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Title: Association of Melanopsin Retinal Ganglion Cell Response and Central Visual 
System Atrophy with Circadian Rhythm Disturbances and Neuropsychiatric Symptoms 
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Background: It is well established that Alzheimer’s Disease (AD) affects the visual 

system, with specific disease-related changes to structures involved in visual perception 

and circadian rhythm (i.e., melanopsin retinal ganglion cells (mRGCs)). Although it is 

known that associations between AD and ocular structures exist, the relationship between 

ocular pathology and circadian rhythm disturbances (CRD) and neuropsychiatric 

symptoms (NS) in AD is an emerging field.  

Objectives: Using secondary and primary data, I: (1) determined if atrophy in selected 

visual brain regions of interest (ROIs) was associated with NS; (2) determined if mRGC 

response was associated with CRD using objective measures; and (3) discussed specific 

considerations and challenges for including AD participants in ophthalmology research. 

Outcomes were developed into three papers.  

Methods: Paper One: Using the Alzheimer’s Disease Neuroimaging Initiative (ADNI), 

atrophy was estimated using magnetic resonance imaging (MRI) measures (volume and 

thickness) in visual ROIs. Neuropsychiatric Inventory (NPI) scores and relevant sub-

domains estimated NS. Paper Two: AD and control participants completed a 

comprehensive ophthalmic exam and pupillometry (to assess mRGC response). 



Questionnaires assessed participants’ NS. An actigraphy watch measured circadian 

rhythm. Paper Three:  I presented several considerations for study design, complexity of 

tasks, recruitment, and physical exam environment specific to AD participants involved 

with ophthalmology research. 

Results: Paper One included n=143 AD and n=283 control subjects. Volumes and 

thicknesses of all ROIs were significantly lower in the AD group compared with controls 

(p<.05) but were not associated with NS in either group. Paper Two included n=10 AD 

and n=18 control participants. Groups did not differ on mRGC responses or actigraphy 

outcomes. In the AD group only: immediate mRGC response was associated with 

increased wakening after sleep onset (WASO) and decreased sleep efficiency; and 

sustained response was associated with increased total sleep time (p<.05). Paper Three 

revealed several considerations that may improve data collection and recruitment. 

Conclusions: Some AD-related ocular pathology appears to be associated with CRD but 

not with NS. There were no significant findings in either sample in the age-matched 

control groups, suggesting the associations are specific to AD. AD participants require 

special considerations to optimize participation in ophthalmological studies.  
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Chapter One - Introduction 

 Statement of the Problem 

More than 5.4 million individuals in the United States are diagnosed with 

Alzheimer’s disease (AD) dementia, a number predicted to increase dramatically over the 

next several years.1 Progressive and fatal, AD is accompanied by memory loss, 

behavioral issues and severe functional limitations.1, 2 Visual pathology is one relatively 

under-appreciated but important component of AD.3, 4 As AD progresses, deficits in 

depth, color, and motion perception occur,5-7 with measurable histological alterations in 

the optic nerve and retina, specifically in the retinal nerve fiber layer.4, 8-10 Additionally, 

retinal ganglion cell (RGC) loss in the retinal nerve fiber layer occurs in AD,11, 12 with a 

specific loss of melanopsin-containing RGCs (mRGCs).13, 14 Intrinsically photosensitive, 

mRGCs are integral in the regulation of the circadian rhythm and project visual 

information through the central visual pathway.15-17 Degenerative changes also occur 

further in the central visual pathway, including the optic nerve,8, 18 lateral geniculate 

nucleus (LGN),19, 20 suprachiasmatic nucleus (SCN),21 and primary visual cortex,19, 22 all 

of which are essential in the perception and interpretation of visual information relative to 

light sensitivity and visual processing abilities.23, 24  

Disruption of the circadian rhythm is common in most individuals with AD 

dementia25 and is particularly burdensome when combined with neuropsychiatric 

symptoms, such as agitation, anxiety, or wandering.26 Circadian rhythm and behavioral 

disturbances are burdensome and contribute to increased rates of institutionalization.27, 28 

Previous research attributes circadian and behavioral disturbances to biological (e.g., 

decline in melatonin production), physical factors (e.g., age-related vision and hearing 

loss), or social factors (e.g., Theory of Unmet Needs) (described in greater detail in 
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Chapter 2).29, 30 It is less clear to what extent AD-related ocular pathology contributes to 

such behavioral and functional outcomes. 

Specific Aims 
 

The goal of this dissertation was to determine if AD-related ocular pathology is 

associated with functional and behavioral measures, such as circadian rhythm 

disturbances and neuropsychiatric symptoms. Although it has been well established that 

AD affects the visual system,1-5, 7, 8, 31 the relationship of ocular pathology to circadian 

rhythm disturbances and neuropsychiatric symptoms has been understudied. Given the 

difficulties with depth, motion, and color perception experienced by many individuals 

with AD dementia,5-7 and the known associations between melanopsin retinal ganglion 

cells (mRGCs) and circadian rhythm,32, 33 this study attempted to determine if ocular 

pathology could be a factor in such functional and behavioral disturbances. Based on 

what it known about the visual system and individuals with AD dementia, it seems 

plausible that an individual with slow visual processing abilities, poor depth perception, 

or is otherwise visually impaired due to AD, he or she may be more anxious, agitated, or 

unsure of his or her surroundings. Similarly, it is a reasonable assumption that AD-related 

mRGC loss may contribute to circadian rhythm difficulties in AD.  The goal of this 

dissertation was accomplished through two aims: 

Aim One 

Through a secondary data analysis using data from the Alzheimer’s Disease 

Neuroimaging Initiative (ADNI) database, I:  
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1A. Determined if there were differences in central visual pathway structures between 

cognitively normal older adults (control group) and older adults with AD dementia (AD 

group), based on volumes and thicknesses of magnetic resonance imaging (MRI) data.  

1B. Assessed the association between volumes and neuropsychiatric inventory (NPI) 

scores in cognitively normal older adults and older adults with AD dementia. 

1C. Determined if greater atrophy of central visual pathway structures is associated with 

increased NPI scores in subjects with AD dementia.  

In Aim One, I hypothesized that a.) The AD group would have greater atrophy of 

central visual pathway structures, as compared with the control group; b.) Atrophy of 

central visual pathway structures would be associated with NPI scores in the AD group but 

not in the control group; and c.) Greater atrophy would be associated with higher NPI 

scores in the AD group only. 

Aim Two 

Using primary data collected in the clinic setting, I: 

2A. Determined if there were differences in mRGC responses between cognitively normal 

older adults (control group) and older adults with AD dementia. 

2B. Determined if a lower mRGC response was associated with increased neuropsychiatric 

inventory questionnaire (NPI-Q) and Cohen Mansfield Agitation Inventory (CMAI) 

scores, and greater variation in circadian rhythms in participants with AD dementia.  

2C. Determined if greater retinal and optic neuropathy was associated with higher NPI-Q 

and CMAI scores in participants with AD dementia. 

In Aim Two, I hypothesized that a.) The AD group would have less responsive 

mRGCs compared with the control group; b.) AD participants with lower mRGC responses 
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would have higher NPI-Q and CMAI scores; c.) AD participants with lower mRGC 

responses would have greater circadian rhythm disturbances; and d.) Participants with 

greater retinal and optic neuropathy would have higher NPI-Q and CMAI scores. 

The first aim examined the relationship between changes in brain regions essential 

for vision and neuropsychiatric symptoms in subjects with AD dementia. I hypothesized 

that visual disturbances due to atrophy in vision-associated cortical brain regions would be 

related to neuropsychiatric symptoms in subjects with AD dementia but not in cognitively 

normal subjects. The second aim examined the associations between retinal degeneration, 

melanopsin retinal ganglion cell (mRGC) response, and neuropsychiatric symptoms and 

circadian rhythm disturbances in AD. I hypothesized that individuals with AD dementia 

would have greater ocular pathology and increased behavioral and circadian disturbances. 

Specifically, I hypothesized that individuals with AD dementia would have less responsive 

mRGCs and increased circadian rhythm disturbances; and decreased retinal thickness 

would be associated with increased neuropsychiatric symptoms in AD dementia. 

Significance of Research 

This study has many implications for ophthalmological and aging-related research 

and healthcare. With countless studies establishing the associations between ocular 

pathology and AD, it may be possible to use such outcomes for the next steps: earlier 

diagnosis, therapeutic contributions, and revisiting financial accessibility for important and 

useful testing. The end goal is to go beyond simply establishing an association between 

structure and disease. Instead, the field may be able to identify ways to use such findings 

to improve quality of life and access to care. Below, I discuss ways in which the findings 

from this study may contribute to this goal. 
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Establishing the specific contributions of mRGC response to circadian rhythm 

disturbances in AD may further the scientific knowledge of retinopathy in AD. This study 

used a non-invasive, rapid method to assess mRGC response (i.e., pupillometry), and the 

findings may present the opportunity to detect a cellular marker of function and behavior 

in AD. Future research may clarify the timing of these cellular changes relative to AD 

progression and determine if mRGC cellular changes occur during asymptomatic stages of 

AD, potentially serving as biomarker for the disease and providing an opportunity to 

prepare for the burden of related cognitive, function, or behavioral impairments.  

The results of this study may support vision-related interventions therapies, such 

as bright light therapy or environmental modifications for visually impaired individuals 

with AD dementia. Additional research may investigate the effect of drugs that support 

eye health, in order to modify the ocular pathology contributing to functional and 

cognitive impairments in AD. Non-pharmacological interventions, such as enhanced 

lighting, reduced shadows and glare, or increased color contrast assist in optimizing 

visual perception, thus reducing the environmental effect on circadian disturbances and 

neuropsychiatric symptoms.  

The results of this study may also provide direction for changes in policy and 

support funding for regular comprehensive eye exams with advanced testing (e.g., 

pupillometry and OCT) for individuals with AD dementia. Ideally, the testing could be 

administered in an individual’s home or care setting given the mobility and transportation 

challenges for this population. Although individuals with glaucoma or those who are at 

risk of developing glaucoma have their annual testing covered under Medicare, Medicare 

does not cover comprehensive ophthalmic examinations completely for the remaining 
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population (i.e., the patient pays 20% of the costs under Medicare Part B). Given the ease 

of assessing AD-related ocular changes with ophthalmic exams and advancing 

technology and the potential use a biomarker for AD, such factors support accessible 

ophthalmic testing for all aging individuals.  

Organization of the Dissertation 

 In Chapter One, I established what the findings from this dissertation may 

contribute to the field. I presented the specific aims to accomplish the goal of my study 

and discussed the significance of the dissertation to the field of Alzheimer’s disease and 

ophthalmological research. Chapter Two will review the literature and previous work 

supporting my specific aims. Chapter Three outlines the methodology used in Aims One 

and Two. Three manuscripts are presented as chapters four through six: chapter four 

summarizes the findings from aim one; chapter five summarizes the findings from Aims 

2A and 2B; and chapter six summarizes the challenges encountered in collecting data for 

Aim 2C and presents special considerations and challenges for recruiting participants 

with AD dementia to ophthalmological studies. Finally, Chapter Seven integrates the 

findings of all three chapters, addresses strengths and limitations of the study, and 

provides next steps for future work.  
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Chapter Two - Literature Review 

Alzheimer’s Disease 

AD is the most common type of dementia, accounting for more than 70% of all 

cases of dementia1 and affecting over 5.4 million Americans over the age of 65.1 Although 

age is the greatest risk factor (i.e. 10% of individuals over the age of 65 will be diagnosed 

with AD dementia, 50% at age 85),1 other risk factors include lifestyle (e.g. exercise, diet, 

alcohol and smoking use) and genetics.34, 35 Early-onset AD (diagnosis prior to age 65) is 

hereditary and most associated with genetic mutations of Presenilin 1 & 2.36 Late-onset AD 

(diagnosis over the age of 65) can be sporadic or familial with greater risk factors 

associated with Apolipoprotein E 4 (ApoE4) genotypes.37 

Neurofibrillary tangles (NFTs) comprised of hyperphosphorylated tau, and amyloid 

plaques comprised of beta amyloid protein, are the hallmark neuropathological features of 

this disease.2 As an early target for the disease, degeneration of the entorhinal cortex and 

hippocampus produces many of the initial symptoms, including forgetfulness, social 

isolation, and mild language difficulties.2 As the disease progresses, additional behavioral 

symptoms including paranoia, wandering, anxiety, and aggression occur. Gait and balance 

may become problematic and falls are common in the middle stages of the disease. In 

advanced stages of AD, the individual may have difficulty conducting basic activities of 

daily living, including dressing, bathing, toileting, and eating independently.2 

Vision in Alzheimer’s Disease 

Research indicates a link between visual system deficits and the progression of 

AD,3, 4, 18, 38 and many individuals with AD dementia have some degree of visual 

complaints.3 Several areas of visual perception and ocular structure that worsen with age 

are even more affected by the disease, including a reduction in optic nerve thickness,18 a 
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decrease in retinal nerve fibers,10, 38 deficits in contrast sensitivity,39 and deficits in color 

and motion perception.6, 7 It has been hypothesized that retinal and optic neuropathy may 

account for many of the behavioral symptoms and functional limitations present in the 

disease.3 Common behavioral symptoms of the disease (e.g. aggression, isolation, 

suspiciousness of others) could potentially be attributed to deficits in vision.31 

Central Visual Pathway in Alzheimer’s Disease 

 The central visual pathway is the area from the retina to the primary visual cortex 

that processes visual information from the environment, including light, color, and depth 

and motion perception.23 Major areas of the pathway include the retina, optic nerve, 

lateral geniculate nucleus, suprachiasmatic nucleus, and primary visual cortex (Figure 

2.1). All of these structures are affected during the progression of AD and directly 

correlate with the severity of AD.   

Figure 2.1: Visual Pathway Structures (from: American Academy of Ophthalmology 

Basic and Clinical Science Course, Vol. 5 [Neuro-Ophthalmology], Figure. 1-17)40 
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Retina in Alzheimer’s Disease 

Despite variance of retinal nerve fiver layer (RNFL) measurements between 

participants with AD dementia and cognitively normal participants, studies agree there are 

significant differences between the RNFL thickness the two groups.10, 41-44 This retinal 

degeneration in humans is also remarkably consistent in animal models of AD.45 Several 

transgenic rodent models exhibit retinal degeneration, a loss of RGCs and photoreceptors, 

and deposits of amyloid beta in ocular structures.46-49  

Melanopsin Retinal Ganglion Cells (mRGCs) in Alzheimer’s Disease 

 mRGCs are intrinsically photosensitive and are integral in the perception of light 

and circadian rhythm function. mRGCs have been shown to histologically decrease in 

number in AD which may be correlated with increased circadian rhythm disturbances 

common in AD.33 Through a combination of methods including histology, optical 

coherence tomography, and actigraphy, mRGC cell loss has been correlated with decreased 

quantity and quality of sleep in AD.33 No research to date has linked a loss of mRGCs to 

behavioral outcomes typical in AD. 

Optic Nerve in Alzheimer’s Disease 

The second cranial nerve is integral in transmitting information from the retina to 

the visual cortex. Widespread axonal degeneration, a decrease in optic nerve fibers, and a 

increased cup-to-disc ratio occur in AD.8, 18, 50 Smaller optic nerve axons are lost before 

larger axons, which may explain color vision deficits in AD.18 Very early AD does not 

seem to involve degeneration of the optic nerve; however, evidence exists for degeneration 

later in the disease.51 



 

10 
 

Suprachiasmatic Nucleus in Alzheimer’s Disease 

The suprachiasmatic nucleus (SCN) is a thalamic structure that secretes melatonin 

and is directly innervated by the retina.52 The SCN functions as the command center for 

the regulation of circadian rhythm and degenerates in AD.53 Apoptosis of SCN cells and a 

decrease in expression of arginine vasopressin (AVP) in the SCN begins in normal aging 

and continues on a rapid decline in AD.54 The AD-related degeneration of the SCN is 

correlated with behavioral and functional disturbances.55 AVP, a major temporal-released 

neuropeptide produced by the SCN, is reduced in production in AD, and is related to higher 

rates of depression and other temporal behavioral disturbances in AD.55, 56 Following 

exposure to increased environmental light, the SCN often is able to self-regulate in AD, as 

indicated by improved regulation of the circadian rhythm.57-59 That is, individuals lacking 

optimal environmental light exposure have higher rates of circadian and behavioral 

disturbances.57 

Lateral Geniculate Nucleus in Alzheimer’s Disease 

The LGN is the primary visual processing structure within the dorsal thalamus and 

is subject to several AD-related changes. Each of the LGN’s six layers are innervated by 

specific ganglion cells.24 Magnocellular ganglion cells project to the magnocellular layers 

(i.e., layers 1 & 2) of the LGN and parvocellular cells project to the parvocellular layers 

(i.e., layers 3, 4, 5, & 6).24 Amyloid plaques in the parvocellular layer of the LGN may 

contribute to color vision deficits.19 Similarly, a decreased electrophysiological response 

within the magnocellular layer may indicate a disruption in motion and depth perception 

in AD.20 Work from my lab shows that AD-related alterations are present in the LGN as 

the disease progresses and are apparent very early in the disease process (i.e., asymptomatic 
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AD).60 These thalamic changes may result in a decreased ability to process visual 

information, perhaps including light and dark perception. Additional work in my lab has 

shown that mRGCs projecting to the human LGN also undergo AD-related changes. 

Specifically, expression of melanopsin is decreased in late stage AD and appears to be 

preserved in asymptomatic AD.61  

Primary Visual Cortex in Alzheimer’s Disease 

 Through imaging analysis and neuropsychological testing, research suggests the 

primary visual cortex is highly involved in the progression of AD.22 The primary visual 

cortex, also known as Brodmann’s area 17 or V1, is the area of the brain where visual 

information is processed.23 Histopathological analysis shows an increase in AD proteins 

in areas of V1 specific to visual field abilities, thus supporting clinical evidence that 

visual field loss is present in AD.22 Though some may consider cognitive impairment a 

likely explanation for the AD-related visual processing deficits, additional research has 

shown a decline in visual function separate from cognitive abilities, particularly with 

regard to color discrimination.6 

 Imaging studies have supported the histopathological and neuropsychological 

evidence of visual decline related to AD-related changes in the V1 area. Decreased 

responses to visual stimuli in subjects with AD dementia have been reported in the V1 

area through fMRI methods,62, 63 which supports the idea that individuals with AD 

dementia have a slower response to visual perception. 

Circadian Rhythm in Alzheimer’s Disease 

A majority of cognitively normal older adults report frequent nighttime 

awakenings, increased daytime napping, and difficulty falling asleep.64, 65 Disturbances in 
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sleep and increased daytime sleepiness have been noted to occur in mild cognitive 

impairment, and are even considered to be precursors to the onset of AD.66 Decline in sleep 

quality and quantity may stem from endocrine (e.g. estrogen loss) or genetic factors.59 

Research also connects increasing amyloid β levels with greater circadian rhythm 

disturbances.67 A mutation in the CLOCK gene has been associated with circadian rhythm 

disruption in AD, as well as other neurodegenerative disorders.68 Similarly, a variation of 

the monoamine oxidase A (MAO-A) gene has been linked to decreased sleep quality in 

AD.69 Environmental factors may also contribute to circadian rhythm disruptions. 

Decreased exposure to light during the day, reduced activity, and frequent napping may 

also reduce deep sleep at night.70 

Neuropsychiatric Symptoms in Alzheimer’s Disease 

 Neuropsychiatric symptoms in ADs are prevalent, with 80% of individuals with 

AD dementia experiencing behavioral disturbances.71 Typical reported behaviors include 

agitation, aggression, vocal or motor repetition, calling out or screaming, depression, 

paranoia, anxiety, wandering, and delusions or hallucinations.72 Agitation is the most 

common behavioral symptom among institutionalized AD patients, followed by 

wandering, verbal outbursts, and physical aggression.73 Behavioral symptoms are a 

primary factor in institutionalizing patients,27, 28 though circadian rhythm disturbances are 

cited as the most burdensome behaviors.28 Circadian disturbances are higher in individuals 

with daytime anxiety and agitation.74 Several factors may increase the risk for developing 

behavioral disturbances, including younger age of AD onset, male gender, and greater 

functional impairments.75 Atrophy of several cortical regions are related to increased 
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agitation and aggression in AD, including the frontolimbic regions, right posterior 

cingulate, and left hippocampus.76 

Sundowning Syndrome in Alzheimer’s Disease  

Sundowning Syndrome (SS) is roughly defined as the appearance or exacerbation 

of neuropsychiatric symptoms that are associated with the afternoon or early evening hours, 

and includes symptoms such as aggression, agitation, wandering, and sleep cycle 

dysfunction.77 Such behaviors are often cited as primary reasons for institutionalization, 

due to the extreme burden for caregivers.78  

Theoretical Foundations 

As mentioned in Chapter One, previous literature generally attributes circadian 

rhythm and neuropsychiatric symptoms to biological, physical (person and/or 

environment), or social factors. Three theories based on these factors are presented here. 

One theory attributes circadian rhythm disturbances to an offset of the 

Retina/Suprachiasmatic Nucleus/Pineal gland axis, which is integral in the production of 

melatonin and, thus, is essential in regulation of the circadian rhythm.29 With advanced 

age, this axis naturally declines in production and regulatory ability and is further 

weakened through the progression of AD.79 Although this theory explains the circadian 

rhythm disturbances, it does not explain the range of behaviors or neuropsychiatric 

symptoms in AD.  

A second theory attributes neuropsychiatric symptoms to age-related sensory 

decline exacerbated by cognitive impairment in AD.30  Specifically, presbyopia and 

presbycusis are magnified in AD due to difficulty perceiving the environment. This is 

based on the idea that sensory decline, when combined with diminished and/or inadequate 
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lighting/availability of natural light, increases neuropsychiatric symptoms.30 Although this 

theory can explain neuropsychiatric symptoms, it does not explain circadian rhythm 

disturbances, nor does it take into account the ocular pathology (and other sensory decline) 

specific to AD. 

The Theory of Unmet Needs is based on the idea that a decline in staff and/or 

caregivers in the afternoon and evening hours (e.g. second or third shift) induces many of 

the behavioral disturbances, due to a decrease in the availability of individuals to care for 

or meet the needs of the individual.30 Though intended for a facility setting, this theory can 

also be applied to individuals cared for by family members in a community setting. For 

caregivers who spend much of the night awake due to the disrupted circadian rhythm of 

the AD individual, it is expected that exhaustion will set in, thus limiting the caregiver’s 

emotional ability to engage the individual and redirect behaviors. Similar to the second 

theory described above, this theory explains the behavioral and neuropsychiatric symptoms 

of AD, but the well-established ocular pathology is not considered as a contributing factor, 

nor is this theory able to explain the onset of circadian rhythm disturbances. 
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Chapter 3 - Methodology 

Overview of Study Design 

 This study used primary and secondary data collection methods in two separate 

aims which were developed into Paper One (Aim One) and Paper Two (Aim 2a/2b). Paper 

Three addressed the challenges encountered in collecting data for Aim 2c and presented 

special considerations and challenges for including participants with AD dementia in 

ophthalmology research. It should be noted that participants from Aim One were not the 

same participants from Aim Two.  

Aim One was completed using secondary data from the Alzheimer’s Disease 

Neuroimaging Initiative (ADNI), a national study involving more than 50 sites in North 

America.80 Demographic data, MR imaging data, clinical data, and neuropsychological 

data were extracted for cognitively normal (control) subjects and AD-dementia subjects. 

Volumes and thicknesses of central visual pathway structures were analyzed to determine 

potential associations between visual system atrophy and neuropsychiatric symptoms, as 

measured by the Neuropsychiatric Inventory (NPI).81 

The second aim was conducted within The Johns Hopkins Wilmer Eye Institute 

clinic. Individuals with a diagnosis of late-onset AD and cognitively normal older adults 

(both >65 years old) were recruited from the Johns Hopkins Alzheimer’s Disease Research 

Center (JH ADRC) for participation in the study. After a brief telephone screening, both 

the participant and the caregiver/study partner completed several activities during a single 

study appointment at the Wilmer Eye Clinic. Following the consent process, each 

participant completed a comprehensive ophthalmic examination, pupillometry, and optical 

coherence tomography while the Neuropsychiatric Inventory Questionnaire (NPI-Q) and 
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Cohen-Mansfield Agitation Inventory (CMAI) were administered to the study partner. 

Before leaving the appointment, the participant was provided with an Acti-Watch 2 device 

and instructed on how to wear and mail in the device after a 7 day period so as to collect 

actigraphic data, thus providing information about circadian rhythm. Participants also were 

told to complete a sleep diary, which provided a subjective measure of sleep patterns.  

Aim One - Secondary Data 

Overview of Alzheimer’s Disease Neuroimaging Initiative 

I used the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database for my 

secondary data analysis in Aim One. ADNI began in 2003 under the direction of Michael 

W. Weiner, MD with the primary goal being to collect MRI, positron emission 

tomography (PET), other biological markers, and clinical and neuropsychological 

assessments in a large group of subjects, including those who were cognitively normal, 

those with mild cognitive impairment (MCI), and those with mild AD dementia.80, 82  

The diagnostic criteria for the cognitively normal, MCI, and AD groups were based 

on the research criteria for MCI and AD dementia, derived from a combination of memory 

complaints, Minimental State Exam (MMSE) scores, Clinical Dementia Rating (CDR) 

scores, and cognitive and functional abilities.83 Specifically, the normal group could have 

no memory complaints, with MMSE scores ranging from 24-30, CDR scores of 0, and have 

no significant impairments in cognitive functioning or in activities of daily living (ADLs).83 

Participants in the MCI group had to have memory complaints, have MMSE scores ranging 

from 24-30 (same as the normal group), CDR scores of .5 (with memory box score of .5 or 

greater), and they could have no diagnosis of dementia, based on cognitive functioning and 

ADLs.83 The mild AD dementia group had to have memory complaints, MMSE scores 
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ranging between 20-26 and CDR scores of .5 or 1. The Petersen criteria were used for the 

diagnosis of MCI.84 The National Institute of Neurological and Communicative Disorders 

and Stroke (NINDS) criteria were followed for diagnosing subjects with “probable AD.”83 

Magnetic Resonance Imaging (MRI) Data 

 This aim used MRI data collected from ADNI participants and was analyzed using 

FreeSurfer by a research group at the University of California, San Francisco (UCSF), 

associated with ADNI. The dataset used in these analyses was based on FreeSurfer Version 

5.1 and was last updated November 2015. Numerical data of brain volumes were available 

in excel spreadsheet form for download. Both the volume and thickness of four cortical 

regions involved in visual processing were included in the analysis, each averaged over the 

left and right hemispheres: (1) occipital cortex; (2) cuneus; (3) pericalcarine cortex and (4) 

lingual gyrus.  In addition, the volume of the optic chiasm was analyzed. A visual 

composite score (i.e., average) was calculated separately for volume and thickness by 

averaging all available measures within each type.  Subject data were included only if the 

Freesurfer parcellation passed quality control, as indicated in the ADNI database. The 

average volume of the right and left cerebellum cortex was used as a control region, as this 

area is minimally affected by AD pathology. All volumes were adjusted by total 

intracranial volume (ICV) by dividing the brain region of interest by total ICV, using a 

method known as the proportion ratio method.85 The measures of cortical thickness and the 

optic chiasm were not adjusted by total ICV, which is standard in the field. 

The study intended to use only data from the standardized data set, as 

recommended by ADNI, which was developed to improve consistency of reported MRI 

data.86 However, after a review of available data in this standardized data set (n=18 
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normal, n=34 AD), it was determined that the data set did not include adequate data for 

this project (e.g. missing NPI scores, limited AD population). Thus, the available data for 

subjects were increased by using imaging data within the ADNI dataset analyzed by the 

UCSF research group, discussed previously. The analysis began with n=4434 in the 

datafile. Data were sorted by visit code (viscode) and only “new patient” data from visits 

one through five (v01-v05) were included, as this study examined only baseline, cross-

sectional data. Subjects with data from visit six or above (indicating repeat scans) were 

excluded (n=688). Subjects who failed occipital lobe quality control were excluded 

(n=176), as this region was a main region of interest for my analysis. Some subjects had 

both accelerated and non-accelerated MRI data. For consistency in analysis, subjects with 

accelerated MRI data (n=92) were excluded. Thus, n= 1,929 subjects from the Freesurfer 

dataset. 

Neuropsychiatric Inventory (NPI) 

The Neuropsychiatric Inventory is a 12-item scale that asks the caregiver to report 

the frequency and severity of 12 neuropsychiatric symptoms including anxiety, apathy, 

delusions, aggression, aberrant motor behavior, and circadian rhythm disturbances.81 Four 

scores result from the scale: frequency, severity, total score, and caregiver distress. 

Frequency is reported as “present” or “absent.” If the behavior is present, the caregiver will 

report how often the patient experiences the behavior by selecting “rarely”, “sometimes”, 

“often”, or “very often”. The severity of the behavior is reported as “mild”, “moderate”, or 

“severe”. The informant is subsequently asked five to seven sub-questions about each 

behavioral domain, to clarify the individual’s presentation of anxiety, sleep problems, or 

aggression, etc. Caregiver distress, which is not included in the total score, is assessed by 
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the informant reporting how distressing the behavior is by indicating “not at all”, 

“minimally”, “moderately”, “severely”, or “very severely”. To score each domain, the 

frequency is multiplied by the severity. The sum of all behavioral domains represents the 

total NPI score. Thus, scores may range from 0 to 144, with higher scores indicating greater 

neuropsychiatric symptoms and greater distress. 

Clinical Dementia Rating 

The Clinical Dementia Rating is an assessment method used to determine the 

presence of functional difficulty in daily life based on cognitive impairment and its  

severity.87 The scale was developed to assess the subject's function in six areas, including 

memory, orientation, judgment and problem solving, community affairs, home and 

hobbies, and personal care.6 This study used both the total score (Sum of Boxes) across all 

six domains (ranging from 0-18), as well as the Global Rating Score (ranging from 0-3) in 

the analysis. Specifically, each domain is scored from 0-3, a CDR Global Score of 0.5 = 

very mild impairment, CDR-1 = mild dementia, CDR-2 = moderate dementia, and CDR-3 

= severe dementia.  

Demographic Information 

Baseline demographic information, including gender, race, age, ethnicity, and years 

of education were included in the analyses.  

Sample Size in Aim One 

Based on my inclusion and exclusion criteria, my final sample size in Aim One 

consisted of n=426 subjects, including n=283 controls and n=143 AD subjects. This was 

an exploratory analysis and no formal sample size or power calculation was conducted.  
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Aim Two – Clinical Methods 

Study Sample  

 The JHADRC served as the primary referral source for study participants for Aim 

Two, as noted above. The study recruited two groups of participants greater than age 65 

years: participants with late-onset AD and age-matched controls. I planned to recruit a total 

of 30 evaluable AD subjects and 18 evaluable normal control subjects. With this number, 

I would have 80% power to reject the null hypothesis (no correlation) if the alternative 

hypothesis that the correlation coefficient is 0.5 or lower and were able to detect a 

difference at an overall Type I error rate of 0.05. This tested the uni-directional hypothesis 

that increasing mRGC responses are associated with decreasing NPI and CMAI scores.  

Similarly, for the normal group, with 18 participants I would have 80% power to reject the 

null hypothesis if the correlation coefficient is -.5 or less. I had a detectable difference at 

the Type I error rate of 0.05, which tests the hypothesis that normal individuals have a 

greater mRGC response and have lower NPI and CMAI scores. The power analysis was 

conducted using STPLAN Version 4.3. I planned to analyze data from both eyes (where 

applicable) and use a general estimating equation to account for inter-eye correlations.88 

Inclusion Criteria 

 Individuals recruited for the AD group in this study had to have a clinical diagnosis 

of AD made by a physician when the individuals was at least 65 years of age, a MMSE 

score ranging from 11 to 26 (out of 30), and an NPI score of at least one, indicating some 

degree of behavioral disturbance. Control participants without any type of cognitive 

impairment (MMSE > 27) were recruited for the normal group. This study aimed to recruit 

equal numbers of males and females from diverse ethnic and racial backgrounds.   
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Exclusion Criteria  

Participants with a diagnosis of unknown dementia or non-Alzheimer’s–type 

dementia were excluded. Additionally, participants who had co-morbid hereditary or 

acquired conditions that resulted in retinal dysfunction or optic neuropathies (e.g., 

multiple sclerosis; advanced age-related macular degeneration (AMD); advanced 

glaucoma; Creutzfelt Jacob Disease (Heidenhain variant); retinitis pigmentosa; Stargardt 

disease) or neuro-degenerations (including frontotemporal dementia; vascular dementia; 

Lewy Body dementia; or Parkinson’s disease), or conditions that result in behavioral 

and/or circadian rhythm disturbances (e.g., delirium; current episodes of 

depression/dysthymia; urinary tract infection; acute medical illnesses) were excluded. 

Participants with acute/trauma-related vision problems or severe ocular conditions (in 

addition to retinal or optic nerve disease) preventing accurate examination/findings (e.g., 

blepharospasm, severe cataracts) were excluded. Participants who were diagnosed with 

AD dementia prior to age 65 were excluded. AD participants with a NPI score of 0 were 

excluded. Non-English speaking participants were excluded. Patients with caregivers or 

proxies who did not speak English or who were unable to read English were excluded.  

Participants who were unable to sit still for the examination, or who were unable to focus 

their eyes during the exam (within reason), were excluded. Participants in the normal 

group with a known circadian rhythm disorder were excluded. To protect the physical 

well-being of the participant, the PI had the final judgment to determine the participant’s 

ability to participate.   
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Human Subjects Protection Considerations 

 The study required consent of the patient and caregiver/study partner (if in the AD 

group). At minimum, the subject must provide assent. Below, brief definitions of consent 

and assent are discussed.  

All adults have the legal right to consent to participate in a research study, unless 

determined otherwise. Informed consent is based on adequate decision making capacity; 

sufficient information; understanding of information; and freedom from coercion or undue 

influence. Most individuals with AD dementia are capable of assigning a proxy decision 

maker, even in the mid to later stages of the disease.89 Assent (an affirmative agreement to 

participate in a study) and dissent (an unwillingness to participate in a study) should be 

respected in all types of research with cognitively impaired adults. If an individual 

possesses the ability to provide assent, it must be required in order for the individual to be 

enrolled in a study and should not be confused with a lack of dissent. Both dissent and 

assent can be given verbally, behaviorally, or emotionally.90 

 Cognitively impaired participants were asked to provide assent in addition to 

consent. The consent form stated the purpose and use of exam data, and risks and benefits 

to participating in the study. Data from the NPI remained confidential and anonymous. The 

PI was available for the participant and caregiver/study partner to interpret results and 

answer questions following the appointment. 

 Benefits of participating in the study included a summary of the ophthalmic exam 

and sleep data findings. The results of the exam were reviewed by the PI and a letter was 

sent to the participant’s home summarizing normal and abnormal findings and provided 

suggestions for follow up care where appropriate. Thus, participants may have gained 
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knowledge about their ophthalmic status that would have been otherwise unknown unless 

they underwent an independent eye exam. There were risks to participating in the study, 

but they were minor and consistent with any complete eye examination. These risks 

included mild discomfort during the examination due to positioning during the procedures 

and ocular irritation from eye drops used for dilating the pupil, scratching of the cornea 

during assessment of intraocular pressure, and temporary blurred vision following eye drop 

administration. 

Demographic Information  

 Demographic information was recorded from information previously provided 

from the JHADRC research coordinator. Demographics include age, sex, race, and 

education. Use of corrective lenses was noted.  

Visual Psychometrics 

During the appointment, the research fellow completed the following for all 

participants: visual acuity, visual field, ocular alignment and extraocular eye movements 

(EOM), intraocular pressure (IOP), anterior segment, and fundus exam. Visual acuity was 

performed with an autorefractor. EOM and anterior segment assessments were scored as 

“normal” or “abnormal.” IOP was measured in mm/Hg. The cup-to-disc ratio was 

estimated as part of the fundus exam. Participants were encouraged to perform all tests to 

the best of their ability. Performance on these non-invasive tests illustrated baseline visual 

performance and ruled out vision-related conditions that might prevent accurate study 

results.  
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Optical Coherence Tomography 

 Optical coherence tomography (OCT) is a non-contact non-invasive technique used 

to produce cross-sectional images of the anterior segments of the eye, as well as the retina 

and optic disc.91 The areas of interest in this study were the macular ganglion cell complex 

(GCC), which includes the three inner-most layers of the retina (Inner Plexiform Layer 

[IPL], Retinal Nerve Fiber Layer [RNFL], and Ganglion Cell Layer [GCL]), and the 

peripapillary RNFL (pRNFL). Much of the prior AD research has used the Stratus time-

domain OCT (TD-OCT) to evaluate retinal degeneration,41, 92, 93 whereas few studies have 

used the Cirrus spectral-domain OCT (SD-OCT).9 Though both OCT models provide 

acceptable results, the SD-OCT produces a sharper resolution and clearer image of 

individual retinal layers; however, due to the relative recent introduction, SD-OCT has 

limited use in the AD research field. Nevertheless, research who has used SD-OCT in AD 

participants have reported increased sensitivity to pre-clinical ocular changes,9 finding that 

have not been reported with TD-OCT. This study used SD-OCT to evaluate retinal 

degeneration of the GCC, RNFL, and the pRNFL in both AD and control participants. This 

was a non-invasive procedure that produced minimal discomfort and required minimal 

participation from the participant.  

Pupillometry 

Pupillometry was used to examine mRGC responses to bright light stimuli. 

Melanopsin, a photopigment expressed by a small number of RGCs, is integral in the 

processing of light information to the SCN and circadian rhythm functioning in 

mammals. Given that the mRGCs are intrinsically photosensitive, their action potential 

can be measured with a pupillometer, an instrument that analyzes the response of the 
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pupil subjected to a light stimulus.  The pupilometer used was an LED-driven Ganzfeld 

system and binocular eye-tracking camera.94 During testing, photopically equivalent blue 

and red light stimuli appeared, with varying pauses of light/dark and blue/red light 

adaptation to evoke rod, cone, and melanopsin responses. In this study, although four 

stimuli were presented (to assess rods and cones, in addition to melanopsin), my analyses 

included only the melanopsin associated stimuli (bright red and bright blue). To assess 

rod responses, two pairs of low intensity (-3 and -2 log cd/m2) photopically matched blue 

and red stimuli appeared. Rod response is based solely on blue stimuli. Similarly, cone 

response was assessed with low intensity (1 log cd/m2) photopically matched blue and 

red stimuli, but only measured by the response from the red stimulus. Melanopsin 

response was assessed by measuring the difference between photopically matched high 

intensity (2.6 log cd/m2) blue and red stimuli, both immediately following the stimulus 

(700ms) (i.e., “immediate response”) and approximately 6 seconds post stimulus (i.e., 

“sustained response”). The pupillometer recorded the participant’s pupillary light reflex 

(PLR),94 including pre- and post-pupil diameter.  

Below, the specific timing and light intensity of each light stimulus are detailed 

for this study. To gather accurate data, I instructed the participant not to blink for 1 

second after each stimulus; however, data were still interpreted even if the participant did 

blink after the stimulus. The entire test was performed twice to ensure accurate data 

collection and to allow the first test to serve as a practice round if needed.  

- Low intensity blue - 1 second – 1 cd/m2 (recovery time 5 seconds) 

- Low intensity red – 1 second – 1 cd/m2 (recovery time 5 seconds) 

- High intensity red – 1 second – 100 cd/m2 (recovery time 15 seconds) 
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- High intensity blue – 1 second – 100 cd/m2 (recovery time up to 30 seconds, but as 

long as the participant can hold beyond 6 seconds) 

Neuropsychiatric Inventory Questionnaire (NPI-Q) – Short Form 

The Neuropsychiatric Inventory Questionnaire (NPI-Q) (short form) is a 12 item 

scale that asks the caregiver to report the frequency and severity of neuropsychiatric 

symptoms such as anxiety, apathy, delusions, aggression, aberrant motor behavior, and 

circadian rhythm dysfunction.81, 95 The NPI-Q is a version of the NPI that has been cross-

validated for use in the clinic as an interview to rapidly assess behavioral pathology.95 

This version was used because it is one of the standard evaluations performed by AD 

research centers throughout the US. Similar to the long form of the NPI, each field was 

scored for presence or absence of the symptom. The co-investigator asked the caregiver 

to report if a symptom had been present in the last month (i.e. a change in the 

participant’s normal behavior), by answering “yes” or “no.” If a symptom had been 

present, the co-investigator asked the caregiver to report if the symptom was mild, 

moderate, or severe. Time to discuss the behaviors was allowed at the end of the 

interview. Higher scores indicate more neuropsychiatric symptoms and greater distress. 

The co-investigator completed a training course on the administration of the NPI-Q and 

administered this measure to the study partner during the study appointment (or by phone 

if the study partner did not attend the visit). 

Cohen Mansfield Agitation Inventory (CMAI) 

The Cohen Mansfield Agitation Inventory is a 29-item caregiver reported 

questionnaire that assesses an individual’s level of agitation, in both physical and verbal 

forms.96 The CMAI has been predominately used in the elderly population since its 
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development.70, 78, 97-99  Compared to alternative measures (e.g., the Behavioral Pathology 

in Alzheimer’s Disease [BEHAVE-AD] Scale100 or the Behavioral Syndromes Scale for 

Dementia 73, 101), the CMAI has the best validity and reliability (high internal consistency 

& marginal inter-rater reliability) in measuring agitation in demented elderly 

individuals.101 The co-investigator administered this measure to the study partner during 

the study appointment (or by phone if the study partner did not attend the visit). 

Actigraphy  

 Actigraphy was used to objectively measure circadian rhythm in the participants. 

Actigraphy is a non-invasive, non-obtrusive device capable of measuring rest-activity 

patterns, including total sleep time, sleep efficiency, and time spent awake after 

attempting to go to sleep.102, 103 The device, which has demonstrated success in older 

adult102-104 as well as AD populations,57, 105 was worn on the non-dominant wrist for a 

period of approximately seven days.106 In this study, the use of the Acti-Watch 2 (Phillips 

Healthcare) was discussed with the subject and/or study partner during the subject’s eye 

dilation. The device was placed on the non-dominant wrist of the participant and each 

participant (or caregiver) was provided with a pre-paid envelope to mail the device back 

to the co-investigator after a seven day period. Instructions were provided to the 

participant/study partner regarding detailed the use of and care for the device. A sleep 

diary was also included, which instructed the participants or study partners to record the 

times they went to bed, awoke, napped, or removed the watch. For this study, every 

minute of wrist activity was scored as either sleep or awake, with every 16-minute 

interval scored as “sleep” if, within the interval, greater than eight minutes were scored as 

sleep, or as “awake” if greater than nine minutes are scored as awake.107, 108 I used data 
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produced from the “Clinician Report” option after downloading the actigraphic data, 

which included include: total sleep time (in hours), sleep efficiency (percentage), 

wakening after sleep onset (WASO) (in minutes), and total number of awakenings (n). 

Justification of Variable Selection  

Independent Variable 

 The independent variables for Aim One were the volumes and thicknesses of key 

visual areas (described above), as determined by MRI data. The primary independent 

variable for Aim Two was the response of mRGCs as assessed by pupillometry.  

Dependent Variables 

 Neuropsychiatric symptom outcomes (as measured by NPI and NPI-Q scores), 

agitation (as measured by CMAI scores) and circadian rhythm outcomes (as measured by 

actigraphy data) were the dependent variables of interest.  

Confounders of Alzheimer’s Disease 

 Participants with other neurological disorders that could prevent accurate results, 

or that could mimic the cognitive impairment of AD, were excluded based on the clinical 

diagnosis, as detailed above.  

Confounders of Neuropsychiatric Symptoms in Alzheimer’s Disease 

 While neuropsychiatric symptoms in AD can be related to the progressive 

neuropathology of the disease, there are several other causes of aggression, wandering, 

paranoia, increased confusion, and circadian rhythm disturbances that were eliminated to 

the best of my ability in this study. For example, participants with long-standing psychiatric 

disorders such as manic-depressive disorder or a major depressive disorder were excluded, 

as detailed above. 
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Confounders of Vision Test Performance 

 Several factors may confound the results of visual acuity or visual field. These 

factors included pre-existing retinopathies, optic neuropathies, and cranial nerve palsies; 

lack of or incorrect spectacle lenses; inflammation/acute ocular disease, etc., and were 

excluded as detailed above. Age may affect vision test performance. To account for the 

effect of age, all participants were greater than age 65, and all analyses adjusted for age. 

Confounders of Retinal Degeneration 

 Several congenital or acquired ocular disorders may produce similar retinal 

degenerations and/or clinical exam presentations. These include multiple sclerosis, age-

related macular degeneration, retinitis pigmentosa, Leber congenital amaurosis, and 

Stargardt disease. Participants were screened for eligibility prior to entrance into the study. 

Individuals with such disorders were deemed ineligible, as detailed above. 

Statistical Analysis 

Aim One: ADNI Data Analysis  

 We first generated descriptive data of all subjects, including means, standard 

deviations, ranges, and frequencies (where appropriate) of all demographic, imaging, and 

neuropsychological data. Between group differences were determined using One-way 

ANOVA. I ran linear regression analyses to determine the associations between each 

individual regions of interest (ROI) and total NPI score for the AD group alone, the 

control group alone, and both groups together. Similarly, I ran linear regression analyses 

to determine the associations between individual ROIs and moderate or severe NPI scores 

in the AD group only. Logistic regressions determined potential associations between 

individual ROIs and relevant sub-domains of the NPI-Q. As appropriate, analyses were 
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adjusted for age, education, and total ICV. A p value of <.05 was considered significant. 

All analyses were performed with Statistical Package for the Social Sciences (SPSS) 

software.109  

Aim Two: Primary Data Analysis 

 We first generated descriptive data for all participants, including means, standard 

deviations, ranges, and frequencies (where appropriate) of all demographic, clinical, 

assessment, pupillometry, and actigraphy data. Between group differences were 

determined using One-Way ANOVA. I ran linear regression analyses to determine the 

associations between the immediate mRGC response and NPI, CMAI, and actigraphy 

variables. Similarly, I ran linear regression analyses to determine the associations 

between the sustained mRGC response and NPI, CMAI, and actigraphy variables. I ran 

two regression models for both immediate and sustained mRGC responses: In one model, 

I adjusted for age only. In the second model, I adjusted for age and MMSE. A p value of 

<.05 was considered significant. All analyses were performed with Statistical Package for 

the Social Sciences (SPSS) software.109 
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Chapter Four: Relationship of visual pathway atrophy and neuropsychiatric 

symptoms in Alzheimer’s disease and normal aging (Aim 1) 

Introduction 

Alzheimer’s disease (AD) dementia is characterized by a decline in memory and 

other cognitive domains, neuropsychiatric symptoms, and severe functional limitations.1, 

2 These cognitive and behavioral symptoms have been studied extensively.1, 110 Visual 

deficits also develop in patients with AD dementia, but they are comparatively under-

studied.3, 4 As AD progresses, deficits in depth,5 color,6 and motion perception7 occur, 

associated with histological alterations in the optic nerve and retina4, 8-10 and degenerative 

changes in the central visual pathway, including the optic nerve8, 18 and several cortical 

areas related to vision,19, 22 all of which are essential for the perception and interpretation 

of visual information. Although it is known that AD-related changes to visual pathways 

affect visual processing, limited research111 has been performed to determine if changes 

to these regions also are related to disruptive behavior, such as agitation and anxiety often 

exhibited by patients with AD dementia.  

 The entire visual sensory pathway is vital for depth, light, and motion perception. 

Specifically, the intrinsically photosensitive melanopsin retinal ganglion cells are integral 

to circadian rhythm.32 In addition, the optic nerve is needed for carrying visual 

information from the retina to the brain. Finally, cortical areas related to vision are 

essential in the interpretation of visual information. Degeneration of these areas caused 

by disease, such as AD, results in slower visual processing speeds, impaired visual-

spatial abilities, disrupted circadian rhythm, or inability to accurately perceive the 

environment through sight. In AD, these functional losses may translate to 
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neuropsychiatric symptoms. For example, for an individual with AD-dementia, impaired 

visual-spatial abilities (e.g., due to impaired depth or motion perception) may result in 

anxiety or visual hallucinations.  

Neuropsychiatric symptoms in patients with AD dementia, such as aggression, 

wandering, or nighttime sleeping disturbances, could be caused by a number of factors, 

including disease-related degeneration and sensory decline. One hypothesis attributes 

age-related sensory decline (e.g., presbyopia and presbycusis) to increased 

neuropsychiatric symptoms in AD, due to difficulty perceiving the environment related to 

cognitive impairments.3014 Unmet needs in the external environment also may contribute 

to the behavioral disturbances, due to a decrease in the availability of individuals to care 

for or meet the needs of the individual.30 Neuropsychiatric symptoms often are cited as 

primary reasons for institutionalization, due to the extreme burden on caregivers.28, 112 It 

therefore is essential to consider a range of etiologies for the neuropsychiatric symptoms 

that occur in patients with AD dementia. 

The main goal of this study was to examine the cross-sectional relationship 

between structural changes in brain regions essential for vision and neuropsychiatric 

symptoms in subjects with AD dementia compared with controls. Using data from the 

Alzheimer’s Disease Neuroimaging Initiative (ADNI), I wanted to determine if 

neuropsychiatric symptoms were differentially associated with specific vision-related 

areas of the brain in both cognitively normal and AD dementia subjects. I wanted to 

compare the association between volumes of brain regions essential for vision, as 

measured by magnetic resonance imaging (MRI) and the prevalence of neuropsychiatric 

symptoms as measured on the Neuropsychiatric Inventory (NPI) in cognitively normal 
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older adults and older adults with AD dementia. I hypothesized that there would be an 

association between the severity of atrophy in visual brain regions and NPI scores in 

subjects with AD dementia but not in cognitively normal subjects. 

Materials & Methods 

Participants  

The subjects in this study were participants in the Alzheimer’s Disease 

Neuroimaging Initiative (ADNI), a national study involving more than 50 sites across the 

U.S, one of the goals of which was to make all data publicly available to qualified 

investigators throughout the world.  Subjects in ADNI included cognitively normal 

individuals, persons with mild cognitive impairments (MCI), and patients with mild AD 

dementia, collected over three waves of recruitment (i.e., ADNI 1, ADNI-GO, and ADNI 

2), totaling over 1,500 subjects. As described in Petersen, et al.,83 the diagnostic criteria 

for the three groups were based on memory complaints, Minimental State Exam (MMSE) 

scores, Clinical Dementia Rating (CDR) scores, and cognitive and functional abilities. 

Specifically, the normal group had to have no memory complaints, have MMSE scores 

ranging from 24-30, CDR scores of 0, and no significant impairments in cognitive 

functioning or in activities of daily living (ADLs).83 For the MCI group, participants had 

to have memory complaints, have MMSE scores ranging from 24-30 (same as the normal 

group), CDR scores of .5 (with memory box score of .5 or greater), and they could not be 

qualified for a diagnosis of dementia, based on cognitive functioning and ability to 

perform ADLs.83 The AD group had to have memory complaints, MMSE scores ranging 

between 20-26, and CDR scores of .5 or 1. The National Institute of Neurological and 
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Communicative Disorders and Stroke (NINDS) criteria were followed for diagnosing 

subjects with “probable AD.”83  

The subjects in this study included only cognitively normal and AD dementia 

individuals from ADNI 2 who met my inclusion criteria. For my analyses, I used the 

following data from the ADNI database: demographic characteristics, clinical 

assessments, MRI measures, and NPI results. All subjects had both MRI data and NPI 

data at baseline. My final analytic sample included 283 cognitively normal subjects and 

143 subjects with mild AD dementia. 

Measures 

Magnetic Resonance Imaging 

The MRI data come from 3-Tesla scans analyzed using FreeSurfer Version 5.1113, 

114 (last updated by ADNI in November 2015) by investigators at the University of 

California, San Francisco (UCSF).  Both the volume and thickness of four cortical regions 

involved in visual processing were included in the analysis, each averaged over the left and 

right hemispheres: (1) occipital cortex; (2) cuneus; (3) pericalcarine cortex and (4) lingual 

gyrus.  The volume of the optic chiasm was also analyzed. A visual composite score was 

calculated separately for volume and thickness by averaging all available measures within 

each type.  Subject data were included only if the Freesurfer parcellation passed quality 

control, as specified in the ADNI database. The average combined volume of the right and 

left cerebellar cortices was used as a control region, as these areas are minimal affected 

pathologically by AD. All volumes were rendered as a percentage of total intracranial 

volume (ICV) by dividing the brain region of interest by total ICV, a method known as the 
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proportion ratio method.85 Measures of cortical thickness were not adjusted by total ICV, 

which is standard in the field. 

Neuropsychiatric Inventory (NPI) 

The NPI is a 12-item scale that asks caregivers to report the frequency and 

severity of 12 behavioral symptoms, including anxiety, delusions, aggression, aberrant 

motor behavior, and nighttime disturbances.81 Scores range from 0 to 144, with higher 

scores indicating more neuropsychiatric symptoms and greater levels of distress. I 

categorized NPI scores into four groups by score: “normal” (NPI score = 0, indicating no 

observed behavioral symptoms); “mild” (NPI score = 1-3); moderate (NPI score= 4-8); 

and “severe” (NPI score ≥9), based on the distribution of scores in my sample. In 

addition, I examined individual subdomain symptoms evaluated by the NPI that might be 

related to vision, including: hallucinations, anxiety, agitation or aggression, and nighttime 

disturbances. 

Data Analysis 

Analyses were conducted using Statistical Package for Social Sciences (SPSS) 

software, Version 23 (IBM Corp.).109 One-way ANOVA assessed group differences 

(cognitively normal vs. AD-related dementia) in demographic statistics, clinical 

assessments, and measures of brain region. To assess the association between atrophy in 

visual regions and NPI scores, I conducted linear regression analyses for each group. 

These analyses examined the association of each average measure of volume and 

thickness with NPI scores and subdomains. I adjusted all regression models for age and 

education (and total intracranial volume85, for volumetric measures). A p value of <0.05 

was considered statistically significant. This was an exploratory analysis without formal 
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sample size or power calculations. All eligible cases in the database were included in the 

analyses.   

Results  

Demographic characteristics of the cognitively normal (N=283) and AD-dementia 

(N=143) participants are shown in Table 4.1. The AD group was slightly older than the 

control group (p=0.04). There were no significant differences in race or ethnicity between 

groups. The control group had more years of education than the AD group (p<0.01) and 

had lower total NPI scores compared with the AD group (p< 0.001). A higher percentage 

of subjects in the control group had NPI scores of 0 (p<0.001), whereas AD subjects were 

more likely to have “moderate” or “severe” NPI scores (<0.001). 

  



 

37 
 

 

 

 

  



 

38 
 

Group Differences in Selected Brain Regions 

Overall, the AD-dementia group had smaller volume and less thickness across the 

visual regions of interest (ROIs) compared with the control group (Table 4.2). These 

differences were significant (all p<0.05) with the exception of the cuneus volume, which 

approached significance (p=0.08). The AD-dementia group also had a smaller optic 

chiasm volume (p<.001). In contrast, there was no significant difference between the 

control and AD-dementia groups in cerebellar cortex volume, the control region (p=0.85). 
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Association Between Selected Brain Regions and Total NPI Scores  

As shown in Table 4.3, none of the ROIs examined had a statistically significant 

relationship to total NPI scores for either group.  
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Association Between Selected Brain Regions and Moderate & Severe NPI Scores  
 

Because many subjects did not report any neuropsychiatric symptoms (NPI score 

= 0), I conducted a subgroup analysis of the association between visual ROIs and NPI 

scores in subjects with NPI scores ≥4 (i.e., the “moderate” and “severe” groups), which 

comprised the majority of AD subjects. Again, none of the ROIs had a statistically 

significant relationship with NPI scores ≥4 (Table 4.4, top).  

Finally, the analysis was repeated by including only AD dementia subjects with 

NPI scores ≥4 (excluding all non-AD subjects). I did not find any statistically significant 

associations between ROI volumes and NPI scores ≥4 in this AD group alone (Table 4.4, 

bottom).  
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Association Between Selected Brain Regions and Selected NPI Sub-Domains 
 

Because I failed to find evidence of an association between the MRI measures and 

total NPI scores, I conducted additional logistic regression analyses to determine if there 

were associations between the MRI measures and the selected NPI sub-domains (i.e., 

hallucinations, agitation/aggression, anxiety, and nighttime disturbances). Each sub-

domain was scored as present or absent. I coded symptoms as “present” if the subject had 

a sub-domain score of at least 1 (i.e., indicating that the subject endorsed the 

neuropsychiatric symptom) in the specific domain. The logistic regression analysis 

showed no significant associations between ROI measures and specific NPI sub-domains 

for either group (Table 4.5).  
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Discussion 

 Prior research indicates an association between the pathology of AD and 

structures within the visual system.9, 10, 22 However, very limited research has examined 

the relationship of AD ocular pathology to disruptive behavioral symptoms,111 such as 

agitation or anxiety. The visual system presents an easily accessible pathway to examine 

AD pathology, with great potential to assist in a better understanding of the disease 

process. This study examined the association between atrophy of visual brain regions and 

neuropsychiatric symptoms. Although there was evidence for greater brain atrophy in the 

visual ROIs in the AD-dementia group compared with the cognitively normal subjects, 

the amount of atrophy did not correlate with severity of behavioral disturbances, as 

measured by the NPI.   

This study had several limitations that may have affected the ability to confirm 

my hypotheses. The main limitation is specific to the regions examined. This study 

focused on cortical visual regions, as well as the optic chiasm, as these vision-specific 

regions were available in the ADNI database. I was unable to examine other brain regions 

important for vision, such as the optic nerves and lateral geniculate nuclei (LGN), which 

may play a large role in neuropsychiatric symptom severity. I hypothesize that a slower 

relay of visual information (i.e., via the optic nerves) and slower or altered perception and 

interpretation of visual information (i.e., in the LGN) may be associated with, for 

example, hallucinations or anxiety related to visual deficits (rather than atrophy in visual 

cortical regions more broadly). Furthermore, the optic chiasm measurement may not be 

the most reliable, as it is a small area and may be difficult to analyze precisely. Although 

the sample size was appropriate for the data I evaluated, the number of subjects who 
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reported symptoms for the four NPI subdomains of interest was 45 or less, depending on 

sub-domain. This reflects the limited sample of AD subjects with more severe pathology 

and behavioral disturbances in this dataset. I hypothesize that there may be a threshold 

effect, whereby the change in pathology would be significantly associated with 

neuropsychiatric symptoms in the most severe cases of AD. As the main aim of the 

ADNI was to recruit individuals with mild AD dementia,83 the pool of severely affected 

individuals was limited. Future prospective studies may recruit a broader range of 

affected individuals with AD dementia.  

The strength of this study is that it is the first to attempt to determine if there is an 

association between visual ROIs and neuropsychiatric symptoms.  Based on the lack of 

significant associations between cortical ROIs and NPI symptoms, I hypothesize that the 

effect of AD pathology in the visual system on neuropsychiatric symptoms may be 

specific to the anterior portion of the central visual pathway (e.g., the retina and optic 

nerve). Future studies should focus on assessing this section of the pathway using optical 

coherence tomography in individuals with AD dementia and control subjects to examine 

the relationship, if any, between these measures and neuropsychiatric symptoms. 

Additionally, future studies should include assessments of specific neuropsychiatric 

symptom measures, such as the Cohen Mansfield Agitation Inventory, which was not 

available in the ADNI dataset. Finally, given the known association between vision and 

circadian rhythm, it will be beneficial for future research to directly assess circadian 

rhythm disturbances as they relate to vision. As supported by work completed by La 

Morgia, et al.,33 methods should include pupillometry to assess mRGC responses and 

actigraphy to assess circadian rhythms directly.  
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Chapter Five: Associations between melanopsin retinal ganglion cell response, 
circadian rhythm disturbances, and neuropsychiatric symptoms in Alzheimer’s 

Disease (Aim 2a/2b) 

Introduction 

  Accurate visual perception of the environment is essential to function and 

behavior. Alzheimer’s disease (AD), a neurodegenerative disease characterized by 

progressive cognitive, functional, and social decline, adversely affects visual function and 

has well-established ocular pathology.31, 115, 116 As AD progresses, deficits in depth, color, 

and motion perception occur5-7 that are associated with histological alterations in the 

optic nerve and retina,8-10, 18 as well as degenerative changes in the central visual pathway 

and several cortical areas related to vision,19, 22 all of which are essential for the 

perception and interpretation of visual information.  

Within the retina are intrinsically photosensitive melanopsin retinal ganglion cells 

(mRGCs) that are integral to the perception of light and circadian rhythm function. 

mRGCs make up approximately 1% of all retinal ganglion cells,117, 118 with five known 

subtypes based on size, shape, and projection.117, 119, 120 It has been reported previously 

that mRGC subtypes are affected by age,121 however, the roles and functions of 

individual subtypes are unknown in AD.  

Clinical assessments, including optical coherence tomography (OCT) and 

actigraphic sleep studies, reveal disturbances consistent with progressive loss of mRGCs 

in patients with AD dementia,33 and histochemical assessment of the retinas in patients 

with AD dementia confirm mRGC loss that correlates with disruption of normal circadian 

rhythm and sleep disturbances.33  

A majority of older adults report disturbances in circadian rhythm, with common 

complaints that include frequent nighttime awakenings, increased daytime napping, and 
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difficulty falling asleep.64, 65 Given the known ocular pathology of AD and the 

associations between circadian rhythm and mRGC function,33 and the associations 

between circadian rhythm disturbances and neuropsychiatric symptoms,74 I hypothesized 

that reduced mRGC responses are associated with circadian rhythm disturbances and 

neuropsychiatric symptoms in patients with AD dementia. If my hypothesis were correct, 

mRGC responses could be useful as a biomarker for potential functional outcomes in 

patients with AD dementia. 

 Specifically, the goal of this study was to identify possible differences in 

pupillometric mRGC responses in participants with AD dementia versus controls to 

determine if the mRGC responses were associated with neuropsychiatric symptoms and 

circadian rhythm disturbances. I hypothesized that participants in the AD group would 

have lower mRGC responses compared with control participants and that the degree of 

mRGC response reduction would correlate with the severity of circadian rhythm 

disturbance and neuropsychiatric symptoms in AD participants. 

Methods and Materials 

Study Sample and Study Design 

Following approval by the Institutional Review Board at The Johns Hopkins 

School of Medicine, I recruited potential control and AD participants from the Johns 

Hopkins Alzheimer’s Disease Research Center (JH ADRC) and the Johns Hopkins 

Memory and Alzheimer’s Treatment Center (MATC). All participants in both groups 

were greater than 65 years of age. A study partner was required for participants in both 

groups. I excluded participants with neurodegenerative diseases other than AD (e.g., 

Parkinson’s disease, Lewy Body Dementia), severe/blinding eye disease (e.g., visually-
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significant cataracts, late-stage age-related macular degeneration), tremor, and non-

English speaking. For the AD group, I only included participants with a Mini-Mental 

Status Exam (MMSE)122 score between 11 and 26, as severely impaired individuals 

would be more difficult, if not impossible, to examine with pupillometry. AD participants 

were included only if they had a Neuropsychiatric Inventory81 (NPI) score of at least 1 

within the last year, indicating some degree of behavioral distress, and a caregiver or 

study partner who could accompany them to the appointment. I interviewed the study 

partners of controls in person or by phone during the study appointment. Although 

subjects were not compensated for participating in the study, they received a complete 

ophthalmic examination free of charge. In addition, I provided each participant with the 

results of their eye exam and the actigraphy data.  

All participants in the study were evaluated on a single occasion at the Wilmer 

Eye Institute of the Johns Hopkins Hospital. The evaluation took about 1 hour 

(procedures detailed below). Following the consent process, each participant underwent 

pupillometry and completed a comprehensive ophthalmic examination. Research staff 

administered two behavioral questionnaires (discussed below) to the study 

partner/caregiver while the participant was undergoing the eye exam. While his/her 

pupils were dilating, the participant was provided the Acti-Watch 2 (actigraphy) device 

and relevant instructions. Participants and/or caregivers also were instructed to complete 

a sleep diary every morning, providing a subjective measure of sleep patterns. 

Measures  

RAPDx pupillometry 

Because mRGCs are intrinsically photosensitive, their action potential can be 

measured with a pupillometer, which analyzes the response of the pupil upon receiving a 
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light stimulus. This study used the Konan RAPDx pupillometer that generates a series of 

photopically equivalent blue and red light stimuli with varying pauses of light/dark and 

blue/red light adaptation to elicit rod, cone, and mRGC responses based on the protocol 

developed by Park, et al.94 Specifically, the mRGC responses were assessed using high-

intensity red (HIR) and high-intensity blue (HIB) stimuli (100 cd/m2). HIR light stimuli 

primarily activate photoreceptor responses, whereas HIB stimuli primarily activate the 

melanopsin response. By determining the difference between the HIR and HIB stimuli,I 

am able to assess the melanopsin contribution. I examined both the immediate response 

post-stimulus (approximately 700ms post-stimulus) and the sustained response (an 

average of 5.5-6.5 seconds post-stimulus). The immediate pupil response is a 

combination of photoreceptor and mRGC responses, whereas the sustained response is 

generated by melanopsin pigment – a more specific measure of mRGC contribution. 

Thus, a decrease in the immediate response would indicate a decrease in the number of 

all photosensitive cells – photoreceptors and mRGCs- whereas a decreased sustained 

response would indicate a decrease in melanopsin pigment.94 Analyses specifically 

focused on immediate and sustained responses for HIR and HIB stimuli; however, I also 

presented low-intensity red (LIR) and low-intensity blue (LIB) stimuli to all 

participants.94 

The specific timing and light intensity of each light stimulus were as follows:  

- Low-intensity blue - 1 second – 1 cd/m2 (recovery time 5 seconds) 

- Low-intensity red – 1 second – 1 cd/m2 (recovery time 5 seconds) 

- High-intensity red – 1 second – 100 cd/m2 (recovery time 15 seconds) 
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- High-intensity blue – 1 second – 100 cd/m2 (recovery time up to 30 seconds, but 

as long as the participant can hold beyond 6 seconds) 

During data collection, participants were instructed not to blink for one second after 

each stimulus; however, data were still interpretable even if the participant did blink 

immediately after the stimulus. I performed the entire testing sequence twice to ensure 

adequate data collection and to allow the first test to serve as “practice.” Partially processed 

data were sent to the study team following the exam and then analyzed. For the analyses, I 

included pre-stimulus pupil diameter (PD), post-stimulus pupil diameter (PDMin), and the 

percentage contraction (calculated as (PD - PDMin) / PD)) of HIR and HIB responses for 

both immediate and sustained responses. The difference between the immediate HIR and 

HIB percentage contractions was coded as the “immediate response.” The difference 

between the sustained HIR and HIB percentage contractions was coded as the “sustained 

response.” Data from both eyes were averaged and blink artifacts were removed. If a 

participant had excessive blinks, or if pupil tracking was lost during analysis, I excluded 

the data for that eye.  

Actigraphy 

Actigraphy is a non-invasive method of measuring rest-activity patterns, including 

total sleep time, sleep efficiency, and time spent awake after attempting to go to sleep.102, 

103 I used the Acti-Watch 2 (Phillips Healthcare, Amsterdam) device that has been 

validated in older adult102-104 and AD populations.104, 105 The device was placed on the 

participant’s non-dominant wrist at the study visit and the participant was asked to wear it 

for seven days.106 Each participant (or caregiver) was provided with a pre-paid envelope 

with which to return the device by mail to the study team after the seven-day period. 
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Additionally, participants (or study partners) were told to complete a sleep diary to record 

the times they got into and out of bed, and when they took naps during the day. For this 

study, every minute of wrist activity were scored as either sleep or awake, with every 16 

minute interval scored as “sleep” if greater than eight minutes are scored as sleep, or as 

“awake” if greater than nine minutes were scored as awake.107, 108 For my analyses, 

actigraphy data included: total sleep time (in hours), sleep efficiency (percentage), 

wakening after sleep onset (WASO) (in minutes), and total number of awakenings (n). 

NPI & CMAI 

We administered two questionnaires to study partners/caregivers in person or by 

phone, depending on whether or not the study partner attended the visit: The 

Neuropsychiatric Inventory Questionnaire (NPI-Q) and the Cohen Mansfield Agitation 

Inventory (CMAI). Briefly, the NPI is a 12-item scale that asks the study partner to report 

the frequency and severity of the patient’s neuropsychiatric symptoms, including anxiety, 

apathy, delusions, aggression, aberrant motor behavior, and sleep disturbances.95 Higher 

scores indicate greater levels of distress. Similarly, the CMAI is a 29-item informant-

reported questionnaire that assesses the frequency of agitated behaviors.96 Higher scores 

indicate greater levels of agitation. 

Data Analysis 

One-way ANOVA assessed group differences (control vs. AD) on demographic 

statistics, clinical assessments, actigraphy data, and mRGC responses. To assess the 

association between mRGC responses and circadian rhythm disturbances, and mRGC 

responses and neuropsychiatric symptoms, I conducted separate linear regression analyses 

for each outcome variable for each group. Analyses examined the associations between 
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immediate or sustained mRGC responses with each actigraphy variable, NPI score or 

CMAI score. All regression models were initially adjusted for age; post-hoc analyses 

adjusted for age and MMSE. A p value of <0.05 was considered statistically significant. 

Analyses were conducted using Statistical Package for Social Sciences (SPSS) software, 

Version 23 (IBM Corp.).109 

Results 

 We recruited participants from April 2015 through July 2017. I reviewed 331 

records of potential AD participants. Of the 331 AD candidates, n=274 were ineligible 

most commonly due to age <65, severe cognitive impairment, dementia diagnosis other 

than AD, death, other ocular or neurological disease/illness that would preclude accurate 

analyses, or distance from clinic location. I contacted 57 individuals who were initially 

determined eligible by record review and screened 14 people. Of the 14, 10 consented 

and completed the study, 1 did not keep the appointment and did not reschedule, 2 

canceled without rescheduling, and n=1 did not complete the study. I reviewed 56 records 

of potential control participants. Eight were not eligible, most commonly due to excluded 

physical factors (e.g., ocular migraines, seizures). I contacted 48 who were initially 

determined eligible by record review and 20 scheduled a study appointment. Of the 20, 

18 consented and completed the study, 1 did not keep the appointment and did not 

reschedule, and 1 did not complete the study. In total, I completed 18 control and 10 AD 

study appointments. One control participant’s watch malfunctioned and data thus could 

not be retrieved. One AD participant removed the watch after three days. I ran a 

sensitivity analysis with and without this participant’s data and the overall findings were 

unchanged. If anything, excluding the participant made the results stronger. My final 
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analyses included this participant’s data. Additionally, two AD participants and one 

control participant had missing HIR stimulus data due to frequent blinks. Thus, my 

regression analyses included data from n=16 control and n=8 AD participants. Of note, I 

presented LIB and LIR stimuli to all participants, but due to the number of blinks in the 

AD group during low intensity stimuli, these data did not provide useful results.  

Sample Characteristics and Groups Differences 

 There were no statistically significant differences in age, gender, or years of 

education between groups. The AD group had significantly lower MMSE scores 

compared with the control group (p<.001) and had higher NPI and CMAI scores (p<.05). 

There were no statistically significant differences in visual acuity between groups and no 

statistically significant group differences in total sleep hours (p=.851), sleep efficiency 

(p=.079), WASO (p=.061), or total number of awakenings (p=.427) (Table 5.1). There 

were no statistically significant differences between groups in pre-pupil diameter, 

immediate or sustained (delayed) post-pupil diameter, or percentage contraction 

(immediate or sustained) for the HIR or HIB stimuli (Table 5.1). 
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Immediate mRGC Response and Circadian Rhythm 

 Separate linear regression analyses examined the associations between the 

immediate mRGC response and circadian rhythm variables. When adjusted for age, 

WASO was negatively associated and sleep efficiency was positively associated with the 

immediate response in the AD group but not the control participants (p<.05). Both 

WASO and sleep efficiency had similar correlations with the immediate response in the 

AD group but not in the control group when adjusting for both age and MMSE (p<.05) 

(Tables 5.2 and 5.3). 
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Sustained mRGC Response and Circadian Rhythm 

 Separate linear regression analyses examined the associations between the 

sustained mRGC response and circadian rhythm variables. When adjusted for age, 

sustained responses were positively correlated with total sleep time in the AD group but 

not in the control participants (p<.05) (Table 5.4), although not when adjusted for both 

age and MMSE score (Table 5.5).  
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Association Between mRGC Response and Neuropsychiatric Symptoms  

 Separate linear regressions examined the associations between sustained or 

immediate mRGC responses and total NPI and CMAI scores in AD and control 

participants. When controlling for age alone or for both age and MMSE score, neither 

NPI nor CMAI total scores were significantly associated with the immediate or sustained 

responses in either group (Top of tables 5.2-5.5).  

Discussion 

 This study is the first to examine potential associations between mRGC pupillary 

responses and neuropsychiatric symptoms and circadian rhythm disturbances in AD and 

older adult control participants. The relationship between mRGC function and circadian 

rhythm are well known as is the ocular pathology in patients with AD dementia. 

However, little is known about mRGC responses and their possible association with 

circadian rhythm disturbances and neuropsychiatric symptoms in AD using pupillometry.  

The two groups were equivalent in years of education, gender, race, and visual 

acuity. A majority of my sample in both groups was white, which presents a limitation in 

my study, as iris color may vary by racial group (e.g., darker iris color is more common 

in minority individuals) and may affect the pupillary light reflex.123 The AD group had 

greater cognitive impairment and neuropsychiatric symptoms compared with the control 

group. 

 There were no significant differences in immediate or sustained pupillary 

responses for HIR or HIB stimuli between groups. Both immediate and sustained 

responses were significantly associated with sleep variables; however, neither immediate 

nor sustained mRGC responses were associated with neuropsychiatric symptoms in either 
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group. I expected the AD group to have lower pupillary responses, as previous research 

shows a histological decrease in total mRGCs in AD subjects.33 My lack of significant 

findings may be related to my small sample size, particularly in my AD group.  

However, the immediate mRGC response was negatively associated with WASO 

and positively associated with sleep efficiency in the AD group only. Interestingly, the 

sustained response was positively associated with total sleep time in the AD group only. 

These findings suggest that mRGC loss is associated with increased circadian rhythm 

disturbances (i.e., increased awakenings after sleep onset and decreased sleep efficiency) 

in AD, whereas loss of melanopsin pigment is associated with increased sleep hours in 

AD. This finding supports the results of previous histochemical studies that have 

described a decrease in total number of mRGCs in AD.33 Interestingly, the direction of 

the association between total sleep time and sustained mRGC response is the opposite of 

what I expected. That is, it appears that a greater sustained response is associated with 

fewer hours of sleep. The significance of this finding is unclear, but it could be due to a 

variety of factors, such as seasonal changes in circadian rhythm and melanopsin 

expression.124 I did not adjust for date of exam in my analyses. Melanopsin pigment 

levels (assessed by the sustained pupillary response) may be more difficult to measure in 

the AD population, as this requires that the participant not blink for an extended period.  

The major limitation of this study was the small sample size. I hypothesize that 

with more participants in the AD group, greater differences may have been apparent in 

sleep variables between groups. As discussed by La Morgia, et al.,33 I do not know if the 

pupillary responses obtained with chromatic pupillometry are derived from all or a 

specific subset of mRGCs. Thus, I do not know if a specific mRGC subtype is 



 

66 
 

responsible for AD-related changes. Potential advances in pupillometry technology to 

detect specific mRGC subtypes could be integrated into future research using mRGC 

responses as potential biomarkers in AD. I suggest future research on pupillometry 

technology be targeted toward individuals with AD dementia, as this is an optimal, non-

invasive method of assessing a useful biomarker.  

Further, it would be ideal to replicate this study not only in a larger more diverse 

AD sample, but also in individuals with mild cognitive impairment to examine early 

mRGC changes in relation to circadian outcomes. It is known that sleep disturbances may 

precede AD, but virtually nothing is known about mRGCs in MCI or their relevance to 

circadian rhythm disturbances. This presents an avenue for future vision and sleep 

research in MCI with valuable implications for AD. 
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Chapter Six: Recruiting Cognitively Impaired Participants to Ophthalmology 
Studies: Special Considerations and Challenges  

 

Introduction 

 In recent years, interest has increased in the field of Alzheimer’s disease (AD) and 

ocular pathology.33, 62, 116, 125 Research shows significant associations between the disease 

and changes in the visual system through histological and clinical methods.8-10, 18, 33 As 

more research translates to the clinic setting, it is essential that researchers investigating 

AD-related ocular pathology be aware of the specific needs of this population. Although 

several studies have utilized clinical methods such as optical coherence tomography 

(OCT) with AD dementia subjects,9, 41, 92 specific recommendations on study design (e.g., 

complexity of tasks, order of procedures), data collection (e.g., how to examine AD 

dementia subjects with OCT), and environmental considerations of the exam room 

specific to the AD dementia population in ophthalmological studies are non-existent. 

Using a recent study that I conducted as a model, I will discuss considerations and 

challenges for the AD dementia population in clinically-focused ophthalmology studies.  

Our study aimed to identify possible associations between retinal degeneration 

(measured by OCT), melanopsin retinal ganglion cell response (measured by 

pupillometry), and neuropsychiatric symptoms (measured by two behavioral 

questionnaires) and circadian rhythm disturbances (measured by actigraphy). I recruited 

AD dementia participants and age-matched controls. Although pupillometry was 

generally successful, OCT presented challenges unique to my AD group.  Several factors 

may have facilitated easier data collection beginning with study design through data 

collection. The suggestions presented here may be valuable for other researchers 

considering similar methods. 
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Study Sample 

Following approval by the Institutional Review Board at The Johns Hopkins School 

of Medicine, potential control and AD dementia participants were recruited from the 

Johns Hopkins Alzheimer’s Disease Research Center (JHH ADRC) and memory clinic. 

All participants in both groups were greater than 65 years of age. I excluded participants 

with neurodegenerative diseases other than AD dementia (e.g., Parkinson’s disease, Lewy 

Body Dementia), severe/blinding eye disease (e.g., untreated cataracts, late-stage age-

related macular degeneration), tremor, non-English speaking and those without a 

caregiver willing to do a short interview.  

AD dementia participants were included only if they had a Neuropsychiatric 

Inventory (NPI)81 score of at least 1 within the last year, indicating some degree of 

behavioral distress, and a caregiver or study partner who could accompany them to the 

appointment. For the AD group, I only included participants with a Mini-Mental Status 

Exam (MMSE)122 score between 11 and 26, as severely impaired individuals would be 

more difficult, if not impossible to examine with pupillometry. Previous NPI and MMSE 

scores were available within the medical record. 

Although subjects were not compensated for participating in the study, they received 

a complete ophthalmic examination free of charge. In addition, results from the eye exam 

and the actigraphy data were provided to each participant. 

Recruitment Procedures 

Recruitment challenges with cognitively impaired older adults are not unique to my 

study.126-128 Previous work suggests involving the primary care provider and/or the 

caregiver to increase participation in AD studies.127 I recruited participants from a large 
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database of individuals who indicated they were interested in research studies during a 

recent visit to the memory clinic or were previously involved in other research studies at 

my institution. I reviewed the medical record of potential participants and no further 

contact was made with those who were ruled ineligible. I then made initial contact by 

telephone with the significant other or emergency contact of those still eligible and 

screened for further eligibility. During this phone conversation, a study team member 

mentioned the name of the research nurse or memory clinic who the study partner was 

familiar with, in order to establish rapport and trust.127 Of note, although there were no 

requirements for who could be the AD participant’s study partner, all of my participants’ 

study partners were spouses, which has been shown to increase the likelihood of 

participation in research compared with adult children as study partners.129  

Study partners were asked about the potential participant’s ocular history, 

exclusionary health issues, and to confirm that the study partner would be able to 

accompany the participant to the appointment if they decided to participate in the study. 

If the potential participant passed the telephone screening, and the study partner and 

participant were interested, I scheduled a convenient time for the study appointment. A 

letter confirming the appointment and directions to the appointment location were mailed 

within one week of scheduling the appointment. The letter reminded participants to bring 

assistive devices (e.g. hearing aids, glasses). They were instructed to park in the closest 

parking garage to the clinic to reduce fatigue walking to the clinic. A study team member 

greeted the participant and study partner in the lobby of the clinic and escorted the pair to 

the appointment room in order to avoid unnecessary stress in finding the location.  
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Recruitment Outcomes 

In total, I screened N=331 individuals from my provided list of potential AD 

participants (Figure 6.1). A majority (n=274, 83%) were ineligible after reviewing the 

medical record and no contact was made with these individuals. The most common 

reasons for initial ineligibility were: severe cognitive impairment (n=69), dementia 

diagnosis other than AD dementia (n=55), and age <65 years (n=27) (Figure 6.2). I 

attempted to conduct telephone screenings with n=57 people who were potentially 

eligible after reviewing medical records. Forty-three people (75%) were deemed 

ineligible: three were determined ineligible after making contact with the study partner; 

20 were potentially eligible but after listening to what the study involved stated they were 

not interested and did not answer the screening questions; and 20 made no contact after 

several attempts. There were 14 (25%) individuals remaining who were potentially 

eligible and interested and were scheduled for a study appointment. Eleven (78%) people 

came in for the study appointment, two cancelled their appointment without scheduled, 

and one did not come to their appointment. Ten enrolled in the study and one person 

refused to sign the consent form. In total, 10 AD dementia participants were consented 

and completed the study appointment. (Figure 6.1).  Thus, approximately 17.5% of 

individuals who were potentially eligible after medical chart screening actually 

completed the study, and approximately 71% of individuals who were scheduled for the 

appointment were consented and completed the study appointment.  
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Figure 6.1. Recruitment Outcomes in AD Sample (n=331) 
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Figure 6.2. Reasons for Ineligibility Following Record Review  
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In contrast, I screened 55 records of potential control participants. Seven people were 

ineligible after record review, due to age <65 years (n=4), ocular exclusions (n=2), and 

severe hearing loss (n=1). I attempted to conduct telephone screening with 48 individuals 

who were potentially eligible. Twenty-seven people were deemed ineligible: 11 made no 

contact after several attempts and 16 were potentially eligible but after listening to what 

the study entailed stated they were not interested and did not answer the screening 

questions. There were 21 (38%) individuals remaining who were potentially eligible and 

interested and were scheduled for a study appointment. Nineteen (90%) people came in 

for the study appointment, one did not come to the appointment, and one cancelled 

without rescheduling. Eighteen people enrolled in the study and one person arrived 

without a study partner after arriving by their own car. In total, 18 control participants 

were consented and completed the study appointment. Thus, approximately 37.5% of 

individuals who were potentially eligible actually completed the study, and 

approximately 86% of individuals who were scheduled for the appointment were 

consented and completed the study appointment.  

Sample Characteristics 

Of the 10 AD dementia participants who completed the study appointment, MMSE 

scores ranged from 14 - 26, with a mean of 21.3 (S.D. 4.22). Of those who were 

potentially eligible and contacted by telephone, but were not interested and therefore 

deemed ineligible (n=20), MMSE scores ranged from 14-28, with a mean of 21.8 (S.D. 

4.25). The difference between the mean MMSE scores of individuals who completed the 

study and individuals who were eligible but were not interested was not significant 
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(p=.763). Thus, in my study, degree of cognitive impairment did not appear to be a main 

factor in the decision to participate.  

Of the individuals who were potentially eligible and contacted by telephone, but were 

not interested and therefore deemed ineligible (n=20), a common reason for lack of 

interest was that they did not want to travel to my study location (at an urban hospital 

setting). Even with free arranged transportation, many were apprehensive to “come to the 

city.” Several study partners indicated they would have been interested in participating if 

the study were conducted at a satellite location closer to their home (Note: My institution 

has several satellite office locations throughout the state.) This was not possible, as one of 

the main devices (i.e. pupilometer) was housed in the main location and was otherwise 

unable to be transported, and no other options existed to collect pupillometry data at the 

time of my study. Other reasons that eligible individuals declined to participate in the 

study included lack of compensation, lack of interest in the study, participation in other 

studies/too much stress for participant, recent illness/injury, or fear of eye-related tests, 

all reasons that have been cited in other clinical studies.130 

Order of Procedures 

OCT performed with dilated eyes is standard practice and produces optimal images 

for diagnostic purposes.131 I originally intended to obtain all OCT data with dilation. For 

the first eight out of 10 AD dementia participants, I completed the study appointment in 

the following order: consent process; pupillometry; complete eye exam while 

administering questionnaires to the study partner; explained actigraphy instructions while 

waiting for eyes to dilate; and optical coherence tomography. For the final two 

participants, I switched the order of procedures slightly, as some of my participants 



 

75 
 

appeared fatigued at the end of the appointment, making it difficult to obtain good quality 

OCT images. Thus, for the final two participants, I completed the OCT immediately 

without dilation following the pupillometry, thus ending the appointment with the 

actigraphy instructions during eye dilation. Although it is easier to complete the OCT 

while the participant’s eyes were dilated, by switching the order of procedures, this 

appeared to greatly reduce fatigue. The pupilometer and OCT were located in the same 

room, but in a different location than where the consent process, exam, and actigraphy 

instructions occurred. The final two participants appeared to have an easier time keeping 

their eyes open for the OCT and I was easily able to obtain better quality images. 

Although unconventional, I recommend future studies consider whether or not dilation 

for the exam and OCT is truly necessary for their AD dementia participants. Decreasing 

overall time spent performing procedures may help minimize stress for AD dementia 

participants.  

Exam Environment  

In addition to cognitive impairment and functional limitations experienced by 

individuals with AD dementia, many also have difficulty with depth, color, and motion 

perception.5-7 Appropriate environmental modifications (e.g. optimal lighting, contrasting 

colors, and physical space) benefits function and behavior in individuals with AD 

dementia.132-134 With this in mind, I made the best use of the provided study space. The 

study appointments occurred in an exam space intended for research purposes, within a 

main clinic location at the institution. I used three rooms: “Room A” for the consent 

process, exam, and actigraphy; “Room B” for pupillometry and OCT; and “Room C” for 

administering the questionnaires to the study partner. All rooms were within 20 feet of 
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the other. Participants initially were directed to Room A for the consent process. Once the 

consent forms were signed, participants were led to Room B for pupillometry, then back 

to room A for the exam. While the exam occurred, research staff administered the 

questionnaires to the study partner in Room C. The study appointment ended in Room B. 

Modifications were made in all rooms to insure participant safety. These included: 

locking all rolling chairs; replacing backless chair with chairs that had backs (and arms, 

preferably); and removing unnecessary items (e.g. papers, extra chairs) to reduce 

distraction and improve maneuverability. Clear paths with sufficient space for 

participants to walk and turn around were made for each procedure and rooms were well-

lit.  

Cognitive Impairment & Data Collection 

Participants with lower MMSE scores appeared to have greater difficulty with 

pupillometry and OCT procedures than participants with higher scores in my study. 

These participants often had trouble focusing (looking left or right, up or down with their 

eyes) or keeping still (moving their head) during the OCT or aligning their head/eyes 

with the viewfinder on the pupilometer (e.g. forehead too high) and holding the position. 

Often during the OCT, AD dementia participants would close their eyes during the 

imaging procedures. Some participants indicated they were tired, but most did not realize 

that their eyes were closed.  

The study team member responsible for conducting the pupillometry and obtaining 

OCT images would often remind the participant how to position his/her eyes/head/body 

for optimal data collection. For the OCT procedure specifically, when the ideal position 

was reached, the study team member would instruct the participant to look at a pen light, 
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wall fixture, or the study team member’s ear to steady the participant’s gaze while 

obtaining images. Although this technique worked some of the time, involving the 

caregiver resulted in most efficient data collection. The caregiver helped instruct the 

participant where to look (sometimes directly at the caregiver) and provided moral 

support. Breaks (e.g., to the restroom, for water, or to rest their eyes) were offered in 

between tests or as requested. Finally, if the participant appeared frustrated or too tired to 

continue, data collection ended.  

Discussion 

Our study reveals several considerations for including AD dementia participants 

in future ophthalmology studies (Figure 6.3). Study design (i.e. complexity of tasks, order 

of procedures, exam with or without dilation), environmental considerations (e.g. 

minimizing distractions, increasing comfort in the exam room), and data collection (e.g. 

role of staff member, caregiver involvement) should be considered within the context of 

cognitive impairment.  

As discussed above, recruitment challenges with the AD dementia population are 

not unique to my study and are common considerations in clinical AD studies.126-128, 135 

Although many ophthalmological studies involving OCT have successfully recruited and 

enrolled AD dementia participants,9, 41, 42 it is unclear what the specific recruitment 

process entailed. To the knowledge of this writer, there are no guidelines available 

specifically for clinically based ophthalmology studies recruiting AD dementia 

participants. It is unclear how many participants were screened, how many were 

ineligible, or how many were uninterested. These may not be details typically found in a 

research article, but they are important nonetheless. Providing recruitment details, as well 
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as recommending specific actions to obtain accurate clinical ophthalmic data in the AD 

dementia population, likely would result in more efficient data collection while 

improving overall quality of ophthalmic care.    

Although OCT is a common procedure in most ophthalmology clinics, 

pupillometry appears to be reserved for specialty clinics, making this procedure difficult 

to perform by the general AD dementia population because of the potential need to travel 

to a specialty clinic at an academic center. Although many of my AD dementia 

participants had not had a complete eye exam in over two years, most AD dementia 

participants see a memory care specialist at least annually. Data obtained by OCT and 

pupillometry may be useful for tracking disease progression and potentially as a 

biomarker of AD. It would be ideal and beneficial- for both eye health and monitoring 

progression of AD-related ocular pathology- to include a complete eye exam with 

additional testing (i.e. OCT and pupillometry) as part of an annual memory care 

appointment. It would be helpful for the patient and the care team to review 

ophthalmological data within the context of cognitive, functional, and behavioral 

measures. 
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Figure 6.3. Considerations for Including Individuals with AD in Clinical Ophthalmology Studies 
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Chapter Seven - Discussion 

Integrated Findings 

The goal of this dissertation was to determine if Alzheimer’s Disease (AD)-related 

ocular pathology was associated with functional and behavioral outcomes, such as 

circadian rhythm disturbances and neuropsychiatric symptoms. Although it has been well 

established that AD affects the visual system,4, 8-12, 41, 136 the relationship of ocular 

pathology to circadian rhythm disturbances and neuropsychiatric symptoms has been 

understudied.111 Given the difficulties with depth, motion, and color perception 

experienced by many individuals with AD dementia,5-7 and the known associations 

between melanopsin retinal ganglion cells (mRGCs) and circadian rhythm,33 this study 

attempted to determine if ocular pathology could be a factor in such functional and 

behavioral disturbances.  

In Aim One, I hypothesized that atrophy of visual brain regions is associated with 

increased neuropsychiatric symptoms in AD. I hypothesized that control participants 

would have significantly greater atrophy in these regions when compared with AD 

participants. In Aim 2a and 2b, I hypothesized that a reduced mRGC response would be 

associated with increased circadian rhythm disturbances and greater neuropsychiatric 

symptoms in AD. I also hypothesized that AD participants would have a significantly 

lower mRGC response compared with control participants. In Aim 2c, I hypothesized that 

increased retinal degeneration would be associated with increased circadian rhythm 

disturbances and greater neuropsychiatric symptoms in AD. I accomplished my aims in a 

two-part study, using secondary data for Aim One and primary data for Aim Two, 

resulting in three core outcomes, discussed below.  
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Association of Visual Brain Region Atrophy and Neuropsychiatric Symptoms 
 

The first aim attempted to determine the associations between atrophy of visual brain 

regions of interest (ROIs) and neuropsychiatric symptoms using the Alzheimer’s Disease 

Neuroimaging Initiative (ADNI) database as a secondary data source. Atrophy in visual 

brain regions was estimated using structural magnetic resonance imaging (MRI) 

measures (volume and thickness) in regions involved in visual processing, including the 

occipital cortex, cuneus, pericalcarine cortex, lingual gyrus, and optic chiasm. To 

measure neuropsychiatric symptoms, I used total Neuropsychiatric Inventory (NPI) 

scores and specific sub-domains that may be related to vision (i.e., anxiety, aggression, 

hallucinations, and nighttime disturbances). I also extracted clinical assessment data and 

demographic characteristics. The final study sample included n=143 AD subjects and 

n=283 control subjects with complete data. Although volumes and thicknesses of all 

ROIs were significantly lower in the AD group compared with the control group, neither 

volumes nor thicknesses were significantly associated with neuropsychiatric symptoms 

(total scores or sub-domains) in either group. I hypothesize that the lack of association 

may be related to more AD-related pathology present in the anterior visual system (e.g., 

pupil, retina, optic nerve), as opposed to the posterior visual structures assessed in this 

aim. It also is possible that the regional measurements were not sufficiently focal to 

identify highly localized differences between the groups. The latter hypothesis was tested 

in Aim Two. 
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Association of mRGC response and Neuropsychiatric Symptoms and Circadian Rhythm 

Disturbances 

In Aims 2a and 2b, I attempted to determine if there were differences in mRGC 

responses between AD and control groups, and if a lower mRGC response was associated 

with circadian rhythm disturbances or neuropsychiatric symptoms in AD. I hypothesized 

that the AD group would have a lower mRGC response than the control group, and that a 

lower mRGC response would be associated with greater circadian rhythm disturbances 

and neuropsychiatric symptoms. I recruited both AD dementia subjects and age-matched 

controls to enroll in a single study appointment, during which they had a completed 

ophthalmic examination, underwent pupillometry and optical coherence tomography, and 

received an actigraphy watch to wear for seven days to record rest and activity patterns. 

Study partners reported the participant’s mood and behaviors by answering NPI and 

Cohen Mansfield Agitation Inventory (CMAI) questionnaires. The final sample consisted 

of n=10 AD participants and n=18 control participants. For the analyses, I coded mRGC 

response as either “immediate response” (i.e., indicative of mRGC loss) or “sustained 

response” (i.e., indicative of loss of melanopsin pigment). Although there were 

differences in MMSE scores, total NPI scores and CMAI scores between groups, my data 

show there were no differences between immediate or sustained mRGC responses or 

actigraphy outcomes. However, the immediate mRGC response was negatively 

associated with awakenings after sleep onset (WASO) and positively associated with 

sleep efficiency in the AD group only. Interestingly, the sustained response was 

positively associated with total sleep time in the AD group only. These findings suggest 

that mRGC loss is associated with increased circadian rhythm disturbances (i.e., 
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increased awakenings after sleep onset and decreased sleep efficiency) in AD, whereas 

loss of melanopsin pigment is associated with increased sleep hours in AD.  

Considerations for Ophthalmology Studies Recruiting Individuals with Alzheimer’s 

Disease  

I originally designed the Aim 2c experimental protocol to determine if retinal 

degeneration was associated with greater circadian rhythm disturbances and 

neuropsychiatric symptoms in AD. Using the same sample as discussed in Aims 2a and 

2b, I attempted to obtain OCT images to assess retinal degeneration by measuring and 

comparing the peripapillary retinal nerve fiber layer (PRNFL) thickness between the two 

groups. Neuropsychiatric symptoms were assessed with NPI and CMAI scores as above. 

Circadian rhythm was measured by actigraphy monitoring. Although participants were 

able to complete pupillometry as described in Aims 2a and 2b, obtaining OCT images 

was particularly difficult with the AD participants, resulting in incomplete or missing 

data. Many AD participants had difficulty keeping their eyes open, fixating on a visual 

target, or staying attentive toward the task. Given the challenges of data collection with 

the AD participants, and the lack of specific guidelines present in the literature, in 

Chapter Six I presented the challenges that I encountered with AD participants during my 

study and offered potential solutions for future ophthalmology studies involving AD 

participants. This became the third main outcome. Although I began recruitment with a 

list of n=331 AD participants, only n=10 completed the study. The low number of 

participants was due to a number of factors. First, a vast majority of potential participants 

(n=274) were ineligible, most commonly due to age <65, severe cognitive impairment, or 

diagnoses other than AD. Others (n=20) were eligible but declined to enroll. By 
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comparing the MMSE scores of participants who were eligible and enrolled vs. 

participants who were eligible but who declined enrollment, it appears that the degree of 

cognitive impairment was not a contributing factor in the decision whether or not to 

enroll. Logistical issues related to the demands on the study partner were more commonly 

reasons for non-participation. 

In Chapter Six I discussed study design and considerations for complexity of study 

tasks relative to cognitive impairment. During data collection, I suggested having more 

than one study team member to obtain OCT images and another to guide the participant. 

Additionally, I discussed the benefits of including the caregiver as a moral support and as 

an additional assistant during data collection. I discussed the role of the environment and 

potential effects on data collection. I suggested several modifications for the exam room 

that may result in more efficient data collection. Finally, I advocated for the inclusion of 

complete ophthalmic exams with advanced testing (i.e., OCT and pupillometry) during 

annual memory care visits, due to the many health benefits for the individual and use as a 

potential biomarker for AD research.  

Strengths and Limitations 

This dissertation examined the associations between AD-related ocular pathology 

and neuropsychiatric symptoms in AD and used objective methods to measure sleep and 

find associations with mRGC responses using pupillometry in AD. This study provides a 

strong foundation for future research and supports measuring AD-related ocular 

pathology to assist in tracking the progression of the disease and measuring the potential 

effects on function and behavior.  The findings of this dissertation address the need for 
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continued research in this field and advocates for the necessity of ophthalmological 

testing for the health of individuals with AD dementia. 

Although the participants in Aim One were not the same as in Aim Two, the NPI 

was a consistent measure of neuropsychiatric symptoms in both samples. Using the same 

measure, although the samples were different, allows for a similar comparison of the 

associations between posterior and anterior AD-related ocular pathology and 

neuropsychiatric symptoms.  At the same time, I was limited by the measures available in 

the secondary dataset. Specifically, the NPI may not be the best measure for 

neuropsychiatric symptoms related to ocular pathology- that is, there may be an 

alternative measure that is better able to assess behavioral symptoms related to visual 

impairment. Similarly, there were no data available in ADNI that assessed circadian 

rhythm specifically. It is unknown if posterior AD-related visual pathology would be 

associated with circadian rhythm disturbances, as found in the anterior regions. 

Additionally, my data in both aims were cross-sectional. Longitudinal data would offer 

opportunities to analyze changes in vision over time, potentially revealing a threshold 

affect related to the AD pathology.  

Though not a unique challenge to my study, a majority of my participants from 

the secondary and primary data sources indicated that they were Caucasian, potentially 

making the findings not applicable to non-Caucasian individuals. It would be beneficial 

for future research to focus recruitment efforts on enrolling a more diverse sample.  

Future Research 

Including participants with AD dementia in ophthalmological studies is an 

expanding field and warrants special considerations while posing unique challenges. In 
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general, future research should consider recruiting a racially diverse sample and including 

comprehensive ophthalmic methods with regular cognitive and neurological testing. By 

strengthening the data profile for participants, researchers may be able to identify 

additional factors that affect vision, function, and behavior in AD dementia. For example, 

there may be race-specific visual impairments (e.g., glaucoma), or racial differences in 

reporting of neuropsychiatric symptom that may influence the associations between AD-

related ocular pathology and function or behavior. 

For research using secondary databases, as in Aim One of this study, I present 

here specific suggestions that may be helpful in future research. Although the analyses 

were simplified by using pre-processed and pre-analyzed MRI scans for volume and 

thickness data, this limited the available vision-related regions in my analyses. It would 

be beneficial to examine additional visual regions of interest, such as the optic nerves and 

lateral geniculate nucleus (LGN) that may play a large role in neuropsychiatric symptom 

severity. For example, a slower relay of visual information (i.e., via the optic nerves) and 

slower or altered perception and interpretation of visual information (i.e., in the LGN) 

could result in hallucinations or anxiety related to visual deficits.   

Additionally, I suggest using a secondary database that includes participants with 

more severe cognitive impairments. In ADNI, the primary goal was to recruit participants 

with mild AD, largely due to the fact that one of the primary aims of ADNI was to collect 

imaging and other biomarker data that would be difficult to obtain from more impaired 

participants.83 The absence of non-significant findings in Aim One thus may be related to 

the mild AD pathology present in such participants. Additionally, neuropsychiatric 

symptoms and circadian rhythm disturbances are more pronounced in later stages of the 
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disease. I hypothesized that there may be a threshold effect, meaning significant 

associations would be present only after a greater degree of AD pathology, which is not 

present in mild cases as in ADNI. Thus, I suggest future studies specifically include data 

from more severely impaired participants, if it were possible to obtain MRI data from 

these individuals.  

In Chapter Six, I presented several suggestions for future research using the 

specific methods from Aims Two. Although it is beneficial to discuss the challenges and 

offer suggestions for such work, I also believe that the future of AD-related ocular 

pathology research would benefit greatly by: a.) Examining the contributions of age on 

AD-related ocular pathology on function and behavior; b.) Using ocular pathology as an 

additional biomarker for asymptomatic AD individuals; and c.) Using the well-

established ocular pathology to focus on therapeutic options to improve vision and 

quality of life for individuals with AD dementia, discussed below.    

It is well known that age greatly increases risk for several ocular diseases, such as 

age-related macular degeneration, glaucoma, and cataracts, and in Aim Two, the study 

sample included only individuals greater than age 65 to control for such age-related 

disease. To examine the age-related contributions on AD-related ocular pathology, I 

suggest additional research involving individuals with early onset AD (onset prior to age 

65) and contrasting the findings with late-onset AD. It is possible that age (i.e., age-

related vision loss and disease) has a cumulative effect on vision when combined with 

AD dementia. By studying only early-onset individuals, it will be easier to identify the 

ocular pathology that is specific to AD and not pathology that is also influenced by age. 



 

88 
 

This dissertation was based on the well-established field of AD-related ocular 

pathology. The literature in this field agrees that individuals with late-onset AD undergo 

specific progressive changes to the visual system. It is less clear at what point during the 

disease that these changes begin. To use ocular pathology as an additional biomarker for 

AD, it would be ideal to incorporate ophthalmological testing into large longitudinal 

studies (e.g., ADNI) beginning with individuals who are in asymptomatic stages of AD 

dementia137 (i.e., the individual shows no symptoms but is at risk for developing AD 

dementia (genetically or otherwise)). With regular data collection, the exact onset of 

ocular pathology may be established and could be used in combination with other 

biomarkers for AD. It should be noted that although the literature agrees that there are 

specific AD-related ocular changes, there currently are no specific criteria based on the 

available research to identify cutoffs for what is considered AD dementia versus normal 

(e.g., a range of PRNFL measurements). It is likely that this is due to individual 

differences in vision, health, and cognition. The benefit of longitudinal research would 

include examining contributing individual factors, such as gender, age, genetics, or other 

physical health characteristic, as well as identifying the potential threshold effect of AD 

pathology on visual changes.  

Finally, future research should address how to use this well-established ocular 

pathology as a therapeutic target for individuals with AD dementia. As the findings from 

this study suggest that mRGCs are associated with circadian rhythm disturbances, it may 

be useful to investigate further the specific light wavelength used to stimulate mRGCs as 

a therapeutic mechanism for light therapy, which previously has been unsuccessful.58, 99 

This research may help establish a more effective light therapy protocol and increase 
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non-pharmacological treatment options for circadian rhythm disturbances and 

neuropsychiatric symptoms in AD. 

Conclusions 

Based on the findings of this dissertation, some AD-related ocular pathology (i.e., 

mRGC loss) appears to be associated with circadian rhythm disturbances but not with 

neuropsychiatric symptoms. Although I found significant deficits in the anterior pathway 

in this study (i.e., mRGC loss and circadian rhythm disturbances), I did not find similar 

associations in the posterior pathway (i.e., atrophy of visual ROIs and neuropsychiatric 

symptoms). There also were no significant findings in either sample in the age-matched 

control groups, suggesting that the associations are specific to AD dementia.  

The visual system presents a straightforward, rapid way to assess AD-related 

changes and would significantly benefit from further study. Future research is necessary 

to identify a potential threshold effect in AD-related ocular pathology and the 

associations between function and behavior. The findings of this research may be 

beneficial as a biomarker for AD dementia or therapeutic target for non-pharmacological 

interventions to improve circadian rhythm disturbances and neuropsychiatric symptoms. 

Recruiting a diverse sample and including advanced methods to assess vision in AD 

dementia will provide rich data that will advance research and greatly benefit the overall 

health of all aging individuals.  
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