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Purpose: One rehabilitation strategy taught to individuals with hemianopic field loss
(HFL) is to make a large blind side scan to quickly identify hazards. However, it is not
clear what the minimum threshold is for how large the scan should be. Using driving
simulation, we evaluated thresholds (criteria) for gaze and head scan magnitudes that
best predict detection safety.

Methods: Seventeen participants with complete HFL and 15 with normal vision (NV)
drove through 4 routes in a virtual city while their eyes and head were tracked. Partic-
ipants pressed the horn as soon as they detected a motorcycle (10 per drive) that
appeared 54 degrees eccentricity on cross-streets and approached toward the driver.

Results: Those with HFL detected fewer motorcycles than those with NV and had
worse detection on the blind side than the seeing side. On the blind side, both safe
detections and early detections (detections before the hazard entered the intersection)
could be predicted with both gaze (safe 18.5 degrees and early 33.8 degrees) and head
(safe 19.3 degrees and early 27 degrees) scans. However, on the seeing side, only early
detections could be classified with gaze (25.3 degrees) and head (9.0 degrees).

Conclusions: Both head and gaze scanmagnitude were significant predictors of detec-
tion on the blind side, but less predictive on the seeing side, which was likely driven by
the ability to use peripheral vision. Interestingly, head scans were as predictive as gaze
scans.

Translational Relevance: The minimum scanmagnitude could be a useful criterion for
scanning training or for developing assistive technologies to improve scanning.

Introduction

For those with hemianopic field loss (HFL),
scanning (looking) toward the side of their visual field
loss (i.e. the blind side) is necessary for mitigating
the effects of visual field loss in interacting with the
environment. Scanning is especially critical in those
with HFL who drive, which is permitted in some US
states1 as well as some other countries (e.g. the United
Kingdom, Europe, Australia, and Canada).2–5 In order
to detect hazards on their blind side, these individ-
uals need to scan far enough into the blind side (at
least as far as the object of interest) to compensate
for the lack of peripheral vision on that side. Prior
research suggests that people with HFL often fail to
scan sufficiently, resulting in impaired detection of

blind side objects in virtual driving tasks.6–11 In real-
world driving, failure to scan far enough means that a
blind side hazard might not be detected, which could
result in a collision. Those with HFL that do scan
further into their blind side tend to detect hazards on
that side more than those that do not9 and are more
likely to pass driving tests.10 The current study focused
on the minimum scan magnitude needed for detection
of peripheral hazards at intersections.

Programs have been implemented aimed at training
patients with HFL to compensate for their visual field
loss by increasing the frequency and/or magnitude of
scans toward their blind side.12,13 In some programs,
training involves teaching patients to make a large scan
into the blind side,14,15 which gives the individual an
opportunity to quickly see objects on the blind side
that may be task relevant.16–18 This strategy of making
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a large scan into the blind side improved detection of
peripheral stimuli in mobility related tasks12 and visual
scanning of some participants with HFL in a practical
driving test.14 An important consideration, however,
in designing such a training program is how large
this “large” scan needs to be. In a training program
aimed at improving scanning while walking, De Haan
and colleagues12 recommended an eye saccade that
reaches 44 degrees, which is near the maximum that
can be achieved without a head movement.19 Tant and
colleagues14 similarly recommended a singular large
eye saccade in a scanning training program for drivers
with hemianopia. Yet, when walking, most individuals
rarely make eye saccades over 15 degrees.20 Therefore,
it is not clear whether there is aminimum threshold (i.e.
criterion) for the size of the large scan that successfully
and meaningfully predicts detection, and whether that
minimum threshold may be task dependent. Here, we
address these questions within the context of scanning
on approach to intersections, where a large field of
view (e.g. 180 degrees at a 4-way intersection) needs to
be checked for approaching hazards, typically requir-
ing large gaze scans comprising head as well as eye
movements.21,22

We aim to identify how far an individual with HFL
may need to scan into the blind side by evaluating
gaze scanmagnitude as a predictor of hazard detection
at intersections using a binary classification approach.
Additionally, we will measure if the head scan compo-
nent of the gaze scan predicts detection, given that
it is easier to track head scan magnitude than gaze
scan magnitude and may be a suitable surrogate for
gaze.23,24 Further, we aim to determine if gaze and
head scanmagnitudes are predictive of detection on the
seeing side in those with HFL and in participants with
normal vision (NV). Finally, we will examine whether
prediction performance changes when we consider if
the detection was made with enough time to make a
safe driving maneuver, which takes into account the
speed of detection and the velocity of the car at the time
of detection. If gaze and head scan magnitude does
significantly predict detection, then the criterion (i.e.
the threshold in eccentricity that best predicts detection
from no detection) may be useful in rehabilitation to
train individuals to scan at least as far as that criterion.

Methods

Participants

Thirty-two individuals withHFL and 21 age-similar
NV controls were recruited to participate in the
experiment. All participants had visual acuity better

than 20/40. Of those screened for HFL, seven were
excluded because they had quadrantanopia rather
than complete homonymous hemianopia (Goldman
perimeter, V4e target). Those with HFL were screened
for spatial neglect but none tested positive (they would
have been excluded if they had 2 of the following:
exceeded 4 missed bells on one side in Gauthier bells
test25 or exceeded 2 missed lines or deviated by >11%
from the middle in Schenkenberg line bisection).26,27
Fourteen participants (8 with HFL and 6 with NV)
experienced simulator sickness in practice drives prior
to the experimental drives, and were thus not included
in data analyses.

After excluding the above participants, 17 individ-
uals with HFL and 15 age-similar NV controls were
included in analyses (Table 1). Although the majority
of our participants with HFL developed visual field
loss following a stroke (12 of 17), four developed HFL
following complications from surgery and one devel-
oped HFL following a fall. Only 2 of the participants
with HFL were current drivers compared to 14 of
the NV participants. One participant with NV had
stopped driving but was nevertheless included in analy-
ses as their detection and gaze and head scanning data
did not differ in any respect from that of the other
participants with NV. Participants with HFLwho were
former drivers had stopped driving a median of 5 years
(interquartile range [IQR] = 2.3 to 12.8 years) prior to
the study. Thirteen of the 17 HFL drivers had at least 3
years of driving experience prior to the onset of HFL.

Prior to signing informed consent, the nature
and possible consequences of the experiment were
explained to the participants. The study followed the
tenets of theDeclaration of Helsinki andwas approved
by the institutional review board at the Schepens Eye
Research Institute.

Materials

Driving Simulator and Eye Tracker

Participants drove in a driving simulator (LE-1500,
FAACCorp., AnnArbor,MI) that consisted of five 42-
inch LCD monitors (LG M4212C-BA, native resolu-
tion of 1366 × 768 pixels) with a total 225 degrees
horizontal field of view and a 32 degrees vertical field
of view on the center screen. The driving simulator
included components typically found in an automatic
transmission motor vehicle, such as a steering wheel,
accelerator and brake pedals, ignition switch, turn
signals, seat, and air conditioning. Rear-view and side-
view mirrors were inset on the center and left and
right monitors, respectively, and a dashboard with
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Table 1. Participant Demographic and Visual Characteristics

HFL, n = 17 NV, n = 15

Current driver, n 2 (12%) 14 (93%)
Male, n 15 (88%) 12 (80%)
Race, n reported white 16 (94%) 12 (80%)
Age, y, mean (SD) 55.8 (19.8) 54.0 (19.1)
Visual acuity, LogMAR, mean (SD) Snellen equivalent 0.05 (0.20) 20/23 0.00 (0.20) 20/20
MoCA score, mean (SD) 24.4 (5.3) 28.6 (2.1)
Right side HFL, n 8 (47%) NA
Hemianopia caused by stroke, n 12 (70.6%) NA
Years since onset, median (IQR) 4.7 (0.8 to 13) NA

LogMAR, logarithm of the minimum angle of resolution; MoCA, Montreal Cognitive Assessment.

Figure1. Imageof thedriving simulator equippedwith six cameras
(red circles, with the last camera obstructed from view by the chair)
located around the driver’s seat (2 on the left, 2 on the right, and 2 in
the center),which enabled recordingof lateral eye andheadposition
up to 90 degrees to the left and right of the driver.

a speedometer and clock were inset on the central
monitor. Driving simulator data, which included the
position of the vehicle, its speed and heading, and
information about other scripted vehicles (i.e. the
motorcycle hazards), were collected at 30 Hz.

While driving, the participant’s eyes and head
position were recorded with a SmartEye 6 remote
digital camera system at 60 Hz (SmartEye Pro
Version 6.1; Goteborg, Sweden, 2015). The SmartEye
system could record gaze and head movements up to
180 degrees horizontally (90 degrees toward the left
and right). The cameras were positioned around the
driver and can be seen in Figure 1. Gaze tracking was
achieved using the pupil center-corneal reflection and
by combining an estimate of the direction of a 3D
profile of the participant’s eyes. Head tracking was
achieved by estimating the direction of a 3D head

model that the system automatically generates using
salient features of the face (e.g. eye corners, corners of
the mouth, nostrils, and ears).

Virtual World

Individuals drove through a virtual world that
resembled a light industrial city with cross traffic, build-
ings, and traffic signals. Participants drove two unique
routes through the virtual world that were scripted
using Scenario Toolbox software (version 3.9.4. 25873;
FAAC Incorporated). The routes consisted of 28 and
27 intersections, respectively. Only intersections with
motorcycle hazards were included in analyses. The
posted speed limit was 30 mph (48.3 km/h) with a
35 mph (56.3 km/h) cap to prevent participants from
exceeding that speed. In half of the drives, partic-
ipants were guided through the simulated world by
Global Positioning System (GPS) instructions (e.g.
“turn right/left at next intersection”), and in the other
half, participants were guided with a lead car.21

Motorcycle Hazards

Motorcycle hazards approached along the cross-
street from the left or right side at 10 of the intersec-
tions along each route (Fig. 2). They appeared equally
from the left and right sides in a pseudorandom order.
There was at least one intersection without a motor-
cycle between intersections with motorcycles. When
the participant’s vehicle was 30 meters from the inter-
section, the motorcycle was triggered to appear on
the cross-street at 60 meters from the intersection (at
an eccentricity of about 54 degrees). After appearing,
the motorcycle drove toward the path of the driver at
45 mph (72.4 km/h), entering the intersection approx-
imately 3 seconds later. Because the motorcycle was
programmed to be a hazard, it entered the intersection
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Figure 2. Schematic of a motorcycle hazard at a 4-way intersec-
tion showing themotorcycle approaching from the left andwith the
corresponding collision zone as a red rectangle. Once the driver’s
vehicle passed the motorcycle trigger (i.e. 30 meters from the white
lineof the intersection), themotorcycle appeared60meters fromthe
white line of the intersection and travelled toward the collision zone
at 45 miles per hour (mph; 72.4 km/h).

without slowing down and without obeying any of the
usual priority rules. After entering the intersection, the
motorcycle continued driving at 45 mph (72.4 km/h)
toward the potential collision zone. However, it was
programmed to disappear just before entering the colli-
sion zone to prevent any psychological stress that may
be caused by an actual collision. The parameters were
selected empirically based on measurements in a pilot
study to create a realistic hazard for a range of partic-
ipant driving behaviors when approaching an intersec-
tion, given that the majority of participants slowed
down on approach to the intersection.

Procedure

Prior to the experimental drives, there were two
acclimatization drives, which gave the participants an
opportunity to practice accelerating and decelerat-
ing, stopping at the white line for stop signs and red
lights, and taking left and right turns. The acclima-
tization drives did not have other vehicles or motor-
cycles. The first drive took place in a rural highway
and the second took place in the same virtual city
that the participants drove through in the experimental
drives. Before proceeding, participants indicated their
level of comfort in the simulator and with their control
over the motor vehicle, and the experiment continued
only if their ratings exceeded our criterion (at least 7
out of 10).

Next, the six cameras of the SmartEye tracking
system were calibrated by adjusting their positioning
so that they included as much of the participant’s face
as possible and by adjusting their aperture and focus.
Then, a checkerboard pattern was displayed to each
camera to inform the systemwhere to expect the partic-
ipant’s head. Participants then completed a practice
drive that included all the elements of the experimen-

tal drives. They were guided through the city with GPS
commands, took left and right turns, and instructed to
press the horn as soon as they detected a motorcycle.

After the practice drive, participants’ gaze was
calibrated using a five-point calibration procedure on
the center screen. Participants completed four exper-
imental drives. Each drive scenario typically lasted
between 10 and 15 minutes depending on the partic-
ipants’ driving speed. Participants were instructed to
drive as they normally would, follow all rules of the
road, and to press the horn as soon as they saw amotor-
cycle. Participants drove through each route twice, once
withGPS navigation and oncewith lead car navigation.
The order was counterbalanced, such that the subject
did not experience the same route in sequential order. If
a participant stepped out of the simulator for a break,
re-calibration of the SmartEye tracker was performed
prior to continuing.

In the GPS drives, an audio message that contained
the navigation instruction was delivered when the
participant’s vehicle was approximately 70 meters from
an intersection. In the Lead Car drives, participants
followed the Lead Car (white sedan), which drove at
35mph (56.3 km/h). The LeadCarmade periodic stops
to ensure that it stayed within sight of the participant.
Participants were instructed to follow the Lead Car at
a safe distance.

Participants were not, however, given any specific
instructions about how to scan.

Detection Variables

Participants were instructed to press the horn as
soon as they saw a motorcycle. Each of these motor-
cycle events was then classified in the following ways:
whether or not there was a detection, whether or not
the detection was safe, and whether or not the detec-
tion was early (Table 2). Detections only considered
whether a horn press occurred following the motor-
cycle’s appearance. Safe and early detections provided
more nuanced views of detection, given that detection
by itself does not necessarily mean the driver detected
with adequate time to make a safe driving maneu-
ver (i.e. safe detection) or detected the hazard before
it reached the intersection (i.e. early detection). Early
detection was of particular interest, because it was this
kind of detection for which a large scan would likely be
needed for hazards on the blind side. For events where
detection occurred, we calculated reaction time as the
difference between when the motorcycle appeared and
the time of the horn press. We also recorded the speed
of the car at the time of the horn press.

Safe detections were calculated by taking into
account the distance and the speed of the driver at
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Table 2. Explanations of the Different Classifications of Detection

Definition Meaning
Detection Horn Press Saw the Motorcycle

Safe Horn press, PET > 1 s, Deceleration < 4 m/s2 Saw the motorcycle and responded with enough
time to make a safe driving maneuver

Early Horn press before motorcycle entered intersection Saw the motorcycle before the motorcycle
entered the intersection

PET, post encroachment time.

the time of detection. An individual who is driving
slowly may still be driving safely despite being near
the collision zone, whereas an individual driving fast
may not be safe. In this manner, slow driving may
be indicative of a compensatory strategy. To calculate
whether a detection was safe or not, we considered
two safety metrics, which addressed separate aspects
of safety. The first metric was the post-encroachment
time (PET28), which was defined as the time differ-
ence between the two road users entering the colli-
sion zone. If the PET was less than 1 second,28,29 the
response was considered unsafe. The second metric
was the minimum deceleration rate (in m/s2) required
to stop the participant’s car from entering the colli-
sion zone before the motorcycle left the collision zone
(sometimes referred to as the deceleration to safety
time [DST]29). The required deceleration was calcu-
lated using the following equation:

Deceleration = 2
(
Sjk −Vi jti jk

)

ti jk2

Sjk is the distance between the location of the partici-
pant’s vehicle at the horn press and the location where
their vehicle will enter the collision zone; Vij is the
velocity of the participant’s vehicle at the time of the
horn press; and tijk is the time it would take the partic-
ipant’s vehicle to travel from its location at the time
of the horn press to the point at which it enters the
collision zone. If the deceleration was greater than
4 m/s2, the detection was considered unsafe.28,29 In
addition to events where the PET was greater than
1 second or deceleration was greater than 4 m/s2,
events where there was no horn press (motorcycle was
not seen) or if the subject’s vehicle entered the inter-
section before the motorcycle were also considered
unsafe.

Early detections were calculated by taking into
account whether a horn press occurred prior to the
motorcycle entering the intersection, given that when
the motorcycle entered the intersection, the eccentric-
ity with respect to the driver’s path (straight ahead
gaze) was approximately 18.5 degrees and would not

necessarily require a head movement for the motor-
cycle to be seen. That is, if the horn press occurred
before the motorcycle entered the intersection, the
event was considered early, regardless of the speed of
the participant’s vehicle and/or distance to the inter-
section. If the horn press occurred after the motor-
cycle entered the intersection, it was still considered
early if the horn press occurred within 0.5 seconds
after themotorcycle entered the intersection, given that
0.5 seconds is approximately how long it takes to press
the horn following fixation (Savage et al. submitted).
Otherwise, the horn press was not considered to be
early. Early detections differed from safe detections
insomuch that participants would have needed to use
peripheral vision or make a scan of at least 18.5 degrees
into the direction of the motorcycle to be able to detect
it before it reached the intersection. Safe detections,
however, could be made by driving slowly enough that
the motorcycle could be detected without any scanning
or only a small eye scan, given that after the motorcycle
entered the intersection it would come very close to the
straight-ahead line of sight before disappearing from
the scene. In addition, similar to safe detections, events
where there was no horn press or if the subject’s vehicle
entered the intersection before themotorcycle were also
considered not early.

Gaze and Head Scanning Magnitude

Visual scanning was quantified in terms of gaze
and head scans. Gaze scans were defined as the lateral
gaze movements (i.e. toward the left or right) that
typically start from near the straight ahead position
when scanning on approach to an intersection and
end in the periphery up to 90 degrees to the left or
90 degrees to the right. Gaze scans always corre-
sponded to the full extent of the gaze movements,
which could be composed of one or more saccades.
Typically, individuals return to the straight-ahead
position after a gaze scan. These return scans were
quantified but not analyzed here because we were only
interested in the lateral movements that bring the gaze



Predicting Hazard Detection TVST | January 2021 | Vol. 10 | No. 1 | Article 20 | 6

Figure 3. Examples of the gaze (blue) and head (red) scanning data on approach to intersections (each plot is from one participant). An
individual’s blind visual field is represented by the shaded area with right hemianopia for the individual in (B) and left hemianopia in the
others. Here, the vertical black lines representwhen themotorcycle hazard appeared anddisappeared,with the curvedblack lines correspond-
ing to the eccentricity of themotorcycle as it approaches the intersection. The solid green and orange lines correspond to themaximumgaze
scan and corresponding head scan, respectively, while the motorcycle was present. The vertical dotted green lines correspond to the time of
the horn press (indicating whether the motorcycle was detected). Depending on the speed of the car (dotted gray line at the bottom of the
figures) at the time of detection or the eccentricity of themotorcycle, the detection could also be safe or early, respectively. In (A), there was
no horn press, so the event was classified as no detection and also not safe and not early. In (B), the horn press was after the motorcycle
reached the intersection so the detectionwas not early, but considered safe given the slow speed of the car. In (C), the horn press was before
the motorcycle entered the intersection so the detection was early, but considered unsafe given the speed of the car and distance to the
intersection at the time of the horn press. In (D), the detection was safe and early.

toward the hazard (i.e. away from the straight-ahead
position).

Gaze scans were marked automatically using an
algorithm called the gaze scan algorithm.22 In short, the
gaze scan algorithm first marks gaze saccades (above
30 degrees per second, longer than 33 ms, and
>1 degree in total magnitude), then merges gaze
saccades that are headed in the same direction and on
the same side of the screen within 400 ms that increase
in eccentricity. All gaze scans have a start and end time
and eccentricity. Here, the eccentricity at the end of
the gaze was used to determine how far an individ-
ual scanned (Fig. 3). For each event, we only evaluated
the single maximum gaze scan in the direction of the
side of the hazard prior to the horn press. If there was
a fixation on the motorcycle or an overshoot (i.e. the
gaze scan went beyond the motorcycle) followed by a
horn press, then the gaze scan that brought the gaze
to or passed the motorcycle was used. If there was no
fixation on the motorcycle and the motorcycle was still

detected (i.e. motorcycle was detected using peripheral
vision), then the furthest gaze scan prior to the horn
press was used. If the motorcycle was not detected,
then the furthest gaze scan prior to the motorcycle
disappearing was used. If there was no gaze scan while
the motorcycle was on the screen, then that event was
coded as having a gaze scan equal to the furthest gaze
eccentricity, which was often near 0 degrees.

In addition to tracking gaze movements, head
movements were also recorded, given that gaze scans
could be made independent of head movements. Head
scans were defined as the local minimum andmaximum
of the head eccentricity with respect to a gaze scan.
That is, every gaze scan had a corresponding head scan.
Head scans without a corresponding gaze scan were
rare and would not be related to hazard detection. In
gaze scans without a head movement component (i.e.
an eye-only scan), the head scan was marked at the
furthest head eccentricity, which could be near or less
than 0 degrees.
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For both gaze and head scans, we have collapsed
across the left/right sides, such that the eccentricity
described below refers to a scan away from the inter-
section toward the side of the hazard. Thus, a positive
maximum eccentricity means a scan in the direction of
the hazard. Note that, in some cases, if the maximum
gaze scan and/or corresponding head scan happened to
be on the opposite side of the hazard, then the eccen-
tricity could be <0 degrees (i.e. negative). For partici-
pants withHFL, scans were categorized by whether the
scan was toward the seeing or blind side.

Of the 680 events for those with HFL, 627 events
remained after 30 events were not collected due to
the experiment being stopped short from simulator
sickness from 2 participants, and 23 events were not
processed due to noise or technical issues with the data.
For those with NV, we had 590 of 600 events with
10 events not being collected due to the experiment
being stopped short from simulator sickness from
1 participant.

Statistical Methods

We evaluated the effect that HFL (blind side motor-
cycles in those with HFL, seeing side motorcycles
in those with HFL, and seeing side motorcycles in
those with NV) has on the detection variables (detec-
tion, safe detection, and early detection) using general
linear mixed effect models (GLMs) constructed in
MATLAB (fitglme.m: Mathworks, R2015a). Variance
among participant, scenario, and event number were
accounted for using a random effects structure that
included random slopes and intercepts for all fixed
effects to produce a maximal random effects struc-
ture.30 For continuous variables (reaction time and
car speed), we first checked visually their approx-
imate normality and then utilized a linear mixed
model (LMM) with the same procedure used for the
Boolean detection variables. All of themaximalmodels
converged.

Method of guidance (GPS or Lead Car) was not
included as a factor in the models because prelim-
inary analyses found no effect of guidance on any
of our outcome measures, including detection, safe
detections, early detections, gaze magnitude, and head
magnitude (all P values > 0.37). Furthermore, there
were no significant interactions between NV and HFL
and guidance type (all P values > 0.15). A prior
study with NV participants using exactly the same two
guidance methods also found that guidance method
had no effect on scans magnitudes.21

We evaluated whether there were differences in gaze
and head scan magnitude between detected and not
detection, safe and unsafe, and early and not early. We

used Kruskal-Wallis tests given that the distributions
of gaze and head scan eccentricities were not normally
distributed.

Determining classification (i.e. prediction) of the
detection variables (detection, safe detection, and early
detection) using scanning (gaze and head eccentric-
ity) was achieved using a repeated train and test
approach.31 For 5000 iterations, 75% of the data were
randomly allocated to a training set and 25% to the
testing set. For every iteration, we calculated for all
criterions in the training set the Matthews Correla-
tion Coefficient (MCC), which is a balancedmetric that
takes into account true and false positives and negatives
and is appropriate for measuring binary classifica-
tion performance for imbalanced datasets.32,33 MCC is
calculated using the following formula:

MCC = TPxTN − FPxFN
√
(TP + FP) (TP + FN ) (TN + FP) (TN + FN )

where TP corresponds to the number of true positives,
TN corresponds to the numbers of true negatives, FP
corresponds to the number of false positives, and FN
corresponds to the number of false negatives for a
given criterion. In other words, for each iteration and
for a given threshold (e.g. 10 degrees), we calculated
MCC from TP, TN, FP, and FN by comparing the
true detection and not detection to the predicted detec-
tion and not detection. MCC ranges from -1 to 1,
with zero representing random classification. We did
not use accuracy because of the imbalance between
detection and not detection. We selected the criterion
that maximized MCC and then calculated MCC with
that criterion in the testing set. Across the testing set
iterations, if the 95% confidence interval (CI) of the
classifications did not include 0 MCC, then we consid-
ered the classification significantly above or below
chance. To determine whether one classifier performed
better than another classifier, we conducted a two-
sample Kolmogorov-Smirnov test on the distributions
of testing set MCCs. If the classifier was significantly
above chance, then we considered the final criterion to
be the median of the criterions used in the testing set.

Results

Overall Detection Behaviors

Overall, those with HFL had fewer detections
(b= 3.6, se= 0.41, t= 9.0, P< 0.0001), safe detections
(b= 1.3, se= 0.30, t= 4.4,P< 0.0001), and early detec-
tions (b = 3.1, se = 0.49, t = 6.3, P < 0.001) than NV
participants (Fig. 4). Those with HFL were also slower
in their reaction time (b = 0.73, se = 0.17, t = 4.4,
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Figure 4. Average detection rates for those with HFL and NV. The proportion of detection (left), safe detections (middle), and early detec-
tions (right) are displayed for the motorcycles that appeared on the blind side and seeing side for those with HFL and seeing side for those
with NV. Error bars are SEM.

Figure 5. Boxplots summarizing reaction times (left) and speed at the time of the detection (i.e. horn press; right) are displayed for the
motorcycles that appeared on the blind side and seeing side for those with HFL and seeing side for those with NV.

P < 0.0001) and in their driving speed at detection
(b = 4.2, se = 1.4, t = 3.1, P = 0.002) than the NV
participants (Fig. 5).

For those with HFL, there were fewer detections
(b = 3.0, se = 0.38, t = 8.1, P < 0.0001), safe detec-
tions (b= 2.1, se= 0.29, t= 7.1, P< 0.0001), and early
detections (b = 3.5, se = 0.41, t = 8.5, P < 0.0001) on
the blind side than the seeing side (see Fig. 4). Further,
those with HFL responded slower (b = 0.67, se = 0.1,

t = 6.5, P < 0.0001) and were driving slower (b = 3.5,
se= 1.1, t= 3.3, P= 0.001) when detecting motorcycle
hazards on the blind side than seeing side (see Fig. 5).

Interestingly, when comparing detection perfor-
mance formotorcycles that appeared on the seeing side,
those with HFL had fewer detections (b = 1.6, se =
0.48, t = 3.4, P = 0.001) and early detections (b = 1.8,
se = 0.5, t = 3.6, P = 0.0004) and slower reaction times
(b= 0.6, se= 0.16, t= 3.6,P= 0.0003) than those with
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Figure 6. Box plots ofmaximumgaze and head eccentricity as a function ofwhether therewas a detection (top row), safe detection (middle
row), or early detection (bottom row). The two leftmost columns correspond to HFL blind side. The twomiddle columns correspond to the HFL
seeing side. The two rightmost columns correspond to NV seeing side. Det. = detection. ***P < 0.001, **P < 0.01, *P < 0.05.

NV (see Fig. 4, Fig. 5). However, there was no signif-
icant difference in the proportion of safe detections
(b = 0.14, se = 0.32, t = 0.4, P = 0.67), which is likely
caused by those with HFL having a slower car veloc-
ity at the time of detection compared to those with NV
(b = 3.3, se = 1.5, t = 2.2, P = 0.03).

Scanning and Detection Variables

The relationship between detection variables and
scanning variables is shown in Figure 6. For blind side
motorcycles in those with HFL, gaze scan (χ2 [1] =
69.2, P < 0.001) and head scan (χ2 [1] = 54.8, P <

0.001) magnitudes were significantly larger when the
motorcycle was detected compared to when it was not
detected. The same was true of gaze (χ2 [1] =35.9, P <

0.001) and head scan (χ2 [1] = 22.8, P < 0.001) magni-
tudes for safe detections and for gaze (χ2 [1] = 53.7,
P < 0.001) and head scan (χ2 [1] = 39.6, P < 0.001)
magnitudes for early detections.

On the seeing side, gaze scans (χ2 [1] = 5.87,
P < 0.05) were significantly larger in detections,
but the same was not true of head scan magnitude
(χ2 [1] = 0.32, P = 0.57). Contrary to expectations,
for safe detections, head scans were significantly larger
for unsafe events compared to safe detections (χ2 [1] =
6.7, P < 0.001). Gaze scan magnitude was not signifi-
cantly different between safe and unsafe events (χ2 [1]
= 0.01, P = 0.91]. Gaze (χ2 [1] = 29.3, P < 0.001) and
head scan (χ2 [1] = 10.7, P < 0.01) magnitudes were
both significantly predictive for early detections on the
seeing side in those with HFL.

For those with NV, gaze (χ2 [1] = 20.3, P < 0.001)
and head scan (χ2 [1] = 13.6, P < 0.001) magni-
tudes were significantly larger in detections compared
to failed detections. However, NV gaze (χ2 [1] = 72.3,
P < 0.001) and head scan (χ2 [1] = 76.5, P < 0.001)
magnitudes were significantly larger in unsafe events
compared to safe detections (this counter intuitive
finding is examined more in the “Scanning Criterion”
section below). Last, gaze (χ2 [1] = 110.2, P < 0.00)
and head scan (χ2 [1] = 63.9, P < 0.001) magnitudes
were significantly larger in early detections compared
to not early detections.

Predicting Detection Variables With
Scanning Variables

For HFL participants, blind side motorcycle detec-
tion could be significantly predicted with gaze (95%
CI = 0.24 to 0.59, P < 0.001) and head scan (95% CI =
0.24 to 0.59, P < 0.001) magnitudes (Fig. 7). Interest-
ingly, head scan magnitude was a better predictor than
gaze scan magnitude (K = 0.04, P < 0.001). Similar
to detections, gaze (95% CI = 0.1 to 0.48, P = 0.002)
and head scan (95% CI = 0.06 to 0.46, P = 0.006)
magnitudes could significantly predict safe detections
and gaze (95% CI = 0.20 to 0.63, P < 0.001) and
head scan (95% CI = 0.11 to 0.61, P < 0.005) magni-
tudes could significantly predict early detections. For
both safe (K = 0.16, P < 0.001) and early detections
(K = 0.20, P < 0.001), gaze scan magnitude was a
better predictor than head scan magnitude.

For those with HFL, seeing side detection could not
be significantly predicted with gaze (95% CI = –0.20 to
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Figure 7. Boxplots summarizing prediction performance for the motorcycles that appeared on the blind side for those with HFL. The
dotted line corresponds to chance prediction (i.e. randomprediction) usingMatthews correlation coefficient (MCC). ***P< 0.001, **P< 0.01,
*P < 0.05.

Figure 8. Boxplots summarizing prediction performance for the motorcycles that appeared on the seeing side for those with HFL. The
dotted line corresponds to chance prediction (i.e. randomprediction) usingMatthews correlation coefficient (MCC). ***P< 0.001, **P< 0.01,
*P < 0.05.

0.23, P = 0.16) or head scan (95% CI = –0.40 to 0.07,
P = 0.27) magnitudes (Fig. 8). Similarly, gaze (95%
CI = –0.22 to 0.18, P = 0.52) and head scan (95%
CI = –0.30 to 0.10, P = 0.85) magnitudes could
not significantly predict safe detections. Yet, seeing
side early detections could be predicted with gaze
(95% CI = 0.15 to 0.48, P < 0.001) and head
scan (95% CI = 0.05 to 0.41, P = 0.005) magni-
tudes. Gaze scan magnitude was a better predic-
tor than head scan magnitude for early detections
(K = 0.38, P < 0.001).

For NV participants, gaze (95% CI = 0.02 to 0.33,
P = 0.02) could significantly predict detection (Fig. 9),
but head scan magnitude could not (95% CI= –0.06 to
0.27, P = 0.047). Interestingly, gaze (95% CI = –0.54
to –0.25, P < 0.001) and head scan (95% CI = –0.49 to
–0.20, P < 0.001) magnitudes were significant predic-
tors of safe detections, but in the opposite direction
than we expected. That is, larger gaze and head scans
could be used to predict unsafe events with gaze scan
magnitude being a better predictor than head scan
magnitude (K = 0.26, P < 0.001). Early detections



Predicting Hazard Detection TVST | January 2021 | Vol. 10 | No. 1 | Article 20 | 11

Figure 9. Boxplots summarizing prediction performance for the motorcycles that appeared on the seeing side for those with NV. The
dotted line corresponds to chance prediction (i.e. randomprediction) usingMatthews correlation coefficient (MCC). ***P< 0.001, **P< 0.01,
*P < 0.05.

Table 3. Criterions that Significantly Predicted Better Hazard Detection (More Detections, More Safe Detections,
and More Early Detections)

Scanning Criterions that Predicted Better Hazard Detection

Detection Safe Detection Early Detection

HFL: Blind side Gaze: ≥ 22.8 degrees
Head: ≥ 19.3 degrees

Gaze: ≥ 18.5 degrees
Head: ≥ 19.3 degrees

Gaze: ≥ 33.8 degrees
Head: ≥ 27 degrees

HFL: Seeing side Gaze: ≥ 25.3 degrees
Head: ≥ 9.0 degrees

NV: Seeing side Gaze: ≥ 11.5 degrees Gaze: ≤ 48.5 degreesa

Head: ≤ 24.5 degreesa
Gaze: ≥ 20.5 degrees
Head: ≥ 4.8 degrees

aFor these two criterions, gaze or head scans less than the criterion resulted in more safe detections. All other criterions
represent situations where gaze or head scans greater than the criterions resulted in more detections, unsafe detections, or
early detections than gaze or head scans below the criterion.

could be significantly predicted with gaze (95% CI =
0.33 to 0.59, P < 0.001) and head scan (95% CI = 0.18
to 0.45,P< 0.001) magnitudes with gaze being a better
predictor than head scan magnitude (K = 0.74, P <

0.001).

Scanning Criterion for Detection, Safe
Detection, and Early Detection Classification

Next, we examined the criterions for the scanning
variables that could significantly predict the detec-
tion variables (Table 3). For each criterion, magni-
tudes that exceeded these values meant successful
detections unless otherwise stated. For motorcycles
that appeared on the blind side of HFL participants,
the gaze and head criterions for predicting detec-

tion were similar to the gaze and head scans that
predicted safe detections. As expected, the gaze and
head criterions for predicting early detections were
larger than for detections. For seeing side events in
those with HFL, only early detections could be signifi-
cantly predicted with themaximum gaze and head scan
magnitudes.

For those with NV, the gaze and head criterions
for early detections were larger than the criterions for
detection. Unlike all of the previous criterions though,
magnitudes exceeding the gaze and head criterions
for safe detections predicted unsafe events. That is,
scanning below those criterions more often resulted
in safe detections than scanning above those criteri-
ons. This is likely the result of unsafe detections occur-
ring with higher driving speeds, which means that the
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Figure 10. A scatterplot and boxplot showing the speed of the
car at detection and the eccentricity of the motorcycle (MC) at the
time of the end of themaximum gaze scan for safe (blue) and unsafe
(orange) detections for NV participants.

individual is closer to the intersection and hence a
larger gaze scan is needed for the motorcycle to be
detected (Fig. 10).

Relationship Between Gaze and Head Scan
Magnitudes

In many of the classifications, head scan magni-
tude was predictive of detection performance. Gaze
and head maximum eccentricities were significantly
correlated (Fig. 11, right column) for HFL blind side
(r = 0.86, P < 0.0001) and seeing side (r = 0.81,
P < 0.0001), and seeing side for those with NV
(r = 0.89, P < 0.0001). As expected, gaze scans were
significantly larger (see Fig. 11, left column) when the
maximum head eccentricity was above than below the
smallest of the significant head scan magnitude criteria
(i.e. the smallest criterion out of detection, safe, and
early; minimum χ2 [1] = 157.6, P < 0.0001 between
HFL blind, HFL seeing, and NV seeing with Kruskal-
Wallis tests).

Discussion

Consistent with many prior studies,6–11 we found
that individuals with HFL detected fewer motorcy-
cles on the blind than seeing side (37.4 vs. 88.6%) and
had longer reaction times (4.1 seconds vs. 3.4 seconds).
Furthermore, larger gaze and head scans were associ-
ated with detections on the blind side.6.9,10 Individu-
als with HFL also had fewer detections on their seeing
side than those with NV (88.6 vs. 97.0%), as found
in other studies evaluating detection of pedestrians

at large eccentricities at intersections.6 These results
highlight the importance of understanding the impacts
of HFL on hazard detection performance34 and the
necessity of adequate compensatory strategies to see
potential hazards approach from the side of their visual
field loss.

Our main goal was to evaluate the minimum thresh-
old (i.e. criterion) for gaze and head scan magnitudes
that best predicted detection, given that making a large
scan is a common technique included in rehabilitation
programs aimed at improving compensation for visual
field loss.14,16 Importantly, we examined prediction of
different types of detection (i.e. safe and early detec-
tions) of the peripheral motorcycle hazard because
detections could occur early or late and could be safe
or unsafe depending on the speed of the driver and
distance to the intersection.

Blind side gaze and head scans could signifi-
cantly predict whether a detection, safe detection, or
early detection occurred, with criterions ranging from
18.5 degrees to 33.8 degrees and 19.3 degrees to
27 degrees for gaze and head respectively. The ability
for blind side detections to be predictable was expected,
given that individuals with HFL necessarily needed to
scan in order to detect the motorcycle on their blind
side. The criterions we found suggest that for those
with HFL, the minimum head scan toward the blind
side should be at least approximately 20 degrees when
scanning on approach to an intersection. Importantly,
this threshold encourages scans larger than individ-
uals typically make with eye saccades (i.e. generally
<15 degrees20), which is likely why head scan magni-
tude was also predictive of detection performance.

On the seeing side, gaze and head scans could
significantly predict whether a safe or early detec-
tion occurred for those with NV. However, for those
with HFL, only early detections could be significantly
predicted (gaze = 25.3 degrees and head = 9 degrees),
indicating that a large scan with a head movement
component was needed for detection of the motorcy-
cle before it reached the intersection (i.e. when at a
large eccentricity) on the seeing side. Not being able to
predict all detections on the seeing side in HFL partic-
ipants could reflect a combination of two situations;
(1) individuals could be relying on peripheral vision
for detection on the seeing side (i.e. thus not making a
gaze or head scan towards the hazard) and (2) individ-
uals could scan past the motorcycle as it approaches
(i.e. thus making a large gaze or head scan, but failing
to detect the motorcycle). If the individual was not
already attending to the motorcycle, then it may be
missed because of the transient disruption of percep-
tion from the eye saccade35,36 and because themotorcy-
cle would now be in the blind portion of the visual field
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Figure 11. On the left, gaze eccentricity when head eccentricity exceeds the smallest (i.e. out of detection, safe, and early) significant
head scan criterion between detection, safe detection, and early detection for HFL = blind side (19.3 degrees; top left), HFL = seeing side
(9 degrees;middle left), and NV = seeing side (4.8 degrees; bottom left). On the right, scatter plots of head eccentricity and gaze eccentricity
for the respective group. The vertical dotted line represents the criterion used in the box plots on the left. Crit. = criterion.

(i.e. scan across37). Nonetheless, finding a significant
criterion for early detections on the seeing side in those
with HFL indicates that scanning toward the seeing
side is important for detecting hazards approaching
from that side.

Interestingly, for those with NV, safe detections
corresponded to smaller magnitude gaze and head
scans than unsafe detections. Although this could
indicate the cost of scanning too far, it is more likely
a function of the increased driving speed associated
with unsafe detections. Hazards approaching from the
periphery at a constant speed were at greater eccentric-
ities when participants drove more quickly than when
they drovemore slowly; hence larger scans needed to be
made to detect hazards in unsafe situations associated
with faster driving.Whereas thismay have been true for
all drivers, those with NV drove faster than those with
HFL, which resulted in more instances of large scans
during unsafe detections.

For each event, we analyzed only a single scan,
the largest scan in the direction of the motorcycle. A
similar approach was used by Bowers et al.6,37 when
evaluating the relationship between head scanning and

detection of pedestrians at about 90 degrees eccentric-
ity at intersections. Although analyzing the largest scan
directly addressed our primary research question, it
did not capture other aspects of scanning that might
also be important for successful detection, such as
the frequency of scanning or the role of eye-only
scans. In contrast, other studies have considered all
gaze scans (e.g. Refs. 8–11, 21). Using all of the gaze
scans may be useful for understanding globally how
individuals are scanning on approach to an intersec-
tion. However, here, we were interested in the scanning
behavior that preceded detection (or lack of detec-
tion) and therefore could be used to better understand
the relationship between scanning and detection of
a hazard.

In analyzing the safety of detections, we took
account of the speed of the vehicle as well as the
distance to the intersection. This approach revealed an
interesting finding with respect to seeing side detec-
tion performance. Specifically, whereas thosewithHFL
detected fewer motorcycles on average than those with
normal vision on the seeing side (88.6 vs. 97.0%), the
rates of safe detections did not differ (70.6 vs. 70.6%)
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because those with HFL drove more slowly. Driving
slowly (provided it is not too slowly) may be another
form of compensation that could improve detection
performance in those withHFLwhen pairedwithmore
frequent and larger scans.

For both groups of participants, we found that
when gaze scans predicted detection performance, head
scans also generally predicted detection performance.
This is likely because of the strong positive relation-
ship between the gaze and head scan eccentricity.
Further, gaze scans were typically larger than head
scans, meaning that a large head scan was often paired
with an even larger gaze scan. This finding has impor-
tant implications for both training and the develop-
ment of driver assistance devices. It may be easier for
individuals tomake larger gaze scans if they are encour-
aged to facilitate their gaze scan with a head scan,
especially on approach to intersections. With regard
to assistance devices, it is possible that the 20 degrees
criterion could also be implemented in a device, which
would monitor head position and alert individuals
when they have failed to scan further than that criterion
(Jing Xu, IOVS, 2019, 60, “ARVO E-Abstract,” 1058).
Tracking gaze in the real world is challenging because
of the placement limitations of the equipment (i.e. so
as to not obstruct the driver’s view), wide ranging light-
ing conditions, and individuals requiring sunglasses or
other eyeglasses to drive.23 However, it is easier to track
head position in real-world settings.24,38 Thus, such a
device that monitors and checks for large head scans
may prove more feasible than one that relies on track-
ing gaze.

One limitation of the current study is that all of
the motorcycle hazards started far in the periphery (at
about 54 degrees eccentricity). Hazards can also start in
more centrally located positions, such as an approach-
ing car that takes a turn in front of the driver.39 In
hazards that appear from the straight-ahead position,
it is likely that gaze and head scans will not be predic-
tive. Further, peripheral hazards that approach at faster
velocities or along different trajectories may require
differentmagnitudes of peripheral scans to be detected.
Future studies with varied hazard trajectories may
be able to tease apart how different patterns of gaze
movements relate to detection of different hazards.

Another potential limitation of this study is that
many of the individuals with HFL had ceased driving
since the onset of their visual field loss (because
driving with HFL is not permitted in Massachusetts).
However, the purposes of this study were not
necessarily to understand how individuals with
HFL compensate, but instead to evaluate scanning
as a compensatory strategy from a rehabilitation
perspective.

Overall, our results support the finding that making
a large scan in advance of the intersection is beneficial
for peripheral hazard detection by people with HFL.
On the blind side, detection performance (i.e. detec-
tions, safe detections, and early detections) were all
associated with larger scans and scan magnitude could
be used to predict detection performance. On the seeing
side, only early scans could be successfully predicted
with gaze and head scan performance. These results
present strong evidence that peripheral hazard detec-
tion is related to scan performance and suggest that
individuals with HFLwho scan beyond a criterionmay
be more likely to detect a hazard than not. The criteri-
ons we found could be utilized in rehabilitation or in
the development of assistance devices to help individ-
uals with HFL adequately compensate for peripheral
hazard detection.
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