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Abstract

With an ageing global population, the number of people living with Alzheimer’s
disease, the leading cause of dementia, is increasing and is expected to continue to
increase over the next few decades, with no known cure for the disease. Because of
this, there is an urgent requirement to determine a way to identify those at an

increased risk for developing the disease, to enable targeted interventions.

Reduced cerebrovascular reactivity (CVR) has been reported in cases of
neurodegeneration, which could be due to a smooth muscle disorder. This disorder
could impact the muscles that control the contraction and dilation of the pupil and
could potentially be observed through an impaired pupillary light response (PLR), and
itis believed that this impairment could be observed before symptoms of cognitive
decline occur. The aim of this research is to investigate the pupillary light response
as a method for assessing cerebrovascular reactivity, and to use this information in
conjunction with genetic, demographic, lifestyle, and life-event data to generate a
risk classification for Alzheimer's disease, which considers the many potential root

causes for the disease.

This thesis presents the first studies investigating the relationship between the PLR
and CVR in healthy adults, as well as the first study to assess the PLR-CVR
relationship with an integration of covariate factors relating to demographics and
lifestyle factors. It also presents a comprehensive, peer-reviewed review of literature
demonstrating how modifiable risk factors for Alzheimer’s disease relate to the PLR,
which can inform future risk classification models using the PLR and lifestyle

information to assess dementia risk. Finally, this thesis presents the first study

1



evaluating differences in dynamic aspects of the pupillary light response in
postpartum women and women who have never been pregnant, highlighting the need
to consider sex-specific factors when assessing the PLR and subsequent dementia

risk.

With more validation conducted in larger cohort studies, the work presented in this
thesis supports the PLR as a potential screening tool for estimating cerebrovascular

reactivity, and potentially subsequent dementia risk screening.
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Chapter 1: Introduction to Thesis

This thesis aims to investigate the pupillary light response as a method for assessing
cerebrovascular reactivity, to aid in risk classification for dementia. This chapter
includes an overview of the motivation, context, and significance of the research
included in this thesis, including background information about Alzheimer’s disease
and dementia, cerebrovascular reactivity, and the pupillary light response. Further, it
presents the goals and main research questions that this thesis aims to address,
within the defined scope of the thesis. Finally, this chapter outlines the content of

each research chapter included in this thesis.

1.1. Study Context and Motivation

With an ageing global population, the number of people living with dementia is
increasing, and is projected to continue to increase over the next few decades,
especially in those living in low- and middle-income countries [1]. Importantly,
Alzheimer’s disease (AD), which is the most common cause of dementia [1], is
believed to occur at least 20 years before symptoms of the disease arise [2]. It takes
years of changes occurring in the brain before individuals with AD experience
noticeable symptoms including memory loss and language problems [2]. As such,
there is an urgent requirement to determine a way to prevent the disease and to
delay the onset of symptoms impacting daily livelihood. To prevent Alzheimer’s
disease, itis important to understand steps in the disease's pathogenesis, including
an investigation into genetic, lifestyle, and life event factors that contribute to the
disease risk and severity, and to investigate tools that could be used in its pre-

symptomatic phase to allow for interventions [3]. Critically, incorporating an analysis
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of genetic, lifestyle, and environmental risk factors, which may all contribute to AD
risk [4], [5], [6], is important for addressing the many root causes of AD and

dementia.

Studies have shown that with increasing age, there is a dysregulation of cerebral
blood flow (CBF) in response to neuronal and metabolic demands, due to impaired
signalling between elements of the neurovascular unit [7]. Cerebrovascular reactivity
(CVR) is a measure of the response of blood vessels in the brain to changes in
demand and to external stimuli, and impaired CVR has been indicated in a wide
variety of neurological disorders including dementia, multiple sclerosis, and stroke
[7118]1[9]1[10][11]. Additionally, it has been shown that in many cases, impaired CVR
is demonstrable several years before an official dementia or Alzheimer’s disease
diagnosis [8]. Since Alzheimer’s disease is thought to begin 15 to 20 years before an
official diagnosis [9], early detection through the assessment of CVR may be a

valuable tool.

Many methods can be used to measure CVR, however a common issue is their
invasiveness or low spatial resolution [7]. As an alternative, magnetic resonance
imaging (MRI) has advantages in that it can offer richer spatial information which aids
with CVR mapping, while maintaining a minimal level of invasiveness to the patient
[10]. MRI currently seems to be one of the best imaging modalities for CVR

assessment, especially when prioritizing patient comfort and safety [11].

However, MRI alone is not suitable for large-scale data collection for CVR
assessment. MRl machines are not only physically large, but they are expensive and

lack widespread availability, meaning that it can take a significant amount of time



justto schedule a scan. As such, an alternative solution is necessary. Transcranial
Doppler ultrasound (TCD), which can assess blood flow velocity in cerebral arteries,
can also be used to assess CVR [12], [13], at a much lower cost and thus with higher

accessibility in various settings.

A potential alternative is to investigate one of the many root causes of impaired CVR
leading to an increased risk of dementia, one of which could be due to a smooth
muscle disorder, potentially observable in the smooth muscle that controls the
constriction and dilation of the pupil. Pupillary size is controlled not only by the
smooth muscle but by the opposing branches of the autonomic nervous system [14],
and dysfunction in this muscle could manifest in an impaired pupillary response to
light and could indicate implications to the parasympathetic and sympathetic
nervous systems. Itis hypothesized that this impairment may occur before an official
AD diagnosis is made, which means that this could be used for diagnostic purposes

before other symptoms, specifically cognitive deficits, arise.

Further, itis hypothesized that the mechanisms that account for CVR impairment
will determine whether the pupillary light response (PLR) is impacted. CVR
impairments that are intrinsic, potentially due to a smooth muscle disorder, may
manifest as an impaired PLR, in those with genetic or otherwise unknown risk factors
for AD. Extrinsic CVR impairments, due to lifestyle or environmental factors, may
have a different impact on the PLR which is distinct from the intrinsic CVR
impairments. To make these distinctions, the combination of the PLR assessment

and physiological, lifestyle, demographic, and life-event data is required.



Impaired PLR has been shown in current dementia cases, but it has not been
investigated as a risk-prediction toolin at-risk populations. Given both the PLR and
CVR’s relation to smooth muscle function and dementia, in addition to several other
pathologies, there is a requirement for further investigation into the relationship
between the PLR and CVR. This could be used to determine whether the PLR can act
as a screening tool, in conjunction with lifestyle and genetic factors, to provide an

estimate of CVR and subsequent risk for dementia.

1.2. Thesis Aim and Scope

The objective of the proposed research is to investigate the pupillary light response
as a method for assessing cerebrovascular reactivity, and to use this information in
conjunction with genetic, demographic, lifestyle, and life-event data to generate a

risk classification for Alzheimer's disease, which considers the many potential root
causes for the disease. This could then be used for targeted interventions based on

an individual’s risk profile, which may differ due to specific risk factors present.
This thesis aims to answer the following research questions:

1. How do established Alzheimer’s disease risk factors influence the pupillary
light response?

2. What parameters of the pupillary light response relate most strongly to
cerebrovascular reactivity?

3. How do genetic, lifestyle, environmental, and demographic factors influence
the relationship between the pupillary light response and cerebrovascular

reactivity?



These specific research questions aim to contribute to the overall objective of
assessing the PLR as a method for assessing CVR, in conjunction with other

covariates relating to dementia risk, to assess an individual’s risk for dementia.

This thesis addresses the above questions in a department-approved integrated
thesis. This thesis contains two scholarly articles fully published in peer-reviewed,
major journals (Frontiers in Neuroscience, Frontiers in Physiology) [15], [16], as well
as manuscripts in preparation for submission and work accepted and presented at
peer-reviewed national and international conferences. As research in engineering is
collaborative in nature, | have included recognition of individuals who have

contributed to work included in each research chapter, where relevant.

This research was conducted between October 2021 and February 2025 at the
University of Oxford, UK, based at the Oxford Institute of Biomedical Engineering and
the Oxford Centre for Human Brain Activity. All methods were developed in-house,
and data was collected with volunteers in-person in Oxford, UK, after acquiring

ethics approvals from the University of Oxford for specific studies.

This research was conducted, in-part, during the COVID-19 pandemic, which caused
significant disruption into the ethics approval process as well as the ability to
conduct research with volunteers in-person. As such, the sample sizes for the
studies included in this thesis are limited, as the studies could not be conducted
until it was safe to do so for both the volunteers and researchers. Additionally, as the
imaging resources available to the researchers were based in Oxford, all study
participants had to either be based in Oxford or be willing to travel to Oxford to

participate in the study, which meant that the study cohorts were biased to the local



university populations and the cohorts do not necessarily represent what would be
expected in the UK at large, or globally. Despite these limitations in the study
cohorts, this thesis provides valuable insights into methods for assessing the PLR
and in comparing this to CVR and other factors impacting dementia risk, which
support the need for future work in this area, particularly with larger, more diverse

cohorts based in other locations.

As this research aimed to investigate the PLR as a potential risk screening tool rather
than a diagnostic tool for those with dementia or other neurodegenerative diseases,
none of the study participants had any diagnosed form of neurodegeneration and
were all classified as cognitively healthy at the time of data acquisition using the
Montreal Cognitive Assessment (MoCA) [17]. As the data for this thesis was collected
throughout the period of study toward the DPhil, it was not within the scope of this
research to conduct a longitudinal study that follows-up on the cognitive status of
study participants to determine whether they do develop dementia in the decades to
come. Instead, within the scope of this research, participants with elevated genetic
and lifestyle risks for dementia were included as well as those classified as low risk,
and the measurement of cerebrovascular reactivity was used to estimate

comprehensive risk for dementia.

To address the research questions and overall objective, this thesis includes an
investigation into the impact of Alzheimer’s disease risk factors on the PLR, to
account for any confounding factors or comorbidities between risk factors and the

PLR that must be accounted for. Volunteers have been recruited for two studies
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based at the University of Oxford: The Eye-Brain Study (Chapters 3-4, 6), and The

Maternal Brain Study (Chapter 5).

The Eye-Brain Study include a genetics assessment (to determine APOE status — an
important genetic allele with significant links to Alzheimer’s disease risk),
demographics and lifestyle assessment (to assess demographics and risk factors
such as age, sex, medical and pregnancy history, physical activity levels, and level of
education, among others), basic physiological measurements, and an assessment of
their PLR. The PLR is being assessed with various light protocols to allow
comparisons between rod, cone, and melanopsin-driven responses, as well as the
parasympathetic and sympathetic nervous systems, to determine whether there are
impacts with specific photoreceptor or nervous systems. To estimate CVR, data from
transcranial Doppler ultrasound with carbon dioxide gas challenges is being used to
get an estimate of CVR from blood flow velocity and changes in oxygen and carbon
dioxide concentrations. To confirm CVR values, data from functional MRI scans will

be used.

The Maternal Brain Study similarly includes a genetics assessment, demographics
assessment, PLR and CVR assessment, and a more extensive assessment of factors
relating to women’s health to identify the impact of women’s health factors, such as

pregnancy, on the PLR and CVR.

1.3. Research Significance

The work presented in this thesis has contributed original research to the fields of
biomedical engineering, physiology, neuroscience and vision sciences. Importantly,

it also has the potential for future significant contributions to research in biomedical
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engineering and medicine as the methods presented in this thesis are still in-use in

the Eye-Brain Study and the Maternal Brain Study.

This thesis presents the first studies investigating the relationship between the PLR
and CVR in healthy adults, as well as the first study to assess the PLR-CVR
relationship with an integration of covariate factors relating to demographics and
lifestyle factors. It also presents a comprehensive, peer-reviewed review of literature
demonstrating how modifiable risk factors for Alzheimer’s disease relate to the PLR,
which can inform future risk classification models using the PLR and lifestyle
information to assess dementia risk. Finally, this thesis presents the first study
evaluating differences in dynamic aspects of the pupillary light response in
postpartum women and women who have never been pregnant, highlighting the need
to consider sex-specific factors when assessing the PLR and subsequent dementia

risk.

With more validation conducted in larger cohort studies, the work presented in this
thesis supports the PLR as a potential screening tool for estimating cerebrovascular
reactivity. If successful, the PLR could be an inexpensive, fast, and accessible tool
for cerebrovascular reactivity assessment and potentially subsequent dementia risk
screening. This would help healthcare professionals with identifying patients with a
higher dementia risk, without the need for an expensive or time-consuming MRI scan,
and devices that assess the PLR could be used in routine medical check-ups for early

screening.

Building on the research presented in this thesis, a risk classification model could be

created to be used for targeted interventions based on an individual’s risk profile
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incorporating the PLR and lifestyle, genetic, demographic and environmental factors

for dementia risk prediction, enabling more individualised intervention.

1.4. Outline of Thesis

To evaluate the research questions and to meet the objective presented in Section
1.2, this thesis includes a literature review, pupillometry tools and methods

development, and pilot studies.

Chapter 2 presents a comprehensive, peer-reviewed literature review outlining key
risk factors for Alzheimer’s disease and their relation to the PLR, if any (addressing
research question 1) [15]. This starts with an introduction to Alzheimer’s disease and
current research investigating Alzheimer’s disease and the eye, including the retina,
eye movements, and the study of the pupil in current AD patients. It then introduces
the field of pupillometry and the pupillary light response and identifies key knowledge
gaps in the field of pupillometry for AD risk assessment. The review focuses on 12
potentially modifiable AD risk factors relating to lifestyle and environmental factors,
and how they relate to the pupillary light response. It also summarises various
pupillary stimuli and measurements, as well as the physiological and autonomic

nervous system pathways contributing to the PLR.

Using the reviewed literature, Chapter 3 presents an overview and assessment of
various parameters and protocols for assessing the PLR and post-illumination pupil
response (PIPR) to determine the best methods and tools for subsequent research
presented in this thesis (contributing to research question 2). Importantly, it
compares the pupillometry tools available within the scope of this research —a

NeurOptics PLR-3000 handheld pupillometer, and an in-house system of hardware
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and software enabling the use of binocular assessment of chromatic pupillometry

[18].

Chapter 4 builds on the findings of the best methods and tools available within the
research scope and presents a first application of these methods in a pilot study.
This study compares the PLR to a positive and negative white light stimulus with
steady-state CVR in healthy adults, to determine a standard relationship between

parameters of the PLR and CVR (addressing research question 2) [16].

As part of the desire to implement inclusive science into this thesis, it was important
to not only consider the PLR in isolation but to consider how other, understudied
factors may influence the PLR and subsequent PLR-CVR relationship, including
some sex-specific factors. Chapter 5 addresses this by using pilot data from the
Maternal Brain Study to assess the PLR in postpartum women, ultimately to
determine whether a history of pregnancy impacts the PLR (contributing to research

questions 1 and 3).

Chapter 6 returns to data collected in the Eye-Brain Study to assess both the PLR
and PIPR with linear CVR in a more diverse cohort. This cohort includes those
considered low risk for dementia, and those with established lifestyle and genetic
risk factors for dementia. A covariate analysis was done to evaluate the impact of
specific factors including age, sex, and sleep quality on the PLR/PIPR-CVR

relationship (addressing research questions 2 and 3).

Finally, this thesis concludes with Chapter 7, where a summary of the main findings

of each chapter and answers to the main research questions are presented. The
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overall contributions and significance of this research are highlighted, along with

limitations of this thesis and potential areas for future research.
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Chapter 2: The impact of Alzheimer’s disease risk

factors on the pupillary light response

The aims of this chapter are to review the most prevalent lifestyle risk factors to
Alzheimer’s disease, discuss the pupillary light response, and investigate the
comorbidity of lifestyle and genetic risk factors for Alzheimer’s disease and to see
how they relate to the pupillary light response. Although the impaired pupillary light
response has been studied in current Alzheimer’s disease subjects, this has not
been extensively investigated in at-risk groups for the disease. Determining whether
the pupillary light response is similarly impaired in specific at-risk subject groups
before an Alzheimer’s disease diagnosis is made is an important step before using
the pupillary light response as a diagnostic or screening tool.

The work from this review can be used to identify key at-risk groups where an
impaired pupillary light response may be indicative of increased Alzheimer’s risk and
could identify groups where preventative measures should be taken before onset of
the disease. Understanding and analysing the extent to which the pupillary light
response is impaired given certain lifestyle conditions will be essential to assessing
Alzheimer’s disease risk based on the pupillary light response and a lifestyle,

physiological, and genetic analysis, which is the aim of future chapters.
This chapter relates to Research Question 1 and was adapted from the publication:

S Sparks, J Pinto, G Hayes, M Spitschan, DP Bulte, DP (2023). "The impact of
Alzheimer’s disease risk factors on the pupillary light response." Frontiers in

Neuroscience (17). https://doi.org/10.3389/fnins.2023.1248640
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design of the manuscript. S. Sparks performed the search and selection of the
relevant studies and wrote the manuscript. J. Pinto, G. Hayes, M. Spitschan, D. Bulte,
and S. Sparks contributed to the manuscript revision and editing. All authors

contributed to the article and approved the submitted version.

2.1. Abstract

Alzheimer’s disease (AD) is the leading cause of dementia, and its prevalence is
increasing and is expected to continue to increase over the next few decades.
Because of this, there is an urgent requirement to determine a way to diagnose the
disease, and to target interventions to delay and ideally stop the onset of symptoms,
specifically those impacting cognition and daily livelihood. The pupillary light
response (PLR) is controlled by the sympathetic and parasympathetic branches of
the autonomic nervous system, and impairments to the pupillary light response (PLR)
have been related to AD. However, most of these studies that assess the PLR occur
in patients who have already been diagnosed with AD, rather than those who are at a
higher risk for the disease but without a diagnosis. Determining whether the PLR is
similarly impaired in subjects before an AD diagnosis is made and before cognitive
symptoms of the disease begin, is an important step before using the PLR as a
diagnostic tool. Specifically, identifying whether the PLR is impaired in specific at-
risk groups, considering both genetic and non-genetic risk factors, is imperative. Itis
possible that the PLR may be impaired in association with some risk factors but not
others, potentially indicating different pathways to neurodegeneration that could be

distinguished using PLR. In this work, we review the most common genetic and
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lifestyle-based risk factors for AD and identify established relationships between
these risk factors and the PLR. The evidence here shows that many AD risk factors,
including traumatic brain injury, ocular and intracranial hypertension, alcohol
consumption, depression, and diabetes, are directly related to changes in the PLR.
Other risk factors currently lack sufficient literature to make any conclusions relating
directly to the PLR but have shown links to impairments in the parasympathetic
nervous system; further research should be conducted in these risk factors and their

relation to the PLR.

2.2. Introduction

2.2.1. Alzheimer’s disease

With an ageing global population, the number of people living with dementia is
increasing, and is projected to continue to increase over the next few decades,

especially in those living in low- and middle-income countries [19].

Importantly, Alzheimer’s disease (AD), which is the most common cause of dementia
[19], is believed to occur at least 20 years before symptoms of the disease arise [20].
It takes years of changes occurring in the brain before individuals with AD experience
noticeable symptoms including memory loss and language problems [20]. As such,
preventing Alzheimer’s depends primarily on understanding early steps in the
disease’s pathogenesis, including an investigation into genetic factors and potential

biomarkers that could be identified in its pre-symptomatic phase [21].

18



2.2.2. Alzheimer’s disease and the eye

Along with symptoms that affect cognition, patients who have been diagnosed with
AD often display other biological characteristics, which can, to varying extents, be
used in disease monitoring and potentially in diagnosis. One category of biological
characteristics includes changes to the eye that occur in the early stages and during

the progression of the disease, which will be explored further in this section.

2.2.2.1. State of the art

Research into the eye and its relation to cognitive decline, including in both
preclinical and onset AD, has been the focus of several recent studies and reviews.
Many such reviews investigate changes and degeneration in the retina, and how this
can relate to neurodegeneration [22], [23], [24], [25], [26], [27], [28], [29]. These
reviews discuss the role of amyloid-beta (AB), a biomarker for AD, in the retina and in
patients with glaucoma [22], [23], [26], [27], [28], and confounding factors in the eye
such as retinal nerve fibre layer thickness thinning that can be observed in some
cases of neurodegeneration [23], [24], [28], [29]. Other studies involving the retina
also discuss accumulation of phosphorylated tau in the brain, another biomarker of
AD, and how this often relates to an accumulation of tauopathy in the retina in cases
of AD [23], [27], [30], [31]. In AD, tau-related changes cause retinal neuron
dysfunction and subsequent death, which contributes to visual deficits in AD [30]. In
cases of AD, tau related changes in the retina may be more consistent than amyloid
beta changes in the retina, suggesting that phosphorylated tau in the retina may be a

promising biomarker for AD [32].
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Despite its prevalence in current research, analysing changes in the retina has
established limitations as a diagnhostic tool for AD and dementia because of the
comorbidity with AD risk factors such as hypertension, diabetes, and retinopathy
[25], [33], [34]. As such, it can be difficult to differentiate damage done to the retina
from these diseases from damage done due to potential neurodegeneration.
Additionally, tests such as measuring the retinal nerve fibre thickness can lack

sufficient specificity and sensitivity for broader clinical applications [27].

Some studies have suggested that tracking eye movement abnormalities is an
indicator of cognitive decline that can be used as a diagnostic tool for assessing the
progression of AD [35], [36]. Others have analysed the effects of tropicamide on the
pupil dilation response, showing that the pupil dilation is altered in Alzheimer’s
patients compared to healthy people [37]; however, there have been other studies
that have not shown this to be consistently statistically significant and so has

limitations as a diagnostic aid [38].

Further studies involving pupillometry applied to cognitive decline include identifying
changes in the velocity and acceleration of pupil constriction in those with cognitive
deficits [39]. Pupillary changes have also been used to assess subject response to
varying cognitive loads and the ability for those with and without cognitive

impairment to adapt cognitive effort [40].

2.2.2.2. Pupillometry

The study of pupillometry has been around for many years. Granholm claims that
changes in pupillary motility have been observed and used as indicators of medical

state and emotional arousal for over two millennia [41]. Loewenfeld cites Fontana’s
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work in 1765 as the earliest documentation of what was then known as “paradoxical
pupil dilation”, or pupil dilation without changes in illumination [42]. The work by
Lowenstein and Loewenfeld was essential to the field of pupillometry, and their
influential work is summarized in their textbook from 1999, The Pupil, which has

been a standard reference on the pupil [43].

Of note, the study of pupillometry has become increasingly more popular since the
1980s [44]. With this, there have been more studies that have looked at how various
visual stimuli can be used to evoke a pupil response, and in turn what this response
may be related to. For researchers in preventative medicine, pupillometry has been a
valuable and inexpensive tool for screening for diseases such as diabetes and

cardiac autonomic neuropathy [33], [45].

The activity of human photoreceptors can control pupil size, which has best been
shown by studies examining pupil size using the method of silent substitution -
where pairs of lights are alternated to only stimulate one photoreceptor class at a
time [46]. These photoreceptors, consisting of melanopsin, rods, and cones,
contribute to the control of the pupil in different ways, and in different temporal
regimes [46]. Between 1 and 10 s from the onset of light exposure, cones and rods
account for pupil constriction; melanopsin largely controls pupil size at 100 s, with
some contribution from the rods [46], [47]. Further, rods are not expected to
contribute to pupil control at photopic light levels due to rod saturation [46], [48],
while cone receptors and melanopsin-containing intrinsically photosensitive retinal
ganglion cells (ipRGCs) are active during daylight and contribute to the constriction

of the pupil [49].
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When assessing potential pupillary changes in neurodegeneration, itis important to
consider how these various psychological and physiological aspects may impact a

response, and to account for these in a potential protocol.

Pupillary Light Response

Outside of research assessing the retina’s role in neurodegeneration and general
eye-tracking, there are other potential biomarkers involving the eyes that are
important in AD research. Pupillometry at large has been applied extensively in the

study of cognition [50].

Of particular interest to this review are the studies that have investigated changes in
the pupillary light response (PLR) in subjects with cognitive impairment, which
assesses how the pupil dilates and constricts in different light conditions [33], [45].
Although some studies have failed to show a relationship between an impaired PLR
and cognitive impairment [39], there have been several studies that have suggested
that changes to the PLR may occur in patients with AD [51], and even in patients in
the preclinical phase of AD [52]. These studies also suggest that dynamic
pupillometry, and assessment of the PLR, could be useful tools in medical research
to monitor the progression of cognitive decline, in addition to being used as a non-

invasive, cost-effective screening tool for AD [51], [52], [53].

Most of the studies that assess the PLR occur in patients who have already been
diagnosed with AD, rather than those who are at a higher risk for the disease due to
genetic or non-genetic risk factors but who are not currently diagnosed with the
disease. Because of this, it is difficult to determine whether the PLR is impaired

because of the disease, or if an impaired PLR can indicate an elevated risk for later
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development of the disease. It would, therefore, be useful to know if the PLR is
similarly impaired in subjects before an AD diagnosis is made and before cognitive
symptoms of the disease begin. Specifically, it would be helpful to know whether the
PLR is impaired in specific at-risk groups, considering both genetic and non-genetic
risk factors. Itis possible that the PLR may be impaired in association with some risk
factors but not others, potentially indicating different pathways to
neurodegeneration that could be distinguished using PLR. If the PLR is impaired in
individuals in specific risk groups for AD before symptoms of AD progress to a
diagnosis, the PLR could then provide a quantitative measure to assistin predicting a
person’s risk for developing AD in conjunction with a genetic, life event, and lifestyle

analysis, and thus be used to identify potential patient-specific early interventions.

This review aims to bridge the gap in current literature that focuses on the
impairment in AD patients, and to expand this to include the analysis of the PLR in
groups displaying individual risk factors for the disease before a diagnosis is made.
The aim is to investigate how these risk factors relate to one another, in addition to
analysing their relation to an altered PLR, if any, to determine whether the PLR is
impaired in any at-risk groups for AD prior to diagnosing the disease. With the
prevalence of pupillometry in current research, and the demand for a means of
diagnosing preclinical AD with an inexpensive and accurate tool, analysing the PLR of
subjects who may be susceptible to developing the disease later in life could be a
valuable area of research which, if successful, could lead to further advancements in

the prevention of AD.
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2.2.3. Goals

The specific objectives of this review are to provide an overview of the most prevalent
AD risk factors (genetic and non-genetic), discuss pupillometry and the PLR, and

investigate the relationship between AD risk factors and PLR.

In particular, this review focuses on research that has been done relating the PLR to

specific lifestyle factors that have been linked to AD risk.

2.3. Alzheimer’s disease risk factors

There are many risk factors for AD and dementia, which can be split broadly into two

categories: genetic risk factors, and non-genetic risk factors.

2.3.1. Geneticrisk factors

Intrinsically, AD, specifically early onset AD, is often caused by mutations in one of
three genes: amyloid precursor protein, presenilin 1, and presenilin 2 [54], [55]. Late
onset AD is not necessarily as predictable but can be indicated by inheritance of the
€4 allele of the APOE gene [54], [56]. The inheritance of the APOE €4 allele is the
strongest genetic risk factor for AD — although only about 20-25% of the population
carries one or more €4 alleles, 50-65% of people diagnosed with AD carry the allele

[55].

The inheritance of one or more €4 alleles has implications on the age of onset of AD.
Having at least one €4 allele is associated with a reduced onset age for AD, and
people with two €4 alleles can develop AD up to 10 years earlier than those without
the allele [55]. Despite being associated with the age of onset of AD, itis not clear

whether carrying the €4 allele is also a risk factor for a faster progression of the
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disease once dementia has been reached. Contrary to the €4 allele, the presence of

the €2 allele can help to reduce the risk of developing AD [55].

Using functional MRI, studies have shown that the €4 allele moderates brain function
[57]. This moderation of brain function includes changes in white matter integrity and
brain connectivity, and may make the brain more susceptible to age-associated
pathological mechanisms such as amyloid beta accumulation [58]. Further, this
moderation is evident in young adults decades before any potential cognitive decline
[57]. However, other functional MRl studies using blood-oxygenation-level-
dependent (BOLD) contrast have reported similar BOLD activity in both €4 and €2
carriers, despite the expectation that the high-risk €4 carriers would have an
opposite activation to low risk €2 carriers; it is thus necessary to consider more than
the functional MRl signal to determine the relationship between APOE, AD risk, and

brain function [57].

Genome-wide association studies (GWASSs) are a powerful tool that have not only
been responsible for the confirmation of APOE as a genetic risk factor for late-onset
AD [59], but have aided in the discovery of other potential genetic candidates that
may influence AD risk [60], [61], [62]. Interestingly, GWASs have also identified
overlapping risk genes between AD and cardiovascular factors, including ischemic
stroke [63] and plasma lipids [64], which motivates further research into vascular

factors relating to AD and cerebral health.

2.3.2.  Non-genetic risk factors

There are several extrinsic, life-event, or lifestyle-based, risk factors for AD that have

been identified. Historically, dementia was not considered to be preventable or
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treatable; within recent years progress has been made to identify non-genetic risk
factors for the disease and to collect information on preventing and managing the
disease [19]. Although the underlying symptoms and illnesses with dementia may
not be curable, the current understanding is that the progression and handling of the
disease can be manageable when considering these non-genetic, lifestyle-based risk
factors and factors that are considered to be protective against the disease,

including aspects of diet, physical activity, and levels of cognitive reserve [19], [65].

Dementia is most common among adults aged 65 years or older, which is
incidentally when age-related physical health problems and dementia co-occurring
is common [19]. Additionally, these physical health problems often overlap with the
lifestyle-based risk factors that increase the risk of dementia; an impaired mental
and physical function may interfere with a person’s regular scheduling of things such
as exercise and social interactions, all of which can further contribute to dementia
risk [19]. Further, ethno-racial and socioeconomic factors can have an important
impact on a person’s lifestyle, and so these factors must be considered as well and
research conducted into dementia risk factors within individual populations cannot
be considered adequate to apply to all people [6], [66]. As such, when considering
some lifestyle-based risk factors and their specific contributions to dementia risk, it
is necessary to consider the comorbidity of individual genetic, lifestyle, social,

cultural, and economic risk factors, in dementia cases.

In 2017, The Lancet Commission published an in-depth analysis of the main,
potentially modifiable, risk factors for AD [19]; this list was updated in 2020 with

three additional factors identified [6]. This analysis sought to estimate the Population
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Attributable Factor (PAF), defined as the percentage reduction in new dementia
cases over a given time if a specific risk factor were eliminated completely, for known
modifiable risk factors for dementia [19]. The risk factors that were included in the
PAF calculations were chosen by identifying risk factors listed in the UK National
Institute of Health and Care Excellence (NICE) and US National Institute of Health
(NIH) guidelines. Specifically, The Lancet Commission has identified 12 main
categories for modifiable risk factors, through a systematic review and meta-analysis
[6]. As will be shown throughout this review, these risk factors appear in a notable
number of recent studies, and so these were taken to be the basis of this review’s
focus. These risk factors, and their relative weightings in terms of the percentage of
AD cases they cause, are categorized into early life (age < 45 years), midlife (age 45-

65 years), and late life (age > 65 years) [6]. These risk factors are shown in Table 2.1.

Table 2.1: Potentially modifiable risk factors for AD and their PAF, as calculated by Livingston et al. [6].

Category Risk Factor PAF
Early life, potentially Less education 7%
modifiable
Mid-life, potentially modifiable = Hearing loss 8%
Traumatic Brain Injury 3%
Hypertension 2%
Alcohol consumption (greater than or equal to 14 1%
units/week)
Obesity 1%
Later life, potentially Smoking 5%
e D Depression 4%
Social isolation 4%
Physical inactivity 2%
Air pollution 2%
Diabetes 1%
Risk unknown 60%

Although there are potentially other risk factors for dementia, these 12 main

lifestyle/life event risk categories can be used to form a basis of factors to analyse
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the comorbidity of risk factors and to assess their relation to other biomarkers of AD.
Itis important to acknowledge however, that the evidence that has been collected by
Livingston et al. about these AD risk factors is from high income countries, and thus
these risks could differ in other countries and corresponding interventions may
require modifications in specific environments [6]. In this review, we will be
assessing these 12 lifestyle and life event categories with their relation to the

parasympathetic/sympathetic pathways and to the pupillary light response, if any.

2.4. Pupillometry and parasympathetic/sympathetic
pathways

2.4.1. Pupillary stimuli and measurements

Pupillometry has been established as a promising means for assessing cognitive
function, among other cerebral and bodily functions. Ultimately, the size and
responsiveness of pupils in humans is controlled by the two main branches of the
autonomic nervous system: the sympathetic and parasympathetic nervous systems,
which control the dilator and sphincter muscles in the iris, respectively [67], [68].
Figure 2.1 shows the sphincter and dilator muscles on a constricted and dilated
pupil. Further, pupillary constriction, accommodation, and vergence make up the
near triad visual response, which enables a focused image, increased depth of
focus, and binocular vision [69], [70]. To maximize the impact of using pupillometry
to assess specific functions, namely parasympathetic and sympathetic functions, it
is necessary to stimulate the pupil and measure concomitant pupil size changes with

a measurement system that is best suited to measure these changes.
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Sphincter
Muscles

Dilator Muscles

Figure 2.1: The eye, with the sphincter and dilator muscles labelled. Left: The eye with the pupil
constricted. Right: The eye with the pupil dilated. This figure was created by SS using BioRender.com.

2.4.1.1. Pupillary measurement systems

One concern when using pupillometry as a diagnostic tool is ensuring consistency of
measurement across different individuals with different eye sizes, and these
individual differences must be accounted for. Usually, these differences are
accounted for by expressing values relative to a baseline. Many pupillary
measurement systems assess relative changes in either the pupil size or the ratios
between the pupil and iris. One measurement method to correct for differences in
eye sizes between subjects, as described by Fotiou et al., is to use the ratios
between the current pupil radius (P), the baseline pupil radius (B), and the iris radius
(I) at each measurement point in time [51]. Fotiou et al. tested the use of the pupil-to-
baseline pupil ratio (P/B) to determine which would be most suitable to produce the
most reliable results, and the result of their study was that the pupil-to-iris method
was preferred as the baseline pupil size is difficult to keep consistent even within the
same individual, whereas the iris size is a stable anatomical marker [51]. The pupil-
to-iris (P/l) ratio is a popular method that has been used by multiple researchers [51],
[71]1, [72].
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When making pupillary measurements, it is also important to identify an appropriate
time and sampling frame for measurements. The pupilis constantly changing size
due to small oscillations of the pupil, known as hippus [67]. Due to these continuous
changes, itis not reliable to take a single measurement of the pupil size. For the most
accurate measurements, the pupil size should be sampled frequently over a suitable
time period to obtain reliable measurements that can account for these minor

oscillations [67].

One way in which continuous measurements can be made is by using automated
measurements through deep learning techniques. One web app that uses deep
learning for translational and real-time pupillometry is MEYE, developed by Mazziotti
etal. [73]. To make the pupillometry measurements, they applied random rotation,
cropping, horizontal and vertical flipping of images, in addition to random brightness,

contrast, and sharpness changes to train the model [73].

2.4.1.2. Pupillary stimuli

There are many ways to stimulate pupillary changes — each of which has different
diagnostic purposes. Pupillometry studies vary widely in their stimuli, and without a
standard methodology used across all pupillometry-related studies, there is a
challenge presented in comparing the results of these studies [74]. Despite this,

studies using similar methods can still be compared.

Many studies have shown how cognitive processes can cause pupillary changes -
specifically, emotional arousal, interest, and task difficulty [75], [76], [77]. When the
cognitive task demand is increased over time, the pupil dilates following this

stimulus, and then constricts when the subject has less difficulty with the cognitive
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task at hand [78], [79]. Further, when performance is sustained during a difficult task,
this is modulated by the cortical inhibition of the parasympathetic pathway located

at the oculomotor nucleus [79].

Another stimulant that has been used in pupillometry studies, specifically when
assessing potential neurodegeneration, is a dilute solution of tropicamide.
Administering tropicamide can block the parasympathetic sphincter muscle, which
impacts the pupillary reaction [79]. Scinto et al. show that AD patients, or probable
AD patients who have not yet been diagnosed with AD, have a more pronounced
pupillary reaction and hypersensitivity to a dilute solution of tropicamide when
compared to normal controls, suggesting that their parasympathetic sphincter
muscle works abnormally when compared to normal controls [80]. Further, Higuchi
et al. show that subjects with the APOE ¢4 allele have a more hypersensitive
response to tropicamide [81]. However, not all studies agree on the effects of
tropicamide on pupillary reactions in AD patients — Granholm et al. found that AD
patients did not differ significantly in pupillary responses to tropicamide when
compared with cognitively normal controls [82]. Although Granholm et al. attempted
to use similar methods to Scinto et al., including a 0.01% dilute solution of
tropicamide, there may have been variability between the subject groups of the
studies that could account for different results. Granholm et al. note that ethnicity,
eye colour, age, and background luminance may be important factors that could
impact the pupillary response to tropicamide, and so their study tested both light
and dark conditions and had subjects similar in age, gender, eye colour, and
ethnicity [82]; in contrast, Scinto et al. did not report ethnicity, eye colour, or

background luminance in their methods, which could explain their conflicting results
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with Granholm et al. [80]. Additionally, neither Scinto et al. nor Granholm et al.
reported on genetic features of their subjects, and since those with the APOE €4
allele have a hypersensitive response to tropicamide, not accounting for this could

also explain differences in results.

The pupillary response to different light conditions is also an important area of study.
The pupillary darkness reflex, and the recovery time for the pupillary light response,
are controlled primarily by sympathetic activation, whereas the amplitude and
latency of the pupillary light response is controlled by parasympathetic activity [83].
As such, assessing the pupillary light and darkness responses, which can be done by
changing light conditions, is a useful method for stimulating the pupillary changes

[79], [83], [84].

Different light sources can be used to measure and assess the PLR, and the
response can be influenced by the duration, spectral composition, and intensity of
the light used as a stimulus [85]. The differences in stimuli determine which
photoreceptor classes are activated - the rod responses, cone responses, or
melanopsin-driven ipRGCs [74]. Infrared pupillometry, for example, is a method that
is particularly useful when assessing the PLR, which involves stimulating the pupil
with an infrared light source and then observing the response on an infrared sensor
[84]. Automated infrared pupillometry can also provide a measurement of the PLR
that is more reliable than using a manual flashlight to examine the PLR [86].
Additionally, chromatic pupillometry, which involves protocols using light stimuli at

different wavelengths to isolate the contributions of single photoreceptors, is a
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method used to characterize melanopsin retinal ganglion cells which are

photoreceptive and are most sensitive to blue light at 480 nm [87].

2.5. Comorbidity of factors affecting pupillary response and

risk to Alzheimer’s disease

The following subsection will review the prevalent risk factors for AD and their
relation, if any, to an impaired pupillary response. The comorbidity of these risk
factors will also be assessed to evaluate the individual impact on the pupillary
response from the individual and combined risk factors, and confounding factors will

be identified and reviewed.

2.5.1. Overview of impaired pupillary responses in Alzheimer’s

disease

Before assessing the pupillary responses in cases involving specific risk factors to
AD, itis important to assess the pupillary responses in AD patients. Much of the
research into pupillary responses in AD does not assess specific risk factors and
considers the impact of dementia on the PLR in general, and so this section aims to

review some of this broader research before assessing individual risk factors.

There is precedence for the study of impaired pupillary responses in various physical
and mental conditions including AD, to study disturbances in the parasympathetic
responses relating to the pupil [53]. In patients with AD, changes relating to vision are
some of the first symptoms that impact patients [88]. Potential ocular biomarkers for
AD include visual acuity, contrast sensitivity, pupil reaction, colour vision, visual

field, motion perception, ocular motor function, and stereopsis [88], [89]. When
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assessing the pupilreaction in AD, Chang et al. suggest that changes are expected in
the pupillary light and dark reflexes [88], the former of which will be reviewed in the

following section.

A summary of AD risk factors and their impact on the PLR is shown in Table 2.2,
which indicates whether an impact was identified or not, and which section each risk

factoris discussed in.

Table 2.2: Summary of AD Risk Factors and Their Impact on the PLR

Risk Factor Impact on the PLR (note: + indicates authors Section
identified an impact on the PLR; - indicates Discussed in
authors did not identify an impact on the PLR; ?
indicates authors identified a potential, but
unconfirmed, impact on the PLR.

Genetics ? 4.2.1
Level of Education - 4.2.2
Hearing Loss ? 4.2.3
Traumatic Brain Injury + 4.2.4
Hypertension + (intracranial and ocular hypertension) 4.2.5
? (general hypertension)
Alcohol consumption + 4.2.6
Obesity - 4.2.7
Smoking ? 4.2.8
Depression + 4.2.9
Social isolation - 4.2.9
Diabetes + 4.2.10
Physical inactivity - 4.2.11

2.5.1.1. Pupillary light response in Alzheimer’s disease

There are a multitude of studies that investigate the pupillary light response in AD,
each of which use specific combinations of stimuli and measurement systems.
Figure 2.2 shows some of the commonly used features of the PLR that are assessed
in AD studies. One area of study involves assessing the resting pupil size of AD
patients and comparing this to cognitively normal controls. When comparing the two
groups, Kawasaki et al. found that the baseline pupil size in room light was

significantly smallerin the AD group [90]. Frost et al. found similar results, finding a
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smaller resting (after a 2-minute dark adaptation) and minimum pupil size after
stimulus in the AD group [91]. Finally, Prettyman et al. found a smaller resting pupil
size in the AD group compared to the control group, which they hypothesize could be

caused by a sympathetic deficit caused by the loss of heurons in the locus coeruleus

in AD [83].
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Figure 2.2: Pupillary Light Response Plot, with commonly extracted features labelled. This figure was
created by SS using BioRender.com.

However, not all studies have replicated the studies led by Kawasaki and Prettyman.
Fotiou et al. found no significant difference in baseline pupil size between the AD
group and cognitively normal controls [92]. Additionally, Ferrario et al. found that the
baseline pupil size was notably higher in the AD group than in the control group [93].
These discrepancies could potentially be due to different root causes of AD, which

may determine whether the PLR parameters such as baseline pupil size are

35



impacted. As such, more research is required into an analysis of baseline pupil size

in AD to obtain an accurate and reliable conclusion.

Another area of research is an analysis of the velocity and acceleration of pupil
constriction or dilation in AD patients compared against cognitively normal groups.
Generally, most studies of pupillometry have found a reduced maximum constriction
velocity (MCV) and maximum constriction acceleration (MCA) in AD cohort when
compared to healthy controls, consistent with a hypothesized parasympathetic
deficiency, and have been proposed as the most accurate pupillometric parameter
for differentiating AD groups from healthy controls [94]. Fotiou et al. observed
significantly lower values for both MCV and MCA in the AD group when compared to
the controls and noted that MCA was the best parameter to separate AD patients
from healthy controls, with MCV in a close second [92]. Frost et al. similarly found
reduced values for MCV and MCA in AD groups but found that MCV was the best
method for classifying AD groups from controls [52]. Other studies by Fotiou et al.

and Frost et al. have reported reduced MCV and MCA in AD groups [91], [95].

Prettyman et al. found that patients in the AD group had a reduced recovery time
when compared to the control group, however they caution that this response, in
conjunction with a reduced amplitude of the response, could be due to a saturation
effect at the response floor, which could make it difficult to draw conclusions about

how much the parasympathetic innervation of the iris plays a role in AD [83].

In contrast to most studies, Ferrario et al. found that the average values for MCA
were higher in the AD group than in the control group and did not find a statistical

difference between the MCV of the AD and control groups [93]. Although most
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studies agree that MCV and MCA are reliable pupillometric markers to differentiate
AD patients from healthy controls, this is not always the case - this could be due to

different risk factors for AD resulting in different disease endotypes.

Other pupillometric parameters that are used in pupillometry studies involving AD
are the pupil constriction and pupil dilation amplitudes. Most studies have found that
AD groups have a decreased pupil constriction amplitude (PCA) when compared to
healthy controls, including those led by Frost and Fotiou [52], [91], [92], [94].
Prettyman et al. found a reduced PCA in the AD group, but caution that just as with
the reduced recovery time, that this could be due to a “floor effect” which makes it
difficult to conclude that a parasympathetic innervation of the iris in AD causes these
effects [83]. Granholm et al. found that the peak PCA was significantly reduced in AD
groups when compared to healthy controls but was also reduced in Parkinson’s
disease patients and that there was not a significant difference between the AD and
Parkinson’s disease groups, which they suggest means that this test is sensitive to

AD but does not have adequate specificity [82].

As with the other pupillometry parameters, not all studies have found a decreased
PCA in AD patients. Ferrario et al. did not find a significant difference between the
PCA of AD and control groups [93]. Similarly, Kawasaki et al. did not find any
significant difference in PCA when subject to various intensities of coloured light in
the AD group [90]. Van Stavern et al. did not find any significant difference between a
preclinical AD group and the PCA [96]. As such, more research should be done to

assess the validity of the PCA as a pupillometric indicator for AD.
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There have been some significant relationships found between AD patients and their
pupillary light responses, including their resting pupil diameters, their MCV and MCA,
and their PCA. However, not all these relationships show the same reproducibility as
shown by some contradictory studies. Additionally, some of these relationships are
also seen in other neurodegenerative diseases, which reduces the specificity of only
using these PLR metrics to separate AD patients from others. Many of these
differences may be due to notable differences in the inclusion and exclusion criteria
of subjects across studies, including ethnicity, sex, genetics, comorbidities and
other demographics and disease endotypes. More information, including any
underlying health conditions or other risk factors, should be collected from patients
to be able to separate the pupillary response impacts of AD alone from the impacts
from other factors, and to account for any comorbidities that may impact the

response.

2.5.2. Riskfactors and pupillary light response impairments

The pupillary light response appears to be impacted in AD patients; however, this
measure alone lacks the required specificity to separate AD patients from healthy
controls or those with other diseases. This section will review the prominent risk
factors for AD and their impacts, if any, on the PLR. The aim will be to separate the
individualimpacts on the PLR in AD patients who may have these underlying
conditions orrisk factors, and to assess the comorbidity of these conditions in

relation to the PLR.
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2.5.2.1. Genetics

Before investigating the impact of various lifestyle and preventable risk factors for AD
on the PLR, genetic risk factors will be explored — specifically, the APOE €4 allele, and
genetic factors involved in autosomal dominant AD (ADAD). There have been several
studies investigating changes in the pupillary responses in subjects with genetic
susceptibilities to AD — specifically when assessing the pupillary responses to light

and to tropicamide.

ADAD is a rare form of AD that affects carriers with specific gene mutations, which
can occur in people as young as 30 years old. The gene mutations involved in this
genetic disorder primarily involve amyloid precursor protein (ABPP), presenilin 1 and
presenilin 2, and mutation carriers progress to AD with 100% certainty [97]. Frost et
al. investigated the pupil flash responses in mutation carriers (specifically in the APP
693 mutation at position 22 of the amyloid-beta fragment, APPGlu693Gln) and
compared them to non-carriers, all within a single family. They found that the 75%
recovery time was larger in the mutation carrier group and the percentage recovery
3.5 seconds post-stimulus was smaller in the mutation carrier group — both
parameters were found to provide perfect classification of mutation carriers against
non-carriers in the cohort, showing that the pupil flash response can be used in AD

cases outside of the sporadic AD classification [97].

The pupillary response to tropicamide has been investigated in several studies
relating to AD. A study by Higuchi et al. found that cognitively normal subjects with
the APOE ¢4 allele had a greater increase in pupil size after tropicamide-induced

changes, which they suggest shows that this hypersensitivity can be seen in APOE €4
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carriers before the onset of AD [81]. These findings agree with a study by Turana et
al., which found that subjects with the APOE €4 allele had the highest pupillary
hypersensitivity response when a drop of 0.01% tropicamide was put on their eye,
when compared to the other subjects, and suggested that a combination of
biological and clinical markers is required to increase the positive predictive value

towards amnestic mild cognitive impairment cases [98].

Itis evident that there are some genetic factors that are associated with different
pupillary responses. However, more research should be done on the PLR in APOE €4
carriers and carriers of specific genetic mutations to make any conclusions about

how these factors influence the PLR.

2.5.2.2. Level of education

A lower cognitive reserve leads to vulnerability to cognitive decline [99], as cognitive
reserve assists in maintaining brain function [100]. Individuals with a higher cognitive
reserve have a later onset of cognitive functions being impacted by AD or age-related
pathology, as their higher cognitive reserve can tolerate more pathology [101]. Thus,
increasing a person’s cognitive reserve can assist in preventing dementia. The level
of education that a person receives, and their occupational status, are both factors
that contribute to increasing the brain’s cognitive reserve [99]. Cognitive ability
increases with education before plateauing in late adolescence with few further
improvements with education after an age of 20 years [102] - thus, cognitive
stimulation is especially important in early life to assist in building cognitive reserve.
Stern et al. also found that participants in low occupational levels throughout their

lifetimes, based on the United States census categories, have a greater risk of
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developing dementia [101]. Other cognitive activities in adulthood, including reading,
playing games, playing music and creating art, speaking multiple languages, and

participating in leisure activities also assist in maintaining cognition [99], [101].

To the authors’ knowledge, no study has published any results that directly link the
subject’s level of education or cognitive reserve with their pupillary responses, either
to light or another stimulus. Research should be done to consider the direct impacts
of education and cognitive reserve on the PLR both dependent and independent of
AD to potentially aid in diagnosis, given that an increase in cognitive reserve can

delay the onset of symptoms of AD and make a diagnosis more challenging [101].

2.5.2.3. Hearing loss

Hearing loss at any scale, including mild hearing loss, increases the long-term risk of
cognitive decline and dementia [103], [104], [105], [106], [107], [108], [109], [110],
[111]. In many cases, hearing loss can predate and predict a clinical diagnosis of
dementia [112], and auditory scene processing deficits could be considered a
functional marker for AD pathology [113]. According to Livingston et al., hearing loss
had the highest population attributable fraction of potentially modifiable risk factors
for dementia, and with every 10 dB of reduction in hearing a decrease in cognition is
found, potentially due to reduced cognitive stimulation [6]. However, these findings
are only consistent with people who do not use hearing aids — hearing aid use is one

of the largest factors that can protect against the onset of dementia [6].

Previous functional MRI (fMRI) studies conducted at resting state have shown a
reduction in spontaneous neural activity in hearing loss patients which correlated

with a reduction in cognitive performance [114]. There are several possible
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mechanisms to explain the relationship between hearing loss and dementia, which
are defined by Griffiths et al. as: common pathology affecting the cochlea and
ascending pathway (causing hearing loss) and the cortex (causing dementia);
impoverished environment causing decreased cognitive reserve; a requirement for
increased cognitive resources for listening; the interaction between brain activity

related to auditory cognition and dementia pathology [115].

General pupillary responses arising from an increase in mental or cognitive effort
have been investigated in hearing loss subjects [116], [117], [118]. However, in their
2016 systematic review, Wang et al. did not identify any results for studies directly
linking the pupil light reflex and hearing impairment [68]. However, they did
investigate hearing impairment and its associations with the parasympathetic
response, which has been shown to be linked to the PLR [68]. Hasson et al. found a
negative correlation between hearing problems and parasympathetic activity and
associated an increase in hearing problems with a decreased ability to “unwind” or
recover from the stress due to diminished parasympathetic activity [119]. Mackersie
et al. found that subjects with hearing loss had greater stress-related autonomic
nervous system activation and noted that an important aspect of a stress response
could include activation of the sympathetic branch and suppression of the

parasympathetic branch [120].

No direct relation between the PLR and hearing ability or loss was found in the search
conducted, and minimal evidence was shown to link a decreased parasympathetic
response to hearing loss. Despite this, as the PLR is governed by sympathetic and

parasympathetic activity, this potential link between hearing loss and a decrease in
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parasympathetic activity should be explored in further research, using the PLR as a

metric.

2.5.2.4. Traumatic brain injury

Traumatic brain injury (TBI), including mild and severe injuries, is a known risk factor
for AD [121], [122]. In particular, a single, severe, TBl is associated with widespread
hyperphosphorylated tau pathology in both humans and mouse models [123]. The
risk of developing AD due to TBl increases with both the severity of the injury and the
number of injuries sustained, and the risk of dementia is stronger closer to the time
that the injury occurs which can lead to early-onset AD in some people [122].
Notably, those with a higher occupational risk for head and brain injuries are more
likely to develop AD as a result of their increased likelihood of these injuries [124],
[125], [126]. Many athletes including boxers, American football players, ice hockey
players, soccer players, rugby players, and wrestlers, in addition to military veterans,
have had associations with chronic traumatic encephalopathy (CTE), a progressive
neurodegenerative disease which is associated with repetitive TBl experienced in

sports and military activity and is a risk factor for dementia [127].

There have been several studies investigating the PLR in TBI subjects, through several
different methods of classifying TBI. Acommon consequence of TBl is an increase in
intracranial pressure (ICP), which is one such parameter used to characterize TBI
[128]. Chen et al. used an algorithm to characterize the pupillary response relating to
ICP, called the Neurological Pupil index (NPi), which takes in common parameters of
the PLR including the pupil’s minimum and maximum sizes, constriction percentage

and velocity, and dilation velocity [129]. They found that subjects who had decreased
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PLRs had higher peaks of intracranial pressure, using the NPi to characterize the
pupillary responses [129]. Another means of assessing TBl is through the Glasgow
Coma Scale (GCS), which can be used to measure the neurologic status of patients,
with more severe brain injuries being classified as 8 or less on this scale, and mild to
moderate brain injuries being classified as 9 or more [130]. Park et al. found that
diminished PLRs were associated with a lower GCS score and found that the initial
NPi value of the group of subjects receiving a “poor” prognosis was lower than the
group with a “favourable” prognosis, demonstrating the potential for the PLR to be

used in diagnosing and classifying TBI severity [130].

Several other studies have shown direct links between TBI and the PLR, showing that
multiple parameters of the PLR are reduced in magnitude after TBI, particularly when
using monocular test measurements [131], [132]. Most studies assess the PLR in the
short term after TBl occurrence and do not follow-up on long term PLR changes,
although Truong et al. found PLR impairments in mild TBI patients in the chronic
recovery phase (greater than 45 days post-injury) when compared to normal controls
[131]. As such, there is sufficient evidence to show that TBI is associated with
noticeable changes in the PLR, at least in the short term. More research should be

done to investigate how these changes are affected in the long term.

2.5.2.5. Hypertension

Hypertension, specifically persistent hypertension in midlife, is associated with an
increased risk for dementia in later life. An elevated systolic blood pressure in midlife
has been shown to increase dementia risk, with the risk increasing if this

hypertension continues later in life [133]. A potential mechanism for how this
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contributes to dementia risk is through alterations of regulatory mechanisms of the
cerebral circulation, which compromise the blood supply to the brain [134].
Additionally, midlife hypertension is associated with reduced brain volumes and an
increased white matter hyperintensity volume [135]. However, this risk can be

reduced when anti-hypertensive medications are taken [136].

Hypertension has been linked to an altered PLR in several studies, however most
studies focus on either intracranial hypertension or ocular hypertension. Grozdanic
et al. have found, in separate studies, that the PLR is reduced in rats after acute
elevation of intraocular pressure [137], [138]. In human subjects, reduced
amplitudes of the PLR have been associated with increased intracranial pressure
and in intracranial hypertension including idiopathic intracranial hypertension and is

often used to monitor neuroctritical care patients [86], [129], [139], [140], [141].

Importantly, hypertension can affect the autonomic nervous system, which is
characterized by sympathetic and parasympathetic activity. Multiple studies have
shown that patients with borderline hypertension display an increase of sympathetic
activity [142], [143], [144], [145], and a decrease of parasympathetic activity [142],
[145]. Although not many studies have directly evaluated the effects of general
hypertension on the PLR, its link to the sympathetic and parasympathetic activity
shows that further research should be conducted in this area to investigate a link

between the PLR and general hypertension.

2.5.2.6. Alcoholconsumption

Heavy drinking has been associated with cognitive impairment and dementia [146],

however due to its complex entanglement with sociocultural and health-related
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factors, itis challenging to fully understand how alcohol alone contributes to
dementia risk [6]. Venkataraman et al. suggest that alcohol misuse, such as binge
drinking or chronic alcohol use, could lead to neuroinflammation and neuronal cell
death, which could be a mechanism for how alcohol consumption increases AD risk
[147]. Additionally, higher alcohol consumption has been associated with an
increased risk of hippocampal atrophy, which is considered a specific marker of AD
[148]. Regardless of the mechanisms involved, moderating or reducing alcohol

intake can reduce the risk of AD [146].

The parasympathetic response may be impaired in alcoholics, due to lesions in the
parasympathetic supply [149]. This has been shown to manifest as an impaired PLR
when comparing alcoholics to non-alcoholics [150], [151]. Rubin also compared
alcoholics who abstained from drinking one month prior to the study to alcoholics
who did not abstain and found that both groups had an equally defective rate of
pupillary contraction, but the alcoholic drinkers had a slower rate and amplitude of
dilation, showing that alcoholics demonstrate an impaired parasympathetic outflow
regardless of their drinking activity, but that the sympathetic deficiency is dependent

on whether the alcoholic abstains from drinking for an extended period of time [150].

Changes in the PLR are not only observed due to consistent alcohol consumption
over an extended period but are observed during the act of consuming alcohol or
while a person is actively drunk. Short term alcohol consumption leads to dilated
pupils and slower pupillary reactions [152]. Studies have shown that the PLR may be
a good measure to classify a person’s current inability to work or drive due to alcohol

consumption or sleep deprivation [153], [154]. As such, itis important to separate
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the instantaneous impacts of alcohol consumption from the more prolonged
impacts from alcoholism or heavy drinking on the PLR, and more research should be

done to separate the two.

2.5.2.7. Obesity

An increased body-mass index (BMI), specifically in the obesity-defined range, is
associated with an increased risk of dementia [155]. Additionally, increased
adiposity is related to AD, potentially due to increased vascular stress, however the
exact mechanisms for this are still unknown [156]. Further, the risk of dementia has
been shown to vary with the age of onset of obesity, with a higher risk associated with
younger adults with obesity when compared to adults who only develop the
condition later in life [157]. While there is data that supports the claim that weight
loss in obese and overweight adults is associated with improvements in performance
across multiple cognitive domains [158], according to Livingston et al., there is no
data specific to the long-term effects of weight loss in overweight and obese adults in

lowering dementia risk [6].

There is limited research that assesses the links between obesity and the PLR, and
the limited research presents conflicting results. Baum et al. found a decreased PLR
with anincreased BMI in children and adolescents [159]. Bluher et al. assessed
changes in the PLR of obese children, after exercise and lifestyle interventions were
made to decrease BMI and found that reductions in BMI were associated with a
higher dilation velocity, higher relative light reflex amplitude, and higher constriction
velocity [160]. Within a group of healthy adults with a range of BMls ranging from

normal to obese, Segal et al. found that those with a higher BMI also had a higher
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average dilation velocity post-stimulus and concluded that BMI levels positively
correlate with sympathetic activity [161]. When investigating sets of identical twins
who had different BMls (obese and non-obese classifications), Piha et al. did not find
significant differences in heart rate, blood pressure, or pupillary responses between
the obese and non-obese twins and concluded that neither sympathetic nor
parasympathetic responsiveness is significantly affected by obesity and instead is
affected significantly by genetic factors [162]. These differences may be due to the
different subject selection for these studies, including variability in age and genetics.
Additionally, these changes could be due to other risk factors or comorbidities that

may accompany obesity, such as physical activity levels and other lifestyle aspects.

No other significant study comparing obesity, BMI, or other weight-related factors to
the PLR was found in the search. The studies that have been published to date used
different age and genetic groups and have all presented different results, and so no

conclusion can be made. Further research should be done with broad ranges of age
and genetic groups to investigate any potential relationship between obesity and the

PLR.

2.5.2.8. Smoking

Smokers are at a higher risk of developing dementia when compared to non-smokers
[163], [164], [165], [166]. However, smokers have a higher risk of premature death
which could occur before their age of dementia onset, so these competing risks may
introduce biases and discrepancies in the association between smoking and
dementiarisk [167], [168]. Regardless, not smoking can increase life expectancy and

health, and stopping smoking can reduce the dementia risk [169]. Exposure to smoke
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through second-hand smoke is also associated with more memory deterioration

[170], although limited literature exists in this specific area [6].

To the authors’ knowledge, no study has published any results that directly link long-
term nicotine smoking to an impaired PLR. However, there have been studies that
have investigated the relationship between nicotine and smooth muscle function.
Studies have shown that nicotine may act on vascular smooth muscle and induce
vascular relaxation in rats [171] or vascular contraction or relaxation in humans
[172]. Further, nicotine may alter vascular smooth muscle cell phenotypes [173],
[174]. Because the function of vascular smooth muscle cells may be a biomarker for
AD, and these vascular smooth muscle cells may undergo phenotypic transitions in

AD [175], this supports the need for further research in this area.

Additionally, there have been studies linking smoking and intraocular pressure.
Mansouri et al. found that chronic long-term smokers had a higher mean intraocular
pressure than non-smokers [176]. Similarly, Lee et al. found that current smokers
had a slightly higher mean intraocular pressure than the non-smokers in their study
[177]. Although not directly linked to the PLR, this change in intraocular pressure
should be investigated further to determine whether it, in turn, causes a change in

the PLR in smokers.

2.5.2.9. Depression

Having depression is associated with an increased risk of dementia and AD [178],
[179]. Depression is also part of the dementia prodrome and can be seen in the early
stages of the disease, and thus there has been debate as to whether depression is

only a symptom of dementia, or ifitis an independent risk factor for dementia [179].
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The mechanisms involving depression and AD are likely to be multifactorial and may
include vascular and neuropathological mechanisms [180]. Some molecular
mechanisms, such as chronic inflammation, are common in the pathogenesis of
both major depression and AD [178]. Livingston et al. have not found conclusive
evidence for the difference between treated and untreated depression regarding the
risk of dementia [6]; however, the use of antidepressants has been shown to improve

amyloid beta clearance [181].

Some studies have investigated the PLR in subjects with depression, in various
capacities. The PLR has been shown to be altered in patients with major depressive
disorder (MDD) when compared to controls [182]. Mestanikova et al. found that the
PLR was diminished in the left eye of adolescent girls with depression, but notin the
right eye [183]. Berman et al. found that the PLRs were diminished in depressed
patients both with and without a seasonal pattern, when compared to healthy
controls [184]. Further, Fountoulakis et al. found that subjects with depression had a
shorter latency for pupil constriction post-illumination, when compared to healthy
controls, which suggests a norepinephrine hypoactivity in melancholic depression

[185].

Some researchers have assessed how the PLR can be impacted by the conditions
that the depressed subjects are under. Bar et al. found that the PLR was impacted by
antidepressant use —they found that acutely depressed patients who had not taken
antidepressants did not differ significantly in PLR parameters, other than relative
amplitude, compared to healthy controls, although those taking antidepressants had

significant changes in their parasympathetic function [186]. Feigl et al. investigated
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how the mean daylight exposure could impact the PLR in subjects with mild and
moderate non-seasonal MDD but found no significant differences between the MDD
subjects and healthy controls regardless of the daily and hourly light exposure
including recommended light therapy that is recommended for MDD patients [187].
However, Laurenzo et al. found that in addition to the PLR being impacted in MDD
subjects when compared to healthy controls, MDD subjects displayed reductions in
the post-illumination pupil response to high-intensity blue light, which was less
pronounced in months with fewer daylight hours [188]. This may be due to the
difference in methods and stimuli used or due to other differences in subject
inclusion criteria. More research should be done to investigate impaired PLRs in

depressed subjects of various ages and under various conditions.

Although considered to be a separate risk factor from depression, aspects of social
isolation have several similarities with depression. However, to the authors’
knowledge, no study has published any results that link the subject’s level of social
engagement with their pupillary responses, either to light or another stimulus, and

thus the social isolation risk factor has not been further explored in this review.

2.5.2.10.Diabetes

Having diabetes is a significant risk factor for dementia and AD [189]. It is thought
that diabetes, specifically type 2, could increase the risk through insulin resistance,
impairing glucose metabolism in the brain [190]. Dementia risk is higher with
increased duration and severity of diabetes, but the effects of diabetic medications

on dementia outcomes or cognition are unclear [6]. Itis generally agreed that type 2
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diabetes is arisk factor for the future development of dementia, however specific

treatment for diabetic control has not been shown to decrease dementia risk [191].

There are extensive studies that have assessed the relation between diabetes and
the eye, including several aspects of the PLR. Lanting et al. found that overall, the
diabetic patient groups studied had a higher PLR latency when compared to healthy
controls and normal values and claims that this represents parasympathetic
dysfunction [72], [192]. A study by Bista Karki et al. also supported the concept of
parasympathetic dysfunction in diabetic patients, with results that showed that the
diabetic subjects had a lower maximum and mean constriction velocity, lower
constriction amplitude, and a lower relative reflex amplitude when compared to the
healthy controls [33]. Ishibashi et al. subjected diabetics and healthy controls to
both red and blue light, and found that with both light colours, the pupil constriction
was slower and less pronounced in the diabetic group when compared to the healthy
control group [193]. Karavanaki et al. compared diabetic children with healthy
children and found that the diabetic group had impaired pupillary adaptation in the
darkness [194]. Several studies that found a reduced PLR in diabetic patients when
compared to healthy subjects, with further reductions when comparing diabetics
with autonomic neuropathy and without, suggested that pupillometry could help to

identify diabetic autonomic neuropathy [195], [196], [197].

Not all studies support the claim that the PLR is significantly different between
diabetic and non-diabetic subjects. Lerner et al. noted that although there were
some differences in pupillometry values, that most had poor accuracy as a screening

tool due to inadequate specificity and sensitivity [45]. Hreidarsson and Gundersen
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found that in type 1 diabetics who had a normal or near-normal sensory pathway,
there was no significant difference in latency or other PLR parameters when
compared to healthy controls with the same pupil size, and only a minor reduction in

response amplitude [198].

Overall, there are multiple studies that show a reduction in the PLR among diabetic
subjects when compared to healthy controls. Pupillometry has been suggested as a
diagnostic tool for the monitoring of diabetes progression, specifically when
assessing the development of certain side effects including autonomic neuropathy.
However, there is a potential confound with diabetic retinopathy, where pupillary
abnormalities may precede a diabetic retinopathy diagnosis [33], and thus itis
difficult to know whether any impairments to the PLR are due to the retina or due to
nervous system defects. Additionally, there could be confounding effects with
comorbidities that may exist with diabetes, which could also be differentin type 1

and type 2 diabetes cases.

2.5.2.11.Physical inactivity

Physical inactivity is a risk factor for dementia, and older adults who exercise
regularly have a better chance of maintaining cognition [199]. Being physically active
is considered a protective factor against cognitive decline [200], [201]. Livingston et
al. highlight that although physical inactivity is considered a separate risk factor for
dementia, there are several overlaps between physical activity and other risk factors
such as obesity and diabetes, and confounding factors exist with age, sex, social
class, and cultures [6]. To the authors’ knowledge, no study has published any

results that link the subject’s level of physical activity with their pupillary responses,
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either to light or another stimulus, and thus this risk factor will not be explored

further in this review.

2.5.3. Confounding factors

As was highlighted earlier, pupillary responses can be evoked due to a variety of
factors and stimuli. Outside of the non-genetic and lifestyle-related risk factors for
AD outlined by Livingston et al., there are other factors that can impact AD risk and
the PLR. Additionally, some of the AD risk factors have a comorbidity with one
another, which could confound potential relationships between the individual risk
factors, AD, and the PLR. Some of the prevalent confounding factors will be outlined

in this section.

2.5.3.1. Changes to the eye and AD

When assessing the PLR, it is evident that changes to the eye itself may impact the
response, including retinal changes. There are many studies that have related vision
changes to AD, as the eye is closely related to the brain — the retina shares important
pathways, both structural and pathogenic, with the central nervous system [202]. AD
may impact visual function early in the disease progression, and losses in visual
function correlate with cognitive losses [203]. Rogers and Langa found that generally,

poor vision that is left untreated is associated with cognitive decline and AD [204].

There are also associations when considering, more specifically, changes to the
retina and AD. Amyloid-beta and phosphorylated tau can accumulate in the retinas
in early-stage cases of AD, which could be used as an early biomarker for AD [26],
[205]. The retinal nerve fibre layer thickness has been found to be smaller among AD

patients when compared to healthy controls [26], [206], [207], as has the retinal
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ganglion cell layer, inner nuclear layer, and outer nuclear layer [207]. Cabrera DeBuc
et al. suggest that retinal geometric vascular and functional parameters could be
associated with retinal changes due to cognitive decline and could serve as a useful

clinical marker of cognitive decline [202].

It may be difficult to separate these changes in the eye associated with AD, from
independent changes to the parasympathetic or sympathetic response resulting in
an impaired PLR. It could be claimed that retinal degeneration and other retinal and
optic nerve changes in AD could be, at least partially, responsible for the reduced
PLR observed in AD; however, this is not supported by clinical observations of AD
patients in a neuro-ophthalmological examination [88]. Further research should be
done to separate ocular and retinal changes to the PLR from direct AD-related

changes.

2.5.3.2. Population demographics and PLR

There are several demographics of a population that can influence the PLR. The

specific factors that will be highlighted are age, sex, and living environments.

Age

There are pupillary changes that occur with age in otherwise healthy adults. Many
studies have shown that after growing until adolescence, the size of the pupil
decreases with age [50], [67], [208], [209], [210], [211]. In terms of the PLR, Sharma et
al. found that the amplitude of the PLR to blue light was reduced with age [208].
Bitsios et al., using green light, and Fotiou et al., using white light, similarly found a
reduction, among older subjects, in the PLR using green light, but did not find a

difference in the latency [209], [210]. This contradicts Feinberg and Podolak’s
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conclusion that pupillary latency increases with age [211]. Although there are
disputes as to whether pupillary latency changes with age, the finding that pupil size
decreases with age is an important factor to consider when assessing the

amplitudes of the PLR.

Sex and Gender

Sex and gender differences have been identified in AD prevalence, clinical
manifestation, and prognosis [212]. Women have a higher lifetime risk of developing
AD compared to men [213], [214], however men have a shorter lifespan after

diagnosis [215].

Fan and Yao found that females have a higher parasympathetic activity and lower
sympathetic activity when compared to males, consistent with findings presented in
other cardiovascular studies [216]. Van Stavern et al. found that there is a potential
effect from an individual’s sex that could influence the PLR —an example provided is
that males with a biomarker showed a reduced constriction percentage when
compared to males without biomarkers, although it was not found to be statistically
significant [96]. Further studies should be conducted to assess sex and gender

difference in AD risk factors and the PLR, to draw adequate conclusions.

Living Environment

An individual’s living environment can also affect AD risk, in addition to the PLR.
Livingston et al. identified air pollution as a risk factor for AD, likely due to vascular
mechanisms [6]. Carey et al. investigated both air and noise pollution and found that
higher levels of air and noise pollution correspond with higher risks of dementia

[217]. Interestingly, Paciéncia et al. found that the walkability of school
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neighbourhoods was negatively associated with the pupillary response, specifically
with the pupil constriction amplitude and redilation time, which they suggest is due
to the school environments affecting the lung function of students, an effect which
may be partially mediated by the autonomic nervous system [218]. As shown, there
are several aspects of an individual’s living environment that can increase risk for AD
and can impact the health of residents, however more research should be done to
assess other living environment parameters with AD risk and the pupillary light

response, while controlling for other factors.

2.5.3.3. Comorbidity between Alzheimer’s disease risk factors

This review aimed to distinguish individual risk factors and their specific
contributions, if any, to an impaired PLR. However, many of these risk factors have
comorbidities, and as such it can be difficult to distinguish individual impacts. Some

of the prevalent comorbidities will be discussed here.

There are several diseases and conditions that share risk factors with dementia, and
conditions that may be side effects of dementia. Those living with dementia may not
remember to tell family members or health professionals their symptoms, or may
struggle to follow health and nutrition plans, which could increase infections [6]. A
reverse causation between dementia and depression can also exist, where
depressive symptoms may result from dementia neuropathology [6]. Prodromal
dementia may also stop people from exercising, and so physical inactivity, like
depression, may either be a consequence or cause of dementia [6]. Additionally,
many of the risk factors of dementia are also risk factors for cardiovascular diseases

including hypertension, obesity, and diabetes [219], all of which are individual risk
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factors for the disease itself and have been shown, to varying extents, to have some

impact on the PLR.

In terms of the relationship between risk factors, there are many. Several studies
suggest that hearing impairment is associated with psychosocial problems,
including depression or loneliness [68], [220], [221], [222]. Considering that
depression and social isolation are additional risk factors for AD, this indicates a
significant comorbidity. The ability to communicate with people depends
significantly on hearing ability, and so hearing impairment can have a significant
impact on social life, leading to social isolation and then, subsequently, to
depression, cognitive decline, and dementia [112], [223]. Further, the prevalence of
hearing impairment is more common in diabetics than in non-diabetics, and
Bainbridge et al. suggest that hearing impairment may be an under-recognized

complication of diabetes [224].

Diabetes and obesity are closely linked. Both conditions have a pathophysiology that
is attributed to insulin resistance and insulin deficiency [225]. Obesity is associated
with an increased risk of diabetes and is also associated with other health conditions
including high blood pressure, high cholesterol levels, arthritis, and asthma [226].
Physical activity is shown to be an important method of combating both diabetes and
obesity, which further relates these risk factors [225]. Additionally, Mokdad et al.
found that adults with less than a high school education had the highest rate of

diabetes among all educational levels [226].

Education, understandably, can inform an individual’s social and lifestyle habits.

Helliwell and Putnam state that education is usually the most important predictor of
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social engagement [227]. Itis thus important to consider how education may be

related to risk factors related to social engagement and, by extension, depression.

2.6. Concluding remarks

AD is rapidly increasing around the world, and the current aim is to prevent the onset
of the disease. The pupillary light response has been shown to be impaired in current
AD subjects, butitis currently unknown if it could be used as a tool in at-risk groups
to predict AD risk. This review outlined prevalent AD risk factors and assessed the
pupillary light responses evoked in AD subjects and those belonging to AD risk factor

groups.

Traumatic brain injury, ocular and intracranial hypertension, alcohol consumption,
depression, and diabetes are all AD risk factors that have demonstrated changes in
the PLR, in varying time frames. Hearing loss, smoking, and genetic factors have had
associations with changes to the parasympathetic activity, which could indicate an
impaired PLR, however further research should be done to confirm this hypothesis.
Genetic risk factors have additionally had limited direct associations with the PLR,
and more research should be done to investigate this relationship. No conclusions
could be drawn between level of education, social isolation, obesity, and physical
inactivity and the PLR, mainly due to a lack of literature, so more research should be
done to investigate any potential relationships. Further, there is a comorbidity
between some AD risk factors, therefore further research is necessary to separate

the individual impacts of these risk factors on the PLR.

With these findings, the PLR has clearly been shown to be impaired in current AD

patients and in certain at-risk groups. Currently, pupillometry using the PLR has
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value as a confirmatory measure of AD. In the future, the PLR has the potential to be
used as an early diagnostic tool for AD and could be used, in conjunction with a
lifestyle, life-event, genetics, and physiological assessment, to identify when
preventative measures should be taken for AD. To enable this, future research in this
area should consider the impacts of individual lifestyle, genetic, life-event and
physiological risk factors for AD and how these relate, if at all, to the PLR. Further,
these future studies should ensure that a standard methodology for pupillometry
measurements, as was proposed by Kelbsch et. al. [74], should be used to ensure

that these studies can be easily compared.
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Chapter 3: Comparison and development of pupillary

light response tools and protocols

This chapter has two main aims: to compare the pupillometers that the project team
has access to, and to determine the most reliable PLR protocol and equipment. This
chapter presents the first data collected after receiving ethics approval from the
University of Oxford (CUREC 2, Ethics Approval R58903/RE001), which will be
essential when conducting later work where pupillary data will be collected and used

in large quantities.

This chapter includes background information on photoreceptors and their
contributions in the pupillary light response, a presentation of different
pupillometers tested, a comparison of different testing conditions, and a comparison
of different pupillometry protocols. Further, it outlines the testing data used for PLR
methodology selection and defines issues that were discovered through testing and
validation stages, with proposed mitigation methods. Importantly, the data collected
and presented in this chapter informs the PLR metrics used in later chapters for

comparison with CVR and neurodegeneration risk classification.

This chapter relates to Research Question 2, and includes work from the following

published abstract:

Sparks, S; Hayes, G; Pinto, J; Martin, J; Spitschan, M; Bulte, DP (2024). “Comparing
the pupillary light response using two pupillometers with cerebrovascular
reactivity”. Oxford Ophthalmological Congress 2024. Published abstract.

Poster presentation.
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3.1. Introduction

Chapter 2 presents an introduction to the parasympathetic and sympathetic
pathways that contribute to pupillary constriction and dilation, mediated by the
sphincter and dilator muscles. Before analysing different ways to elicit pupillary
responses to light, beyond this introduction, a fundamental understanding of

photoreceptors and other contributors to the pupillary light response is necessary.

3.1.1. Photoreceptors

Photoreceptors are cells in the retina that respond to light, which contain light-
sensitive molecules, opsins [228]. Photoreceptors, in conjunction with the dilator
and sphincter pupillae muscles, contribute to the PLR, in both the short-term and
steady state responses [18], [229]. Each photoreceptor class has different
contributions to the PLR, and there are three main classes of photoreceptors: cones,
rods, and melanopsin-expressing intrinsically photosensitive retinal ganglion cells

(ipRGCs).

Each type of cone (short, middle, and long wavelength cones - S, M, L cones), rods,
and melanopsin all have different spectral sensitivity levels. Martin et al. discuss

these levels, shown below in Figure 3.1 retrieved from PyPlr documentation [18].
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Figure 3.1: Spectral Sensitivity Levels of Wavelengths of Light/ Retrieved from PyPlr documentation
[230].

Rods and cones dominate in the shorter term pupillary responses to light [231], while
ipRGCs contribute to sustained pupillary constriction in response to light [232],
particularly near the peak melanopsin spectral sensitivity of 480 nm [49]. Rods and
cones hyperpolarize membranes, while ipRGCs cause membrane depolarization
[233]. Even with their similarities, rods and cones contribute different responses —for
light intensities below the threshold of activation for melanopsin cells, the PLR is
dominated by rods with minimal or no input from cones [234]. There are significant
differences in the contributions of rods, cones, and ipRGCs to the pupillary light
response that must be considered when assessing the pupillary light response.
Lucas et al. outline how different photoreceptors contribute to the pupillary light
response, demonstrating that the different retinal photoreceptors are upstream of

circadian, neuroendocrine, and neurobehavioral responses to light [235].

In the methods, the aim was to assess as many different photoreceptors as possible,

to aim for the impact of photoreceptors on pupillary light responses to be
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disentangled from smooth muscle or other contributions from the autonomic

nervous system in future work.

3.1.2. Factors Influencing Pupil Size

As discussed in Chapter 2, there are several physiological and autonomic factors

that control pupil size. In addition to age, the autonomic nervous system, the smooth

muscle of the iris (all discussed in Chapter 2) and the contributions of different

photoreceptors, there are other factors that can influence pupil size. Some of the

most prevalent factors influencing pupil size are summarized in Table 3.1.

Table 3.1: Factors influencing pupil size

Factor

Age

Autonomic Nervous
System

Smooth Muscle of
the Iris

Photoreceptors
Light Adaptation
Level

Depth of Focus
Arousal

Fatigue

Consensual
Responses

Pharmacological
Influences

Mechanism

Pupil diameter decreases with increasing age [208].

The sympathetic nervous system contributes to pupillary dilation, while the
parasympathetic nervous system contributes to pupillary constriction [15].
The sphincter muscle, controlled by the parasympathetic nervous system,
controls pupillary constriction. The dilator muscle, controlled by the
sympathetic nervous system, controls pupillary dilation [15].

Rods, cones, and melanopsin contribute to the PLR, with variable relative
contributions, depending on stimulus intensity, duration, and spectral
content [235].

Pupil area decreases with increasing irradiance, approximately over a 9
logio intensity range [235]. Increasing or decreasing the time spentin
adapting to the dark can influence pupil size [236].

Pupil size affects visual resolution and the depth of focus, with a smaller
pupil size increasing the depth of focus [237].

Linked to the sympathetic nervous system, pupil size increases with
increased autonomic arousal [238].

Increased fatigue has been reported to decrease pupil size, with increased
fatigue often corresponding to decreased arousal [239].

When only one eye is exposed to light, there is a consensual response in the
second eye, where the second eye reacts in symmetry with the stimulated
eye [240].

Various pharmacological agents may influence pupil size. These include
pupil dilators such as tropicamide (often used before comprehensive eye
exams or ocular procedures [241]) and caffeine [242], and pupil
constrictors such as opioids [243].
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3.1.3. Equipment Available

3.1.3.1. Neuroptics

The NeurOptics PLR-3000 (NeurOptics, Irvine, CA) is an established research tool
that has been widely used in research and clinical practice. Itis a handheld
pupillometer that uses an infrared camera to capture and measure pupillary size and

dynamics, which can assist with more precise measurements of the PLR [244].

The NeurOptics PLR-3000 has several settings that can be adapted to suit various
research purposes. This includes the types of stimuli (positive stimulus, negative
stimulus, extended mode, and static stimulus), the intensity of the light stimulus (0
HW, 1 uW, 10 pW, 50 pW, 121 pW, 180 pW), and the timings of stimuli (ranging from

millisecond to seconds scale).

3.1.3.2. PyPlr

PyPlris an open-source combination of hardware and software designed in-house
[18]. It has ten LEDs of different wavelengths across the visible light spectrum, which
allows much more flexibility in the spectrum of light that can be used. Additionally,
the timings can be adjusted, along with the LED intensities ranging from 0 to 1.8 x 10*
cd/m? according to initial scoping measurements [18]. This allows for greater
flexibility in administration of light protocols, which is desirable for the future
purpose of assessing various parameters of the pupillary light response and the post-
illumination pupil response (PIPR) and their potential relationship to metrics of brain
health, and to potentially disentangle the relative responses from different types of

photoreceptors as well as the smooth muscle.

65



This device has previously been tested against the NeurOptics PLR-3000 using a
white flash protocol[18], and has been tested using a blue and red stimulus protocol
as a baseline. Further data in a larger cohort is required to validate its use in this

research.

3.1.3.3. 4YPLR

The 4YPLR, an in-house pupillometer designed and built by J Rosser who was a
former 4" year engineering project student of Professor Bulte, has not been tested in-
lab yet; preliminary results from Rosser’s report show that the 4YPLR can stimulate
and measure pupil contraction and dilation post-illumination. However, this device
did not provide any additional information that could not be collected from the
NeurOptics, and since the NeurOptics showed promising preliminary results, it was
decided to not test the 4YPLR further, to ensure that results could be compared to

and validated against existing studies using the same equipment.

3.2. Methods

Using both pupillometers, various protocols were established to determine the most
effective protocol for assessing the PLR and PIPR. Protocols were chosen based on
the available equipment to the study, previous literature demonstrating relationships
between neurodegeneration and parameters of the PLR in a multitude of protocols
as was introduced in Chapter 2 [245], and the requirement to have a range of
protocols to potentially isolate the contributions of different photoreceptors and

branches of the autonomic nervous system.

From the literature review in Chapter 2, changes to both parasympathetic and

sympathetic activity are shown in at-risk groups for dementia. As such, choosing
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protocols that elicit responses from both branches of the autonomic nervous system
is essential —this can be achieved by assessing the constriction and dilation phases
of a positive stimulus of white light. Additionally, changes in the PIPR in response to
chromatic pupillometry have been shown in AD cases [246], motivating the use of
chromatic stimuli in this work. Ultimately, limited research currently exists that links
the PLR and PIPR to at-risk groups for dementia, either through elevated lifestyle risk,
genetic risk, orintrinsic risk potentially mediated by neurovascular risk factors. As
such, itis important to consider a multitude of protocols to potentially identify trends
between these at-risk groups and various parameters of the PLR and PIPR in later
chapters. Protocols assessing both the PLR and PIPR have been included in this

preliminary testing, each with a specific interstimulus interval (ISI).

For each experiment, all participants provided informed written consent before each
session, and the study was approved by the Medical Sciences Interdivisional
Research Ethics Committee (MS IDREC) of the University of Oxford’s Central

University Research Ethics Committee (CUREC).

Table 3.2 outlines the protocols tested in this chapter.
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Table 3.2: PLR and PIPR protocols used in preliminary testing

Equipment

NeurOptics PLR-
3000

NeurOptics PLR-
3000
PyPLlr

PyPLr

PyPLr

PyPLr

PyPLr

NeurOptics PLR-
3000

Protocol

Positive Stimulus
White Flash (PLR)

Positive Stimulus
White Flash (PLR)

Positive Stimulus
White Flash (PLR)

Positive Stimulus
White Flash (PLR)

Blue and Red
Flash (PIPR)

Blue and Red
Flash (PIPR)

Blue and Red
Flash (PIPR)

Positive Stimulus
White Flash (PLR)

Adaptation
Details
Ambient light
conditions

5 minutes of dark
adaptation

2 minutes of dark
adaptation

2 minutes of dark
adaptation

2 minutes of dark
adaptation

2 minutes of dark
adaptation

2 minutes of dark
adaptation

2 minutes of dark
adaptation

Stimulus Details

1 s stimulus
duration, 30 s IS,
50 W stimulus

1 s stimulus
duration, 30 s IS,
50 W stimulus

1 s stimulus
duration, 60 s IS,
50 pW stimulus

1 s stimulus
duration, 90 s IS,
50 pW stimulus

1 s stimulus
duration, 60 s ISI,
800 lux stimulus.
Alternating
between blue
(470 nm peak)
and red (659 nm
peak) light

1 s stimulus
duration, 90 s ISI,
800 lux stimulus.
Alternating
between blue
(470 nm peak)
and red (659 nm
peak) light

1 s stimulus
duration, 120 s
ISI, 800 lux
stimulus.
Alternating
between blue
(470 nm peak)
and red (659 nm
peak) light

1s stimulus
duration, 60 s ISI,
50 pW stimulus

Results
Section(s)
3.3.1.1,
3.3.1.2
3.3.1.1
3.3.2.1

3.3.2.1, 3.3.3

3.3.2.2

3.3.2.2

3.3.2.2

3.3.3

The NeurOptics and PyPlr spectral power distributions for this and subsequent

chapters are shown in Appendix A.
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3.2.1.  Preliminary Neuroptics Testing

As the NeurOptics PLR-3000 has already been used in several peer-reviewed studies,
this device was used to determine baseline values to optimize the protocols involving
the use of white light to elicit the pupillary light response. The main factors to
consider were the stimulus intensity and duration, surrounding light conditions, and

whether to use a positive or negative flash protocol.

3.2.1.1. Ambient vs. Dark-Adapted Conditions

Data was acquired from four healthy subjects with no record of neurological

disorders.

For the ambient light condition, subjects were all tested on the same dayin a
moderately lit testing room. For each subject, one measurement was taken in each
eye, starting with the right eye. There was a 1 s baseline measurement, a 1 s flash of
50 yW white light, and 7 s of post-stimulus measurement, for a total measurement
time of 9 s. The left eye was tested using the same protocol, within 20-30 seconds of

the right eye measurement.

Two of the four subjects were included for further testing for the dark-adapted
protocol, to compare the ambient light-adapted pupillary responses and the dark-
adapted pupillary light responses of both eyes. After all ambient light condition
measurements were completed, all the lights were turned off and left off for five
minutes. The room has the windows blocked off with a full-length door, and so the
room was close to pitch black aside from the light from the necessary electronic
devices. After subjects were adjusted to the dark for five minutes, the PLR

measurements were made in the same order as the ambient light condition
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measurements were made in, with the same light stimulus — 1 s baseline
measurement, a 1 s flash of 50 yW white light, and 7 s of post-stimulus
measurement. The first measurement was done with the right eye, with the left eye

measurement 30-50 seconds after.

3.2.2. Preliminary PyPlr Testing

The next pupillometry system to test was the PyPlr setup, which has benefits in that it
can provide more control over the spectrum of light — this is contrary to the
NeurOptics PLR-3000, which can only produce stimuli using set intensities of white
light. Here, the primary aim was to test the white light stimuli using different
interstimulus intervals, and to test a blue and red light protocol to elicit responses

from maximal and minimal melanopsin sensitivity levels.

For each protocol, the PyPlr setup was one modified from that used in preliminary
validation by Martin et. al. [18]. Before conducting any measurements, the system
was calibrated using previous raw spectral measurements from an OceanOptics

STS-VIS spectrometer (Ocean Insight Inc., Oxford, UK), as previously tested [18].

For the measurements, subjects sat in a chair and were instructed to place their chin
on a chin rest, which were both height-adjusted to ensure maximal comfort. The chin
rest was aligned with an integrating sphere, coated with Avian-B high reflectance
paint to scatter light homogenously [18], which received light from the STLAB light
source mounted and secured above an entry port [18]. The participant wore the Pupil
Core eye-tracking headset. Both the STLAB light source and eye-tracking headset
were connected to a computer running Pupil Capture and custom Python software.

The hardware setup is shown in Figure 3.2.
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Figure 3.2: PyPlr hardware setup. This includes (A) the integrating sphere, stabilised using a wooden
fixing plate, (B) STLAB light source mounted above an entry port to provide the light stimulus, (C)
adjustable chair, (D) adjustable chin rest, and (E) Pupil Core eye-tracking headset, shown with the
orange camera extenders. The light source and headset cables are both connected to a computer
running Pupil Capture.

From this setup, the light stimulus can be administered, and the pupil’s response is
measured. The Pupil Labs headset assigns a “confidence” value, ranging from 0 (no
confidence) to 1 (full confidence), which enables data to be filtered if the subject

blinks or if additional noise is introduced.

3.2.2.1. White light positive stimulus

The first tests done with the PyPlr system were to create a white flash stimulus,
which, once refined, could be compared to the data collected from the NeurOptics

PLR-3000. Two different time periods were tested: a 60 s ISI, and a 90 s ISI. Both
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protocols were conducted in the same testing room as outlined in Section 3.2.1.1.

One subject was used to compare the different time periods.

The 60 s ISI protocol was done first. For this protocol, all the lights were turned off
and left off for two minutes. After the subject was adjusted to the dark for two
minutes, the PLR measurement was conducted. This involved a 5 s baseline
measurement, a 1 s flash of 50 pW white light, and 60 s of post-stimulus
measurement before the next flash of white light. Three trials were conducted, and
the baseline measurement for trials 2 and 3 were part of the 60 s post-stimulus

measurement. Both eyes were flashed at the same time.

The 90 s ISI protocol was done next, on a different day (one week later) to ensure the
participant had sufficient rest and avoided straining their eyes. For this protocol, the
participant once again had two minutes in the dark testing room to become dark-
adapted, after which the PLR measurement was conducted. Thisinvolved a5 s
baseline measurement, a 1 s flash of 50 yW white light, and 90 s of post-stimulus
measurement before the next flash of white light. Once again, three trials were
conducted, and the baseline measurement for trials 2 and 3 were part of the 90 s

post-stimulus measurement. Both eyes were flashed at the same time.

Although the 60 s ISI protocol was done first, data from the first attempt of the 60 s
ISI was too noisy to make any conclusions with, and so the subject was asked to
return and measurements for the 60 s ISI were redone 9 days later from the original

measurement, two days after the 90 s IS| protocol.
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3.2.2.2. Blue and red light

The next tests were done to assess the blue and red light protocols to assess the
post-illumination pupil response, originally tested by Martin et. al. in a modified set
up [18]. Three different time periods were tested: a60 s, 90 s, and a 120 s ISI. All
protocols were conducted in the same testing room as outlined in Section 3.2.2.1,

with the same subject used to compare the different time periods.

The 60 s ISI protocol was done first. For this protocol, all the lights were turned off
and left off for two minutes. After the dark adaptation, the PIPR measurement was
conducted. Each trial involved a 5 s baseline measurement, then a 1 s flash of blue
light (470 nm peak) at 800 lux, followed by 60 s of post-stimulus measurement,a1s
flash of red light (659 nm peak, matched for unweighted irradiance), followed again
by 60 s of post-stimulus measurement. Three trials were conducted for a total of six
flashes, and the baseline measurement for the last five flashes were part of the 60 s

post-stimulus measurement. Both eyes were flashed at the same time.

After giving the subject a break, the 120 s ISI| protocol was done next on the same
day. This involved the same two-minute dark adaptation and the same sequence and
intensity of lights, with a 120 s ISl instead of 60 s. Finally, after reviewing subject
feedback, the 90 s ISI protocol was done nine days later — again, with the same two-
minute dark adaptation and the same sequence and intensity of lights, witha 90 s

ISI.

3.2.3. Comparing the NeurOptics with PyPlr

After deciding on appropriate ISls for both the NeurOptics and PyPlr, data from 11

subjects were collected with the NeurOptics and PyPlr white flash protocols.
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For the NeurOptics, this involved a similar procedure as outlined in Section 3.2.1.1,
except with less dark adaptation time (2 minutes) and an interstimulus interval of 60
s. This was to ensure that sufficient recovery time was given with multiple trials to be
performed. After subjects were adjusted to the dark for 2 minutes, the PLR
measurements were taken with one eye at a time, starting with the right eye and
alternating between eyes — 1 s baseline measurement, a 1 s flash of 50 pW white
light, and 7 s of post-stimulus measurement. Three trials were administered for each

eye.

With PyPLlr, the same hardware setup described in Section 3.2.2 was used, and the
same protocol defined in Section 3.2.2.1 for the 90 s ISI. The ISI was 90 s instead of
60 s used in the NeurOptics protocol, since both eyes were being tested at the same
time rather than alternating and from previous testing, the 90 s IS| had worked best —
this was a balance of allowing sufficient recovery while not taking too much
additional time. Three trials were administered in total, capturing data from both

eyes simultaneously.

3.3. Results

3.3.1.  Preliminary NeurOptics Results

All subjects included for testing completed the protocols as expected.

3.3.1.1. Ambient light measurements

Table 3.3 shows the mean and standard deviation for the PLR metrics under the
ambient light conditions across all subjects, and Figures 3.3 and 3.4 show the

graphical representations of the PLR.
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Table 3.3: Pupillary light response metrics for ambient light conditions

Average

Right
Average
Left
Average

Initial

Diamete

r(mm)

4.90 =
0.68
5.15=
0.71
4.65 =
0.65

Pupil Diameter (mm)

45}

S

5
(&)

Constrictio
n Velocity
(mm/s)
-2.81+£0.50
-3.05+0.38

-2.57£0.52

Max
Constrictio
n Velocity
(mm/s)
-4.91+0.77

-5.16+0.96

-4.66 £ 0.55

Pupillary Light Response for All Subjects

End Latenc
Diamete y(s)
r(mm)
2.88 0.21 +
0.43 0.04
295+ 0.21 +
0.52 0.04
2.80 £ 0.20
0.39 0.03
_I,WJ»/W\M‘

Dilation
Velocity
(mm/s)

1.34
0.35
1.32+
0.37
1.35%
0.38

L Average
\\"‘»Nf/ Right Eye Average
Left Eye Average
0 1 2 3 4 5 7 8
Time (s)

Time to
75%
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(s)
3.00+
1.51

3.36
1.81
2.63+
1.31

Figure 3.3: Pupillary light responses for all subjects in ambient light conditions, with the 1 s stimulus
shown in the shaded area. Each individual subject is shown with a light blue trace.
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Figure 3.4: Pupillary light responses for four individual subjects in ambient light conditions, with both
the right and left pupil responses shown. The 1 s light stimulus is shown in the shaded area of all plots.

3.3.1.2.

Dark-adapted vs. light-adapted measurements

Table 3.4 shows the mean and standard deviation for the PLR metrics under the

ambient light and dark-adapted conditions across all subjects, and Figures 3.5 and

3.6 show the graphical representations of the PLR under ambient light and dark-

adapted conditions.
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Table 3.4: Pupillary light response metrics for ambient light vs dark-adapted conditions

Initial End Latency Constriction Max Constriction
Diameter Diameter (s) Velocity (mm/s) @ Velocity (mm/s)
(mm) (mm)
Ambient 4.63+0.43 2.93+0.40 0.19 % -2.63+0.56 -5.32+1.85
Light Average 0.02
Dark- 7.70+0.29 4.55+0.65 0.28 + -3.05+0.44 -5.54 +1.64
adapted 0.15
Average
56 Pupillary Light Response for All Subjects, Ambient Light o Pupillary Light Response for All Subjects, Dark-Adjusted
8
7 E
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Figure 3.5: Pupillary light responses for all subjects in (A) ambient light conditions and (B) dark-
adapted conditions, with the 1 s light stimulus shown in the shaded area of both plots. The sharp down
spikes are due to blinking artefacts.
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Figure 3.6: Comparison of pupillary light response in ambient light and dark-adapted conditions, with
the 1 s light stimulus shown in the shaded area. The sharp down spikes are due to blinking artefacts.
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Because there were several blink artefacts that occurred while the pupil was dilating
post-stimulus (seen as sharp down spikes in Figures 3.5 and 3.6), the dilation
velocity and time to 75% recovery were not accurately measured and thus were not

included in the table of average results for this test.

3.3.2.  Preliminary PyPlr Results

3.3.2.1. White stimulus protocols

Figures 3.7 and 3.8 show the raw and processed data from the 60 s ISI protocol for
the first and second attempts, and Figure 3.9 shows the raw and processed data
from the 90 s IS| protocol for the same subject. For comparison, only the left eye is

shown due to data completeness across all three attempts.
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Figure 3.7: Subject data for the PyPlr white flash protocol with a 60 s interstimulus interval, first
attempt, left eye. Initial light onsetisatt=0s.
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Figure 3.8: Subject data for the PyPlr white flash protocol with a 60 s interstimulus interval, second
attempt, left eye. Initial light onsetisatt=0s.
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Figure 3.9: Subject data for the PyPlr white flash protocol with a 90 s interstimulus interval, left eye.
Initial light onsetis att=0s.
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After asking the subject their thoughts on the protocols, they suggested that 60 s was

not sufficient recovery time for the stimuli, but that 90 s felt sufficient.

Full PLR parameters will be shown and compared in Section 3.3.

3.3.2.2. Blue and red stimulus protocols

Figures 3.10, 3.11, and 3.12 show the post-illumination pupil response to the 60 s, 90
s, and 120 s ISI. For better comparison, only the first 60 s of each response is shown,
for the left eye of the subject. In the figures, the average response for the blue and red
lights are shown in thicker and darker blue and red lines, with individual trials shown

in lighter blue and red lines.

20

Pupil diameter
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Figure 3.10: Subject data for the PyPlr blue and red flash protocol with a 60 s interstimulus interval,
left eye. The 1 s light stimulus is shown in the shaded area of the plot.
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Figure 3.11: Subject data for the PyPlr blue and red flash protocol with a 90 s interstimulus interval,
left eye. The 1 s light stimulus is shown in the shaded area of the plot.

Pupil diameter
(%-change from baseline)

T T T T

0 10 20 30 40 50 60
Time (s)

Figure 3.12: Subject data for the PyPlr blue and red flash protocol with a 120 s interstimulus interval,
left eye. The 1 s light stimulus is shown in the shaded area of the plot.

Just as with the white flash protocols, the subject suggested that 60 s was not
sufficient recovery time for the coloured stimuli in this protocol, but that 90 s felt
sufficient and therefore they would prefer the 90 s ISl over the 60 s ISI. As the 90 s
was sufficient for recovery, the 120 s ISl was not used in further experiments, and the

90 s ISl was used to allow for comparisons with the PyPlr white flash protocol.
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3.3.3.  Comparison of NeurOptics and PyPlr

All 11 subjects completed both the NeurOptics and PyPlr protocols with no issues.

Table 3.5 shows the PLR parameters from the NeurOptics and PyPlr, averaged across

all 11 subjects for the white flash protocols.

Table 3.5: NeurOptics and PyPlr PLR Parameters

PLR Metric NeurOptics (Mean + SD) PyPlr (Mean % SD)
Average Constriction Velocity 2.70 +0.55 1.56+0.76
(mm/s)

Maximum Constriction 5.31+1.15 3.22+1.40
Velocity (mm/s)

Constriction Amplitude (mm) 2.66 = 0.49 3.01+0.43
Latency (s) 0.22 +0.02 0.30+0.18
Dilation Velocity (mm/s) 1.20+£0.18 0.21+0.18

Time to 75% Recovery (s) 4.35+£1.19 10.79 = 3.87

Figure 3.13 shows the pupillary light response with the NeurOptics and PyPlr white

flash protocols, in an example subject.
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Figure 3.13: Pupillary Light Response in an example subject, using (A) the NeurOptics protocol and (B)
PyPlr, with the 1 s light stimulus shown in the shaded area of both plots. In (A), the bolded blue trace
represents the average response, with the dashed light blue traces representing individual trials. In (B),
the thick blue line represents the average pupil response, with the red line representing the average
acceleration of the response. Note that the large spike in the acceleration trace is due to noise.

82



3.4. Discussion

Both the NeurOptics PLR-3000 and PyPlr pupillometry systems were able to assess
the pupillary light response in various protocols, with strengths and weaknesses

arising in specific testing conditions.

From the preliminary NeurOptics results, the right eye starting and ending diameters
were higher than for the left eyes for all subjects. Additionally, the average and
maximum constriction velocities were higher in the right eye than in the left, and the
time to 75% recovery was longer in the right eye. These discrepancies are likely
because for all participants, the right eye was assessed first, and that insufficient
time was provided between measurements. It is known that changes in attention and
arousal, including arousal caused from changes in an environment, can impact the
pupillary response, and it is feasible that the initial pupillary stimuli may have
impacted this. This is why in future work, a longer interstimulus interval was used to
attempt to reduce these variations. However, even with a prolonged interstimulus
interval, this also informs the need to keep testing the same eye firstin a given PLR
protocol — being consistent by either assessing the right or left eye first in future
protocols will be essential to ensure that data can be reliably compared across

subjects.

Blink artefacts were evident in the NeurOptics measurements, which unfortunately
cannot always be avoided even when subjects are instructed to refrain from blinking.
Since the post-stimulus time must be kept at a reasonable length to assess the

dilation response, there may be more blink instances as participants must keep their
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eyes open for at least 9 s, which emphasizes the need for multiple trials to ensure

that data could be collected while accounting for the potential for blinks.

The magnitudes of the PLR metrics were higher in dark-adapted conditions when
compared to ambient light conditions. This is as expected, as many studies that
assess the PLR are dark-adapted with subjects waiting in the dark for 2-20 minutes.
Additionally, the dark-adapted response can be more accurately compared to other
studies, as the ambient light conditions are harder to control and vary immensely
across days and locations. Because of this, the dark-adapted PLR will be used in
future work to be able to have a higher range of values to identify potential

differences.

The PyPlr system successfully assessed the pupillary light response with white light
and blue and red light protocols, which elicit responses dominated by different
photoreceptor classes. The 90 s IS| proved to be the preferred protocol from the
subject’s perspective and allowed for sufficient recovery post-stimulus to assess the
responses in both the white flash and blue and red flash protocols. However, with
both PyPlr protocols, there was more noise than in the NeurOptics protocols.
Although the PyPlr system offers flexibility in the protocols and can, additionally,
remove blink artefacts through the confidence metric that the Pupil Labs device

offers, this noise can create unreliable results if the device is not properly calibrated.

When refining the protocols, there were additional tests that revealed problems with
the PyPlr setup that needed to be addressed in the protocol setup. The first issue was
that eyelashes often interfered significantly with the pupil detection capabilities.

Dark eyelashes, especially those with mascara, could be mistaken for the pupilin
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the pupil detection, which introduced significant uncertainty and noise in the

measurements. This could generally be avoided by asking participants to remove any
eye makeup, and for those with darker eyelashes, by setting thresholds for maximum
and minimum pupil size to filter out data that is not physiologically agreeable, and by

setting intensity thresholds for detecting the pupil.

Additionally, although the Pupil Labs headset does allow for minor adjustments of
the infrared cameras, even with these adjustments the headset did not fit every
subject, which meant that in several cases, measurements with minimal noise were
not able to be done in both eyes simultaneously. In these cases, the headset was
positioned so that one eye was prioritized based on the best calibration results and

confidence measures from the Pupil Labs headset.

In comparing the NeurOptics and PyPlr white flash protocols, they had different
capabilities and measured different values for the PLR parameters. The NeurOptics
protocol had a smaller standard deviation in mean values for all PLR metrics except
for the constriction amplitude, when compared to the PyPlr protocol, likely attributed
to the additional measurement noise in the PyPlr protocol. The NeurOptics protocol
was limited in its ability to calculate time to 75% recovery, due to only measuring 7 s
post-stimulus, whereas the PyPlr protocol was able to capture the entire recovery
period, providing valuable insights to the full recovery. However, the longer post-
stimulus measurement period for the PyPlr protocol also meant that the average
dilation velocity was much smaller than in the NeurOptics protocol. Since the
NeurOptics PLR-3000 has been used and validated in several peer-reviewed studies

and is widely used in research and clinical practice, the NeurOptics white flash
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protocol will be the protocol used in future work, to reduce noise and to allow for
further comparisons with other studies. However, the PyPlr system’s blue and red

light protocol will also be used, to evaluate the post-illumination pupil response.

In future chapters, the NeurOptics and PyPlr protocols will be used, to determine
which parameters and, which methods, display a relationship with cerebrovascular
reactivity. To do this, a group of approximately 20 will be recruited to perform the
measurements. For each subject, the PLR will be assessed using both protocols -
the white flash using NeurOptics, and blue and red flash using PyPlr. Measurements
will be taken from both eyes, with enough time between measurements for the pupil

to return to the baseline pupil diameter.

The NeurOptics PLR-3000 can also perform a negative stimulus. The negative
stimulus has not been as widely adopted as the positive stimulus for assessing the
pupillary light response, however it can still give important information about the
dilation parameters. Given the ease of operation of the NeurOptics, there is potential
to implement this protocol to obtain a wider variety of parameters, to potentially
further bias the dilation parameters while having a smaller relative contribution from

the rods. This stimulus will be further explored in future chapters.

3.5. Conclusion

This chapter presented preliminary testing data from two pupillometry systems used
to assess the human pupillary light response. Both the NeurOptics PLR-3000 and
PyPlr system were able to assess the pupillary light response using various
protocols, designed to elicit responses dominated by different photoreceptors. For a

simple white flash protocol, the NeurOptics device presents the most consistent and
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accurate data, while the PyPlr system offers increased flexibility to evaluate the post-
illumination pupil response to blue and red light. Both pupillometers will be used in
future work to compare the PLR and PIPR with other metrics, including those

characterising brain vascular health.
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Chapter 4: Characterising cerebrovascular reactivity
and the pupillary light response — a comparative

study

The aim of this chapter is to investigate smooth muscle function in both the eye and
the brain, through an assessment of the pupillary light response and cerebrovascular
reactivity, respectively. This chapter presents a pilot study that establishes a
baseline relationship between parameters of the pupillary light response and
cerebrovascular reactivity, using standard protocols in healthy adults. This chapter
presents the first study comparing the PLR to CVR, and thus presents an important
first step in defining the PLR-CVR relationship to evaluate cerebral blood flow and

pupillary dynamics.

As this is the first study that has investigated the relationship between cerebral blood
flow and pupil dynamics, this provides an important baseline that will enable future
comparisons between the PLR and CVR in at-risk groups for dementia with covariate
analyses, as well as with novel protocols for PLR and CVR assessment. This work will
enable further investigation into impairments in smooth muscle function that may

manifest in both CVR and PLR.

This chapter relates to Research Questions 2 and 3, and was peer-reviewed and

published as:

S Sparks*, G Hayes*, J Pinto, DP Bulte (2024). "Characterising cerebrovascular
reactivity and the pupillary light response—a comparative study.” Frontiers in

Physiology (15). https://doi.org/10.3389/fphys.2024.1384113
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4.1. Abstract

Introduction: Smooth muscle is integral to multiple autonomic systems, including
cerebrovascular dynamics through vascular smooth muscle cells and in ocular
muscle dynamics, by regulating pupil size. In the brain, smooth muscle function
plays arole in cerebrovascular reactivity (CVR) that describes changes in blood
vessel calibre in response to vasoactive stimuli. Similarly, pupil size regulation can
be measured using the pupillary light response (PLR), the pupil’s reaction to changes
in light levels. The primary aim of this study was to explore the interplay between

cerebral blood flow and pupil dynamics, evaluated using CVR and PLR, respectively.

Methods: A total of 20 healthy adults took partin a CVR gas stimulus protocol and a
light and dark flash PLR protocol. CVR was calculated as the blood flow velocity
change in the middle cerebral artery, measured using transcranial Doppler
ultrasound in response to a 5% increase in CO,. Multiple PLR metrics were evaluated

with a clinical pupillometer.
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Results: CVR and PLR metrics were all within the expected physiological ranges for
healthy adults. Nine different PLR metrics, assessed through the light and dark flash
protocols, were compared against CVR. A significant negative relationship was
observed between the latency of the PLR in the dark flash protocol and CVR. No
statistically significant relationships were found between CVR and other PLR

metrics.

Conclusion: This is the first study to investigate the relationship between cerebral
blood flow and pupil dynamics. A significant relationship between dark flash latency
and CVR was observed. Future work includes evaluating these relationships using
more robust CVR and PLR measurement techniques in a larger, more diverse cohort.
Notably, more research is warranted into the PLR using a dark flash protocol and its

connection to cerebrovascular function.

4.2. Introduction

Cerebrovascular dynamics are crucial for the maintenance of adequate cerebral
blood flow (CBF) to the brain and can be quantified using a metric known as
cerebrovascular reactivity (CVR). CVR describes the intrinsic ability for cerebral
blood vessels to dilate and constrict in response to vasoactive stimuli, a
phenomenon that is largely mediated by vascular smooth muscle cells (VSMCs) that

surround arteries and arterioles [247], [248].

CVR can be measured by varying the arterial partial pressure of CO, (PaCO,),
inducing either hypercapnia (increased PaCQO,) or hypocapnia (decreased PaCQO.,)
through stimuli such as voluntary breathing tasks, gas protocols, or acetazolamide

injection [249], [250], [251]. The concomitant CBF changes can be measured non-
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invasively using an appropriate imaging modality such as magnetic resonance (MR)
imaging or transcranial Doppler ultrasound (TCD). While MR provides CVR measures
with relatively high spatial resolution including brain micro-vasculature [252], TCD is
a simpler, more widely available and cost-effective alternative that measures blood
velocity in single major arteries [253], [254]. Measurements of CVR are emerging in
clinical use to assess cerebrovascular function including in Alzheimer’s disease and
dementia [255], [256], [257], [258], [259], carotid artery stenosis [260], [261], stroke

[262], congestive heart failure [263], hypertension [264], [265].

Smooth muscle can also be found outside of the brain, such as in the iris in the form
of sphincter and dilator muscles to control the size of the pupil [266]. These muscles
can be easily assessed using the pupillary light response (PLR, also called the pupil
flash reflex). The PLR characterises pupillary size changes to different light
conditions [267]. These changes are mainly controlled by opposing branches of the
autonomic nervous system: whilst the parasympathetic nervous system controls the
constriction facilitated by the sphincter muscles of the iris, the sympathetic nervous
system controls the dilation facilitated by the dilator muscles of the iris [268], [269],
[270]. In response to a light stimulus, the PLR can be categorised into four dynamic
phases: response latency, maximum constriction, pupil escape, and recovery [271].
Various parameters of the PLR can be extracted from these four phases for further

assessment, depending on the application.

The PLR has been used in clinical and research settings as a diagnostic tool for
several mental and physical health problems, including acute and traumatic brain

injury [272], [273], [274], depression [275], [276], [277], [278], diabetes [279], [280],
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[281], [282], and increased intracranial pressure and intracranial hypertension [283],
[284], [285], [286], [287]. Changes in the PLR have also been reported in both
preclinical and clinical Alzheimer’s disease cases [270], [288], [289], [290], as well as
in those identified to have increased risk of developing neurodegenerative disorders

[291].

Given that both of these measures appear to be related to a variety of factors
including smooth muscle dynamics and function, and additionally show overlapping
changes in several pathologies, it is important to investigate their association to
better understand pathological mechanisms and their identification. Therefore, this
pilot study aims to explore the relationship between the PLR and CVR in healthy
adults with no history of cerebrovascular or eye disorders as a means of assessing

the interplay between dynamics in the brain and in the pupil.

4.3. Materials and Methods

4.3.1. Subjects

We acquired data from twenty healthy subjects with no record of neurological
disorders (9F, age range 23-68 years, with a mean of 33.5 = 11.5 years at the time of
acquisition). Inclusion criteria consisted of having no diagnosed cognitive
impairment, psychiatric conditions, diabetes, high blood pressure, respiratory, or
cardiac health issues. Participants with corrective prescription glasses did take part
in the study, but none who had known vision loss and none who had undergone eye
or brain surgery. They were also instructed to refrain from consuming caffeinated
drinks for two hours before the session. All participants provided informed written

consent before each session, and the study was approved by the Medical Sciences
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Interdivisional Research Ethics Committee (MS IDREC) of the University of Oxford’s

Central University Research Ethics Committee (CUREC).

4.3.2. Data Acquisition

Data acquired in this study included cerebral blood velocities using TCD and a
respiratory gas stimulus, and pupil dynamics using pupillometry with light stimuli.
For all participants, the sequence of protocols involved the completion of the TCD
and gas stimulus first, followed by the dark adaptation and pupillometry protocols,
with at least 10 minutes of time between protocols to change equipment and transfer

setups.

4.3.2.1. Transcranial Doppler Ultrasound and Gas Stimulus

A 2 MHz pulsed transcranial Doppler ultrasound system (7760EN Doppler-BoxX
Digital, Compumedics DWL) was used to measure cerebral blood velocities in the
middle cerebral artery (MCA). A transmission gel was applied to the transtemporal
window of the volunteer and the TCD probe was placed over the gel and secured
using an adjustable headset. The location and angle of the probe was changed until a

steady blood flow velocity with good sighal-to-noise ratio was achieved.

CO; and O, levels in respired air were sampled using a thin nasal cannula placed into
both nostrils and an infrared gas analyser (ML206, ADInstruments). The CO,, O,, and
TCD signals were recorded using a PowerLab 8/35, 8 Channel recorder (PL3508

ADInstruments) and accompanying LabChart Software.

For the gas stimuli, a custom gas delivery system was used to carry out the

procedure and accurately monitor physiological parameters throughout it. This
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system was built in-house at the University of Oxford [292]. It consisted of a
disposable non-rebreathing anaesthetic face mask with a Laerdal bag placed over
the participant's nose and mouth, secured using a head strap. Holes on either side of
the mask were covered by unidirectional silicon membranes to allow exhaled air to
escape the mask while being sealed during inhalation. A medical-grade respiratory
filter was placed at the junction of the disposable circuit and the permanent fixtures
to prevent cross-contamination. On the permanent side of the filter, a short length of
tubing led to a parallel Y-pieces where respiratory gas mixtures could be delivered

one atatime.

Two different levels of inspired gases (medical air and air with 5% CO,) were
delivered to the face mask at a rate of 15 L/min through unidirectional tubing. The gas
cylinders, each fitted with a pressure regulator and flow metres, were operated by

hand, following a predefined protocol.

The gas stimulus protocol consisted of a period of baseline measurements of blood
flow velocity while the subject breathed normally on medical air for 3 minutes. After
this period, the gas was switched from synthetic medical air (21% O,/ 79% N,) to a
mixture of 5% CO, balance air (BOC Group, Linde, Surrey, UK) for another 3 minutes
and the subject was instructed to continue breathing normally. Finally, the gas was
switched back to medical air and another baseline measurement was taken for 2

minutes.

4.3.2.2. Pupillometry and Light Stimuli

The NeurOptics PLR-3000 hand-held pupillometer was used to measure the pupillary

light response (NeurOptics, Irvine, CA). This hand-held pupillometer uses an infrared
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camera to capture and measure the pupil size, is automated and monocular, and is

widely used in clinical practice and research settings.

There were two protocols used to assess the pupillary light response. Before both
protocols, subjects had 2 minutes of adaptation in a dark, quiet testing room, and
throughout the pupillometry testing the subject was sat in a chair. Each protocol was

done using the NeurOptics PLR-3000 device on one eye at a time.

For each subject, six measurements were performed on each eye, alternating eyes
between each trial, starting with the right eye. The first three measurements on each
eye, the light flash protocol, were with the positive step-input stimulus, which had a 1
second baseline measurement, a 1 second flash of 50 yW white light, and 7 seconds
of post-stimulus measurement, with a 1-minute interstimulus interval. The last three
measurements on each eye, the dark flash protocol, were with the negative step-
input stimulus, which had a 1 second baseline measurement with the 50 pW light on,
a 1 second dark flash with the light off, and a 7 second measurement with the light
back on, also with a 1-minute interstimulus interval. These two protocols were
matched to be the opposites of each other for comparison of the positive and
negative pulses and the responses they evoked in subjects. The spectral information

for the stimulus is available in Figure A.1 of Appendix A.

During the measurements, subjects were instructed to keep their eyes wide open
and to avoid blinking, and to hold a constant gaze position. The pupillometer was
held at aright angle to the subject’s line of sight. All measurements were taken

between 09:00 and 16:00 to avoid interference from circadian rhythms.
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4.3.3. Data Analysis

4.3.3.1. Cerebrovascular Reactivity Analysis

The CO,, O,, and TCD, and time courses were exported at a time resolution of 200 Hz
and processed using custom scripts in Python 3.10.8. The CO; and O signals were
converted from percent to mmHg using a conversion factor based on the midday
pressure reading on the day of each acquisition in Oxford, UK [293]. The raw Doppler-
BoxX TCD outputs were converted to cm/s using a calibration factor of 202.1 cm/s/V
based on the DWL application software and values below 14 cm/s were removed

since they corresponded to the bottoming out of the signal.

Two minutes of near-steady state data were extracted from each of the baseline and
5% CO, periods, starting at least 30 seconds after a transition. The end-tidal CO,
(PerCO2) peaks were automatically individuated using tools from the SciPy package
[294] to be used as a surrogate for arterial PaCO; [295]. The mean P CO,, PerO2, and
TCD blood flow velocity were taken within each segment. The CVR was calculated by
dividing the relative change in measured blood flow velocity by the change in the
mean PgCO, between the segments as shown in Equation 4.1, where MCAvsco, and
MCAvaseiine are the mean blood flow velocities during the 5% CO, gas and baseline
medical air segments respectively, and the PerCO25c02 and PerCOgz paseine are the mean

end-tidal CO; values within each segment.

MCA3; 5C0, —MCAg paseline

CVR(%/mmHg) = M7 baseline -100 (eq. 4.1)

PgrC€025c0,—PETCO2 baseline
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4.3.3.2. Pupillometry Analysis

The time course data from the pupillometry experiments were extracted directly from
the NeurOptics PLR-3000 pupillometerin a CSV file format and processed using

custom scripts in MATLAB.

The NeurOptics pupillometer automatically calculates several metrics: initial and
end pupil diameters, latency, average and maximum constriction velocity, dilation
velocity, and time to 75% recovery for each 9 second measurement. All values were

averaged across all trials for each participant.

Due to the nature of the PLR protocols, constriction parameters, dominated by the
sphincter muscles and parasympathetic nervous system, were only assessed in the
light flash protocol, as the dark flash protocol’s constriction amplitude was
significantly smaller than that of the light flash protocol where the pupil starts at a
larger, dark-adapted diameter. Dilation parameters, however, were assessed in both
the light and dark flash protocols, and have contributions from the dilator muscles
and sympathetic nervous system as well as the sphincter muscles and

parasympathetic nervous system.

For the light flash protocol, the key parameters that were assessed were (a) the
average constriction velocity, (b) the maximum constriction velocity, (c) the
constriction amplitude, (d) the dilation velocity, (e) the time to 75% recovery, and (f)
the latency of the response. For the dark flash protocol, the key parameters
assessed were (g) the dilation velocity, (h) the dilation amplitude, and (i) the latency

of the response. All these parameters are visually depicted in Figure 4.1.
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Figure 4.1: Key components of the pupillary light response to a) the light flash protocol (positive
stimulus) and b) the dark flash protocol (negative stimulus). Each stimulus starts at 1s and lasts for 1
second. Note that the latency in the dark flash protocol (shown in a red box) is longer than in the light

flash protocol (shown in a blue box).

4.3.3.8. Comparative Analysis
To identify any statistically significant relationships between the PLR and CVR, we

performed linear regression analysis (significance level p < 0.05, uncorrected).

4.4. Results

Data from 18 of the 20 subjects were included for analysis. One of the subjects was
excluded due to a noisy TCD signal which was likely the result of the probe moving
out of alignment with the MCA during the gas protocol. The other participant was

excluded due to recent history of smoking, as this could have been a confounding

factor to the results.

4.4.1. Cerebrovascular Reactivity Results

The TCD derived blood flow velocity, CO,, and O, traces for a representative subject

during the protocol are shown in Figure 4.2 where the baseline and 5% CO, gas

stimulus periods are both highlighted.
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Figure 4.2: TCD blood flow velocity (cm/s), CO, (%), and O, (%) traces for a representative subject
while the subject breathed medical air (baseline) and air with 5% CO; gas. The baseline and 5% CO,
periods are shaded in grey and the end-tidal points for the CO, and O, traces are illustrated by red and
green stars respectively.

PerCO, significantly increased from baseline with a mean P CO, difference between
the 5% CO, hypercapnia period and baseline periods across subjects of 10.01 £ 2.05
mmHg (t-statistic =9.17, p << 0.01). Similarly, MCA blood flow velocity increased
with hypercapnia from baseline with a mean difference across subjects of 9.43 +
3.24 cm/s (t-statistic = 3.83, p << 0.01). Breathing rates, end tidal points, mean blood
flow velocities varied between subjects, but all were within normal and expected
ranges [253], [263], [296], [297]. CVR was calculated using Equation 1 (relative
change in MCA velocity compared to the change in P CO,), yielding an average CVR

value of 2.90 = 0.56 %/mmHg, across all subjects.
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Minimal differences were observed in breathing rate and heart rate between the
baseline period and the 5% CO, period. The mean and standard deviation of the
breathing rate and heart rate for each period across all 18 subjects are presented in

Table 4.1.

Table 4.1: Mean and standard deviation of the breathing rate in breaths per minute (b,pm) and heart
rate in beats per minute (bpm) of the participants during the baseline period and during the 5% CO;

period.

Metric Mean = Standard Deviation
Baseline Breathing Rate (b,pm) 11.9+£55

5% CO2 Breathing Rate (b,pm) 12.0+5.0

Baseline Heart Rate (bpm) 69.1+10.3

5% CO2 Heart Rate (bpm) 71.9+6.7

4.4.2. Pupillometry Results

The pupillary light and dark responses for the same representative subject in their
right eye is shown in Figure 4.3, where the mean response across all three trials in the

right eye is highlighted.
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Figure 4.3: Pupillary light and dark flash response for the right eye of a representative subject. Three
trials were performed in the right eye for both the light and dark flash protocols, which are shown on
the plotin dashed blue and red lines, respectively. The average response of the light and dark flash
protocols in the right eye across trials is shown in a thicker blue and red line, respectively. The
stimulus for both protocols started att =1 s and ended att=2s, and is shown in a shaded area on the
plot.

Data from both eyes were collected to ensure that any inconsistencies among
subject eyes were noted. However, for the analysis, only the right eye was included
for further analysis due to the more complete data among all included subjects. This

was also to ensure that averaging across both eyes did not introduce any artefacts.

Figure 4.3 shows minor differences among individual trials, but the overall pupillary
light response characteristics in the right eye were as expected and were
comparable to previous studies [298], [299]. The interstimulus interval selected was
sufficient for the pupil diameter to return to baseline before subsequent trials. Data

from all three trials was averaged to account for minor variations due to hippus and
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other minor physiological variations that can be expected in assessing pupillary

dynamics [300].

4.4.3. Comparison Results

The constriction parameters of the light flash protocol compared to CVR are shown
in Figure 4.4. The dilation parameters of both the light and dark flash protocol
compared to CVR are shown in Figure 4.5. Finally, the latency in both the light and

dark flash protocol compared to CVR is shown in Figure 4.6.
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Figure 4.4: Constriction parameters of the light flash protocol, plotted against CVR. This includes a)
the average constriction velocity (p = 0.307), b) the maximum constriction velocity (p = 0.201), and c)
the constriction amplitude (p = 0.349), all from the light flash protocol compared to the CVR.
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There were no statistically significant linear relationships between the constriction or
dilation parameters of the PLR and CVR. There was, however, a statistically
significant negative trend (p = 0.0127) with the latency in the dark flash protocol and

CVR. There was no trend between the latency in the light flash protocol and CVR.

4.5. Discussion

To the authors’ knowledge, this is the first study to provide an analysis of CVR and

PLR measurements taken together.

CVR was calculated based on mean MCA blood velocity at baseline and during the
inhalation of air with 5% CO, gas. The relative as opposed to absolute change in
mean blood velocity between baseline and 5% CO, was used as the measure of
interest for the CVR calculation, as this approach mitigates differences in probe
location and angle that inherently occurs when collecting TCD data from different
subjects. Participants were told to relax and breathe normally throughout the gas
stimulus procedure and minimal differences were observed in the breathing rate and

heart rate between the baseline and 5% CO, gas periods.

It should be noted that the cerebrovascular response is entangled with physiological
mechanisms that affect cerebrovascular function including ventilatory sensitivity,
chemoreflexes, and nitric oxide (NO). NO bioavailability has been shown to be a key
contributor to cerebral shear-mediated dilation [301], however some studies have
shown that NO synthase inhibition does not influence CVR based on a steady-state

CO, stimulus [302], [303].
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The CVR response to the inhalation of air with 5% CO, can also be impacted by the
sensitivity of chemoreflexes including central and peripheral chemoreceptors,
central nervous system, and ventilatory response to PaCO, [304], [305]. Notably, the
sensitivity of central chemoreflexes in response to changes in PaCO;,can differ
between subjects and alter their ventilatory response [306]. An increase in the
ventilatory response to CO, is especially pronounced when CBF is reduced such as
in subjects with congestive heart failure and sleep apnoea [307] and changes in
breathing could significantly alter CBF and PaCO, measures. As a result, despite
relatively constant breathing rate and heart rate in our study, the CVR response is

likely in-part also representative of chemoreceptor and ventilatory sensitivity [304].

As aresult of the complex interplay between these mechanisms, vascular smooth
muscle function is unlikely to be the only contributor to the CVR response. CVR may
still be a good method for characterising vascular smooth muscle cell function in-
vivo [248], however the involvement of numerous mechanisms is still poorly
understood in humans due to the experimental limitations of isolating independent

involvement.

For the PLR analysis, we investigated several parameters relating to both constriction
and dilation of the pupil, as there are opposing systems working in both the
constriction and dilation phases. Pupillary constriction and dilation are controlled by
a variety of physiological mechanisms and neural pathways, including opposing
muscles and different branches of the autonomic nervous system. In particular, the
parasympathetic/sphincter system dominates the constriction phase with negligible

contribution from the sympathetic/dilator system, while both systems contribute to
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the beginning of the dilation phase [268]. This means that it is difficult to isolate the
specific contributions of smooth muscle alone on various parameters of the PLR, as
the smooth muscle dynamics relate strongly to contributions from the sympathetic
and parasympathetic nervous systems. Despite the complexities associated with
disentangling these relative contributions, assessing specific parameters of the PLR
in relation to CVR can potentially provide a valuable insight into the relationship

between the eye and the brain.

The average dilation velocity in the light flash protocol (1.22 + 0.21 mm/s) was
consistently smaller than the average dilation velocity in the dark flash protocol (1.61
+(0.31 mm/s) and this difference was statistically significant (p << 0.001). This could
be due to the nature of the protocols. In the light flash protocol, the stimulus first
elicits a greater contribution from the sphincter/parasympathetic system to cause
constriction, which is likely still active to a certain extent when the
dilator/sympathetic system works to dilate the pupil post-stimulus. In the dark flash
protocol, however, the stimulus first elicits a contribution from the
dilator/sympathetic system, which would explain the larger magnitude of dilation
velocity. Additionally, the pupilis only moderately constricted during the light flash
protocol when it first begins to dilate, compared to the highly constricted pupil in the

dark flash protocol, which would also support a smaller dilation velocity.

The latency of the dark flash protocol (mean = 0.37 = 0.04 s) was consistently larger
than that of the light flash protocol (mean =0.22 = 0.02 s). Conversely, the time to
change response directions after the end of the second stimulus, was consistently

larger in the light flash protocol than in the dark flash protocol - this demonstrates
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that the latency in response to a loss of light was larger than that in response to the

onset of light.

When comparing the PLR to CVR measurements, most constriction and dilation PLR
parameters did not yield statistically significant results. The maximum constriction
velocity and the time to 75% recovery showed negative trends associated with CVR,

but these were not statistically significant.

Interestingly, there was a significant negative trend relating the latency in the dark
flash protocolto CVR (p =0.0127). In contrast, no statistically significant trend was
observed with the latency in the light flash protocol and CVR. However, the range of
values in latency for the light flash protocol, was significantly smaller than that of the
dark flash protocol, which might partially explain the lack of trend. In the dark flash
protocol, this statistically significant negative relationship between the pupillary
latency and CVR, implies that with a higher CVR, the latency, or time to reactto a
stimulus change, is smaller. However, if accounting for multiple comparisons, the
dark latency falls just outside of statically significant, therefore additional data and
tests are necessary to confirm any significance of the results. Further research is
warranted into pupillary parameters of the dark flash protocol, as this protocol has

been less studied than the standard light flash protocol.

4.5.1. Limitations & Future Work

For CVR assessment, we used a 2-point CVR measure as this is the most common
method for deriving CVR using TCD [249], [308], [309]. This strategy assumes a linear
relationship between CVR and changes in PgCO.. Although, itis known that CVR

response is in fact sigmoidal in shape [261], [310], given our small dynamic range in
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CVR and PgCO, measurements, we expect that our results fall within the linear range
of the sigmoidal curve [254], [311]. Nevertheless, future research is warranted to
further explore more descriptive models of the response of cerebral VSMCs to

vasoactive stimuli.

It was also assumed that a steady state was achieved after 30 seconds of breathing
the 5% CO, gas. While we know that PesCO, can continue to increase over even a 10
minute period [312], minimal change occurs after the 1st minute and a long period of
breathing air with increased levels of CO, can be challenging for participants.
Therefore, to maintain a clinically viable vasoactive stimulus, 3 minutes was agreed
upon as a reasonable upper limit for most volunteers to comfortably breathe 5%

CO..

Another possible limitation of the gas protocol was leakage of room air into the face
mask during the gas stimulus which was an issue for some participants since the
standardised mask did not create a tight seal with all face shapes. Minimal leakage
of the 5% CO, gas mixture is visible in Figure 4.2 by the drops in the CO, trace during
the inhales (troughs). Worse leakage was mitigated by using only one ventilation
valve which was often one site of room air entry and refitting the mask to ensure no

gaps were left around the participant’s nose and mouth.

While a baseline blood pressure measurement was taken for all subjects using an
arm cuff to rule out hypertension, continuous arterial blood pressure (ABP)
measurements were not acquired in this study. Some studies have shown that
changes in ABP, both spontaneous or induced by the inhalation of air with increased

CO,, canimpact CBF velocity in response to vasoactive stimuli and therefore CVR in
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some adults [313], [314], [315]. However, other studies have shown that even when
using air with up to 7% inspired CO., the increase in ABP has minimal effects on
MCAv and CVR [316]. Notably, Dumville et al. also reported that in healthy adults
with no vascular disease and intact cerebral autoregulation, the CVR assessment as
determined by the relative changes in velocity and PETCO: are independent of ABP
provided that the pressure change is contained within the autoregulatory plateau
[317]. This was echoed by Battisti-Charbonney et al., who showed that the MCAv
response to CO, was unchanged by ABP considerations up to a threshold of
approximately 50 mmHg, above which both MCAv and ABP appeared to increase
linearly with CO, tension [318]. However, in patients with pathophysiology such as
carotid artery disease, ABP has been shown to significantly alter CVR index
calculations in response to inhalation of air with 5% CO, [317]. In our study,
assessing only healthy adults below that threshold (maximum PETCO, of 46.5
mmHg) when undergoing the gas stimulus, the effects of ABP on our CVR
calculations are assumed to be negligible. None-the-less, future studies may benefit
from including continuous ABP monitoring (such as by using finger
photoplethysmography or more accurately using an arterial catheter) during gas

stimulus protocols, especially when investigating pathology.

Furthermore, regional differences in CVR are likely to exist throughout the brain
[319], [320], [321], therefore CVR values based on the blood velocity measures in the
MCA alone may only be representative of the brain regions supplied by the artery and

may notillustrate cerebrovascular function in other regions of the brain.
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Lasting cerebrovascular responses triggered during hypercapnic challenges can take
additional time to return to baseline post-stimulus, and although the pupillometry
was done at least 10 minutes after the gas stimulus for each participant, there is a
small chance that there were still residual hypercapnic effects while the beginning of
the pupillometry protocols were being performed. In the future, the PLR data could
be collected prior to the gas stimulus. Alternatively, in a larger study cohort, the
sequence of protocols could be swapped in half of the study cohort to clarify the PLR

without the potential contamination of the after-effects of hypercapnia.

There are also some technical limitations that might have impacted the PLR data
collected. Firstly, the frame rate of the NeurOptics pupillometer is low, with only 30
frames per second (i.e., 0.033 seconds per measurement). When comparing this to
the entire range of average latency values in the light flash protocol, which is 0.043
seconds, this shows that the range of values is comparable to the sampling period of
the device. The latency in the dark flash protocol avoids this problem due to the
larger magnitude and range of values. With a smaller sampling period, there is
potential that a trend could be identified in the light flash latency - this could not be
investigated with the limitation of the current equipment. In future experiments,
equipment with a higher frame rate should be used to thoroughly investigate any

trends between the light flash latency and CVR.

An additional limitation was the assessment of the time to 75% recovery in the light
flash protocol. The protocol only included 7 seconds of recovery time post-stimulus,
as it was important to ensure that the entire protocol was short enough so that

participants could withstand not blinking for the duration of each trial. In some
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cases, however, 7 seconds was not enough time for subjects to recover to 75% of
their baseline, initial pupil diameter. When the pupil did not recover to 75% of its
initial diameter, no value was reported for this parameter, reducing the number of
trials to be included in the average. Additionally, if the subject blinked, the time to
75% recovery and dilation velocity parameters were also not calculated - this also
reduced the number of trials included in the analysis for some subjects. In the future,
using equipment that can remove blinking artefacts in the data, which would enable
a longer recovery time to be included in the analysis, would enable a more confident
assessment of dilation parameters in the light flash protocol — especially with the

time to 75% recovery, where we would expect to see some higher values recorded.

Although CVR and certain PLR metrics are known to be dependent on age [322],
[323], [324] and sex [325], [326], [327], we did not observe significant differences
between ages and sexes. This is likely explained by our small sample size of groups,
and as a result statistics could not be confidently performed on the influences of sex

and age.

In the future, we plan to increase the dynamic range in vasoactive stimuli, vary the
light stimuli for the eye, and improve the imaging resolution for both the blood flow
measures and pupil measures. Notably, independently repeating the experiment of
the dark flash protocol is necessary to confirm any significance in latency correlating
with CVR. This analysis will take place in a larger participant group with a wide range
of ages, lifestyle factors, and demographics for a more robust statistical analysis of

the interplay between cerebral blood flow and pupil dynamics.
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4.6. Conclusion

In this work, we compared the pupillary light response in light and dark flash
protocols, to cerebrovascular reactivity assessed using transcranial Doppler
ultrasound, to investigate the relationship between dynamics in the eye and brain.
We found a significant negative relationship between the latency of the PLR in the
dark flash protocol and CVR. No statistically significant relationships were found
between CVR and other PLR metrics. This is the first study that has investigated the
relationship between cerebral blood flow and pupil dynamics. Future work will
incorporate other protocols and equipment, in both pupillometry and in CVR
assessment, that might retrieve additional information of interest and further control
for confounding factors. Furthermore, a broader range of subjects across age,
health, and lifestyle factors will be considered to investigate the validity of these

relationships when subject to a larger dynamic range of subjects.
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Chapter 5: Investigating the pupillary light response in

the postpartum period

This chapter aims to understand the relationship between the PLR in two groups of
women, by evaluating the impact of an important sex-specific factor that may
mediate this relationship: pregnancy. Although previous work in Chapter 4 did not
identify significant differences across males and females in their PLR, there may be
intra-sex differences based on other factors, such as pregnancy. The impact of
pregnancy on the PLR has not been investigated, nor has its impact on many other

metrics related to neurodegeneration risk been evaluated before this study.

Importantly, the data collected and presented in this chapter informs the analysis
conducted in the final chapter, and highlights the importance of considering
demographic factors, including sex-specific factors such as pregnancy history, on

the pupillary light response as well as on other covariates and contributing factors.

Although sometimes used interchangeably, the concepts of sex and gender have
specific definitions and unique implications that should be considered
independently in health research [328], [329] — sex refers to biological attributes that
encompass anatomy, physiology, genes, and hormones, while gender refers to social
and cultural constructed roles and identities of women, men, girls, boys, and gender
diverse people [330], rooted in biology but shaped through environment and
experience [331]. Both sex and gender, although separate concepts, are linked [328],

and are both determinants of health [332].
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In this chapter, we will focus on the biological sex of an individual, defined by their
reproductive anatomy and physiology at birth. The word “women” is used in this
chapter’s context to describe people who were born with a female reproductive

system or whose sex assigned at birth was female.

This chapter relates to Research Questions 1 and 3, is currently a manuscriptin

preparation for submission, and includes work from the following studies:

Sparks, S; Bulte, DP; Hayes, G; Pinto, J (2025). “Investigating the pupillary light
response in the postpartum period”. Association for Research in Vision and

Ophthalmology Annual Meeting 2025. Accepted abstract.

Pinto, J; Suri, S; Sparks, S; Hayes, G; Bulte, DP (2025). “Cerebrovascular reactivity
dynamics in the postpartum period: a pilot study”. International Society for

Magnetic Resonance in Medicine Annual Meeting 2025. Accepted abstract.

Pinto, J; Suri, S; Sparks, S; Hayes, G; Bulte, DP (2025). “Cerebrovascular reactivity in
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5.1. Introduction

5.1.1. Background and Motivation

Sex differences exist in the risks and manifestation of many diseases [328], [329],
[330], [331], [332]. An example of sex and gender interactions on health includes
Alzheimer’s disease, where women are approximately twice as likely as men to be
diagnosed with the disease [333], [334], [335]. This cannot be explained by the
increased life expectancy of women alone [212] and could be due to biological
factors, social factors, or an intersection of both [336], [337], [338]. Despite this
evidence of sex-specific differences in risk for diseases such as Alzheimer’s disease,
women’s health continues to be understudied, particularly in neuroscience studies
[339]. Not only have females been historically excluded from preclinical research
and biomedical studies, even more recent studies also often overlook sex-specific
variables, which Taylor et. al. claim is “a bias that seeps into our study design and
analyses and impedes our basic understanding of the brain” [340]. With research
demonstrating differences in the male and female brain [341], as well as with sex and
gender differences in the development and prognosis of its diseases, it is essential to
incorporate a consideration of sex-specific factors for a more complete

understanding of the brain and its processes.

One sex-specific event that may impact metrics of brain health is pregnancy,
however this has not been studied at-large. Research has shown that some aspects

of pregnancy, including the number of pregnancies, may be related to cognitive
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status and Alzheimer’s disease risk [342], [343], [344], and more research is needed
to investigate pregnancy-related metrics on other aspects of women’s overall and

cerebral health.

There are known ocular changes that occur in pregnancy, including refractive status,
cornea sensitivity, visual acuity, and intraocular pressure [345], [346], [347].
However, many of these changes are transient [348], [349] and return to their
prepregnant state several weeks postpartum [350], potentially due to hormonal
changes that peak during pregnancy but return to pre-pregnancy levels during the
postpartum period [345]. Interestingly, the pupillary light response (PLR), which is
controlled by the autonomic nervous system and has been reported to change in
cases of neurodegeneration [83], [92], [94] and in those at-risk for neurodegeneration
[245], has not been investigated in either pregnant or postpartum women.
Additionally, changes to the autonomic nervous system, particularly increased
sympathetic nervous system activity, have been reported in pregnant subjects [351],
[352], [353], however longer-term impacts in the postpartum period remain
understudied. With these established ocular and autonomic response changes that
occurin pregnancy period, and the relation between the pupillary light response,
autonomic function, and neurodegeneration, there is an opportunity to explore these
factors outside of the pregnancy period in postpartum women. In particular,
assessing the pupillary light response to identify potential changes to the nervous

system, as well as potential links to Alzheimer’s disease risk, in postpartum women.
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This study aims to explore the relationship between metrics of the PLR in postpartum
women and women who have never been pregnant, to investigate changes that occur

to the PLR in relation to pregnancy.

5.2. Methods

5.2.1. Subjects

We acquired data from 23 healthy females, with no history of neurological disorders
(age range 25-43 years, with a mean age of 32.5 + 5.5 years at the time of
acquisition). Inclusion criteria consisted of being assigned female at birth, having no
diagnosed cognitive impairment, no severe respiratory conditions, and no visually
triggered migraines or epilepsy. Participants with corrective prescription glasses did
take part in the study, but none who had known vision loss and none who had

undergone eye or brain surgery.

Participants were screened for either the postpartum group (given birth within the
past two years), or the control group (no history of pregnancy), with the control group
recruited to be age-matched to the postpartum group. Within the postpartum group,
subjects were further classified as having normotensive (n = 9) or hypertensive
pregnancies (n = 4); this information was not used for statistical analyses due to the
small number of hypertensive pregnancies. All participants provided informed
written consent before each session, and the study was approved by the Medical
Sciences Interdivisional Research Ethics Committee (MS IDREC) of the University of

Oxford’s Central University Research Ethics Committee (CUREC).
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5.2.2. Data Acquisition

5.2.2.1. Pupillometry

Pupillary light response data were acquired with the NeurOptics PLR-3000 hand-held
pupillometer (NeurOptics, Irvine, CA). This automated, monocular pupillometer uses
an infrared camera to capture and measure the pupil size, allowing it to be used in
both light and dark settings, and is widely used in clinical practice and research

settings.

There were two protocols used to assess the pupillary light response, which were
done with a 2-minute period of dark adaptation in a dark, quiet testing room. Both
protocols were previously used by the researchers in similar studies assessing the

PLR and metrics of brain function, and are fully described in previous work [16].

For each subject, six measurements were performed on each eye, alternating eyes
between each trial, starting with the right eye. The first three measurements on each
eye, the light flash protocol, were with the positive step-input stimulus, which had a
1 s baseline measurement, a 1 s flash of 50 yW white light, and 7 s of post-stimulus
measurement, with a 1-minute interstimulus interval. The last three measurements
on each eye, the dark flash protocol, were with the negative step-input stimulus,
which had a 1 s baseline measurement with the 50 pW light on, a 1 s dark flash with
the light off, and a 7 s measurement with the light back on, also with a 1-minute

interstimulus interval.

During the measurements, subjects were instructed to keep their eyes wide open

and to avoid blinking, and to hold a constant gaze position. The pupillometer was
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held at aright angle to the subject’s line of sight. All measurements were taken

between 09:00 and 17:00 to avoid interference from circadian rhythms.

5.2.2.2. Additional Information

To account for potential covariates other than postpartum status, age, months
postpartum (for the postpartum group), and several physiological measurements
were used to compare their effects on the PLR in both the postpartum and control
groups. The physiological measurements, all of which were taken before any
pupillometry experiments, were done during data acquisition and included body
mass index (BMI), blood pressure, and resting heart rate. Three blood pressure
measurements were taken using an automatic blood pressure monitor whilst sitting,
which also recorded heart rate. Systolic and diastolic blood pressure measurements
were averaged across trials, and the average of the heart rate measurements was

used as the resting heart rate.

Table 5.1 outlines the subject demographics from this study, with means and

standard deviations presented.

Table 5.1: Subject Demographics for the Control and Postpartum Groups

Parameter Control (n=10) Postpartum (n=13) p value
Age (years) 31.0+6.7 33.6+4.3 0.27
Post-partum period (months) NA 14.2+6.2 NA
BMI (kg/m?) 26.1+4.9 25.6+5.5 0.83
Systolic Blood Pressure (mmHg) 99.5+9.1 105.6x12.4 0.21
Diastolic Blood Pressure (mmHg) 71.4+8.6 74.8+12.5 0.47
Resting Heart Rate (bpm) 73.8+11.0 73+£9.9 0.86
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5.2.3. Data Analysis

5.2.3.1. Pupillometry Analysis

The time-course data from the pupillometry experiments (sampled at 30 Hz) were
extracted directly from the NeurOptics PLR-3000 pupillometerin a CSV file format

and processed using custom scripts in Python.

As defined in previous work [16], the NeurOptics pupillometer automatically
calculates several metrics of the pupillary light response in both the light and dark
flash protocol for each 9 s measurement. After removing trials that were not usable

due to blinking artefacts, values were averaged across all trials for each participant.

Due to the nature of the PLR protocols, constriction parameters, dominated by the
sphincter muscles and parasympathetic nervous system, were only assessed in the
light flash protocol, as the dark flash protocol’s constriction amplitude was
significantly smaller than that of the light flash protocol where the pupil starts at a
larger, dark-adapted diameter, as previously reported [16]. Dilation parameters,
however, were assessed in both the light and dark flash protocols, and have
contributions from the dilator muscles and sympathetic nervous system as well as

the sphincter muscles and parasympathetic nervous system [68].

For the light flash protocol, the key parameters that were assessed were (a) the
average constriction velocity, (b) the maximum constriction velocity, (c) the
constriction amplitude, (d) the dilation velocity, (e) the time to 75% recovery, and (f)
the latency of the response. For the dark flash protocol, the key parameters
assessed were (g) the dilation velocity, (h) the dilation amplitude, and (i) the latency

of the response. These parameters are as previously defined in Figure 4.1.

120



5.2.3.2. Comparison Analysis

To identify any statistically significant relationships between parameters of the PLR
across the postpartum and control groups, we performed tests for normality for each
PLR parameter using the Shapiro-Wilk testin each group, where parameters were
said to be normally distributed if p > 0.05. For each PLR parameter that was normally
distributed across both groups, we performed one-way ANOVA tests (significance
level p < 0.05, uncorrected). For all other PLR parameters, we performed Kruskal-

Wallis tests (significance level p < 0.05, uncorrected).

To account for covariates, we compared each metric of the PLR against the group
and the following physiological metrics chosen as covariates, using ANCOVA Type 2
analysis: age, BMI, months postpartum (for the postpartum group only), systolic
blood pressure, diastolic blood pressure, and resting heart rate. This was done

without further interactions between factors, and is described in equation 5.1:

{each PLR metric} ~ Group + {covariates},where

covariates = age + BMI + postpartum months + BPg,; + BP4;,s + RHR  (eq. 5.7)

Further, a correlation matrix was generated across all PLR and defined physiological

metrics using Pearson correlation analysis, combining all subject data.

5.3. Results

All 23 subjects completed the full pupillometry protocols and completed basic

physiological measurements.
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5.3.1. Pupillometry Results

As outlined in the Methods, data were collected from both the right and left eyes of
each participant. Two participants did not have usable data for their right eye in the
light flash protocol, due to blinking at the light flash across trials. Due to data
completeness, the left eye of all subjects was used for further analysis. This was also

to ensure that averaging across both eyes did not introduce any artefacts.

Overall, the pupillary light response characteristics were as expected and
comparable to previous studies [16], [354]. As shown in a previous study with the
same NeurOptics protocol [16], the interstimulus interval selected allowed for

sufficient time for the pupil to recover to its baseline size before subsequent trials.

Of the PLR parameters in the light flash protocol, all variables were normally
distributed and used one-way ANOVA for statistical comparisons, except for the end
diameter and latency which were not normally distributed and thus used the Kruskal-
Wallis H-test. For the dark flash protocol, all parameters were normally distributed
and used one-way ANOVA for statistical comparisons, except for the latency and
dilation velocity which were not normally distributed and thus used the Kruskal-

Wallis H-test.

Tables 5.2 and 5.3 show the average values for the PLR metrics across both groups of

women, in the light and dark flash protocols respectively.
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Table 5.2: Pupillary light response metrics for the light flash protocol, left eye, not controlling for
covariates

Control Mean =+ Std Dev = Postpartum Mean = Std Dev p value

Initial Diameter (mm) 6.43+0.79 6.29 +0.51 0.61
End Diameter (mm)* 3.55+0.61 3.56 £ 0.46 0.98
Latency (s)* 0.21 +0.01 0.21 +£0.03 0.66
Constriction Velocity -3.11+0.40 -2.95+0.52 0.42
(mm/s)

Max Constriction -5.563+0.72 -5.18+0.82 0.31
Velocity (mm/s)

Dilation Velocity (mm/s) 1.15+£0.21 1.16£0.30 0.93
Time to 75% Recovery (s) 4.70+0.68 4.81+0.64 0.70
Amplitude of 2.88+£0.39 2.73+0.37 0.35

Constriction (mm)
*: not normally distributed

Table 5.3: Pupillary light response metrics for the dark flash protocol, left eye, not controlling for
covariates

Control Mean = Std Dev = Postpartum Mean = Std Dev = p value

Initial Diameter (mm) 2.81+0.40 2.88 +0.26 0.62
End Diameter (mm) 3.88+0.55 3.87+0.33 0.94
Latency (s)* 0.36 £ 0.04 0.37 +0.04 0.60
Dilation Velocity (mm/s)* 1.65+0.56 1.36 £0.29 0.26
Amplitude of Dilation (mm) 1.07 +£0.22 0.99+0.17 0.32

*: not normally distributed

There were no statistically significant differences between the postpartum and
control groups in any of the PLR parameters across both the light and dark flash
protocols (not controlling for covariates). However, a weak trend towards a
decreased dilation velocity in the dark flash protocol for the postpartum group was

observed (p = 0.26), but not in the light flash protocol (p = 0.93).

5.3.2.  Comparison of Pupillometry and Covariates

Each parameter of the PLR was compared against age, postpartum months, and
previously defined physiological measurements, which were used as covariates. A
correlation matrix combining all subject data for the light and dark flash protocols,
using the Pearson correlation relationship, is shown in Tables 5.4 and 5.5, with

statistically significant correlations bolded.
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Table 5.4: Pearson correlation and corresponding p values for pupillary light response metrics for the
light flash protocol (left eye) and covariates

Age BMI Postpartum Systolic Diastolic Resting
Months Blood Blood Heart Rate
Pressure Pressure
Initial -0.38 (p 0.23(p= 0.16(p= 0.23 (p= 0.28 (p= 0.09 (p=
Diameter =0.206) 0.453) 0.605) 0.458) 0.348) 0.760)
(mm)
End Diameter | -0.65 (p 0.20(p= -0.09(p= 0.06 (p= 0.19 (p= -0.11 (p=
(mm)* =0.017) 0.522) 0.768) 0.835) 0.545) 0.726)
Latency (s)* -0.09 (p -0.12 (p -0.05(p= -0.67 (p = -0.65(p = -0.47 (p =
=0.765) =0.690) @ 0.881) 0.011) 0.016) 0.101)
Constriction -0.35(p 0.01(p= -0.35(p= -0.34 (p= -0.27 (p= -0.34 (p=
Velocity =0.244) | 0.961) 0.243) 0.252) 0.379) 0.254)
(mm/s)
Max -0.22 (p -0.18 (p -0.08 (p= -0.40 (p= -0.45(p = -0.56 (p =
Constriction =0.467) =0.557)  0.798) 0.172) 0.121) 0.047)
Velocity
(mm/s)
Dilation 0.17(p=  0.22(p= -0.20(p= -0.05(p= 017 (p= 0.18 (p=
Velocity 0.571) 0.480) 0.516) 0.870) 0.572) 0.550)
(mm/s)
Time to 75% -0.16 (p 0.39(p= 0.22(p= 0.23(p= 0.48 (p = 0.65(p =
Recovery (s) =0.606) 0.192) 0.477) 0.448) 0.096) 0.015)
Amplitude of 0.28(p= 0.07(p= 0.33(p= 0.23(p= 0.16 (p= 0.26 (p=
Constriction 0.362) 0.808) 0.268) 0.442) 0.592) 0.385)
(mm)

Table 5.5: Pearson correlation and corresponding p values for pupillary light response metrics for the
dark flash protocol (left eye) and covariates

Age BMI Postpartum Systolic Diastolic Resting
Months Blood Blood Heart Rate
Pressure Pressure
Initial -0.60 (p 0.26 (p= 0.02(p= 0.24 (p = 0.39 (p= 0.08 (p =
Diameter =0.030) 0.399) 0.951) 0.437) 0.186) 0.787)
(mm)
End Diameter  -0.44 (p 0.39(p= -0.00(p= 0.28 (p= 0.43 (p= 0.21(p=
(mm) =0.133) 0.191) 1.000) 0.356) 0.143) 0.499)
Latency (s)* -0.06 (p 0.26 (p= -0.34(p= -0.41 (p= -0.39 (p= -0.52 (p=
=0.844) 0.389) 0.255) 0.160) 0.193) 0.067)
Dilation -0.01 (p 0.48(p= -0.05(p= 0.01(p= 0.13(p= 0.29 (p=
Velocity =0.980) @ 0.098) 0.884) 0.975) 0.673) 0.335)
(mm/s)*
Amplitude of 0.05(p= 0.37(p= -0.03(p= 0.19(p= 0.25(p = 0.28 (p =
Dilation (mm)  0.882) 0.213) 0.926) 0.537) 0.412) 0.362)

From the ANCOVA analysis, after controlling for covariates as defined in Equation
5.1, there were additional relationships identified. From the light flash protocol, the

group (either postpartum or control) had statistically significant impacts on initial
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diameter, end diameter, and latency (p = 0.02, p =0.005, and p = 0.01, respectively).
Notably, age also significantly impacted the end diameter (p = 0.04). From the dark
flash protocol, the group had statistically significantimpacts on the same PLR
parameters (initial diameter, p = 0.002; end diameter, p = 0.02; latency, p = 0.02),
with age significantly impacting the initial diameter in this protocol (p = 0.03). Full

ANCOVA tables are shown in Appendix B.

5.4. Discussion

To the authors’ knowledge, this is the first study to provide an analysis of the
pupillary light response in postpartum women compared to women who have never

been pregnant.

The light and dark flash protocols used for the pupillary light response evaluation
allowed for the analysis of constriction, dilation, and latency parameters. Pupillary
constriction and dilation have inputs from branches of the autonomic nervous
system and evaluating differences across postpartum and control groups in these
parameters can provide an initial consideration of potential differences in these
neural pathways. Although generally, the parasympathetic system mediates
pupillary constriction and the sympathetic system mediates pupillary dilation, there
are interactions between both systems in the pupillary light response [355], [356]; a
consideration of both the light and dark flash reflex as demonstrated with the two

protocols used allows for greater consideration of these interactions.

From the initial analysis without consideration of covariates, there were no
statistically significant differences identified across the postpartum and control

groups in any of their PLR parameters.
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Interestingly, there was a weak trend towards a decreased dilation velocity in the
dark flash protocol for the postpartum group (p = 0.26), but no notable differences in
the dilation velocity across groups in the light flash protocol (p = 0.93). As the
protocols have different autonomic innervations, this emphasizes the importance of
investigating the PLR with both the light and dark flash protocol to identify subtle
differences across groups, particularly to identify potential nervous system
differences. This result highlights possible differences in autonomic responses
postpartum, particularly in the sympathetic branch which contributes to pupillary
dilation. Changes to the autonomic nervous system have been shown in pregnancy,
including sympathetic control and vascular responsiveness [351], [352]. However,
the changes that occur in pregnancy generally include an increase in sympathetic
activity, rather than a decrease as the results here suggest [353]. This may indicate
differences in autonomic system compensation between pregnant and postpartum
states. Given the impacts of pregnancy on the autonomic nervous system and the
results of this study, changes to the PLR in the postpartum period should be

investigated in a larger group of subjects to test for significance.

Although there have not been studies identified by the authors that compare the
dynamic factors associated with the PLR in pregnancy or postpartum periods, one
study was identified which noted no statistically significant differences across
postpartum (within 2 months of childbirth) and control groups in their light-adapted
pupil sizes [345]. This study, which did not account for covariates, agrees with the

findings of our study before accounting for covariates.
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Latency in the light flash protocol was negatively correlated with both systolic blood
pressure (r=-0.67, p=0.011) and diastolic blood pressure (r =-0.65, p =0.016). Time
to 75% recovery was correlated with the measured resting heart rate (r = 0.65, p =
0.015). Maximum constriction velocity was negatively correlated with resting heart
rate (r =-0.56, p = 0.047). Finally, age was negatively correlated with the end diameter
in the light flash protocol (r =-0.65, p = 0.017). In the dark flash protocol, the only
additional relationship identified was between initial diameter and age, which

displayed a negative correlation (-0.60, p = 0.030).

From previous literature, pupil size is known to decrease with age, which is most
pronounced at lower illuminance levels [67], [357], [358]. Interestingly, this
relationship was only statistically significant in the end pupil diameter for the light
flash protocol and the initial pupil diameter for the dark flash protocol, both of which
correspond to the highest illuminance cases. Although there were negative trends
associated with the lower illuminance pupil diameters, these did not reach statistical
significance. This discrepancy may be due to the relatively small age range of our

cohort.

After controlling for covariates with the ANCOVA analysis, additional relationships
were identified. Across both the light and dark flash protocols, being in either the
postpartum or control group statistically significantly impacted initial pupil diameter,
end pupil diameter, and latency of the response, after controlling for covariates. Of
the covariates, age was most important and significantly impacted both the end
diameter of the light flash protocol and the initial diameter of the dark flash protocol,

aresult consistent with the Pearson correlation analysis of these variables. Further,
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the difference between dilation velocity in the dark flash protocol was no longer
statistically significant after controlling for these covariates, demonstrating that the
proposed sympathetic changes seen in the postpartum women may, importantly, be

mediated by other physiological factors.

This covariate analysis shows that the categorical factor of postpartum or control
does have impacts on both static (pupil size) and dynamic (latency) parameters of
the PLR when accounting for age, basic physiological factors, and postpartum
months. Notably, the latency of the dark flash protocol has previously been shown to
be negatively correlated with cerebrovascular reactivity, an important metric of brain
vascular health [16]. This suggests that there may be changes in brain vascular
health and hemodynamics in postpartum women, in addition to the known changes
in hemodynamics that occur during pregnancy [352]. Further research investigating
the impact of pregnancy and the postpartum period, on metrics of hemodynamics

and brain vascular health such as CVR, is warranted.

Importantly, the number of months postpartum did not show any statistically
significant impacts on, or relationships with, any parameters of the PLR. None of the
participants were less than four months postpartum, and so this suggests that
demonstrated changes in parameters of the PLR in postpartum women are likely
attributed to lasting changes associated with a history of pregnancy, rather than
associations with the transient period between pregnancy and early postpartum

weeks and months.
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5.4.1. Limitations and Future Work

As previously outlined, there are limitations with the NeurOptics PLR-3000
pupillometer and methods — notably, that the frame rate of the pupillometeris
relatively low (30 frames per second), and that the 7 s recovery time is not always

sufficient time for subjects to reach 75% recovery [16].

The measurements for blood pressure and resting heart rate had limitations due to
the equipment and protocols used. Three measurements were taken from the
automated blood pressure monitor to account for normal variability in blood
pressure [359] and heart rate [360], however both blood pressure and heart rate can
be elevated in individuals who feel nervous or agitated . Data collection can be
stressful, especially for those who are not used to scientific studies, and this could
have artificially elevated the blood pressure and heart rate values. To get a more
reliable measure of these, resting heart rate should be acquired as the participantis
truly resting if time permits, and blood pressure measurements should be taken both
at the beginning and end of experimentation to determine whether there are

significant changes observed.

An additional limitation is in the background of the postpartum group. For this group,
the number of months postpartum was not consistent, some of the participants had
more than one pregnancy, and there were also some participants that had
complications (such as hypertensive disorders of pregnancy). Hypertensive
disorders of pregnancy contribute to an increase in sympathetic nerve activity
compared to normotensive pregnancies [351], and have been shown to cause

structural brain changes [361] and greater brain atrophy compared to normotensive

129



pregnancies [362]. Given these factors, and that hypertensive pregnancies present
additional risk for hypertension, cardiovascular diseases, and other comorbidities
[363], [364], [365], the distinction between hypertensive and normotensive
pregnancies is important in considering potential health outcomes. Although
postpartum months were included in the covariate analysis to account for this
potential impact on the results, the number of pregnancies and disorders of
pregnancy were not included in the covariate analysis, due to the limited sample
size. Future work should aim to standardize the number of pregnancies, and
consider normotensive and hypertensive pregnancies separately, to further account

for these covariates in the PLR-postpartum relationships.

Finally, BMI was used in this study as a means of categorizing the anthropometric
height and weight characteristics of participants. Although BMl is a useful indicator
connected to several health issues [366], [367], there have been criticisms on the
accuracy of relying on BMI for health assessment. BMI is deficient in measuring fat
and how it is distributed on the body, which plays a significant role in
cardiometabolic disorders [367]. Metrics involving waist circumference indices have
been shown to outperform BMI in assessing cardiometabolic risk [367], [368], [369],
and future work could employ some of these indices, such as the ratio of waist to hip
circumference, to have a better assessment of how fat distribution and potential

cardiometabolic risk affect the PLR in postpartum women.

5.5. Conclusion

In this work, we compared the pupillary light response in light and dark flash

protocols across two groups of women: those within two years of the postpartum
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period, and those who had never been pregnant. To the authors’ knowledge, this is
the first work investigating the relationship between the extended postpartum period
and the PLR. Without accounting for covariates, dilation velocity in the dark flash
protocol was smaller (although not significantly so) in the postpartum group,
indicating a potential impact of pregnancy on sympathetic innervation in the
postpartum period. After controlling for covariates, light and dark-adapted pupil size,
as well as latency of the pupillary light response in both protocols, were also
significantly impacted by postpartum status, indicating that both static and dynamic
components of the pupillary light response may be mediated by age and

physiological metrics such as blood pressure, BMI, and resting heart rate.

This work highlights the need for more research on pupillary response and nervous
system changes with pregnancy, in a larger cohort and during other pregnancy
stages. Future work should also compare these metrics directly to cerebrovascular
reactivity and other brain vascular health metrics, to extrapolate these findings to

investigate the implications on neurodegeneration risk post-pregnancy.
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Chapter 6: The sleep-mediated relationship between
the pupillary light response and cerebrovascular

reactivity

This chapter aims to bring together the methods and results from all previous
chapters, to expand the investigation of the pupillary light response and
cerebrovascular reactivity in a larger, more diverse group, using methods to assess
both the PLR and the post-illumination pupil response. Chapter 2 presented some of
the important lifestyle and demographic risk factors associated with Alzheimer’s
disease and how, if at all, they relate to the pupillary light response, and some of
these factors have been included in the analysis for this chapter. Chapter 3
presented preliminary results from pupillometry methods testing, some of which will
be used in this chapter. Chapters 4 and 5 used a light and dark flash protocol for
assessing the PLR, which will be used here for continuity. Chapter 5 highlighted the
importance of demographic and physiological factors when assessing metrics such
as the PLR, which will be considered here. Finally, Chapter 4 presented an initial
investigation of the relationship between the PLR and CVR in a small group, and this
chapter aims to explore this relationship in a larger group with an investigation into

some covariates which may contribute to this relationship.

This chapter will ultimately explore the PLR, PIPR, and CVR relationship, with a
consideration for lifestyle and other factors that have been investigated in relation to

neurodegeneration risk. The aim is to use the findings from this chapter to enable
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future CVR-based Alzheimer’s disease risk classification, using the PLR/PIPR,

demographic and genetic factors, and lifestyle factors.

The focus of this chapter is to present the pupillometry results and analysis, as well
as the consideration of sleep as a covariate, and relate these to CVR. For the

purposes of this thesis, as the CVR calculations were led by another researcher, the
full protocol for acquiring the linear CVR values from the TCD analysis has not been

included here. However, this information is available upon request.

This chapter relates to Research Questions 2 and 3, and is currently the basis for a

manuscript in preparation.

Author contributions: S. Sparks contributed to the pupillometry study concept and
design, pupillometry methods development, data acquisition, analysis and
interpretation, statistical analyses, manuscriptidea conception, and writing and
editing of the manuscript. G. Hayes contributed to the CVR study concept and
design, acquisition, CVR processing and analysis. J. Pinto contributed to ethics
approvals and data acquisition. D. Bulte developed the original study concept and

design, revised the manuscript, and supervised this work.

6.1. Introduction

6.1.1. Background and Motivation

Both cerebrovascular reactivity (CVR), an important metric of brain vascular health,
and the pupillary light response (PLR), a metric related to autonomic nervous system
and smooth muscle function, have been shown to be impaired in overlapping

pathologies including neurodegeneration [16], [51], [52], [370]. As shown in a
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previous pilot study, there is a relationship between these metrics of brain health
[16], which warranted further exploration in a larger, more diverse subject group to

identify the impact of covariates and other factors on this relationship.

Chromatic pupillometry, an evaluation of the PLR at different wavelengths and
intensities of light, can aid with differentiating specific photoreceptor contributions
to the PLR - notably, melanopsin-dependent responses versus rod/cone-mediated
responses [229], [231], [371], [372], [373]. Additionally, the dark adaptation level can
change the sensitivity of different photoreceptors [374]. Chromatic pupillometry has
been investigated in neurodegeneration studies [246], [375], [376], although not all
studies have shown differences in pupillary responses to chromatic light stimuli
between Alzheimer’s disease patients and cognitively healthy controls [90]. The
post-illumination pupillary response (PIPR) has also been shown to be related to
cognition and neurodegeneration [377], [378]. Although the PIPR assessed with
chromatic pupillometry has been compared with CVR in a small subject group
previously [379], the trends approaching significance require further investigation in
a larger, more diverse cohort — particularly in those with a range of demographic and
lifestyle factors, to similarly identify the impact of covariates on the relationship

observed between the PIPR and CVR.

One important factor in overall health that could act as a covariate to the PLR/PIPR
and CVR relationship is sleep — both the duration and quality can have significant
impacts on cognition and other aspects of life. Sleep disturbances and shortened
sleep in the long term has been associated with an increased risk of dementia [380],

[381]. Interestingly, sleep has additional relationships with both the pupillary
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responses to light and CVR more directly. Attenuated PIPR has been linked with a
decrease in the amplitude of rest-activity behaviours, such as sleep, in healthy
adults [382], with similar decreases in rest-activity behaviours observed in

individuals with Alzheimer’s disease [382].

Due to previous work identifying potential relationships between the PLR, PIPR, and
CVR, as well as the impact of sleep on cognition, pupillary light responses, and CVR,
this work aims to bridge the gap and consider these factors simultaneously in a
larger, more diverse cohort. Therefore, this pilot study aims to explore the sleep-
mediated relationship between the PLR, PIPR, and CVR in adults, to investigate these

relationships in a more diverse cohort.

6.2. Methods

All participants provided informed written consent before each session, and the
study was approved by the Medical Sciences Interdivisional Research Ethics
Committee (MS IDREC) of the University of Oxford’s Central University Research

Ethics Committee (CUREC).

6.2.1. Subjects

Data was acquired from 33 adult subjects with no record of neurological disorders
(19F, age range 18 — 70 years, with a mean of 32.7 = 10.1 years at the time of
acquisition). Inclusion criteria consisted of having no diagnosed cognitive
impairment, psychiatric conditions, or history of asthma, along with passing the
Wellcome Centre for Integrative Neuroimaging 3T Safe Scanner list. Participants with
corrective prescription glasses did take part in the study, but none who had known

vision loss and none who had undergone eye or brain surgery.
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6.2.2. Pupillometry Data Acquisition

There were two separate pupillometry setups for this study, to evaluate both the PLR

and the PIPR.

6.2.2.1. PIPR with PyPlr

The first protocol assessed the PIPR in response to blue light and red light, using
PyPlr, an open-source system of hardware and software developed in-house [18].
The system uses infrared cameras attached to the Pupil Core device (Pupil Labs) to
assess the pupillary light response in both eyes simultaneously, with the light
stimulus sent from the LED Light Engine (Light Engine Technologies). This setup is

further described in Chapter 3 and the protocol is adapted from previous work [379].

Subjects first underwent a 2-minute dark adaptation in a dark, quiet testing room,
before the light stimuli were administered. The PIPR protocol consisted of a 1 s blue
flash (470 nm peak) followed by a 90 s interstimulus interval (ISI), then a 1 s red flash
(659 nm peak, matched for unweighted irradiance) followed by a 90 s ISI, to assess
the PIPR at maximal and minimal melanopsin sensitivity, respectively. Three trials
were administered for this protocol, and responses were processed using custom
Python code to remove high-frequency noise and blinking artefacts [230]. The

spectral information is available in Figure A.2 of Appendix A.

6.2.2.2. PLR with NeurOptics

The second set of protocols involved the NeurOptics PLR-3000 hand-held
pupillometer (NeurOptics, Irvine, CA), which has been described in previous
chapters. Alight flash protocol (positive stimulus) and dark flash protocol (negative

stimulus), each with a 1 s stimulus and 60 s ISI, were done using the PLR-3000. Both
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of these protocols were previously used by the researchers in similar studies
assessing the PLR and metrics of brain function, and are fully described in previous
work in Section 4.3.2.2 [16]. All measurements were taken between 09:00 and 16:00

to avoid interference from circadian rhythms.

6.2.3. Transcranial Doppler Ultrasound Data Acquisition

Cerebrovascular reactivity data was acquired using a transcranial Doppler
ultrasound setup with a ramp gas challenge protocol. The protocol consisted of three
“ramps” designed to linearly increase the end-tidal carbon dioxide (PerCOs) with
cerebral blood flow measured using TCD, where the subject breathed increasing
amounts of carbon dioxide mixed with air, ranging from normal air to 10% CO.,. The

full TCD protocol is described in previous work [383].

The linear CVR was used for further analysis, which was calculated as the slope of a
straight line to the PexCO, (mmHg) vs. TCD data of the mean blood flow velocity in the

middle cerebral artery (MCA), of each of the 3 ramps.

6.2.4. Additional Information

In addition to the pupillometry and CVR assessments, all subjects completed basic
physiological measurements and completed a questionnaire which collected
information on demographics, physical and mental health, and their lifestyle.
Additionally, a saliva sample was acquired from each subject to determine their
apolipoprotein E (APOE) status, which is an important risk factor for Alzheimer’s
disease and other neurodegenerative diseases [56], [384], [385], [386]. Due to the
limited size of the group, not all genetic and lifestyle factors could be assessed.

However, data regarding sleep duration and quality was used for further analysis as
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this was reported from all subjects, and since sleep has been shown to impact the

PLR.

Three lifestyle questions relating to sleep were chosen to compare to the
pupillometry parameters and to include as covariates in the PLR/PIPR and CVR
relationship. These three questions evaluated subject’s alertness on a scale of 1-9
using the Karolinska Sleepiness Scale (KSS) with labels on every step on the 9-point
scale [387], their subjective sleep quality on a scale of 1-5 over the past week (1 -
very poor, 2 - poor, 3 —fair, 4 — good, 5 -very good), and the average number of hours
they sleptin the past week (using half hour increments). The questions as they

appeared in the subject questionnaire are shown in Appendix C.

6.2.5. Data Analysis

6.2.5.1. Pupillometry analysis

PyPlr data was processed using custom Python scripts. These allowed for the
removal of low-confidence (< 0.8) measurements defined by the Pupil Labs software,
filtering out high frequency noise using a Butterworth filter, and removing blinking
artefacts using linear interpolation. The baseline pupil diameter was extracted before
the light onset for each trial, as well as the pupil diameter at 7 s post-stimulus onset
(7 s PIPR), expressed as a percentage of the baseline diameter. The red, blue, and
overall (red - blue) 7 s PIPR values were averaged across trials. The red, blue, and

overall 7 s PIPR values were compared between sexes using a one-way ANOVA test.
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6.2.5.2. CVR analysis

CVR data was processed using custom Python scripts. The linear CVR values were
averaged across all usable trials and compared between sexes using a one-way

ANOVA test.

6.2.5.3. Comparison analysis

Each of the three questions relating to sleep quality and alertness were compared
with each parameter of the PLR and PIPR using linear regression analysis
(significance level p <0.05, uncorrected), to identify any relationships independent of

CVR between sleep and the PLR in this cohort.

To identify any statistically significant relationships between parameters of the PLR,
PIPR, and CVR, linear regression analysis was performed between each pupillometry
parameter and the linear CVR (significance level p < 0.05, uncorrected). This was
then expanded to include age, sex, and three lifestyle questions assessing sleep
quality and alertness as covariates in an ordinary least squares linear regression

model.

6.3. Results

All 33 subjects completed the Neuroptics and PyPlr protocols and submitted a
questionnaire which collected information about their lifestyle, demographics, and
background. However, PyPlr data from 3 subjects was excluded due to high noise.
For the CVR assessments, data from 9 subjects was excluded due to either high
noise or subject difficulty with the gas challenge protocol, which did not allow for the

full ramp sequence to be obtained. From our original cohort, 24 subjects (12F, age
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range 18 — 70 years, with a mean of 32.7 + 10.7 years at the time of acquisition) were

left for further analysis.

6.3.1. Pupillometry Results

As outlined in Section 6.2.2, data were collected from both the right and left eyes of
each participant for both pupillometry protocols. For the PyPlr pupillometry, many
participants only had usable data from one eye due to noise in the protocols, and so
the eye combining the highest average confidence and data completeness was
selected individually for each participant. This was done, rather than choosing the

same eye for all participants, to ensure that sufficient data was included for analysis.

For the NeurOptics, eight participants did not have data for the time to 75% recovery
for their right eye in the light flash protocol, due to artefacts. Although the left eye
was missing this data from 6 subjects (including one who also does not have dilation
velocity data in the light flash protocol due to blinking artefacts), due to data
completeness, the left eye of all subjects was used for further analysis for the

NeurOptics protocol.

6.3.1.1. PyPlr Results

Table 6.1 shows the average values for the PyPlr protocol, for the entire group and

separated by sex, with the p value included for the t-test between sexes.
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Table 6.1: Post-illumination pupil response metrics from the PyPlr protocol

Female Mean * Male Mean = Std Overall Mean * Std p

Std Dev Dev Dev value
7 s Red PIPR (% -17.00 £ 3.86 -14.81 £3.48 -15.80 £3.74 0.18
change from
baseline)
7 s Blue PIPR (% -37.62£9.73 -45.06 £6.91 -41.68 £8.94 0.05*
change from
baseline)
Overall 7 s PIPR 20.63 + 8.62 30.24 £ 8.05 25.87+9.48 0.01*

Difference (%
change from
baseline)
*: statistically significant differences across sexes

Interestingly, there were statistically significant differences between sexes in both
the 7 s blue PIPR (p < 0.05) and in the overall 7 s PIPR (p = 0.01), with the female
group having lower magnitudes in both of these metrics, indicating a higher
percentage recovery of the baseline pupil size in females. Although not statistically
significant, the females displayed a trend toward a slightly higher magnitude of 7 s
red PIPR compared to the male group (p = 0.18). However, these values are
uncorrected for multiple comparisons, and once corrected they are no longer below

the threshold for statistical significance.

6.3.1.2. NeurOptics Results

Tables 6.2 and 6.3 show the average values for the PLR metrics across both sexes, in

the light and dark flash protocols respectively.
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Table 6.2: Pupillary light response metrics for the light flash protocol, left eye

Initial Diameter (mm)

End Diameter (mm)
Latency (s)

Constriction Velocity
(mm/s)

Max Constriction Velocity
(mm/s)

Dilation Velocity (mm/s)
Time to 75% Recovery (s)
Amplitude of Constriction
(mm)

Female Mean £

Std Dev

6.28 £ 0.89
3.34+0.59
0.22 £0.03

-3.22£0.42
-5.64 £ 0.88
1.09+0.52
5.21+0.99

2.94+0.36

Dev

6.63 +1.06
3.77+£0.78
0.22 +0.02

-3.01£0.42
-4.98+£1.19
0.91+0.37
5.01 +0.95

2.87+0.40

Male Mean = Std

Overall Mean =
Std Dev

6.46 £ 0.97
3.55%£0.71
0.22 £0.02

-3.11+£0.43
-5.31+1.08
1.00+£0.45
5.12+0.95

2.90+0.37

Table 6.3: Pupillary light response metrics for the dark flash protocol, left eye

Initial Diameter (mm)
End Diameter (mm)
Latency (s)

Dilation Velocity (mm/s)
Amplitude of Dilation
(mm)

Female Mean = Std

Dev

2.76 +£0.53
3.80+0.77
0.37 +0.03
1.49 £ 0.49

1.04 £0.31

Dev

3.10+0.30
4.23+0.49
0.36 +0.04
1.58 £0.39

1.13+0.25

Male Mean = Std

Overall Mean
+ Std Dev
2.92 +0.46
4.01£0.67
0.36 £0.03
1.53+0.43

1.09+0.28

P
value

0.39
0.14
0.77

0.24

0.13
0.35
0.67

0.61

value
0.08
0.13
0.60
0.65

0.45

Contrary to the PyPlr PIPR protocol, there were no statistically significant differences

observed between sexes in any of the NeurOptics PLR parameters across both the

light and dark flash protocols, even without correcting for multiple comparisons.

However, there was a weak trend towards differences in pupillary diameters between

sexes — specifically, a decreased end diameter in the light flash protocol (p =0.14)

and decreased initial (p = 0.08) and end diameter (p = 0.13) in the dark flash protocol

in the female group. Additionally, there was a weak trend toward an increased

maximum constriction velocity magnitude in the light flash protocol for the females

compared to the males (p = 0.13).

142



6.3.2. CVRResults

The linear CVR was the only CVR metric used for further analysis in this study. The
mean value overall was 0.0333 mmHg/cm/s and there were no statistically

significant differences across sexes (p =0.91).

6.3.3. Comparison Results

6.3.3.1. Sleep and the PLR/PIPR

Without correcting for multiple comparisons, there was a statistically significant
negative correlation between subjective sleep quality and maximum constriction
velocity in the light flash protocol (p = 0.048), and a statistically significant negative
correlation between the average hours of sleep and latency in the light flash protocol
(p =0.029). Correcting for multiple comparisons, these are no longer statistically
significant. No other statistically significant relationships were identified between

the three sleep questions and any parameter of the PLR or PIPR.

The full correlation results between the sleep and pupillometry parameters can be

found in Appendix D.

6.3.3.2. CVR and PLR Comparisons

To compare linear CVR with each of the PLR and PIPR metrics, this analysis was
conducted first without covariates, and subsequently with covariate analysis. The
covariates included age, sex, and the same three sleep questions from the

questionnaire as described in the previous section.

Table 6.4 shows the correlation between the PyPlr PIPR parameters and CVR both

with and without covariates.
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Table 6.4: Correlation between PyPlr PIPR parameters and CVR, with and without covariates

Correlation p value, no p value, with
coefficient, no covariates covariates
covariates

7 s Red PIPR (% change

from baseline) -0.15 0.51 0.30

7 s Blue PIPR (% change

from baseline) -0.16 0.47 0.80

Overall 7 s PIPR Difference

(% change from baseline) 0.09 0.68 0.86

Tables 6.5 and 6.6 show the correlation between the NeurOptics PLR parameters
and CVR both with and without covariates, in the light and dark flash protocols

respectively.

Table 6.5: Correlation between light flash PLR parameters and CVR, with and without covariates, left
eye

Correlation p value, no p value, with
coefficient, no covariates covariates
covariates
Initial Diameter (mm) -0.19 0.38 0.38
End Diameter (mm) -0.11 0.61 0.60
Latency (s) -0.10 0.65 0.75
Constriction Velocity
(mm/s) 0.13 0.54 0.90
Max Constriction Velocity
(mm/s) 0.08 0.70 0.63
Dilation Velocity (mm/s) -0.28 0.18 0.18
Time to 75% Recovery (s) -0.27 0.22 0.42
Amplitude of Constriction
(mm) 0.08 0.76 0.82

Table 6.6: Correlation between dark flash PLR parameters and CVR, with and without covariates, left
eye

Correlation p value, no p value, with
coefficient, no covariates covariates
covariates
Initial Diameter (mm) -0.26 0.24 0.56
End Diameter (mm) -0.27 0.22 0.36
Latency (s) 0.00 0.99 0.47
Dilation Velocity (mm/s) -0.26 0.24 0.18
Amplitude of Dilation (mm) -0.23 0.30 0.20

144



6.4. Discussion

Interesting trends were identified with the subjects that remained for further analysis
in this study. However, due to limitations in data quality and subject completion of
protocols, particularly involving the TCD CVR values, nine subjects had to be
removed from the analysis. Although this allowed for a preliminary analysis of trends,
a larger subject cohort would enable further analysis, particularly involving additional
covariates. Nonetheless, this cohort was specifically recruited with subjects from a
variety of demographic and health backgrounds, which allowed for an investigation
into the validity of the PLR/PIPR-CVR relationship not just in a healthy, relatively
uniform group. The subject group spanned several ages, a mix of APOE genotypes,
and some had additional lifestyle-related factors, such as smoking, low exercise
levels, and high blood pressure, that placed them at a higher risk of developing
Alzheimer’s disease [5]. These are all factors that should be considered when
assessing the PLR/PIPR-CVR relationship, as they may contribute as covariates or

confounding factors to either the PLR, PIPR, or CVR.

The specific pupillometry protocols were chosen based on testing data from Chapter
3, feedback from Chapter 4, and additional pilot studies. The protocols with PyPlr
enabled the use of chromatic pupillometry to identify specific contributions from
melanopsin-dependent responses compared to rod/cone-dependent responses,
and additionally to assess the PIPR rather than only considering the short-term
pupillary responses of the PLR. The NeurOptics light flash protocol enabled a more
classical measure of the pupillary light response, with the dark adaptation biasing

this to use the rods over the cones [388], and the dark flash protocol enabling further
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analysis and differentiation between the branches of the autonomic nervous system
[16]. As such, the protocols chosen enabled consideration of not only the potential
contributions of smooth muscle, but also the contributions of specific

photoreceptors and branches of the autonomic nervous system.

The three questions relating to sleep quality were chosen based on previous
literature and the ability to include this in the lifestyle questionnaire. Earlier versions
of the questionnaire did not account for sleep quality or alertness, which meant that
these could not be used in covariate analysis. The Karolinska Sleepiness Scale has
been widely used and validated in research [387], [389] and was easily understood by
subjects as they completed their questionnaire. Although subjective measures of
sleep quality as well as an estimate of average sleep duration have their limitations
and may vary in accuracy from individual to individual, these provided a preliminary
investigation into sleep dynamics which could then be used to evaluate their

interplay with the PLR/PIPR-CVR relationship.

When assessing the impact of sleep factors on all aspects of the PLR and PIPR
assessed in this study, there were two statistically significant relationships
identified. Subjective sleep quality was negatively correlated with maximum
constriction velocity in the light flash protocol (p = 0.048), and the average hours of
sleep was negatively correlated with latency in the light flash protocol (p = 0.029).
Although not all statistically significant, there were also trends approaching
significance in the light flash protocol — notably, subjective alertness on using the
KSS had weak positive correlations with all parameters assessed in the light flash

protocol aside from the time to 75% recovery, which had a weak negative correlation.
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Additionally, subjective sleep quality had weak negative correlations with all
parameters assessed in the light flash protocol, and the average hours of sleep were
weakly negatively correlated with constriction velocity (p = 0.087) and maximum
constriction velocity (p = 0.19). The positive trends with alertness are explained as
the scale used to quantify alertness was the opposite of that to quantify sleep
quality, with lower numbers corresponding to higher alertness, while both sleep
quality and hours of sleep had higher numbers corresponding to better sleep. These
relationships, although weak and without statistical significance when corrected,
demonstrate how sleep quality may impact the autonomic nervous system,
particularly the parasympathetic branch, as the trends were generally most
pronounced in the dynamic responses of the constriction phase in the light flash
protocol. Previous work has shown significant impacts of sleep directly on the
pupillary light response [154], and how sleep deprivation can impact the autonomic
nervous system [390]. Although no statistically significant relationships between
sleep and the chromatic stimuli were identified in this study, other studies have
found subjective sleepiness to be correlated with the post-stimulus pupil response
to red light [391], as well as a significant association between the PIPR and
decreased sleep quality in glaucoma patients [392]. These relationships also justify
the inclusion of sleep as a covariate for further analysis with the PLR/PIPR-CVR

relationship.

Females in this cohort were shown to have a statistically significantly smaller
percent change from baseline in both the 7 s blue PIPR (p < 0.05, uncorrected) and
overall 7 s PIPR (p = 0.01, uncorrected). Interestingly, the female response to red

light, although not statistically significant, indicated a slightly lower percentage
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recovery of the baseline pupil size in the 7 s red PIPR compared to men (p = 0.18),
which contributed to the larger difference in overall 7 s PIPR in terms of percent
recovery of baseline pupil size. Although these trends are no longer significant when
accounting for multiple comparisons, this does identify a potential trend which
should be further explored. In their study evaluating the transient pupillary light reflex
to red and green stimuli in age-matched young adults, Fan et. al. did not observe
significant sex differences in recovery speed [393]. Additionally, this supports the use
of sex as a covariate in the analysis of the PLR/PIPR-CVR relationship conducted in

this study.

Aside from sleep factors and sex, age was also added as a covariate between the
PLR/PIPR and CVR. This was done since age has been shown to impact aspects of
the PLR [394], [395], [396] and cerebral blood flow [397], [398], [399], and since this
subject cohort had a large range of ages, it was important to consider this factorin

the PLR/PIPR-CVR relationship as this had not been done previously.

Although previous work identified a statistically significant negative relationship
between CVR and the latency of the dark flash protocol, this relationship was not
statistically significant in this study. However, there were some changes made that
could explain this. The previous study used a different protocol and metric for CVR
assessment and had a smaller age range. Additionally, the current study did include
subjects who had lifestyle risk factors for neurodegeneration, such as smoking
history and high blood pressure, which could be confounding factors to the

relationship and were excluded for this reason in the previous study. This difference
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in results suggests that these factors are important in covariate analysis and should

be considered as such in a larger cohort.

6.4.1. Limitations and Future Work

A limitation of this study was the cohort size, which limited the number of covariates
that could be assessed without overfitting the data. With a larger cohort, additional
lifestyle factors could be considered as covariates in the PLR/PIPR-CVR relationship,
particularly those which are risk factors for neurodegenerative diseases as outlined
in Chapter 2. Additionally, this would allow genetic information, which was already
collected, to be used in the analysis, given that APOE status is an important factor in
Alzheimer’s disease risk [56], [81]. In the future, this information could be used not
only in an ordinary least squares regression model, butin more advanced supervised
machine learning algorithms to produce a comprehensive prediction of an

individual’s CVR and vascular health profile.

For the pupillometry protocols, there were additional limitations. The NeurOptics
protocols have limitations which were previously discussed in Chapters 4 and 5,
notably the frame rate of the device, and the calculation of dilation parameters in the
light flash protocol. With the PyPlr protocol, although data was collected for both
eyes, the resulting data often had significant noise, and most subjects only had data
from one eye which was usable. Uncertainty in measurements using Pupil Core, an
integral part of the PyPlr system, have been reported due to calibration and scaling
[400], and these measurement errors can be difficult to address and interpret [401].
Some of this noise was also due to the Pupil Core glasses which did not fit each

person’s face well enough to get both pupils in the field of view at all gaze positions.
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After collecting this data, it was noted that additional extenders could attach to the
Pupil Core cameras to allow for more flexibility in the fit of the glasses, which could

be incorporated into future data collection to get more reliable, binocular data.

Linear CVR was used in this analysis due to the estimation that subjects were within
the linear region of the sigmoidal CVR response during the protocol. However, some
subjects did display more sigmoidal responses which may have artificially reduced
their measured value for linear CVR. This calculation of linear CVR from this specific
gas challenge method was used as it showed high correlation with linear CVR
assessed via functional magnetic resonance imaging using the same gas challenge,
which in the future would enable further comparisons to other studies who use MRI
as the gold standard for CVR assessment. However, the limitation of whether all
subjects remain in the linear regime for CVR after inhaling 10% CO, remains
unknown before testing. Future work could screen subjects in advance to ensure that
the protocol can be handled, or a less intense gas challenge (such as only breathing

up to 5% CO,) could be used for calculating linear CVR instead.

6.5. Conclusion

This study explored the sleep-mediated relationship between the PLR, PIPR, and CVR
in a diverse group of adults. Factors relating to sleep quality were shown to weakly
impact some parameters of the pupillary light response, and sex differences were
identified in the red and overall 7 s PIPR. Although no statistically significant
relationships were observed in the PLR-CVR or PIPR-CVR relationship both with and
without predefined covariates of age, sex, and sleep-related factors, the dilation

velocity in both the light and dark flash protocol showed a weak relationship with
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linear CVR. The lack of statistically significant observations in this study may be due
to additional covariates mediating these relationships, such as lifestyle and genetic
risk factors, which should be assessed in a larger cohort, where such analyses may

be conducted.
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Chapter 7: Conclusions and Future Work

This chapter aims to connect all the work presented in this thesis, summarize it, and
provide direction and recommendations for future work and applications including
potential clinical translations. It describes any planned work that has not been
completed at the time of thesis submission, which includes a summary of the
limitations and future work presented in each chapter, as well as a general summary
of what will follow from this thesis. The research questions presented in Chapter 1
are answered with the findings of the thesis chapters, with the significance of the

findings highlighted.

7.1. Summary of Findings

Neurodegeneration causes many biological changes, some of which may precede
overt symptoms of cognitive decline. In previous studies and literature, both the
pupillary light response and cerebrovascular reactivity have been identified as
metrics that are impaired in neurodegeneration. This thesis aimed to examine, given
the overlap between these two biologically relevant metrics, whether the pupillary
light response is related to cerebrovascular reactivity and additionally, if this

relationship can be used to classify risk for neurodegeneration.

To do this, several confounding factors such as established lifestyle factors for
dementia, and other potential confounding factors less explored such as pregnancy
history, were evaluated for their impact on the pupillary light response
independently. Additionally, novel tools and methods were developed to investigate

various parameters of the pupillary light response, and determine which, if any, had
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the strongest relationship with cerebrovascular reactivity, neurodegeneration risk,

and other covariate factors.

The introduction in Chapter 1 provided a key overview of the topics discussed in this
thesis, including the pupillary light response, cerebrovascular reactivity,
neurodegeneration, and gold-standard imaging methods such as magnetic
resonance imaging and transcranial Doppler ultrasound. It highlights the research

questions that this thesis aimed to answer.

The literature review in Chapter 2 showed that there are modifiable risk factors for
dementia that affect the pupillary light response, which should be accounted for
when considering the PLR-CVR relationship. It found that many factors including TBI,
ocular and intracranial hypertension, alcohol consumption, depression, and
diabetes are all AD risk factors that have demonstrated changes in the PLR. Other
modifiable risk factors for AD are associated with changes to autonomic function but
have not been studied directly with the PLR, and further research is necessary to
investigate any potential relationships between these risk factors of AD and the PLR.
Further, there is a comorbidity between some AD risk factors, and so further
research is necessary to separate the individual impacts of these risk factors on the
PLR. Ultimately, it was shown that the PLR is impaired not only in current AD patients
but in certain at-risk groups, positioning the PLR as a potential candidate for risk

screening.

The experiments in Chapter 3 demonstrated some of the conditions and tools that
were deemed most effective for evaluating various parameters of the PLR. Of note,

the dark-adapted testing for the PLR was most effective for obtaining an effective
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range of PLR parameters across a light flash protocol using the NeurOptics PLR-
3000. The in-house PyPlr system was set up and tested using both white light and
chromatic stimuli with various interstimulus intervals and was compared with the
NeurOptics PLR-3000. For a simple white flash PLR protocol, the NeurOptics PLR-
3000 was found to be superior to the PyPlr system overall, with more consistent and
accurate data that can be compared to existing datasets. The in-house PyPlr system
was, however, useful for evaluating the PIPR to red and blue light, so both

pupillometers were used in subsequent chapters.

The pilot study conducted in Chapter 4 used a steady state protocol to assess CVR
and a light and dark flash protocol to assess the PLR. The study found a statistically
significant negative relationship between a parameter of the pupillary light response
(the dark flash latency) and cerebrovascular reactivity in a cohort of healthy adult
participants. Further, this identified a potential relationship between smooth muscle
function in the eye and the brain, with contributions from the autonomic nervous

system and potentially other factors.

The pilot study conducted in Chapter 5 was the first study to evaluate differences in
the dynamic aspects of the pupillary light response in postpartum women and
women who had never been pregnant, highlighting an understudied area of research
which demonstrates the need to include sex-specific factors in biological analyses.
Although no statistically significant differences were identified in this small cohort,
there were some trends identified in some parameters of the PLR related to

parasympathetic function that require further research.
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Finally, the pilot study conducted in Chapter 6 assessed the PLR/PIPR-CVR
relationship. It demonstrated that the specific tools used to assess both the PLR and
CVR have an impact on the PLR-CVR relationship, as the relationship between linear
CVR and the PLR did not yield the same statistically significant relationship identified
in Chapter 4. Additionally, it further suggested that a covariate analysis is required to
fully describe this research, noting that sex and sleep-related factors influence the

PLR and PIPR and may contribute to the relationship.

7.2. Future Work and Broader Applications

There is significant potential for future work that will come from the studies
completed for this thesis, to address some of the limitations of this work and to

expand the clinical applications and translations.

7.2.1. Larger Cohort Study

The work presented in this thesis involved small cohorts of participants, which were
useful for identifying preliminary trends but did not allow for further applications
using machine learning techniques to be used. A limitation of this thesis was the
smaller study sample sizes, which limited the ability to investigate trends with all
covariate factors or use machine learning for prediction due to the limited prediction

power.

In the future, with more participants in studies such as the Eye-Brain Study and the
Maternal Brain Study (both of which are ongoing at the time of thesis submission),
there is potential to create a model that can take in an individual’s PLR, genetic,
lifestyle, and physiological data, and classify them based on their CVR and risk for

Alzheimer’s disease. Supervised machine learning will likely be the best method for

155



classifying the data into different risk categories, due to the nature of the categories

and ultimately, the realistic size of the cohort being around 80-100 participants. The

algorithm will be required to map from multiple inputs into multiple output classes —
notably, risk classes based on the predicted CVR and AD risk. A proposed

architecture for this classification algorithm is shown below in Figure 7.1.

PLR Measurement n
Risk Class 1

Lifestyle and Life Risk Class 2
Event Information

Genetics Testing

Risk Class n

Physiological
Testing

Figure 7.1: Proposed supervised machine learning architecture for a future classification algorithm,
with outputs into risk classes based on CVR and AD risk.

To ensure sufficient data is available to train the model, transfer learning approaches
could be applied to make use of new datasets that arise with pupillary and
demographic datasets. New pupillary datasets have recently emerged which include
individuals atincreased risk for AD due to lifestyle risk factors such as diabetes

[402].

It will be necessary to choose a machine learning model to classify data. Within the
realm of supervised machine learning, there are three model types that will likely suit
the aims of this future proposed classification model: random forests, artificial
neural networks, and support vector machines. Each of these models could be
assessed with data collected through the Eye-Brain, Maternal Brain, and subsequent
PLR-CVR studies to determine which is most suitable for the PLR and CVR-based AD

classifying algorithm. This model could be evaluated using future data from these
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studies, and after this validation, genetic, lifestyle, and physiological factors could
be assessed for their contributions to the PLR-CVR relationship. Factors that are
redundant to the classification algorithm may be noted and removed from the model,
which could save time in future studies when assessing for these factors using

questionnaires or physiological assessments.

7.2.2. Web or smartphone application to assess PLR

There are currently pupillometers that use either a laptop camera or smartphone
camera to perform PLR measurements, which increases the accessibility of
pupillometry in a variety of settings. Examples include applications on both the web
for real-time pupillometry [403], and through smartphone applications using phone
cameras app for pupillometry [404], [405]. However, many of these online
pupillometers are more difficult to use and cannot easily differentiate between the
iris and pupil of darker coloured eyes. Because of these shortfalls, there is potential
to improve these designs and to create a new and improved web or smartphone
application to assess the PLR, which could integrate some of the code used in the
GitHub repositories included in this thesis or other open-source code available. With
an app to assess the PLR, there would be opportunities for data collection on a much
larger scale. The application could then have an option to consent to record lifestyle
information in addition to assessing their PLR, and this data could be sent to a secure

research database to be shared with researchers across the globe.

7.2.3. Clinical tool

As mentioned in some chapters, there were some limitations with the hardware and

equipment used, which could be improved in future studies — notably, the frame rate
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of the pupillometer and the requirement for blink removal. There is a possibility that
the work done throughout this project could be used in a clinical setting as an
inexpensive diagnostic medical device, which could incorporate some of these
improvements to a novel pupillometry system. Although the NeurOptics PLR-3000
outperformed the current PyPlr system in white flash protocols shown in Chapter 3,
the PyPlr system had not been tested with a dark flash protocol and could potentially
be used for this and other protocols with some improvements. The dark flash
protocol has been shown to be important in identifying trends between the PLR and
CVR, and thus a future clinical tool should support this protocolin addition to a
regular, white flash protocol, and potentially chromatic pupillometry as

demonstrated in this thesis.

A novel classification model could be integrated into the pupillometer, which could
be used for routine monitoring of an individual’s PLR and their predicted CVR and
associated risk for AD in a clinical setting. This device could be available to clinicians
for screening purposes, and if the patients and hospitals agreed, this clinical data
could further be used to feed back into the model as well as a secure database to
strengthen the screening and predictive quality. The PLR, in conjunction with the
demographic, lifestyle, and genetic factors deemed necessary to predict CVR, could
screen for those who should get a confirmatory MRI to identify any changes to their
cerebral vasculature, and individuals could then be sent to targeted interventions

based on their individual risk profiles.

158



7.2.4. Inclusion of the PLRin Large-Scale Databases

As demonstrated in this thesis, there are many physiological, environmental, and
other factors that influence pupil size and the pupillary light response. Although it
may be seen as difficult to disentangle the contributions of these factors on the
pupillary light response, conversely this demonstrates how much information is held
in the pupillary light response. This strength of the PLR could be made use of in large-
scale health informatics programmes and databases, such as the UK Biobank,
enabling researchers to gain insight into the neurological, visual, and physiological
inputs to the PLR and how these may manifest in other diseases, including
Alzheimer’s disease and neurodegeneration. With larger cohorts, such as those
available in these large-scale databases, researchers could make use of machine

learning and other tools for risk factor analysis and prediction.

7.3. Thesis Conclusion

Alzheimer’s disease and dementia are rapidly increasing around the world, and the
current aim is to prevent the onset of the disease. The pupillary light response has
been shown to be impaired in current AD subjects, and prior to this work, it was
unknown if it could be used as a toolin at-risk groups to predict AD risk.
Cerebrovascular reactivity has been shown as a likely candidate for aiding in
dementia prediction. Combining these biomarkers of AD, this thesis presents an
initial exploration of the relationship between the PLR and AD risk, mediated by a key

component of brain vascular health, cerebrovascular reactivity.

Below, | present a summary of the answers to the main questions of this thesis:
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1. How do established Alzheimer’s disease risk factors influence the pupillary

light response?

From the literature review in Chapter 2, key relationships between AD risk factors
and the PLR were identified. TBI, ocular and intracranial hypertension, alcohol
consumption, depression, and diabetes are all AD risk factors that have
demonstrated changes in the PLR, which should be accounted for when

considering the PLR and its ability to be used as a potential AD screening tool.

Chapter 5 demonstrated that sex-specific factors, such as pregnancy history,
may impact parameters of the PLR —in particular, trends toward a decreased
dilation velocity in a dark flash PLR protocol was observed in the postpartum
group compared to women who had never been pregnant, indicating a potential
impact of pregnancy on sympathetic innervation in the postpartum period.
Additionally, when including demographic and physiological covariates including
age, BMI, blood pressure, and resting heart rate, parameters of the PLR (light and
dark-adapted pupil size, light and dark flash latency) were also significantly
impacted by postpartum status, indicating that both static and dynamic
components of the pupillary light response may be mediated by age and
physiological metrics that may also relate to AD risk. Due to sex differences in the
manifestation and risk of dementia and demonstrated changes in risk for AD
associated with pregnancy, this demonstrates that pregnancy history is an
important consideration impacting both the PLR and AD risk. Further work should
be done to investigate other sex-specific factors and how they may impact the

PLR and AD risk.
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This question contains areas for future investigation. Notably, many risk factors
associated with AD had inconclusive findings when investigating their
relationship between the factor and the PLR. Hearing loss, smoking, and genetic
factors have had associations with changes to the parasympathetic activity,
which could indicate impaired PLRs, however further research should be done to
confirm this hypothesis. No conclusions could be drawn between education,
social isolation, obesity, and physical inactivity and the PLR, mainly due to a lack
of literature, so more research should be done to investigate any potential
relationships. Further, there is a comorbidity between some AD risk factors, and
so further research is necessary to separate the individual impacts of these risk
factors on the PLR. Finally, there are more risk factors that have been identified
for Alzheimer’s disease since the publication of the literature review in Chapter 2,
such as vision loss and high LDL cholesterol [5], and more unknown risk factors,

which should be further explored.

2. What parameters of the pupillary light response relate most strongly to

cerebrovascular reactivity?

From the pilot study conducted in Chapter 4, it was shown that the latency of the
dark flash response had the strongest relationship with steady state CVR, with a
negative linear relationship being observed in healthy adults. Although statistical
significance was only observed when uncorrected for multiple comparisons, this
demonstrated the potential applications of the dark flash PLR protocol for
identifying trends with CVR, as well as for general use in broader pupillometry

applications.
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Chapter 6 demonstrated that white light generally had stronger relationships with
linear CVR than the chromatic stimuli. Although no statistically significant
relationships were identified between any of the PLR parameters across the light
flash, dark flash, and chromatic pupillometry protocols, dilation velocity in both
the light and dark flash protocols displayed a weak negative linear trend with
linear CVR. There was no change to the strength of this relationship when
including factors relating to sleep, sex, and age as covariates in the light flash
protocol, but when including these in the dark flash protocol, the trend became
stronger. This once again highlights some differences observed between the light
and dark flash protocols and supports the use of both protocols for assessing the

PLR-CVR relationship.

Additional work is required to confirm these findings to fully answer this research
question. Studies conducted in a larger, more diverse cohort will enable further
clarification and confirmation of results. All three pupillometry protocols
presented in Chapter 6 that were developed from initial work in Chapter 3 should
be used in these future studies, due to the differing relationships observed and

their interplay with other covariate factors.

3. How do genetic, lifestyle, environmental, and demographic factors influence
the relationship between the pupillary light response and cerebrovascular

reactivity?

Discrepancies identified between Chapters 4 and 6 highlight how additional
factors may mediate the PLR-CVR relationship. The trends that were identified in

the pilot study from Chapter 4 which only included healthy adults were not the
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same observed the larger, more diverse cohort, which included adults with
elevated genetic and lifestyle risk factors for Alzheimer’s disease, shown in
Chapter 6. Further, when including covariates such as sex, age, and factors
relating to sleep duration and quality, the relationships observed between factors
of the PLR and linear CVR changed — in some cases the relationships were

strengthened, and in others they weakened.

Due to the limited cohort sizes within the scope of this research, in-depth
analyses could not be conducted on the impact of all lifestyle, genetic,
environmental, and demographic factors. Despite this limitation, factors
including sex and pregnancy status, age, and sleep were included for further
analysis in Chapters 4, 5, and 6. With the pilot study comparing the PLR and CVR
in healthy adults in Chapter 4, no sex differences were identified in any parameter
of the PLR or CVR assessed. Interestingly, when incorporating chromatic
pupillometry methods using the PyPlr system in Chapter 6, sex differences were
observed in the red and overall 7s PIPR, which may contribute to the PIPR-CVR
relationship and requires further investigation. One sex-specific factor,
postpartum status, demonstrated a weak impact on dilation velocity in the dark
flash PLR protocol without controlling for covariates, and several static and
dynamic parameters of the PLR were impacted by postpartum status when
including age and physiological covariates in Chapter 5. This motivates further
research investigating pregnancy and other sex-specific factors and theirimpact
not only on various parameters of the PLR, but on the PLR-CVR relationship —in
particular, incorporating chromatic pupillometry as this was not included within

the scope of Chapter 5.
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Self-reported sleep quality, duration, and reported alertness, influenced
parameters of the PLR as expected from previous literature, which further
motivated the inclusion of sleep duration and quality into a covariate analysis

used in Chapter 6.

With a larger cohort, regression models incorporating the full demographic,
genetic, and lifestyle information collected in both the Eye-Brain and Maternal
Brain study questionnaires could be used to disentangle the impact of these
factors on the PLR-CVR relationship. At the time of thesis submission, these
additional factors were not included as covariates in the PLR-CVR relationship to
avoid generalisations outside of the scope of the data, and to avoid overfitting the
data in the small cohorts. In a larger cohort, factors including the €4 allele,
lifestyle factors influencing dementia risk as outlined in Chapter 2, and
demographic factors including ethnicity should be included in a covariate

analysis and in any predictive model that is used to infer CVR from the PLR.

This research is significant in many ways. If the PLR is shown to be an important

factor in classifying CVR-based risk categories, clinical trials would benefit from

using this as an inexpensive, quick, and easy means of evaluating many patients.

Further, this would allow for the creation of a new clinical device for assessing the

PLR in conjunction with genetic, lifestyle, and life-event factors, which would provide

an opportunity for use in routine medical check-ups. Additionally, the methods used

in this research, if successful, would make screening for risk of Alzheimer’s disease

and dementia more accessible to individuals who may not ordinarily have the

financial or material means otherwise. If specific lifestyle factors are associated with
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increased risks of developing conditions such as dementia, this could aid in their

intervention across the globe.
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Appendix A: Spectral Power Distributions of Light

Stimuli
PLR-3000 PyPIr
0.12 0.12 y
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Figure A.1: Spectral power distributions and a-opic irradiances of the stimuli from the NeurOptics
PLR-3000 and PyPlr devices, using a white light protocol. The curves at 50 uW represent the stimuli
used in Chapters 3 (both devices), 4 (NeurOptics only), 5 (NeurOptics only), and 6 (NeurOptics only).
Retrieved from Martin et al. [299].

166



=i
o

I
=
o

I
=
(o)

o
N

1
=
(V)

I
o
o

400

500

Wavelength (nm)

600

700

(00}
o
o

Melanopsin spectral sensitivity

Figure A.2: Spectral power distribution of the stimuli from the PyPlr device, for the blue and red
protocol, shown relative to melanopsin peak sensitivity. This stimuli was used in Chapters 3 and 6.

Retrieved from Martin et al. [299].
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Appendix B: ANCOVA Analysis for PLR Metrics in
Postpartum and Control Groups (Chapter 5 Appendix)

B.1. Light Flash Protocol

Table B.1: Initial Diameter ANCOVA Table, Light Flash Protocol

Sum sq. df F PR(>F)

Group 3.192923 1 8.695941 0.02565
Age 0.4807 1 1.309189 0.296127
BMI 0.000236 1 0.000643 0.980595
Postpartum Months 0.148133 1 0.40344 0.548759
Systolic Blood Pressure 0.00402 1 0.010948 0.920076
Diastolic Blood Pressure 0.154445 1 0.420632 0.540634
Resting Heart Rate 0.136201 1 0.370945 0.564822
Residual 2.203044 6

Table B.2: End Diameter ANCOVA Table, Light Flash Protocol

Sum sq. df F PR(>F)
Group 2.782329 1 17.92824 0.005475
Age 1.077655 1 6.943991 0.038792
BMI 0.049379 1 0.318182 0.593145
Postpartum Months 0.001625 1 0.010469 0.921839
Systolic Blood Pressure 0.031408 1 0.20238 0.668603
Diastolic Blood Pressure 0.414885 1 2.673358 0.153158
Resting Heart Rate 0.327992 1 2.113455 0.196236
Residual 0.931155 6

Table B.3: Latency ANCOVA Table, Light Flash Protocol

Sum sq. df F PR(>F)
Group 0.007246 1 11.39576 0.014936
Age 2.29E-05 1 0.036002 0.855767
BMI 9.41E-05 1 0.148022 0.713701
Postpartum Months 9.95E-06 1 0.01565 0.90453
Systolic Blood Pressure 0.000411 1 0.647079 0.451846
Diastolic Blood Pressure 0.000435 1 0.684683 0.439641
Resting Heart Rate 4.75E-05 1 0.074701 0.793775
Residual 0.003815 6
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Table B.4: Constriction Velocity ANCOVA Table, Light Flash Protocol

Group

Age

BMI

Postpartum Months
Systolic Blood Pressure
Diastolic Blood Pressure
Resting Heart Rate

Table B.5: Maximum Constriction

Group

Age

BMI

Postpartum Months
Systolic Blood Pressure
Diastolic Blood Pressure
Resting Heart Rate
Residual

Table B.6: Dilation Velocity ANCOVA Table, Light Flash Protocol

Group

Age

BMI

Postpartum Months
Systolic Blood Pressure
Diastolic Blood Pressure
Resting Heart Rate
Residual

Sum sq.

0.010415
0.26632

0.002854
0.209378
0.118408
0.041284
0.079478
2.107012

Velocity ANCOVA Table, Light Flash Protocol

Sum sq.
1.39E-06
0.421007
0.023212
0.006475
0.005672
1.01E-05
0.831542
5.05572

Sum sq.

0.023212
0.06313

0.016561
0.075026
0.084106
0.026607
0.025179
0.772233

[«
=

O = 2 4a aAa a a

O = =2 A A A A

o
-

Q) = = A A A A

F

0.029659
0.758383
0.008128
0.596233
0.337183
0.117562
0.226326

F
1.65E-06
0.49964
0.027548
0.007684
0.006731
1.20E-05
0.986853

F
0.18035
0.490498
0.128677
0.582929
0.653479
0.206728
0.19563

Table B.7: Time to 75% Recovery ANCOVA Table, Light Flash Protocol

Group

Age

BMI

Postpartum Months
Systolic Blood Pressure
Diastolic Blood Pressure
Resting Heart Rate
Residual

Sum sq.

0.742282
0.128623
0.010434
0.130855
0.475934
0.08921

1.163007
1.942554

o
-

O = =2 a2 a A Al
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F
2.292699
0.397279
0.032229
0.404173
1.470026
0.275543
3.5922

PR(>F)
0.868929
0.417312
0.931096
0.469331
0.582597
0.743387
0.651088

PR(>F)
0.999017
0.506169
0.873628
0.933
0.93728
0.997354
0.358871

PR(>F)
0.68588

0.509937
0.732092
0.474108
0.449727
0.66533

0.673769

PR(>F)

0.180755
0.551732
0.863436
0.548408
0.270911
0.618459
0.106862



Table B.8: Constriction Amplitude ANCOVA Table, Light Flash Protocol

Group

Age

BMI

Postpartum Months
Systolic Blood Pressure
Diastolic Blood Pressure
Resting Heart Rate
Residual

[«
=

Sum sq.

0.014124
0.118871
0.042788
0.11873

0.057901
0.063062
0.041474
1.224134

O = 2 4a aAa a a

B.2. Dark Flash Protocol

Table B.9: Initial Diameter ANCOVA Table, Dark Flash Protocol

Group

Age

BMI

Postpartum Months
Systolic Blood Pressure
Diastolic Blood Pressure
Resting Heart Rate
Residual

Table B.10: End Diameter ANCOVA Table, Dark Flash Protocol

Group

Age

BMI

Postpartum Months
Systolic Blood Pressure
Diastolic Blood Pressure
Resting Heart Rate
Residual

Sum sq. df
1.087532
0.315589
0.020694
0.008319
0.009738
0.179506

0.0772
0.255742

Sum sq. df
1.198613
0.212637
0.002308
0.002961
0.004358

0.14275
0.041288
0.758294
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O = =2 A A A a A

O = =2 A A A a A

F
0.069227
0.582636
0.20972
0.581949
0.283796
0.309091
0.203281
F
25.51476
7.404098
0.485506
0.195163
0.228459
4.211432
1.811205
F
9.484021
1.682493
0.018259
0.023426
0.034484
1.129507
0.326691

PR(>F)
0.801267
0.474214
0.663103
0.474464
0.613367
0.598343
0.667921

PR(>F)
0.002331
0.034595
0.512017
0.674131
0.649585
0.085982
0.226987

PR(>F)
0.021674
0.242235
0.896931
0.883373
0.858799
0.328773

0.58837



Table B.11: Latency ANCOVA Table, Dark Flash Protocol

Group

Age

BMI

Postpartum Months
Systolic Blood Pressure
Diastolic Blood Pressure
Resting Heart Rate
Residual

Sum sq. df
0.010722
0.000431
0.003839
0.001105
1.67E-05
0.000306
0.001793
0.006546

O = =2 A A A Al

Table B.12: Dilation Velocity ANCOVA Table, Dark Flash Protocol

Group

Age

BMI

Postpartum Months
Systolic Blood Pressure
Diastolic Blood Pressure
Resting Heart Rate
Residual

Table B.13: Dilation Amplitude ANCOVA Table, Dark Flash Protocol

Group

Age

BMI

Postpartum Months
Systolic Blood Pressure
Diastolic Blood Pressure
Resting Heart Rate
Residual

Sum sq. df
0.001746
0.028221
0.208048
0.004314
0.005338
0.036955
0.098007
0.626392

Sum sq. df

0.0027
0.01013
0.036823
0.001354
0.001067
0.002103
0.005573
0.282047
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O = =2 A A A a

O = =2 A A a a A

9.827963
0.394805
3.518861
1.013126
0.015324
0.280591
1.643257

0.016729
0.270321
1.992822
0.041326
0.051132
0.353982
0.938775

0.057443
0.215494
0.783328
0.028801
0.022696

0.04474
0.118562

PR(>F)
0.020197
0.552935
0.109783
0.353008
0.905525
0.615333
0.247182

PR(>F)
0.901316
0.621734
0.207743
0.845629
0.828612
0.573605
0.370012

PR(>F)
0.818563
0.658861
0.410188
0.870817
0.885188
0.839485
0.742347



Appendix C: Questions Relating to Sleep Quality and

Alertness (Chapter 6 Appendix 1)

Below are the questions relating to sleep quality and alertness from the Eye-Brain
Study lifestyle questionnaire given to all participating subjects, used in the covariate

analysis of Chapter 6.

2.5 Sleep quality and timing

251 How alert do you feel right now? 1: Extremely alert
2:Very alert

(Select one)
3: Alert

4: Rather alert

5: Neither alert nor sleepy

6: Some signs of sleepiness

T Sleepy, but no effort to keep awake
8: Sleepy, some effort to keep awake

9: Very sleepy, great effort to keep
awake, fighting sleep

In the past 7 days. ..

252 My sleep quality was \ery poor
(Select one) Poor

Fair

Good

Very good

Prefer not to answer

253 On average, how many hours did you sleep per hours
night? Do not know

Prefer not to answer
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Appendix D: Sleep and PLR/PIPR Correlation Tables

(Chapter 6 Appendix 2)

Table D.1: Correlation between sleep parameters and PIPR parameters

Sleep Factor
Alertness
Alertness
Alertness
Sleep Quality
Sleep Quality
Sleep Quality
Sleep Hours
Sleep Hours
Sleep Hours

PyPlr Parameter

7 s Red PIPR

7 s Blue PIPR

Overall 7 s PIPR Difference
7 s Red PIPR

7 s Blue PIPR

Overall 7 s PIPR Difference
7 s Red PIPR

7 s Blue PIPR

Overall 7 s PIPR Difference

Pearson Correlation Coefficient
-0.29

0.20

-0.31

0.26

0.06

0.04

0.32

-0.04

0.16

Table D.2: Correlation between sleep parameters and light flash PLR parameters

Sleep Factor
Alertness
Alertness
Alertness
Alertness
Alertness
Alertness
Alertness
Alertness
Sleep Quality
Sleep Quality
Sleep Quality
Sleep Quality
Sleep Quality
Sleep Quality
Sleep Quality
Sleep Quality
Sleep Hours
Sleep Hours
Sleep Hours
Sleep Hours
Sleep Hours
Sleep Hours
Sleep Hours
Sleep Hours

Neuroptics Parameter
Initial Diameter

End Diameter

Latency

Constriction Velocity
Max Constriction Velocity
Constriction Amplitude
Dilation Velocity

Time to 75% Recovery
Initial Diameter

End Diameter

Latency

Constriction Velocity
Max Constriction Velocity
Constriction Amplitude
Dilation Velocity

Time to 75% Recovery
Initial Diameter

End Diameter

Latency

Constriction Velocity
Max Constriction Velocity
Constriction Amplitude
Dilation Velocity

Time to 75% Recovery

Pearson Correlation Coefficient

0.18
0.19
0.28
0.12
0.04
0.10
0.32
-0.18
-0.17
-0.20
-0.15
-0.29
-0.41
-0.06
-0.05
-0.07
0.15
0.08
-0.45
-0.36
-0.28
0.23
-0.01
0.05
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p value
0.18
0.37
0.17
0.25
0.79
0.85
0.15
0.86
0.47

p value

0.41
0.37
0.19
0.59
0.86
0.63
0.14
0.48
0.43
0.36
0.48
0.17
0.05
0.77
0.81
0.79
0.50
0.72
0.03
0.09
0.19
0.28
0.96
0.85



Table D.3: Correlation between sleep parameters and dark flash PLR parameters

Sleep Factor
Alertness
Alertness
Alertness
Alertness
Alertness
Sleep Quality
Sleep Quality
Sleep Quality
Sleep Quality
Sleep Quality
Sleep Hours
Sleep Hours
Sleep Hours
Sleep Hours
Sleep Hours

Neuroptics Parameter

Initial Diameter
End Diameter
Latency

Dilation Velocity
Dilation Amplitude
Initial Diameter
End Diameter
Latency

Dilation Velocity
Dilation Amplitude
Initial Diameter
End Diameter
Latency

Dilation Velocity
Dilation Amplitude

Pearson Correlation Coefficient

0.13
0.08
-0.03
0.03
-0.02
0.09
0.02
-0.22
-0.06
-0.10
0.09
0.17
-0.21
0.30
0.26
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p value

0.55
0.72
0.88
0.90
0.91
0.69
0.93
0.31
0.77
0.65
0.70
0.44
0.34
0.16
0.23



[1]

[2]

[3]

[4]

[5]

[6]

[7]

References

G. Livingston et al., “Dementia prevention, intervention, and care,” Lancet
Lond. Engl., vol. 390, no. 10113, pp. 2673-2734, Dec. 2017, doi:
10.1016/S0140-6736(17)31363-6.

A. Association, “2019 Alzheimer’s disease facts and figures,” Alzheimers
Dement., vol. 15, no. 3, pp. 321-387, 2019, doi: 10.1016/j.jalz.2019.01.010.
D. J. Selkoe, “Preventing Alzheimer’s Disease.” Accessed: Feb. 20, 2022.
[Online]. Available:
https://www.science.org/doi/full/10.1126/science.1228541

R. A. Armstrong, “Risk factors for Alzheimer’s disease,” Folia Neuropathol.,
vol. 57, no. 2, pp. 87-105, 2019, doi: 10.5114/fn.2019.85929.

G. Livingston et al., “Dementia prevention, intervention, and care: 2024 report
of the Lancet standing Commission,” The Lancet, vol. 404, no. 10452, pp. 572-
628, Aug. 2024, doi: 10.1016/S0140-6736(24)01296-0.

G. Livingston et al., “Dementia prevention, intervention, and care: 2020 report
of the Lancet Commission,” Lancet Lond. Engl., vol. 396, no. 10248, pp. 413-
446, Aug. 2020, doi: 10.1016/S0140-6736(20)30367-6.

S. J. Catchlove, A. Pipingas, M. E. Hughes, and H. Macpherson, “Magnetic
resonance imaging for assessment of cerebrovascular reactivity and its
relationship to cognition: a systematic review,” BMC Neurosci., vol. 19, no. 1,

p. 21, Apr. 2018, doi: 10.1186/s12868-018-0421-4.

175



(8]

(9]

[10]

[11]

[12]

[13]

K. R. Holmes et al., “Slowed Temporal and Parietal Cerebrovascular Response
in Patients with Alzheimer’s Disease,” Can. J. Neurol. Sci., vol. 47, no. 3, pp.
366-373, May 2020, doi: 10.1017/cjn.2020.30.

“Cerebrovascular Reactivity Impairment in Preclinical Alzheimer’s Disease -
Alwatban - 2019 - Journal of Neuroimaging - Wiley Online Library.” Accessed:
Aug. 01, 2022. [Online]. Available:
https://onlinelibrary.wiley.com/doi/full/10.1111/jon.12606?casa_token=KrTG
HTbLHzKkAAAAA%3Aon1kCZfsAlUFBqfudYqjPeG4EOt9qxDH3e0ZFm7clOGbQc
NaxYBlcpVZa-pPavcAl3VvxImjFDjnnA

J.J. Chen, “Cerebrovascular-Reactivity Mapping Using MRI: Considerations for
Alzheimer’s Disease,” Front. Aging Neurosci., vol. 10, 2018, doi:
10.3389/fnagi.2018.00170.

S. Sur et al., “Association of cerebrovascular reactivity and Alzheimer
pathologic markers with cognitive performance,” Neurology, vol. 95, no. 8, pp.
€962-e972, Aug. 2020, doi: 10.1212/WNL.0000000000010133.

Y. Shim, B. Yoon, D. S. Shim, W. Kim, J.-Y. An, and D.-W. Yang, “Cognitive
Correlates of Cerebral Vasoreactivity on Transcranial Doppler in Older Adults,”
J. Stroke Cerebrovasc. Dis., vol. 24, no. 6, pp. 1262-1269, Jun. 2015, doi:
10.1016/j.jstrokecerebrovasdis.2015.01.031.

C. V. Burley, S. T. Francis, K. N. Thomas, A. C. Whittaker, S. J. E. Lucas, and K. J.
Mullinger, “Contrasting Measures of Cerebrovascular Reactivity Between MRI
and Doppler: A Cross-Sectional Study of Younger and Older Healthy
Individuals,” Front. Physiol., vol. 12, Apr. 2021, doi:

10.3389/fphys.2021.656746.

176



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

F. Bremner, “Pupil evaluation as a test for autonomic disorders,” Clin. Auton.
Res., vol. 19, no. 2, pp. 88-101, Apr. 2009, doi: 10.1007/s10286-009-0515-2.

S. Sparks, J. Pinto, G. Hayes, M. Spitschan, and D. P. Bulte, “The impact of
Alzheimer’s disease risk factors on the pupillary light response,” Front.
Neurosci., vol. 17, Aug. 2023, doi: 10.3389/fnins.2023.1248640.

S. Sparks, G. Hayes, J. Pinto, and D. Bulte, “Characterising cerebrovascular
reactivity and the pupillary light response—a comparative study,” Front.
Physiol., vol. 15, Aug. 2024, doi: 10.3389/fphys.2024.1384113.

Z.S. Nasreddine et al., “The Montreal Cognitive Assessment, MoCA: A Brief
Screening Tool For Mild Cognitive Impairment,” J. Am. Geriatr. Soc., vol. 53, no.
4, pp. 695-699, 2005, doi: 10.1111/j.1532-5415.2005.53221 .x.

J. T. Martin, J. Pinto, D. Bulte, and M. Spitschan, “PyPlr: A versatile, integrated
system of hardware and software for researching the human pupillary light
reflex,” Behav. Res. Methods, vol. 54, no. 6, pp. 2720-2739, Dec. 2022, doi:
10.3758/s13428-021-01759-3.

G. Livingston et al., “Dementia prevention, intervention, and care,” The Lancet,
vol. 390, no. 10113, pp. 2673-2734, Dec. 2017, doi: 10.1016/s0140-
6736(17)31363-6.

A. Association, “2019 Alzheimer’s disease facts and figures,” Alzheimers
Dement., vol. 15, no. 3, pp. 321-387, Mar. 2019, doi:
10.1016/j.jalz.2019.01.010.

D. J. Selkoe, “Preventing Alzheimer’s Disease,” Science, vol. 337, no. 6101, pp.

1488-1492, Sep. 2012, doi: 10.1126/science.1228541.

177



[22] L.Wangand X. Mao, “Role of Retinal Amyloid-B in Neurodegenerative
Diseases: Overlapping Mechanisms and Emerging Clinical Applications,” Int. J.
Mol. Sci., vol. 22, no. 5, p. 2360, Feb. 2021, doi: 10.3390/ijms22052360.

[23] A. London, l. Benhar, and M. Schwartz, “The retina as a window to the brain—
from eye research to CNS disorders,” Nat. Rev. Neurol., vol. 9, no. 1, pp. 44—
53, Nov. 2012, doi: 10.1038/nrneurol.2012.227.

[24] J.den Haan, F. D. Verbraak, P. J. Visser, and F. H. Bouwman, “Retinal thickness
in Alzheimer’s disease: A systematic review and meta-analysis,” Alzheimers
Dement. Amst. Neth., vol. 6, pp. 162-170, Jan. 2017, doi:
10.1016/j.dadm.2016.12.014.

[25] C.Y.Cheung, M. K. Ikram, C. Chen, and T. Y. Wong, “Imaging retina to study
dementia and stroke,” Prog. Retin. Eye Res., vol. 57, pp. 89-107, Mar. 2017,
doi: 10.1016/j.preteyeres.2017.01.001.

[26] V.B. Guptaetal., “Retinal changes in Alzheimer’s disease— integrated
prospects of imaging, functional and molecular advances,” Prog. Retin. Eye
Res., vol. 82, p. 100899, May 2021, doi: 10.1016/j.preteyeres.2020.100899.

[27] A.Ashoketal., “Retinal Degeneration and Alzheimer’s Disease: An Evolving
Link,” Int. J. Mol. Sci., vol. 21, no. 19, p. 7290, Oct. 2020, doi:
10.3390/ijms21197290.

[28] P.J.Snyderetal., “Retinalimaging in Alzheimer’s and neurodegenerative
diseases,” Alzheimers Dement. J. Alzheimers Assoc., vol. 17, no. 1, pp. 103—
111, Jan. 2021, doi: 10.1002/alz.12179.

[29] J. Alberetal., “Developing retinal biomarkers for the earliest stages of

Alzheimer’s disease: What we know, what we don’t, and how to move

178



forward,” Alzheimers Dement., vol. 16, no. 1, pp. 229-243, Jan. 2020, doi:
10.1002/alz.12006.

[30] M. Chiasseu etal., “Tau accumulation in the retina promotes early neuronal
dysfunction and precedes brain pathology in a mouse model of Alzheimer’s
disease,” Mol. Neurodegener.,vol. 12, no. 1, p. 58, Aug. 2017, doi:
10.1186/s13024-017-0199-3.

[31] F.J. Hartde Ruyter et al., “Phosphorylated tau in the retina correlates with tau
pathology in the brain in Alzheimer’s disease and primary tauopathies,” Acta
Neuropathol. (Berl.), vol. 145, no. 2, pp. 197-218, Feb. 2023, doi:
10.1007/s00401-022-02525-1.

[32] J.den Haanetal., “Amyloid-beta and phosphorylated tau in post-mortem
Alzheimer’s disease retinas,” Acta Neuropathol. Commun., vol. 6, no. 1, p.
147, Dec. 2018, doi: 10.1186/s40478-018-0650-x.

[33] S. Bista Karki, K. J. Coppell, L. V. Mitchell, and K. C. Ogbuehi, “Dynamic
Pupillometry in Type 2 Diabetes: Pupillary Autonomic Dysfunction and the
Severity of Diabetic Retinopathy,” Clin. Ophthalmol. Auckl. NZ, vol. 14, pp.
3923-3930, Nov. 2020, doi: 10.2147/0OPTH.S279872.

[34] M. L. Baker etal., “Retinal Microvascular Signs, Cognitive Function, and
Dementia in Older Persons,” Stroke, vol. 38, no. 7, pp. 2041-2047, Jul. 2007,
doi: 10.1161/strokeaha.107.483586.

[35] M. Boucart, G. Bubbico, S. Szaffarczyk, and F. Pasquier, “Animal Spotting in
Alzheimer’s Disease: An Eye Tracking Study of Object Categorization,” J.
Alzheimers Dis., vol. 39, no. 1, pp. 181-189, Jan. 2014, doi: 10.3233/jad-

131331.

179



[36]

[37]

[38]

[39]

[40]

[41]

[42]

G. Fernandez et al., “Patients with Mild Alzheimer’s Disease Fail When Using
Their Working Memory: Evidence from the Eye Tracking Technique,” J.
Alzheimers Dis., vol. 50, no. 3, pp. 827-838, Feb. 2016, doi: 10.3233/jad-
150265.

A. Robles, R. Tourifio, F. Gude, and M. Noya, “The tropicamide test in patients
with dementia of Alzheimer type and frontotemporal dementia,” Funct.
Neurol., vol. 14, no. 4, pp. 203-207, 1999.

A. Kurz, R. Marquard, S. Fremke, and K. Leipert, “Pupil Dilation Response to
Tropicamide: A Biological Test for Alzheimer’s Disease?,”
Pharmacopsychiatry, vol. 30, no. 01, pp. 12-15, Jan. 1997, doi: 10.1055/s-
2007-979476.

V. Stergiou et al., “Pupillometric findings in patients with Parkinson’s disease
and cognitive disorder,” Int. J. Psychophysiol., vol. 72, no. 2, pp. 97-101, May
2009, doi: 10.1016/j.ijpsycho.2008.10.010.

E. L. Granholm et al., “Pupillary Responses as a Biomarker of Early Risk for
Alzheimer’s Disease,” J. Alzheimers Dis. JAD, vol. 56, no. 4, pp. 1419-1428,
2017, doi: 10.3233/JAD-161078.

E. Granholm and S. R. Steinhauer, “Pupillometric measures of cognitive and
emotional processes,” Int. J. Psychophysiol., vol. 52, no. 1, pp. 1-6, Mar. 2004,
doi: 10.1016/j.ijpsycho.2003.12.001.

I. E. Loewenfeld, “Mechanisms of reflex dilatation of the pupil,” Doc.

Ophthalmol., vol. 12, no. 1, pp. 185-448, 1958, doi: 10.1007/bf00913471.

180



[43]

[44]

[45]

[46]

[47]

[48]

[49]

H. S. Thompson, “Otto Lowenstein, Pioneer Pupillographer,” J.
Neuroophthalmol., vol. 25, no. 1, pp. 44-49, Mar. 2005, doi:
10.1097/00041327-200503000-00012.

B. Zandi, M. Lode, A. Herzog, G. Sakas, and T. Q. Khanh, “PupilEXT: Flexible
Open-Source Platform for High-Resolution Pupillometry in Vision Research,”
Front. Neurosci., vol. 15, pp. 676220-676220, Jun. 2021, doi:
10.3389/fnins.2021.676220.

A. G. Lerner et al., “Type 2 diabetes and cardiac autonomic neuropathy
screening using dynamic pupillometry,” Diabet. Med. J. Br. Diabet. Assoc., vol.
32, no. 11, pp. 1470-1478, Nov. 2015, doi: 10.1111/dme.12752.

M. Spitschan, “Photoreceptor inputs to pupil control,” J. Vis., vol. 19, no. 9, pp.
5-5, Aug. 2019, doi: 10.1167/19.9.5.

D. H. McDougal and P. D. Gamlin, “The influence of intrinsically-photosensitive
retinal ganglion cells on the spectral sensitivity and response dynamics of the
human pupillary light reflex,” Vision Res., vol. 50, no. 1, pp. 72-87, Jan. 2010,
doi: 10.1016/j.visres.2009.10.012.

M. Aguilar and W. S. Stiles, “Saturation of the Rod Mechanism of the Retina at
High Levels of Stimulation,” Opt. Acta Int. J. Opt., vol. 1, no. 1, pp. 59-65, Jan.
1954, doi: 10.1080/713818657.

M. Spitschan, S. Jain, D. H. Brainard, and G. K. Aguirre, “Opponent melanopsin
and S-cone signals in the human pupillary light response,” Proc. Natl. Acad.
Sci.,vol. 111, no. 43, pp. 15568-15572, Oct. 2014, doi:

10.1073/pnas.1400942111.

181



[50]

[51]

[52]

[53]

[54]

[55]

M. K. Eckstein, B. Guerra-Carrillo, A. T. Miller Singley, and S. A. Bunge, “Beyond
eye gaze: What else can eyetracking reveal about cognition and cognitive
development?,” Dev. Cogn. Neurosci., vol. 25, pp. 69-91, Jun. 2017, doi:
10.1016/j.dcn.2016.11.001.

F. Fotiou, K. N. Fountoulakis, M. Tsolaki, A. Goulas, and A. Palikaras, “Changes
in pupil reaction to light in Alzheimer’s disease patients: a preliminary report,”
Int. J. Psychophysiol., vol. 37, no. 1, pp. 111-120, Jul. 2000, doi:
10.1016/s0167-8760(00)00099-4.

S. Frost et al., “Evaluation of Cholinergic Deficiency in Preclinical Alzheimer’s
Disease Using Pupillometry,” J. Ophthalmol., vol. 2017, pp. 7935406-7935406,
2017, doi: 10.1155/2017/7935406.

F. Fotiou, K. N. Fountoulakis, A. Goulas, L. Alexopoulos, and A. Palikaras,
“Automated standardized pupillometry with optical method for purposes of
clinical practice and research,” Clin. Physiol. Oxf. Engl., vol. 20, no. 5, pp. 336-
347, Sep. 2000, doi: 10.1046/j.1365-2281.2000.00259.x.

R. Tzekov and M. Mullan, “Vision function abnormalities in Alzheimer disease,”
Surv. Ophthalmol., vol. 59, no. 4, pp. 414-433, Jul. 2014, doi:
10.1016/j.survophthal.2013.10.002.

W. M. van der Flier, Y. A. Pijnenburg, N. C. Fox, and P. Scheltens, “Early-onset
versus late-onset Alzheimer’s disease: the case of the missing APOE €4 allele,”

Lancet Neurol., vol. 10, no. 3, pp. 280-288, Mar. 2011, doi: 10.1016/s1474-

4422(10)70306-9.

182



[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

C.-C. Liu, C.-C. Liu, T. Kanekiyo, H. Xu, and G. Bu, “Apolipoprotein E and
Alzheimer disease: risk, mechanisms and therapy,” Nat. Rev. Neurol., vol. 9,
no. 2, pp. 106-118, Feb. 2013, doi: 10.1038/nrneurol.2012.263.

S. Suri etal., “Reduced cerebrovascular reactivity in young adults carrying the
APOE ¢4 allele,” Alzheimers Dement., vol. 11, no. 6, p. 648, Aug. 2014, doi:
10.1016/j.jalz.2014.05.1755.

I. Reinvang, T. Espeseth, and L. T. Westlye, “APOE-related biomarker profiles in
non-pathological aging and early phases of Alzheimer’s disease,” Neurosci.
Biobehav. Rev., vol. 37, no. 8, pp. 1322-1335, Sep. 2013, doi:
10.1016/j.neubiorev.2013.05.006.

N. Ertekin-Taner, “Genetics of Alzheimer disease in the pre- and post-GWAS
era,” Alzheimers Res. Ther.,vol. 2, no. 1, p. 3, Mar. 2010, doi: 10.1186/alzrt26.
V. K. Ramanan and A. J. Saykin, “Pathways to neurodegeneration: mechanistic
insights from GWAS in Alzheimer’s disease, Parkinson’s disease, and related
disorders,” Am. J. Neurodegener. Dis., vol. 2, no. 3, pp. 145-175, Sep. 2013.

G. Tosto and C. Reitz, “Genome-wide Association Studies in Alzheimer’s
Disease: A Review,” Curr. Neurol. Neurosci. Rep., vol. 13, no. 10, p. 381, Aug.
2013, doi: 10.1007/s11910-013-0381-0.

S. J. Andrews, B. Fulton-Howard, and A. Goate, “Interpretation of risk loci from
genome-wide association studies of Alzheimer’s disease,” Lancet Neurol., vol.
19, no. 4, pp. 326-335, Apr. 2020, doi: 10.1016/S1474-4422(19)30435-1.

W. Dong and Y. Huang, “Common Genetic Factors and Pathways in
Alzheimer’s Disease and Ischemic Stroke: Evidences from GWAS,” Genes, vol.

14, no. 2, Art. no. 2, Feb. 2023, doi: 10.3390/genes14020353.

183



[64]

[65]

[66]

[67]

[68]

[69]

I. J. Broce et al., “Dissecting the genetic relationship between cardiovascular
risk factors and Alzheimer’s disease,” Acta Neuropathol. (Berl.), vol. 137, no. 2,
pp. 209-226, Feb. 2019, doi: 10.1007/s00401-018-1928-6.

M. V. F. Silva, C. de M. G. Loures, L. C. V. Alves, L. C. de Souza, K. B. G. Borges,
and M. das G. Carvalho, “Alzheimer’s disease: risk factors and potentially
protective measures,” J. Biomed. Sci., vol. 26, no. 1, pp. 33-33, May 2019, doi:
10.1186/s12929-019-0524-y.

G. M. Babulal et al., “Perspectives on ethnic and racial disparities in
Alzheimer’s disease and related dementias: Update and areas of immediate
need,” Alzheimers Dement. J. Alzheimers Assoc., vol. 15, no. 2, pp. 292-312,
Feb. 2019, doi: 10.1016/j.jalz.2018.09.009.

B. Winn, D. Whitaker, D. B. Elliott, and N. J. Phillips, “Factors affecting light-
adapted pupil size in normal human subjects.,” Invest. Ophthalmol. Vis. Sci.,
vol. 35, no. 3, pp. 1132-1137, Mar. 1994.

Y. Wang et al., “Parasympathetic Nervous System Dysfunction, as lIdentified by
Pupil Light Reflex, and Its Possible Connection to Hearing Impairment,” PloS
One, vol. 11, no. 4, pp. e0153566-e0153566, Apr. 2016, doi:
10.1371/journal.pone.0153566.

C. M. SCHOR, “A Dynamic Model of Cross-Coupling Between Accommodation
and Convergence: Simulations of Step and Frequency Responses,” Optom.
Vis. Sci., vol. 69, no. 4, pp. 258-269, Apr. 1992, doi: 10.1097/00006324-

199204000-00002.

184



[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

M. Feil, B. Moser, and M. Abegg, “The interaction of pupil response with the
vergence system,” Graefes Arch. Clin. Exp. Ophthalmol., vol. 255, no. 11, pp.
2247-2253, Aug. 2017, doi: 10.1007/s00417-017-3770-2.

B. Sacks and S. Smith, “People with Down’s syndrome can be distinguished on
the basis of cholinergic dysfunction,” J. Neurol. Neurosurg. Psychiatry, vol. 52,
no. 11, pp. 1294-1295, Nov. 1989, doi: 10.1136/jnnp.52.11.1294.

P. Lanting, J. E. Bos, J. Aartsen, L. Schuman, J. Reichert-Thoen, and J. J.
Heimans, “Assessment of pupillary light reflex latency and darkness adapted
pupil size in control subjects and in diabetic patients with and without
cardiovascular autonomic neuropathy,” J. Neurol. Neurosurg. Psychiatry, vol.
53, no. 10, pp. 912-914, Oct. 1990, doi: 10.1136/jnnp.53.10.912.

R. Mazziotti et al., “MEYE: Web App for Translational and Real-Time
Pupillometry,” eNeuro, vol. 8, no. 5, p. ENEURO.0122-21.2021, Sep. 2021, doi:
10.1523/ENEURO.0122-21.2021.

C. Kelbsch et al., “Standards in Pupillography,” Front. Neurol., vol. 10, pp. 129-
129, Feb. 2019, doi: 10.3389/fneur.2019.00129.

E. H. Hess, “Attitude and Pupil Size,” Sci. Am., vol. 212, no. 4, pp. 46-54, Apr.
1965, doi: 10.1038/scientificamerican0465-46.

E. H. Hess and J. M. Polt, “Pupil Size as Related to Interest Value of Visual
Stimuli,” Science, vol. 132, no. 3423, pp. 349-350, Aug. 1960, doi:
10.1126/science.132.3423.349.

J. C. F. de Winter, S. M. Petermeijer, L. Kooijman, and D. Dodou, “Replicating
five pupillometry studies of Eckhard Hess,” Int. J. Psychophysiol., vol. 165, pp.

145-205, Jul. 2021, doi: 10.1016/j.ijpsycho.2021.03.003.

185



[78] G.J. Siegle, S. R. Steinhauer, V. A. Stenger, R. Konecky, and C. S. Carter, “Use
of concurrent pupil dilation assessment to inform interpretation and analysis
of fMRI data,” Neurolmage, vol. 20, no. 1, pp. 114-124, Sep. 2003, doi:
10.1016/s1053-8119(03)00298-2.

[79] S.R. Steinhauer, G. J. Siegle, R. Condray, and M. Pless, “Sympathetic and
parasympathetic innervation of pupillary dilation during sustained
processing,” Int. J. Psychophysiol., vol. 52, no. 1, pp. 77-86, Mar. 2004, doi:
10.1016/j.ijpsycho.2003.12.005.

[80] L.F.M.Scintoetal., “A Potential Noninvasive Neurobiological Test for
Alzheimer’s Disease,” Science, vol. 266, no. 5187, pp. 1051-1054, Nov. 1994,
doi: 10.1126/science.7973660.

[81] S. Higuchi, S. Matsushita, Y. Hasegawa, T. Muramatsu, H. Arai, and M.
Hayashida, “Apolipoprotein E epsilon 4 allele and pupillary response to
tropicamide,” Am. J. Psychiatry, vol. 154, no. 5, pp. 694-696, May 1997, doi:
10.1176/ajp.154.5.694.

[82] E. Granholm, S. Morris, D. Galasko, C. Shults, E. Rogers, and B. Vukov,
“Tropicamide effects on pupil size and pupillary light reflexes in Alzheimer’s
and Parkinson’s disease,” Int. J. Psychophysiol., vol. 47, no. 2, pp. 95-115,
Feb. 2003, doi: 10.1016/s0167-8760(02)00122-8.

[83] R. Prettyman, P. Bitsios, and E. Szabadi, “Altered pupillary size and darkness
and light reflexes in Alzheimer’s disease,” J. Neurol. Neurosurg. Psychiatry, vol.
62, no. 6, pp. 665-668, Jun. 1997, doi: 10.1136/jnnp.62.6.665.

[84] C.J. Ellis, “The pupillary light reflex in normal subjects,” Br. J. Ophthalmol., vol.

65, no. 11, pp. 754-759, Nov. 1981, doi: 10.1136/bjo.65.11.754.

186



[85]

[86]

[87]

[88]

[89]

[90]

C. A. Halland R. P. Chilcott, “Eyeing up the Future of the Pupillary Light Reflex
in Neurodiagnostics,” Diagn. Basel Switz., vol. 8, no. 1, p. 19, Mar. 2018, doi:
10.3390/diagnostics8010019.

F. Romagnosi, F. Bongiovanni, and M. Oddo, “Eyeing up the injured brain:
automated pupillometry and optic nerve sheath diameter,” Curr. Opin. Crit.
Care, vol. 26, no. 2, pp. 115-121, Apr. 2020, doi:
10.1097/mcc.0000000000000710.

M. Romagnoli et al., “Chromatic Pupillometry Findings in Alzheimer’s
Disease,” Front. Neurosci., vol. 14, pp. 780-780, Aug. 2020, doi:
10.3389/fnins.2020.00780.

L.Y.L. Changetal., “Alzheimer’s disease in the human eye. Clinical tests that
identify ocular and visual information processing deficit as biomarkers,”
Alzheimers Dement., vol. 10, no. 2, pp. 251-261, Sep. 2013, doi:
10.1016/j.jalz.2013.06.004.

J. Beltran, M. S. Garcia-Vazquez, J. Benois-Pineau, L. M. Gutierrez-Robledo,
and J.-F. Dartigues, “Computational Techniques for Eye Movements Analysis
towards Supporting Early Diagnosis of Alzheimer’s Disease: A Review,”
Comput. Math. Methods Med., vol. 2018, pp. 2676409-2676409, May 2018,
doi: 10.1155/2018/2676409.

A. Kawasaki, S. Ouanes, S. V. Crippa, and J. Popp, “Early-Stage Alzheimer’s
Disease Does Not Alter Pupil Responses to Colored Light Stimuli,” J.
Alzheimers Dis., vol. 75, no. 4, pp. 1273-1282, Jun. 2020, doi: 10.3233/jad-

200120.

187



[91]

[92]

[93]

[94]

[95]

[96]

[97]

S. Frost et al., “Pupil Response Biomarkers for Early Detection and Monitoring
of Alzheimer’s Disease,” Curr. Alzheimer Res., vol. 10, no. 9, pp. 931-939, Oct.
2013, doi: 10.2174/15672050113106660163.

D. F. Fotiou et al., “Pupil reaction to light in Alzheimer’s disease: evaluation of
pupil size changes and mobility,” Aging Clin. Exp. Res., vol. 19, no. 5, pp. 364~
371, Oct. 2007, doi: 10.1007/bf03324716.

E. Ferrario, M. Molaschi, L. Villa, O. Varetto, C. Bogetto, and R. Nuzzi, “Is
videopupillography useful in the diagnosis of Alzheimer’s disease?,”
Neurology, vol. 50, no. 3, pp. 642-644, Mar. 1998, doi: 10.1212/wnl.50.3.642.
P. S. Chougule, R. P. Najjar, M. T. Finkelstein, N. Kandiah, and D. Milea, “Light-
Induced Pupillary Responses in Alzheimer’s Disease,” Front. Neurol., vol. 10,
pp. 360-360, Apr. 2019, doi: 10.3389/fneur.2019.00360.

D. Fotiou, A. Kaltsatou, D. Tsiptsios, and M. Nakou, “Evaluation of the
cholinergic hypothesis in Alzheimer’s disease with neuropsychological
methods,” Aging Clin. Exp. Res., vol. 27, no. 5, pp. 727-733, Mar. 2015, doi:
10.1007/s40520-015-0321-8.

G. P. Van Stavern, L. Bei, Y.-B. Shui, J. Huecker, and M. Gordon, “Pupillary light
reaction in preclinical Alzheimer’s disease subjects compared with normal
ageing controls,” Br. J. Ophthalmol., vol. 103, no. 7, pp. 971-975, Sep. 2018,
doi: 10.1136/bjophthalmol-2018-312425.

S. M. Frost et al., “Pupil response biomarkers distinguish amyloid precursor
protein mutation carriers from non-carriers,” Curr. Alzheimer Res., vol. 10, no.

8, pp. 790-796, Oct. 2013, doi: 10.2174/15672050113109990154.

188



[98] Y.Turanaetal., “Enhancing Diagnostic Accuracy of aMCl in the Elderly:
Combination of Olfactory Test, Pupillary Response Test, BDNF Plasma Level,
and APOE Genotype,” Int. J. Alzheimers Dis., vol. 2014, pp. 912586-912586,
2014, doi: 10.1155/2014/912586.

[99] M. J.VALENZUELA and P. SACHDEV, “Brain reserve and dementia: a
systematic review,” Psychol. Med., vol. 36, no. 4, pp. 441-454, Oct. 2005, doi:
10.1017/s0033291705006264.

[100] M. J. Valenzuela, “Brain reserve and the prevention of dementia,” Curr. Opin.
Psychiatry, vol. 21, no. 3, pp. 296-302, May 2008, doi:
10.1097/yco0.0b013e3282f97b1f.

[101] Y. Stern, “Cognitive reserve in ageing and Alzheimer’s disease,” Lancet
Neurol.,vol. 11, no. 11, pp. 1006-1012, Nov. 2012, doi: 10.1016/S1474-
4422(12)70191-6.

[102] W. S. Kremen et al., “Influence of young adult cognitive ability and additional
education on later-life cognition,” Proc. Natl. Acad. Sci. U. S. A., vol. 116, no. 6,
pp.2021-2026, Feb. 2019, doi: 10.1073/pnas.1811537116.

[103] F.R. Lin, L. Ferrucci, E. J. Metter, Y. An, A. B. Zonderman, and S. M. Resnick,
“Hearing loss and cognition in the Baltimore Longitudinal Study of Aging,”
Neuropsychology, vol. 25, no. 6, pp. 763-770, Nov. 2011, doi:
10.1037/a0024238.

[104] F.R. Lin, E. J. Metter, R.J. O’Brien, S. M. Resnick, A. B. Zonderman, and L.
Ferrucci, “Hearing loss and incident dementia,” Arch. Neurol., vol. 68, no. 2,

pp. 214-220, Feb. 2011, doi: 10.1001/archneurol.2010.362.

189



[105]

[106]

[107]

[108]

[109]

[110]

J. Gallacher et al., “Auditory threshold, phonologic demand, and incident
dementia,” Neurology, vol. 79, no. 15, pp. 1583-1590, Oct. 2012, doi:
10.1212/wnl.0b013e31826€263d.

K. M. Kiely, B. Gopinath, P. Mitchell, M. Luszcz, and K. J. Anstey, “Cognitive,
Health, and Sociodemographic Predictors of Longitudinal Decline in Hearing
Acuity Among Older Adults,” J. Gerontol. A. Biol. Sci. Med. Sci., vol. 67, no. 9,
pp. 997-1003, Mar. 2012, doi: 10.1093/gerona/gls066.

R. K. Gurgel, P. D. Ward, S. Schwartz, M. C. Norton, N. L. Foster, and J. T.
Tschanz, “Relationship of hearing loss and dementia: a prospective,
population-based study,” Otol. Neurotol. Off. Publ. Am. Otol. Soc. Am.
Neurotol. Soc. Eur. Acad. Otol. Neurotol., vol. 35, no. 5, pp. 775-781, Jun.
2014, doi: 10.1097/MAO.0000000000000313.

H. Amieva, C. Ouvrard, C. Giulioli, C. Meillon, L. Rullier, and J. Dartigues, “Self-
Reported Hearing Loss, Hearing Aids, and Cognitive Decline in Elderly Adults: A
25-Year Study,” J. Am. Geriatr. Soc., vol. 63, no. 10, pp. 2099-2104, Oct. 2015,
doi: 10.1111/jgs.13649.

J. A. Deal et al., “Hearing impairment and cognitive decline: a pilot study
conducted within the atherosclerosis risk in communities heurocognitive
study,” Am. J. Epidemiol., vol. 181, no. 9, pp. 680-690, May 2015, doi:
10.1093/aje/kwu333.

J. A. Deal etal., “Hearing Impairment and Incident Dementia and Cognitive
Decline in Older Adults: The Health ABC Study,” J. Gerontol. A. Biol. Sci. Med.

Sci.,vol. 72, no. 5, pp. 703-709, May 2017, doi: 10.1093/gerona/glw069.

190



[111] T. Fritze, S. Teipel, A. Ovari, I. Kilimann, G. Witt, and G. Doblhammer, “Hearing
Impairment Affects Dementia Incidence. An Analysis Based on Longitudinal
Health Claims Data in Germany,” PloS One, vol. 11, no. 7, pp. €0156876—
e0156876, Jul. 2016, doi: 10.1371/journal.pone.0156876.

[112] M. R. Bowl and S. J. Dawson, “Age-Related Hearing Loss,” Cold Spring Harb.
Perspect. Med., vol. 9, no. 8, p. a033217, Aug. 2019, doi:
10.1101/cshperspect.a033217.

[113] J. C. S. Johnson, C. R. Marshall, R. S. Weil, D.-E. Bamiou, C. J. D. Hardy, and J.
D. Warren, “Hearing and dementia: from ears to brain,” Brain J. Neurol., vol.
144, no. 2, pp. 391-401, Mar. 2021, doi: 10.1093/brain/awaa429.

[114] S. Ponticorvo et al., “Cortical pattern of reduced perfusion in hearing loss
revealed by ASL-MRI,” Hum. Brain Mapp., vol. 40, no. 8, pp. 2475-2487, Jun.
2019, doi: 10.1002/hbm.24538.

[115] T. D. Griffiths et al., “How Can Hearing Loss Cause Dementia?,” Neuron, vol.
108, no. 3, pp. 401-412, Nov. 2020, doi: 10.1016/j.neuron.2020.08.003.

[116] S. E. Kramer, T. S. Kapteyn, J. M. Festen, and D. J. Kuik, “Assessing Aspects of
Auditory Handicap by Means of Pupil Dilatation,” Int. J. Audiol., vol. 36, no. 3,
pp. 155-164, Jan. 1997, doi: 10.3109/00206099709071969.

[117] A. A. Zekveld, S. E. Kramer, and J. M. Festen, “Cognitive Load During Speech
Perception in Noise: The Influence of Age, Hearing Loss, and Cognition on the
Pupil Response,” Ear Hear., vol. 32, no. 4, pp. 498-510, Jul. 2011, doi:
10.1097/aud.0b013e31820512bb.

[118] A. A. Zekveld, J. A. M. van Scheepen, N. J. Versfeld, S. E. Kramer, and H. van

Steenbergen, “The Influence of Hearing Loss on Cognitive Controlin an

191



[119]

[120]

[121]

[122]

[123]

[124]

Auditory Conflict Task: Behavioral and Pupillometry Findings,” J. Speech Lang.
Hear. Res., vol. 63, no. 7, pp. 2483-2492, Jul. 2020, doi: 10.1044/2020_jslhr-20-
00107.

D. Hasson, T. Theorell, Y. Liljeholm-Johansson, and B. Canlon, “Psychosocial
and physiological correlates of self-reported hearing problems in male and
female musicians in symphony orchestras,” Int. J. Psychophysiol., vol. 74, no.
2, pp. 93-100, Nov. 2009, doi: 10.1016/j.ijpsycho.2009.07.009.

C. L. Mackersie, I. X. MacPhee, and E. W. Heldt, “Effects of hearing loss on
heart rate variability and skin conductance measured during sentence
recognition in noise,” Ear Hear., vol. 36, no. 1, pp. 145-154, Jan. 2015, doi:
10.1097/AUD.0000000000000091.

D. C. Perry et al., “Association of traumatic brain injury with subsequent
neurological and psychiatric disease: a meta-analysis,” J. Neurosurg., vol. 124,
no. 2, pp. 511-526, Feb. 2016, doi: 10.3171/2015.2.JNS14503.

J.R. Fann et al., “Long-term risk of dementia among people with traumatic
brain injury in Denmark: a population-based observational cohort study,”
Lancet Psychiatry, vol. 5, no. 5, pp. 424-431, May 2018, doi: 10.1016/s2215-
0366(18)30065-8.

E. R. Zanier et al., “Induction of a transmissible tau pathology by traumatic
brain injury,” Brain J. Neurol., vol. 141, no. 9, pp. 2685-2699, Sep. 2018, doi:
10.1093/brain/awy193.

D. E. Barnes, A. L. Byers, R. C. Gardner, K. H. Seal, W. J. Boscardin, and K.

Yaffe, “Association of Mild Traumatic Brain Injury With and Without Loss of

192



Consciousness With Dementia in US Military Veterans,” JAMA Neurol., vol. 75,
no. 9, pp. 1055-1061, Sep. 2018, doi: 10.1001/jamaneurol.2018.0815.

[125] D. F. Mackay, E. R. Russell, K. Stewart, J. A. MacLean, J. P. Pell, and W. Stewart,
“Neurodegenerative Disease Mortality among Former Professional Soccer
Players,” N. Engl. J. Med., vol. 381, no. 19, pp. 1801-1808, Nov. 2019, doi:
10.1056/NEJM0a1908483.

[126] K. Yaffe et al., “Military-related risk factors in female veterans and risk of
dementia,” Neurology, vol. 92, no. 3, pp. e205-e211, Jan. 2019, doi:
10.1212/WNL.0000000000006778.

[127] T. D. Stein, V. E. Alvarez, and A. C. McKee, “Chronic traumatic encephalopathy:
a spectrum of neuropathological changes following repetitive brain traumain
athletes and military personnel,” Alzheimers Res. Ther., vol. 6, no. 1, pp. 4-4,
Jan. 2014, doi: 10.1186/alzrt234.

[128] K. A. Noble, “Traumatic Brain Injury and Increased Intracranial Pressure,” J.
Perianesth. Nurs., vol. 25, no. 4, pp. 242-250, Aug. 2010, doi:
10.1016/j.jopan.2010.05.008.

[129] J. W. Chen, Z. ). Gombart, S. Rogers, S. K. Gardiner, S. Cecil, and R. M. Bullock,
“Pupillary reactivity as an early indicator of increased intracranial pressure:
The introduction of the Neurological Pupil index,” Surg. Neurol. Int., vol. 2, pp.
82-82, 2011, doi: 10.4103/2152-7806.82248.

[130] J. G. Park, C. T. Moon, D. S. Park, and S. W. Song, “Clinical Utility of an
Automated Pupillometer in Patients with Acute Brain Lesion,” J. Korean
Neurosurg. Soc., vol. 58, no. 4, pp. 363-367, Oct. 2015, doi:

10.3340/jkns.2015.58.4.363.

193



[131] J. Q. Truong and K. J. Ciuffreda, “Quantifying pupillary asymmetry through
objective binocular pupillometry in the normal and mild traumatic brain injury
(mTBI) populations,” Brain Inj., vol. 30, no. 11, pp. 1372-1377, Aug. 2016, doi:
10.1080/02699052.2016.1192220.

[132] A. V. Oshorov, E. V. Alexandrova, K. R. Muradyan, O. Yu. Sosnovskaya, E. Yu.
Sokolova, and I. A. Savin, “Pupillometry as a method for monitoring of pupillary
light reflex in ICU patients,” Vopr. Neirokhirurgii Im. NN Burdenko, vol. 85, no.
3, p-117,2021, doi: 10.17116/neiro202185031117.

[133] E. R. McGrath et al., “Blood pressure from mid- to late life and risk of incident
dementia,” Neurology, vol. 89, no. 24, pp. 2447-2454, Dec. 2017, doi:
10.1212/WNL.0000000000004741.

[134] G. Faraco and C. ladecola, “Hypertension: a harbinger of stroke and
dementia,” Hypertens. Dallas Tex 1979, vol. 62, no. 5, pp. 810-817, Nov. 2013,
doi: 10.1161/HYPERTENSIONAHA.113.01063.

[135] C. A. Lane et al., “Associations between blood pressure across adulthood and
late-Llife brain structure and pathology in the neuroscience substudy of the
1946 British birth cohort (Insight 46): an epidemiological study,” Lancet
Neurol., vol. 18, no. 10, pp. 942-952, Oct. 2019, doi: 10.1016/S1474-
4422(19)30228-5.

[136] J. Ding etal., “Antihypertensive medications and risk for incident dementia and
Alzheimer’s disease: a meta-analysis of individual participant data from
prospective cohort studies,” Lancet Neurol., vol. 19, no. 1, pp. 61-70, Jan.

2020, doi: 10.1016/S1474-4422(19)30393-X.

194



[137] S. D. Grozdanic, D. S. Sakaguchi, Y. H. Kwon, R. H. Kardon, and I. M. Sonea,
“Functional Characterization of Retina and Optic Nerve after Acute Ocular
Ischemia in Rats,” Investig. Opthalmology Vis. Sci., vol. 44, no. 6, p. 2597, Jun.
2003, doi: 10.1167/iovs.02-0600.

[138] S. D. Grozdanic, Y. H. Kwon, D. S. Sakaguchi, R. H. Kardon, and I. M. Sonea,
“Functional evaluation of retina and optic nerve in the rat model of chronic
ocular hypertension,” Exp. Eye Res., vol. 79, no. 1, pp. 75-83, Jul. 2004, doi:
10.1016/j.exer.2004.02.011.

[139] W. R. Taylor et al., “Quantitative pupillometry, a new technology: normative
data and preliminary observations in patients with acute head injury,” J.
Neurosurg., vol. 98, no. 1, pp. 205-213, Jan. 2003, doi:
10.3171/jns.2003.98.1.0205.

[140] J. C. Park, H. E. Moss, and J. J. McAnany, “The Pupillary Light Reflex in
Idiopathic Intracranial Hypertension,” Invest. Ophthalmol. Vis. Sci., vol. 57, no.
1, pp. 23-29, Jan. 2016, doi: 10.1167/iovs.15-18181.

[141] F.-P. Jahns et al., “Quantitative pupillometry for the monitoring of intracranial
hypertension in patients with severe traumatic brain injury,” Crit. Care Lond.
Engl.,vol. 23, no. 1, pp. 155-155, May 2019, doi: 10.1186/s13054-019-2436-3.

[142] S.JULIUS, A. V. PASCUAL, and R. LONDON, “Role of Parasympathetic
Inhibition in the Hyperkinetic Type of Borderline Hypertension,” Circulation,
vol. 44, no. 3, pp. 413-418, Sep. 1971, doi: 10.1161/01.cir.44.3.413.

[143] S. Julius et al., “Hyperkinetic borderline hypertension in Tecumseh, Michigan,”

J. Hypertens., vol. 9, no. 1, p. 77?7784, 1991, doi: 10.1097/00004872-

199109010-00012.

195



[144]

[145]

[146]

[147]

[148]

[149]

[150]

E. A. Anderson, C. A. Sinkey, W. J. Lawton, and A. L. Mark, “Elevated
sympathetic nerve activity in borderline hypertensive humans. Evidence from
direct intraneural recordings.,” Hypertension, vol. 14, no. 2, pp. 177-183, Aug.
1989, doi: 10.1161/01.hyp.14.2.177.

G. Mancia and G. Grassi, “The Autonomic Nervous System and Hypertension,”
Circ. Res.,vol. 114, no. 11, pp. 1804-1814, May 2014, doi:
10.1161/circresaha.114.302524.

J. Rehm, O. S. M. Hasan, S. E. Black, K. D. Shield, and M. Schwarzinger,
“Alcohol use and dementia: a systematic scoping review,” Alzheimers Res.
Ther.,vol. 11, no. 1, pp. 1-1, Jan. 2019, doi: 10.1186/s13195-018-0453-0.
A.Venkataraman, N. Kalk, G. Sewell, C. W. Ritchie, and A. Lingford-Hughes,
“Alcohol and Alzheimer’s Disease—Does Alcohol Dependence Contribute to
Beta-Amyloid Deposition, Neuroinflammation and Neurodegeneration in
Alzheimer’s Disease?,” Alcohol Alcohol, Dec. 2016, doi:
10.1093/alcalc/agw092.

A. Topiwala et al., “Moderate alcohol consumption as risk factor for adverse
brain outcomes and cognitive decline: longitudinal cohort study,” BMJ, vol.
357, pp. j2353-j2353, Jun. 2017, doi: 10.1136/bm)j.j2353.

E.T.Tan, D. G. Lambie, R. H. Johnson, and E. A. Whiteside, “Parasympathetic
denervation of the iris in alcoholics with vagal neuropathy,” J. Neurol.
Neurosurg. Psychiatry, vol. 47, no. 1, pp. 61-64, Jan. 1984, doi:
10.1136/jnnp.47.1.61.

L. S. Rubin, “Pupillometric Studies of Alcoholism,” Int. J. Neurosci., vol. 11, no.

4, pp. 301-308, Jan. 1980, doi: 10.3109/00207458009147594.

196



[151]

[152]

[153]

[154]

[155]

[156]

[157]

K. Chida, T. Takasu, and H. Kawamura, “Changes in sympathetic and
parasympathetic function in alcoholic neuropathy,” Nihon Arukoru Yakubutsu
Igakkai Zasshi, vol. 33, no. 1, pp. 45-55, Feb. 1998.

D. Dhingra, S. Kaur, and J. Ram, “Illicit drugs: Effects on eye,” Indian J. Med.
Res., vol. 150, no. 3, pp. 228-238, Sep. 2019, doi: 10.4103/ijmr.lJMR_1210_17.
K. Jindou, H. Yamasaki, O. Yamamoto, T. Nakano, S. Yamamoto, and M.

Yamada, “An Investigation on Detection Technique of Driver’s Condition Based

on Pupillary Light Reflex Characteristics,” CH ot M A5 22| 7| EF ZHH =, pp.

192-197, Feb. 2010.

A. Kaifie, M. Reugels, T. Kraus, and M. Kursawe, “The pupillary light reflex (PLR)
as a marker for the ability to work or drive - a feasibility study,” J. Occup. Med.
Toxicol. Lond. Engl., vol. 16, no. 1, pp. 39-39, Sep. 2021, doi: 10.1186/s12995-
021-00330-2.

E. Albanese et al., “Body mass index in midlife and dementia: Systematic
review and meta-regression analysis of 589,649 men and women followed in
longitudinal studies,” Alzheimers Dement. Amst. Neth., vol. 8, pp. 165-178,
Jun. 2017, doi: 10.1016/j.dadm.2017.05.007.

J. A. Luchsinger and D. R. Gustafson, “Adiposity and Alzheimer’s disease,”
Curr. Opin. Clin. Nutr. Metab. Care, vol. 12, no. 1, pp. 15-21, Jan. 2009, doi:
10.1097/MC0O.0b013e32831c8c71.

C. J. Wotton and M. J. Goldacre, “Age at obesity and association with
subsequent dementia: record linkage study,” Postgrad. Med. J., vol. 90, no.

1068, pp. 547-551, Aug. 2014, doi: 10.1136/postgradmedj-2014-132571.

197



[158]

[159]

[160]

[161]

[162]

[163]

[164]

N. Veronese et al., “Weight loss is associated with improvements in cognitive
function among overweight and obese people: A systematic review and meta-
analysis,” Neurosci. Biobehav. Rev., vol. 72, pp. 87-94, Jan. 2017, doi:
10.1016/j.neubiorev.2016.11.017.

P. Baum, D. Petroff, J. Classen, W. Kiess, and S. Bluher, “Dysfunction of
autonomic nervous system in childhood obesity: a cross-sectional study,”
PloS One, vol. 8, no. 1, pp. e54546-e54546, 2013, doi:
10.1371/journal.pone.0054546.

S. Bluher, D. Petroff, A. Keller, A. Wagner, J. Classen, and P. Baum, “Effect of a
1-Year Obesity Intervention (KLAKS Program) on Preexisting Autonomic
Nervous Dysfunction in Childhood Obesity,” J. Child Neurol., vol. 30, no. 9, pp.
1174-1181, Nov. 2014, doi: 10.1177/0883073814555190.

O. Segal, S. Barak Lanciano, and U. Nussinovitch, “Association between body
mass index and pupillary light reflex indices,” Obes. Med., vol. 32, p. 100417,
Jun. 2022, doi: 10.1016/j.0bmed.2022.100417.

S.J. Piha, T. Rbnnemaa, and M. Koskenvuo, “Autonomic nervous system
function in identical twins discordant for obesity,” Int. J. Obes. Relat. Metab.
Disord. J. Int. Assoc. Study Obes., vol. 18, no. 8, pp. 547-550, Aug. 1994.

A. Ottet al., “Smoking and risk of dementia and Alzheimer’s disease in a
population-based cohort study: the Rotterdam Study,” The Lancet, vol. 351,
no. 9119, pp. 1840-1843, Jun. 1998, doi: 10.1016/s0140-6736(97)07541-7.

K. J. Anstey, C. von Sanden, A. Salim, and R. O’Kearney, “Smoking as a Risk

Factor for Dementia and Cognitive Decline: A Meta-Analysis of Prospective

198



[165]

[166]

[167]

[168]

[169]

[170]

[171]

Studies,” Am. J. Epidemiol., vol. 166, no. 4, pp. 367-378, Jun. 2007, doi:
10.1093/aje/kwm116.

J. K. Cataldo, J. J. Prochaska, and S. A. Glantz, “Cigarette smoking is a risk
factor for Alzheimer’s Disease: an analysis controlling for tobacco industry
affiliation,” J. Alzheimers Dis. JAD, vol. 19, no. 2, pp. 465-480, 2010, doi:
10.3233/JAD-2010-1240.

M. Rusanen, M. Kivipelto, C. P. Quesenberry, J. Zhou, and R. A. Whitmer,
“Heavy Smoking in Midlife and Long-term Risk of Alzheimer Disease and
Vascular Dementia,” Arch. Intern. Med., vol. 171, no. 4, p. 333, Feb. 2011, doi:
10.1001/archinternmed.2010.393.

S. M. Debanne, R. A. Bielefeld, V. K. Cheruvu, T. Fritsch, and D. Y. Rowland,
“Alzheimer’s Disease and Smoking: Bias in Cohort Studies,” J. Alzheimers Dis.,
vol. 11, no. 3, pp. 313-321, May 2007, doi: 10.3233/jad-2007-11308.

C.-C. H. Chang, Y. Zhao, C.-W. Lee, and M. Ganguli, “Smoking, death, and
Alzheimer disease: a case of competing risks,” Alzheimer Dis. Assoc. Disord.,
vol. 26, no. 4, pp. 300-306, 2012, doi: 10.1097/WAD.0b013e3182420b6e.

D. Choi, S. Choi, and S. M. Park, “Effect of smoking cessation on the risk of
dementia: a longitudinal study,” Ann. Clin. Transl. Neurol., vol. 5, no. 10, pp.
1192-1199, Sep. 2018, doi: 10.1002/acn3.633.

X. Pan, Y. Luo, and A. R. Roberts, “Secondhand Smoke and Women’s Cognitive
Function in China,” Am. J. Epidemiol., vol. 187, no. 5, pp. 911-918, Jan. 2018,
doi: 10.1093/aje/kwx377.

T. Xu, X. Lan, Y. Guan, S. Zhang, X. Wang, and C. Miao, “Chronic nicotine

treatment enhances vascular smooth muscle relaxation in rats,” Acta

199



[172]

[173]

[174]

[175]

[176]

[177]

Pharmacol. Sin., vol. 36, no. 4, pp. 429-439, Apr. 2015, doi:
10.1038/aps.2015.5.

S. T. Hanna, “Nicotine Effect on Cardiovascular System and lon Channels,” J.
Cardiovasc. Pharmacol., vol. 47, no. 3, pp. 348-358, Mar. 2006, doi:
10.1097/01.fjc.0000205984.13395.9e.

S. Yoshiyama et al., “Nicotine exposure alters human vascular smooth muscle
cell phenotype from a contractile to a synthetic type,” Atherosclerosis, vol.
237, no. 2, pp. 464-470, Dec. 2014, doi:
10.1016/j.atherosclerosis.2014.10.019.

Z.Wang, B. Liu, J. Zhu, D. Wang, and Y. Wang, “Nicotine-mediated autophagy
of vascular smooth muscle cell accelerates atherosclerosis via
nAChRs/ROS/NF-kB signaling pathway,” Atherosclerosis, vol. 284, pp. 1-10,
May 2019, doi: 10.1016/j.atherosclerosis.2019.02.008.

G. Hayes, J. Pinto, S. N. Sparks, C. Wang, S. Suri, and D. P. Bulte, “Vascular
smooth muscle cell dysfunction in neurodegeneration,” Front. Neurosci., vol.
16, pp. 1010164-1010164, Nov. 2022, doi: 10.3389/fnins.2022.1010164.

K. Mansouri, B. Pajic, and F. Hafezi, “Effect of cigarette smoking on intraocular
pressure,” J. Cataract Refract. Surg., vol. 41, no. 3, pp. 682-683, Mar. 2015,
doi: 10.1016/j.jcrs.2014.11.040.

A. J. Lee, E. Rochtchina, J. J. Wang, P. R. Healey, and P. Mitchell, “Does
Smoking Affect Intraocular Pressure? Findings from the Blue Mountains Eye
Study,” J. Glaucoma, vol. 12, no. 3, pp. 209-212, Jun. 2003, doi:

10.1097/00061198-200306000-00005.

200



[178] F. Caraci, A. Copani, F. Nicoletti, and F. Drago, “Depression and Alzheimer’s
disease: Neurobiological links and common pharmacological targets,” Eur. J.
Pharmacol., vol. 626, no. 1, pp. 64-71, Jan. 2010, doi:
10.1016/j.ejphar.2009.10.022.

[179] V. M. Dotson, M. A. Beydoun, and A. B. Zonderman, “Recurrent depressive
symptoms and the incidence of dementia and mild cognitive impairment,”
Neurology, vol. 75, no. 1, pp. 27-34, Jul. 2010, doi:
10.1212/WNL.0b013e3181e62124.

[180] S. Chi, J.-T. Yu, M.-S. Tan, and L. Tan, “Depression in Alzheimer’s Disease:
Epidemiology, Mechanisms, and Management,” J. Alzheimers Dis., vol. 42, no.
3, pp- 739-755, Sep. 2014, doi: 10.3233/jad-140324.

[181] Y. I. Sheline et al., “An antidepressant decreases CSF AP production in healthy
individuals and in transgenic AD mice,” Sci. Transl. Med., vol. 6, no. 236, pp.
236re4-236re4, May 2014, doi: 10.1126/scitranslmed.3008169.

[182] B.J. Miller, S. Sareddy, P. B. Rosenquist, and W. V. McCall, “Pupillary light
reflex markers of suicide risk in a trans-diagnostic sample,” Schizophr. Res.,
vol. 235, pp. 1-2, Sep. 2021, doi: 10.1016/j.schres.2021.06.027.

[183] A. MESTANIKOVA et al., “Pupillary Light Reflex is Altered in Adolescent
Depression,” Physiol. Res., pp. S277-S284, Aug. 2017, doi:
10.33549/physiolres.933683.

[184] G. Berman et al., “Decreased retinal sensitivity in depressive disorder: a
controlled study,” Acta Psychiatr. Scand., vol. 137, no. 3, pp. 231-240, Jan.

2018, doi: 10.1111/acps.12851.

201



[185]

[186]

[187]

[188]

[189]

[190]

[191]

K. Fountoulakis et al., “Changes in pupil reaction to light in melancholic
patients,” Int. J. Psychophysiol., vol. 31, no. 2, pp. 121-128, Jan. 1999, doi:
10.1016/s0167-8760(98)00046-4.

K.-J. Bar, W. Greiner, T. Jochum, M. Friedrich, G. Wagner, and H. Sauer, “The
influence of major depression and its treatment on heart rate variability and
pupillary light reflex parameters,” J. Affect. Disord., vol. 82, no. 2, pp. 245-252,
Oct. 2004, doi: 10.1016/j.jad.2003.12.016.

B. Feigl, G. Ojha, L. Hides, and A. J. Zele, “Melanopsin-Driven Pupil Response
and Light Exposure in Non-seasonal Major Depressive Disorder,” Front.
Neurol.,vol. 9, pp. 764-764, Sep. 2018, doi: 10.3389/fneur.2018.00764.

S. A. Laurenzo et al., “Pupillary response abnormalities in depressive
disorders,” Psychiatry Res., vol. 246, pp. 492-499, Dec. 2016, doi:
10.1016/j.psychres.2016.10.039.

D. Baglietto-Vargas, J. Shi, D. M. Yaeger, R. Ager, and F. M. LaFerla, “Diabetes
and Alzheimer’s disease crosstalk,” Neurosci. Biobehav. Rev., vol. 64, pp. 272-
287, May 2016, doi: 10.1016/j.neubiorev.2016.03.005.

Y. Liu, F. Liu, I. Grundke-Igbal, K. Igbal, and C.-X. Gong, “Brain glucose
transporters, O-GlcNAcylation and phosphorylation of tau in diabetes and
Alzheimer’s disease,” J. Neurochem.,vol. 111, no. 1, pp. 242-249, Oct. 2009,
doi: 10.1111/j.1471-4159.2009.06320.x.

A. Areosa Sastre, R. W. Vernooij, M. Gonzalez-Colago Harmand, and G.
Martinez, “Effect of the treatment of Type 2 diabetes mellitus on the

development of cognitive impairment and dementia,” Cochrane Database

202



[192]

[193]

[194]

[195]

[196]

[197]

Syst. Rev., vol. 6, no. 6, pp. CD003804-CD003804, Jun. 2017, doi:
10.1002/14651858.CD003804.pub2.

P. Lanting, R. L. M. Strijers, J. E. Bos, T. J. C. Faes, and J. J. Heimans, “The cause
of increased pupillary light reflex latencies in diabetic patients: the relationship
between pupillary light reflex and visual evoked potential latencies,”
Electroencephalogr. Clin. Neurophysiol., vol. 78, no. 2, pp. 111-115, Feb.
1991, doi: 10.1016/0013-4694(91)90110-p.

F. Ishibashi, R. Kojima, M. Taniguchi, A. Kosaka, H. Uetake, and M. Tavakoli,
“The Preferential Impairment of Pupil Constriction Stimulated by Blue Light in
Patients with Type 2 Diabetes without Autonomic Neuropathy,” J. Diabetes
Res., vol. 2017, pp. 6069730-6069730, 2017, doi: 10.1155/2017/6069730.

K. Karavanaki, A. G. Davies, L. P. Hunt, M. H. Morgan, and J. D. Baum, “Pupil
size in diabetes,” Arch. Dis. Child., vol. 71, no. 6, pp. 511-515, Dec. 1994, doi:
10.1136/adc.71.6.511.

Y.Yang, Y. Yu, and K. Yao, “Pupillary Dysfunction in Type 2 Diabetes Mellitus to
Refine the Early Diagnosis of Diabetic Autonomic Neuropathy,” Neuro-
Ophthalmol., vol. 30, no. 1, pp. 17-21, Jan. 2006, doi:
10.1080/01658100600599527.

G. L. Ferrari et al., “An Approach to the Assessment of Diabetic Neuropathy
Based on Dynamic Pupillometry,” presented at the 2007 29th Annual
International Conference of the IEEE Engineering in Medicine and Biology
Society, IEEE, Aug. 2007. doi: 10.1109/iembs.2007.4352351.

B. Feigl et al., “The post-illumination pupil response of melanopsin-expressing

intrinsically photosensitive retinal ganglion cells in diabetes,” Acta

203



Ophthalmol. (Copenh.), vol. 90, no. 3, Aug. 2011, doi: 10.1111/j.1755-
3768.2011.02226.x.

[198] [. B. Hreidarsson and H. J. G. Gundersen, “The pupillary response to light in
Type 1 (insulin-dependent) diabetes,” Diabetologia, vol. 28, no. 11, pp. 815—
821, Nov. 1985, doi: 10.1007/bf00291070.

[199] A. De la Rosa et al., “Physical exercise in the prevention and treatment of
Alzheimer’s disease,” J. Sport Health Sci., vol. 9, no. 5, pp. 394-404, Sep. 2020,
doi: 10.1016/j.jshs.2020.01.004.

[200] F. Sofi et al., “Physical activity and risk of cognitive decline: a meta-analysis of
prospective studies,” J. Intern. Med., vol. 269, no. 1, pp. 107-117, Sep. 2010,
doi: 10.1111/j.1365-2796.2010.02281 .x.

[201] M. Hersi, B. Irvine, P. Gupta, J. Gomes, N. Birkett, and D. Krewski, “Risk factors
associated with the onset and progression of Alzheimer’s disease: A
systematic review of the evidence,” NeuroToxicology, vol. 61, pp. 143-187, Jul.
2017, doi: 10.1016/j.neuro.2017.03.006.

[202] D. Cabrera DeBuc, G. M. Somfai, E. Arthur, M. Kostic, S. Oropesa, and C.
Mendoza Santiesteban, “Investigating Multimodal Diagnostic Eye Biomarkers
of Cognitive Impairment by Measuring Vascular and Neurogenic Changes in
the Retina,” Front. Physiol., vol. 9, pp. 1721-1721, Dec. 2018, doi:
10.3389/fphys.2018.01721.

[203] D. A. Valenti, “Alzheimer’s disease: Visual system review,” Optom. - J. Am.
Optom. Assoc., vol. 81, no. 1, pp. 12-21, Jan. 2010, doi:

10.1016/j.0ptm.2009.04.101.

204



[204]

[205]

[206]

[207]

[208]

[209]

[210]

M. A. M. Rogers and K. M. Langa, “Untreated poor vision: a contributing factor
to late-life dementia,” Am. J. Epidemiol., vol. 171, no. 6, pp. 728-735, Mar.
2010, doi: 10.1093/aje/kwp453.

Y. Koronyo et al., “Retinal amyloid pathology and proof-of-concept imaging
trialin Alzheimer’s disease,” JC/ Insight, vol. 2, no. 16, p. €93621, Aug. 2017,
doi: 10.1172/jci.insight.93621.

S. Kirbas, K. Turkyilmaz, O. Anlar, A. Tufekci, and M. Durmus, “Retinal Nerve
Fiber Layer Thickness in Patients With Alzheimer Disease,” J.
Neuroophthalmol., vol. 33, no. 1, pp. 58-61, Mar. 2013, doi:
10.1097/wno.0b013e318267fd5f.

S. Asanad, F. N. Ross-Cisneros, M. Nassisi, E. Barron, R. Karanjia, and A. A.
Sadun, “The Retina in Alzheimer’s Disease: Histomorphometric Analysis of an
Ophthalmologic Biomarker,” Invest. Ophthalmol. Vis. Sci., vol. 60, no. 5, pp.
1491-1500, Apr. 2019, doi: 10.1167/iovs.18-25966.

S. Sharma et al., “Factors influencing the pupillary light reflex in healthy
individuals,” Graefes Arch. Clin. Exp. Ophthalmol., vol. 254, no. 7, pp. 1353-
1359, Mar. 2016, doi: 10.1007/s00417-016-3311-4.

P. BITSIOS, R. PRETTYMAN, and E. SZABADI, “Changes in Autonomic Function
with Age: A Study of Pupillary Kinetics in Healthy Young and Old People,” Age
Ageing, vol. 25, no. 6, pp. 432-438, 1996, doi: 10.1093/ageing/25.6.432.

D. F. Fotiou et al., “Effect of age on pupillary light reflex: evaluation of pupil
mobility for clinical practice and research,” Electromyogr. Clin. Neurophysiol.,

vol. 47, no. 1, pp. 11-22, 2007.

205



[211] R. Feinberg, E. Podolak, and Georgetown Clinical Research Institute, “Latency
of pupillary reflex to light stimulation and its relationship to aging.,” AM 65-25,
Sep. 1965. Accessed: Jan. 27, 2025. [Online]. Available:
https://rosap.ntl.bts.gov/view/dot/20753

[212] S. Kim et al., “Gender differences in risk factors for transition from mild
cognitive impairment to Alzheimer’s disease: A CREDOS study,” Compr.
Psychiatry, vol. 62, pp. 114-122, Oct. 2015, doi:
10.1016/j.comppsych.2015.07.002.

[213] L. A. Farrer, “Effects of Age, Sex, and Ethnicity on the Association Between
Apolipoprotein E Genotype and Alzheimer Disease,” JAMA, vol. 278, no. 16, p.
1349, Oct. 1997, doi: 10.1001/jama.1997.03550160069041.

[214] S. Seshadri et al., “Lifetime risk of dementia and Alzheimer’s disease,”
Neurology, vol. 49, no. 6, pp. 1498-1504, Dec. 1997, doi:
10.1212/wnl.49.6.1498.

[215] J. L. Podcasy and C. N. Epperson, “Considering sex and gender in Alzheimer
disease and other dementias,” Dialogues Clin. Neurosci., vol. 18, no. 4, pp.
437-446, Dec. 2016, doi: 10.31887/DCNS.2016.18.4/cepperson.

[216] X. Fan and G. Yao, “Modeling transient pupillary light reflex induced by a short
light flash,” IEEE Trans. Biomed. Eng., vol. 58, no. 1, pp. 36-42, Jan. 2011, doi:
10.1109/TBME.2010.2080678.

[217] I. M. Carey et al., “Are noise and air pollution related to the incidence of
dementia? A cohort study in London, England,” BMJ Open, vol. 8, no. 9, pp.

e022404-e022404, Sep. 2018, doi: 10.1136/bmjopen-2018-022404.

206



[218] I. Paciéncia et al., “School environment associates with lung function and
autonomic nervous system activity in children: a cross-sectional study,” Sci.
Rep.,vol. 9, no. 1, pp. 15156-15156, Oct. 2019, doi: 10.1038/s41598-019-
51659-y.

[219] M. Kivipelto, T. Ngandu, T. Laatikainen, B. Winblad, H. Soininen, and J.
Tuomilehto, “Risk score for the prediction of dementia risk in 20 years among
middle aged people: a longitudinal, population-based study,” Lancet Neurol.,
vol. 5, no. 9, pp. 735-741, Sep. 2006, doi: 10.1016/s1474-4422(06)70537-3.

[220] W. J. Strawbridge, M. |. Wallhagen, S. J. Shema, and G. A. Kaplan, “Negative
Consequences of Hearing Impairment in Old Age,” The Gerontologist, vol. 40,
no. 3, pp. 320-326, Jun. 2000, doi: 10.1093/geront/40.3.320.

[221] J. Nachtegaal et al., “The Association Between Hearing Status and
Psychosocial Health Before the Age of 70 Years: Results From an Internet-
Based National Survey on Hearing,” Ear Hear., vol. 30, no. 3, pp. 302-312, Jun.
2009, doi: 10.1097/aud.0b013e31819c6e01.

[222] M. Pronk et al., “Prospective effects of hearing status on loneliness and
depression in older persons: Identification of subgroups,” Int. J. Audiol., vol.
50, no. 12, pp. 887-896, Sep. 2011, doi: 10.3109/14992027.2011.599871.

[223] M. Ralli et al., “Hearing loss and Alzheimer?s disease: A Review,” Int. Tinnitus
J.,vol. 23, no. 2, 2019, doi: 10.5935/0946-5448.20190014.

[224] K. E. Bainbridge, H. J. Hoffman, and C. C. Cowie, “Diabetes and hearing
impairment in the United States: audiometric evidence from the National

Health and Nutrition Examination Survey, 1999 to 2004,” Ann. Intern. Med., vol.

207



[225]

[226]

[227]

[228]

[229]

[230]

[231]

149, no. 1, pp. 1-10, Jul. 2008, doi: 10.7326/0003-4819-149-1-200807010-
00231.

S. Verma and M. E. Hussain, “Obesity and diabetes: An update,” Diabetes
Metab. Syndr. Clin. Res. Rev., vol. 11, no. 1, pp. 73-79, Jan. 2017, doi:
10.1016/j.dsx.2016.06.017.

A. H. Mokdad et al., “Prevalence of Obesity, Diabetes, and Obesity-Related
Health Risk Factors, 2001,” JAMA, vol. 289, no. 1, p. 76, Jan. 2003, doi:
10.1001/jama.289.1.76.

J. Helliwell and R. Putnam, “Education and Social Capital,” National Bureau of
Economic Research, May 1999. doi: 10.3386/w7121.

Y. Shichida and T. Matsuyama, “Evolution of opsins and phototransduction,”
Philos. Trans. R. Soc. B Biol. Sci., vol. 364, no. 1531, p. 2881, Oct. 2009, doi:
10.1098/rstb.2009.0051.

J. C. Park, A. L. Moura, A. S. Raza, D. W. Rhee, R. H. Kardon, and D. C. Hood,
“Toward a Clinical Protocol for Assessing Rod, Cone, and Melanopsin
Contributions to the Human Pupil Response,” Invest. Ophthalmol. Vis. Sci.,
vol. 52, no. 9, pp. 6624-6635, Aug. 2011, doi: 10.1167/iovs.11-7586.

J. T. Martin and M. Spitschan, “PyPlr Documentation.” Github, 2021. Accessed:
Mar. 11, 2024. [Online]. Available:
https://pyplr.github.io/cvd_pupillometry/05d_pipr_stlab.html

P. A. Barrionuevo, L. A. Issolio, and C. Tripolone, “Photoreceptor contributions
to the human pupil light reflex,” J. Photochem. Photobiol., vol. 15, p. 100178,

Jun. 2023, doi: 10.1016/j.jpap.2023.100178.

208



[232] A. ). Zele, P. Adhikari, D. Cao, and B. Feigl, “Melanopsin and Cone
Photoreceptor Inputs to the Afferent Pupil Light Response,” Front. Neurol., vol.
10, May 2019, doi: 10.3389/fneur.2019.00529.

[233] M. T. H. Do, “MELANOPSIN AND THE INTRINSICALLY PHOTOSENSITIVE
RETINAL GANGLION CELLS: BIOPHYSICS TO BEHAVIOR,” Neuron, vol. 104,
no. 2, p. 205, Oct. 2019, doi: 10.1016/j.neuron.2019.07.016.

[234] J. ). Gooley et al., “Melanopsin and Rod—Cone Photoreceptors Play Different
Roles in Mediating Pupillary Light Responses during Exposure to Continuous
Lightin Humans,” J. Neurosci., vol. 32, no. 41, p. 14242, Oct. 2012, doi:
10.1523/JNEUROSCI.1321-12.2012.

[235] R.J. Lucas et al., “Measuring and using light in the melanopsin age,” Trends
Neurosci., vol. 37, no. 1, pp. 1-9, Jan. 2014, doi: 10.1016/j.tins.2013.10.004.

[236] B. Gramatikov, K. Irsch, and D. Guyton, “Pupil Size Dynamics During the First
Minutes of Dark Adaptation While Fixating on a Target,” Invest. Ophthalmol.
Vis. Sci., vol. 54, no. 15, p. 4374, Jun. 2013.

[237] G. N. Manion andT. J. Stokkermans, “The Effect of Pupil Size on Visual
Resolution,” in StatPearls, Treasure Island (FL): StatPearls Publishing, 2025.
Accessed: May 19, 2025. [Online]. Available:
http://www.ncbi.nlm.nih.gov/books/NBK603732/

[238] C.-A. Wang, T. Baird, J. Huang, J. D. Coutinho, D. C. Brien, and D. P. Munoz,
“Arousal Effects on Pupil Size, Heart Rate, and Skin Conductance in an
Emotional Face Task,” Front. Neurol., vol. 9, Dec. 2018, doi:

10.3389/fneur.2018.01029.

209



[239]

[240]

[241]

[242]

[243]

[244]

[245]

J.-T. Chen, Y.-C. Kuo, T.-Y. Hsu, and C.-A. Wang, “Fatigue and Arousal
Modulations Revealed by Saccade and Pupil Dynamics,” Int. J. Environ. Res.
Public. Health, vol. 19, no. 15, Art. no. 15, Jan. 2022, doi:
10.3390/ijerph19159234.

S. Traustason, A. E. Brondsted, B. Sander, and H. Lund-Andersen, “Pupillary
response to direct and consensual chromatic light stimuli,” Acta Ophthalmol.
(Copenh.), vol. 94, no. 1, pp. 65-69, 2016, doi: 10.1111/a0s.12894.

D. Hong and K. Tripathy, “Tropicamide,” in StatPearls, Treasure Island (FL):
StatPearls Publishing, 2025. Accessed: May 19, 2025. [Online]. Available:
http://www.ncbi.nlm.nih.gov/books/NBK541069/

V. V. Naik and M. Chandra, “Effect of caffeine on the amplitude of
accommodation and pupil size,” BLDE Univ. J. Health Sci., vol. 8, no. 1, p. 135,
Jun. 2023, doi: 10.4103/bjhs.bjhs_155_22.

R. B. Murray, M. W. Adler, and A. D. Korczyn, “The pupillary effects of oploids,”
Life Sci., vol. 33, no. 6, pp. 495-509, Aug. 1983, doi: 10.1016/0024-
3205(83)90123-6.

N. S. Gray, M. Price, J. Pink, C. O’Connor, A. Antunes, and R. J. Snowden,
“Measuring the Pupillary Light Reflex Using Portable Instruments in Applied
Settings,” Vision, vol. 8, no. 4, Art. no. 4, Dec. 2024, doi:
10.3390/vision8040060.

S. Sparks, J. Pinto, G. Hayes, M. Spitschan, and D. P. Bulte, “The impact of
Alzheimer’s disease risk factors on the pupillary light response,” Front.

Neurosci., vol. 17, Aug. 2023, doi: 10.3389/fnins.2023.1248640.

210



[246]

[247]

[248]

[249]

[250]

[251]

[252]

M. Romagnoli, G. Amore, P. Avanzini, V. Carelli, and C. La Morgia, “Chromatic
pupillometry for evaluating melanopsin retinal ganglion cell function in
Alzheimer’s disease and other neurodegenerative disorders: a review,” Front.
Psychol., vol. 14, Jan. 2024, doi: 10.3389/fpsyg.2023.1295129.

D. A. Hartmann, V. Coelho-Santos, and A. Y. Shih, “Pericyte Control of Blood
Flow Across Microvascular Zones in the Central Nervous System,” Annu Rev
Physiol, vol. 84, pp. 331-354, 2022, doi: 10.1146/annurev-physiol-061121-
040127.

G. Hayes, J. Pinto, S. N. Sparks, C. Wang, S. Suri, and D. P. Bulte, “Vascular
smooth muscle cell dysfunction in neurodegeneration,” Front. Neurosci., vol.
16, 2022, doi: 10.3389/fnins.2022.1010164.

P. Liu et al., “Cerebrovascular reactivity mapping using intermittent breath
modulation,” Neurolmage, vol. 215, p. 116787, Jul. 2020, doi:
10.1016/j.neuroimage.2020.116787.

J. Pinto, M. G. Bright, D. P. Bulte, and P. Figueiredo, “Cerebrovascular
Reactivity Mapping Without Gas Challenges: A Methodological Guide,” Front
Physiol, vol. 11, 2021.

E. B. Ringelstein, S. Van Eyck, and I. Mertens, “Evaluation of Cerebral
Vasomotor Reactivity by Various Vasodilating Stimuli: Comparison of CO2 to
Acetazolamide,” J. Cereb. Blood Flow Metab., vol. 12, no. 1, pp. 162-168, Jan.
1992, doi: 10.1038/jcbfm.1992.20.

E. Sleight, M. S. Stringer, I. Marshall, J. M. Wardlaw, and M. J. Thrippleton,
“Cerebrovascular Reactivity Measurement Using Magnetic Resonance

Imaging: A Systematic Review,” Front. Physiol., vol. 12, 2021, Accessed: Dec.

211



[253]

[254]

[255]

[256]

[257]

[258]

01, 2022. [Online]. Available:
https://www.frontiersin.org/articles/10.3389/fphys.2021.643468

C. V. Burley, S. T. Francis, K. N. Thomas, A. C. Whittaker, S. J. E. Lucas, and K. J.
Mullinger, “Contrasting Measures of Cerebrovascular Reactivity Between MRI
and Doppler: A Cross-Sectional Study of Younger and Older Healthy
Individuals,” Front. Physiol., vol. 12, 2021, doi: 10.3389/fphys.2021.656746.
M. N. McDonnell, N. M. Berry, M. A. Cutting, H. A. Keage, J. D. Buckley, and P.
R. C. Howe, “Transcranial Doppler ultrasound to assess cerebrovascular
reactivity: reliability, reproducibility and effect of posture,” PeerJ, vol. 1, p. €65,
Apr. 2013, doi: 10.7717/peerj.65.

M. Alwatban, D. L. Murman, and G. Bashford, “Cerebrovascular Reactivity
Impairment in Preclinical Alzheimer’s Disease,” J. Neuroimaging Off. J. Am.
Soc. Neuroimaging, vol. 29, no. 4, pp. 493-498, Jul. 2019, doi:
10.1111/jon.12606.

S. Favaretto, U. Walter, C. Baracchini, and A. Cagnin, “Transcranial
Sonography in Neurodegenerative Diseases with Cognitive Decline,” J.
Alzheimers Dis. JAD, vol. 61, no. 1, pp. 29-40, 2018, doi: 10.3233/JAD-170382.
A. E. Roheretal., “Transcranial doppler ultrasound blood flow velocity and
pulsatility index as systemic indicators for Alzheimer’s disease,” Alzheimers
Dement. J. Alzheimers Assoc., vol. 7, no. 4, pp. 445-455, Jul. 2011, doi:
10.1016/j.jalz.2010.09.002.

S. Suri etal., “Reduced cerebrovascular reactivity in young adults carrying the
APOE €4 allele,” Alzheimers Dement. J. Alzheimers Assoc., vol. 11, no. 6, pp.

648-657.e1, Jun. 2015, doi: 10.1016/j.jalz.2014.05.1755.

212



[259]

[260]

[261]

[262]

[263]

[264]

C.Wang, G. Reid, C. E. Mackay, G. Hayes, D. P. Bulte, and S. Suri, “A
systematic review of the association between dementia risk factors and
cerebrovascular reactivity,” Neurosci. Biobehav. Rev., vol. 148, p. 105140, May
2023, doi: 10.1016/j.neubiorev.2023.105140.

A. Milanlioglu, A. Yaman, M. Kolukisa, and T. Asil, “Evaluation of cerebral
hemodynamic status in patients with unilateral symptomatic carotid artery
stenosis during motor tasks, through use of transcranial Doppler sonography,”
Arq. Neuropsiquiatr., vol. 80, no. 4, pp. 339-343, Apr. 2022, doi: 10.1590/0004-
282X-ANP-2020-0571.

E. B. Ringelstein, C. Sievers, S. Ecker, P. A. Schneider, and S. M. Otis,
“Noninvasive assessment of CO2-induced cerebral vasomotor response in
normal individuals and patients with internal carotid artery occlusions.,”
Stroke, vol. 19, no. 8, pp. 963-969, Aug. 1988, doi: 10.1161/01.STR.19.8.963.

J. M. Serrador, P. A. Picot, B. K. Rutt, J. K. Shoemaker, and R. L. Bondar, “MRlI
Measures of Middle Cerebral Artery Diameter in Conscious Humans During
Simulated Orthostasis,” Stroke, vol. 31, no. 7, pp. 1672-1678, Jul. 2000, doi:
10.1161/01.STR.31.7.1672.

A. Xie, J. B. Skatrud, R. Khayat, J. A. Dempsey, B. Morgan, and D. Russell,
“Cerebrovascular Response to Carbon Dioxide in Patients with Congestive
Heart Failure,” Am. J. Respir. Crit. Care Med., vol. 172, no. 3, pp. 371-378, Aug.
2005, doi: 10.1164/rccm.200406-8070C.

J. N. Barnes et al., “Cerebrovascular Reactivity and Vascular Activation in
Postmenopausal Women With Histories of Preeclampsia,” Hypertension, vol.

71,no0. 1, pp. 110-117, 2018, doi: 10.1161/hypertensionaha.117.10248.

213



[265] L. A. Lipsitz, S. Mukai, J. Hamner, M. Gagnon, and V. Babikian, “Dynamic
Regulation of Middle Cerebral Artery Blood Flow Velocity in Aging and
Hypertension,” Stroke, vol. 31, no. 8, pp. 1897-1903, Aug. 2000, doi:
10.1161/01.STR.31.8.1897.

[266] N. Ishizaka, M. Noda, S. Yokoyama, K. Kawasaki, M. Yamamoto, and H.
Higashida, “Muscarinic acetylcholine receptor subtypes in the human iris,”
Brain Res., vol. 787, no. 2, pp. 344-347, Mar. 1998, doi: 10.1016/S0006-
8993(97)01554-0.

[267] A. G. Lerner et al., “Type 2 diabetes and cardiac autonomic neuropathy
screening using dynamic pupillometry,” Diabet. Med. J. Br. Diabet. Assoc., vol.
32, no. 11, pp. 1470-1478, Nov. 2015, doi: 10.1111/dme.12752.

[268] Y. Wang et al., “Parasympathetic Nervous System Dysfunction, as ldentified by
Pupil Light Reflex, and Its Possible Connection to Hearing Impairment,” PLOS
ONE, vol. 11, no. 4, p. e0153566, Apr. 2016, doi:
10.1371/journal.pone.0153566.

[269] B. Winn, D. Whitaker, D. B. Elliott, and N. J. Phillips, “Factors affecting light-
adapted pupil size in normal human subjects,” Invest. Ophthalmol. Vis. Sci.,
vol. 35, no. 3, pp. 1132-1137, Mar. 1994.

[270] S.Z. Wu, A. V. Masurkar, and L. J. Balcer, “Afferent and Efferent Visual Markers
of Alzheimer’s Disease: A Review and Update in Early Stage Disease,” Front.
Aging Neurosci., vol. 12, p. 572337, 2020, doi: 10.3389/fhagi.2020.572337.

[271] C. A. Halland R. P. Chilcott, “Eyeing up the Future of the Pupillary Light Reflex
in Neurodiagnostics,” Diagnostics, vol. 8, no. 1, Art. no. 1, Mar. 2018, doi:

10.3390/diagnostics8010019.

214



[272]

[273]

[274]

[275]

[276]

[277]

[278]

A.V. Oshorov, E. V. Alexandrova, K. R. Muradyan, O. Yu. Sosnovskaya, E. Yu.
Sokolova, and I. A. Savin, “Pupillometry as a method for monitoring of pupillary
light reflex in ICU patients,” Vopr. Neirokhirurgii Im. NN Burdenko, vol. 85, no.
3, p-117,2021, doi: 10.17116/neiro202185031117.

J. G. Park, C.T. Moon, D. S. Park, and S. W. Song, “Clinical Utility of an
Automated Pupillometer in Patients with Acute Brain Lesion,” J. Korean
Neurosurg. Soc., vol. 58, no. 4, pp. 363-367, Oct. 2015, doi:
10.3340/jkns.2015.58.4.363.

J. Q. Truong and K. J. Ciuffreda, “Quantifying pupillary asymmetry through
objective binocular pupillometry in the normal and mild traumatic brain injury
(mTBI) populations,” Brain Inj., vol. 30, no. 11, pp. 1372-1377, Sep. 2016, doi:
10.1080/02699052.2016.1192220.

G. Berman et al., “Decreased retinal sensitivity in depressive disorder: a
controlled study,” Acta Psychiatr. Scand., vol. 137, no. 3, pp. 231-240, 2018,
doi: 10.1111/acps.12851.

K. Fountoulakis et al., “Changes in pupil reaction to light in melancholic
patients,” Int. J. Psychophysiol. Off. J. Int. Organ. Psychophysiol., vol. 31, no. 2,
pp. 121-128, Jan. 1999, doi: 10.1016/s0167-8760(98)00046-4.

A. Mestanikova et al., “Pupillary Light Reflex is Altered in Adolescent
Depression,” Physiol. Res., pp. S277-S284, Aug. 2017, doi:
10.33549/physiolres.933683.

B. J. Miller, S. Sareddy, P. B. Rosenquist, and W. V. McCall, “Pupillary light
reflex markers of suicide risk in a trans-diagnostic sample,” Schizophr. Res.,

vol. 235, pp. 1-2, Sep. 2021, doi: 10.1016/j.schres.2021.06.027.

215



[279] S. Bista Karki, K. J. Coppell, L. V. Mitchell, and K. C. Ogbuehi, “Dynamic
Pupillometry in Type 2 Diabetes: Pupillary Autonomic Dysfunction and the
Severity of Diabetic Retinopathy,” Clin. Ophthalmol. Auckl. NZ, vol. 14, pp.
3923-3930, 2020, doi: 10.2147/OPTH.S279872.

[280] K. Karavanaki, A. G. Davies, L. P. Hunt, M. H. Morgan, and J. D. Baum, “Pupil
size in diabetes.,” Arch. Dis. Child., vol. 71, no. 6, pp. 511-515, Dec. 1994, doi:
10.1136/adc.71.6.511.

[281] P. Lanting, R. L. Strijers, J. E. Bos, T. J. Faes, and J. J. Heimans, “The cause of
increased pupillary light reflex latencies in diabetic patients: the relationship
between pupillary light reflex and visual evoked potential latencies,”
Electroencephalogr. Clin. Neurophysiol., vol. 78, no. 2, pp. 111-115, Feb.
1991, doi: 10.1016/0013-4694(91)90110-p.

[282] Y.Yang, Y. Yu, and K. Yao, “Pupillary Dysfunction in Type 2 Diabetes Mellitus to
Refine the Early Diagnosis of Diabetic Autonomic Neuropathy,” Neuro-
Ophthalmol., vol. 30, no. 1, pp. 17-21, Jan. 2006, doi:
10.1080/01658100600599527.

[283] J. W. Chen, Z. ). Gombart, S. Rogers, S. K. Gardiner, S. Cecil, and R. M. Bullock,
“Pupillary reactivity as an early indicator of increased intracranial pressure:
The introduction of the Neurological Pupil index,” Surg. Neurol. Int., vol. 2, p.
82, Jun. 2011, doi: 10.4103/2152-7806.82248.

[284] F.-P. Jahns et al., “Quantitative pupillometry for the monitoring of intracranial
hypertension in patients with severe traumatic brain injury,” Crit. Care, vol. 23,

no. 1, p. 155, May 2019, doi: 10.1186/s13054-019-2436-3.

216



[285] J. C. Park, H. E. Moss, and J. J. McAnany, “The Pupillary Light Reflex in

[286]

Idiopathic Intracranial Hypertension,” Invest. Ophthalmol. Vis. Sci., vol. 57, no.
1, pp. 23-29, Jan. 2016, doi: 10.1167/iovs.15-18181.

F. Romagnosi, F. Bongiovanni, and M. Oddo, “Eyeing up the injured brain:
automated pupillometry and optic nerve sheath diameter,” Curr. Opin. Crit.
Care, vol. 26, no. 2, pp. 115-121, Apr. 2020, doi:

10.1097/MCC.0000000000000710.

[287] W. R. Taylor et al., “Quantitative pupillometry, a new technology: normative

[288]

[289]

[290]

[291]

data and preliminary observations in patients with acute head injury: Technical
note,” J. Neurosurg., vol. 98, no. 1, pp. 205-213, Jan. 2003, doi:
10.3171/jns.2003.98.1.0205.

P.S. Chougule, R. P. Najjar, M. T. Finkelstein, N. Kandiah, and D. Milea, “Light-
Induced Pupillary Responses in Alzheimer’s Disease,” Front. Neurol., vol. 10,
p. 360, Apr. 2019, doi: 10.3389/fneur.2019.00360.

F. Fotiou, K. N. Fountoulakis, M. Tsolaki, A. Goulas, and A. Palikaras, “Changes
in pupil reaction to light in Alzheimer’s disease patients: a preliminary report,”
Int. J. Psychophysiol., vol. 37, no. 1, pp. 111-120, Jul. 2000, doi:
10.1016/S0167-8760(00)00099-4.

S. Frost et al., “Evaluation of Cholinergic Deficiency in Preclinical Alzheimer’s
Disease Using Pupillometry,” J. Ophthalmol., vol. 2017, p. e7935406, Aug.
2017, doi: 10.1155/2017/7935406.

S. Sparks, J. Pinto, G. Hayes, M. Spitschan, and D. P. Bulte, “The impact of
Alzheimer’s disease risk factors on the pupillary light response,” Front.

Neurosci., vol. 17, 2023, doi: 10.3389/fnins.2023.1248640.

217



[292]

[293]

[294]

[295]

[296]

[297]

[298]

S. Suri et al., “Study Protocol: The Heart and Brain Study,” Front. Physiol., vol.
12, 2021, doi: 10.3389/fphys.2021.643725.

EODG, “Oxford Physics: Atmospheric, Oceanic and Planetary Physics:
Weather.” [Online]. Available:
https://eodg.atm.ox.ac.uk/eodg/weather/weather_nocol.html

P. Virtanen et al., “SciPy 1.0: fundamental algorithms for scientific computing
in Python,” Nat. Methods, vol. 17, no. 3, Art. no. 3, Mar. 2020, doi:
10.1038/s41592-019-0686-2.

V.R. Spano et al., “CO2 Blood Oxygen Level-dependent MR Mapping of
Cerebrovascular Reserve in a Clinical Population: Safety, Tolerability, and
Technical Feasibility,” Radiology, vol. 266, pp. 592-598, 2013, doi:
10.1148/radiol.12112795.

F.J. Kirkham, T. S. Padayachee, S. Parsons, L. S. Seargeant, F. R. House, and R.
G. Gosling, “Transcranial measurement of blood velocities in the basal
cerebral arteries using pulsed Doppler ultrasound: Velocity as an index of
flow,” Ultrasound Med. Biol., vol. 12, no. 1, pp. 15-21, Jan. 1986, doi:
10.1016/0301-5629(86)90139-0.

K. Peebles, L. Celi, K. McGrattan, C. Murrell, K. Thomas, and P. N. Ainslie,
“Human cerebrovascular and ventilatory CO2 reactivity to end-tidal, arterial
and internal jugular vein PCO2,” J. Physiol., vol. 584, no. 1, pp. 347-357, 2007,
doi: 10.1113/jphysiol.2007.137075.

J. C. Bradley, K. C. Bentley, A. |. Mughal, H. Bodhireddy, and S. M. Brown,

“Dark-Adapted Pupil Diameter as a Function of Age Measured with the

218



[299]

[300]

[301]

[302]

[303]

[304]

NeurOptics Pupillometer,” J. Refract. Surg., vol. 27, no. 3, pp. 202-207, Mar.
2011, doi: 10.3928/1081597X-20100511-01.

J. T. Martin, J. Pinto, D. Bulte, and M. Spitschan, “PyPlr: A versatile, integrated
system of hardware and software for researching the human pupillary light
reflex,” Behav. Res. Methods, vol. 54, no. 6, pp. 2720-2739, Dec. 2022, doi:
10.3758/s13428-021-01759-3.

P. R. K. Turnbull, N. Irani, N. Lim, and J. R. Phillips, “Origins of Pupillary Hippus
in the Autonomic Nervous System,” Invest. Ophthalmol. Vis. Sci., vol. 58, no. 1,
pp. 197-203, Jan. 2017, doi: 10.1167/iovs.16-20785.

A. H. M. Van Mil et al., “Nitric oxide mediates hypoxia-induced cerebral
vasodilation in humans,” J. Appl. Physiol., vol. 92, no. 3, pp. 962-966, Mar.
2002, doi: 10.1152/japplphysiol.00616.2001.

R. L. Hoiland et al., “Nitric oxide contributes to cerebrovascular shear-
mediated dilatation but not steady-state cerebrovascular reactivity to carbon
dioxide,” J. Physiol., vol. 600, no. 6, pp. 1385-1403, Mar. 2022, doi:
10.1113/JP282427.

K. Ide, M. Worthley, T. Anderson, and M. J. Poulin, “Effects of the nitric oxide
synthase inhibitor L-NMMA on cerebrovascular and cardiovascular responses
to hypoxia and hypercapnia in humans,” J. Physiol., vol. 584, no. Pt 1, pp. 321-
332, Oct. 2007, doi: 10.1113/jphysiol.2007.138206.

P. N. Ainslie and J. Duffin, “Integration of cerebrovascular CO2 reactivity and
chemoreflex control of breathing: mechanisms of regulation, measurement,
and interpretation,” Am J Physiol-Regul Integr Comp Physiol, vol. 296, pp.

1473-1495, 2009, doi: 10.1152/ajpregu.91008.2008.

219



[305]

[306]

[307]

[308]

[309]

[310]

J. M. J.R. Carr, H. G. Caldwell, and P. N. Ainslie, “Cerebral blood flow,
cerebrovascular reactivity and their influence on ventilatory sensitivity,” Exp.
Physiol., vol. 106, no. 7, pp. 1425-1448, 2021, doi: 10.1113/EP089446.

A. Xie et al., “Influence of cerebrovascular function on the hypercapnic
ventilatory response in healthy humans,” J. Physiol., vol. 577, no. Pt 1, pp. 319-
329, Nov. 2006, doi: 10.1113/jphysiol.2006.110627.

A. Xie, J. B. Skatrud, D. S. Puleo, P. S. Rahko, and J. A. Dempsey, “Apnea-—
Hypopnea Threshold for CO2 in Patients with Congestive Heart Failure,” Am. J.
Respir. Crit. Care Med., vol. 165, no. 9, pp. 1245-1250, May 2002, doi:
10.1164/rccm.200110-0220C.

G. D. Mitsis, P. N. Ainslie, M. J. Poulin, P. A. Robbins, and V. Z. Marmarelis,
“Nonlinear Modeling of the Dynamic Effects of Arterial Pressure and Blood Gas
Variations on Cerebral Blood Flow in Healthy Humans,” in Post-Genomic
Perspectives in Modeling and Control of Breathing, J. Champagnat, M. Denavit-
Saubié, G. Fortin, A. S. Foutz, and M. Thoby-Brisson, Eds., in Advances in
Experimental Medicine and Biology. Boston, MA: Springer US, 2005, pp. 259-
265. doi: 10.1007/0-387-27023-X_39.

F. H. R.van derZande, P. a. M. Hofman, and W. H. Backes, “Mapping
hypercapnia-induced cerebrovascular reactivity using BOLD MRI,”
Neuroradiology, vol. 47, no. 2, pp. 114-120, Feb. 2005, doi: 10.1007/s00234-
004-1274-3.

A. A. Bhogal et al., “Investigating the non-linearity of the BOLD cerebrovascular
reactivity response to targeted hypo/hypercapnia at 7T,” Neurolmage, vol. 98,

pp. 296-305, Sep. 2014, doi: 10.1016/j.neuroimage.2014.05.006.

220



[311]

[312]

[313]

[314]

[315]

[316]

S. D. Goode, S. Krishan, C. Alexakis, R. Mahajan, and D. P. Auer, “Precision of
Cerebrovascular Reactivity Assessment with Use of Different Quantification
Methods for Hypercapnia Functional MR Imaging,” Am. J. Neuroradiol., vol. 30,
no. 5, pp. 972-977, May 2009, doi: 10.3174/ajnr.A1496.

M. J. Poulin, P. J. Liang, and P. A. Robbins, “Dynamics of the cerebral blood
flow response to step changes in end-tidal PCO2 and PO2 in humans,” J. Appl.
Physiol., vol. 81, no. 3, pp. 1084-1095, Sep. 1996, doi:
10.1152/jappl.1996.81.3.1084.

C. A. Howe, H. G. Caldwell, J. Carr, D. Nowak-Fluck, P. N. Ainslie, and R. L.
Hoiland, “Cerebrovascular reactivity to carbon dioxide is not influenced by
variability in the ventilatory sensitivity to carbon dioxide,” Exp. Physiol., vol.
105, no. 5, pp. 904-915, 2020, doi: 10.1113/EP088192.

R. E. Regan, J. A. Fisher, and J. Duffin, “Factors affecting the determination of
cerebrovascular reactivity,” Brain Behav., vol. 4, no. 5, pp. 775-788, 2014, doi:
10.1002/brb3.275.

C. K. Willie et al., “Regional brain blood flow in man during acute changes in
arterial blood gases,” J. Physiol., vol. 590, no. 14, pp. 3261-3275, 2012, doi:
10.1113/jphysiol.2012.228551.

M. L. Worley, E. L. Reed, N. Klaes, Z. J. Schlader, and B. D. Johnson, “Cool
head-out water immersion does not alter cerebrovascular reactivity to
hypercapnia despite elevated middle cerebral artery blood velocity: A pilot
study,” PLOS ONE, vol. 19, no. 3, p. €0298587, Mar. 2024, doi:

10.1371/journal.pone.0298587.

221



[317]

[318]

[319]

[320]

[321]

[322]

J. Dumville, R. B. Panerai, N. S. Lennard, A. R. Naylor, and D. H. Evans, “Can
Cerebrovascular Reactivity Be Assessed Without Measuring Blood Pressure in
Patients With Carotid Artery Disease?,” Stroke, vol. 29, no. 5, pp. 968-974, May
1998, doi: 10.1161/01.STR.29.5.968.

A. Battisti-Charbonney, J. Fisher, and J. Duffin, “The cerebrovascular response
to carbon dioxide in humans,” J. Physiol., vol. 589, no. 12, pp. 3039-3048,
2011, doi: 10.1113/jphysiol.2011.206052.

M. G. Bright, D. P. Bulte, P. Jezzard, and J. H. Duyn, “Characterization of
Regional Heterogeneity in Cerebrovascular Reactivity Dynamics Using Novel
Hypocapnia Task and BOLD fMRI,” Neurolmage, vol. 48, no. 1, pp. 166-175,
Oct. 2009, doi: 10.1016/j.neuroimage.2009.05.026.

R. F. Leoni, K. C. Mazzeto-Betti, K. C. Andrade, and D. B. de Araujo,
“Quantitative evaluation of hemodynamic response after hypercapnia among
different brain territories by fMRI,” Neurolmage, vol. 41, no. 4, pp. 1192-1198,
Jul. 2008, doi: 10.1016/j.neuroimage.2008.03.035.

J. Pinto, J. Jorge, I. Sousa, P. Vilela, and P. Figueiredo, “Fourier modeling of the
BOLD response to a breath-hold task: Optimization and reproducibility,”
Neurolmage, vol. 135, pp. 223-231, Jul. 2016, doi:
10.1016/j.neuroimage.2016.02.037.

M. K. Eckstein, B. Guerra-Carrillo, A. T. Miller Singley, and S. A. Bunge, “Beyond
eye gaze: What else can eyetracking reveal about cognition and cognitive
development?,” Dev. Cogn. Neurosci., vol. 25, pp. 69-91, Jun. 2017, doi:

10.1016/j.dcn.2016.11.001.

222



[323]

[324]

[325]

[326]

[327]

[328]

[329]

R. Feinberg, E. Podolak, and Georgetown Clinical Research Institute, “Latency
of pupillary reflex to light stimulation and its relationship to aging.,” AM 65-25,
Sep. 1965. [Online]. Available: https://rosap.ntl.bts.gov/view/dot/20753

S.-L. Peng, X. Chen, Y. Li, K. M. Rodrigue, D. C. Park, and H. Lu, “Age-related
changes in cerebrovascular reactivity and their relationship to cognition: a
four-year longitudinal study,” Neurolmage, vol. 174, pp. 257-262, Jul. 2018,
doi: 10.1016/j.neuroimage.2018.03.033.

A. Kastrup, C. Thomas, C. Hartmann, and M. Schabet, “Sex Dependency of
Cerebrovascular CO2 Reactivity in Normal Subjects,” Stroke, vol. 28, no. 12,
pp. 2353-2356, Dec. 1997, doi: 10.1161/01.STR.28.12.2358.

B. D. Skinner, S. R. C. Weaver, S. J. E. Lucas, and R. A. I. Lucas, “Menstrual
phase influences cerebrovascular responsiveness in females but may not
affect sex differences,” Front. Physiol., vol. 13, p. 1035452, Jan. 2023, doi:
10.3389/fphys.2022.1035452.

C. M. Tallon, A. R. Barker, D. Nowak-Fluick, P. N. Ainslie, and A. M. McManus,
“The influence of age and sex on cerebrovascular reactivity and ventilatory
response to hypercapnia in children and adults,” Exp. Physiol., vol. 105, no. 7,
pp. 1090-1101, Jul. 2020, doi: 10.1113/EP088293.

J. L. Johnson, L. Greaves, and R. Repta, “Better science with sex and gender:
Facilitating the use of a sex and gender-based analysis in health research,” Int.
J. Equity Health, vol. 8, no. 1, p. 14, May 2009, doi: 10.1186/1475-9276-8-14.
C. Miani, L. Wandschneider, J. Niemann, S. Batram-Zantvoort, and O. Razum,

“Measurement of gender as a social determinant of health in epidemiology—A

223



[330]

[331]

[332]

[333]

[334]

[335]

[336]

scoping review,” PLoS ONE, vol. 16, no. 11, p. e0259223, Nov. 2021, doi:
10.1371/journal.pone.0259223.

C. . of H. R. Government of Canada, “What is gender? What is sex? - CIHR.”
Accessed: Feb. 10, 2025. [Online]. Available: https://cihr-
irsc.gc.ca/e/48642.html

R. A. Nebel et al., “Understanding the impact of sex and gender in Alzheimer’s
disease: A call to action,” Alzheimers Dement. J. Alzheimers Assoc., vol. 14,
no. 9, pp. 1171-1183, Sep. 2018, doi: 10.1016/j.jalz.2018.04.008.

L. Castro-Aldrete, M. V. Moser, G. Putignano, M. T. Ferretti, A. Schumacher
Dimech, and A. Santuccione Chadha, “Sex and gender considerations in
Alzheimer’s disease: The Women’s Brain Project contribution,” Front. Aging
Neurosci., vol. 15, Mar. 2023, doi: 10.3389/fnagi.2023.1105620.

M. M. Mielke, “Sex and Gender Differences in Alzheimer’s Disease Dementia,”
Psychiatr. Times, vol. 35, no. 11, pp. 14-17, Nov. 2018.

M. Canevelli et al., “Sex and gender differences in the treatment of Alzheimer’s
disease: A systematic review of randomized controlled trials,” Pharmacol.
Res., vol. 115, pp. 218-223, Jan. 2017, doi: 10.1016/j.phrs.2016.11.035.

M. M. Mielke, P. Vemuri, and W. A. Rocca, “Clinical epidemiology of
Alzheimer’s disease: assessing sex and gender differences,” Clin. Epidemiol.,
vol. 6, pp. 37-48, Jan. 2014, doi: 10.2147/CLEP.S37929.

E. M. Arenaza-Urquijo et al., “Sex and gender differences in cognitive resilience
to aging and Alzheimer’s disease,” Alzheimers Dement., vol. 20, no. 8, pp.

5695-5719, 2024, doi: 10.1002/alz.13844.

224



[337]

[338]

[339]

[340]

[341]

[342]

[343]

Y. Xing, Y. Tang, and J. Jia, “Sex Differences in Neuropsychiatric Symptoms of
Alzheimer’s Disease: The Modifying Effect of Apolipoprotein E €4 Status,”
Behav. Neurol., vol. 2015, no. 1, p. 275256, 2015, doi: 10.1155/2015/275256.
E. Sinforiani et al., “Impact of Gender Differences on the Outcome of
Alzheimer’s Disease,” Dement. Geriatr. Cogn. Disord., vol. 30, no. 2, pp. 147-
154, Aug. 2010, doi: 10.1159/000318842.

E. G. Jacobs, “Only 0.5% of neuroscience studies look at women’s health.
Here’s how to change that,” Nature, vol. 623, no. 7988, pp. 667-667, Nov.
2023, doi: 10.1038/d41586-023-03614-1.

C. M. Taylor, L. Pritschet, S. Yu, and E. G. Jacobs, “Applying a Women’s Health
Lens to the Study of the Aging Brain,” Front. Hum. Neurosci., vol. 13, Jul. 2019,
doi: 10.3389/fnhum.2019.00224.

K. P. Cosgrove, C. M. Mazure, and J. K. Staley, “Evolving Knowledge of Sex
Differences in Brain Structure, Function, and Chemistry,” Biol. Psychiatry, vol.
62, no. 8, pp. 847-855, Oct. 2007, doi: 10.1016/j.biopsych.2007.03.001.

M. Colucci et al., “The number of pregnancies is a risk factor for Alzheimer’s
disease,” Eur. J. Neurol., vol. 13, no. 12, pp. 1374-1377, 2006, doi:
10.1111/j.1468-1331.2006.01520.x.

J. Pinto, S. Sparks, G. Hayes, and D. P. Bulte, “Investigating Alzheimer’s
disease in women: is pregnancy a risk factor?,” Proc. ISMRM, 2023, Accessed:

Nov. 22, 2024. [Online]. Available: https://archive.ismrm.org/2023/3055.html

[344] T. Sobow and I. Kloszewska, “Parity, Number of Pregnhancies, and the Age of

Onset of Alzheimer’s Disease,” J. Neuropsychiatry Clin. Neurosci., vol. 16, no.

1, pp. 120-a, Feb. 2004, doi: 10.1176/jnp.16.1.120-a.

225



[345] Y. Altay, M. M. Altay, G. Demirok, O. Balta, and H. Bolu, “Measurements of
Pupillary Diameter and Wavefront Aberrations in Pregnant Women,”
Scientifica, vol. 2016, p. 4129524, 2016, doi: 10.1155/2016/4129524.

[346] R. B. Dinn, A. Harris, and P. S. Marcus, “Ocular Changes in Pregnancy,” Obstet.
Gynecol. Surv., vol. 58, no. 2, p. 137, Feb. 2003, doi:
10.1097/01.0GX.0000047741.79433.52.

[347] K. A. Samra, “The eye and visual system in pregnancy, what to expect? An in-
depth review,” Oman J. Ophthalmol., vol. 6, no. 2, p. 87, Aug. 2013, doi:
10.4103/0974-620X.116626.

[348] B. P. Sheth and W. F. Mieler, “Ocular complications of pregnancy,” Curr. Opin.
Ophthalmol., vol. 12, no. 6, p. 455, Dec. 2001.

[349] A. E. Omoti, J. M. Waziri-Erameh, and V. W. Okeigbemen, “Areview of the
changes in the ophthalmic and visual system in pregnancy,” Afr. J. Reprod.
Health, vol. 12, no. 3, Art. no. 3, 2008, Accessed: Feb. 03, 2025. [Online].
Available: https://www.ajol.info/index.php/ajrh/article/view/55647

[350] J. A. Ebeigbe, P. N. Ebeigbe, and A. Ighoroje, “Ocular changes in pregnant
Nigerian women,” Niger. J. Clin. Pract., vol. 15, no. 3, pp. 298-301, 2012, doi:
10.4103/1119-3077.100624.

[351] V. L. Brooks, Q. Fu, Z. Shi, and C. M. Heesch, “Chapter 3 - Adaptations in
autonomic nervous system regulation in normal and hypertensive pregnancy,”
in Handbook of Clinical Neurology, vol. 171, E. A. P. Steegers, M. J. Cipolla, and
E. C. Miller, Eds., in Neurology and Pregnancy, vol. 171., Elsevier, 2020, pp.

57-84. doi: 10.1016/B978-0-444-64239-4.00003-5.

226



[352]

[353]

[354]

[355]

[356]

[357]

[358]

Q. Fuand B. D. Levine, “Autonomic Circulatory Control during Pregnancy in
Humans,” Semin. Reprod. Med., vol. 27, no. 4, pp. 330-337, Jul. 2009, doi:
10.1055/s-0029-1225261.

M. Balajewicz-Nowak, A. Furgala, K. Pitynski, P. Thor, H. Huras, and K.
Rytlewski, “The dynamics of autonomic nervous system activity and
hemodynamic changes in pregnant women,” Neuro Endocrinol. Lett., vol. 37,
no. 1, pp. 70-77, Jan. 2016.

J. C. Bradley, K. C. Bentley, A. |. Mughal, H. Bodhireddy, and S. M. Brown,
“Dark-adapted pupil diameter as a function of age measured with the
NeurOptics pupillometer,” J. Refract. Surg. Thorofare NJ 1995, vol. 27, no. 3,
pp. 202-207, Mar. 2011, doi: 10.3928/1081597X-20100511-01.

M. M. Bradley, L. Miccoli, M. A. Escrig, and P. J. Lang, “The pupil as a measure
of emotional arousal and autonomic activation,” Psychophysiology, vol. 45,
no. 4, pp. 602-607, Jul. 2008, doi: 10.1111/j.1469-8986.2008.00654.x.

E. Szabadi, “Functional Organization of the Sympathetic Pathways Controlling
the Pupil: Light-Inhibited and Light-Stimulated Pathways,” Front. Neurol., vol.
9, Dec. 2018, doi: 10.3389/fneur.2018.01069.

M. Guillon, K. Dumbleton, P. Theodoratos, M. Gobbe, C. B. Wooley, and K.
Moody, “The Effects of Age, Refractive Status, and Luminance on Pupil Size,”
Optom. Vis. Sci., vol. 93, no. 9, p. 1093, Sep. 2016, doi:
10.1097/0PX.0000000000000893.

H. H. Telek, H. Erdol, and A. Turk, “The Effects of Age on Pupil Diameter at
Different Light Amplitudes. | EBSCOhost.” Accessed: Dec. 09, 2024. [Online].

Available:

227



[359]

[360]

[361]

[362]

[363]

[364]

https://openurl.ebsco.com/contentitem/doi:10.14744%2Fbej.2018.435347sid
=ebsco:plink:crawler&id=ebsco:d0i:10.14744%2Fbej.2018.43534

S. S. Franklin, L. Thijs, T. W. Hansen, E. O’Brien, and J. A. Staessen, “White-
Coat Hypertension,” Hypertension, vol. 62, no. 6, pp. 982-987, Dec. 2013, doi:
10.1161/HYPERTENSIONAHA.113.01275.

M. Altini and D. Plews, “What Is behind Changes in Resting Heart Rate and
Heart Rate Variability? A Large-Scale Analysis of Longitudinal Measurements
Acquired in Free-Living,” Sensors, vol. 21, no. 23, Art. no. 23, Jan. 2021, doi:
10.3390/s21237932.

M. R. Raman et al., “Influence of preeclampsia and late-life hypertension on
MRI measures of cortical atrophy,” J. Hypertens., vol. 35, no. 12, p. 2479, Dec.
2017, doi: 10.1097/HJH.0000000000001492.

M. M. Mielke et al., “Impaired Cognition and Brain Atrophy Decades After
Hypertensive Pregnancy Disorders,” Circ. Cardiovasc. Qual. Outcomes, vol. 9,
no. 2_suppl_1, pp. S70-S76, Feb. 2016, doi:
10.1161/CIRCOUTCOMES.115.002461.

V. D. Garovic et al., “Hypertension in pregnancy as a risk factor for
cardiovascular disease later in life,” J. Hypertens., vol. 28, no. 4, p. 826, Apr.
2010, doi: 10.1097/HJH.0b013e328335c29a.

G. C. Smith, J. P. Pell, and D. Walsh, “Pregnancy complications and maternal
risk of ischaemic heart disease: a retrospective cohort study of 129 290
births,” The Lancet, vol. 357, no. 9273, pp. 2002-2006, Jun. 2001, doi:

10.1016/S0140-6736(00)05112-6.

228



[365]

[366]

[367]

[368]

[369]

[370]

[371]

B. J. Wilson et al., “Hypertensive diseases of pregnancy and risk of
hypertension and stroke in later life: results from cohort study,” BMJ, vol. 326,
no. 7394, p. 845, Apr. 2003, doi: 10.1136/bm;.326.7394.845.

F. Q. Nuttall, “Body Mass Index: Obesity, BMI, and Health: A Critical Review,”
Nutr. Today, vol. 50, no. 3, p. 117, Jun. 2015, doi:
10.1097/NT.0000000000000092.

G. A. Bray, “Beyond BMI,” Nutrients, vol. 15, no. 10, Art. no. 10, Jan. 2023, doi:
10.3390/nu15102254.

A. M. Nevill, M. J. Duncan, and T. Myers, “BMI is dead; long live waist-
circumference indices: But which index should we choose to predict cardio-
metabolic risk?,” Nutr. Metab. Cardiovasc. Dis., vol. 32, no. 7, pp. 1642-1650,
Jul. 2022, doi: 10.1016/j.numecd.2022.04.003.

M. Ashwell and S. Gibson, “Waist-to-height ratio as an indicator of ‘early health
risk’: simpler and more predictive than using a ‘matrix’ based on BMI and waist
circumference,” BMJ Open, vol. 6, no. 3, p. €010159, Mar. 2016, doi:
10.1136/bmjopen-2015-010159.

C. Wang, G. Reid, C. E. Mackay, G. Hayes, D. P. Bulte, and S. Suri, “A
systematic review of the association between dementia risk factors and
cerebrovascular reactivity,” Neurosci. Biobehav. Rev., vol. 148, p. 105140, May
2023, doi: 10.1016/j.neubiorev.2023.105140.

A. V. Rukmini, D. Milea, and J. J. Gooley, “Chromatic Pupillometry Methods for
Assessing Photoreceptor Health in Retinal and Optic Nerve Diseases,” Front.

Neurol., vol. 10, p. 76, 2019, doi: 10.3389/fheur.2019.00076.

229



[372] R. Kardon, S. C. Anderson, T. G. Damarjian, E. M. Grace, E. Stone, and A.
Kawasaki, “Chromatic Pupil Responses: Preferential Activation of the
Melanopsin-mediated versus Outer Photoreceptor-mediated Pupil Light
Reflex,” Ophthalmology, vol. 116, no. 8, pp. 1564-1573, Aug. 2009, doi:
10.1016/j.ophtha.2009.02.007.

[373] N.Zhu, Y. Tu, L. Wang, and Y. Shi, “Melanopsin Contribution to Pupillary Light
Reflex and Brightness Perception Based on a 65-Inch Four-Primary Projected
Display,” Photonics, vol. 12, no. 1, Art. no. 1, Jan. 2025, doi:
10.3390/photonics12010088.

[374] B. Wang et al., “Dark adaptation-induced changes in rod, cone and intrinsically
photosensitive retinal ganglion cell (ipRGC) sensitivity differentially affect the
pupil light response (PLR),” Graefes Arch. Clin. Exp. Ophthalmol., vol. 253, no.
11, pp. 1997-2005, Nov. 2015, doi: 10.1007/s00417-015-3137-5.

[375] O. L. Steiner and J. de Zeeuw, “Melanopsin retinal ganglion cell function in
Alzheimer’s vs. Parkinson’s disease an exploratory meta-analysis and review of
pupillometry protocols,” Parkinsonism Relat. Disord., vol. 123, p. 106063, Jun.
2024, doi: 10.1016/j.parkreldis.2024.106063.

[376] W. Nowak, M. Nakayama, T. Krecicki, E. Trypka, A. Andrzejak, and A. Hachot,
“Analysis for Extracted Features of Pupil Light Reflex to Chromatic Stimuli in
Alzheimer’s Patients,” EAl Endorsed Trans. Pervasive Health Technol., vol. 5,
no. 17, Art. no. 17, Feb. 2019, doi: 10.4108/eai.13-7-2018.161750.

[377] Y. Chen et al., “The Post-illumination Pupil Response (PIPR) Is Associated With
Cognitive Function in an Epidemiologic Cohort Study,” Front. Neurol., vol. 10,

Jun. 2019, doi: 10.3389/fneur.2019.00682.

230



[378]

[379]

[380]

[381]

[382]

[383]

[384]

O. Steiner, J. de Zeeuw, S. Stotz, F. Bes, and D. Kunz, “Post-Illumination Pupil
Response as a Biomarker for Cognition in a-Synucleinopathies,” J. Park. Dis.,
vol. 12, no. 2, pp. 593-598, Jan. 2022, doi: 10.3233/JPD-212775.

S. Sparks, G. Hayes, J. Pinto, J. Martin, M. Spitschan, and D. P. Bulte,
“Comparing the pupillary light response to white, red, and blue stimuli with
cerebrovascular reactivity,” Invest. Ophthalmol. Vis. Sci., vol. 65, no. 7, p.
2465, Jun. 2024.

M. J. McDonald, M. L. Marsh, S. D. Fears, B. Shariffi, J. A. Kanaley, and J. K.
Limberg, “Impact of acute sleep restriction on cerebrovascular reactivity and
neurovascular coupling in young men and women,” J. Appl. Physiol., Dec.
2024, doi: 10.1152/japplphysiol.00648.2024.

L. Shi et al., “Sleep disturbances increase the risk of dementia: A systematic
review and meta-analysis,” Sleep Med. Rev., vol. 40, pp. 4-16, Aug. 2018, doi:
10.1016/j.smrv.2017.06.010.

S. M. Abbott, “The eyes have it: pupillary assessment as a measure of sleep
and circadian health,” Sleep, p. zsae285, Dec. 2024, doi:
10.1093/sleep/zsae285.

G. Hayes, S. Sparks, J. Pinto, and D. P. Bulte, “Ramp protocol for non-linear
cerebrovascular reactivity with transcranial doppler ultrasound,” J. Neurosci.
Methods, vol. 416, p. 110381, Apr. 2025, doi:
10.1016/j.jneumeth.2025.110381.

S. Parhizkar and D. M. Holtzman, “APOE mediated neuroinflammation and
neurodegeneration in Alzheimer’s disease,” Semin. Immunol., vol. 59, p.

101594, Jan. 2022, doi: 10.1016/j.smim.2022.101594.

231



[385] R. C. Petersen et al., “Apolipoprotein E Status as a Predictor of the
Development of Alzheimer’s Disease in Memory-Impaired Individuals,” JAMA,
vol. 273, no. 16, pp. 1274-1278, Apr. 1995, doi:
10.1001/jama.1995.03520400044042.

[386] Y. Yamazaki, N. Zhao, T. R. Caulfield, C.-C. Liu, and G. Bu, “Apolipoprotein E
and Alzheimer disease: pathobiology and targeting strategies,” Nat. Rev.
Neurol., vol. 15, no. 9, pp. 501-518, Sep. 2019, doi: 10.1038/s41582-019-0228-
7.

[387] A. Akerstedt Miley, G. Kecklund, and T. Akerstedt, “Comparing two versions of
the Karolinska Sleepiness Scale (KSS),” Sleep Biol. Rhythms, vol. 14, no. 3, pp.
257-260, 2016.

[388] J. C. Park and J. McAnany, “Effect of stimulus size and luminance on the rod-,
cone-, and melanopsin-mediated pupillary light reflex | JOV | ARVO Journals.”
Accessed: Jan. 04, 2025. [Online]. Available:
https://jov.arvojournals.org/article.aspx?articleid=2278653

[389] K. Kaida et al., “Validation of the Karolinska sleepiness scale against
performance and EEG variables,” Clin. Neurophysiol., vol. 117, no. 7, pp.
1574-1581, Jul. 2006, doi: 10.1016/j.clinph.2006.03.011.

[390] E. Tobaldini et al., “Sleep, sleep deprivation, autonomic nervous system and
cardiovascular diseases,” Neurosci. Biobehav. Rev., vol. 74, pp. 321-329, Mar.
2017, doi: 10.1016/j.neubiorev.2016.07.004.

[391] M. Mlnch, L. Léon, S. V. Crippa, and A. Kawasaki, “Circadian and Wake-

Dependent Effects on the Pupil Light Reflex in Response to Narrow-Bandwidth

232



[392]

[393]

[394]

[395]

[396]

[397]

Light Pulses,” Invest. Ophthalmol. Vis. Sci., vol. 53, no. 8, pp. 4546-4555, Jul.
2012, doi: 10.1167/iovs.12-9494.

H. Jimura, T. Yoshikawa, K. Obayashi, K. Miyata, K. Saeki, and N. Ogata, “Post-
[llumination Pupil Response and Sleep Quality in Patients With Glaucoma: The
LIGHT Study,” Invest. Ophthalmol. Vis. Sci., vol. 64, no. 12, p. 34, Sep. 2023,
doi: 10.1167/iovs.64.12.34.

X. Fan, L. Hearne, B. Lei, J. H. Miles, N. Takahashi, and G. Yao, “Weak gender
effects on transient pupillary light reflex,” Auton. Neurosci., vol. 147, no. 1, pp.
9-13, May 2009, doi: 10.1016/j.autneu.2008.12.010.

D. F. Fotiou et al., “Effect of age on pupillary light reflex: evaluation of pupil
mobility for clinical practice and research,” Electromyogr. Clin. Neurophysiol.,
vol. 47, no. 1, pp. 11-22, 2007.

L.-L. Lobato-Rincén, M. del C. Cabanillas-Campos, C. Bonnin-Arias, E.
Chamorro-Gutiérrez, A. Murciano-Cespedosa, and C. Sanchez-Ramos Roda,
“Pupillary behavior in relation to wavelength and age,” Front. Hum. Neurosci.,
vol. 8, Apr. 2014, doi: 10.3389/fnhum.2014.00221.

K. Tekin, M. A. Sekeroglu, H. Kiziltoprak, S. Doguizi, M. Inanc, and P. Yilmazbas,
“Static and dynamic pupillometry data of healthy individuals,” Clin. Exp.
Optom., vol. 101, no. 5, pp. 659-665, Sep. 2018, doi: 10.1111/cx0.12659.

T. Tarumi and R. Zhang, “Cerebral Blood Flow in Normal Aging Adults:
Cardiovascular Determinants, Clinical Implications, and Aerobic Fitness,” J.

Neurochem., vol. 144, no. 5, pp. 595-608, Mar. 2018, doi: 10.1111/jnc.14234.

233



[398]

[399]

[400]

[401]

[402]

K. L. LEENDERS et al., “CEREBRAL BLOOD FLOW, BLOOD VOLUME AND
OXYGEN UTILIZATION: NORMAL VALUES AND EFFECT OF AGE,” Brain, vol.
113, no. 1, pp. 27-47, Feb. 1990, doi: 10.1093/brain/113.1.27.

S. Amin-Hanjani, X. Du, D. K. Pandey, K. R. Thulborn, and F. T. Charbel, “Effect
of Age and Vascular Anatomy on Blood Flow in Major Cerebral Vessels,” J.
Cereb. Blood Flow Metab., vol. 35, no. 2, pp. 312-318, Feb. 2015, doi:
10.1038/jcbfm.2014.203.

A. Velisar and N. Shanidze, “Noise in the Machine: Sources of Physical and
Computation Error in Eye Tracking with Pupil Core Wearable Eye Tracker:
Wearable Eye Tracker Noise in Natural Motion Experiments,” in ACM
Symposium on Eye Tracking Research and Applications, in ETRA ’21 Adjunct.
New York, NY, USA: Association for Computing Machinery, May 2021, pp. 1-3.
doi: 10.1145/3450341.3458495.

A. Velisar and N. M. Shanidze, “Noise estimation for head-mounted 3D
binocular eye tracking using Pupil Core eye-tracking goggles,” Behav. Res.
Methods, vol. 56, no. 1, pp. 53-79, Jan. 2024, doi: 10.3758/s13428-023-02150-
0.

E. N. R. Camilo, A. P. Junior, H. M. Pinheiro, and R. M. da Costa, “A pupillary
image dataset: 10,000 annotated and 258,790 non-annotated images of
patients with glaucoma, diabetes, and subjects influenced by alcohol, coupled
with a segmentation performance evaluation,” Comput. Biol. Med., vol. 186, p.

109594, Mar. 2025, doi: 10.1016/j.compbiomed.2024.109594.

234



[403] R. Mazziotti et al., “MEYE: Web App for Translational and Real-Time
Pupillometry,” eNeuro, vol. 8, no. 5, Sep. 2021, doi: 10.1523/ENEURO.0122-
21.2021.

[404] J. ). McAnany, B. M. Smith, A. Garland, and S. L. Kagen, “iPhone-based
Pupillometry: A Novel Approach for Assessing the Pupillary Light Reflex,”
Optom. Vis. Sci. Off. Publ. Am. Acad. Optom., vol. 95, no. 10, pp. 953-958, Oct.
2018, doi: 10.1097/0PX.0000000000001289.

[405] C. Barry, J. De Souza, Y. Xuan, J. Holden, E. Granholm, and E. J. Wang, “At-
Home Pupillometry using Smartphone Facial Identification Cameras,” Proc.
SIGCHI Conf. Hum. Factors Comput. Syst. CHI Conf., vol. 2022, p. 235, Apr.

2022, doi: 10.1145/3491102.3502493.

235



