and without treatment [36].
Therefore, eye blink parameters have the potential to be used as a
clinical tool to identify OSA patients at risk of drowsiness impair-
ment and to assess their treatment response. Existing fitness to
drive assessments are reliant on self-report or involve complex
laboratory tasks that bear little resemblance to actual driving
behaviour and have limited relationship to crash risk [61]. The
advantage of propriety eye blink drowsiness monitoring devices is
that they can be used during regular on road driving, over an
extended time period and have automated analysis with easy to
interpret output. And, while they would not be required in the case
where a patient self-reports drowsiness and related near-accidents
while driving, they may assist clinicians in cases where OSA is
moderate to severe, but the patient does not report drowsiness
symptoms and objective assessment is warranted to determine
fitness to drive. However, before eye blink parameters can be uti-
lised as a drowsiness assessment tool in OSA, further work is
required to determine whether they are capable of detecting real
world driving impairment relating to drowsiness, and how they
compare to the existing clinical drowsiness assessment tools.

While eye blink measures show great promise for drowsiness
assessment they do have some limitations which include the
inability to accurately monitor drowsiness when the user is
moving, the need for the technology to be worn or be in a fixed
position, and the potential requirement for individual calibration.
Therefore, improvements in technology are required to enable
accurate and reliable drowsiness monitoring across a range of
different user scenarios, as well as to maximise user compliance
and acceptability.

Despite their limitations eye blink parameters should be utilised
when they can provide a practical advantage over conventional
drowsiness metrics. For instance, eye blink drowsiness monitoring
is a suitable tool to assist in fatigue management in the transport
industry where drowsiness risk is high due to long hours, shift-
work and the repetitive work nature. In this scenario, using a
subjective measure may not be a reliable indicator of drowsiness
and use of a neurobehavioral assessment such as the PVT would be
disruptive to regular duties. In contrast, using eye blink monitoring
devices that are worn or installed in cabin could provide a relatively
non-invasive, objective continuous measure that enables real-time
feedback on drowsiness state. These devices are already being tri-
alled by some companies within the transport industry [46], with
preliminary evidence suggesting that device feedback does indeed
modify alertness levels and improve driver performance [46,63].
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However, it unknown yet as to whether the improvements are long
lasting. Additionally, it is not clear whether improvements to
alertness are a result of the device warnings themselves or via in-
direct behavioural changes as a result of being monitored (e.g.,
increasing sleep or using caffeine, etc.). However, regardless of the
mechanism, these preliminary findings indicate a positive impact
of these devices on alertness levels.

In summary, eye blink measures of drowsiness show promise as
a tool that can be used for continuous drowsiness state assessment
in both operational and clinical settings when they provide an
advantage over existing measures. However further validation
work in larger samples is required, particularly to understand in-
dividual variability in these parameters which has only received
minimal attention to date [64,65] and how they vary in relation to
standard population demographics such age and gender. Addi-
tionally, given the vast array of technologies (video, infrared and
EOG), future work needs to directly compare these measures to
determine which of these are most effective and practical for use in
respective operational and clinical environments.

Practice Points

1. Eye blink parameters consistently change in a predict-
able direction in association with drowsiness induced by
conditions of extended wakefulness and low circadian
alertness.

2. Eye blink parameters moderately to strongly correlate
with performance on conventional state measures of
drowsiness and are capable of predicting outcomes on
these measures with fair to good accuracy.

3. Eye blink parameters distinguish between individuals
with and without sleep apnoea, sleep apnoea patients
with and without excessive daytime sleepiness as well as
treated and untreated sleep apnoea patients.

Research Agenda

1. To further validate eye blink parameters as a drowsiness
assessment tool, studies need to assess larger sample
sizes and an older age range. In addition, interindividual
differences in these parameters need to be better
understood.

2. Eye blink parameters as a drowsiness indicator should be
further assessed in operational settings and the influence
of feedback from such measures on behaviour and
alertness levels should be examined.

3. Eye blink parameters should be investigated as a po-
tential clinical tool to identify sleep apnoea patients at
risk of drowsiness related driving impairment.
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