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Glaucoma

Glaucoma, a prevalent ocular disorder, is the leading cause of irreversible blindness 

and the second leading cause of blindness worldwide.1 The most common form 

of glaucoma, known as primary open-angle glaucoma (POAG), often manifests 

with increased intraocular pressure (IOP), leading to the gradual deterioration of 

individuals in 2021.2 Additionally, other forms of glaucoma exist, such as angle-

closure glaucoma, normal-tension glaucoma, and secondary glaucoma, which is 

progressive damage to the optic nerve (Fig. 1 & Fig. 2), a vital structure responsible for 

transmitting visual information from the eye to the brain.  As the disease progresses, 

lead to irreversible vision loss, with advanced stages potentially ending in tunnel 

vision or even complete blindness. Therefore, timely detection and intervention are 

 

Figure 1.
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Figure 2. Ophthalmoscopic photographs of a healthy and glaucomatous optic disk of the right 
eye. A. In the healthy optic disc, the neuroretinal rim has its normal shape with its widest part in 
the inferior region. B. In the glaucomatous optic disc, the neuroretinal rim is strikingly thinner 

Adapted from Jonas, et al.  Glaucoma (2017) The Lancet.

Visual Field Testing

research settings. A standard automated perimeter, typically the Humphrey Field 

 During the 

target while the testing protocol presents small stimuli at various locations within 

the grid. When a threshold test is done, the minimum detectable intensity of light 

by pressing a button. The responses are then recorded, and a comprehensive map 

sensitivity, which may indicate the presence of ocular or neurological disorders. Both 

function.

Monocular threshold testing is used to monitor each eye separately, which provides 
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Figure 3.
A.

physiological. This occurs because there are no photoreceptors in the optic disc of the retina 

the missing information based on surrounding visual input, so individuals are generally unaware 
of this gap in their vision under normal circumstances. B. Arcuate scotoma, due to damage to 

C. 

Automated Perimetry, American Academy of Ophthalmology.

by measuring both eyes simultaneously. This is highly relevant, since the brain 

visual information to the optic chiasm from each eye, where a partial crossing of optic 

processing centers, where the views from each eye are compared and combined, 

enabling the perception of depth, stereopsis, and accurate spatial judgment.7 In the 

 

a suprathreshold approach, this test employs a grid with 120 stimuli covering about 

are deliberately set above the threshold level, ensuring they are easily visible. The 
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and the integration from both eyes. This test is particularly suitable when a patient’s 

as driving.10,11

Figure 4. 
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Figure 5. 
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concentration.

concentration and visual attention.  This can be particularly demanding for patients 

acuity measurements, color vision assessments, and tests for glare and contrast 

On the other hand, functional vision refers to how well an individual performs in 

vision related tasks, such as reading or driving.

and real-world vision typically involve detecting larger, often moving objects against 

standard automated perimetry typically relies on static stimuli. Additionally, these 

are essential for good spatial awareness.
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Unawareness of Visual Field Loss

reaches an advanced stage. This lack of awareness can potentially be attributed 

17 The plasticity of the visual cortex allows 

defects are likely masked by the surrounding colors and patterns until the visual 

input diminishes to a level where the brain can no longer construct a coherent visual 

Figure 6. A. Normal vision. B. Early stage 
of glaucoma. C. Advanced stage of glaucoma. The yellow symbols in Figures B and C represent 

Adapted from Hoste 17

Bull Soc Belge Ophtalmol
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In the early stages of glaucoma, the brain is probably able to compose a very plausible 

colors, forms and textures of the surroundings areas. However, objects located in the 

foreground that fall entirely within the blind area cannot be perceived, as the brain 

while driving, a glaucoma patient may fail to detect the sudden presence of children 

by the patient’s lack of awareness regarding any visual impairment. When the disease 

advances, fewer objects are visible in the periphery, as an increasing proportion of 

them become entirely situated within expanding blind areas.

Compensatory Eye Movements

the glaucoma patient is situated at the center of the scene, resulting in the children 

and eye movements to scan the entire scene. When these movements are executed 

appropriately, glaucoma patients can perceive a greater extent of the visual scene, as 

illustrated in Figures 7A and 7B.20,21

Figure 7. A. Original image.17 Objects 

B. Illustration depicting the same scene with a compensatory eye movement towards the right.

Adapted from Hoste 17

Bull Soc Belge Ophtalmol. 
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1
By focusing their attention on central targets and employing systematic scanning 

comprehensively, bringing relevant objects and areas of interest into their remaining 

from one point to another and are instrumental in directing the line of sight towards 

incorporating them into rehabilitation programs can help individuals with glaucoma 

independence.

Driving with Visual Field Defects

22 The 

 other causes 

include stroke, diabetic retinopathy, retinal vascular occlusive disease, and age-

related macular degeneration. As these conditions are age-related, and considering 

the increasing number of older drivers,  it is crucial to accurately determine which 

has shown that not all patients fail the on-road driving test.  Tant, et al. , found 

rather than by the accompanying brain damage. Additionally, visuo-spatial driving 

performance can be improved with visual scanning training.27

 which 

above and below the center. Within the central 20 degrees (radius), all points on the 

Esterman test must be detected, except for the physiologic blind spot in monocular 

drivers.  However, the establishment of criteria to assess the safety risk associated 
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performance, yet the available evidence remains inconclusive.

d with a higher risk of motor vehicle 

collisions.

certain countries, including The Netherlands, have implemented an “exceptional 

In the Dutch context, the Royal Dutch Visio (Centers of Expertise for Blind and Partially 

 Under 

this initiative, individuals with a visual impairment can apply for a comprehensive 

assessment, facilitated by information provided by their ophthalmologists. 

Participants referred to the program undergo an one-day consultation, encompassing 

driving experience and history, and, when deemed necessary, a neuropsychological 

examination. Practical observations, such as walking and cycling, are conducted 

outdoors to assess real-world functionality and compensatory mechanisms. 

recommendation based on the outcome of the assessments. These recommendations 

programs such as bioptic telescopic spectacles training or saccadic visual search 

training,  and those for whom driving is deemed inadvisable. Importantly, in 

instances where driving is discouraged, guidance is provided on alternatives and 

solutions to maintain personal mobility. The program’s tailored approach not only 

outlines the individual’s current driving capabilities but also provides guidance that 

incapable drivers, their high cost and time-consuming nature underscore the 

importance to identify more accessible methods for assessing compensatory viewing 
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scan their surroundings might be crucial.

Eye Tracking

give valuable insights into the allocation of visual attention as eye movements are 

linked to cognitive processing.  This technology has various applications, including 

research in healthcare, psychology, biomedical applications, and neuroscience.

It enables researchers to understand how individuals interact with visual stimuli. 

methodologies. Two types of commonly used eye trackers are remote and wearable 

eye trackers. Firstly, remote or video-based eye trackers, use cameras attached to a 

monitor to track the position and movements of the eyes whilst showing stimuli on 

cameras or sensors to capture eye movements. A scene camera takes the role of 

recording the stimulus, which is the scene that the participant is exploring. They 

movements in real-world scenarios. 

Measuring Compensatory Eye Movements

Previous studies have examined how individuals with glaucoma compensate for 

 driving simulator tests,  and 

Consisting of a series of video clips depicting various driving scenarios that are shown 

on a small screen, this test evaluates the candidate’s ability for identifying and clicking 

possess the necessary awareness essential for safe driving. 
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Driving simulators are technological systems designed to replicate real-world driving 

and assessments, driving simulators provide a safe and immersive tool for learners 

to develop their driving skills without the risks associated with on-road practice. 

These simulators typically feature realistic vehicle controls, animated visual displays, 

and urban environments.

However, there is a gap in the existing testing methodologies, as shown in Table 1. 

movements. 

Table 1. 

Esterman Visual 
Field Test

HPT Driving 
Simulator

On-Road 
Driving Test

TREYESCAN

Allowing for 
compensatory eye 
movements

–– + + ++ ++

Duration of test + + +/– +/– +

Legal embedding + – – + –

Measuring driving 
capability

–– – + ++ –

Naturalistic conditions –– + +/– ++ +

Numerical analysis of 
results

+ + + –– +

Objective measure 
of viewing and 
compensation

–– –– –– –– ++

compensation
–– + + –– ++

++ – + ++ +

This is particularly relevant in the context of dynamic areas of interest (AOIs) within 

Dynamic AOIs – moving regions of 

interest that emerge during video presentations or animated elements on a screen – 

present a challenge due to the movement of these objects relative to the coordinate 

 Existing research has primarily 
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1AOIs. Investigating these compensatory eye movements is important, as they play 

limitations and maintaining functional performance in visually demanding situations, 

like driving.

Figure 8.

objects, signifying objects that demand active or passive consideration by the driver, provoking 
actions like speed reduction, lane change, or delayed acceleration. The blue rectangles represent 

upcoming situation where the cyclist approaches to cross the road.

behavior to compensate for their impaired vision. By gaining a better understanding 

of the compensatory eye movements, rehabilitation services can tailor interventions 

assessment can aid in the acceptance of driver’s license revocation, as it provides 

objective evidence regarding the individual’s ability to compensate for their visual 

diminished trust in the authorities, particularly when withdrawals are determined by 

 Individuals who 

loss on several domains, such as work, income, housing, and health.  Moreover, the 

measurement of compensatory eye movements can serve as a potential predictor 

for referral to a driving test. Coeckelbergh, et al.  found that the predictive power of 
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identify those who are more likely to be safe drivers. This information can assist 

drivers to make informed decisions about their continued driving suitability despite 

before reevaluation. Notably, this approach may lead to the referral of patients who 

might have otherwise been excluded from on-road driving evaluation based on the 

assessment of their capabilities.

Aim and Outline of This Thesis

The primary objective of this research is to develop an innovative eye tracking 

in relation to AOIs, we aim to understand the compensatory mechanisms employed 

described in Table 1. 

Chapter 1 provides a general introduction to the research background, objectives, 

and methodology. Chapter 2 presents the results of a retrospective matched case-

Chapter 3 describes 

on a wide screen with unrestricted head movements. Moving forward, chapter 4  

in a case-control study involving glaucoma patients at various stages of disease 

progression and control participants. In chapter 5, the results from the case-control 

study are compared between glaucoma patients and the control participants and the 

Finally, this thesis will end with a summary and general discussion (chapter 6).
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Field Test on the Outcome of  
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Abstract

Purpose

in relation to the outcome of an on-road driving test.

Methods

A retrospective chart review was performed for driver’s license applicants who, 

n = 101) 

with a failed on-road driving test were matched with 101 controls with a passed 

points missed per region was counted. Logistic regression models and receiver 

operating characteristic (ROC) curves were computed for each region.

Results

p < 0.001) for all the participants. 

However, ROC curves failed to reveal distinct fail–pass criteria based on the 

number of points missed, as revealed by a large amount of overlap between 

cases and controls.

Conclusions

conclusive for predicting the driving performance of the individual driver with 

Translational Relevance

In our group of participants, the number of on-road driving tests cannot be 
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Introduction

order to ensure public and road safety.1

apply for obtaining and retaining a driver’s license. Research on this topic is becoming 

number of older drivers are rising.2

performance. Yet, the available evidence remains inconclusive.

motor vehicle collision.  Other studies do not show such a correlation.

This discrepancy may be explained by the fact that driving is a highly visual task 

involving visual sensory functions, such as spatial resolution, contrast sensitivity, and 

light sensitivity. Controlling a vehicle takes place in a visually cluttered environment 

with many distractions and involves the simultaneous use of central and peripheral 

12

and eye movements.

defect than others by better scanning toward blind areas.  Even some people with 

complete hemianopia have demonstrated to be safe drivers.

20 degrees above and below. Within the central 20 degrees (radius), no points on 

the Esterman may be missed (apart from the physiologic blind spot in monocular 

drivers), since a single missed point may indicate a relevant binocular paracentral 

to avoid unnecessary license denial, some countries, including The Netherlands, 

in natural driving conditions.
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 This test was adopted by the 

American Medical Association for assessment of impairment.20 It is a suprathreshold 

binocular test and includes peripheral points. It is fast and readily available on most 

21 

screening tool is developed.22 

drivers, are costly and time-consuming. It would be desirable to reduce the number 

Concurrently, it is important to give every potential driver the chance to obtain a 

license and to reduce the number of unjust license withdrawals for individuals with 

for autonomous mobility. Driving cessation in older drivers is related to poorer mental 

health, such as depression, declines in cognitive abilities, and diminished physical 

and social functioning.  Individuals who have their driving license withdrawn due 

income, housing, and health.  Additionally, if withdrawals are experienced as unfair 

if withdrawals are based on vision tests that do not predict individual driving 

performance very well.

120-degree criterion could not predict the result of an on-road driving test. However, 
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no single factor or combination of factors could predict failure of the road test. Their 

study was not balanced: the number of failed candidates was much smaller than 

the number of passes, and there was no formal assessment between the extent of 

on driving performance.

confrontation testing, which can be considered less reliable than automated visual 

in relation to the outcome of the on-road driving test by performing a matched 

case-control study containing balanced groups for pass and fail outcomes of the on-

prediction can be made about the results of the on-road driving test (or, for that 

the other hand, such mild defects that a passed result is expected. The location of the 

driving tests.

Methods

Participants

A retrospective case-control study was performed. Participants were selected from a 

driver’s license administration in The Netherlands. The included participants applied 
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about the driver’s license application process in The Netherlands. 

All included participants performed an on-road driving test, based on their visual 

test. For each case, a control participant was selected who did pass the driving test, 

matched on age (month of birth versus month of testing), gender, and the diagnosis 

(inclusion criterion for all participants in the database), “progressive eye disease” 

(e.g., glaucoma), and “central nervous system disorder” (e.g., occipital stroke). 

only) reason to mandate the on-road driving test. Furthermore, for inclusion, a 

The On-Road Driving Test

All participants in this study underwent an on-road driving test on the public road, 

outcome. However, a passed driving test can be coupled with imposing restrictions, 

such as mandatory vehicle adaptations, and occasionally additional advice is given 

on a limited duration of license renewal.

Data Extraction

scored if the point was “seen” (1) or “not seen” (0). The month and year of birth, 
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month and year of the driving test, (best-corrected) visual acuity of right and left eye, 

and relevant ocular comorbidity were listed (glaucoma, macular disease, cataract, 

stroke/brain tumor, diabetes mellitus, ocular vascular occlusion). Furthermore, data 

reported by the ophthalmologist, such as if the participant wore glasses or contact 

Analysis of Visual Field Data

regions were “all” (all points), “center” (points within a 20-degree radius), “European 

and right, as mandated in the EU regulations

to the center), and “periphery” (the points outside the EU region) (Fig. 1). Additionally, 

Figure 1.

The black dots represent the paracentral region.
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Statistical Analysis

Descriptive statistics were reported for the participant characteristics in the database. 

In addition, t-tests for continuous variables and 2 tests for categorical variables 

were performed to verify if the matching was performed properly and if the groups 

The relation between the factor (number of points seen) and the dichotomous 

outcome (fail or pass of the on-road driving test) was tested with a logistic regression 

model for each of the regions in Figure 1. The assumptions for logistic regression 

were checked. For skewed distributions, a ln-transformation was used. If this did not 

the lowest rank was used. Besides conducting an uncorrected model, a corrected 

model was also performed, including best-corrected visual acuity (visual acuity of the 

group of patients with glaucoma—since glaucoma is the main reason for driver’s 

license issues at a higher age, from an ophthalmologic point of view—to investigate 

if the regions can predict the outcome of the on-road driving test for this group of 

patients. We decided to use the same tertiles in the group of patients with glaucoma 

as were used in the models for the total population. Other variables, such as presence 

of ocular comorbidities and progressive nature, were added to the univariate model 

outcome of the on-road driving test, receiver operating characteristic (ROC) curves 

the number of points seen and the outcome of the driving test. Pearson correlations 

for pairs of continuous variables were computed to explore the dependency of 

neighboring regions.

data were used for this retrospective analysis. A waiver was obtained from the 

Medical Ethical Committee of Amsterdam University Medical Centers—location VU 

University Medical Center.
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Results

Demographic Description of Participants

characteristics are shown in Table 1, which reveals that the matching process based 

nature, use of prescription glasses/contact lenses, and the presence of disease were 

be present in one participant. Forty-nine participants had cataract as reported by the 

1 unlimited.

Relation between Visual Field Defects and Outcome of Driving 

Test

Figure 2 presents the distributions of the number of points missed for the persons 

with a failed and a passed outcome of the on-road driving test. A wide range of 

overlap can be seen between the two groups, with the failed group showing a wider 

and lower normal curve. 

regions (Fig. 1). A corrected model was also performed, adjusting for age, gender, 

uncorrected model. Most regions presented a positive skew. To correct this, for the 

regions all, EU, left, right, and down, a ln-transformation was used, and for the other 

regions, the regression models were conducted with tertiles. 
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Table 1. Participant Characteristics

Characteristic Fail 
(n = 101)

Pass 
(n = 101)

P Value

y

Number of female subjects 21 21 1

n 101 101 1

Progressive eye disease, n 100

Central nervous system disorder, n 1

Presence of diseases,a n

   Glaucoma

   Macular disease 12

   Cataract

   Diabetes mellitus

   Ocular vascular occlusion 1

Progressive disease, n

Prescription eyeglasses, n

Contact lenses, n 2 2 1

n 0 0 —

Diplopia, n 0 1

mo
<0.001

 values are outcomes of 
independent-samples t 2 tests for categorical variables. Bold 

p 
a Multiple comorbidities could be present in one participant.

increased odds for not passing the driving test when more points were missed. The 

The logistic regression analysis for the group with a glaucoma diagnosis similarly 
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Figure 2. Distributions of the number of points missed for those who passed and failed the 
on-road driving test. The normal curve is also displayed.

The analyses of additional variables showed that only the time between the 

p < 0.001).

Predictive Value of the Visual Field Outcome for the Outcome of 

the Driving Test

all the regions, the predictive value, as measured by the AUC of the ROC curve, was 

below 0.7, which indicates no discriminative ability for the outcome of the test. The 

test are not suitable for distinguishing between participants who will fail or pass the 

on-road driving test in our population.
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Figure 3. 
outcome of on-road driving test for the total population (A, B) and the glaucoma population 
(C, D). A.

B. The area under the curve 
C.

(periphery). D.

number of points missed is independent of neighboring regions, as the correlations 
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Table 3. Intracorrelations for the Visual Field Regions

All EU Cen Par Per Le Ri Up Do LU RU LD RD

All

EU

Cen

Par

Per

Le

Ri .10

Up

Do

LU

RU

LD .17

RD

Above the diagonal: total population (n n = 

p
p < 0.01

Discussion

test and the outcome of the on-road driving test. We found that, for most regions 

driving performance. We found that the center may be more important than the 

periphery and that the left side may be more important than the right side. This 

Netherlands. It is also consistent with current opinions about the relative importance 
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standard deviation for cases. A probable explanation is that a failed on-road driving 

test is often followed by a second on-road driving test, after the candidate takes 

road driving test is longer for cases than for controls. The wide standard deviation 

can be explained by a variety in amount of driving lessons between the two failed 

on-road driving tests. We had no access to data about the number of failed on-road 

driving tests and the number of driving lessons. 

and passed driving tests (see Fig. 2), making it virtually impossible to predict the 

road driving test) system. 

20 for 

the lower hemisphere is more useful than the upper, and the central 10 degrees 

is not measured. However, this is not necessarily applicable for driving. Typically, 

22

recently been proposed,21 removing some of the limitations of the Esterman visual 

predict the outcome of the on-road driving test. An alternative approach allowing a 

the cumbersome on-road driving tests. 

manner using balanced and matched groups for the fail and pass outcome. The 
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odds ratios and ROC curves provides a comprehensive exploration of the research 

This study has several limitations. The number of participants in this study (n = 202) 

was acceptable for the statistical tests conducted. However, the group of patients with 

glaucoma (n

results. 

We assume the on-road driving test as the gold standard for driving performance. 

Although this is generally accepted, it may be debated.  The expert on practical 

road driving test is not possible. This could have biased the outcome of the on-road 

driving test. It has been found that driver status (active versus inactive driver) was a 

predictor for on-road driving performance.17 In our retrospective study, we had no 

data on driver status or experience. Also, information on cognitive function, former 

rehabilitation, and the time since defect was missing in the provided data, which 

our model.

capacity than clustered missed points, ideally, a cluster analysis should be performed. 

In a preliminary analysis, we performed a grouped point analysis. We demonstrated 

that the “weight” of a missed point increased somewhat when there was another 

Moreover, the discriminative ability of the test improved only minimally.

control over the inclusion into the “exceptional case” program or insight into the 

decision of the medical advisor of the CBR. We had access only to candidates who 

data on the candidates who were granted a license without administering a driving 

test and the candidates who were denied entry in the “exceptional case” program 

and had their license withdrawn without administering a driving test.
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Conclusion

impaired driving performance. When more points are seen, the likelihood of passing 

test shows no discriminative ability to predict driving performance on an individual 

to policy can be made to reduce the number of tests based on our results. This study 

underlines the need of an accessible and reliable test that can better predict the 

outcome of the on-road driving test in order to regulate entry in the “exceptional 

available.
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Supplementary Material

S1 Medical Driving License Application Process in The Netherlands

In The Netherlands, a declaration of health must be submitted when a subject applies 

that there is an eye disorder, restricted vision, previous eye surgery or (previous) 

treatment by an ophthalmologist, then a formal assessment by an ophthalmologist 

is mandated. The ophthalmologist assesses visual acuity and (by the confrontation 

(generally Esterman) is mandatory. If there is any sign of double vision or impaired 

cause of any impairments and if the impairments are stable or progressive in nature. 

advised that the license is only granted after an on-road driving test is performed. 

The medical advisor of the CBR (a medical doctor) makes the decision about the 

administration of the license, the period of validity, special restrictions (e.g. daytime 

only) and whether or not a driving test is mandated.

S2 The On-Road Driving Test 

All participants in this study underwent an on-road driving test in The Netherlands, 

test takes place in the participant’s own vehicle on the public road. A driver training 

vehicle is chosen in case of (hemi)anopsia, long refrainment from driving, after a 

period of driving lessons due to a previous failed on-road driving test and if other 
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straight on and left turns), roundabouts (both ½ and ¾ rounds), roads outside urban 

areas (driving with higher speeds, overtaking or passing slower vehicles, driving 

on a winding road), highways (changing lanes, overtaking other vehicles, choosing 

direction independently and rounding long bends at high speed with correct position) 

1 The on-road driving test 

always leads to a dichotomous pass or fail outcome. However, a passed driving test 

can be coupled with imposing restrictions, such as mandatory vehicle adaptations, 

and occasionally additional advice is given on a limited duration of license renewal. 

1.  Tant MLM. Visual performance in homonymous hemianopia: assessment, training and 
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Abstract

challenging to perform. Commercially available remote eye trackers typically 

free head movements. Additionally, dynamic area of interest (AOI) analyses were 

including software for simple allocation of dynamic AOIs (semiautomatically and 

n =11) were asked to 

for the included objects. The median ratio between total appearance time and 

chosen. This validated open-source toolkit is readily available for researchers 

who want to perform dynamic AOI analyses with the Pupil Core eye tracker, 

such as psychology, transportation, and low vision research.
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Introduction

disciplines, including healthcare, psychology, biomedical applications, and 

neuroscience.1,2

and can give information about the allocation of visual attention as eye movements 

are linked to cognitive processing. Currently, many methods are based on area of 

areas in the stimulus important to the research aim and can be used to calculate 

(duration of one visit in an AOI, from entry to exit).2 Dynamic AOIs—moving areas of 

interest that arise during a video or animated elements on a screen—challenge the 

position data are recorded.

Tobii Pro Lab. Also, open-source options are available, such as DynAOI.  However, a 

limitation of commercially available remote and tower-mounted-based eye trackers 

is the restriction of head movements and a limited measurement range, typically 

free head movements and have a large measurement range are available, such as 

Tobii Pro glasses and Pupil Core eye trackers. However, head-mounted eye trackers 

positions in the video (eye-in-head coordinates). Therefore, the use of dynamic AOI 

analyses becomes problematic. 

 The 

 Defects could lay in the 

movements on a screen as large as possible, instead of only centrally on a small 

and less eccentric eye movements compared to a setup with the addition of side 

views on adjacent screens.
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head movements. In order to measure compensatory viewing, we are interested in 

conducting dynamic AOI analyses. 

The Pupil Core eye tracker (Pupil Labs, Berlin), that we used in this research, can 

detect apriltags (QR-like markers),

Pupil Labs’ Application Programming Interface (API).10 By placing the apriltags on the 

used in dynamic AOI analyses, while maintaining a wide measurement area and free 

head movements. In essence, the mobile eye tracker is used in such a matter, that it 

facilitates remote eye tracking on a much wider screen, as was previously investigated 

in an explorative study.11 

12

the absence of tools for dynamic AOI allocation and analysis software. 

Therefore, our aim is to develop a toolkit for the Pupil Core eye tracker, in order to 

movements. The kit includes tools for simple allocation of dynamic AOIs (semi-automated 

of these tools on a group of normal-sighted participants. With our software, it will be 

based measurements are desired on a large screen. The source code of the entire toolkit 

is available on GitHub 

Methods

Participants

Participants were recruited using snowball sampling at Amsterdam UMC for a 

and concentration, and no refractive correction by means of glasses or contact 

and a visual acuity 

chart.
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participants with a minimal binocular visual acuity of 0.0 LogMAR without refractive 

instructed not to wear eye makeup. 

All participants provided informed consent and all procedures were approved by the 

Medical Ethical Committee of Amsterdam University Medical Centers—location VU 

University Medical Center.

Validation Task

The participants were instructed to look at a certain object in each scene and track 

it from appearance to disappearance. Before the AOI appeared, a verbal instruction 

was given of the area in the scene it would appear, hence the participants already 

with the aim of validating our setup.

mounted centrally behind the windshield of a Toyota Prius II. A black piece of felt was 

Experimental Setup and Recording Device

The validation experiment was conducted at the Amsterdam UMC, location VUmc. 

screens, thus occluding two minor portions of the video. An additional screen (Iiyama 
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in order to control the validation experiment. A car seat was positioned in front of the 

the screen. The table could be altered in height to ensure the eyes were positioned 

in the middle of the screen (Fig. 1). Head movements were permitted in all directions. 

Figure 1. A. Picture of setup. Participants are seated in front of the display 
monitors while wearing the Pupil Core eye tracker. B.

located on the right of the participant and can guide the experiment from the host monitor. On 
the MacBook display, stability of the signal and performance of the participant can be checked.

The participants’ eye movements were recorded by a head-mounted eye-tracker 

(Pupil Labs Core glasses, received October 2021, Pupil Labs, Berlin, Germany). The 

Pupil Labs eye-tracker,10 used in this study, has three cameras: one world camera 
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Apple MacBook Pro with M1 chip (as recommended by Pupil Labs) for recording of 

eye movements. All experiments were performed under the same lighting conditions 

Before each validation task, a nine-point screen calibration routine was used on the 

Pupil Labs software then generates a value for the accuracy and precision. The 

validation routine was repeated after the task, to get insight in changes in accuracy 

and precision throughout the task, such as slippage of the glasses.

Methods of Data Analysis

17 using NumPy,  Pandas,  OpenCV,20 21 For 

22

10

the display with apriltags.  Because of the wide screen, the surface was divided in 

nine Pupil Labs surfaces (Fig. 2). We found that with more and narrower surfaces the 

for this purpose in the toolkit. The surface detection was not constantly optimal due 

merely registering the screen’s apriltags, in order to benchmark the start and end of 
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coordinate system was transformed so that the screen’s middle was (0,0).

Figure 2. Indication of the surface distribution.

data.  We chose a median noise reduction algorithm, because compared to a moving 

average algorithm, the data is less smoothed even though the most prominent noise 

peaks is not reduced as severely.

sample spike reduction.  

Figure 3. Flowcharts of steps in data processing. A. B.
and AOI matching process.
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threshold is also used by Pupil Labs when determining valid gap samples for the 

 Longer gaps were kept in the data frame 

around a gap as additional gap samples, where the pupil of the eye may be partially 

occluded.27

The Pupil Core eye tracker has two eye camera’s that each measure with a sampling 

rate, we used piecewise cubic Hermite interpolating polynomials to obtain samples 

12

In order to determine if a participant viewed an AOI, the coordinates of the bounds 

of these AOIs must be obtained. We decided to determine all AOIs by the use of 

using an OpenCV algorithm, which compares to consecutive frames and redraws 

considerably from beginning until the end. We noticed this program works well, 

except in some instances, e.g., when an object covers a large part of the scene. 

Hence, we also created another script that interpolates the bounding boxes between 

AOIs entirely manually frame by frame. Both scripts generate a bounding box with x 

and y values for each object on the relevant frame number, an object type label and 

allow for additional custom labels. The coordinates of the AOI bounding boxes are 

also transformed to the coordinate system with (0,0) as the screen’s center.
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A frame-by-frame method was used to match

We computed the corresponding frame number for each eye tracker sample, since 

the corresponding frame number lay within the boundaries of the AOI box. 

A variable margin (in degrees of visual angle) can be added around every AOI box 

in order to compensate for eye tracking inaccuracy.  Because of the large angle of 

parts of the screen. This is calculated frame-by-frame, by determining the distance 

in pixels for the left and right side of the AOI separately for a given degree, as these 

For the top and bottom, both margins are calculated using the center y-coordinate of 

do not belong to an object.  Therefore, for the results of the validation task we 

parameters such as dwell time percentages. 

The entries and exits within an AOI were extracted and the dwell times between each 

entry and exit were calculated. We assumed the time between an exit and a new entry 

should not be shorter than 100 ms, because this would likely be due to precision errors 

was indeed shorter than 100 ms, the time between the exit and new entry was pooled 

with the previous dwell time, thus combining the two visits. If a dwell time remained 

shorter than 100 ms, the dwell was not included in the total dwell time measure. The 

sum of dwell times provides the total dwell time within an AOI. We decided on 100 

ms as a threshold for these variables, since Engmann, et al.

 report 
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the total appearance time of an object and the total dwell time to explore what 

percentage of time the object was looked at when it was in view.

colors were used from the color alphabet.

Results

the validation task. The participant and measurement characteristics are shown in 

Table 1. Accuracy and precision, as provided by Pupil Labs and obtained during the 

Table 1. Participant and measurement characteristics

n = 11

Age (year) median [range]

Number of female participants (N)

0

Prescription eyeglasses/contact lenses 0
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considered as gap samples in the analyses. 

object and becomes a large object at the side of the screen when the car passes it. We 

included objects that move from one side of the screen to the other, and objects that 

appear in the center of the screen and disappear from the sides, which is the case for 

in the middle. Van 1 stands out as an object with a short and rapid appearance. 

Table 2.

Duration 
of Scene 

(s)

Duration 
of AOI 

visibility 
(s)

Width AOI  
(pixels; median 

(min – max))

Height AOI 
(pixels; median 

(min – max))

Average 
velocity 

of AOI 
(°/s)

Car 1 -7.2

Car 2 -0.02

Cyclist 1

Cyclist 2

Pedestrian 1 -2.0

11.2 -7.1

Van 1 1.7

the entire scene in which the AOI is included. Duration of AOI visibility: the time during which the 
AOI is visible. The average velocity is calculated by dividing the trajectory (middle of start point 
till middle of end point) in degrees by duration of AOI visibility (negative numbers represent 
objects that move from the right to the left side of the screen).
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presents the percentage between total appearance time and calculated dwell time 

for each object. It shows that adding a margin, considerably increases the calculated 

it is large enough to reduce inaccurate hits, but is at the same time the smallest 

margin possible to decrease possible overlap with other AOIs in the scene. In the 

Figure 4.
median dwell time percentage for 1 AOI.

of dwell time percentages. 



Chapter 3

sides of the screen, which is the case for most objects.

Figure 5.

Feasibility

all participants when viewing the AOIs, since participants were instructed to track 

them from appearance to disappearance. Multiple factors could contribute to our 

results. 

Gap samples (during blinks) were excluded from the dataset. When an AOI is viewed 

for an extended period of time such as Car 2, it is inevitable that the participant will 
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had followed the objects accordingly and that discrepancies were due to eye tracker 

or toolkit inaccuracies. However, we noticed that especially fast moving objects, 

some instances, a participant did not immediately look at an object after it appeared 

(although instructed otherwise). 

the middle and poorest in the corners of the screen.2 We aimed to correct for this by 

adding a larger margin towards the sides of the screen as determined by the position 

of the object on the screen, but this was not enough for some cases. 

Furthermore, when the participant looks at the side of the screen, due to the 

inaccuracy at larger angles, data samples are labeled as “not looking on the screen” 

and hence considered as missing samples in the dataset. This is visible in the Video 

that this aspect was the biggest issue for the lower dwell time percentage, since most 

objects disappear from the sides of the screen. We expect this not to be a disturbing 

issue when using this method on a natural viewing task, because then participants 

will not be instructed to follow an object from appearance to disappearance, and 

generally will not be looking at the edges of the screen.

Discussion

screen without the restriction of head movements. The results of our validation 

task show promising results for the functionality of the toolkit using the Pupil Core 

presentation and recording software is critical.2 As we presented the stimuli and the 

because the processor and hard disk do not have to perform the demanding 

operations simultaneously. However, the probability of latency remains, because 
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video players typically run slightly faster or slower than the recording of data 

samples, and as a result the data sample resulting from a participant looking at a 

the beginning of the recordings is determined by the presentation of the apriltags. 

setup, we placed an apriltag between every scene of the validation task. We found a 

actual eye-tracking data. When also considering the inherent delay of 10 ms of the 

Pupil Labs’ cameras,12

times measures for AOIs analyses. In this toolkit, we decided to use dwell time 

 concluded that it 

 

methods work well. A frame-by-frame method was chosen for our toolkit to check 

algorithm provided by Pupil Labs can also be used with our detection software. 

al.  also presented open-source software for determining dynamic AOI using object 

toolkit is the possibility of margin addition and the incorporation of the software that 

A limitation of our validation study is the inclusion of individuals without glasses or 

contact lenses. We wanted to test our toolkit in the most ideal situation. Hence, no 

conclusions can be drawn about the functionality of the Pupil Core eye tracker in 

combination with our toolkit when using refractive correction. The AOIs were in all 

accuracy and precision during a longer task. The analysis of dynamic AOIs remains 
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When considering all the challenges that arise with this type of measurement 

methods and analyses, it can be concluded that our toolkit performs acceptably for 

Pupil Core eye tracker and apriltags for dwell time measures in dynamic areas of 

interest on a large screen. As well as providing various tools that are necessary for 

Conclusion

This validated open-source toolkit is ready to use for researchers who want to 

perform dynamic AOI analyses with the Pupil Core eye tracker, especially when 

measurements are desired on a wide screen. We provide tools for simple allocation 

of dynamic AOIs (semi-automatically and manually), measurement of parameters 

psychology, transportation, and low vision research.
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Abstract

as an innovative eye tracking test designed to measure compensatory eye 

within these scenes were selected and assessed by a panel of experts on medical 

The results provide valuable insights into how individuals without visual 

impairment view the dynamic scenes presented in the test. Moving forward, 

and control subjects, with the goal of further investigating and understanding 

the mechanisms employed by individuals with glaucoma to compensate for 
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Introduction

Primary open-angle glaucoma (POAG) is the leading cause of irreversible blindness in 

the world,1

2

 Driving and mobility, in particular, are crucial 

 The 

 Merely testing visual 

compensated for, such as by head and eye movements. 

While previous studies have explored compensatory eye movements in persons with 

glaucoma during on-road driving,  driving simulator tests,

tests,11,12 a knowledge gap remains regarding the mechanisms by which these 

This is particularly relevant in the context of dynamic areas of interest (AOIs) within 

 The analysis of dynamic AOIs, 

which refer to moving regions of interest that emerge during video presentations or 

animated elements on a screen, presents a challenge due to the movement of these 

the relevance of viewing AOIs. Investigating AOI hits, entry times and dwell times can 

improve the analysis of compensatory eye movements. For instance, establishing a 

these compensatory mechanisms is of importance, as they play a crucial role in 

maintaining functional performance in visually demanding situations, like driving. 

To bridge this research gap, we have developed an innovative eye tracking test, the 

 Given that visual 
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to be assessed on a large screen, rather than solely focusing on a small centrally 

compared to setups involving additional side views on adjacent monitors.  

eye movements. 

This study introduces the methodology employed in the development of the 

behavior and eye movements of individuals with normal vision, we gain a baseline 

the dynamic scenes presented in our test. 

Methods

Experiment Setup, Recording Device and Analysis Software

The present study employed an experimental setup and methodology that we 

described in a previously published work.  The experiment took place at Amsterdam 

University Medical Centers (UMC), location VU University Medical Center (VUmc), and 

adjusted in height to ensure that the eyes were centered on the middle of the screen 

(Fig. 1). Head movements were permitted in all directions during the experiment. 

The participants’ eye movements were recorded by a head-mounted eye tracking 

device (Pupil Labs Core glasses, received October 2021, Pupil Labs, Berlin, Germany).  

the display with apriltags, which are QR-like markers.20

head-mounted eye tracker.
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Figure 1. A. Picture of setup. Participants are seated in front of the display 
monitors while wearing the Pupil Core eye tracker. The individual depicted in the image is not 
a study participant and has provided consent for the publication of the image. B.

central display monitor. The examiner is located on the right of the participant and can guide 
the experiment from the host monitor. On the MacBook display stability of the signal and 
performance of the participant could be monitored.

 written in Python 

22 using NumPy,  Pandas,  OpenCV,  Matplotlib, 27
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within a moving Toyota Prius II vehicle. The camera was mounted centrally behind 

the windshield, and a black piece of felt was placed on the dashboard to prevent 

the driver’s attention, while also ensuring that objects were included from diverse 

Figure 2. A. The car and camera setup. B. Indication of 

AOIs

In order to determine which objects were relevant to the analysis, a panel of 10 raters 

developed to enable raters to individually indicate dynamic AOIs in the video by mouse 

clicks (the source code for this application is available as open-source code on Github : 

https://github.com/treyescan/marking-aois). The application included options to view 
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objects that necessitate active or passive consideration by the driver, such as reducing 

speed, changing lanes and delaying acceleration, while the latter included objects that 

The results of the 10 raters were manually coded for each scene in the six videos by 

observing the videos with an overlay of circle animations representing the location of 

were included in all cases. A new AOI was incorporated when there was a change in 

The Dynamic allocation of AOIs was performed using tools that were previously 

described in our published work.  These tools enabled us to determine the location 

of each AOI for every frame of the video, tracking them from their initial appearance 

around the areas of interests, in order to compensate for the inaccuracy of the eye 

Figure 3. 
videos. Dimensions of heatmap represent the dimensions of the video screen. Histograms of 
distributions of amount of clicks are shown for the x- and y-axis. 

Measurements in Normal-Sighted Individuals

The recruitment of normally-sighted participants was done through snowball 
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chart.

study. Participants with multifocal prescription glasses were excluded. 

During the experiment, the participants’ eye movements were recorded while they 

a scheduled intermission was provided, allowing participants to take a break. 

During this intermission, participants were asked if they had any feedback on the 

setup, videos, or their experience during the test. The researcher conducting the 

experiment documented any feedback provided verbally. After all videos had been 

the visual aspect of the task, the videos were presented without accompanying 

action, such as reducing speed or changing lanes. This instruction was given to 

avoid the interference caused by providing a verbal commentary during concurrent 

 Before each video, a nine-point screen calibration was 

conducted, followed by a 12-point validation routine, which both extended across 

the entire screen.  The Pupil Labs software then generates a value for the accuracy 

and precision of the calibration. During the calibration process, we set a target 

Following a four-week interval, the participants underwent a second viewing of 
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the participant was presented with the opposite viewing order from their initial 

session. The use of this time interval, coupled with the inclusion of duplicate scenes, 

was intended to reduce potential recall bias. 

approved by the Medical Ethical Committee of Amsterdam UMC, location VUmc 

participation. The individual depicted in Fig. 1A was not a study participant and has 

provided informed consent for the publication of the image in an online open access 

publication.

Determining the Contents of TREYESCAN

measurement sessions. For the next study stage, a case–control study with glaucoma 

characteristics.

Determining the Relevant AOIs to Include in TREYESCAN

The data obtained from this pilot study will be used to determine the most relevant 

driving experience, have a good understanding of where their visual focus should 

the patient population in later stages using AOIs that are not looked at by normally 

sighted individuals. To address this, we propose that an AOI should be included if it 

has been viewed, arbitrarily, by at least half of the participants.

On the other hand, when conducting AOI analyses in eye tracking, it is important 

to consider entry time — the duration from the onset of the stimulus until the AOI 

movement to be immediately “hit”, due to a (close to) central location or added 

case–control study that are consistently and falsely “hit” by most participants in this 
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pilot study. To address this issue, we decided to exclude AOIs that start in the central 

behavior since they are immediately and falsely “hit” when looking at the road ahead. 

of the setup that exhibit similar characteristics. For the object appearing between the 

and environments. Hence, we set a threshold of 120 ms for the median entry time 

of all participants, enabling us to select only deliberate saccades to these AOIs.  

The use of median entry time was necessary due to the skewed distribution of entry 

shorter than 120 ms it would be marked for exclusion in that measurement session 

(T1 or T2). 

In summary, the exclusion of an AOI was determined based on the following criteria 

for each for each measurement session separately: (1) if it was observed by less than 

than 120 ms. If any of these criteria were met, the AOI was considered for exclusion 

criteria in both measurement sessions, it was generally marked for exclusion.

Results

Participant Characteristics

two measurement sessions separated by a four-week interval. Logistical constraints 

prevented one participant from participating in the second measurement session. 

Table 1 presents the participant characteristics and measurement details. All 
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participants. None of the participants had any visual impairments, and none self-

calibration and validation process. The majority of these values lay within the 

Figure 4. 
validation routine. These measurements were taken prior to the presentation of each video, and 
the mean values were derived from the six accuracy and precision measurements conducted 
during a single measurement session.

Table 1. Participant characteristics and measurement details

n = 20

Age (year) median [IQR]

Number of female participants (N)

Binocular visual acuity (logMAR) median [IQR]

0

Prescription eyeglasses (N) 1

Contact lenses (N) 1

Education (years) median [IQR]

Driving experience (years) median [IQR]

Distance driven per month (km) median [IQR]

Days driven per month (days) median [IQR]

Accident involvement

- Number of accidents with injury 1

- Number of accidents without injury 2

11
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Table 2.

All measurements
(n = 234)

T1 measurements
(n = 120)

T2 measurements  
(n = 114)

Entire screen

Left side

Right side

Top half

Bottom half

Screen Regions

to blinking and instances when participants looked away from the screen were not 

samples.

measurement sessions. Additionally, participants tended to spend more time on the 

left side and the bottom half of the screen. The similarity observed between the T1 

regions.

Qualitative Participant Experience

Following the experiment, participants were asked to provide feedback regarding 

their experience with the tasks. Participants complimented the realism of the 

with unexpected fast turns or when moving over speed bumps. The symptoms of 

a single measurement session. Another limitation that participants highlighted was 

the absence of side- and rearview mirrors, especially when objects came into view 

from behind the vehicle, resulting in a startled sensation. Additionally, participants 

reported challenges in estimating the speed and direction of the vehicle, due to the 
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absence of provided information during the tasks and their role as passive observers 

rather than actively driving. Furthermore, participants expressed that the duration of 

Qualitative Filtering

Based on the participants’ feedback and their reported experiences, we made the 

of approximately eight minutes). The selection process took into account both 

Figure 5. 

After implementing the above-mentioned exclusion steps, certain scenes no longer contained 

of scenes were excluded.
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AOI Selection

not view an AOI for all cyclists objects during the T1 and T2 measurements, as an 

example. Notably, median entry times for each object are similar for the T1 and T2 

measurement sessions, indicating consistent results. 

Figure 6. A
measurements for all the cyclist objects. B. Graph representing the number of participants not 
viewing an AOI for all the cyclists for the T1 and T2 measurements.

them, their location on the screen, and the entry time, as described in the methods 

number of AOIs that would be excluded based on each criterion. Notably, while 

several car AOIs are excluded, a higher proportion of cyclist and pedestrian AOIs 
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Table 3.

AOIs 
before 

selection

AOI 
<10°

n < 10 AOI 10°-30° & 
ET <120ms

Excluded AOIs after 
selection

T1 T2 T1 T2 T1 T2 T1 & T2

Ambulancea 1 0 0 0 1 1 1 1 1

Barricade 1 1 0 0 0 0 1 1 1

Bus 2 1 0 0 0 0 1 1 1

Car 10

Cyclist 7 7 10

Motorcycle 0 0 10

Pedestrian 7 20

Policea 2 1 0 0 0 0 1 1 1

0 0 1 0

1 0 27

Tram 1 0 0 1 2 2 2

Truck 2 0 0 0 0 2 2 2

Van 0 0 2 11 10

Total AOIs 221 201

a Ambulance and police vehicles did not have emergency vehicle signals activated. 

entry time is < 120 ms.

based on a short median entry time. Due to the margins and central appearance 

of the AOI, the entry time was marked as 0 for many participants (median entry 

case–control study involving glaucoma patients.
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Discussion

compensatory eye movements in glaucoma patients during real-world tasks like 

patients.

Based on participant feedback, scenes featuring rapid turns and high speed bumps 

feeling. However, none of the participants had to discontinue the measurements 

, it was found 

which will involve a group of glaucoma patients and age-matched control subjects, 

it is expected that the participants will be older than this initial group. Therefore, 

attention must be given to the experiences of this older group concerning simulator-

induced sickness. 

This remained consistent across both measurement sessions, indicating the absence 

al. , where they found that drivers predominantly focused their attention on the end 

et al.

road far ahead and mid ahead while driving a car. Furthermore, our results revealed 

consistent across both measurement sessions. As can be seen in Fig. 1, the scenes 
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stadium: unfortunately slightly skewed to the left. This was the case for one of the 

also shows that more AOIs were selected on the left side of the center of the screen. 

that should be taken into consideration when interpreting future results of the case–

control study. 

In addition, we examined the relevant AOIs that would be suitable for incorporation 

, has demonstrated that initial saccades tend to 

as glaucoma. By capturing the complexity of realworld driving situations, the test 

may provide a means to explore how these individuals visually interact with dynamic 

collaboration with experts of practical driving ability and experienced drivers in the 

development of the test enhances its validity and real-world relevance. Additionally, 

the pilot measurements conducted with normally sighted individuals establish a 

valuable baseline, providing a selection for relevant scenes and AOIs, and a reference 

point for future studies involving glaucoma patients and control subjects. 

However, several limitations should be considered. Firstly, simulator sickness 

experienced by some participants during the test poses a potential challenge that 

needs to be further investigated in future studies. The absence of side mirrors, 

rearview mirror and dashboard in the experimental setup may limit the assessment 

of visual scanning behavior during driving, which may not completely capture the 
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in accurately estimating vehicle speed and direction, arising from the passive role of 

observing rather than actively driving. 

of these two groups, we aim to study the compensatory mechanisms employed by 

individuals with glaucoma. The valuable insights obtained from individuals without 

established a baseline understanding of the test’s functionality and performance.

Conclusion

This study presents the development and methodology of our novel eye tracking 

rater panel. Pilot measurements conducted on normally sighted individuals have 

provided valuable insights into the setup’s performance and serve as a baseline for 

These results contributed to the selection of relevant AOIs to include in the test. 

Looking ahead, this research project aims to contribute to a better understanding 

overcome visual limitations, enabling them to maintain functional performance in 

visually demanding situations such as driving.
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Chapter 6

assess compensatory viewing abilities on a wide screen in individuals with visual 

1 

but the precise level of loss incompatible with safe driving remains uncertain, as 

compensation abilities vary widely between individuals and increased scanning is 

reported to aid adaptation.2 Given the relatively weak evidence supporting current 

vision standards, there is a need to explore whether compensatory eye movements 

on this skill without measuring additional abilities associated with driving. Therefore, 

Chapter 1 provided a general introduction on glaucoma, the primary cause of visual 

 and the leading cause of irreversible blindness 

worldwide.

 The chapter discussed the impact on 

 and the importance of timely detection and 

intervention.7

patients,  compensatory eye movements,  and the challenges of driving with 

2 11 a 

glaucoma patients undergoing driving evaluations in the Netherlands. In chapter 2,  

accounts of the developmental stages presented in chapters 3 and 4. Chapter 3 

covered the validation and development of the setup and open-source software of 

Chapter 4 

as well as pilot measurements in normally-sighted individuals for the selection of 

suitable scenes and Areas of Interest (AOIs). Chapter 5
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case-control study results, involving glaucoma patients at various stages of disease 

compensatory eye movements was explored.

general discussion and conclusion.

Main Findings

In chapter 2

driving performance was explored with data obtained from the CBR.12 A retrospective 

chart review was performed for driver’s license applicants who, based on their visual 

n = 101) with a failed on-road driving 

test were matched with 101 controls who had passed the test. The Esterman visual 

driving performance. We found that the center may be more important than the 

periphery and that the left side may be more important than the right side. This 

no discriminative ability to predict driving performance on an individual level, 

on-road assessments. This may be attributed to the static nature of the Esterman 

and reliable alternative test that can improve the prediction of on-road driving test 

of the on-road driving test, allowing for unrestricted head and eye movements.

Chapter 3

for the analysis of dynamic AOIs on wide screens, using the Pupil Core eye tracker.

The objective to measure eye movements on a wide screen with unrestricted head 
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movements, posed a challenge due to the limitations of commercially available eye 

trackers in head movement restriction and a limited measurement range. Moreover, 

the eye tracking signal, which is challenging with head-mounted eye trackers. The 

integration of the Pupil Core head-mounted eye tracker with apriltags (QR-like markers) 

the screens displaying the video recordings, therefore enabling a wide measurement 

area and unrestricted head movements. Essentially, the head-mounted eye tracker is 

essential tools for the allocation of dynamic AOIs, incorporating both semi-automatic 

and manual methods. It also facilitates the measurement of AOI parameters such as 

toolkit was validated through measurements involving 11 participants without a visual 

impairment, and showed promising results. Given the inherent challenges in dynamic 

AOI measurement analyses, our validated toolkit can be used by researchers using 

necessitating wide-screen measurements.

Chapter 4 described a pilot study aimed at selecting scenes and suitable AOIs for the 

of selected dynamic AOIs was tracked in every frame using tools from the dynamic 

presented to 20 normally-sighted individuals across two measurement sessions, with 

simultaneous eye tracking. Participant feedback led to the exclusion of scenes featuring 

scenes where an AOI suddenly appeared from behind the vehicle were excluded, 

considering a potential startled reaction from participants and the absence of side 
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AOI exclusion criteria were based on the appearance location, the median entry time, 

and the total amount of participants viewing an AOI. AOIs which met the exclusion 

criteria in both measurement sessions were marked for removal. 

Chapter 5 presented the results of the case-control study conducted to investigate 

AOI viewing and saccadic activity in glaucoma patients with varying degrees of visual 

 and an adaptation of the REMoDNaV 

 Due 

Task 2. The results revealed that control participants exhibited increased AOI viewing 

considerable overlap and variability in the results of the glaucoma patients. Linear 

regression models indicated an association between total saccades and the number of 

observed objects, suggesting that glaucoma patients might enhance object detection 

considering compensatory viewing strategies in patients with glaucomatous visual 

Methodological Considerations
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present throughout the entirety of the Netherlands, particularly the rural areas. 

Moreover, some participants conducting the test might be inexperienced with driving 

in urban areas. We made the decision to use urban recorded scenes that present 

in the scenes would not challenge the measurement of compensatory viewing skills.

video capture without undesirable camera vibrations or shakes. The gimbal could 

be suspended from the headliner of the car, precisely positioned at the center of 

 

Nevertheless, it is important to note that the current scenes, recorded without the 

use of a gimbal, retain their usability, because they demonstrate an acceptable level 

these scenes, underscoring the need for careful consideration before deciding to 

rerecord them.

A decision was made to exclusively show front-view video footage, as the addition of 

extra videos at the sides or top of the screen, mimicking side and rearview mirrors,17 

made for the addition of a dashboard animation,  which would not test the same 

scanning towards the dashboard as in a real car, especially because the participants 

are not controlling the vehicle themselves. However, the absence of side mirrors, 

rearview mirror and dashboard in the experimental setup may have limited the 

assessment of visual scanning behavior during driving, which may not completely 
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this goals is achieved without the inclusion of additional elements like dashboard 

and mirrors.

Furthermore, the recorded scenes were deliberately restricted to daytime settings 

with favorable weather conditions, excluding precipitation and fog. A hypothesis 

was made that scenes recorded under low-light or unfavorable weather conditions 

would present reduced contrast conditions, which may not mimic real-world driving 

conditions under similar circumstances. However, it is important to acknowledge 

during the test when compared to daylight driving conditions. Moreover, it is worth 

(NHVT).20

conditions, introducing an interesting domain for future research. 

As previously mentioned, our research methodology employed the Pupil Core 

eye tracker21 due to its integration with apriltags,22 which enables the calculation 

camera and two eye cameras situated diagonally beneath the eyes. In instances 

where participants wore their own spectacles or a trial frame, these were positioned 

introduce substantial disruptions to the eye tracking signal, impacting accurate pupil 

detection.10 Notably, Pupil Labs has recently introduced the Neon eye tracker as an 

alternative,  a promising calibration free system with an accuracy that exceeds the 

Pupil Core. The design of the Neon eye tracker includes eye cameras placed on the 

inner side of the frame, eliminating the necessity to measure through spectacles and 

preventing glint interference. Given that our study predominantly involves an elderly 
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the Pupil Core lens us

compatibility of Neon with Apriltags, coupled with the other advantageous features, 

of this moment, there are no peer-reviewed publications available of Pupil Labs or 

other researchers using the Neon eye tracker, so this should be awaited.

to wear additional devices. The presence of a head-mounted eye tracker could 

 In turn, our research group is currently developing an innovative 

remote eye tracking system with multiple cameras. The system is designed to capture 

In the case-control study, we mainly relied on AOI analyses, which involves identifying 

strength of our study was the determination of AOIs by an expert panel, with further 

validation through the reassessment of chosen AOIs in a pilot study involving 

normally-sighted individuals. This approach ensured that AOIs were not arbitrarily 

and dwell times (the duration of AOI visits, from entry to exit) were calculated.  The 

challenge with the analysis dynamic AOIs, which are moving areas of interest during 

video or animated elements, is caused by the relative movement of objects in relation 

27

To address the inherent inaccuracy of the eye tracker, we incorporated margins 

edges of the screen,  we applied larger margins towards the sides of the screen 

erroneously linked to the viewing of an AOI when a participant may be looking at 

something else. Additionally, overlapping AOIs introduce another limitation, as 

our assumption that a participant is looking at both AOIs simultaneously may not 

In the dynamic AOI analyses, we decided to use dwell times with a frame-by-frame 
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 and a high correlation was found when comparing 

 In our study, we were 

pursuit), or serve to bring a new area of the visual scene or object to the fovea (e.g. 

saccades to a new area of the visual scene).  It was therefore not essential for the 

with very short saccades in between. The frame-by-frame method with dwell times 

allowed us to measure if an object was looked at without introducing potential errors 

Furthermore, in eye tracking research, employing the most accurate system available 

is essential for ensuring robust data collection. In our research setup, enhanced 

falls within the borders of an AOI would be more accurate. Improved measurement 

accuracy would also allow for the possibility of using smaller margins around objects, 

enabling the inclusion of more AOIs in the analysis compared to our present study.

In our case-control study, we conducted additional measurements to assess visual 

between glaucoma patients and control subjects. 

Due to time restraints, cognitive assessments were not conducted. However, it 

Furthermore, considering the cognitive demands associated with driving, and that 

evidence suggests that mild cognitive impairment could potentially exacerbate the 

 there is a need to explore the interaction 

between cognitive impairment and the ability to perform compensatory scanning. 

In the selection of cognitive tests, it is recommended to include those that are not 

dependent on vision.  Considering the association between visual impairment 

and declining cognitive function,  it is important to study the impact of cognition 
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impairments, such as hearing impairment, resulting in dual sensory impairment. This 

dual sensory impairment has been associated with an increased incidence of motor 

vehicle collisions.  Building upon the point mentioned above, it is noteworthy that 

dual sensory loss also has a higher impact on cognition than a visual impairment 

alone.

evaluate the skill of compensatory eye movements, and we believe that auditory 

not incorporated into the test. 

For the selection of our case-control study, participants were selected from the 

ophthalmology clinics of two hospitals in Amsterdam, The Netherlands. It is 

noteworthy that not all glaucoma patients were routinely invited, and a potential 

selection bias may have occurred during the ophthalmologists’ invitation process. 

Additionally, an alternative recruitment approach involved advertising in the 

glaucoma newsletter of The Eye Association Netherlands (Oogvereniging), and some 

participants self-referred after encountering study information in online articles. 

This introduces another potential source of selection bias, as individuals with a pre-

existing interest in driving may have been more inclined to participate compared to 

other glaucoma patients who did not self-refer. This may have led to the inclusion 

of glaucoma patients who are potentially more capable than the general glaucoma 

population. Additionally, the members of The Eye Patient Association Netherlands 

may not represent the entire population of glaucoma patients, as the majority of 

has indicated that experienced drivers demonstrate more extensive scanning than 

 

drivers, when compared to a narrow view condition.  In our sample, we compared 

the glaucoma patients to a control group of similar age and driving experience. 
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visua

TREYESCAN

replication purposes. 

employ a computer with a powerful video card which is able to connect four monitors 

and present a video smoothly across multiple monitors. Additionally, an Apple 

to ensure the participants’ eyes are centered on the middle of the screen, and allowing 

imagine themselves as the vehicle’s driver and press a button when identifying objects 

and 

relies on various libraries including NumPy,  Pandas,  OpenCV, Matplotlib  and 

).  It includes tools for dynamic AOI allocation 
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using semi-automatic and manual methods, measurement of AOI parameters such 

REMoDNaV algorithm,

).  

experts. This tool presents videos in an online environment (Fig. 2), allowing raters 

).  

Figure 1.
monitors whilst wearing the Pupil Core eye tracker.

Figure 2.
web browser in an online environment. While viewing the video, experts can click on objects, 

Additionally, experts can use features such as slower playback and the ability to remove AOI clicks 
through the list below the video. 
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Future Research

programming the software, and the selection of scenes and AOIs, valuable insights 

pilot and case-control studies. These advancements open up possibilities for future 

research. As previously highlighted, it is recommended to include cognitive tasks in 

future studies. Additionally, the exploration of the novel Neon eye tracker with the 

It is essential to acknowledge the limited task demands associated with the 

limitation may create an impression of capable driving performance that does not 

necessarily align with actual driving capabilities. In future studies, a comparative 

on-road driving test performance. Additionally, it would be insightful to assess and 

Furthermore, integrating mobile eye tracking to measure eye movements during 

or retinitis pigmentosa.  It might also be interesting to explore its relevance in 

other ophthalmological patient cohorts, including those with central scotomas due 

to macular degeneration,  or even beyond ophthalmology, in patients with mild 

cognitive impairment or dementia.

outcomes among these varied patient groups could present valuable insights. 

For the sake of participant well-being and to prevent simulator sickness,  certain 

these precautions, simulator sickness was reported by several participants in our 

study,  with one individual attributing it to a preexisting susceptibility to motion 
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susceptibility to simulator sickness as an exclusion criterion in future studies.  

Moreover, a comprehensive evaluation of the prevalence of individuals experiencing 

may be hindered if a substantial portion of the population is unable to perform the 

test due to these concerns. 

Implications for Clinical Practice

can drive safely, which is also suggested by the results of our case-control study, 

results or experiences while driving. 

Prior research indicates that older adults alter their driving behavior based on their 

perceptions of how physical health, medication, and cognitive and sensory decline 

patients, who may pose a risk on the road, have overlooked essential objects. This 

visual presentation has the potential to facilitate a better acceptance of driver’s 

with hemianopia, in which a participant learns to consistently make large eye and 

 This enables the patient to 

to be safe drivers.
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after measurement to evaluate the progress of the training. Rehabilitation programs 

enhancing saccadic eye movements. By integrating these approaches, individuals 

that besides viewing strategies, other compensatory driving strategies exist, across 

strategic, tactical, and operational levels, according to Michon’s Hierarchy of Driving 

Behavior.

necessity of compensatory vision training.

In the event that future studies establish a correlation between compensatory eye 

This applicability could extend to diverse contexts, including ophthalmology clinics 

and vision rehabilitation centers.

Conclusion

The primary aim of this thesis was the development of a test for investigating and 

for unrestricted head and eye movements. To achieve this goal, we created the 

Additionally, further aims were investigated, including an examination of the 

with normal vision to evaluate scenes and AOIs, and a case-control study comparing 

The results of the case-control study demonstrated that glaucoma patients with 

loss, we underscore the need for a comprehensive approach that extends beyond 
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movements. By overcoming challenges inherent with screen-based eye tracking on 

wide screens and conducting dynamic AOI analyses, this thesis provides a framework 

for researchers interested in studying compensatory eye movements in individuals 

loss in mobility-related needs. Moreover, the setup and software introduced in the 

psychology, transportation, and low vision research.
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Nederlandse samenvatting  
(Dutch summary)
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van een rijbewijs en de mogelijkheid om een auto te besturen spelen daarbij een 

belangrijke rol, vooral wanneer de lichamelijke mobiliteit afneemt of wanneer men 

in blindheid. Glaucoom wordt vaak pas in een laat stadium ontdekt, doordat de 

kan de progressie van het verlies vaak worden afgeremd, maar bij sommige patiënten 

is de aandoening desondanks progressief.

als dit percentage met behulp van een telescoopje kan worden bereikt. Dergelijk 

telescoopje kan bovenin een brillenglas bevestigd worden waardoor bijvoorbeeld 

gemeten, niet representatief voor hoe iemand daadwerkelijk kijkt. Tijdens de meting 

het dagelijks leven juist het hoofd en de ogen beweegt om waar te nemen wat men 

ogen voortdurend naar een punt middenin een halve bol. Als er in die halve bol 

buiten dat punt een lichtje wordt geprojecteerd moet men op een knop drukken, 

maar de ogen en het hoofd mogen niet worden bewogen. Het probleem is dat als 

In hoofdstuk 2
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resultaten toonden een duidelijk verband tussen het aantal gemiste punten in het 

had om rijprestaties op individueel niveau te voorspellen. Dit resultaat benadrukt de 

rijtest bij het CBR. 

In dit proefschrift wordt de ontwikkeling van een nieuwe test beschreven waarbij 

wij met een systeem dat oogbewegingen kan registreren (ook wel een eye-tracker 

in hoofdstuk 3 en 4. 

In hoofdstuk 3

ontworpen om oogbewegingen te kunnen meten en analyseren op een breed scherm. 

visuele stimulus, waardoor men kan bepalen hoe lang een persoon naar een bepaald 

gebied kijkt (dwell time) en hoe snel hun blik naar dat gebied wordt getrokken (entry 
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in hoe visuele aandacht wordt verdeeld en welke elementen het meeste aandacht 

trekken. 

Het doel om kijkgedrag op een breed scherm met onbeperkte hoofdbewegingen 

te meten, vormde een uitdaging vanwege de beperkingen van de op dat 

lijken op QR-markers). Hierdoor werd het mogelijk om een breed gebied te meten 

met onbeperkte hoofdbewegingen. De openbare testopstelling biedt essentiële 

hulpmiddelen voor het bepalen van dynamische AOI’s met verschillende methoden. 

Bovendien biedt de testopstelling ook visualisatiehulpmiddelen. Vervolgens hebben 

we gecontroleerd of de opstelling werkte door metingen te doen bij 11 deelnemers 

die brede schermafmetingen vereisen.

In hoofdstuk 4

werden met een groothoeklens vanuit een rijdende auto opgenomen in 

Amsterdam, waarbij de gereden routes in samenwerking met het CBR werden 

bestaande uit CBR-experts op het gebied van praktische rijgeschiktheid en ervaren 

locatie van geselecteerde dynamische AOI’s werd in elk frame gevolgd met behulp 

van de programma’s die in hoofdstuk 3
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groot aantal overlappende AOI’s werden ook verwijderd. Als gevolg hiervan bestond 

namelijk de eerste en tweede taak. De gegevens van de eye-tracker metingen binnen 

In hoofdstuk 5

(controle deelnemers). Glaucoompatiënten werden verdeeld in de categorieën 

alle eye-tracking metingen van de glaucoompatiënten en controledeelnemers 

controledeelnemers voor de tweede taak, gebruiken. De resultaten toonden aan 

dat controledeelnemers meer AOI’s bekeken en meer saccades maakten dan 

Ook werd een verband tussen het totale aantal saccades en het aantal waargenomen 

verbeteren door meer saccades te maken. 

compenserende oogbewegingen te meten. Door de uitdagingen die gepaard gaan 

met eye-tracking op brede schermen te ondervangen en dynamische AOI-analyses 
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gebruikt als een beoordelingsinstrument in revalidatiecentra om cliënten met 

aangeboden, reiken verder dan het vakgebied van de oogheelkunde en dienen 
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Toch maakte je altijd tijd voor mij vrij, of het nu ging om een overleg, het uitvogelen 

juichen wanneer een scooter plotseling de weg op kwam rijden. 
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Annette en Ivanka, mijn opleiders, enorm bedanken voor de kans en de ruimte die 

van de opleiding. Ook wil ik mijn collega AIOS en de stafartsen bedanken voor de 

warme ontvangst en het begrip voor de afronding van dit project. Er komen nog hele 
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