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DEDICATION 

 

To those I love (two, four and even six-legged). 

 

Collection of data for this dissertation allowed me to spend considerable time 

with elderly subjects and their caregivers, and I believe there is much to learn from 

those who have traveled long journeys. In most cases, the caregivers were children or 

spouses who had been married to their then-demented partners for decades. Seeing 

love so strong it weathers the devastation of dementia is what gives me an eternal faith 

in love. While my subjects were in the scanner, I often had the opportunity to speak 

with their spouses, and these selfless souls were often delighted to find a listening ear 

in me. The spouses faced tremendous pain in watching their loved ones fade into an 

existence that bore no resemblance to their former selves. But despite the pain, what I 

saw in these spouses was tremendous courage and inspiring loyalty. Only the greatest 

love survives such a blow.  

I will not soon forget the wife who told me in tears that her husband with 

Alzheimer’s had peed in the oven that morning, and then later said in complete 

sincerity that he was the love of her life. The daughter who could laugh as she told me 

her mother painted her lips with mascara. 

Nor will I soon forget my subject who had dementia with Lewy bodies and 

woke every morning in tears. He cried for at least one hour because he was under the 

delusion his wife was the one who was sick and believed she was dying from cancer. 
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When I finished scanning this man and brought him to his wife, he kissed her and told 

her she was the best wife. 

I saw surprising evidence of love in what others may deem barren soil. One of 

my subjects diagnosed with dementia with Lewy bodies insisted that when I scanned 

her I was to find a stroke rather than “those Lewy bodies.” She was adamant it was a 

stroke that had caused her symptoms. I suppose the diagnosis of a stroke would be less 

frightening than the diagnosis of a degenerative disorder. With a stroke, the worst is 

behind; with a degenerative disorder, the worst is yet to come. The scan was a fragile 

process of negotiation. As long as I gave her the choice to stop or continue every 

seven minutes or so, she bellowed “a little bit longer!” She was motivated to find a 

stroke, but the scan showed no stroke. This feisty woman had a full-time aid who was 

my saving grace during the scan. He was a behemoth, black man with tattoos on his 

neck. It took him several minutes to take off all his jewelry and piercings before going 

into the scan room (he sat with my subject during the scan and rubbed her feet to keep 

her calm; I wouldn’t have managed without him). He was so kind and patient toward 

my subject, and she absolutely adored him. At one point, I accidentally got in his way 

as he was moving her, and she screamed at me, “Don’t you give Ricky* a hard time! 

He knows better than anyone! Don’t you pick on him!” I was touched to see a little old 

lady scream at me in defense of a man like Ricky. 

In meeting with my subjects, I realized that at some point in life, most of us 

will be entirely dependent on the kindness of others.  
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In the face of tragedy—the tragedy of a pathology that steals away the mind—I 

saw strife as well: families who could not decide how a subject’s treatment should be 

handled, families who faced off between denial and acceptance, families who bickered 

about the final cents attached to an individual’s last days.  I scanned one woman with 

Alzheimer's who was relatively young although her intracranial space was more fluid 

than brain. I talked to her daughter during the scan. She lived with her mom and cared 

for her while also trying to hold a full-time job. The daughter needed to talk, so I 

listened. She was fighting against her aunt, who staunchly denied her mother had 

Alzheimer’s, and her brother, who disagreed with the decided path of management. 

Conversations such as that one made me realize how universal are the roots of human 

suffering, despite unique branches. Much of this daughter’s frustration was derived 

from feeling overwhelmed, wrongfully accused, under-appreciated and 

misunderstood. The universality of such feelings allows for deep compassion. 

Of course, in dealing with dementia, I had my private moments of giggling too. 

There was one woman with frontal temporal lobe dementia whom I could not 

approach without caution for she took great delight in lifting up my skirt.  

There was the 97-year-old non-demented control subject, who was deaf and 

mute once his hearing aids and dentures were removed. His wife had died a few 

months prior, and he had already taken up residence with a younger mistress in her 

70s (she was a nurse, which is certainly an attractive trait in golden-age courtship). 

The mistress had been a neighbor and friend to my patient and his wife for many 

years. When his wife died, he had asked the mistress to dinner at the Soup Plantation. 
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She accepted, and then agreed to go home with him that evening to watch a little TV. 

While the TV was roaring, he disappeared into the bedroom for a while and then came 

back out with a rather forward request: “Nancy*, I’ve turned down a side of my bed 

for you.” She said, “Oh, John*, I don’t think I’m ready for that” and went home. But 

all that night, she could only imagine how she would feel watching other hussies walk 

past her house to enter John’s. So the next morning, she marched down to his house, 

and asked, “John? Is the offer still open?” They had been sleeping together ever since. 

When I delivered this man from the MRI room to his mistress-in-waiting, he fell into 

her for a lengthy, denture-free make-out session. I can really only describe the sight 

and sound as what you would expect in observing a fish French kissing. 

And then one of my favorite subjects of all, Jacque*: Mexican and Swiss by 

birth, French by association only. He too was a non-demented control subject. He was 

90 years old, lived alone, navigated public transportation (in San Diego, no less!), and 

was as fiery as they come. I scanned him four times, and he and I were very much on 

first name, cell phone basis. He called frequently to check on the status of something 

or another or just to chat. The first time I scanned him, he and I had a number of spats 

involving the finer points of MRI. During those challenging (but oh so entertaining) 

45 minutes, my favorite snippet was this: 

Him: I need to take off my pants. 
Me: Why do you need to take off your pants? 
Him: They have a metal zipper. 
Me: That will be fine. The zipper is not magnetic enough to cause a problem in the 
scanner. We scan people with zippers in their pants all the time.  
Him: But my pants have three zippers in them. One in the center and one on each 
pocket. 
Me: Thank you for letting me know, but again, that should be fine. The only slight 
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possibility is that you might feel a bit of heat in the area. I will check with you 
frequently to make sure you’re comfortable, and if you feel any heat, we can stop the 
scan. 
Him: My pants also have staples in them. Do you scan people with staples in their 
pants? 
Me: Mmmmm. What do you mean staples?  
Him: When I get holes in my pants I staple them. 
Me: Ok. Again, that should be fine. Just let me know if you start to feel heat. 
Him: But I want to take off my pants. 
Me: Did you bring another pair of pants or shorts to change into? 
Him: No. But I'm wearing underwear. I don’t mind if you see me in my underwear. 
Me: Alright. Let's just keep your pants on. It should be fine. 
Him: You could give me a blanket to cover myself. 
Me: No, let's just keep the pants on please. 
 

I must say I was exasperated and also tickled to death when I received a call on 

my cell phone from an endearing gentleman who introduced himself as Jacque’s 

brother and said he too ought to participate in my study. The brothers were quite 

enraptured to watch one another be scanned. When Jacque emerged from the scanner, 

Pierre* told him we had found a mouse in his brain. When Pierre emerged from the 

scanner, Jacque told him that 84 of his 166 slices were perfect matches to Einstein's 

brain...just not Albert's. Jacque was working on getting his affairs in order so it would 

be easy for Pierre to take over his estate. First on his list was to remodel the front 

porch of his house.  

Before heading out the door arm-in-arm beneath matching flat caps, Jacque 

and Pierre sat captivated for nearly an hour as I explained to them about the brain. 

Jacque took notes (even stopping to verify the spelling of hippocampus) and told 

Pierre the two of them should go over the notes together later that day.  

Another of my favorites was Natalia*, an 84-year-old writer who also 

participated in my research as a healthy control. Dr. Natalia, to be precise (yes, this 
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84-year-old woman had her PhD!). I liked Natalia from the start because she said the 

chirps of the MRI machine sounded like birds. I think it says something about the soul 

when a person can walk into a cold, sterile medical room filled with the noise of heavy 

technology and hear birds. I like these sorts of people the best. After her first scan, 

Natalia and I embarked upon a beautiful friendship in spite of a six-decade age 

differential.  I am always welcomed into her home with a hug, honest discourse and 

the gift of poetry. 

This is why I have loved the data collection aspect of my research the best. 

These subjects and their caregivers have brought me to tears and to laughter, and most 

beautifully of all, they have often brought me to my knees in prayer. For even in 

diseases as awful as dementia, I have seen incredible evidence that God is good. 

 

*Names changed to protect subject confidentiality. 
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Quantitative Neuroimaging: Applications to Normal Aging and Neurodegenerative 
Disease 

 
by 

Elizabeth Ann Murphy 

 

Doctor of Philosophy in Neurosciences  

University of California, San Diego, 2013 

Professor James B. Brewer, Chair 

  

Magnetic resonance imaging (MRI) techniques provide a noninvasive, 

quantitative means to assess spatial and temporal patterns of change that occur in the 

brain, both as a function of healthy aging and as a function of neurodegenerative 

disease. In particular, structural MRI can be used to quantify cortical thickness and 

subcortical volumes across the brain at sub-millimeter accuracy. By tracking these 

measurements in an individual across time using longitudinal analysis, it is possible to 

assess the rate and spatial distribution of gross anatomical change, which is believed to 

correlate with neuronal loss and shrinkage. Further, diffusion tensor imaging (DTI) 

allows assessment of the brain at the level of local microstructure and is believed to be 



xvii 

 

sensitive to changes in white matter integrity. These quantitative neuroimaging 

techniques have been applied to three distinct studies in this dissertation. In Chapter 

One, it is shown that neurodegeneration can be quantified in healthy elderly subjects 

across a time period as short as six months, and this quantification might help identify 

those at risk for subsequent cognitive decline. In Chapter Two, these imaging 

techniques are used as quantitative phenotypes in a genetic analysis to show that 

polymorphisms in the cholesteryl ester transfer protein (CETP) gene associate with 

and therefore may contribute to the genetic variability of brain structure, atrophy rate 

and Alzheimer’s disease susceptibility. Chapter Three of this dissertation applies these 

techniques to the study of Lewy body dementia, in which it is found that structural 

change in the Lewy body dementias appears intermediate between that of Alzheimer’s 

disease and healthy aging, whereas DTI data reveals relatively equivalent severities 

between Alzheimer’s disease and dementia with Lewy bodies. These results suggest 

that Lewy body dementia may be characterized more prominently by microstructural 

change rather than neuronal loss. 
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INTRODUCTION 

 

 

From the depths of a large, horizontal tube that houses a magnet so strong it 

could be used to pick up cars, a man grins and exclaims with bravado: “Ready for 

blast-off!” This man has a neurodegenerative disorder named dementia with Lewy 

bodies, and we are about to embark upon a fascinating journey through his brain. We 

will glide over every ridge and valley on its surface and plummet through deep 

internal structures. As he lies in the magnet untouched, this man’s brain will be 

reconstructed in fascinating detail on the computer before us. 

To understand how magnetic resonance imaging (MRI) works, we must return 

to the 1970s when scientists discovered that spinning, subatomic particles in the 

human body called protons tend to align in the presence of a strong magnetic field. 

Once aligned, the spin of these protons can be manipulated by applying brief pulses of 

radio wave energy. This phenomenon produces an electromagnetic signal that differs 

according to tissue density, thereby revealing an image of the body’s internal 

structure.  

Since its discovery, MRI has been a mainstay in diagnostic radiology and 

particularly useful in examining the soft tissue of the brain. Not only does MRI 

provide a noninvasive look inside the brain, but it does so without exposing 

individuals to radioactivity unlike many other imaging methods. 
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In neurology clinics today, MRI is mostly used to distinguish normal tissue 

from pathologic tissue, for example, in ruling out the presence of a stroke, tumor or 

bleed. However, such uses of MRI vastly under-utilize its capabilities. In fact, the 

resolution of modern MR technology enables the entire brain to be digitally 

reconstructed within sub-millimeter accuracy. The resulting image can then be 

analyzed using automated and semi-automated computer software in order to make 

calculations about the brain’s structure and function. These calculations form the basis 

for what is called quantitative magnetic resonance neuroimaging, a field that shows 

tremendous promise in the study of aging and neurodegenerative disease. 

When a person agrees to spend approximately 30 minutes in an MRI scanner, 

an enormous wealth of data about his or her brain is collected. A high-resolution, 

three-dimensional image is constructed to enable measurements across hundreds of 

regions within the brain, taking particular note of those regions in which 

neurodegenerative disease first manifests as the loss of brain volume and thickness. 

An MRI technique called diffusion tensor imaging (DTI) assesses the structural 

integrity of fiber tracts connecting different regions of the brain.  

These measurements can not only be compared to expected values given a 

person’s age, but sophisticated computational methods allow tracking of changes in 

the same individual with information gathered from follow-up scans.  

As research groups across the world embark upon similar journeys through 

thousands of brains in various stages of healthy and pathological aging, the field has 

begun to understand the spatial and temporal patterns of changes that occur in 
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neurodegenerative disease, even before clinical symptoms appear. It is hoped that this 

research will significantly impact the clinical approach to disease by allowing 

physicians to identify individuals at risk, detect the disease in its earliest stages, and 

monitor the success of treatments. 

The studies described in this dissertation employ these quantitative MR 

techniques in three distinct applications: early detection of neurodegeneration among 

elderly control subjects (Chapter One); assessment of genetic influence at the level of 

brain structure (Chapter Two); and differential diagnosis of neurodegenerative disease 

with overlapping clinical presentations (Chapter Three). Two primary MRI techniques 

are utilized in the exploration of these goals, namely structural MRI and DTI. 

 

Structural MRI 

Although structural MRI is perhaps one of the most rudimentary of MR 

techniques, evidence suggests it is extremely useful in identifying change that occurs 

in normal aging and in neurodegenerative disease. In particular, a high-resolution, 

three-dimensional, T1-weighted volume can be used to quantify cortical thickness and 

subcortical volumes across the entirety of the brain. By tracking these measurements 

in an individual across time using longitudinal analysis, it is possible to assess the rate 

and spatial distribution of tissue loss in the individual’s brain.  

A quantification of this change has been shown to correlate with subsequent 

cognitive performance and may thus have significant future implications for both the 

diagnosis and prognosis of neurodegenerative disease. For example, a quantification 
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of neurodegeneration in patients with mild cognitive impairment (MCI) has been 

shown to predict progression to Alzheimer’s disease (AD) (McEvoy et al, 2009). 

Further, as suggested by the findings in the first chapter of this dissertation, 

longitudinal MRI shows promise for identifying rapid atrophy in otherwise healthy 

subjects. This presents the possibility that quantitative neuroimaging might be used to 

supplement existing clinical diagnostic techniques to evaluate risk of memory decline. 

Further, these techniques might be used in clinical trials to assess whether or not a 

therapeutic agent slows brain atrophy and associated decline in memory. 

Neuroimaging may even offer an advantage over clinical testing in therapeutic trials 

by allowing earlier detection of a drug’s effect in the prodromal phase, when an effect 

on atrophy may be demonstrable prior to an effect on cognition. 

Additionally, by assessing temporal and spatial patterns of structural brain 

change, it may be possible to more accurately elucidate the underlying pathology 

contributing to an individual’s dementia. Diagnosis of neurodegenerative dementia is 

only definitive post-mortem; in the clinical setting, patients are assigned “probable” 

diagnoses based on the characterization of symptoms, but these diagnoses suffer 

inaccuracy. In particular, clinical diagnosis of the Lewy body dementias (the second 

most common form of neurodegenerative dementia after AD) tends to have 

notoriously low sensitivity (Luis et al, 1999) due to significant heterogeneity in 

clinical presentation and substantial overlap with the clinical presentations of other 

neurodegenerative diseases like AD. Chapter Three of this dissertation demonstrates 
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that quantitative neuroimaging shows promise with regard to Lewy body dementia to 

enable insight into its biologic basis and to enhance differential diagnosis. 

The measurement of cortical thickness and subcortical volumes may further be 

applied in the field of neuroimaging genetics, in which phenotypes are defined by 

quantitative measures of brain structure or function rather than clinical characteristics 

such as disease, symptoms or behavior. By using these quantitative measures of brain 

structure and function in lieu of complex behaviors or cognitive states, association 

analyses may provide a more direct assessment of genetic influence at the level of 

neuronal circuitry (Mattay et al, 2008), thereby rendering these analyses less 

susceptible to non-genetic variability. For example, as seen in Chapter Two of this 

dissertation, structural neuroimaging has potential to address whether specific genes 

may affect brain structure during development or pathological processes.  

 

Diffusion Tensor Imaging 

The second quantitative neuroimaging technique applied in this dissertation is 

DTI, which assesses local microstructure of the brain, and is believed to be sensitive to 

changes in white matter integrity, fiber density, myelination and axonal diameter 

(Hagler et al, 2009). As degenerative changes occur, diffusivity of water in the brain 

increases due to the break-down of structural barriers that restrict Brownian motion, 

and directionality of diffusion becomes more random and less-defined by white matter 

tracts. DTI therefore provides information in addition to the gross anatomical findings 

of structural MRI. Whereas changes in cortical thickness and subcortical volumes 
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detected by structural MRI are largely believed to represent neuronal loss and 

shrinkage, DTI is more sensitive to changes at a microstructural level. As 

demonstrated in Chapter Three of this dissertation, DTI may be particularly useful in 

the study of neurodegenerative dementias such as the Lewy body dementias, in which 

neuronal loss is not believed to be a prominent feature. 
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CHAPTER 1:  

SIX-MONTH ATROPHY IN MTL STRUCTURES IS ASSOCIATED WITH 

SUBSEQUENT MEMORY DECLINE IN ELDERLY CONTROLS 

 

 

Abstract  

Neurodegeneration precedes the onset of dementias such as Alzheimer’s by 

several years. Recent advances in volumetric imaging allow quantification of subtle 

neuroanatomical change over time periods as short as six months. This study 

investigates whether neuroanatomical change in medial temporal lobe subregions is 

associated with later memory decline in elderly controls. Using high-resolution, T1-

weighted magnetic resonance images acquired at baseline and six months follow-up, 

change in cortical thickness and subcortical volumes was measured in 142 healthy 

elderly subjects (aged 59 – 90 years) from the ADNI cohort. Regression analysis was 

used to identify whether change in fourteen subregions, selected a priori, was 

associated with declining performance on memory tests from baseline to two years 

follow-up. Percent thickness change in the right fusiform and inferior temporal 

cortices and expansion of the right inferior lateral ventricle were found to be 

significant predictors of subsequent decline on memory-specific neuropsychological 

measures. These results demonstrate that six-month regional neurodegeneration can be 

quantified in the healthy elderly and might help identify those at risk for subsequent 

cognitive decline.  
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Introduction 

Loss of cognitive function during the transition from health to dementia can be 

linked to regional damage as pathological processes spread in the brain. Previous 

research suggests that the neurodegeneration occurring during this pathological spread 

can be quantified and used to predict further cognitive decline. For example, a 

quantification of neurodegeneration in patients with mild cognitive impairment (MCI) 

has been shown to predict progression to Alzheimer’s disease (AD) (McEvoy et al., 

2009).  However, few studies have attempted to quantitatively assess regional 

neurodegeneration during the preclinical stage, before the onset of memory symptoms, 

and to see whether it is predictive of which individuals will subsequently undergo 

cognitive decline at a rate faster than that of normal aging.  This has been challenging, 

in part, because healthy elderly subjects show minimal cognitive decline over the time 

course of most studies and therefore a large numbers of subjects are needed. By 

enrolling more than 200 normal controls in a three-year observational study, the 

Alzheimer’s Disease Neuroimaging Initiative (ADNI) has made it possible to measure 

changes in cortical thickness and subregional brain volumes in the healthy elderly, 

thus enabling identification of those individuals who are in the earliest stages of 

neurodegeneration. As disease-modifying interventions become available, early 

detection of neurodegenerative illness becomes imperative, especially since the 

preclinical stage may be the period most amenable to disease-modifying therapy.  

Longitudinal magnetic resonance imaging (MRI) can be used as a tool to aid 

early diagnosis of neurodegenerative illness by providing information about the rate of 
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brain tissue loss, as evidenced by changes in cortical thickness and subcortical 

volumes.  Further, the measurement of subregional change, coupled with knowledge 

about regional progression of various neurodegenerative diseases, may assist in 

differential diagnosis. Prior studies using longitudinal MRI for early detection of 

dementia have obtained measures of change through manual tracing (Jack et al., 

1997), automated procedures for global volumetric change such as the boundary shift 

integral (Ridha et al., 2008), or methods based on statistical parametric mapping, such 

as voxel-based morphometry (Ashburner et al., 2003). The automated method in this 

paper uses nonlinear registration between baseline and follow-up scans to calculate 

volumetric change on a voxel-by-voxel basis. This is combined with image 

segmentation and cortical surface reconstruction to obtain average structural change in 

each subregion (Holland et al., 2009). The method is high-throughput and requires 

little manual input, making it applicable to large research studies and promising for 

extension to the clinical setting. Further, it has been shown to be sensitive to changes 

in the healthy elderly over one-year intervals. A recent study using this method in the 

ADNI elderly control cohort found that all identified subcortical and ventricular 

regions except the caudate nucleus and fourth ventricle changed significantly over one 

year (Fjell et al., 2009).  It remains unclear whether these structural changes might be 

detectable over an even shorter time-period, how they relate to cognitive performance, 

and whether they are a harbinger of later cognitive decline.    

The aim of this study was to investigate whether six-month, subregional change 

in the medial temporal region could be detected in elderly subjects with no diagnosis 
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of dementia upon entry to the study and if so, whether it is predictive of subsequent 

cognitive decline on memory-specific tasks. High-resolution, three-dimensional MRI 

scans were acquired six months apart and analyzed to obtain percentage change across 

fourteen cortical and subcortical regions. These fourteen regions for which 

longitudinal volumetric change measures were publicly available for download from 

the ADNI database on January 1, 2010 were selected for inclusion in a regression 

analysis. In addition to regional temporal lobe measures, global measures of 

neurodegeneration were analyzed using change in cerebral and ventricular volumes.   

Four memory-specific neuropsychological measures derived from the Logical 

Memory Test (from the Wechsler Memory Scale-Revised) and the Rey Auditory 

Verbal Learning Test (AVLT) were chosen as clinically relevant indicators of decline. 

Two-year changes in scores were used as distinct outcomes in separate regression 

analyses. Memory-specific tests were chosen as outcome measures because it is well 

recognized that memory impairment is an early symptom of Alzheimer’s disease, and 

it has been proposed that tests specifically designed to measure memory functioning 

are sensitive to detecting early AD (Pike and Savage, 2008). Two of the 

neuropsychological measures were specifically chosen to assess episodic memory 

since impairment in this realm is considered a hallmark symptom of early AD 

(Sperling, et al., 2010). Further, performance on these specific tests has been 

previously associated with neurodegeneration in the medial temporal region 

(Apostolova et al., 2010).  
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Based on previous findings, the hypotheses were that six-month 

neurodegeneration could be detected in healthy elderly subjects, and that this 

neurodegeneration could be used to predict subsequent deterioration in memory 

performance as measured by neuropsychological testing. 

 

Methods 

Alzheimer’s Disease Neuroimaging Initiative 

Raw data used in this paper were obtained from the Alzheimer’s Disease 

Neuroimaging Initiative (ADNI) public database (http://www.loni.ucla.edu/ADNI/). 

ADNI is a multi-site, five-year observational study of elderly individuals started in 

2004 by the National Institute on Aging, the National Institute of Biomedical Imaging 

and Bioengineering, the Food and Drug Administration, private pharmaceutical 

companies and nonprofit organizations. Elderly controls, subjects with mild cognitive 

impairment (MCI) and AD subjects underwent longitudinal MRI scans and 

neuropsychological assessment at specified intervals for two to three years.  

The Principal Investigator of this initiative is Michael W. Weiner, M.D. at the 

VA Medical Center and University of California, San Francisco. ADNI is the result of 

the efforts of many co-investigators from a broad range of academic institutions and 

private corporations, and subjects have been recruited from over 50 sites across the 

U.S. and Canada. For more information, see www.adni-info.org. 
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Standard protocol approvals, enrolment and patient consents 

ADNI was conducted according to Good Clinical Practice guidelines, the 

Declaration of Helsinki, US 21CFR Part 50—Protection of Human Subjects, and Part 

56—Institutional Review Boards, and pursuant to state and federal HIPAA 

regulations. Written informed consent for the study was obtained from all subjects 

and/or authorized representatives and study partners (http://www.ADNI-info.org). 

 

Subjects 

ADNI eligibility criteria are described at http://adni-

info.org/TakingPartInADNI.aspx. In general, all enrolled subjects were between 55 

and 90 (inclusive) years of age, had a study partner available to provide an 

independent evaluation of functioning, and spoke either English or Spanish. Control 

subjects were cognitively normal, based on an absence of significant impairment in 

cognitive functions or activities of daily living, and were in good general health with 

no depression or additional diseases expected to interfere with the study. They had 

baseline Mini Mental State Examination (MMSE) scores between 24 and 30 

(inclusive), global Clinical Dementia Ratings (CDR) of 0, and normal memory 

function determined by specific cutoffs on the Logical Memory Test (delayed 

paragraph recall) from the Wechsler Memory Scale-Revised. All control subjects were 

given the diagnosis of normal at baseline by physicians who were experienced 

neurologists or psychiatrists. This diagnosis was reviewed by physicians at each 
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follow-up visit after 6 months, 12 months and 24 months to determine whether there 

was conversion to MCI or AD.       

In this study, data were included on all ADNI control subjects for whom the 

following criteria were satisfied by December 2009: baseline and six-month MR 

imaging data were available and passed a quality control review (described in Holland 

et al., 2009), and baseline and 24-month neuropsychological data were available. Of 

the 229 ADNI control subjects, 142 were included and 87 were excluded. 

Demographics of the included subjects are described in Table 1. The differences 

between included and excluded subjects for mean age (75.88 vs 76.49 years, 

respectively), percent female subjects (.47 vs .49), mean education level (16.10 vs 

15.94), percent carriers of the APOE ε4 allele (.28 vs .24), and mean MMSE at 

baseline (29.22 vs. 28.94) did not meet statistical significance at the α = 0.05 level. 

However, the included subjects had significantly higher global cognition at baseline 

on mean Alzheimer’s Disease Assessment Scale-Cognitive (ADAS-cog) (5.89 vs. 

6.69, p = 0.046). 

 

Neuropsychological assessment 

Two memory-specific neuropsychological tests administered at baseline and 24 

months were used to determine cognitive decline: Logical Memory Test (Delayed 

Paragraph Recall) from the Wechsler Memory Scale-Revised and Rey Auditory 

Verbal Learning Test (AVLT). In the Logical Memory (LM) Test, which assesses 

episodic memory, subjects were read aloud a short story containing 25 units of  
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Table 1.1: Subject baseline characteristics.  

  All (n=142) a,c  Conv. (n=7) b,c 

Age (years)  75.88 ± 4.86  74.81 ± 5.82 

Percent female subjects  47 %  29 % 

Education (years)  16.12 ± 2.73  16.57 ± 1.81 

Percent carriers of APOE ε4  28 %*  71 %* 

Baseline MMSE  29.22 ± .92  28.57 ± .79 

Baseline ADAS‐cog  5.89 ± 2.85*  9.19 ± 3.26* 

 

a Contains information about all 142 subjects whose data was included in the analysis. 
b Contains information about only those 7 subjects who converted to a diagnosis of 
mild cognitive impairment (MCI) during the two-year follow-up. c Data are given as 
mean ± SD unless otherwise specified as a percent. * The subjects who converted to 
MCI had a significantly higher frequency of the APOE ε4 allele and significantly more 
impaired ADAS-cog scores at baseline (p<0.05). 
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information. The total number of units (maximum score = 25) recalled immediately 

and after a 30-minute delay were recorded. Retention of the information was 

computed by dividing the delayed recall score by the immediate recall score. Two-

year change in both the delayed recall score and the retention score were calculated as 

absolute change between baseline and 24 months, where cognitive decline was defined 

as a positive value.  

The AVLT assesses multiple aspects of learning and memory. Subjects 

participated in five learning trials in which they were presented orally with the same 

15 unrelated nouns at the rate of one word per second. The number of words freely 

recalled immediately after each trial was recorded for each of the 5 trials. After the 

first five trials, a second list of words was read, and the subjects were asked to freely 

recall as many words as possible immediately afterward (trial B). After a 20-minute 

delay, free recall of the original 15 words was elicited again (trial 6). Additionally, a 

yes/no recognition test containing the 15 original words interspersed with 15 new 

words was administered, and the numbers of true and false positive responses were 

recorded (delayed recognition). Two-year change in both the sum across all trials 1 

through 6 plus B (maximum score = 105) and the delayed recognition score 

(maximum score = 15) were calculated as absolute change between baseline and 24 

months, where cognitive decline was defined as a positive value.  
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MR acquisition and analysis 

Two three-dimensional, T1-weighted volumes per subject per visit were 

downloaded from the public ADNI database (http://www.loni.ucla.edu/ADNI/). All 

image processing and analyses occurred at the Multimodal Imaging Laboratory at the 

University of California, San Diego. The methods are described in detail in Holland et 

al., 2009. Briefly, images were corrected for gradient nonlinearities (Jovicich et al., 

2006). The two baseline images were rigid-body aligned, averaged to improve signal-

to-noise ratio and resampled to isotropic 1-mm voxels. An automated segmentation 

procedure based on FeeSurfer software (Fischl, et al., 2002) and customized Matlab 

code was used to obtain volumetric segmentation.  Cortical surface reconstruction 

yielded a measure of thickness at each vertex, and the surface was parceled into 

distinct regions of interest (ROIs). To obtain six-month change, follow-up images 

were fully affine-registered to the baseline images and corrected for intensity 

nonuniformity. Nonlinear registration was then used to align voxel centers in the 

baseline with the appropriate location in the follow-up scans, and a volume-change 

field was calculated. This field was averaged over each ROI to compute the 

percentage change from baseline. This method has been validated using models where 

amount of change was known and where noise was added to approximate that seen in 

human brain imaging of demented patients. In these studies, technical measurement 

error for the computed change in volume was within 0.2 percent of the structure 

volume. That is, for a 6000 mm³ hippocampal volume undergoing a change of 1 

percent, the technical measurement error in estimating the 60 mm³ volumetric change 
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would be ±12 mm³ in an individual subject if voxels were each 1mm isotropic 

(Holland, submitted).  

 

Statistical analysis 

All statistical analysis was performed using SPSS 15.0. To determine whether 

the population of subjects included in this study were representative of all ADNI 

control subjects, independent samples t-tests were used to compare age, sex, 

education, APOE ε4 carrier status, and baseline cognition (MMSE and ADAS-cog) 

with a significance level of α = 0.05.  

To investigate whether six-month change in subregional brain volumes predicts 

two-year cognitive decline, regression analysis was used. Four different 

neuropsychological measures were treated as distinct dependent variables, and a 

separate regression analysis was done for each. The four outcome measures include 

two-year change in scores on LM delayed recall, LM retention, AVLT sum and AVLT 

delayed recognition. Six-month change in the whole brain, ventricles and twelve 

subregions of interest were selected to be independent variables in the regression 

analyses because these were the regions for which longitudinal data was available in 

the public ADNI database. The regions of interest included bilateral hippocampus, 

inferior lateral ventricle, middle temporal gyrus, inferior temporal gyrus, entorhinal 

cortex and fusiform gyrus. Risk factors for AD including age, sex, education and 

APOE ε4 carrier status were also included in the regression analysis as independent 

variables.  
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Univariate analyses were first conducted to determine which independent 

variables should be included in a stepwise multivariate regression. All variables that 

met significance at p < .10 in the univariate analyses were entered into the multivariate 

model. Residual analysis was conducted to evaluate the validity of regression 

assumptions. Additionally, independent variables that met significance (p < .01) in the 

multivariate model were tested for multicollinearity and undue influence. If a subject 

was found to have undue influence on the regression model, the subject’s data was 

examined for abnormalities, the analysis was repeated after excluding the subjects 

with undue influence, and both results were reported.   

To determine whether six-month neuroanatomical change provides additional 

predictive information beyond that which is obtained by assessing six-month change 

in cognition, the regression analysis was repeated using baseline ADAS-cog scores 

and six-month change in ADAS-cog, MMSE, AVLT sum and AVLT delayed 

recognition as independent variables. Six-month change in LM delayed recall and 

retention were not included because these measures were not assessed in the ADNI 

dataset at six months. Because six-month change on AVLT sum and AVLT delayed 

recognition are encompassed within two-year change on these same measures and are 

therefore not independent variables, the dependent variable in these analyses was 

change between the six-month and two-year visits rather than between the baseline 

and two-year visits. 

A secondary set of regression analyses was also performed to identify how the 

multivariate models change when data from the seven subjects who converted to MCI 
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over the course of two years is weighted twice as heavily as data from subjects who 

retained a diagnosis of normal. After assigning a weight of 2/149 (0.013423) to all 

data from subjects who converted to MCI and a weight of 1/149 (0.006711) to all 

other subjects, the regression procedures detailed above were repeated.  

Composite neuroanatomical change scores were calculated for each subject by 

converting each subject’s change within the regional temporal lobe ROIs to 

standardized z-scores and then averaging the scores across these ROIs. Similarly, 

composite cognitive change scores were calculated for each subject by converting 

each subject’s change on the neuropsychological measures to standardized z-scores 

and then averaging these scores across the four outcome measures.  

 

Results 

Of the 142 healthy elderly subjects included in this study, there were 67 

females and 75 males, the mean age was 75 years (range 59 to 90), the mean education 

16 years (range 6 to 20), and 40 were carriers of the APOE ε4 allele. The mean MMSE 

at baseline was 29.22 (range 25 to 30) and the mean ADAS-cog at baseline was 5.89 

(range 1 to 16.33).      

On three of the four memory-specific neuropsychological assessments, subjects 

showed a slight mean improvement with repeat testing over the course of two years. 

The two-year mean change on LM delayed recall (maximum score 25) was an 

improvement of 0.64 points (range 10-point decline to 9-point improvement), the 

mean change on LM retention (maximum score 1) was a decline of 0.05 points (range 
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0.93-point decline to 0.43-point improvement), the mean change on AVLT sum 

(maximum score 105) was an improvement of 1.20 points (range 42-point decline to 

30-point improvement), and the mean change on AVLT delayed recognition 

(maximum score 15) was an improvement of 0.09 points (range 11-point decline to 

10-point improvement). 

 There was significant evidence of medial temporal atrophy over a six-month 

period (Fig. 1). Although not all subjects had measurable atrophy, there was a mean 

loss of subcortical volume and cortical thickness in all regions of interest, with the 

exception of the inferior lateral ventricles, which expanded. There were mean 

decreases in the volumes of the left and right hippocampus (-1.02 and -0.98 %, 

respectively) and mean decreases in the thicknesses of the left and right middle 

temporal gyri (both -0.64%), left and right inferior temporal gyri (-0.55 and -0.65%), 

left and right entorhinal cortices (-0.45 and -0.43 %), and left and right fusiform gyri (-

0.55 and -0.50 %, respectively). There were mean expansions in the volumes of the 

left and right inferior lateral ventricles (1.74 and 1.90 %, respectively).  Additionally, 

there was a mean loss of volume in the whole brain (-0.31%) and a mean gain in 

volume in all ventricles (1.73%). 

Univariate regression analysis revealed that six-month neurodegenerative 

change in several medial temporal regions significantly predicted two-year cognitive 

decline at a significance level α < .01 (Table 2). The multivariate regression models 

designated three of these regions as the best predictors of cognitive decline when 

compared to other risk factors such as age, education and APOE ε4 carrier status. A  
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Figure 1.1: Neuroanatomical change between baseline and 6-month follow-up visits 
across medial temporal lobe (MTL) regions. All volumes were normalized to baseline. 
Data points represent mean volumes for all subjects who retained a diagnosis of 
cognitively normal over the two-year follow-up (solid lines, n=135) and for those 
subjects who converted to mild cognitive impairment (MCI) during the follow-up 
(dashed lines, n=7). Error bars represent standard error of the mean. A mean loss in 
volume was seen in all medial temporal lobe regions, with the exception of the inferior 
lateral ventricle, in which there was mean expansion.  
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Table 1.2: Variables of significance in univariate and multivariate regression models  

  Univariate b  
t (p < 0.1) 

Multivariate a,b 
t (p < 0.01) 

Outcome: Logical Memory Delayed Recall 
Right fusiform  
Left hippocampus  
Right inferior lateral ventricle  
Right inferior temporal gyrus  
Total cerebral 
Right hippocampus  
Left fusiform  
Right entorhinal cortex  
Left inferior lateral ventricle 

‐3.190 (.002) 
‐2.954 (.004) 
 2.791 (.006) 
‐2.490 (.014) 
‐2.461 (.015) 
‐2.172 (.032) 
‐2.058 (.041) 
‐2.007 (.047) 
 1.742 (.084) 

‐3.453 (.001) 

Outcome: Logical Memory Retention 
Right inferior lateral ventricle  
Left hippocampus  
Left inferior lateral ventricle  
Right fusiform  
All ventricles  

 3.066 (.003) 
‐2.536 (.012) 
 2.424 (.017) 
‐1.918 (.057) 
 1.876 (.063) 

 3.105 (.002) 

Outcome: AVLT Sum 
Right inferior temporal gyrus  
Left entorhinal cortex  
Left hippocampus  
Education  
Right entorhinal cortex  

‐2.935 (.004) 
‐2.605 (.010) 
‐2.244 (.026) 
‐2.160 (.033) 
‐1.851 (.066) 

‐2.935 (.004) 

Outcome: AVLT Delayed Recognition 
Total cerebral 
Right fusiform  
Right inferior temporal  
APOE  
Age  
Education  
Left hippocampus  
Left entorhinal cortex  

‐2.765 (.006) 
‐2.732 (.007) 
‐2.113 (.036) 
 2.043 (.043) 
 2.020 (.045) 
‐1.827 (.070) 
‐1.687 (.094) 
‐1.673 (.097) 

‐2.639 (.009) 

 
a All variables that met significance at p < 0.1 in the univariate analysis were included 
in the multivariate model. b Data is reported as t-value (p-value).Variables that met 
significance at p < 0.01 are highlighted in bold for both the univariate and multivariate 
analyses.   
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decrease in the thickness of the right fusiform gyrus predicted decline on LM delayed 

recall (p = .001), with a 1% decrease in thickness corresponding to a 1.22 ± 0.35 point 

decline. Expansion of the right inferior lateral ventricle was a significant predictor of 

decline on LM retention (p = .002), with an expansion of 10% corresponding to a 

decline in the retention ratio by 0.09 ± 0.03. A decrease of thickness in the right 

inferior temporal gyrus predicted decline on AVLT sum (p = .004), with a 1% 

decrease in thickness corresponding to a 2.57 ± .43 point decline. Additionally, a 

decrease in whole brain volume predicted decline on AVLT delayed recognition 

(p=.009) with a 1% decrease in volume corresponding to a 1.39 ± .53 point decline. 

Age, sex, education and APOE ε4 carrier status were not significant predictors of 

cognitive decline.  

When baseline ADAS-cog scores and six-month change in ADAS-cog, and 

MMSE scores were entered into the regression model as independent variables, they 

failed to be significant predictors of two-year cognitive decline and the regression 

models did not change. Six-month change on AVLT sum did predict change on AVLT 

sum over the subsequent eighteen months (p=.000), and six-month change on AVLT 

delayed recognition predicted change on AVLT delayed recognition over the 

subsequent eighteen months (p=.000). In addition, six-month change on AVLT sum 

predicted two-year change on LM delayed recall (p=.007). 

Data from two subjects who converted to MCI during the two-year follow-up 

period were found to exert undue influence in the regression models for LM delayed 

recall and LM retention. When these subjects were removed from the regression 



 24 

 

 

analyses, neither the right fusiform nor the right inferior lateral ventricle were 

significant predictors at p < .01, although the right fusiform remained significant at p < 

.05. Change in the right fusiform predicted decline on LM delayed recall (p = .016), 

with a 1% decrease in thickness corresponding to a 0.92 ± 0.38 point decline. 

Additionally, change in the left hippocampus became significant (p = .012) with a 1% 

decrease in thickness corresponding to a decline in the retention ratio by 0.39 ± .15. 

During the two-year follow-up period, a total of seven subjects converted to 

MCI. The subjects who converted were not significantly different at baseline in age, 

education or MMSE than those who retained a normal diagnosis. However, the 

converters had a significantly higher frequency of the APOE ε4 allele (0.71 vs 0.26, p 

= .049) and significantly more impaired ADAS-cog scores at baseline (mean 9.19 vs. 

5.72, p = .030).  

In a secondary regression analysis, data from the seven subjects who converted 

to MCI, including the two subjects mentioned above who exerted undue influence in 

the regression models, were weighted twice as heavily as data from all other subjects 

in order to create a prediction model biased toward identifying changes in the brain 

that predict conversion to MCI (Table 3).  Change in the right fusiform became a more 

significant predictor (p < .001) of decline on LM delayed recall, with a 1% decrease in 

thickness corresponding to a 1.46 ± .33 point decline. Additionally, change in the right 

fusiform became a significant predictor (p = .005) of AVLT delayed recognition, with 

a 1% decrease in volume corresponding to a .83 ± .29 point decline.  Expansion of the 

right inferior lateral ventricle also became a more significant predictor (p < .001) of  
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Table 1.3: Variables of significance in regression analysis after weighting data from 
subjects who converted to MCI a  
 

  Univariate c  
t (p < 0.1) 

Multivariate b,c  
t (p < 0.01) 

Outcome: Logical Memory Delayed Recall 
Right fusiform  
Right inferior lateral ventricle  
Left hippocampus  
Right inferior temporal gyrus  
Total cerebral 
Right hippocampus  
Left fusiform  
Left inferior lateral ventricle  
Right entorhinal cortex  
Right middle temporal gyrus  
All ventricles  
Left inferior temporal gyrus  
Age  

‐4.118 (p < .000) 
4.013 (p < .000) 
‐3.708 (p < .000) 
‐3.215 (.002) 
‐3.150 (.002) 
‐3.048 (.003) 
‐2.750 (.007) 
2.643 (.009) 
‐2.625 (.010) 
‐2.424 (.017) 
2.399 (.018) 
‐1.925 (.056) 
1.906 (.059) 

‐4.371 (p < .000) 

Outcome: Logical Memory Retention 
Right inferior lateral ventricle  
Left hippocampus  
Left inferior lateral ventricle  
Right fusiform  
All ventricles  
Total cerebral 
Right hippocampus  
Left fusiform  
Right middle temporal gyrus  

 3.547 (.001) 
‐2.889 (.004) 
 2.704 (.008) 
‐2.519 (.013) 
 2.444 (.016) 
‐1.995 (.048) 
‐1.868 (.064) 
‐1.813 (.072) 
‐1.681 (.095) 

 3.577 (p < .000) 

 

a Subjects who converted to a diagnosis of mild cognitive impairment (MCI) during 
the two-year follow-up were weighted twice as heavily as all other subjects in this 
regression analysis. bAll variables that met significance at p < 0.1 in the univariate 
analysis were included in the multivariate model. c Data is reported as t-value (p-
value).Variables that met significance at p < 0.01 are highlighted in bold for both the 
univariate and multivariate analyses.   
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Table 1.3, Continued: Variables of significance in regression analysis after weighting 
data from subjects who converted to MCI a  
 

  Univariate c  
t (p < 0.1) 

Multivariate b,c  
t (p < 0.01) 

Outcome: AVLT Sum 
Right inferior temporal gyrus  
Left entorhinal cortex  
Left hippocampus  
Right entorhinal cortex  
Education  
Right hippocampus  
Right middle temporal gyrus  
Right fusiform  

‐3.034 (.003) 
‐2.922 (.004) 
‐2.531 (.013) 
‐2.086 (.039) 
‐2.042 (.043) 
‐1.989 (.049) 
‐1.827 (.070) 
‐1.779 (.077) 

 

Outcome: AVLT Delayed Recognition 
Right fusiform  
Total cerebral 
APOE  
Right inferior lateral ventricle  
Right inferior temporal gyrus  
Age  
Left hippocampus  
Left entorhinal cortex  
Left fusiform  
Left inferior lateral ventricle  
Right entorhinal cortex  

‐3.133 (.002) 
‐3.005 (.003) 
 2.741 (.007) 
 2.331(.021) 
‐2.323 (.022) 
 2.097 (.038) 
‐2.079 (.039) 
‐2.066 (.041) 
‐1.981 (.050) 
 1.777 (.078) 
‐1.697 (.092) 

‐2.841 (.005) 

 

a Subjects who converted to a diagnosis of mild cognitive impairment (MCI) during 
the two-year follow-up were weighted twice as heavily as all other subjects in this 
regression analysis. bAll variables that met significance at p < 0.1 in the univariate 
analysis were included in the multivariate model. c Data is reported as t-value (p-
value).Variables that met significance at p < 0.01 are highlighted in bold for both the 
univariate and multivariate analyses.   
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decline on LM retention, with a 10% increase corresponding to a decline in the ratio 

by 0.10 ± 0.03. No regions remained significant predictors of decline on AVLT sum at 

the α = .01 level, but there was a trend toward change in the left entorhinal cortex 

predicting decline on AVLT sum (p = .017), with a 1% decrease in thickness 

corresponding to a 1.34 ± .55 point decline.  

Among the nine subjects with the greatest composite neuroanatomical change 

(defined as being greater than one standard deviation relative to our sample), two 

converted to a diagnosis of MCI, and five had cognitive change greater than the mean 

for the group. In no case did a subject above the 93rd percentile for composite 

neuroanatomical change fail to have greater than average decline on the composite 

memory measure. Further, in no case did a subject below the 32nd percentile for 

composite neuroanatomical change convert to a diagnosis of MCI. 

 

Discussion 

This study provides evidence that loss of cortical thickness and subcortical 

volume can not only be detected and quantified over a six-month period in healthy 

elderly subjects, but can also be used to predict subsequent cognitive decline. 

Specifically, six-month neurodegeneration in certain medial temporal regions, 

including the right fusiform gyrus, right inferior lateral ventricle and right inferior 

temporal gyrus, predicted two-year decline on memory-specific neuropsychological 

measures in ADNI normal controls. These results suggest that longitudinal MRI may 

provide an early biomarker for cognitive decline in healthy elderly subjects. Further,  
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Figure 1.2: Six-month neuroanatomical change overlaid on baseline brain images for 
three sample subjects using a heat-scale color mapping where blue represents 
shrinkage and red represents expansion. Subject A was a 77 year-old female who 
retained a diagnosis of cognitively normal throughout the two-year follow-up period. 
Subject B was a 77 year-old female who converted to a diagnosis of mild cognitive 
impairment (MCI) at the six-month follow-up. Subject C was a 79 year-old male who 
converted to a diagnosis of MCI at the 24-month follow-up. 
 

 

 

 

 

 



 29 

 

 

the predictive information gained by longitudinal MRI cannot be obtained by 

assessing six-month change in global cognitive scores such as ADAS-cog or MMSE. 

It is less obvious that the usefulness of six-month MRI data in predicting subsequent 

decline on memory-specific measures exceeds that of six-month scores on these same 

memory-specific tests. Six-month change on AVLT sum and AVLT delayed 

recognition were found to be significant predictors of change on these same tests over 

the subsequent eighteen months. However, they did not predict change on one another 

and only AVLT sum predicted two-year change on LM delayed recall. At a minimum, 

the information provided by six-month imaging data enhances information gained by 

extensive neuropsychological testing. Further, imaging measures have certain 

advantages over neuropsychological tests in that they are not influenced by volition or 

attention. 

This study is the first to detect and quantify six-month change across multiple 

medial temporal regions in healthy elderly subjects and to relate these changes to later 

cognitive decline with a relatively short follow-up. Prior studies have examined a 

limited number of structures using volumes obtained through manual tracing (Jack et 

al., 1997) or qualitative ratings (Scheltens et al., 1992). The current procedure is high-

throughput and requires little manual input, thus making it applicable to the clinical 

setting or large research studies.   

Other studies examining neurodegeneration in healthy elderly subjects have 

focused on either baseline volumes or change over longer time periods, at least one 

year in duration. It is likely that additional information is gained by including baseline 



 30 

 

 

volumes in a predictive model (Adak et al, 2004), but the purpose of this study was to 

specifically examine change over a six-month period. Baseline volumes can be 

interpreted as the sum of all changes occurring prior to the six-month period of 

interest. These results show that regardless of baseline volumes, a six-month follow-up 

is sufficient to identify neurodegenerative changes. Because six months is the shortest 

follow-up period in the ADNI dataset, it remains to be seen whether 

neurodegenerative changes could be detected in even shorter time periods, such as 

three months.  Further studies are needed to compare the quality of predictive 

information gained by assessing change over different time periods.   

It is unclear whether the neurodegeneration detected in this study is entirely 

explained by general aging or whether early pathological processes occurring in some 

subjects drive the prediction models.  It is well established that there is a gradual loss 

of brain volume with normal aging (Scahill et al., 2003), and there is not sufficient 

follow-up in the ADNI dataset to determine if these subjects will go on to develop 

AD. However, the pattern of neurodegeneration seen in the subjects whose 

subregional brain volumes change the most in six months is consistent with what is 

known about the regional progression of pathology in AD, which starts in medial 

temporal lobe structures and spreads laterally through the neocortex (Braak and Braak, 

1991). Although prior studies have focused on early changes in the hippocampus and 

entorhinal cortex as being predictive of AD (Devanand, et al. 2007; Hampel, et al., 

2008), the fusiform gyrus, inferior lateral ventricles and inferior temporal gyrus lie 

along the known path of pathological progression and would be expected to change in 



 31 

 

 

disease as well. Further, the findings of this study are consistent with prior studies in 

MCI and AD that have found significant volume changes in the fusiform gyrus 

(Holland et al., 2009; McDonald, 2009), inferior temporal gyrus (Holland et al., 2009; 

McDonald, 2009) and inferior lateral ventricles (Kovacevic et al., 2009). Thus, it is 

reasonable that these three regions were the best predictors of cognitive decline in the 

regression models.  

Additionally, there is information about the seven subjects who did convert to a 

diagnosis of MCI over the two-year follow-up. Although not enough subjects 

converted to MCI to provide sufficient statistical power, a qualitative analysis of their 

imaging data reveals that the six-month change seen in their brains is highly consistent 

with what is expected in the early forms of AD (Fig. 2). These seven subjects, in 

whom a clinically relevant change was noted, are clearly of particular interest. The 

secondary regression analysis was used to examine how the regression models would 

change when their data was weighted more heavily, thus influencing the regression 

models toward the specific changes that occurred in subjects known to be converters. 

In doing so, subregional change in the fusiform gyrus and inferior lateral ventricle 

became stronger predictors of cognitive decline. Again, these regions are consistent 

with the known path of pathologic progression in AD, and it is therefore likely that 

accelerated change in these regions suggests pathology rather than general aging 

although longer follow-up and pathological confirmation would be required to confirm 

this. 
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When further examining the seven subjects who converted to MCI, it appears 

that APOE genotype is meaningful. Five of the seven converters were carriers of the 

APOE ε4 allele, compared to 35 carriers of the allele among the 135 subjects who did 

not convert to MCI. This suggests that APOE genotype may assist in knowing whether 

neurodegenerative change detected by quantitative neuroimaging is clinically relevant 

and likely to result in a change in diagnosis from normal cognition to MCI.  

Although the pattern of atrophy observed in some subjects in this study is 

consistent with expected changes in AD, the hemispheric asymmetry is unexpected. 

Namely, these results suggest that atrophy in right hemisphere regions is more 

strongly predictive of later cognitive decline than is atrophy in the left hemisphere. 

Many prior studies have reported greater involvement of the left hemisphere than the 

right hemisphere in AD (Karas et al., 2003; Baron et al., 2001) and MCI (Seo et al., 

2007) although one study found greater atrophy in the right medial temporal region 

than in the left in MCI (Karas et al., 2004), and another study using the ADNI dataset 

reported greater thinning in the right hippocampal and entorhinal cortices in patients 

with MCI (Fennema-Notestine et al., 2009). It is important to note that the results of 

this study do not suggest that greater atrophy occurs in right hemispheric regions. In 

fact, mean percent changes in volume were not statistically different between the right 

and left hemispheres for any regions examined. However, the results do suggest that 

right hemispheric atrophy is more predictive of later cognitive decline. It is unclear 

why such a laterality exists, and this is an issue that merits further study.   
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Finally, despite the potential for future application of these procedures in the 

clinical setting, it should be mentioned that such use would require additional 

investigation into their power to detect such subtle changes in the individual subject, 

as well as overcoming a host of other practical issues that have impeded the translation 

of volumetry into the clinical setting (Brewer et al, 2009). Further, the ADNI dataset 

does not accurately represent the population at large, which limits generalizability of 

the findings. In particular, the normal subjects included in this study had a high 

average level of education (16.12 years) compared to the general population. This 

warrants further research because other investigators have found that low education 

levels are associated with an increased risk of dementia (Chen et al., 2009). Thus, one 

might expect more neurodegeneration and cognitive decline in a sample more 

representative of the general population. 

The present findings suggest that longitudinal MRI shows promise for 

identifying rapid atrophy in otherwise healthy subjects. It is too early to tell whether 

the atrophy identified in this population represents significant disease that should be 

targeted for therapy, especially since histological underpinnings might vary. 

Nevertheless, the results suggest that such MR neuroimaging techniques might be 

used to supplement existing research and diagnostic techniques to evaluate risk of 

memory decline. For example, this subregional approach using longitudinal MRI may 

supplement measures of global atrophy currently used in clinical trials to assess 

whether or not a therapeutic agent slows brain atrophy and associated decline in 

memory. Neuroimaging may even offer an advantage over cognitive testing in clinical 
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trials targeting the earliest disease stages by allowing earlier detection of a drug’s 

effect in the prodromal phase, when an effect on atrophy would appear to be 

demonstrable prior to an effect on cognition. Thus, these techniques may have 

significant future implications for both diagnosis and prognosis, even among the 

healthy elderly. 
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CHAPTER 2:  

CETP POLYMORPHISMS ASSOCIATE WITH BRAIN STRUCTURE, ATROPHY 

RATE, AND ALZHEIMER’S DISEASE RISK IN AN APOE-DEPENDENT 

MANNER 

 

 

 

Abstract  

Two alleles in cholesteryl ester transfer protein (CETP) gene polymorphisms 

have been disputably linked to enhanced cognition and decreased risk of Alzheimer’s 

disease (AD): the V and A alleles of I405V and C-629A. This study investigates 

whether these polymorphisms affect brain structure in 188 elderly controls and 318 

AD or mild cognitive impairment (MCI) subjects from the Alzheimer’s Disease 

Neuroimaging Initiative cohort. Nominally significant associations were dependent on 

APOE ε4 carrier status. In APOE ε4 carriers, the V and A alleles, both of which 

decrease CETP and increase HDL, associated with greater baseline cortical thickness 

and less twelve-month atrophy in the medial temporal lobe. Conversely, in APOE ε4 

non-carriers, the I allele, which increases CETP and decreases HDL, associated with 

greater baseline thickness, less atrophy and lower risk of dementia. These results 

suggest CETP may contribute to the genetic variability of brain structure and dementia 

susceptibility in an APOE-dependent manner. 



40 

 

 

 

Introduction 

The role of genetics in brain development and disease susceptibility has 

recently gained insight from the field of neuroimaging genetics, in which phenotypes 

are defined by quantitative measures of brain structure or function rather than clinical 

characteristics such as disease, symptoms or behavior. Association analyses between 

genetic data and information obtained from structural and functional neuroimaging 

provide a more direct assessment of genetic influence at the level of neuronal circuitry 

than other traditional analyses, which only indirectly assess the impact of genes on 

complex behaviors or cognitive states (Mattay et al., 2008). Thus, the use of imaging 

measures may provide a closer description of underlying pathology (Saykin et al., 

2010) and therefore render association analyses less susceptible to non-genetic 

variability. Accordingly, neuroimaging genetics may have the potential to examine the 

biologic impact of genes with greater precision and accuracy than traditional genetic 

association analyses by examining atrophy as a possible link between genes and 

behavioral deficits (Stein et al., 2010).  

In particular, structural neuroimaging has considerable potential to address 

whether specific genes may affect brain structure during development or pathological 

processes. One such gene of interest is the cholesteryl ester transfer protein (CETP) 

gene, which is located on chromosome 16q21 and contains 14 exons (Arias-Vásquez 

et al., 2007). CETP is involved in the transfer of insoluble cholesteryl esters between 

lipoproteins as part of the reverse cholesterol transport system and is known to be 

synthesized and secreted in the brain (Albers et al., 1992). It has been speculated that 
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CETP may play a role in cholesterol transport within the brain (Albers et al., 1992), 

perhaps by promoting neuronal uptake of high density lipoprotein (HDL) particles via 

interactions with receptors for apolipoprotein E (APOE), which is the most common 

genetic risk factor of Alzheimer’s disease (AD) (Rodríguez et al., 2006). Several 

studies have shown that cholesterol metabolism is indeed altered in AD (Kivipelto et 

al., 2001; Pregelj, 2008), providing a biologically plausible role for CETP in AD 

susceptibility (Barzilai et al., 2003, 2006; Sanders et al., 2010). 

CETP has been previously implicated in metabolic syndrome, a 

conglomeration of metabolic risk factors including dyslipidemia, hypertension and 

altered glucose metabolism, which increases in prevalence with age. Variations in the 

CETP gene lead to altered CETP serum concentration and activity and subsequent 

changes in HDL levels and lipoprotein particle sizes (Thompson et al., 2003). 

Specifically, CETP deficiency is characterized by decreased CETP mass and activity 

and increased HDL and lipoprotein size (Qureischie et al., 2008). Two functional 

CETP polymorphisms associated with CETP deficiency have been controversially 

implicated as protecting against cognitive decline and neurodegenerative disease 

susceptibility: the A allele of promoter polymorphism C-629A (rs1800775) and the V 

allele of the amino acid exchange polymorphism I405V in exon 14 (rs5882). Three 

studies have reported that I405V VV genotype was associated with increased 

cognitive function and decreased risk of dementia (Barzilai et al., 2003, 2006; Sanders 

et al., 2010), although these effects have not been replicated in other studies (Arias-

Vásquez et al., 2007; Johnson et al., 2007; Qureischie et al., 2009; Rodriguez et al., 
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2006). Likewise, one study reported a decreased risk of AD associated with C-629A 

AA genotype (Rodriguez et al., 2006), but this has been contradicted by others 

(Qureischie et al., 2008, 2009). 

Inconsistent findings involving these two polymorphisms may be due to a 

variety of factors, including discrepancies in the age and ethnic composition of study 

samples, or the possibility that these polymorphisms are merely surrogates for another 

polymorphism that acts as the true causal variant for modulating disease susceptibility. 

Further, it is possible that the associations found were due to chance alone. However, 

the inability to replicate findings may also be due to imprecision of the phenotype 

when defined by neuropsychological measures or clinical disease status. To address 

this concern, we examined the effect of the CETP C-629A and I405V polymorphisms 

on structural brain measures in 188 healthy elderly controls and 318 subjects with AD 

or mild cognitive impairment (MCI) from the Alzheimer’s Disease Neuroimaging 

Initiative (ADNI). To reduce the number of statistical comparisons, the analysis was 

restricted to the hippocampus, parahippocampal gyrus and entorhinal cortex, three 

brain regions in which structural change is considered to be a sensitive indicator of 

memory impairment and early pathological processes occurring in AD (Braak and 

Braak, 1991; Dickerson et al., 2009; Jack et al., 1997; McEvoy et al., 2009). 

 

Methods 

Alzheimer’s Disease Neuroimaging Initiative 
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Raw data used in this paper were obtained from the ADNI public database 

(http://www.loni.ucla.edu/ADNI/). ADNI is a multi-site, five-year observational study 

of elderly individuals started in 2004 by the National Institute on Aging, the National 

Institute of Biomedical Imaging and Bioengineering, the Food and Drug 

Administration, private pharmaceutical companies and nonprofit organizations. 

Elderly controls, subjects with MCI and AD subjects underwent longitudinal MRI 

scans and neuropsychological assessment at specified intervals for two to three years.  

 The Principal Investigator of this initiative is Michael W. Weiner, M.D. at the 

VA Medical Center and University of California, San Francisco. ADNI is the result of 

the efforts of many co-investigators from a broad range of academic institutions and 

private corporations, and subjects have been recruited from over 50 sites across the 

U.S. and Canada. For more information, see www.adni-info.org. 

 

Standard protocol approvals, enrolment and patient consents 

ADNI was conducted according to Good Clinical Practice guidelines, the 

Declaration of Helsinki, US 21CFR Part 50—Protection of Human Subjects, and Part 

56—Institutional Review Boards, and pursuant to state and federal HIPAA 

regulations. Written informed consent for the study was obtained from all subjects 

and/or authorized representatives and study partners (http://www.ADNI-info.org). 
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Subjects 

 ADNI eligibility criteria are described at http://adni-info.org. In general, all 

enrolled subjects were between 55 and 90 (inclusive) years of age, had a study partner 

available to provide an independent evaluation of functioning, and spoke either 

English or Spanish. A total of 188 healthy controls (HC), 327 subjects with MCI, and 

149 AD subjects were included in this study based on their availability of genetic data 

and baseline MRI data that passed local quality control. One-hundred and nine ADNI 

subjects were excluded on account of missing data or failure of imaging data to pass 

local quality control. 

 To increase the power of analysis, subjects with MCI and AD were treated as a 

single diagnostic group after selecting only the 169 MCI subjects who were classified 

as most at risk for imminent conversion to AD based on their AD-like pattern of 

regional atrophy, as described in McEvoy et al. (2009). Briefly, stepwise linear 

discriminant analysis was used to identify eight cortical and subcortical regions to best 

aid discrimination of HC and AD subjects. A classifier trained on data from HC and 

AD subjects was applied to data from all 327 MCI subjects to determine whether they 

had patterns of regional atrophy characteristic of mild AD. The discrimination analysis 

correctly classified 92% of HC subjects and 86% of AD subjects, which is comparable 

to the clinical diagnostic accuracy of AD (Gearing et al., 1995; Mok et al., 2004; 

Schneider et al., 2007). The discriminant model was predictive of the rate of clinical 

decline and progression of MCI patients to an AD diagnosis. Further, the rates of  
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Table 2.1: Subject characteristics 

  Healthy Controls (n=188)  MCI & AD Subjects (n=318) 

Age (years)  76.12 ± 5.13  74.91 ± 7.52 

Percent female subjects  46 %  46 % 

Education (years)  16.10 ± 2.81*  15.34 ± 3.01* 

Percent carriers of APOE ε4  28 %*  64 %* 

MMSE  29.13 ± .97*  25.16 ± 2.49* 

ADAS‐cog  6.15 ± 2.85*  15.38 ± 5.86* 

 

Data are given as mean ± SD unless otherwise specified as a percent. *The MCI and 
AD subjects had a significantly lower level of education (p=.005), higher frequency of 
the APOE ε4 allele (p < .001) and significantly more impaired MMSE (p < .001) and 
ADAS-cog (p < .001) scores at baseline than the healthy controls. 
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cognitive decline in these prodromal AD patients were in line with those of AD 

patients in ADNI (McEvoy et al., 2009).   

 Demographics of the 188 HC, and 318 MCI and AD subjects are described in 

Table 1. Of the 506 total subjects, 420 had twelve-month follow-up imaging data that 

passed local quality control and were thus included in the longitudinal analysis. 

 

Genotyping 

 DNA was extracted from blood and genotyped with the Illumina Human610-

Quad BeadChip. Since the Illumina chip does not include the APOE alleles, the 

Alzheimer’s Disease Neuroimaging Initiative (ADNI) did a separate DNA extraction 

from blood samples, and APOE genotyping was done via PCR amplification and HhaI 

restriction enzyme digestion (Potkin et al., 2009). Smartpca was used to identify 

ADNI subjects who were outliers relative to the genetic cluster of ADNI subjects who 

self-reported their race as exclusively “White,” and one subject who reported “More 

than one race” (Joyner et al., 2009). Fifty-three genetic outliers were identified. These 

and 30 subjects with missing genetic data were excluded from the study and, therefore, 

are not included in the total subjects enumerated above.  

 

MR acquisition and analysis 

 Two three-dimensional, T1-weighted volumes per subject per visit were 

downloaded from the public ADNI database (http://www.loni.ucla.edu/ADNI/). All 

image processing and analyses occurred at the Multimodal Imaging Laboratory at the 
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University of California, San Diego. Images were corrected for gradient nonlinearities 

(Jovicich et al., 2006) and B1 field inhomogeneity (Sled et al., 1998). The two 

baseline images were rigid-body aligned, averaged to improve signal-to-noise ratio 

and resampled to isotropic 1-mm voxels. An automated segmentation procedure based 

on FeeSurfer software (Fischl et al., 2002) and customized Matlab code was used to 

obtain volumetric segmentation.  Cortical surface reconstruction yielded a measure of 

thickness at each vertex, and the surface was parceled into distinct regions of interest 

(ROIs) (Dale and Sereno, 1993; Dale et al., 1999; Fischl et al., 1999, 2004).  

 The methods to obtain twelve-month change are described in detail in Holland 

et al. (2009). Briefly, follow-up images were fully affine-registered to the baseline 

images and corrected for intensity nonuniformity. Nonlinear registration was then used 

to align voxel centers in the baseline with the appropriate location in the follow-up 

scans, and a volume-change field was calculated. This field was averaged over each 

ROI to compute the percentage change from baseline. This method has been validated 

using models where amount of change was known and where noise was added to 

approximate that seen in human brain imaging of demented patients. In these studies, 

technical measurement error for the computed change in volume was within 0.2 

percent of the structure volume. That is, for a 6000 mm³ hippocampal volume 

undergoing a change of 1 percent, the technical measurement error in estimating the 

60 mm³ volumetric change would be ±12 mm³ in an individual subject if voxels were 

each 1mm isotropic (Murphy et al., 2010).  
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 The methods to visualize CETP by APOE interactions at each vertex on the 

cortical surface are described in detail in Joyner et al. (2009). Briefly, the cortical 

surface was reconstructed to measure thickness at each vertex. Continuous maps of 

cortical surface area were smoothed with a Gaussian kernel and mapped onto a 

standardized spherical atlas space. Association of cortical thickness and CETP by 

APOE interactions was assessed at each surface vertex after controlling for the effects 

of age, sex and diagnosis, and the strength of association was mapped as negative log 

p-values. 

 

Statistical analysis 

 All statistical analysis was performed using PASW Statistics 18. Genotype 

distributions and allele frequencies were compared using χ²-statistics. Genotype was 

modeled as minor allele SNP-dosage (homozygote of minor allele = 2, heterozygote = 

1, homozygote of major allele = 0) and separated into two regressor variables to 

account for sex-specific effects. Thus, genotype was modeled as dosage of the A allele 

at C-629A and the V allele at I405V.  Sex was additionally included as a covariate in 

regression analyses to ensure that males and females homozygous for major alleles 

would not be equivalent in the overall model.  

 To examine the relationship between CETP genotype and diagnosis, binary 

logistic regression analysis was used with age, sex and APOE ε4 carrier status as 

covariates. Independent-sample t-tests were used to compare the effects of specific 

genotypes on diagnosis. To study the association between genotype and brain 
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structure, standardized morphometric measures were entered as dependent variables 

into linear regression models. Morphometric measures were standardized by 

converting raw values to standardized residuals in a linear regression model built upon 

data from only the HC subjects. Cortical thickness measures were standardized with 

respect to age and sex. Subcortical volumes were standardized with respect to age, sex 

and intracranial volume. Likewise, longitudinal morphometric measures were entered 

as dependent variables into linear regression models to determine whether genotype 

influenced atrophy. These analyses were also performed with stratification for APOE 

ε4 carrier status to determine whether the effects were dependent on genotype at this 

locus. Given the imaging and genetic data currently available, we conducted a 

restricted exploratory analysis without correction for multiple comparisons. The two-

sided significance level was set at α=.05 for all regression models, each of which was 

repeated for two CETP polymorphisms and nine subject groups to demonstrate the 

effect of these polymorphisms on every possible combination of subject diagnosis and 

APOE ε4 carrier status.  

 To determine whether the aging process had different effects on brain structure 

and atrophy depending upon genotype at the two CETP polymorphisms, a univariate 

General Linear Model factor by covariate analysis of variance was used. Genotype 

was a grouping factor and genotype*age, age, sex, diagnosis and APOE ε4 carrier 

status were covariates. In this analysis, cortical thickness measures were standardized 

with respect to sex, and subcortical volumes with respect to sex and intracranial 

volume, but no measures were adjusted for age. Likewise, to determine whether 
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APOE ε4 carrier status affected the influence of CETP genotype on brain structure, 

genotype*APOE ε4 carrier status was entered along with the main effects in the 

following interaction model: y = b0 + b1*CETP + b2*APOE + b3*CETP*APOE + 

b4*age +b5*sex+ b6*diagnosis. 

 

Results 

Influence of CETP polymorphisms on risk of MCI and AD 

 Genotype distributions and allele frequencies of CETP I405V and C-629A for 

the 188 HCs and 318 subjects with AD or MCI are presented in Table 2. Both 

polymorphisms were in Hardy-Weinberg equilibrium in the study sample (I405V: χ² = 

.043, p=.979; C-629A: χ² = 2.289, p=.318).  

 Logistic regression analysis revealed no association of either CETP 

polymorphism with the risk of MCI and AD. Likewise, age and sex were not 

significantly associated with the risk of MCI and AD although APOE ε4 carrier status 

was significantly associated with the risk of MCI and AD (χ² = 61.60, df=1, p= 4.21E-

15).  

 When the study sample was stratified by gender and APOE ε4 carrier status, 

I405V genotype was associated with the risk of MCI and AD in both male (n=135, χ² 

= 9.89, df=2, p=.007) and female (n=115, χ² = 9.89, df=2, p=.019) non-carriers. Males 

with genotype IV were more likely to have MCI or AD than males with genotype II 

(t(122)= -3.151, p=.002), and likewise, females with genotype IV showed a trend of 

being more likely to have MCI or AD than females with genotype II (t(96)= -1.973,  
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Table 2.2: Genotype distribution and allele frequencies of CETP polymorphisms 

Diagnosis (n)  Genotypes  Allele 
frequencies 

χ²‐test 

C‐629A  CC(%)  AC(%)  AA(%)  C  A  χ²  df  p 

HC (188)  50 (26.7)  97 (51.9)  40 (21.4)  52.7  47.3 

MCI, AD (318)  76 (23.9)  172 (54.1)  70 (22.0)  50.9  49.1 

2.289  2  .318* 

                 

I405V  II(%)  IV(%)  VV(%)  I  V  χ²  df  p 

HC (188)  99 (52.7)  73 (38.8)  16 (8.5)  72.1  27.9 

MCI, AD (318)  139 (43.7)  147 (46.2)  32 (10.1)  66.8  33.2 

0.043  2  .979* 

 
Distribution of the CETP C-629A and I405V polymorphisms in healthy controls and 
subjects with MCI or AD. *Both polymorphisms were in Hardy-Weinberg equilibrium 
in the study population. 
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p=.051). In APOE ε4 carriers, I405V genotype showed no influence on diagnosis. 

Thus, the I405V polymorphism appeared to influence the risk of MCI and AD only in 

the absence of the APOE ε4 allele. In contrast, C-629A genotype was not significantly 

associated with the risk of MCI and AD in either carriers or non-carriers of APOE ε4. 

 

3.2 Influence of CETP polymorphisms on brain structure 

 In the female population, C-629A and I405V genotype were associated with 

morphometric measures in two of the three brain structures tested, dependent upon 

diagnosis and APOE ε4 carrier status (Table 3). In particular, the I allele of the I405V 

polymorphism was associated with greater entorhinal (β=.222; SE = .232; p=.007) and 

parahippocampal thickness (β=.197; SE = .120; p=.016) in APOE ε4 non-carriers, and 

this effect appeared primarily driven by healthy individuals (β=.233; SE = .191; 

p=.032 for entorhinal; β=.256; SE = .139; p=.017 for parahippocampal), as it was not 

seen in the MCI and AD group. In contrast, the protective allele relationship was 

reversed in APOE ε4 carriers, where the V allele was associated with greater 

parahippocampal thickness (β=.194; SE = .130; p=.018), and this effect appeared 

primarily driven by individuals with MCI or AD (β=.230; SE = .139; p=.011).  For the 

C-629A polymorphism, the A allele was associated with greater entorhinal (β=.547; 

SE = .376; p=.016) and parahippocampal thickness (β=.577; SE = .212; p=.020) in 

healthy controls. No significant associations were detected with hippocampal volume 

in females. 
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Table 2.3: Regression coefficients and significance levels (p-values) for associations 
between CETP polymorphisms and brain structure in a priori selected ROIs in 
females 
 
SNP  Diagnosis  APOE ε4 

Carrier 
Status 

N  Entorhinal Cortex 
Thickness 
β (p‐value) 

Parahippocampal 
Gyrus Thickness 
β (p‐value) 

C‐629A  All  All  506  0.047 (0.507)  0.003 (0.966) 
  HC  All  188  0.267 (0.023*) (A)  0.250 (0.031*) (A) 
  MCI, AD  All  318  ‐0.017 (0.850)  ‐0.118 (0.178) 
  All  Non‐carriers  250  0.005 (0.956)  0.040 (0.684) 
  HC  Non‐carriers  135  0.098 (0.479)  0.164 (0.224) 
  MCI, AD  Non‐carriers  115  ‐0.115 (0.439)  ‐0.128 (0.387) 
  All  Carriers  256  0.052 (0.606)  ‐0.096 (0.321) 
  HC  Carriers  53  0.547 (0.016*) (A)  0.577 (0.020*) (A) 
  MCI, AD  Carriers  203  0.042 (0.703)  ‐0.135 (0.212) 
I405V  All  All  506  0.088 (0.134)  0.203 (0.686) 
  HC  All  188  0.151 (0.115)  0.242 (0.011*) (I) 
  MCI, AD  All  318  0.033 (0.658)  ‐0.125 (0.090) 
  All  Non‐carriers  250  0.222 (0.007*) (I)  .0197 (0.016*) (I) 
  HC  Non‐carriers  135  0.233 (0.032*) (I)  0.256 (0.017*) (I) 
  MCI, AD  Non‐carriers  115  0.100 (0.442)  0.023 (0.861) 
  All  Carriers  256  ‐0.076 (0.370)  ‐0.194 (0.018*) (V) 
  HC  Carriers  53  ‐0.066 (0.741)  0.236 (0.282) 
  MCI, AD  Carriers  203  ‐0.061 (0.506)  ‐0.230 (0.011*) (V) 

 
Regression coefficients and significance levels were obtained from linear regression 
models in which CETP genotype was the independent variable and morphometric 
measures were the dependent variables. The valence assigned to β coefficients 
corresponds to the directionality of association. For CETP C-629A, positive values 
mean that the A allele is associated with greater volumes, and negative values mean 
that the C allele is associated with greater volumes. For CETP I405V, positive values 
mean that the I allele is associated with greater volumes, and negative values mean 
that the V allele is associated with greater volumes. CETP polymorphisms are 
associated with two morphometric measures in females, dependent upon diagnosis and 
APOE ε4 carrier status. No significant associations were detected with hippocampal 
volume in females. The only significant associations detected in males were between 
C-629A and hippocampal volume in MCI and AD carriers of APOE ε4; I405V and 
entorhinal cortex thickness in non-carriers of APOE; and I405V and hippocampal 
volume in non-carriers of APOE ε4. *Statistically significant p-values (p<.05) are 
represented in bold, and the allele corresponding to greater thickness (i.e. the 
“protective” allele) is denoted in parentheses. 
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  Fewer significant associations among these polymorphisms and brain 

structures were detected in males, but those that were found matched well with the 

findings in females. Namely, the I allele of the I405V polymorphism was associated 

with greater entorhinal cortex thickness (β=.165; SE = .249; p=.048) and hippocampal 

volume (β=.176; SE = .215; p=.036) in APOE ε4 non-carriers; the A allele of the C-

629A polymorphism was associated with greater hippocampal volume in APOE ε4 

carriers with MCI or AD (β=.230; SE = .127; p=.017).  

An interaction between CETP I405V and APOE ε4 carrier status was found 

with parahippocampal gyrus thickness after controlling for age, sex and diagnosis 

(F=2.459; p=.007). Namely, the I allele was found to be associated with thicker 

parahippocampal cortex in APOE ε4 non-carriers but with thinner parahippocampal 

cortex in APOE ε4 carriers (Figures 1, 2). Likewise, an interaction between CETP C-

629A and APOE ε4 carrier status was found with parahippocampal gyrus thickness 

after controlling for age, sex and diagnosis (F=1.983; p=.031). The A allele was found 

to be associated with thicker parahippocampal cortex in APOE ε4 carriers but with 

thinner parahippocampal cortex in APOE ε4 non-carriers.  

 

3.3 Influence of CETP polymorphisms on brain atrophy 

 Not only did genotype at these two CETP polymorphisms affect baseline brain 

structure, but also it influenced twelve-month brain atrophy in a consistent manner 

(Table 4). In females, the A allele of the C-629A polymorphism was protective against  
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Table 2.4: Proposed model of CETP effects on MCI/AD risk, baseline volumes and 
one-year atrophy in medial temporal lobe structures 
 

  Protective for 
Baseline Volumes 

Protective for 
One‐year Atrophy 

Protective for 
Risk of MCI/AD 

APOE ε4 Carriers  V allele (low CETP)  ‐  ‐ 
HC   

A allele (low CETP) 
‐  ‐ 

MCI or AD  V allele (low CETP) 
A allele (low CETP) 

      
A allele (low CETP) 

‐ 

APOE ε4 Non‐carriers  I allele (high CETP)  I allele (high CETP)  I allele (high CETP) 
HC  I allele (high CETP)  ‐  ‐ 
MCI or AD  ‐  I allele (high CETP)  ‐ 

 
Alleles conferring low CETP and high HDL (V at I405V and A at C-629A) appear to 
be protective in APOE ε4 carriers, whereas alleles conferring high CETP and low 
HDL (I at I405V and C at C-629A) appear protective in non-carriers. 
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Figure 2.1: Association of baseline cortical thickness at each vertex with the 
interaction of CETP SNP I405V by APOE ε4 carrier status in all subjects after 
controlling for the effects of age, gender and diagnosis. The map shows the 
distribution of nominal –log p-values across the reconstructed cortical surface. The 
sign represents the direction of the effect. Red values correspond to the I allele 
associating with greater cortical thickness in APOE ε4 non-carriers and the V allele 
associating with greater cortical thickness in APOE ε4 carriers. Blue values represent 
the reverse relationship. The most significant effects of this genotype interaction are 
seen in the parahippocampal gyrus.  
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Figure 2.2: Standardized values for parahippocampal gyrus thickness plotted against 
CETP I405V genotype for APOE ε4 non-carriers (circles; solid line) and carriers 
(triangles; dashed line). In APOE ε4 non-carriers, the II genotype seems to be 
protective with respect to parahippocampal thickness. In contrast, in APOE ε4 carriers, 
VV seems protective. Regression lines computed using the least squares method to 
best fit the data points. For APOE ε4 non-carriers, R² = .029. For APOE ε4 carriers, R² 
= .007. 
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thinning of the entorhinal cortex (β=.188; SE = .142; p=.011). This protective effect 

remained significant when considering only those with a diagnosis of MCI or AD 

(β=.233; SE = .164; p=.013), as well as only those with a diagnosis of MCI or AD 

who were APOE ε4 carriers (β=.240; SE = .189; p=.043). In males, the I allele of the 

I405V genotype was protective against volume reduction in the hippocampus in 

APOE ε4 non-carriers (β=.227; SE = .235; p=.011), an effect still seen when the 

sample was limited to non-carriers with MCI or AD (β=.324; SE = .443; p=.031). 

 

3.4 Effect of age on the interaction between CETP polymorphism and brain structure 

 In the female population, CETP I405V genotype by age interactions were 

found with parahippocampal gyrus thickness after controlling for diagnosis and APOE 

ε4 carrier status (Table 5). Females with the I405V II genotype showed less decline in 

parahippocampal gyrus thickness with age than those with VV (F=4.374; p=.013). No 

significant CETP C-629A genotype by age interactions were found in the three brain 

structures tested, nor were any significant effects found in males 

 

Discussion 

 The present findings suggest that genotype at CETP polymorphisms I405V and 

C-629A may contribute to the genetic variability of brain structure and 

neurodegenerative disease susceptibility. This study is the first to detect APOE-

specific associations between the I405V and C-629A polymorphisms and brain 

structure, and to relate these findings to longitudinal change in brain structure with  
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Table 2.5: Effects of age on CETP I405V influence on parahippocampal gyrus 
thickness 
 

Variable  df  F  Sig. 

Male I405V  2  2.309  .100 

Female I405V  2  4.504  .012* 

Male I405V*Age  2  2.343  .097 

Female I405V*Age  2  4.374  .013* 

Age  1  15.208  1.10E‐4* 

Diagnosis  1  125.971  3.45E‐26* 

Sex  1  .166  .684 

APOE ε4 Status  1  .251  .617 

 

Univariate General Linear Model factor by covariate analysis of variance was used for 
parahippocampal gyrus thickness, with I4045V genotype as a grouping factor and age, 
sex, diagnosis and APOE ε4 carrier status as covariates. There were no significant 
I405V genotype by age interactions with entorhinal cortex thickness or hippocampal 
volume. There were no significant C-629A genotype by age interactions in any of the 
three brain structures tested. *Statistically significant p-values (p<.05) are represented 
in bold. 
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aging. In APOE ε4 non-carriers, the I allele of the I405V polymorphism, which leads 

to increased CETP and decreased HDL, was associated with larger medial temporal 

lobe structures at baseline, less twelve-month atrophy in these structures, and lower 

risk of MCI and AD. This relationship was reversed in APOE ε4 carriers, in whom the 

V allele of I405V and the A allele of C-629A, both of which lower CETP and raise 

HDL, were found to be protective. Although the primary ROI analysis was restricted 

to three medial temporal structures selected a priori, a cortical surface analysis 

revealed the greatest effects of these polymorphisms were indeed found in the medial 

temporal lobe, and specifically in the parahippocampal gyrus. 

 The results suggest that these CETP polymorphisms may modify brain 

structure and neurodegenerative disease susceptibility in a manner dependent upon 

APOE. I405V genotype influenced the risk of MCI and AD in this study sample only 

in non-carriers of APOE ε4, and the protective allele relationships reversed in carriers 

and non-carriers of APOE ε4. Two prior studies found the effects of these 

polymorphisms on the risk of AD to be similarly dependent upon APOE. One study of 

286 AD subjects found that risk of AD was lower in carriers of APOE ε4 with the C-

629A AA genotype (Rodríguez et al., 2006), and another study of 544 AD subjects 

reported that risk of AD was higher in non-carriers of APOE ε4 with the I405V VV 

genotype (Arias-Vásquez et al., 2007), analogous to the present finding that the I allele 

was protective in non-carriers. The finding of alleles that lower CETP levels being 

protective in APOE ε4 carriers is further supported by a study of 107 AD subjects in 
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which another CETP polymorphism, D442G, was associated with lower levels of 

CETP and decreased risk of AD in APOE ε4 carriers (Chen et al., 2008). 

 It has been demonstrated that protein-protein interactions occur between CETP 

and APOE due to their joint participation in cholesterol metabolism (Sorlí et al., 

2005). CETP-immunoreactivity has been demonstrated in astrocytes from AD brain 

tissue, a cell known to produce APOE (Yamada et al., 1995), and a physiological 

cooperation between CETP and APOE has been established in cholesterol ester 

transport in plasma (Marcel et al., 1990). Thus, it is reasonable that the influence of 

CETP on brain cholesterol metabolism and structure might be modulated by APOE 

activity within the brain, and that a dysfunction in cholesterol metabolism involving 

both proteins may play a central role in the AD pathology (Yamada et al., 1995).  

 The APOE-dependent reversal of the protective allele relationship observed in 

this study might be explained by such interactions between CETP and APOE. For 

example, it has been proposed that CETP may modify the risk of AD by altering HDL 

concentration in the brain, whereas the amount of HDL generated varies with APOE 

isoform (Rodríguez et al., 2006).  CETP is believed to promote neuronal uptake of 

HDL particles via interactions with APOE receptors (Rodríguez et al., 2006). Indeed, 

gene-gene interactions between APOE and CETP have been shown to influence HDL 

concentrations (Sorlí et al., 2005), and it is known that HDL particles interact with 

amyloid beta to inhibit its aggregation into fibrils (Olesen and Dago, 2000). 

 The results further suggest that these two polymorphisms have a differential 

degree of influence on brain structure in males and females. Although both males and 
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females were affected by these polymorphisms in a similar manner, the majority of 

associations between genotype and brain structure were found in females. This may be 

due to sex-related differences in cholesterol metabolism (De Gennes et al., 1983) or 

due to underlying structural differences in the male and female brains imposed by 

distinct hormonal or genetic expression environments during the time of development 

(Negri-Cesi et al., 2004).  

  In APOE ε4 non-carriers, risk of MCI and AD increased with carriage of V at 

I405V. Since the V allele corresponds to lower levels of CETP and subsequently 

higher levels of HDL (Arias-Vásquez et al., 2007), this suggests that low CETP and 

high HDL may actually increase the risk of AD in non-carriers. One mechanism for 

this increased risk proposed by Arias Vásquez et al. (2007) is that low CETP levels 

lead to a reduction in neuronal repair. Other studies have found that variations in 

I405V had no effect on cognitive function in 525 subjects who participated in the 

Scottish Mental Survey of 1932 (Johnson et al., 2007) and did not influence the risk of 

vascular dementia in 163 subjects (Qureischie et al., 2009). Two additional studies 

reported no difference in distribution of allele and genotype frequencies for I405V 

between AD subjects and elderly controls (Arias-Vásquez et al., 2007; Rodríguez et 

al., 2006); however, after segregating by APOE ε4 status, VV homozygosity was more 

frequent in AD non-carriers than in elderly control non-carriers (Arias-Vásquez et al., 

2007), similar to the present findings.  

 A recent prospective cohort study by Sanders et al., 2010, followed 523 mixed-

ethnicity subjects aged 70 years or older over a time period during which 40 subjects 
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developed dementia. This group reported that the I405V VV genotype was associated 

with slower age-associated memory decline and lower risk of incident dementia and 

AD. Further, the hazard ratio of dementia for IV heterozygotes was between that for II 

and VV homozygotes, suggesting a possible gene-dose relationship (Sanders et al., 

2010). This finding supported two previous studies in the Ashkenazi Jewish 

population that found the VV genotype to be more prevalent in 158 subjects with 

exceptional longevity (aged ≥ 95 years) and to be associated with better cognitive 

function in these subjects (Barzilai et al., 2003, 2006), although the specific ethnic 

composition of these studies limit their generalizability. Further, the fact that these 

studies adjusted for APOE ε4 status rather than stratifying by this allele makes their 

findings difficult to compare with those of the present study. 

 The effect of variations in C-629A on cognition and disease susceptibility is 

similarly unclear. One group found that AA homozygotes had a significantly 

decreased risk of AD associated with carriage of the APOE ε4 allele (Rodríguez et al., 

2006), consistent with the present findings. Another group studying 388 AD subjects 

found no influence of C-629A on risk of AD in either carriers or non-carriers of APOE 

ε4 (Qureischie et al., 2008) but later reported increased risk of vascular dementia in 

AA homozygotes who were APOE ε4 non-carriers (Qureischie et al. 2009).  

 The discrepancies between prior research and the present study may be due to 

myriad factors, including variation in the age and ethnic compositions of study 

samples. One characteristic to note in this study sample is the high rate of APOE ε4 

carriers among MCI and AD subjects as compared to rates reported among other study 
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samples (Crean et al., 2011), which is a difference that may limit the generalizability 

of these findings. Additionally, the discrepancies between prior research and the 

present study may reflect the limitation of examining polymorphisms in the CETP 

gene whose functional consequences are uncertain (Qureischie et al., 2008). For 

example, it is possible that the I405V polymorphism is a surrogate for another 

polymorphism that acts as the true causal variant for modulating brain structure and 

disease susceptibility; I405V may be a better surrogate for this true variant in the 

Ashkenazi Jewish population, which would be expected to have wider linkage 

disequilibrium blocks than in the ADNI study sample. Variable findings in prior 

research may also reflect the difficulty in trying to evaluate the genetic contribution of 

a single polymorphism to a heterogenous disorder such as AD, which is likely 

impacted by the interaction of multiple genes, proteins and non-genetic factors.  That 

the apparent heritability of late-onset AD is seemingly unexplained by the known 

contributions of APOE and other well-replicated genes (e.g., presenilin-1, presenilin-

2, APP) (Seshadri et al., 2010) suggests the likelihood that many genes contribute to 

AD susceptibility to a lesser degree. Additionally, this study suggests the importance 

of accounting for interactions with APOE, as failure to do so may produce inconsistent 

findings. 

A limitation of this study is its inability to elucidate whether genetic variation 

in CETP modulates brain structure at the time of development, during aging, or solely 

in the context of disease. However, the regional specificity of findings suggests that 

CETP may influence susceptibility to AD given that these polymorphisms are 
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associated with cortical thickness in the parahippocampal gyrus and entorhinal cortex, 

regions particularly damaged in AD (Braak and Braak, 1991). Further, the significant 

I405V genotype by age interaction in females, independent of disease status, was also 

seen in the parahippocampal gyrus. This could suggest that these age-related effects 

might still be related to AD pathology, including pathology present in healthy 

controls.  

Although a sample size of 188 elderly controls and 318 AD or MCI subjects 

may seem inadequate to identify a genetic risk factor for atrophy and disease 

susceptibility, the ADNI dataset is currently the largest dataset with complete genetic 

and imaging information available for such an analysis. Prior studies found similar 

effects using comparably sized, and even smaller (Chen et al., 2008), samples. Given 

the data currently available, this study was limited to a restricted exploratory analysis 

for subtle effects using relaxed correction for multiple comparisons. To reduce the 

need to correct for multiple comparisons across all brain regions and genetic variants, 

the study examined an a priori selection of targeted brain regions involved in 

Alzheimer’s disease (Braak and Braak, 1991; Dickerson et al., 2009; Jack et al., 1997; 

McEvoy et al., 2009) and targeted genetic variants based on extant evidence of their 

involvement in aging and neurodegeneration (Barzilai et al., 2003, 2006; Sanders et 

al., 2010; Rodriguez et al., 2006).  No doubt, the future will bring wider access to even 

larger datasets with complete genetic and imaging information in order to 

independently replicate our results. These results build on evidence of an interaction 
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between APOE, cholesterol metabolism, and neurodegeneration with aging and AD 

and indicate the need for future studies examining this interplay. 
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CHAPTER 3:  

SPATIAL AND TEMPORAL PATTERNS OF CHANGE IDENTIFIED IN 

LONGITUDINAL STUDY OF LEWY BODY DEMENTIA USING VOLUMETRIC 

AND DIFFUSION TENSOR IMAGING 

 

Abstract  

Although neurodegenerative change in Alzheimer’s disease has been fairly well 

characterized by longitudinal neuroimaging, relatively few studies have addressed the 

Lewy body spectrum disorders. Magnetic resonance (MR) imaging techniques such as 

volumetry and diffusion tensor imaging (DTI) provide a quantitative means to assess 

spatial and temporal patterns of neurodegeneration in these disorders. One-hundred 

and fifty subjects in the following diagnostic groups were prospectively enrolled in a 

longitudinal MR imaging study: probable Alzheimer’s disease (AD, n=28), probable 

dementia with Lewy bodies (DLB, n=31), probable Parkinson’s disease dementia 

(PDD, n=20), Parkinson’s disease with questionable cognitive impairment (PD-other, 

n=7), Parkinson’s disease without cognitive impairment (PD, n=21) and healthy 

elderly controls (NC, n = 43). Subjects were scanned longitudinally for the acquisition 

of high-resolution structural images and 51-direction diffusion-weighted data. 

Baseline volumetrics, volumetric change and DTI data were assessed at both the 

individual and diagnostic group level. Additionally, post-mortem pathological data 

was collected and compared to pre-mortem imaging data for eleven subjects who 

passed away during the study. Volumetric data revealed a pattern of change in the 
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Lewy body spectrum disorders intermediate between that of AD and healthy controls 

whereas DTI data revealed relatively equivalent severities between AD and DLB, 

suggesting that Lewy body dementia may be characterized by microstructural 

disruption and dysfunction rather than neuronal loss. 

 

Introduction 

 Among neurodegenerative diseases, Alzheimer’s disease (AD) is the most 

prevalent and best characterized using neuroimaging. There are relatively few 

neuroimaging studies aimed at the Lewy body (LB) spectrum disorders even though 

they constitute the second most common form of neurodegenerative dementia after 

AD and account for over 15 percent of all dementia cases at autopsy (McKeith et al, 

2004). There have been especially few studies designed to image subjects 

longitudinally in order to detect patterns of change in these disorders. A more 

thorough characterization of LB disease using non-invasive neuroimaging is needed to 

address clinical need and enable insight into the biologic basis of these disorders.  

 Specifically, neuroimaging may provide a clinically useful means to enhance 

early detection and differential diagnosis by revealing a unique spatial and temporal 

pattern of brain change. Like AD, LB disorders are currently diagnosed and monitored 

in vivo using clinical observation as there is no definitive pre-mortem diagnosis 

(Lewis et al, 2009). Clinical diagnosis of these disorders tends to have high specificity 

(90-100%) but notoriously low sensitivity (49-63%) (Luis et al, 1999) due to 

significant heterogeneity in the clinical presentation and substantial overlap with the 
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clinical presentations of other neurodegenerative diseases including AD. However, 

treatment decisions for LB disease do necessitate accurate differential diagnosis from 

other neurodegenerative diseases. For example, it is best to avoid the use of 

neuroleptic medications due to the potential of adverse reactions.  

 Additionally, neuroimaging may allow better assessment of disease 

progression and treatment effects, which is especially important in guiding therapeutic 

trials aimed at these diseases. Further, a linked examination between in vivo 

neuroimaging and post-mortem pathology is critical to understand the 

neuroanatomical substrate for cognitive changes.  

 The LB spectrum disorders are clinically challenging due to a fundamental 

lack of understanding as to precisely how the brain changes in these disorders—both 

at a cellular and gross anatomical level. It is even unclear whether the disorders in this 

spectrum represent distinct pathological syndromes or temporal variations of a single 

pathology (Antonelli et al, 2010). The spectrum’s two main constituents, dementia 

with Lewy bodies (DLB) and Parkinson’s disease dementia (PDD), are currently 

distinguished by the clinical “one-year rule” wherein a patient whose cognitive 

impairment occurs prior to the onset of Parkinsonian motor symptoms or within one 

year of the onset of motor symptoms is designated as DLB, and a Parkinson’s disease 

(PD) patient with later onset cognitive impairment is designated as PDD (McKeith et 

al, 2004). Not all subjects with PD do experience cognitive impairment, but 

prevalence rates for dementia in PD are roughly 30 percent (Aarsland et al, 2008), and 

the risk of eventual development of dementia in PD is believed to be as high as 80 
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percent (Hely et al, 2008). Further, a significant portion of PD patients have sub-

threshold cognitive deficits, which is sometimes diagnosed as PD-mild cognitive 

impairment (PD-MCI) (Caviness et al, 2007).  

 Cognitive impairment in these disorders is typified by fluctuations in attention, 

frontal executive dysfunction, visuospatial deficits, recurrent visual hallucinations and 

impairments in language and memory. Dysfunction tends to be more severe in DLB 

than in PDD, and DLB patients tend to experience a shorter disease course than PDD 

patients. Clinical presentation is highly variable and often shares considerable overlap 

with the cognitive profile of AD; however, AD tends to involve greater memory 

impairment whereas LB dementia is characterized by greater attentional and 

visuospatial impairment (Calderon et al, 2001).  

 There is debate in the literature regarding the pathophysiological changes that 

underlie cognitive impairment in LB dementia. The hallmark pathological feature is 

abnormal aggregation of the presynaptic protein α-synuclein into Lewy body 

inclusions in neurons and glial cells, but it is unclear the degree to which Lewy bodies 

explain the clinical dementia that occurs in these disorders. There is evidence, 

however, that Lewy body density strongly correlates with cognitive impairment 

seemingly independent of other brain pathologies (Vernon et al, 2010). Lewy body 

burden does tend to be higher in DLB brains than in PDD brains, which is consistent 

with the more severe cognitive impairment found in DLB (Lee et al, 2009). 

Location of Lewy bodies in the brain varies and seems to be relevant. Braak et 

al (2003) proposed a six-stage system suggesting a predictable progression of LB 
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pathology throughout the brain, starting in the brain stem and olfactory bulb and 

eventually progressing to the entire cortex. Dementia often occurs in the context of 

abundant cortical and limbic Lewy bodies (Braak et al, 2005), but the extent to which 

Lewy bodies exert functional effects on cognition is unclear. 

 The pathology of LB disorders is further confounded by a high prevalence of 

concomitant Alzheimer’s-related pathology in patients with these disorders, especially 

in patients with DLB. It has thus been posited that the likelihood a clinical dementia is 

due to Lewy-related pathology is directly related to the severity of Lewy-related 

pathology and inversely related to the severity of concomitant Alzheimer’s-related 

pathology (McKeith et al, 2005). In fact, the Third Report of the DLB Consortium 

criteria requires that the pathologic diagnosis of DLB be made by considering both 

AD and LB pathologies (McKeith et al, 2005). The strong rate of co-occurrence 

between Lewy-related and Alzheimer’s-related pathology and a number of in vitro 

studies demonstrating protein interactions between α-synuclein, tau and β-amyloid 

(Deramecourt et al, 2006; Masliah et al, 2001; Jensen et al, 1999; Lashhley et al, 2008; 

Rowe et al, 2007; Galpern and Lang, 2006; Kazmierczak et al, 2008) suggest the 

possibility of a linked pathological cascade whereby the presence of one pathology 

may increase susceptibility to the other and the same brain regions may be affected by 

both. This pathological link may also explain the strong overlap in clinical 

presentation between many AD and DLB patients.  

 A number of additional theories have been proposed for the etiology of 

cognitive impairment in LB disorders, including striatal dysfunction that impacts the 
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frontal lobe, primary frontal lobe dysfunction, global neurotransmitter system deficits 

resulting in widespread cortical dysfunction, and cerebrovascular disease (Silbert and 

Kaye, 2010).  

 The neuroimaging profile of these disorders using magnetic resonance imaging 

(MRI) is likewise poorly understood. In general, LB dementia is believed to have a 

subcortical rather than cortical pattern of atrophy with relative sparing of medial 

temporal lobe structures compared to AD (Tam et al, 2005). The most consistent 

imaging findings seem to be striatal atrophy (Apostolova et al, 2010), scattered 

cortical loss in frontal and parietal lobes (Whitwell et al, 2007; Junque et al, 2005; 

Weintraub et al, 2011) and medial temporal lobe atrophy intermediate between healthy 

aging and AD (Tam et al, 2005) with particular involvement of the amygdala (Marui 

et al, 2002; Junque et al, 2005). More severe atrophy is typically found in DLB than in 

PDD (Beyer et al, 2007; Sanchez et al, 2009). Very few diffusion tensor imaging 

(DTI) studies have been applied to LB dementia, but those that have been done seem 

to implicate a role for white matter disease, particularly in parieto-occipital fiber tracts 

(Catani et al, 2003; Matsui et al, 2007; Bozzali et al 2005; Watson et al, 2012; Lee et 

al, 2010). Even fewer longitudinal studies have been done to track brain changes over 

time in individual subjects to assess progression of these diseases.  

 To more thoroughly characterize the neuroimaging profile of LB dementia, we 

prospectively enrolled 51 subjects with LB dementia (31 DLB and 20 PDD), 28 AD 

subjects, 21 subjects with PD and no cognitive impairment, 7 subjects with PD and 
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questionable cognitive impairment, and 43 healthy elderly controls in a longitudinal 

MRI study involving volumetric and diffusion-weighted imaging. 

 

Methods 

Study Population 

 A total of 150 subjects were recruited and prospectively enrolled in this study 

between May 2007 and December 2012. Written informed consent was obtained from 

all subjects or the subjects’ legal guardians, and the study was conducted with 

institutional review board approval and in compliance with Health Insurance 

Portability and Accountability Act regulations. General inclusion criteria were men 

and women between the ages of 55 and 100 years old with a clinical diagnosis of 

Alzheimer’s disease (AD, n=28), dementia with Lewy bodies (DLB, n=31), 

Parkinson’s disease dementia (PDD, n=20), Parkinson’s disease with questionable 

cognitive impairment (PD-other, n=7), Parkinson’s disease without cognitive 

impairment (PD, n=21) or cognitively normal (NC, n=43). The PD-other group 

consisted of 4 subjects referred to us by clinicians as having PD-Mild Cognitive 

Impairment (PD-MCI) and 3 subjects referred to us by clinicians as having PD with 

questionable dementia. Subjects with MR imaging contraindications and/or history of 

symptomatic stroke or other major neurologic or psychiatric disorder were excluded.  

 Group demographic data are presented in Table 1. The PD group was 

significantly younger in age than the DLB and PDD groups, reflecting the earlier age 

at onset of PD versus DLB and PDD. The groups did not significantly differ in  
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Table 3.1: Subject characteristics 

Clinical 
Diagnosis 

Age (y) Males 
(n): Fem 
(n) 

Education (y) MMSE Score, 
Mean (Min, 
Max) 

AD (n = 28) 74.45 ± 10.15 12:16 15.37 ± 2.88 21.59 (7, 28) 

DLB (n = 31) 76.27 ± 7.96 23:8 15.36 ± 3.69 20.74 (4, 30) 

PDD (n = 20) 76.11 ± 9.11 12:8 15.74 ± 2.35 24.21 (13, 30) 

PD-Other (n = 7) 71.71 ± 7.11 7:0 16.43 ± 2.15 26.29 (23, 29) 

PD (n = 21) 67.90 ± 8.03 17:4 16.83 ± 2.77 29.11 (27, 30) 

NC (n = 43) 73.36 ± 8.42 21:22 17.09 ± 2.27 29.16 (27, 30) 

Significant 
Comparisons  
(p < .01) 

PD < DLB, 
PDD 

  AD, DLB < 
PDD, PD-Other 
< PD, NC 

 

Data are given as mean ± SD unless otherwise specified. MMSE = Mini Mental State 
Exam. PD subjects were significantly younger than DLB and PDD subjects. AD and 
DLB subjects were matched on MMSE score at baseline and significantly more 
impaired than all other subjects. PDD and PD-other subjects were more impaired than 
PD and NC subjects. 
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education levels, although there was a trend of lower education among the AD, DLB 

and PDD groups compared to the PD and NC groups. MMSE scores were 

significantly lower in the AD and DLB groups, intermediate in the PDD and PD-other 

groups, and higher in the PD and NC groups. AD and DLB groups were matched on 

dementia severity level. 

 Baseline volumetric data was analyzed for 24 AD, 28 DLB, 15 PDD, 5 PD-

other, 18 PD and 38 NC subjects. Exclusion of baseline volumetric data was due to 

excessive motion (2 AD, 3 DLB, 4 PDD, 2 PD-other, 3 PD, 3 NC), subject inability to 

tolerate duration of complete scan (1 AD, 1 PDD), imaging processing error (1 AD) 

and incidental mass findings (2 NC). Of subjects with valid baseline volumetric data, 

longitudinal volumetric data was collected for all subjects willing and able to 

participate in follow-up visits at 6 months, 12 months, 18 months and 24 months after 

the initial visit. Longitudinal data with at least one follow-up visit was available for 14 

AD, 6 DLB, 9 PDD, 5 PD-other, 12 PD and 30 NC subjects. DTI data was collected 

on a subset of subjects who could tolerate additional scan time consisting of 18 AD, 

17 DLB, 9 PDD, 4 PD-other, 11 PD and 32 NC subjects. During the study period, 21 

subjects passed away, and autopsy data was available for 11 of these subjects (Table 

B) at the time of publication. 

 

MR Imaging Acquisition 

 MRI was performed at the UCSD Radiology Imaging Laboratory on a General 

Electric 1.5 T EXCITE HD scanner with an eight-channel phased-array head coil. 
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Image acquisitions included a conventional three-plane localizer, GE calibration scan, 

a high-resolution, three-dimensional, T1-weighted volume (TE=3.8ms, TR=8.5 ms, 

TI=500 ms; flip angle 10º; matrix size = 192 x 192, voxel size = 0.9375 x 0.9375 x 

1.2000 mm) and three diffusion-weighted sequences. Diffusion data were acquired 

using single-shot echo-planar imaging with isotropic 2.5 mm voxels (matrix size = 96 

x 96, 47 axial slices, slice thickness = 2.5 mm) covering the entire cerebrum. One 

volume series was acquired with 51 diffusion gradient directions using a b-value of 

1000 s/mm² with an additional b=0 volume. For use in nonlinear β0 distortion 

correction, an additional b=0 volume was acquired with reverse phase encoding 

polarity. 

 

Image Processing 

 Image files in DICOM format were transferred to a Linux-based system for 

processing via a customized, automated processing stream written in MATLAB and 

C++. Baseline T1-weighted volumes were reviewed for quality and automatically 

corrected for spatial distortion due to gradient nonlinearity (Jovicich et al, 2006) and 

B1 field inhomogeneity (Sled et al, 1998). Volumetric segmentation (Fischl et al, 

2002) and cortical surface reconstruction (Dale et al, 1999; Fischl et al 1999; Fischl 

and Dale, 2000) and parcellation (Fischl et al 2004, Desikan et al 2006) were used to 

quantify baseline cortical thickness and subcortical volumes within distinct regions of 

interest (ROIs) using a locally modified version of the FreeSurfer software package 

(version 3.02) as described in detail elsewhere (Holland et al, 2009). Results from 
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each of these automated steps were inspected for accuracy and manual corrections 

were applied as necessary by EAM, who was trained by experts in the field and has 

three years experience in editing data from more than 100 examinations.  

 The methods to obtain longitudinal volumetric change were developed at the 

Multimodal Imaging Laboratory, University of California, San Diego and are 

described in detail in Holland et al (2009). Briefly, follow-up images were fully affine-

registered to the baseline images using 12 parameters and corrected for intensity 

nonuniformity using an interative process. Nonlinear registration was then used to 

align voxel centers in the baseline with the appropriate location in the follow-up scans, 

and a volume-change field was calculated. This field was averaged over each ROI to 

compute the percentage change from baseline. This longitudinal analysis method has 

been demonstrated to be free of bias from overestimations of change in serial 

registration, a bias that is often present in other longitudinal analysis methods 

(Thompson and Holland, 2011).  Additionally, this method has been validated using 

models where amount of change was known and where noise was added to 

approximate that seen in human brain imaging of demented patients. In these studies, 

technical measurement error for the computed change in volume was within 0.2 

percent of the structure volume. That is, for a 6000 mm³ hippocampal volume 

undergoing a change of 1 percent, the technical measurement error in estimating the 

60 mm³ volumetric change would be ±12 mm³ in an individual subject if voxels were 

each 1mm isotropic (Murphy et al., 2010).  
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 T1-weighted volumes underwent a secondary, fully-automated segmentation 

using the commercially available NeuroQuant software, which has been validated 

against manual methods and has obtained 501K approval by the Food and Drug 

Administration as a device for providing quantitative segmental volumes. The 

procedure produces volumetric data for certain regions of interest in the aged 

population as well as age-related percentiles for each subject’s volumetric data as 

compared to a normative database (Brewer, 2009). 

 Processing of diffusion-weighted images is described in full in Hagler et al 

(2009). Five preprocessing steps were performed: (1) head motion between scans was 

removed by rigid body registration between the b=0 images of each DW scan; (2) 

within-scan motion was removed by calculating diffusion tensors, synthesis of DW 

volumes from those tensors, and rigid body registration between each data volume and 

its corresponding synthesized volume; (3) image distortion in the DW volumes caused 

by eddy currents was minimized by nonlinear optimization; (4) image distortion 

caused by magnetic susceptibility artifacts was minimized with a nonlinear β0-

unwarping method; and (5) images were resampled using linear interpolation to 1.875 

mm³ isotropic voxels. Fiber tract values for fractional anisotropy (FA), average 

diffusion coefficient (ADC) and fiber number were obtained using a probabilistic 

diffusion tensor atlas developed at the Multimodal Imaging Laboratory, University of 

California, San Diego using software written in Matlab and C++. T1-weighted images 

were used to nonlinearly register the brain to common space, and diffusion tensor 

orientation estimates were compared with the atlas to obtain a map of the relative 



85 

 

 

 

probability that a voxel belongs to a particular fiber given the location and similarity 

of diffusion orientations. Average measures were calculated for each fiber ROI, 

weighted by fiber probability, so that voxels with low probability of belonging to a 

given fiber contributed minimally to average values. Visual quality control was done 

for the unwarping, registration and fractional anisotropy mapping.  

 

Statistical Analysis 

 All statistical analyses were performed using PASW Statistics 18. Analyses of 

variance followed by two-sample t-tests were used to compare continuous 

demographic and imaging measures between the diagnostic groups. All t-test results 

made no assumption of equal variance between groups. Uncorrected p-values < .01 

were considered significant before Bonferroni correction for multiple comparisons 

was applied. Significances from before and after correction for multiple comparisons 

are given. Prior to the analyses, the effects of sex and age were regressed from all 

brain measures, and intracranial volume (ICV) was regressed from all subcortical 

volume measures. The volumetric investigation was restricted to particular regions of 

interest chosen because either (a) they are regions known to differentiate AD data 

from healthy control subject data (McEvoy et al, 2009) or (b) they are regions believed 

to be affected in LB dementia. These regions include bilateral amygdala, 

hippocampus, pallidum, putamen, caudate, thalamus, lateral ventricle, inferior lateral 

ventricle, caudal anterior cingulate gyrus, rostral anterior cingulate gyrus, entorhinal 

cortex, fusiform gyrus, inferior temporal gyrus, middle temporal gyrus, superior 
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temporal gyrus, lateral orbitofrontal cortex, medial orbitofrontal cortex, 

parahippocampal gyrus, postcentral gyrus, precuneus, superior parietal gyrus and 

supramarginal gyrus. Exploration of diffusion-weighted data was likewise restricted to 

the following fiber tracts and regions of interest: fornix, cingulate cingulum, 

parahippocampal cingulum, inferior longitudinal fasiculus (ILF), inferior-fronto-

occipital fasiculus (IFOF), corpus callosum, superior longitudinal fasiculus (SLF), 

temporal SLF, parietal SLF, brain stem, amygdala, hippocampus, pallidum, putamen 

and caudate. 

 

Results 

Baseline Volumetrics: Subcortical Volumes 

 There were no statistically significant differences in subcortical volumes 

between PD and NC subjects. In general, subjects with DLB and PDD demonstrated 

volumes intermediate between that of AD subjects and non-demented subjects (PD 

and NC), with a trend toward greater severity in DLB than PDD (Figure 1). Whole 

brain volumes exhibited this pattern with statistical significance. 

 In comparison to non-demented subjects, DLB and PDD subjects had 

significantly larger lateral ventricles and inferior lateral ventricles bilaterally and 

smaller left thalami, left hippocampus and left amygdala.  Additionally, DLB subjects 

had smaller right thalami, right pallidum, right hippocampus and right amygdala. After 

correction for multiple comparisons, differences with PDD only remained significant 

in the left inferior lateral ventricle and left hippocampus. 
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Figure 3.1: Mean of standardized subcortical volumes at baseline by diagnostic group. 
A value of zero represents what is expected in a normal control of a given age and 
gender. Error bars represent 95% confidence intervals. Subcortical regions of interest 
were selected a priori as being either regions known to differentiate AD data from 
healthy control subject data (McEvoy et al, 2009) or regions believed to be affected in 
the Lewy body spectrum disorders. 
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In comparison to AD subjects, DLB subjects had significantly larger right 

putamen volume. PDD subjects had significantly larger volumes than AD subjects in 

the right thalamus, right putamen, right pallidum, bilateral hippocampus and bilateral 

amygdala. Of these, the only difference that survived correction for multiple 

comparisons was that PDD subjects had larger right hippocampal volumes than AD 

subjects. 

 PD subjects with questionable cognitive impairment demonstrated volumes 

intermediate between that of PDD subjects and non-demented subjects.  

 

Baseline Volumetrics: Cortical Thickness 

 Similar to the pattern seen in subcortical structures, subjects with DLB and 

PDD demonstrated cortical thickness intermediate between that of AD subjects and 

non-demented subjects (PD and NC), with a trend toward greater severity in DLB than 

PDD (Figure 2). The only significant difference in cortical thickness between PD and 

NC subjects was that PD subjects had greater right inferior temporal thickness, though 

this did not survive correction for multiple comparisons.  

 Compared to non-demented subjects, DLB and PDD subjects had decreased 

thickness in bilateral fusiform, right inferior temporal, right middle temporal, left 

lateral orbitofrontal, left medial orbitofrontal, right parahippocampal, left postcentral, 

and bilateral superior temporal. Additionally, DLB subjects had decreased thickness in 

bilateral entorhinal, left inferior temporal, bilateral isthmus cingulate, left middle 

temporal, right lateral orbitofrontal, right medial orbitofrontal, left parahippocampus,  
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Figure 3.2: Mean of standardized cortical thicknesses at baseline by diagnostic group. 
A value of zero represents what is expected in a normal control of a given age, gender 
and intracranial volume. Error bars represent 95% confidence intervals. Cortical 
regions of interest were selected a priori as being either regions known to differentiate 
AD data from healthy control subject data (McEvoy et al, 2009) or regions believed to 
be affected in the Lewy body spectrum disorders. 
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right postcentral, bilateral precuneus and bilateral supramarginal. After correction for 

multiple comparisons, differences between non-demented and DLB subjects remained 

significant in all regions except left isthmus cingulate, bilateral precuneus and right 

medial orbitofrontal. Differences between non-demented and PDD subjects only 

remained significant in right fusiform, right inferior temporal, left lateral orbitofrontal 

and left postcentral.  

 When compared to AD, DLB and PDD showed spared thickness in the left 

fusiform, left inferior temporal and right precuneus. Additionally, DLB had spared 

thickness in the left isthmus cingulate, left precuneus and bilateral superior parietal. 

PDD had spared thickness in left entorhinal and bilateral middle temporal. After 

correction for multiple comparisons, DLB continued to show spared thickness in 

bilateral precuneus and DLB showed spared thickness in left middle temporal. 

 Again, PD subjects with questionable cognitive impairment demonstrated 

cortical thickness intermediate between that of PDD subjects and non-demented 

subjects. 

 

Longitudinal Volumetrics 

 Fewer significant comparisons were found at the diagnostic group level in the 

longitudinal volumetric data, likely due to the decreased sample size with follow-up 

data; however examination of longitudinal data at the level of individual subjects 

allows subjective comparison of spatial and temporal patterns (Figures 3-8). Whole 

brain atrophy rates were 1.58% in AD, 0.45% in DLB, 0.26% in PDD, 0.60% in PD-



91 

 

 

 

other, 0.28% in PD and 0.66% in NC. Whole brain atrophy was significantly greater in 

AD than in PDD, PD-other, PD and NC (Figure 9).  

 In no regions did longitudinal change meet statistical significance for differing 

between DLB and PDD subjects and non-demented subjects. However, when 

compared to AD subjects, DLB and PDD subjects were shown to have significantly 

slower decline in the left fusiform, left middle temporal, left precuneus and left 

superior parietal. Additionally, PDD subjects were shown to have significantly slower 

decline in the right isthmus cingulate, right hippocampus and right rostral anterior 

cingulate. After correction for multiple comparisons, all differences between PDD and 

AD subjects remained significant except in the left precuneus and right rostral anterior 

cingulate. The only difference that remained significant between DLB and AD 

subjects was in the left fusiform. 

 

Diffusion Tensor Imaging: Fiber Number 

 Fiber number showed a binary separation between demented (AD, DLB, PDD) 

and non-demented (NC, PD) subjects with a high degree of overlap between AD and 

DLB subjects and more intermediate values in PDD subjects (Figure 10).  

 When compared to non-demented subjects, DLB subjects exhibited decreased 

fiber number in the right fornix, bilateral cingulate cingulum, bilateral inferior 

longitudinal fasiculus (ILF), bilateral inferior-fronto-occipital fasiculus (IFOF), corpus 

callosum, bilateral superior longitudinal fasiculus (SLF), bilateral temporal SLF and 

bilateral parietal SLF. After correction for multiple comparisons, the trend remained  
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Figure 3.3: Longitudinal data depicted on the cortical surface of 14 individual subjects 
with a clinical diagnosis of probable Alzheimer’s disease. Each individual cortical 
surface is overlain with a heat-map representation of the estimates of volumetric 
change at six months, 12 months and 18-24 months. The color scale bar depicts 
percent volumetric change with blue representing shrinkage and red expansion. Each 
subject’s ID and baseline age are listed to the left, and dementia severity level to the 
right. Dementia severity level was determined by baseline MMSE score, where Mild = 
25-30, Moderate = 18-24 and Severe <18.  
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Figure 3.4: Longitudinal data depicted on the cortical surface of six individual 
subjects with a clinical diagnosis of probable dementia with Lewy bodies (DLB). Each 
individual cortical surface is overlain with a heat-map representation of the estimates 
of volumetric change at six months, 12 months and 18-24 months. The color scale bar 
depicts percent volumetric change with blue representing shrinkage and red expansion. 
Each subject’s ID and baseline age are listed to the left, and dementia severity level to 
the right. Dementia severity level was determined by baseline MMSE score, where 
Mild = 25-30, Moderate = 18-24 and Severe <18.  
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Figure 3.5: Longitudinal data depicted on the cortical surface of nine individual 
subjects with a clinical diagnosis of probable Parkinson’s disease dementia (PDD). 
Each individual cortical surface is overlain with a heat-map representation of the 
estimates of volumetric change at six months, 12 months and 18-24 months. The color 
scale bar depicts percent volumetric change with blue representing shrinkage and red 
expansion. Each subject’s ID and baseline age are listed to the left, and dementia 
severity level to the right. Dementia severity level was determined by baseline MMSE 
score, where Mild = 25-30, Moderate = 18-24 and Severe <18.  
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Figure 3.6: Longitudinal data depicted on the cortical surface of five individual 
subjects with a clinical diagnosis of either Parkinson’s disease with mild cognitive 
impairment (PD-MCI) or Parkinson’s disease with questionable dementia. Each 
individual cortical surface is overlain with a heat-map representation of the estimates 
of volumetric change at six months, 12 months and 18-24 months. The color scale bar 
depicts percent volumetric change with blue representing shrinkage and red expansion. 
Each subject’s ID and baseline age are listed to the left.  
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Figure 3.7: Longitudinal data depicted on the cortical surface of 12 individual subjects 
with a clinical diagnosis of Parkinson’s disease without cognitive impairment. Each 
individual cortical surface is overlain with a heat-map representation of the estimates 
of volumetric change at six months, 12 months and 18-24 months. The color scale bar 
depicts percent volumetric change with blue representing shrinkage and red expansion. 
Each subject’s ID and baseline age are listed to the left.  
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Figure 3.8: Longitudinal data depicted on the cortical surface of 30 individual subjects 
with normal cognition. Each individual cortical surface is overlain with a heat-map 
representation of the estimates of volumetric change at six months, 12 months and 18-
24 months. The color scale bar depicts percent volumetric change with blue 
representing shrinkage and red expansion. Each subject’s ID and baseline age are 
listed to the left.  
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Figure 3.9: Spaghetti plot illustrates whole brain volumes (as percentages of 
intracranial volume) and volume changes across follow-up visits as a function of age 
and diagnostic group. Subject ID is listed adjacent to each subject’s individual 
trajectory. Whole brain volume excludes ventricles, CSF and brainstem. 
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significant in all regions except left ILF, right IFOF, left SLF, left tSLF and left pSLF. 

There were no significant differences between AD and DLB subjects. 

 Data from PDD subjects was intermediate between that of AD and DLB 

subjects and that of non-demented subjects. It was not statistically significant from 

either group. 

 

Diffusion Tensor Imaging: Average Diffusion Coefficient 

 Average diffusion coefficient (ADC) tended to be highest and fairly well-

matched between AD and DLB groups except in the hippocampus, where AD values 

were significantly higher than all other groups (Figure 11). PDD values were 

intermediate, and there were no significant differences among non-demented subjects 

in the PD and NC groups. 

 Relative to non-demented subjects, DLB and PDD subjects showed increased 

ADC in right fornix, right IFOF, corpus callosum and right amygdala. Additionally, 

DLB subjects had increased ADC in left fornix, bilateral cingulate cingulum, bilateral 

ILF, left IFOF, right SLF, right pSLF and left amygdala. No comparisons between 

PDD and non-demented subjects survived correction for multiple comparisons. 

Results remained significant for DLB subjects in right fornix, right cingulate 

cingulum, bilateral ILF, bilateral IFOF and corpus callosum.  

 Compared to AD subjects, both DLB and PDD had lower ADC values in left 

hippocampus and PDD had lower ADC values in right hippocampus. Relative to PDD,  
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Figure 3.10: Mean of standardized number of fibers within a given tract by diagnostic 
group. A value of zero represents what is expected in a normal control of a given age, 
gender and intracranial volume. Error bars represent 95% confidence intervals. Tracts 
of interest were selected a priori. 
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Figure 3.11: Mean of standardized average diffusion coefficient (ADC) by diagnostic 
group. ADC reflects mean diffusivity of water molecules within a given region and is 
known to increase with degeneration of structural barriers. A value of zero represents 
what is expected in a normal control of a given age, gender and intracranial volume. 
Error bars represent 95% confidence intervals. Regions and tracts of interest were 
selected a priori. 
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Figure 3.12: Mean of standardized fractional anisotropy (FA) by diagnostic group. FA 
describes directional preference of water molecules, and values tend to decrease with 
loss of microstructural integrity. A value of zero represents what is expected in a 
normal control of a given age, gender and intracranial volume. Error bars represent 
95% confidence intervals. Regions and tracts of interest were selected a priori. 
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DLB subjects had significantly increased ADC in the right cingulate cingulum, though 

none of these survived correction for multiple comparisons. 

 

Diffusion Tensor Imaging: Fractional Anisotropy 

 The diagnostic group pattern of fractional anisotropy (FA) values is not as 

distinct as that of ADC values, although the trend is greatest severity (decreased FA) 

in AD subjects and intermediate severity in DLB and PDD subjects (Figure 12). One 

region in which this pattern did not hold is the left parahippocampal cingulum, in 

which AD subjects had significantly reduced FA compared to DLB and NC subjects, 

but PD subjects also had reduced FA compared to NA subjects. 

 PDD differed from non-demented subjects in the corpus callosum. DLB 

differed from non-demented subjects in bilateral fornix, left cingulate cingulum, 

bilateral ILF, bilateral IFOF and corpus callosum. The only comparison that survived 

correction for multiple comparisons was that DLB had significantly reduced FA in the 

right fornix and right IFOF. 

 Relative to AD, DLB subjects had higher FA values in bilateral 

parahippocampal; PDD subjects had higher FA values in left fornix, bilateral IFOF, 

right SLF and right pSLF. None of these differences survived correction for multiple 

comparisons. 
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Data from autopsy-confirmed cases 

 Autopsy reports were obtained for eleven subjects who passed away during the 

course of the study. A summary of their autopsy reports is presented in Table 2, and 

their pre-mortem imaging findings with regard to hippocampal and inferior lateral 

ventricle volume are presented in Figure 13. 

 Case 5 was a 58 year-old female who had been clinically diagnosed with AD. 

On pre-mortem imaging, she showed only moderate hippocampal atrophy, although 

there was significant change between the two imaging time points, which were 

separated by 42 months. Post-mortem autopsy revealed Braak neurofibrillary stage 

V/VI with extensive neurofibrillary tau pathology. There was also extensive white 

matter tau pathology with many “coiled bodies” and extensive amyloid angiopathy. 

No LB pathology was found. 

 Case 10 was an 81 year-old male who had been clinically diagnosed with 

DLB. On pre-mortem imaging, he showed severely reduced hippocampal volume (less 

than the first percentile for his age) but normal-sized inferior lateral ventricles. His 

pathology report revealed Braak neurofibrillary stage V with frequent neuritic and 

diffuse plaques and diffuse neocortical LB pathology. The primary pathologic 

diagnosis of AD was given with a contributing diagnosis of LB disease.  

 Case 11 was an 80-year-old male also clinically diagnosed with DLB. He 

similarly showed reduced hippocampal volume (less than the first percentile) and 

moderately increased inferior lateral ventricles on pre-mortem imaging. On autopsy, 

he was found to have Braak neurofibrillary stage IV with moderate neuritic plaques 
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Table 3.2: Imaging and autopsy findings for 11 subjects 

 
DLB = Dementia with Lewy bodies. AD = Alzheimer’s Disease. LBD = Lewy body 
dementia (encompasses both DLB and PDD). Hipp Scl = hippocampal sclerosis. PSP-
P = progressive supranuclar palsy-parkinsonism. Imaging and autopsy data are 
presented for 11 subjects who came to autopsy during the study. Age-related volume 
normative percentiles were obtained using Cortechs Labs NeuroQuant software.  
 

 

 

 

 

Subj 
ID 

Clinical 
Dx 

Age at 
Imaging 
(y) 

Imaging 
to death 
period 
(mo) 

Age‐
related 
HippVol 
Norm % 

Age‐
related 
Inf Lat 
Vent Vol 
Norm % 

Path Dx  LB‐related 
Pathology 

Braak 
NFT 
Stage 

Neuritic 
Plaques 

5  AD  58  5  80   39  20   
>99 

AD  None  V/VI  Freq 

10  DLB  81  7  <1  56  AD with 
LBD  

Diffuse 
neocortical 

V  Freq 

11  DLB  80  13  <1  92  LBD with 
AD  

Diffuse 
neocortical 

IV  Mod 

12  DLB  74  51  <1  >99  AD, hipp 
scl,  
PSP‐P 

None  VI  Freq 

17  DLB  81  17  <1  >99  LBD, 
hipp scl 

Transitional 
(limbic) 

I  None 

18  AD  75  11  <1  >99  AD   Unspecified  VI  Freq 
20  DLB  84  31  <1  >99  AD with 

LBD  
Diffuse, 
neocortical 

IV  Freq 

24  DLB  74  36  <1  >99  AD and 
LBD  

Diffuse, 
neocortical 

V  Freq 

31  DLB  70  6  17   15 
 <1 

>99  LBD   Unspecified  I  Unspec 

39  DLB  76  3  24  >99  LBD   Diffuse, 
neocortical 

I  Freq 

146  PDD  76  3  <1  >99  LBD with 
AD 

Diffuse, 
neocortical 

IV  Mod 
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Figure 3.13: Hippocampal and inferior lateral ventricle volumes (as percentages of 
intracranial volume) plotted as age-related normative percentiles for eleven subjects 
who came to autopsy. Normative percentiles are generated by Cortechs Labs 
NeuroQuant software using age-appropriate reference distributions. Subject ID is 
listed adjacent to each subject’s data. Subjects with data from more than one imaging 
time-point are represented by multiple dots connected by lines.   
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and frequent diffuse plaques as well as diffuse neocortical LB pathology. He was 

given a primary pathologic diagnosis of LB disease with a contributing pathologic 

diagnosis of AD. 

 Case 12 was a 74-year-old male clinically diagnosed with DLB. On pre-

mortem imaging, he had both severely reduced hippocampal volume and elevated 

inferior lateral ventricles. Upon autopsy, severe AD pathology but no LB pathology 

was found in his brain. He was given a primary pathologic diagnosis of AD, Braak 

stage VI with secondary diagnoses of hippocampal sclerosis and progressive 

supranuclear palsy – Parkinsonism.   

 Case 17 was an 81-year-old male clinically diagnosed with DLB. He showed 

severe hippocampal atrophy and inferior lateral ventricle expansion on pre-mortem 

imaging. Autopsy revealed intermediate or transitional (limbic) type LB pathology and 

hippocampal sclerosis in the absence of AD pathology (Braak stage I). He was given a 

primary pathologic diagnosis of LB disease with a contributing pathologic diagnosis 

of hippocampal sclerosis.  

 Case 18 was a 75-year-old male clinically diagnosed with AD. He too showed 

reduced hippocampal volume and increased inferior lateral ventricle volume on pre-

mortem imaging. His autopsy confirmed the diagnosis of AD with Braak 

neurofibrillary stage VI  with frequent neuritic and diffuse plaques and severe amyloid 

angiopathy.  

 Case 20 was an 84-year-old female clinically diagnosed with DLB. She 

showed severely reduced hippocampal volume and moderately increased inferior 
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lateral ventricles on pre-mortem imaging. Both AD pathology (Braak stage IV with 

frequent neuritic plaques) and LB pathology of diffuse cortical type were found in her 

brain at autopsy. She was given a primary pathologic diagnosis of AD with 

contributing LB disease. 

 Case 24 was a 74-year-old male clinically diagnosed with DLB. He showed 

decreased but relatively stable hippocampal volumes across three imaging time-points 

spanning 18 months, but rapid expansion of the inferior lateral ventricles during this 

time. His autopsy report revealed advanced Braak stage V AD pathology and frequent, 

diffuse cortical Lewy bodies. The pathologist cited that either AD or LB pathology 

could have been more important in explaining cognitive symptoms, so both were 

included in the primary pathologic diagnosis.  

 Case 31 was a 70-year-old male with a clinical diagnosis of DLB. He was 

imaged three times over the course of a year. Although his hippocampal volume was 

relatively normal at the start of this period, it decreased significantly during the last six 

months of imaging, although not to the level of severity seen in the above cases. His 

inferior lateral ventricles showed severe expansion during the first six months of 

imaging. His autopsy report revealed pure LB disease with diffuse cortical Lewy 

bodies in the absence of AD-related pathology.  

 Case 39 was a 76-year-old male with a clinical diagnosis of DLB who showed 

normal hippocampal volume and only slightly increased inferior lateral ventricles. On 

autopsy, he too was found to have pure LB disease with diffuse cortical Lewy bodies 

and only age-related AD changes.  
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 Case 146 was a 76-year-old male diagnosed clinically with PDD. He had both 

severely reduced hippocampal volume and increased inferior lateral ventricles on pre-

mortem imaging. On autopsy, his brain showed diffuse cortical LB pathology and 

moderately severe AD pathology Braak stage IV. His primary pathologic diagnosis 

was LB disease with a contributing diagnosis of AD. 

 

Discussion 

The results of this study demonstrate that gross anatomical change in LB 

dementia seems to be intermediate between that of AD and healthy aging, even though 

subjects with DLB and AD were matched on dementia severity level. Significant 

cortical loss was observed in subjects with LB dementia throughout frontal, temporal 

and parietal lobe regions, but there were no regions in which cortical loss was 

significantly greater in the LB dementias than in AD. Similarly, subjects with LB 

dementia exhibited volume loss in basal ganglia, thalamus and limbic structures but 

not to the extent of AD subjects. Examination of global change in whole brain 

volumes (Figure 9) and localized cortical change across individual subjects (Figures 3 

-8) revealed that AD subjects were clearly distinguishable from other subjects, both on 

the basis of cross-sectional measurements and also on their rates and patterns of 

change. Figure 3 demonstrates a clear Alzheimer’s pattern of fronto-temporal cortical 

loss consistent with the known pathology of AD. Subjects with LB dementias are not 

as clearly distinguished from non-demented subjects in terms of gross anatomical 



110 

 

 

 

change. These findings are supported by previous MRI studies (Duda et al, 2004; 

O’Brien et al, 2001; Whitwell, 2007).  

In contrast, when comparing AD, DLB and PDD subjects using diffusion-

weighted data, change in LB dementia seems to be nearly as severe as change in AD, 

particularly in white matter tracts involving limbic, parietal-ocipital and temporal 

regions. Previous studies of LB dementia similarly report significant changes in 

diffusion-weighted measurements in these regions (Matsui et al, 2007; Bozzali et al, 

2005; Kantarci et al, 2010; Watson et al, 2012). One tract of particular interest in LB 

dementia is the inferior longitudinal fasiculus (ILF), which projects from the occipital 

lobe visual association cortex to the medial and anterior temporal lobe and also carries 

feedback from the amygdala to the visual cortex (Catani et al, 2003). It is thought that 

damage to this tract may be responsible for the visuospatial impairments and visual 

hallucinations common to LB dementia (Yamamoto et al, 2006). 

DTI assesses local microstructure of the brain, and is believed to be sensitive to 

changes in white matter integrity, fiber density, myelination and axonal diameter 

(Hagler et al, 2009). As degenerative changes occur, diffusivity of water in the brain 

increases (represented by an increase in ADC) due to the break-down of structural 

barriers that restrict Brownian motion, and directionality of diffusion becomes more 

random and less-defined by white matter tracts (represented by a decrease in FA). In 

this study, FA seemed to be a less powerful measure than ADC in differentiating 

among diagnostic groups, perhaps reflecting its greater usefulness in identifying tract 

location rather than tract degeneration.  
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The increased severity of diffusivity changes relative to structural changes 

found in this study suggests that—unlike in AD—cognitive impairment in LB 

dementia may reflect degenerative change in which neuronal loss is not prominent. 

This hypothesis is supported by pathological studies showing that cortical neuronal 

loss is not, in fact, a principal feature of LB disease (Higuchi et al, 2000). A recent 

study by Rodriguez et al (2012) posited that AD pathology may induce greater 

structural change whereas LB pathology may induce functional effects in 

disproportion to its structural effects. A number of theories have been proposed 

regarding the etiology of functional effects in LB dementia. Hattori et al (2011) 

suggested that a multi-faceted degeneration of white matter may occur in LB disease, 

including small Lewy pathologies, disruption of axonal transport, alterations in axonal 

structure, spongiform changes and demyelination. Another study suggested that 

disruption of diffusivity within white matter may indicate early microvascular 

ischemic disease and contribute to both the motor and nonmotor symptoms in LB 

dementia (Silbert and Kaye, 2010).  

It is likely that in addition to these proposed etiologies, interplay between LB 

and AD pathologies significantly influences the clinical dementia of many patients 

with LB spectrum disorders. The co-occurrence of these pathologies is common, and 

some brain regions, such as the amygdala, are particularly susceptible to both 

pathologies (Braak et al, 2004), raising the possibility of a linked pathological cascade. 

In vitro studies have shown evidence for interactions between α-synuclein (the 

primary component of Lewy bodies), β-amyloid and tau. Specifically, α-synuclein has 
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been shown to bind to tau and induce its phosphorylation (Jensen et al 1999); 

extracellular α-synuclein can increase release of β-amyloid peptides and enhance 

neuronal toxicity (Kazmierczak et al, 2008); and amyloid aggregates enhance 

aggregation of α-synuclein (Lashley et al, 2008). 

Thus, understanding the interplay between AD-related and LB-related 

pathology seems critical to deciphering the neuroimaging patterns produced by each. 

It is likely that a considerable portion of structural change observed in subjects in this 

study can, in fact, be explained by concomitant AD pathology, especially in DLB 

subjects who are expected to have a high prevalence of Alzheimer’s changes. PDD 

subjects are less likely than DLB subjects to have amyloid pathology (Edison et al, 

2008), and this may account for the less severe patterns of structural change seen in 

them. Ballard et al (2006) proposed that a combination of amyloid and LB pathology 

may explain cognitive problems in DLB whereas LB pathology alone may explain the 

slower decline experienced in PDD. 

Of the nine subjects clinically diagnosed as DLB or PDD for whom we 

obtained autopsy reports, only three were found to have pure LB disease (including 

one subject who additionally had hippocampal sclerosis). Five of these cases showed 

substantial AD pathology, either as a primary or contributing pathologic diagnosis, 

and one of these cases did not have any LB pathology. In this latter case, the presence 

of AD and supranuclear palsy – Parkinsonism, which mimics the motor symptoms of 

Parkinson’s disease but does not involve Lewy bodies, presented a symptomatic 

profile clinically indistinguishable from LB dementia. It can be assumed that a 
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significant proportion of subjects clinically diagnosed with DLB or PDD in this 

sample have concomitant AD pathology, which may be driving the intermediate level 

of structural change we saw in their brains.  

Reliance on clinical diagnosis to determine group-level comparisons is a 

significant limitation of this study and all in vivo imaging studies. The high prevalence 

of mixed and atypical pathology confounding clinical diagnosis is clearly 

demonstrated among our eleven autopsy cases. This limitation gives rise to the need 

for future, larger-scale studies to bridge in vivo MRI and post-mortem pathology. 

Further, the high degree of heterogeneity among these disorders—both at a pathologic 

and clinical level—suggests it may be useful to invest greater effort in studying 

individual subjects over time, which is accomplished to a small extent in this study, 

rather than lumping subjects under umbrella-term diagnoses with little pathological 

correlation.  
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CONCLUSION 

 

 

The studies described in this dissertation demonstrate three applications of 

quantitative neuroimaging to the study of aging and neurodegenerative disease. The 

findings suggest that MRI has considerable potential to enhance understanding of 

these processes at a biologic level and to influence clinical practice. 

Chapter One presents a study in which six-month neurodegeneration was 

quantified in 142 healthy elderly subjects using longitudinal structural analysis. Even 

in healthy elderly subjects, loss of cortical thickness and subcortical volume could be 

quantified in a time period as short as six months and was shown to associate with 

subsequent performance on neuropsychological measures. Specifically, 

neurodegeneration in certain medial temporal lobe structures correlated with two-year 

decline in memory performance. Of the 142 subjects examined, seven subjects 

converted to a diagnosis of mild cognitive impairment (MCI) during the follow-up 

period. A qualitative analysis of their imaging data revealed accelerated change in a 

pattern consistent with what is expected in the early forms of Alzheimer’s disease 

(AD). These findings suggest that longitudinal MRI might be useful in identifying 

rapid atrophy in otherwise healthy subjects and therefore enhance early detection of 

neurodegenerative disease. 

Chapter Two applies these same neuroimaging techniques to an analysis of two 

polymorphisms in the cholesteryl ester transfer protein (CETP) gene, which had been 
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previously implicated in risk of Alzheimer’s disease. This study investigates the effect 

of these polymorphisms on brain structure, atrophy rate and risk of AD in 188 elderly 

controls and 318 subjects with AD or MCI. Associations were shown to be dependent 

on APOE ε4 carrier status, suggesting that CETP may contribute to the genetic 

variability of brain structure and dementia susceptibility in an APOE-dependent 

manner. The use of imaging measures in studies such as this one demonstrate the 

advantage of neuroimaging genetics, in which phenotypes are defined by quantitative 

measures of brain structure or function rather than clinical characteristics such as 

disease, symptoms or behaviors. This enables a closer description of the biologic 

impact of genes in the brain. 

Lastly, Chapter Three illustrates how these imaging techniques may be used to 

enhance understanding of the neurodegenerative process and to thus aid in the 

detection and differential diagnosis of these disorders. By following 150 subjects who 

were either healthy elderly controls or had been clinically diagnosed with AD, 

dementia with Lewy bodies (DLB), Parkinson’s disease dementia (PDD) or 

Parkinson’s disease (PD), this study provided a longitudinal description of the changes 

that occur in these disorders. Findings show that gross structural change in Lewy body 

dementias is intermediate between that of AD and healthy controls, whereas 

microstructural change detected by diffusion tensor imaging is of relatively equal 

severity between Lewy body dementias and AD. This suggests that Lewy body 

dementia may be unique from AD in that it is characterized by microstructural 

disruption and dysfunction but not neuronal loss. Further, the collection of both in vivo 
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imaging data and post-mortem pathological data in eleven individual subjects enables 

direct comparison between changes detected by MRI in vivo and pathological changes 

demonstrated post-mortem. This analysis revealed a high level of concomitance 

between Lewy body and Alzheimer’s-related pathology, perhaps explaining the 

overlap in imaging patterns and clinical presentations of these disorders. 

Together, these three studies demonstrate considerable potential for MRI data 

to be translated beyond the academic setting to clinical practice. In the near future, it is 

likely that MRI will not only be used in neurology clinics to identify gross pathology 

such as a tumor or a bleed but to also identify individuals at risk for dementia and 

track neurodegenerative disease progression.  
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