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Abstract

Purpose

The mechanisms underlying the elevated crash rates of older drivers with glaucoma are
poorly understood. A key driving skill is timely detection of hazards; however, the hazard
detection ability of drivers with glaucoma has been largely unexplored. This study assessed
the eye movement patterns and visual predictors of performance on a laboratory-based haz-
ard detection task in older drivers with glaucoma.

Methods

Participants included 30 older drivers with glaucoma (7117 years; average better-eye mean
deviation (MD) = -3.1+3.2 dB; average worse-eye MD =-11.946.2 dB) and 25 age-matched
controls (7247 years). Visual acuity, contrast sensitivity, visual fields, useful field of view
(UFoV; processing speeds), and motion sensitivity were assessed. Participants completed
a computerised Hazard Perception Test (HPT) while their eye movements were recorded
using a desk-mounted Tobii TX300 eye-tracking system. The HPT comprises a series of
real-world traffic videos recorded from the driver’s perspective; participants responded to
road hazards appearing in the videos, and hazard response times were determined.

Results

Participants with glaucoma exhibited an average of 0.42 seconds delay in hazard response
time (p = 0.001), smaller saccades (p = 0.010), and delayed first fixation on hazards
(p<0.001) compared to controls. Importantly, larger saccades were associated with faster
hazard responses in the glaucoma group (p = 0.004), but not in the control group (p =0.19).
Across both groups, significant visual predictors of hazard response times included motion
sensitivity, UFoV, and worse-eye MD (p<0.05).

Conclusions

Older drivers with glaucoma had delayed hazard response times compared to controls, with
associated changes in eye movement patterns. The association between larger saccades
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and faster hazard response time in the glaucoma group may represent a compensatory
behaviour to facilitate improved performance.

Introduction

Visual impairment from glaucoma can significantly impact on older adults’ ability to perform
daily activities [1], with many patients reporting difficulty with reading, walking, and adapting
to sudden changes in lighting [2]. Driving is particularly problematic among those glaucoma
patients who still perform this activity [2, 3]. Indeed, older drivers with glaucoma have been
reported to have poorer driving performance than controls under open-road conditions

[4, 5] and in driving simulators [6, 7]. Studies have also reported that their five-year state-
recorded [8] and self-reported [9] crash rates are up to 65% higher than their visually-normal
counterparts.

Despite these reports of elevated crash rates of older drivers with glaucoma, little is known
about the mechanisms underlying these associations. For example, while some studies have
shown that increased severity of glaucomatous visual field loss is linked with elevated state-
recorded [8, 10, 11] and self-reported [9, 12] crash rates, as well as poorer open-road driving
performance [13], another failed to find a significant association between the extent of glauco-
matous binocular field loss and on-road driving performance [14]. Indeed, in the latter study
[14], alterations in oculomotor behaviour, particularly through increased glances towards
areas of visual field loss, were found to be associated with better driving ability and safety
among drivers with glaucoma. This suggests that there are other factors, such as eye movement
patterns, that may be linked with driving ability in this population of drivers; however, these
factors are not currently well understood.

A key aspect of driving performance and safety is hazard detection, where efficient detec-
tion allows drivers to make timely evasive manoeuvres to avoid traffic crashes. In spite of the
importance of hazard detection and the elevated crash rates of older drivers with glaucoma,
the hazard detection ability of this group of drivers has not yet been fully evaluated. However,
there have been implicit suggestions that older drivers with glaucoma have reduced hazard
detection ability. For example, in a computer-based hazard detection study, Crabb et al. [15]
reported case examples of drivers with glaucoma who failed to detect traffic hazards appearing
in areas of their binocular visual field loss. However, the authors did not report the frequency
of these occurrences, and no statistical analyses were conducted on their hazard detection per-
formance [15]. The suggestion of reduced hazard detection performance in glaucoma is sup-
ported by a small on-road study of 20 older drivers with glaucoma [16], which reported that
the predominant reason for a driving instructor intervention in the driving assessment was
failure to see and give way to pedestrians. However, assessment of drivers’ hazard detection
ability is challenging during in-traffic assessments, given that the number and nature of haz-
ards encountered will vary between participants due to inherent differences in traffic condi-
tions. As such, there is an important gap in the literature regarding the hazard detection ability
of older drivers with glaucoma.

Exploring the eye movement patterns of older drivers with glaucoma while performing
driving-related tasks can provide information regarding their road scanning behaviour and
visual attention towards potential hazards, as well as offer important insights into their hazard
detection ability. Additionally, Kasneci et al. [14] suggested that eye movement behaviour
could be an important factor associated with driving ability and safety among those with
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glaucoma. However, while eye movement studies have been conducted on adults with glau-
coma while performing various daily activities, including reading [17, 18], watching television
[19], face recognition [20], and other types of visual search tasks [21-24], few have been con-
ducted for driving-related tasks [14, 15, 25]. Furthermore, these eye movement and driving
studies among older drivers with glaucoma have often been limited by relatively small sample
sizes, and the findings have been conflicting and inconclusive. For instance, older drivers with
glaucoma have been observed to make more fixations and saccades per second relative to visu-
ally-normal controls in a driving simulator [25] and a laboratory-based hazard perception
study [15]. Crabb et al. [15] suggested that the increased saccades per second adopted by those
with glaucoma may compensate for their visual field defects, although it is unclear how these
changes in eye movement patterns may be of benefit. Other studies involving older drivers
with glaucoma have suggested that making larger saccades and glances towards the areas of
visual field defects may improve simulator [25] and on-road driving performance [14], as well
as benefit other non-driving tasks, such as face recognition [20] and visual search activities
[21]. However, another driving simulator study [26] and a visual search experiment [22]
found no significant difference in eye movement patterns between glaucoma and control
participants, or any evidence of compensatory eye movement behaviours among those with
glaucoma.

The aim of this study was to assess the laboratory-based hazard detection ability and associ-
ated eye movement patterns of older drivers with glaucoma, in comparison to controls. It was
hypothesised that the older drivers with glaucoma would exhibit reduced hazard detection
ability compared to age-matched controls, as reflected by delayed hazard response time and
delayed first fixations on hazards. Additionally, it was expected that larger saccades would be
linked with better laborarory-based hazard detection performance in the glaucoma group,
given a previous report of a possible link between saccade amplitude and driving simulator
performance [25]. This study also investigated the association between hazard detection ability
and various measures of vision function, given that this relationship has not been previously
explored.

Methods
Participants

Thirty older drivers with glaucoma (age 71 + 7 years; 40% males) and 25 age-matched controls
(72 £ 7 years; 41% males) were recruited from the Queensland University of Technology
Optometry clinic and the laboratory’s existing database of participants. Participants with glau-
coma had been diagnosed by an ophthalmologist, and were either using topical glaucoma
medications or had undergone surgical or laser treatment, and had a worse-eye visual field
mean deviation (MD) of <—4 decibels (dB) [16] as measured on the Humphrey Field Analyzer
(HFA) 24-2 SITA-Standard program. Control participants were free of any ocular anomalies
that might affect driving performance, as determined by the Optometry clinic records and an
ocular health screening conducted prior to testing, which included slit lamp biomicroscopy
and funduscopy. All participants were also free of any significant systemic conditions (self-
reported) that may affect driving performance, such as heart disease and stroke [27]. Partici-
pants with cognitive impairments were also excluded, based on a score of < 24 on the Mini-
Mental State Examination, which is a commonly-used screening tool of cognitive status [28].
All participants were given a full explanation of the nature of the study, and read and signed an
informed consent form prior to participation. The study adhered to the tenets of the Declara-
tion of Helsinki and was approved by the University’s Human Research Ethics Committee.
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Questionnaire and visual function assessment

Participants completed a self-administered questionnaire [29] that obtained information on
their driving exposure, mileage, and crash history. Habitual binocular driving visual acuity
(VA) was measured using a logMAR chart at a 4 metres (m) viewing distance, with a lumi-
nance of 100 candela per square metre (cd/m?), and scored letter-by-letter [30]. Binocular con-
trast sensitivity was measured using the Pelli-Robson contrast sensitivity chart at 1 m with a
luminance of 110 cd/m?, and scored letter-by-letter [31]. Visual fields were assessed monocu-
larly on the HFA (model 750, Carl Zeiss-Meditec, Dublin, CA, USA) using the SITA-Standard
24-2 threshold program. One glaucoma participant had only light-perception in the worse-eye
from glaucomatous damage, visual fields were thus not testable for that eye; worse-eye MD
was substituted with a value of —30 dB [32] for analytical purposes. The right and left monocu-
lar fields were used to generate an integrated visual field (IVF) for each participant, where the
higher total deviation (more positive) value of the two eyes for each of the 52 corresponding
field locations was used, excluding the two most nasal points [33]. The mean total deviation
value of all the corresponding points was taken as the MD value for the IVF [33]. Binocular
fields were additionally evaluated with the binocular Esterman test [34].

The commercially available version of the Useful Field of View (UFoV™; version 6.0.8,
Visual Awareness Research Group, Punta Gorda, FL) was used to measure visual processing
speeds for central vision, divided attention, and selective attention (subtests 1-3) [35]. Central
motion sensitivity was measured using random-dot kinematograms (RDK) and drifting
Gabor patches [36]. For RDK motion sensitivity, a central square patch of the dots moved in
one of four directions (up, down, left, right), and participants verbally reported which direc-
tion the central dots were perceived to be moving. Gabor motion sensitivity was measured
using a patch of vertical sinusoidal gratings, which drifted along the horizontal plane, and par-
ticipants verbally reported whether the patch appeared to be drifting towards the left or the
right. The computer-based stimuli for both motion tests were presented at a viewing distance
of 3 m, with participants wearing their habitual driving optical correction. The threshold val-
ues for the dot and Gabor motion sensitivities were the minimum displacement threshold (log
degree arc) and minimum drift rate (hertz [Hz]) respectively.

Hazard Perception Test (HPT)

The HPT is a laboratory-based assessment used in driving research to evaluate hazard percep-
tion ability [15, 37-40]. The test is similar to that used in Australia and the UK for an open
driver license [41-44], and poor performance on the test has been linked to elevated self-
reported crash rates among older drivers [37]. The HPT comprises a series of video clips of
real-world driving scenes recorded through the windshield from a driver’s perspective. Partici-
pants were instructed to view these scenes as though they were the driver, and indicate the
presence of any traffic hazard by clicking on the road user involved with the computer mouse.
A traffic hazard was defined as “any situation where your vehicle is on course to hit another
road user, and you need to slow down, brake, or change course to avoid a crash”. Each video
clip contained one primary hazard, with two or fewer secondary hazards; only responses to the
primary hazard were analysed. Hazards consisted of vehicles presented in a variety of hazard-
ous situations (e.g. merging, changing lanes, pulling out from a side road), pedestrians, and
cyclists.

Each participant viewed 20 video clips of 9-25 seconds (s) in duration (mean 15.5 + 4.6 s)
presented at 30 frames per second. The scenes subtended a visual angle of 33.9°x14.8" ata
viewing distance of 64 centimetres (cm). Participants wore a trial frame with lenses which cor-
rected for the working distance and their habitual driving correction. The primary outcome
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measure of the HPT was the hazard response time, measured from the start of the video clip to
the moment when the hazard was clicked. As the time point that a road user appears and
becomes apparent as a hazard varied across the video clips, for analytical purpose, the raw
response times were converted to z-scores according to each video clip relative to the whole
sample. Where participants failed to respond to a hazard, the response was substituted with a
z-score of +2.0 [40, 45]. The z-scores were later converted back into hazard response times (s)
using the means and standard deviations (SD) of responses from all participants and video
clips [37, 40, 45] to aid in the interpretation and reporting of the results. A secondary measure
was the number of hazards detected.

Eye-tracking

While participants performed the HPT, their eye movements were recorded by a Tobii TX300
eye-tracker (Tobii Technology, Danderyd, Sweden), which is a remote infrared system that
samples at 300 Hz with an accuracy of 0.3-0.6° [46]. Head movements were not restricted,
which allowed natural head movements and minimized participant discomfort. Prior to test-
ing, an in-built five-point calibration procedure was performed. Eye movement measures
included the time to first fixation on each hazard, fixation time on each hazard before
response, number of fixations per second, average fixation duration, average saccade ampli-
tude, and the variance in fixation positions along the horizontal and vertical planes [40]. Fixa-
tions were defined as static eye movements with gaze positions remaining within 1.6° of visual
angle for at least 100 milliseconds (ms) [40, 47, 48], while saccades were defined as the eye
movements between two successive fixations. Since the time of hazard appearance varied
across the videos, as per hazard response time, the time to the first fixation on each hazard was
converted into z-scores for analysis, then converted back into a measure of time for reporting
purposes [40].

Video clip recordings with poor eye-tracking data (>50% of data missing) were excluded
from the analyses, consistent with similar eye-tracking studies [15, 40, 48]. Based on this
criteria, 6.1% of the 1100 video clips were excluded; the remaining had a mean of 87.6% (SD:
10.8%) of eye movement data included in the analyses, and each participant had on average
18.8 video clips (SD: 2.3) out of 20 to analyse.

Statistical analysis

Statistical analyses were performed using SPSS version 21.0 (SPSS, Chicago, IL), with the level
of significance set at p<0.05. Group differences in driving and vision function characteristics
were analysed with Independent Sample t-tests. The main effects of group (glaucoma vs. con-
trols) on HPT performance and eye movement measures were examined with linear mixed-
effects models to account for missing data, with maximum likelihood estimation and random
intercepts for participants [49]. Linear mixed-effects models were compared using several
covariance structures. The best fit for each variable was used, as determined by the Akaike’s
Information Criteria, which provides an estimation of the goodness-of-fit of the model [49].
To explore the main effects of eye movements on hazard response time, each eye movement
measure was included as a covariate in separate models, and its interaction effect with group
was examined. Where interaction effects were significant, the simple effects were examined.

To explore for potential visual predictors of hazard response time, each vision measure was
entered as a predictor for hazard response time in separate models, which also corrected for
age as a possible confounder. Given that this was an exploratory study, adjustments were not
made for multiple comparisons.
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Table 1. Driving characteristics of study sample.

Driving experience (years)
Days driven per week
Weekly mileage (km)

Number of drivers with a history of one or more crashes (n, %)

¢ In last 12 months
*Inlast5 years

Controls (n = 25) Glaucoma (n = 30) p-value
51.2+9.4 52.8+7.2 0.46
5.0£2.0 53+1.9 0.59

127.1+£124.9 295.1 £630.7 0.20
1(4.0%) 2 (6.5%) 0.69
8 (32.0%) 8 (25.8%) 0.61

Continuous variables presented as mean + SD. *p < 0.05; **p < 0.01.

https://doi.org/10.1371/journal.pone.0178876.t001

Results

As shown in Table 1, there was no group difference in self-reported driving characteristics,
including years of driving experience, the number of days driven per week, weekly mileage,
and crash-involvement (p > 0.05).

Of the vision measures, the glaucoma group had significantly worse binocular contrast sen-
sitivity, visual fields, UFoV, and motion sensitivity on all measures compared to the controls
(p < 0.05; Table 2).

The glaucoma group exhibited an average of 0.42 s delay in hazard response time compared
to the controls (F; s5 = 13.4, 95% confidence interval [CI] = 0.22-0.76 s, p = 0.001) (Fig 1 and
Table 3), although the number of hazards detected did not differ significantly between groups.
For the eye movements, the glaucoma group had an average of 0.30 s delay in first fixation on
the hazards (F; 45 = 22.4, p < 0.001) and a 0.35° reduction in saccade amplitudes (F; 55 = 7.1,

p = 0.010) compared to controls (Table 3). There was no other significant main effect of group
on eye movement measures.

Table 2. Visual function measures of study sample.

https://doi.org/10.1371/journal.pone.0178876.t1002

Controls (n = 25) Glaucoma (n = 30) p-value
Binocular habitual driving VA (logMAR) -0.08 £ 0.07 -0.04+£0.10 0.18
Binocular contrast sensitivity (logCS) 1.94£0.02 1.78£0.23 <0.001**
Visual fields
* Better-eye MD (dB) -0.25+1.17 -3.14+3.24 <0.001*
* Worse-eye MD (dB) -0.87+1.15 -11.89+6.17 <0.001**
* Integrated visual fields MD (dB) 0.43+1.48 -2.71£2.59 <0.001**
* Binocular Esterman efficacy score (max 100) 99.2+1.6 96.1+5.2 0.004**
UFoV (Processing speeds; ms)
* Subtest 1: Central processing 17.6+3.5 33.6+41.2 0.044*
* Subtest 2: Divided attention 71.8+67.4 160.7 + 128.6 0.002**
* Subtest 3: Selective attention 251.2+69.9 350.2+151.0 0.003**
Motion sensitivity
* RDK motion (log degree arc) -1.96+0.13 -0.77+0.27 0.002**
* Drifting Gabor (Hz) 0.08 £0.05 0.12+0.09 0.022*
Continuous variables presented as mean + SD.
*p < 0.05;
**p <0.01-
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Fig 1. Hazard response times of the control and glaucoma group.

https://doi.org/10.1371/journal.pone.0178876.g001

Table 3. Performance and eye movement measures of the two participant groups.

Controls Glaucoma p-value
Hazard response time (s) 8.9+0.9 9.3£0.9 0.001**
Number of hazards detected (out of 20) 18.4+2.7 18.0+2.4 0.32
Time to first fixation on hazard (s) 6.3+0.8 6.6+1.0 <0.001**
Fixation time on hazard before response (s) 0.18+0.13 0.20+0.15 0.20
Number of fixations per second 1.71+£0.62 1.86+0.61 0.14
Average fixation duration (s) 0.67 +0.38 0.60+0.29 0.23
Average saccade amplitude (*) 44+1.4 41+1.3 0.010*
Horizontal search variance (") 80.5+10.5 79.3+11.6 0.18
Vertical search variance (°) 32.6+20.7 36.2+20.8 0.07

Presented as mean = SD.
*p <0.05;
**p<0.01-

https://doi.org/10.1371/journal.pone.0178876.t003

PLOS ONE | https://doi.org/10.1371/journal.pone.0178876 June 1, 2017


https://doi.org/10.1371/journal.pone.0178876.g001
https://doi.org/10.1371/journal.pone.0178876.t003
https://doi.org/10.1371/journal.pone.0178876

@° PLOS | ONE

Eye movement patterns and hazard detection in glaucoma

Poorer motion Poorer visual Delayed
11.01 sensitivity 11.01 fields
—_— — response

~.10.51 10.51
0 .
[}
£ 10.0] . 10.01
o * '
g
g 9.51 9.51.
(%]
2
T 90 9.01
I
N . .
T

8.51 8.51 ’ "2+ || Faster

. . * || response
8.0+ 8.0+
0.0 0.1 0.2 0.3 -30 -20 -10 0
Gabor motion Worse-eye MD (dB)

sensitivity (Hz)
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There were some significant associations between eye movements and hazard response
times. For all participants, faster hazard response times were associated with faster first
fixations on hazards (F; 999 = 64.5, p < 0.001) and shorter fixation time on hazards before
responding (F 975 = 34.6, p < 0.001). While there was no main effect of saccade amplitude on
hazard response time, there was a group x saccade amplitude interaction effect (F; 003 = 9.0,
p = 0.003). Simple effects analysis indicated that a 1° increase in saccade amplitude was associ-
ated with a 0.90 s faster hazard response times in the glaucoma group (F; 546 = 8.4, p = 0.004);
however, no such relationship was found among the controls (F; 463 = 1.7, p = 0.19). To ensure
that this association was not driven by any vision measures which may influence both the sac-
cade amplitudes and hazard response time, additional analyses for the interaction and simple
effects were conducted to correct for visual field sensitivity, UFoV, and motion sensitivity in
separate models (as these were potential vision predictors of hazard response time). Even after
adjustment for the vision measures, the association between saccade amplitude and hazard
response time in the glaucoma group remained significant. There was no other main effect of
eye movement or interaction effect with group on hazard response time.

In age-adjusted analyses exploring the visual predictors of hazard response time for all par-
ticipants, delayed hazard response time was most strongly associated with reduced Gabor
motion sensitivity (F; 53 = 13.8, p < 0.001; Fig 2). Other significant predictors of hazard
response times included worse-eye MD (F, 55 = 6.1, p = 0.017; Fig 2), UFoV divided and selec-
tive attention (F; 53 = 9.8, p = 0.003 and F; 54 = 5.2, p = 0.027 respectively), and RDK motion
sensitivity (Fy 53 = 9.2, p = 0.004). There were no other significant vision predictors of hazard
response time.

Discussion

This study demonstrated that older drivers with glaucoma have more delayed responses and
first fixations on traffic hazards, as assessed on the HPT, compared to age-matched controls.
When considered in the context of on-road driving, the glaucoma group’s 0.42 s delay in haz-
ard response time would be equivalent to a 7 m increase in stopping distance for a vehicle
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travelling at 60 kilometres per hour. This delay in hazard response time may have important
implications for the driving safety of older drivers with glaucoma; for example, Horswill et al.
[50] reported a 0.3 s delay in hazard response time among visually-normal older drivers with a
five-year history of self-reported crash involvement, compared to those who were crash-free.
The current findings are supported by those of Crabb et al. [15], who observed that some glau-
coma participants did not respond to hazards that appeared in the defective areas of their bin-
ocular fields in a similar HPT study, although further details and analyses of such occurrences
were not provided. Among young visually-normal drivers, Glen et al. [51, 52] likewise noted
that hazard detection was poorer in the presence of simulated visual field loss (simulated using
a gaze-contingency paradigm) as compared to baseline (normal) viewing conditions. The
authors additionally reported that defects in the superior region particularly resulted in
impaired laboratory-based hazard perception ability [51]; although there was no difference in
hazard detection performance for simulated defects in either the left or right regions of the
visual field [52].

In addition to the delayed hazard response times, the glaucoma group exhibited more
delayed first fixation on hazards than the controls. This may be because the drivers with glau-
coma had more difficulty viewing the driving scenes and took longer to identify the relevant
objects due to their visual field loss. These findings of delayed hazard response times and first
fixations on hazard provides some evidence of impaired hazard detection ability among older
drivers with glaucomatous visual impairment, which may contribute to their decreased driving
performance [4, 5, 16] and increased crash rates [8, 53].

The findings also demonstrated that the glaucoma group made smaller saccades than the
controls. A likely reason for the decrease in saccade amplitudes with glaucoma may be reduced
visual field sensitivity or constricted functional fields, resulting in decreased awareness of
peripheral objects, as suggested in studies on individuals with visual field loss from retinitis pig-
mentosa [54] or simulated impairments [55]. Another potential reason for the decrease in sac-
cadic amplitudes in glaucoma is that the damage to the retinal ganglion cells indirectly leads to
neurological signal deficits in the areas of the brain involved in saccadic control [56, 57]. Indeed,
it has been demonstrated that patients with glaucoma, even among those without any clinically-
measurable visual field defects, exhibit more saccadic errors [58, 59], including reduced saccade
amplitudes and accuracy, particularly when viewing moving targets [59]. Conversely, other
HPT [15] and non-driving studies [22-24] have failed to find significant reductions in saccade
amplitudes among adults with glaucoma. Given these conflicting reports, further studies on the
effect of glaucoma on saccade control during driving-related tasks are necessary.

Importantly, there was a significant relationship between larger saccades and faster hazard
response times in the glaucoma group, but not among the controls. Similar observations were
made in a recent qualitative simulator study [25], which found that drivers with glaucoma who
passed the driving assessment (as determined by the German driving standards) made larger
saccades than the controls, compared to those who failed. Glen et al. [20] likewise reported a
significant positive correlation between saccade amplitude and performance on a face recogni-
tion task among glaucoma patients, but not the controls. These findings suggest the possibility
of compensatory behaviours, such that increasing saccade amplitudes in adaptation to glauco-
matous visual field loss may improve task performance. However, as the current study was
cross-sectional in nature, the association between saccade amplitude and hazard response time
does not prove any causal relationship. Other studies have found no evidence of compensation
for visual field defects through alteration of eye movement patterns during driving in a simula-
tor [26] or in a visual search task [21]. Given the conflicting evidence, further investigations on
the link between driving-related outcomes and saccade amplitudes among older adults with
glaucoma are warranted.
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The current study also demonstrated associations between various measures of visual func-
tion and hazard detection ability. Of all the visual field measures, worse-eye MD was the only
significant predictor of hazard response time. This is interesting given that natural viewing
during driving involves both eyes, thus better-eye or binocular visual field measures would be
expected to be more strongly associated with driving-related task performance than worse-eye
MD. A possible explanation for this may be that the level of visual field loss in the better-eye
and IVF in the glaucoma group was relatively mild. Nonetheless, previous studies have also
noted that worse-eye MD has a stronger relationship with crash rates [9, 11, 53] and on-road
driving performance [16] than the better-eye and IVF. It remains unclear why worse-eye MD
was more predictive of driving-related task performance than other visual field measures, and
further research is warranted to better understand this association.

Importantly, motion sensitivity was the strongest visual predictor of hazard response time.
Given that the HPT presents video clips from the perspective of a driver in a moving vehicle,
good motion sensitivity would be advantageous in detecting the hazards. Indeed, a previous
HPT study found significant correlations between motion sensitivity and hazard perception
among adults with normal vision [36]. Previous on-road studies involving older drivers [60,
61] and a simulator study involving young drivers [62] have also found motion sensitivity to
be strongly associated with driving performance. Nonetheless, the current findings are the first
to indicate that motion sensitivity plays a key role in hazard detection, a specific and important
aspect of driving, among older drivers, including those with glaucoma.

Slower visual processing speeds were also associated with poorer hazard detection ability
for both groups of participants. Given that drivers need to quickly and effectively extract visual
information from their central and peripheral vision [35], good visual processing speeds
would enable them to efficiently identify the relevant information from the irrelevant, facilitat-
ing hazard perception. This finding provides novel evidence of the importance of the UFoV in
detecting hazards, which may be a linked to the strong association between UFoV and crash
rates reported previously [63, 64].

The current findings should be considered in terms of the strengths and limitations of the
study. The strengths include the use of an unobtrusive eye-tracker with high accuracy and
allowing natural head movements, as well as the standardized testing protocol. However, a
limitation is the small visual angle of the HPT video clips compared to other HPT studies
[15, 38], due to the fixed monitor size of the eye-tracking system, which may have resulted in
a conservative estimate of the group difference in eye movements and the associations with
hazard response time. Moreover, the small visual angle of the HPT video clips did not allow
for an exploration of response times to hazards appearing from more peripheral areas of the
visual field, which often occur in the real world. Additionally, the HPT does not replicate the
visually-complex and dynamic nature of real-world driving, given that the latter engages a
larger area of the visual field with the driver physically moving through the environment. In
addition, on-road driving involves physical control of the vehicle in terms of braking and
acceleration, steering and lane keeping; it is nonetheless a feasible method of assessing haz-
ard detection ability in a controlled way and has been shown to be associated with self-
reported crash rates [37]. Furthermore, the participants with glaucoma in the current study
had mild to moderate field defects, and thus their results may not fully generalize to the
wider population of older drivers with glaucoma, some of whom may have more severe
visual field defects. Despite these limitations, significant group differences in performance
and eye movement measures were found. An additional point to note is that the current
study focused only on older drivers; different results might have been obtained among
younger drivers who may have the potential to make eye movement adaptations to visual
impairments more efficiently than older drivers. Future investigations comparing how eye
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movement patterns may differ as a function of age and glaucomatous visual impairment
should therefore be conducted.

In summary, this study provides novel experimental evidence that older drivers with glau-
comatous visual impairment have reduced hazard detection ability, a critical aspect of driving
safety, as reflected by their delayed hazard response time and first fixation on hazards on a
computer-based HPT. The current study was also the first to demonstrate that delayed hazard
response times were significantly associated with several measures of visual function, including
motion sensitivity, worse-eye MD, and UFoV. The link between increased saccade amplitudes
and faster hazard response time in the glaucoma group suggests that making larger saccades
may be beneficial for road hazard detection ability among drivers with glaucomatous visual
impairment. Further exploration regarding potential eye movement strategies that may
improve hazard detection ability and on-road driving safety of this driving population is
necessary.

Acknowledgments

The authors would like to thank Mr. Trent Carberry for his assistance with the study, Associate
Professor Mark Horswill for providing the HPT video clips, and the study participants.

Author Contributions
Conceptualization: SL AB JW.
Data curation: SL.

Formal analysis: SL AB.
Investigation: SL.

Methodology: SL AB JW.

Project administration: SL AB JW.
Resources: AB JW.

Supervision: AB JW.

Validation: SL.

Visualization: SL AB JW.

Writing - original draft: SL.
Writing - review & editing: SL AB JW.

References

1.  Noe G, Ferraro J, Lamoureux E, Rait J, Keeffe JE. Associations between glaucomatous visual field loss
and participation in activities of daily living. Clin Experiment Ophthalmol. 2003; 31(6):482—6. Epub
2003/12/04. PMID: 14641154,

2. Ramulu P. Glaucoma and disability: which tasks are affected, and at what stage of disease? Curr Opin
Ophthalmol. 2009; 20(2):92-8. https://doi.org/10.1097/ICU.0b013e32832401a9 PMID: 19240541

3. Ramulu PY, Hochberg C, Maul EA, Chan ES, Ferrucci L, Friedman DS. Glaucomatous visual field loss
associated with less travel from home. Optom Vis Sci. 2014; 91(2):187-93. https://doi.org/10.1097/
OPX.0000000000000139 PMID: 24374635.

4. Bhorade AM, Yom VH, Barco P, Wilson B, Gordon M, Carr D. On-road driving performance of patients
with bilateral moderate and advanced glaucoma. Am J Ophthalmol. 2016; 166:43-51. Epub 4 Mar
2016. https://doi.org/10.1016/j.aj0.2016.02.031 PMID: 26949136.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178876 June 1, 2017 11/14


http://www.ncbi.nlm.nih.gov/pubmed/14641154
https://doi.org/10.1097/ICU.0b013e32832401a9
http://www.ncbi.nlm.nih.gov/pubmed/19240541
https://doi.org/10.1097/OPX.0000000000000139
https://doi.org/10.1097/OPX.0000000000000139
http://www.ncbi.nlm.nih.gov/pubmed/24374635
https://doi.org/10.1016/j.ajo.2016.02.031
http://www.ncbi.nlm.nih.gov/pubmed/26949136
https://doi.org/10.1371/journal.pone.0178876

@° PLOS | ONE

Eye movement patterns and hazard detection in glaucoma

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

Wood JM, Black AA, Mallon K, Thomas R, Owsley C. Glaucoma and Driving: On-Road Driving Charac-
teristics. PLoS One. 2016; 11(7):e0158318. https://doi.org/10.1371/journal.pone.0158318 PMID:
27472221.

Kunimatsu-Sanuki S, lwase A, Araie M, Aoki Y, Hara T, Nakazawa T, et al. An assessment of driving fit-
ness in patients with visual impairment to understand the elevated risk of motor vehicle accidents. BMJ
Open. 2015; 5(2):e006379. https://doi.org/10.1136/bmjopen-2014-006379 PMID: 25724982.

Kunimatsu-Sanuki S, Iwase A, Araie M, Aoki Y, Hara T, Fukuchi T, et al. The role of specific visual sub-
fields in collisions with oncoming cars during simulated driving in patients with advanced glaucoma. Brit-
ish Journal of Ophthalmology. 2016.

Kwon M, Huisingh C, Rhodes LA, McGwin G Jr., Wood JM, Owsley C. Association between glaucoma
and at-fault motor vehicle collision Involvement among older drivers: a population-based study. Oph-
thalmology. 2015; 123(1):109—16. Epub 14 Oct 2015. https://doi.org/10.1016/j.ophtha.2015.08.043
PMID: 26459997.

Ono T, Yuki K, Asaoka R, Kouyama K, Abe T, Tanabe S, et al. Glaucomatous visual field defect severity
and the prevalence of motor vehicle collisions in Japanese: a hospital/clinic-based cross-sectional
study. J Ophthalmol. 2015; 2015:8. https://doi.org/10.1155/2015/497067 PMID: 25922759

McGwin G Jr., Huisingh C, Jain SG, Girkin CA, Owsley C. Binocular visual field impairment in glaucoma
and at-fault motor vehicle collisions. J Glaucoma. 2015; 24(2):138—-43. https://doi.org/10.1097/IJG.
0b013e3182a0761c PMID: 25642648.

McGwin G Jr., Xie A, Mays A, Joiner W, DeCarlo DK, Hall TA, et al. Visual field defects and the risk of
motor vehicle collisions among patients with glaucoma. Invest Ophthalmol Vis Sci. 2005; 46(12):4437—
41. Epub 2005/11/24. https://doi.org/10.1167/iovs.05-0750 PMID: 16303931.

Ono T, Yuki K, Awano-Tanabe S, Fukagawa K, Shimoyama M, Ozawa Y, et al. Driving self-restriction
and motor vehicle collision occurrence in glaucoma. Optom Vis Sci. 2014; 92(3):357—64. https://doi.org/
10.1097/0OPX.0000000000000493 PMID: 25551687.

Bowers A, Peli E, Elgin J, McGwin G Jr., Owsley C. On-road driving with moderate visual field loss.
Optom Vis Sci. 2005; 82(8):657—67. PMID: 16127330.

Kasneci E, Sippel K, Aehling K, Heister M, Rosenstiel W, Schiefer U, et al. Driving with binocular visual
field loss? A study on a supervised on-road parcours with simultaneous eye and head tracking. PLoS
One. 2014; 9(2):e87470. https://doi.org/10.1371/journal.pone.0087470 PMID: 24523869.

Crabb DP, Smith ND, Rauscher FG, Chisholm CM, Barbur JL, Edgar DF, et al. Exploring eye move-
ments in patients with glaucoma when viewing a driving scene. PLoS One. 2010; 5(3):e9710. Epub
2010/03/20. https://doi.org/10.1371/journal.pone.0009710 PMID: 20300522.

Haymes SA, LeBlanc RP, Nicolela MT, Chiasson LA, Chauhan BC. Glaucoma and on-road driving per-
formance. Invest Ophthalmol Vis Sci. 2008; 49(7):3035—41. https://doi.org/10.1167/iovs.07-1609
PMID: 18326696.

Burton R, Smith ND, Crabb DP. Eye movements and reading in glaucoma: observations on patients
with advanced visual field loss. Graefes Arch Clin Exp Ophthalmol. 2014; 252(10):1621-30. https://doi.
org/10.1007/s00417-014-2752-x PMID: 25074043.

Cerulli A, Cesareo M, Ciuffoletti E, Montanaro ML, Mancino R, Mirisola C, et al. Evaluation of eye move-
ments pattern during reading process in patients with glaucoma: a microperimeter study. Eur J Ophthal-
mol. 2014; 24(3):358-63. https://doi.org/10.5301/ej0.5000397 PMID: 24338580.

Crabb DP, Smith ND, Zhu H. What's on TV? Detecting age-related neurodegenerative eye disease
using eye movement scanpaths. Front Aging Neurosci. 2014; 6:312. https://doi.org/10.3389/fnagi.
2014.00312 PMID: 25429267

Glen FC, Smith ND, Crabb DP. Saccadic eye movements and face recognition performance in patients
with central glaucomatous visual field defects. Vision Res. 2013; 82:42-51. https://doi.org/10.1016/j.
visres.2013.02.010 PMID: 23485426.

Sippel K, Kasneci E, Aehling K, Heister M, Rosenstiel W, Schiefer U, et al. Binocular glaucomatous
visual field loss and its impact on visual exploration—a supermarket study. PLoS One. 2014; 9(8):
e106089. https://doi.org/10.1371/journal.pone.0106089 PMID: 25162522.

Wiecek E, Pasquale LR, Fiser J, Dakin S, Bex PJ. Effects of peripheral visual field loss on eye move-
ments during visual search. Front Psychol. 2012; 3:472. https://doi.org/10.3389/fpsyg.2012.00472
PMID: 23162511.

Smith ND, Crabb DP, Glen FC, Burton R, Garway-Heath DF. Eye movements in patients with glaucoma
when viewing images of everyday scenes. Seeing Perceiving. 2012; 25(5):471-92. PMID: 23193606.

Smith ND, Glen FC, Crabb DP. Eye movements during visual search in patients with glaucoma. BMC
Ophthalmol. 2012; 12:45. Epub 2012/09/04. https://doi.org/10.1186/1471-2415-12-45 PMID:
22937814.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178876 June 1, 2017 12/14


https://doi.org/10.1371/journal.pone.0158318
http://www.ncbi.nlm.nih.gov/pubmed/27472221
https://doi.org/10.1136/bmjopen-2014-006379
http://www.ncbi.nlm.nih.gov/pubmed/25724982
https://doi.org/10.1016/j.ophtha.2015.08.043
http://www.ncbi.nlm.nih.gov/pubmed/26459997
https://doi.org/10.1155/2015/497067
http://www.ncbi.nlm.nih.gov/pubmed/25922759
https://doi.org/10.1097/IJG.0b013e3182a0761c
https://doi.org/10.1097/IJG.0b013e3182a0761c
http://www.ncbi.nlm.nih.gov/pubmed/25642648
https://doi.org/10.1167/iovs.05-0750
http://www.ncbi.nlm.nih.gov/pubmed/16303931
https://doi.org/10.1097/OPX.0000000000000493
https://doi.org/10.1097/OPX.0000000000000493
http://www.ncbi.nlm.nih.gov/pubmed/25551687
http://www.ncbi.nlm.nih.gov/pubmed/16127330
https://doi.org/10.1371/journal.pone.0087470
http://www.ncbi.nlm.nih.gov/pubmed/24523869
https://doi.org/10.1371/journal.pone.0009710
http://www.ncbi.nlm.nih.gov/pubmed/20300522
https://doi.org/10.1167/iovs.07-1609
http://www.ncbi.nlm.nih.gov/pubmed/18326696
https://doi.org/10.1007/s00417-014-2752-x
https://doi.org/10.1007/s00417-014-2752-x
http://www.ncbi.nlm.nih.gov/pubmed/25074043
https://doi.org/10.5301/ejo.5000397
http://www.ncbi.nlm.nih.gov/pubmed/24338580
https://doi.org/10.3389/fnagi.2014.00312
https://doi.org/10.3389/fnagi.2014.00312
http://www.ncbi.nlm.nih.gov/pubmed/25429267
https://doi.org/10.1016/j.visres.2013.02.010
https://doi.org/10.1016/j.visres.2013.02.010
http://www.ncbi.nlm.nih.gov/pubmed/23485426
https://doi.org/10.1371/journal.pone.0106089
http://www.ncbi.nlm.nih.gov/pubmed/25162522
https://doi.org/10.3389/fpsyg.2012.00472
http://www.ncbi.nlm.nih.gov/pubmed/23162511
http://www.ncbi.nlm.nih.gov/pubmed/23193606
https://doi.org/10.1186/1471-2415-12-45
http://www.ncbi.nlm.nih.gov/pubmed/22937814
https://doi.org/10.1371/journal.pone.0178876

@° PLOS | ONE

Eye movement patterns and hazard detection in glaucoma

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

Kubler TC, Kasneci E, Rosenstiel W, Heister M, Aehling K, Nagel K, et al. Driving with glaucoma: task
performance and gaze movements. Optom Vis Sci. 2015; 92(11):1037—46. PMID: 26501733.

Prado Vega R, van Leeuwen PM, Rendon Velez E, Lemij HG, de Winter JC. Obstacle avoidance, visual
detection performance, and eye-scanning behavior of glaucoma patients in a driving simulator: a prelim-
inary study. PLoS One. 2013; 8(10):e77294. https://doi.org/10.1371/journal.pone.0077294 PMID:
24146975.

Anstey KJ, Wood J, Lord S, Walker JG. Cognitive, sensory and physical factors enabling driving safety
in older adults. Clin Psychol Rev. 2005; 25(1):45-65. https://doi.org/10.1016/j.cpr.2004.07.008 PMID:
15596080.

Heun R, Papassotiropoulos A, Jennssen F. The validity of psychometric instruments for detection of
dementia in the elderly general population. Int J Geriatr Psychiatry. 1998; 13(6):368—80. PMID:
9658272.

Owsley C, Stalvey B, Wells J, Sloane ME. Older drivers and cataract: driving habits and crash risk. J
Gerontol A Biol Sci Med Sci. 1999; 54(4):203-11. PMID: 10219012.

Bailey IL, Lovie JE. New design principles for visual acuity letter charts. Am J Optom Physiol Opt. 1976;
53(11):740-5. PMID: 998716.

Elliott D, Bullimore M, Bailey |. Improving the reliability of the Pelli-Robson contrast sensitivity test. Clin
Vision Sci. 1991; 6(6):471-5.

McKean-Cowdin R, Wang Y, Wu J, Azen SP, Varma R, Los Angeles Latino Eye Study G. Impact of
visual field loss on health-related quality of life in glaucoma: the Los Angeles Latino Eye Study. Ophthal-
mology. 2008; 115(6):941-8. https://doi.org/10.1016/j.ophtha.2007.08.037 PMID: 17997485.

Asaoka R, Crabb DP, Yamashita T, Russell RA, Wang YX, Garway-Heath DF. Patients have two eyes!:
binocular versus better eye visual field indices. Invest Ophthalmol Vis Sci. 2011; 52(9):7007—11. hitps://
doi.org/10.1167/iovs.11-7643 PMID: 21810985.

Esterman B. Functional scoring of the binocular field. Ophthalmology. 1982; 89(11):1226-34. PMID:
7155532.

Wood JM, Owsley C. Useful field of view test. Gerontology. 2014; 60(4):315-8. https://doi.org/10.1159/
000356753 PMID: 24642933.

Lacherez P, Au S, Wood JM. Visual motion perception predicts driving hazard perception ability. Acta
Ophthalmol. 2014; 92(1):88-93. https://doi.org/10.1111/j.1755-3768.2012.02575.x PMID: 23025481.

Horswill MS, Marrington SA, McCullough CM, Wood J, Pachana NA, McWilliam J, et al. The hazard per-
ception ability of older drivers. J Gerontol B Psychol Sci Soc Sci. 2008; 63(4):212—-P8. PMID: 18689762.

Underwood G, Phelps N, Wright C, van Loon E, Galpin A. Eye fixation scanpaths of younger and older
drivers in a hazard perception task. Ophthalmic Physiol Opt. 2005; 25(4):346-56. https://doi.org/10.
1111/j.1475-1313.2005.00290.x PMID: 15953120.

Wetton MA, Hill A, Horswill MS. The development and validation of a hazard perception test for use in
driver licensing. Accid Anal Prev. 2011; 43(5):1759-70. https://doi.org/10.1016/j.aap.2011.04.007
PMID: 21658504.

Lee SS, Black AA, Lacherez P, Wood JM. Eye Movements and Road Hazard Detection: Effects of Blur
and Distractors. Optom Vis Sci. 2016; 93(9):1137—46. PMID: 27281681.

The Hazard Perception Test Department of Planning, Transport and Infrastructure, South Australia,
Australia [updated 2010February 11, 2015]. http://mylicence.sa.gov.au/the-hazard-perception-test.

Complete Hazard Perception Test Department of Transport, Western Australia, Australia2014 [updated
8 July 2014; cited 2016 February 11]. http://www.transport.wa.gov.au/licensing/step-5-complete-
hazard-perception-test.asp.

Hazard Perception Test VicRoads, Victoria, Australia [updated 2013; cited 2016 February 11]. http://
www.vicroads.vic.gov.au/Home/Licences/GetYourPs/PreparingForYourLicenceTest/
HazardPerceptionTest.htm.

Theory test for cars and motorcycles UK: Driver & Vehicle Licensing Agency; 2016 [cited 2016 Novem-
ber 1]. https://www.gov.uk/driving-theory-test.

Sagberg F, Bjornskau T. Hazard perception and driving experience among novice drivers. Accid Anal
Prev. 2006; 38(2):407—14. https://doi.org/10.1016/j.aap.2005.10.014 PMID: 16313881.

Tobii TX300: specification of gaze precision and gaze accuracy Danderyd, Sweden: Tobii Eye Tracking
Research, Tobii Technology; 2010 [cited 2016 October 17]. http://www.tobii.com/Global/Analysis/
Marketing/Brochures/ProductBrochures/Tobii_TX300_Technical_Specification_Leaflet.pdf.

Cheong AM, Geruschat DR, Congdon N. Traffic gap judgment in people with significant peripheral field
loss. Optom Vis Sci. 2008; 85(1):26—36. https://doi.org/10.1097/OPX.0b013e31815ed6fd PMID:
18174838.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178876 June 1, 2017 13/14


http://www.ncbi.nlm.nih.gov/pubmed/26501733
https://doi.org/10.1371/journal.pone.0077294
http://www.ncbi.nlm.nih.gov/pubmed/24146975
https://doi.org/10.1016/j.cpr.2004.07.008
http://www.ncbi.nlm.nih.gov/pubmed/15596080
http://www.ncbi.nlm.nih.gov/pubmed/9658272
http://www.ncbi.nlm.nih.gov/pubmed/10219012
http://www.ncbi.nlm.nih.gov/pubmed/998716
https://doi.org/10.1016/j.ophtha.2007.08.037
http://www.ncbi.nlm.nih.gov/pubmed/17997485
https://doi.org/10.1167/iovs.11-7643
https://doi.org/10.1167/iovs.11-7643
http://www.ncbi.nlm.nih.gov/pubmed/21810985
http://www.ncbi.nlm.nih.gov/pubmed/7155532
https://doi.org/10.1159/000356753
https://doi.org/10.1159/000356753
http://www.ncbi.nlm.nih.gov/pubmed/24642933
https://doi.org/10.1111/j.1755-3768.2012.02575.x
http://www.ncbi.nlm.nih.gov/pubmed/23025481
http://www.ncbi.nlm.nih.gov/pubmed/18689762
https://doi.org/10.1111/j.1475-1313.2005.00290.x
https://doi.org/10.1111/j.1475-1313.2005.00290.x
http://www.ncbi.nlm.nih.gov/pubmed/15953120
https://doi.org/10.1016/j.aap.2011.04.007
http://www.ncbi.nlm.nih.gov/pubmed/21658504
http://www.ncbi.nlm.nih.gov/pubmed/27281681
http://mylicence.sa.gov.au/the-hazard-perception-test
http://www.transport.wa.gov.au/licensing/step-5-complete-hazard-perception-test.asp
http://www.transport.wa.gov.au/licensing/step-5-complete-hazard-perception-test.asp
http://www.vicroads.vic.gov.au/Home/Licences/GetYourPs/PreparingForYourLicenceTest/HazardPerceptionTest.htm
http://www.vicroads.vic.gov.au/Home/Licences/GetYourPs/PreparingForYourLicenceTest/HazardPerceptionTest.htm
http://www.vicroads.vic.gov.au/Home/Licences/GetYourPs/PreparingForYourLicenceTest/HazardPerceptionTest.htm
https://www.gov.uk/driving-theory-test
https://doi.org/10.1016/j.aap.2005.10.014
http://www.ncbi.nlm.nih.gov/pubmed/16313881
http://www.tobii.com/Global/Analysis/Marketing/Brochures/ProductBrochures/Tobii_TX300_Technical_Specification_Leaflet.pdf
http://www.tobii.com/Global/Analysis/Marketing/Brochures/ProductBrochures/Tobii_TX300_Technical_Specification_Leaflet.pdf
https://doi.org/10.1097/OPX.0b013e31815ed6fd
http://www.ncbi.nlm.nih.gov/pubmed/18174838
https://doi.org/10.1371/journal.pone.0178876

@° PLOS | ONE

Eye movement patterns and hazard detection in glaucoma

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Lee SS, Wood JM, Black AA. Blur, eye movements and performance on a driving visual recognition
slide test. Ophthalmic Physiol Opt. 2015; 35(5):522—9. https://doi.org/10.1111/0po.12230 PMID:
26189873.

Field A. Discovering statistics using SPSS. 3 ed. Thousand Oaks, CA: Sage publications; 2009.

Horswill MS, Anstey KJ, Hatherly CG, Wood JM. The crash involvement of older drivers is associated
with their hazard perception latencies. J Int Neuropsychol Soc. 2010; 16(5):939—-44. https://doi.org/10.
1017/S135561771000055X PMID: 20509983.

Glen FC, Smith ND, Crabb DP. Impact of superior and inferior visual field loss on hazard detectionin a
computer-based driving test. Br J Ophthalmol. 2015; 99:613-7. Epub 2014 Nov 25. https://doi.org/10.
1136/bjophthalmol-2014-305932 PMID: 25425712.

Glen FC, Smith ND, Jones L, Crabb DP.’l didn’t see that coming’: simulated visual fields and driving
hazard perception test performance. Clin Exp Optom. 2016; 99(5):469-75. https://doi.org/10.1111/cxo.
12435 PMID: 27489171.

Haymes SA, Leblanc RP, Nicolela MT, Chiasson LA, Chauhan BC. Risk of falls and motor vehicle colli-
sions in glaucoma. Invest Ophthalmol Vis Sci. 2007; 48(3):1149-55. https://doi.org/10.1167/iovs.06-
0886 PMID: 17325158.

Vargas-Martin F, Peli E. Eye movements of patients with tunnel vision while walking. Invest Ophthalmol
Vis Sci. 2006; 47(12):5295-302. Epub 2006/11/24. https://doi.org/10.1167/iovs.05-1043 PMID:
17122116.

Cornelissen FW, Bruin KJ, Kooijman AC. The influence of artificial scotomas on eye movements during
visual search. Optom Vis Sci. 2005; 82(1):27-35. PMID: 15630401.

Frezzotti P, Giorgio A, Motolese |, De Leucio A, lester M, Motolese E, et al. Structural and functional
brain changes beyond visual system in patients with advanced glaucoma. PLoS One. 2014; 9(8):
€105931. https://doi.org/10.1371/journal.pone.0105931 PMID: 25162716.

Frezzotti P, Giorgio A, Toto F, De Leucio A, De Stefano N. Early changes of brain connectivity in primary
open angle glaucoma. Hum Brain Mapp. 2016; 37(12):4581-96. https://doi.org/10.1002/hbm.23330
PMID: 27503699.

Milea D, Sharma S, Drouet M, Leruez S, Baskaran M, Nongpiur ME, et al. Disrupted Ocular Motor
Behaviour in Preperimetric Glaucoma. Investigative Ophthalmology & Visual Science. 2016; 57(12).

Lamirel C, Milea D, Cochereau |, Duong M-H, Lorenceau J. Impaired saccadic eye movement in pri-
mary open-angle glaucoma. J Glaucoma. 2014; 23(1):23-32. https://doi.org/10.1097/IJG.
0b013e31825¢10dc PMID: 22706338

Wood JM, Anstey KJ, Kerr GK, Lacherez PF, Lord S. A multidomain approach for predicting older driver
safety under in-traffic road conditions. J Am Geriatr Soc. 2008; 56(6):986—-93. https://doi.org/10.1111/.
1532-5415.2008.01709.x PMID: 18422946.

Wood JM, Horswill MS, Lacherez PF, Anstey KJ. Evaluation of screening tests for predicting older driver
performance and safety assessed by an on-road test. Accid Anal Prev. 2013; 50:1161-8. https://doi.
org/10.1016/j.aap.2012.09.009 PMID: 23089560.

Wilkins L, Gray R, Gaska J, Winterbottom M. Motion perception and driving: predicting performance
through testing and shortening braking reaction times through training. Invest Ophthalmol Vis Sci. 2013;
54(13):8364—74. https://doi.org/10.1167/iovs.13-12774 PMID: 24282222.

Rubin GS, Ng ES, Bandeen-Roche K, Keyl PM, Freeman EE, West SK. A prospective, population-
based study of the role of visual impairment in motor vehicle crashes among older drivers: the SEE
study. Invest Ophthalmol Vis Sci. 2007; 48(4):1483-91. https://doi.org/10.1167/iovs.06-0474 PMID:
17389475.

Ball K, Owsley C, Sloane ME, Roenker DL, Bruni JR. Visual attention problems as a predictor of vehicle
crashes in older drivers. Invest Ophthalmol Vis Sci. 1993; 34(11):3110-23. Epub 1993/10/01. PMID:
8407219.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178876 June 1, 2017 14/14


https://doi.org/10.1111/opo.12230
http://www.ncbi.nlm.nih.gov/pubmed/26189873
https://doi.org/10.1017/S135561771000055X
https://doi.org/10.1017/S135561771000055X
http://www.ncbi.nlm.nih.gov/pubmed/20509983
https://doi.org/10.1136/bjophthalmol-2014-305932
https://doi.org/10.1136/bjophthalmol-2014-305932
http://www.ncbi.nlm.nih.gov/pubmed/25425712
https://doi.org/10.1111/cxo.12435
https://doi.org/10.1111/cxo.12435
http://www.ncbi.nlm.nih.gov/pubmed/27489171
https://doi.org/10.1167/iovs.06-0886
https://doi.org/10.1167/iovs.06-0886
http://www.ncbi.nlm.nih.gov/pubmed/17325158
https://doi.org/10.1167/iovs.05-1043
http://www.ncbi.nlm.nih.gov/pubmed/17122116
http://www.ncbi.nlm.nih.gov/pubmed/15630401
https://doi.org/10.1371/journal.pone.0105931
http://www.ncbi.nlm.nih.gov/pubmed/25162716
https://doi.org/10.1002/hbm.23330
http://www.ncbi.nlm.nih.gov/pubmed/27503699
https://doi.org/10.1097/IJG.0b013e31825c10dc
https://doi.org/10.1097/IJG.0b013e31825c10dc
http://www.ncbi.nlm.nih.gov/pubmed/22706338
https://doi.org/10.1111/j.1532-5415.2008.01709.x
https://doi.org/10.1111/j.1532-5415.2008.01709.x
http://www.ncbi.nlm.nih.gov/pubmed/18422946
https://doi.org/10.1016/j.aap.2012.09.009
https://doi.org/10.1016/j.aap.2012.09.009
http://www.ncbi.nlm.nih.gov/pubmed/23089560
https://doi.org/10.1167/iovs.13-12774
http://www.ncbi.nlm.nih.gov/pubmed/24282222
https://doi.org/10.1167/iovs.06-0474
http://www.ncbi.nlm.nih.gov/pubmed/17389475
http://www.ncbi.nlm.nih.gov/pubmed/8407219
https://doi.org/10.1371/journal.pone.0178876

