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ABSTRACT OF THE DISSERTATION 
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Professor Paul M. Thompson, Chair 

 

Alzheimer’s dementia is a rising public health crisis that will have an unprecedented 

social and economic impact in the near future, as elderly individuals make up the fastest growing 

segment of the population worldwide [1-3]. The greatest single risk factor for Alzheimer’s 

disease is age, though many genetic and environmental factors also influence disease onset and 

progression [4-9]. While current treatment options are sparse and no cure exists, it is critical to 

(1) identify the disease at its earliest stages, before irreversible brain degeneration has occurred 

and (2) to develop alternative strategies for reducing dementia risk based on aspects of health 

that are currently modifiable, such as cardiovascular health as one example. If we can identify 
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individuals who are at high risk for developing Alzheimer’s dementia, but who have not yet 

experienced major neurodegeneration, then it may be possible to apply these alternative 

strategies to preserve brain health into old age. 

In regards to the first aim, brain MRI scans identify robust signatures of Alzheimer’s 

dementia at early stages. In my work, we have expanded upon existing brain-based MRI 

biomarkers by demonstrating changes in caudate nucleus shape in Alzheimer’s disease and by 

showing that patterns of thinner cortical gray matter are associated with longitudinal expansion 

of the lateral ventricles. The caudate nucleus is a subcortical gray matter structure typically 

associated with motor planning, but is also involved in procedural memory, and is affected by 

the molecular pathology of Alzheimer’s disease. The lateral ventricles are a fluid-filled space 

located at the center of the brain, which expand as brain tissue is lost in aging and dementia, 

within the fixed volume of the skull. Both of these biomarkers can be automatically measured 

from brain scans with high reliability and often with less manual intervention compared to other 

brain structures (such as the hippocampus). These biomarkers makes are candidates for use in 

clinical trials or, in the case of the lateral ventricles, even in an individual to assist in dementia 

diagnosis. My studies provide further validation for the use of these biomarkers with additional 

information on the clinical implications of structural changes in these structures. 

For the second aim, I investigated blood levels of two potentially modifiable compounds 

(thyroid hormones and homocysteine) that have been linked to dementia risk and cognition in the 

elderly. Alterations in thyroid hormone levels and elevated homocysteine levels have separately 

been associated with increased dementia risk and cognitive decline in the elderly [10-20]. My 

results demonstrate that homocysteine and thyroid hormones levels measured are significantly 



iv 
 

associated with structural brain differences in the elderly. I found that elderly individuals with 

elevated homocysteine levels were more likely to have reduced cortical gray matter in bilateral 

frontal, right temporal, bilateral sensory, motor, and visual areas. In another study, we found that 

higher levels of thyroid hormone (free thyroxine, fT4) within the normal range were associated 

with both brain tissue expansion and contraction relative to lower levels. These two compounds 

are modifiable because interventions exist to modify the levels of these compounds and it’s 

possible to measure their levels using a blood test. While these interventions are not without risk 

and involve special consideration in the elderly, it is important to understand the relationship 

between these modifiable health factors and brain structure in the elderly. As more evidence 

accumulates, if the connection between these health factors, dementia risk and brain deterioration 

is strong enough, we may discover new avenues for preserving brain health into old age. 

  



v 
 

The dissertation of Sarah Kate Madsen is approved. 

Susan M. Bookheimer 

Jamie D. Feusner 

Arthur W. Toga 

Paul M. Thompson, Committee Chair 

 

 

University of California, Los Angeles 

2013 

  



vi 
 

TABLE OF CONTENTS 

 

1. Introduction (pg. 1) 

1.1 Organization of the dissertation (pg. 3) 

2. MRI biomarkers of dementia (pg. 4) 

2.1 Caudate nucleus shape differences in dementia (pg. 5) 

2.1.1 Bibliography (pg. 17) 

2.2 Mapping longitudinal changes in lateral ventricle volume onto cortical gray matter      

(pg. 20) 

2.2.1 Bibliography (pg. 46) 

3. Brain imaging of modifiable risk factors for dementia (pg. 55) 

3.1 Thyroid hormones and structural brain differences in non-demented elderly (pg. 56) 

3.1.1 Bibliography (pg. 81) 

3.2 Higher homocysteine is associated with thinner cortical gray matter (pg. 88) 

3.2.1 Bibliography (pg. 109) 

4. Related works completed during graduate studies (pg. 119) 

4.1 Review of visual processing in anorexia nervosa and body dysmorphic disorder (pg. 120) 

4.1.1 Bibliography (pg. 128) 

4.2 Neuroscience outreach (pg. 130) 

4.2.1 Bibliography (pg. 134) 

4.3 List of co-authored papers completed during graduate studies (pg. 135) 

5. Future works (pg. 138) 

5.1 Combining multiple risk factors in an integrated model (pg. 138) 



vii 
 

5.2 Interaction of genetics and modifiable health factors in the brain (pg. 138) 

5.3 Structural connectivity differences associated with modifiable health factors (pg. 139) 

6. Bibliography (pg. 140) 

  



viii 
 

ACKNOWLEDGEMENTS 

 

I give the deepest thanks to everyone who has supported me before and during my graduate 

studies. My remarkable family, colleagues, classmates, and friends have made this possible and 

will forever have my greatest appreciation. 

 

Funding Agency Acknowledgements 

Sarah Kate Madsen was partially supported by the Neuroscience Interdepartmental 

Program at UCLA and by the National Defense Science and Engineering Graduate (NDSEG) 

Fellowship (32 CFR 168a) from the DoD, and Air Force Office of Scientific Research. 

Data collection and sharing for this project was funded by the Alzheimer's Disease 

Neuroimaging Initiative (ADNI) (National Institutes of Health Grant U01 AG024904). ADNI is 

funded by the National Institute on Aging, the National Institute of Biomedical Imaging and 

Bioengineering, and through generous contributions from the following: Abbott, AstraZeneca 

AB, Bayer Schering Pharma AG, Bristol-Myers Squibb, Eisai Global Clinical Development, 

Elan Corporation, Genentech, GE Healthcare, GlaxoSmithKline, Innogenetics, Johnson and 

Johnson, Eli Lilly and Co., Medpace, Inc., Merck and Co., Inc., Novartis AG, Pfizer Inc, F. 

Hoffman-La Roche, Schering-Plough, Synarc, Inc., and Wyeth, as well as non-profit partners the 

Alzheimer's Association and Alzheimer's Drug Discovery Foundation, with participation from 

the U.S. Food and Drug Administration. Private sector contributions to ADNI are facilitated by 

the Foundation for the National Institutes of Health (http://www.fnih.org/). The grantee 

http://www.fnih.org/


ix 
 

organization is the Northern California Institute for Research and Education, and the study is 

coordinated by the Alzheimer's Disease Cooperative Study at the University of California, San 

Diego. ADNI data are disseminated by the Laboratory for Neuro Imaging at the University of 

California, Los Angeles.  

The research reported in this article was supported in part by funds from contract 

numbers N01-HC-80007, N01-HC-85079 through N01-HC-85086, N01-HC-35129, N01 HC-

15103, N01 HC-55222, N01-HC-75150, N01-HC-45133, grant number U01 HL080295 from the 

National Heart, Lung, and Blood Institute, with additional contribution from the National 

Institute of Neurological Disorders and Stroke. Additional funds were provided by the National 

Institute on Aging to O.L.L. (AG020098), L.H.K. (AG15928), P.T. (EB008281), and the 

University of Pittsburgh (AG05133), and by subcontract (N01-HC-055222) to J.T.B. A full list 

of principal CHS investigators and institutions can be found at www.chs-nhlbi.org/pi.htm. 

Additional support was provided by NIH grants P30 AG010129, K01 AG030514, and the 

Dana Foundation. 

 

  

http://www.chs-nhlbi.org/pi.htm


x 
 

Co-author Acknowledgements 

I would like to thank all of the following co-authors for their contributions. I would also like to 

thank all of the co-authors who I have published with in graduate school, but was not able to list 

below. 

 

Madsen, S. K., Ho, A., Hua, X., Saharan, P. S., Toga, A. W., Jack, C. R., Weiner, M. W., 

Thompson, P. M., & the Alzheimer’s Disease Neuroimaging Initiative. (2010). 3D maps localize 

caudate nucleus atrophy in 400 AD, MCI, and healthy elderly subjects. Neurobiology of Aging: 

ADNI Special Issue, 1312-1325; doi:10.1016/j.neurobiolaging.2010.05.002. 

 

Madsen, S.K.,. Gutman, B. A., Joshi, S. H.,  Toga, A. W.,  Jack, C. R. Jr.,  Weiner, M. W., 

Thompson, P. M., for the Alzheimer’s Disease Neuroimaging Initiative (ADNI) (2013). Mapping 

dynamic changes in ventricular volume onto baseline cortical surface in normal aging, MCI, and 

Alzheimer’s disease, accepted at MBIA MICCAI 2013, Nagoya, Japan, Sept. 22-26 2013. 

 

Madsen S. K., Rajagopalan, P., Joshi, S.H., Toga, A.W., Thompson, P.M. & the Alzheimer’s 

Disease Neuroimaging Initiative (ADNI) (2013). Elevated homocysteine is associated with 

thinner cortical gray matter in 803 ADNI subjects, Neurobiology of Aging, under review May 1 

2013. 

 



xi 
 

Madsen S.K., Gutman, B.A., Joshi, S.H., Toga, A.W., Jack, C.R.Jr., Weiner, M.W., Thompson, 

P.M., for the Alzheimer’s Disease Neuroimaging Initiative (ADNI) (2013). Relating longitudinal 

ventricular expansion to cortical gray matter thinning in the elderly, Neurobiology of Aging 

(Special Issue on Novel Imaging Biomarkers for Alzheimer's Disease and Related Disorders), 

under review May 1 2013.  

 

Madsen, S.K., Liang, L., Boyle, C. A., Rajagopalan, P., Cappola, A. R., Becker, J. T., Lopez, O. 

L., Thompson, P. M. (2013). Thyroid hormones are related to future differences in brain tissue in 

495 healthy euthyroid elderly, in preparation for submission July 2013. 

 

Madsen, S.K., Bohon, C., Feusner, J.D. (2013). Visual processing in anorexia nervosa and body 

dysmorphic disorder: similarities, differences, and future research directions. Journal of 

Psychiatric Research, available online July 1
st
, 2013. 

 

Romero-Calderon, R., O’Hare, E., Suthana, N. A., Scott-Van Zeeland, A. A., Rizk-Jacson, A., 

Attar, A., Madsen, S. K., Ghiani, C. A., Evans, C. J., Watson, J. B. (2012). Project Brainstorm: 

Using Neuroscience to Connect College Students with Local Schools, PLoS Biology, 10(4), 

e1001310. doi:10.1371/journal.pbio.1001310. 

 

 

  



xii 
 

VITA 

2003-2007 B.S., Neuroscience and Psychobiology, UCLA 

UCLA College Honors Program, Psychology Research Opportunities Program 

Undergraduate Research with Dr. A. W. Toga and Dr. M. S. Fanselow 

 

2007-2009 Staff Research Associate with Dr. P. M. Thompson 

 

2010-2013 National Defense Science and Engineering Graduate (NDSEG) Fellowship, 

Department of Defense, Air Force 

 Brain Research Institute Graduate Student and UCLA Graduate Division Travel 

Awards 

 

2010 Press Conference, Spotting and Treating Alzheimer’s Disease, Annual Meeting of the 

Society for Neuroscience 

 Graduate Student Fellow, New Horizons in Human Brain Imaging Meeting: A 

Pacific Rim Neuroimaging Conference 

 Quality of Graduate Education Special Course Funding, Career Advancement for 

Scientists and Educational Course on Diffusion and Structural MRI 

 

2011 Teaching Assistant for Project Brainstorm, Event Leader for Brain Awareness Week 

HHMI Mentor Award, Preparing Future Faculty 

 

2011-2012 Teaching Assistant for Civic Engagement in Science and Technology at UCLA 

  

2012 FSL/FreeSurfer Brain Image Analysis Software Course 

 

2013 Young Investigator Scholarship, 7
th

 Annual Drug Discovery for Neurodegeneration 

Conference: An Intensive Course on Translating Research into Drugs 



xiii 
 

 

SELECT PUBLICATIONS 

Madsen, S. K., Ho, A., Hua, X., Saharan, P. S., Toga, A. W., Jack, C. R., Weiner, M. W., 

Thompson, P. M., & the Alzheimer’s Disease Neuroimaging Initiative. (2010). 3D maps localize 

caudate nucleus atrophy in 400 AD, MCI, and healthy elderly subjects. Neurobiology of Aging: 

ADNI Special Issue, 1312-1325; doi:10.1016/j.neurobiolaging.2010.05.002. 

 

 

Madsen, S.K.,. Gutman, B. A., Joshi, S. H.,  Toga, A. W.,  Jack, C. R. Jr.,  Weiner, M. W., 

Thompson, P. M., for the Alzheimer’s Disease Neuroimaging Initiative (ADNI) (2013). Mapping 

dynamic changes in ventricular volume onto baseline cortical surface in normal aging, MCI, and 

Alzheimer’s disease, accepted at MBIA MICCAI 2013, Nagoya, Japan, Sept. 22-26 2013 [8-page 

paper; peer-reviewed conference paper]. 

 

 

Madsen S. K., Rajagopalan, P., Joshi, S.H., Toga, A.W., Thompson, P.M. & the Alzheimer’s 

Disease Neuroimaging Initiative (ADNI) (2013). Elevated homocysteine is associated with 

thinner cortical gray matter in 803 ADNI subjects, Neurobiology of Aging), under review May 1 

2013. 

 

 

Madsen S.K., Gutman, B.A., Joshi, S.H., Toga, A.W., Jack, C.R.Jr., Weiner, M.W., Thompson, 

P.M., for the Alzheimer’s Disease Neuroimaging Initiative (ADNI) (2013). Relating longitudinal 

ventricular expansion to cortical gray matter thinning in the elderly, Neurobiology of Aging 

(Special Issue on Novel Imaging Biomarkers for Alzheimer's Disease and Related Disorders), 

under review May 1 2013.  

 

 

Madsen, S.K., Liang, L., Boyle, C. A., Rajagopalan, P., Cappola, A. R., Becker, J. T., Lopez, O. 

L., Thompson, P. M. (2013). Thyroid hormones are related to future differences in brain tissue in 

495 healthy euthyroid elderly. in preparation for submission July 2013. 

 

 

Madsen, S.K., Bohon, C., Feusner, J.D. (2013). Visual processing in anorexia nervosa and body 

dysmorphic disorder: similarities, differences, and future research directions. Journal of 

Psychiatric Research, available online July 1
st
, 2013. 

 

 

Romero-Calderon, R., O’Hare, E., Suthana, N. A., Scott-Van Zeeland, A. A., Rizk-Jacson, A., 

Attar, A., Madsen, S. K., Ghiani, C. A., Evans, C. J., Watson, J. B. (2012). Project Brainstorm: 

Using Neuroscience to Connect College Students with Local Schools, PLoS Biology, 10(4), 

e1001310. doi:10.1371/journal.pbio.1001310. 



1 
 

CHAPTER 1 

 

Introduction 

There is great interest in understanding brain aging, both in health and in diseases such as 

Alzheimer’s dementia. In the following chapters, I look at several aspects of brain structure and 

determined how these structural differences are related to clinical factors in healthy aging, mild 

cognitive impairment (a preliminary stage that often precedes the onset of dementia), and in 

Alzheimer’s disease. Since restoring lost brain tissue is currently not possible, it’s important to 

identify the earliest possible signs of dementia. We also want to identify ways in which elderly 

individuals might reduce their risk for dementia using the medical tools and scientific knowledge 

that are currently available. With this information, it may be possible to help preserve brain 

health in our rapidly expanding elderly populations.  

Alzheimer’s disease is the leading cause of dementia, affecting 24 million people worldwide 

[3]. This is a major public health issue and expanding problem. Individuals over the age of 80 

years old, the so called “oldest old,” represent the fastest growing segment of the population 

worldwide [1]. Age is the predominate risk factor for the development of Alzheimer’s disease 

[21]. This increase in the number of very elderly individuals brings an increased burden of 

dementia, with the prevalence of Alzheimer’s disease expected to double every twenty years 

[22]. There is no cure for the disease and current treatments slow the decline of cognitive 

symptoms in the short-term, without effecting underlying neurodegeneration [23, 24].  
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Improving brain MRI biomarkers of aging and dementia can help us identify the signs of 

dementia much sooner, before irreversible brain degeneration has occurred. In my work, I focus 

on brain structures that have ideal characteristics as MRI biomarkers in elderly populations. The 

caudate nucleus is a subcortical gray matter structure affected by Alzheimer’s pathology and the 

lateral ventricles expand as brain tissue is lost in aging and dementia. These two structures can 

be reliably and accurately detected with automated methods, compared to other structures such 

as the hippocampus or cortical gray matter, which are more difficult to segment in elderly 

atrophied brains. The caudate nucleus and lateral ventricles were previously overlooked relative 

to these structures because it was less clear how changes in these two structures related to the 

specific clinical deficits seen in Alzheimer’s disease. My work provides a deeper understanding 

of how structural changes in these structures relate to key aspects of dementia progression and 

clinical symptoms, enabling us to take advantage of their properties as biomarker properties 

while also inferring information about cognition.  

The second focus in my work is to understand how modifiable risk factors for dementia are 

related to brain structure in the elderly. This is extremely important because current treatments 

for dementia cannot halt or slow neurodegeneration and there is no cure for this progressive 

neurodegenerative disorder. My work shows that levels of thyroid hormones and homocysteine, 

measured with a simple blood test, are related to brain structure differences in areas affected by 

Alzheimer’s disease pathology and in other regions, suggesting that additional mechanisms 

specific to these aspects of health are also at play. The appeal of this research is that it may 

eventually suggest possible courses of action that individuals could take to preserve their brain 

health and reduce their risk of Alzheimer’s disease, when applied appropriately. 
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1.1 Organization of the dissertation 

The layout of the dissertation is as follows.  

The second chapter covers my work on MRI biomarkers in elderly individuals who are 

cognitively normal, mildly impaired, or who have Alzheimer’s disease. . In section 2.1, I present 

my results on shape differences in the caudate nucleus. In section 2.2, I present my results from 

mapping longitudinal change in lateral ventricle volumes onto cortical gray matter thickness. 

The third chapter covers my work on relating modifiable Alzheimer’s disease risk factors to 

brain structure in the elderly. In section 3.1, I present my work on subclinical alterations in 

thyroid hormone levels and future differences in regional brain volumes in a cognitively normal 

elderly sample. In section 3.2, I present my work on elevated homocysteine levels and reduced 

cortical gray matter in the elderly. 

The fourth chapter includes related work completed during my graduate studies. In section 

4.1, I present my review on visual processing in anorexia nervosa and body dysmorphic disorder, 

of which a major component was functional and structural brain imaging findings. In section 4.2 

I present an article we published as part of the neuroscience outreach efforts at UCLA, for which 

I taught several classes and led large outreach events. In section 1.3, I list the co-authored papers 

that I completed during my graduate studies, which cover a broad range of brain imaging 

techniques in various populations. 

The fifth chapter includes future works in planned and ongoing studies. 
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CHAPTER 2 

 

MRI biomarkers of dementia 
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2.1 Caudate nucleus shape differences in dementia 

 

This section is adapted from the following paper. 

 

Madsen, S. K., Ho, A., Hua, X., Saharan, P. S., Toga, A. W., Jack, C. R., Weiner, M. W., 

Thompson, P. M., & the Alzheimer’s Disease Neuroimaging Initiative. (2010). 3D maps localize 

caudate nucleus atrophy in 400 AD, MCI, and healthy elderly subjects. Neurobiology of Aging: 

ADNI Special Issue, 1312-1325; doi:10.1016/j.neurobiolaging.2010.05.002. 
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3D maps localize caudate nucleus atrophy in 400 Alzheimer’s disease,
mild cognitive impairment, and healthy elderly subjects

S.K. Madsena, A.J. Hoa, X. Huaa, P.S. Saharana, A.W. Togaa, C.R. Jack Jrb, M.W. Weinerc,d,
P.M. Thompsona,*, The Alzheimer’s Disease Neuroimaging Initiative†

a Laboratory of Neuro Imaging, Department of Neurology, University of California, Los Angeles, School of Medicine, Los Angeles, CA, USA,
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c Departments of Radiology, Medicine, and Psychiatry, University of California, San Francisco, San Francisco, CA, USA
d VA Medical Center, San Francisco, CA, USA

Received 15 February, 2010; received in revised form 29 April 2010; accepted 1 May 2010

bstract

MRI research examining structural brain atrophy in Alzheimer’s disease (AD) generally focuses on medial temporal and cortical
tructures, but amyloid and tau deposits also accumulate in the caudate. Here we mapped the 3D profile of caudate atrophy using a surface
apping approach in subjects with AD and mild cognitive impairment (MCI) to identify potential clinical and pathological correlates. 3D

urface models of the caudate were automatically extracted from 400 baseline MRI scans (100 AD, 200 MCI, 100 healthy elderly).
ompared to controls, caudate volumes were lower in MCI (2.64% left, 4.43% right) and AD (4.74% left, 8.47% right). Caudate atrophy
as associated with age, sum-of-boxes and global Clinical Dementia Ratings, Delayed Logical Memory scores, MMSE decline 1 year later,

nd body mass index. Reduced right (but not left) volume was associated with MCI-to-AD conversion and CSF tau levels. Normal caudate
symmetry (with the right 3.9% larger than left) was lost in AD, suggesting preferential right caudate atrophy. Automated caudate maps may
omplement other MRI-derived measures of disease burden in AD.

2010 Elsevier Inc. All rights reserved.

eywords: Alzheimer’s disease; Mild cognitive impairment; Normal aging; Caudate nucleus; Brain mapping; Surface mapping; MRI; Atrophy; Alzheimer’s
isease Neuroimaging Initiative
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Alzheimer’s disease (AD) is the most prevalent form of
ementia, affecting over 24 million people worldwide and
ver 5 million in the USA alone (Jorm et al., 1987). Mem-
ry systems of the hippocampus and medial temporal lobes
re among the first to be affected by plaque and tangle
athology, with subsequent cortical pathology and wide-

* Corresponding author at: Tel.: (310) 206 2101; fax: (310) 206 5518.
E-mail address: thompson@loni.ucla.edu (P.M. Thompson).
† Data used in the preparation of this article were obtained from the

lzheimer’s Disease Neuroimaging Initiative database (www.loni.ucla.
du/ADNI). As such, investigators within the Alzheimer’s Disease Neu-
oimaging Initiative (ADNI) contributed to the design and implemen-
ation of ADNI and/or provided data but did not participate in analysis
r writing of this report. For a complete listing of ADNI investigators,
lease see: www.loni.ucla.edu/ADNI/Collaboration/ADNI_Manuscript_
Aitations.pdf.

197-4580/$ – see front matter © 2010 Elsevier Inc. All rights reserved.
oi:10.1016/j.neurobiolaging.2010.05.002

6

pread neuronal loss leading to impairments in language,
ttention, orientation, visuospatial, and executive functions.
raditionally, AD research has focused on regions that de-
enerate earliest, and less attention has been paid to other
ubcortical brain regions involved in aging and AD (Rubin,
999). Preferential caudate atrophy is more typical of motor
isorders such as Parkinson’s disease (Nakamura et al.,
001), but beta-amyloid and tau pathology also accumulate
n the caudate in AD (Braak and Braak, 1990). Many earlier

RI studies of aging (Jernigan et al., 2001; Krishnan et al.,
990; Raz et al., 2003) and AD (Good et al., 2002; Rom-
outs et al., 2000) show progressive atrophy of the caudate.
he caudate plays a vital functional role in forming new
ssociations to acquire explicit memories, and in motor
earning (Knowlton et al., 1996; Nakamura et al., 2001).

trophy of the caudate nucleus may therefore be a valid
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arget, in conjunction with others, in the search for AD
iomarkers in the brain.

Despite some prior volumetric MRI studies, no study has
apped caudate atrophy and evaluated its clinical and

athological correlates in a large population of AD subjects.
ere we extracted 3D models of caudate nucleus shape in
00 subjects from the Alzheimer’s Disease Neuroimaging
nitiative (ADNI), to test whether caudate atrophy was re-
ated to: (1) AD or MCI diagnosis at time of scanning; (2)
aseline cognition assessed using the Mini-Mental State
xamination (MMSE), clinical dementia rating (CDR), and

mmediate and delayed recall Wechsler Memory Scale
WMS); (3) future clinical decline (in MMSE, CDR) 1 year
fter scanning; (4) conversion from MCI to AD in the
ubsequent 1 or 2 years; (5) CSF biomarkers of AD (amy-
oid beta, tau, p-tau); and (6) other influential factors such as
ge and sex, Geriatric Depression (GD) scale, presence of
remor, abnormal gait, AD- and obesity-related ApoE and
TO genotypes, and body mass index (BMI). We also
anked the relative strength of factors associated with cau-
ate atrophy, expecting strongest associations with global
ognition, then with CSF markers, and then with risk-mod-
fying genotypes. We also wanted to determine how AD
nteracts with the naturally occurring asymmetry in caudate
natomy (where the right caudate tends to be about 4%
arger than the left), to see if there was asymmetry in the
isease process.

. Methods

.1. Subjects

We analyzed 400 baseline T1-weighted structural MRI
cans from the ADNI public database (www.loni.ucla.edu/
DNI/Data/), along with associated demographic informa-

ion, ApoE and FTO genotypes, CSF biomarker measures
for amyloid beta, tau, p-tau), and clinical and cognitive
ssessments (detailed below). Data were downloaded on or
efore June 1, 2009, and reflect the status of the database at
hat point. ADNI is a 5-year study launched in 2004 by the
ational Institute on Aging (NIA), the National Institute of

able 1
emographic and clinical data

N Women/Men Age (years)

ontrol 100 53/47 76.62 (4.83)
CI 200 100/100 75.45 (7.03)
D 100 50/50 75.86 (7.25)

Delayed Logical
Memory

Immediate
Logical Memory

MMSE change
at 1 year

D
(n

ontrol 12.99 (3.23) 14.11 (3.17) �0.14 (1.42)
CI 3.73 (2.79) 6.94 (3.24) �1.21 (2.88) 3
D 1.11 (1.74) 3.91 (2.82) �2.62 (4.57)

ean demographic and clinical data are shown by diagnostic group for all
hanges in MMSE scores were measured over a 1-year follow-up interval.
he number of MCI and control subjects who converted to AD is also shown.

7

iomedical Imaging and Bioengineering (NIBIB), the Food
nd Drug Administration (FDA), private pharmaceutical
ompanies and nonprofit organizations, as a US$60mn pub-
ic-private partnership. The primary goal of ADNI has been
o test whether serial MRI, PET, biological markers, and
linical and neuropsychological assessments acquired at
ultiple sites (as in a typical clinical trial), can replicate

esults from smaller single site studies measuring the pro-
ression of MCI and early AD. A major focus of AD
iomarker research is the pre-disease state known as mild
ognitive impairment or MCI. Individuals with MCI have a
–6-fold elevated risk for developing AD in the future, with
5% of MCI individuals developing AD within 1 year
Petersen et al., 1993). Determination of sensitive and spe-
ific markers for very early AD progression will aid re-
earchers and clinicians in monitoring the effectiveness of
ew treatments, and lessen the time and cost of clinical
rials. The Principal Investigator of this initiative is Michael

. Weiner MD, VA Medical Center and University of
alifornia, San Francisco.

ADNI collects a thorough battery of clinical and cognitive
easures. We analyzed several scores that reflect cognitive

ecline in MCI and AD (Table 1). A total of 100 individuals
iagnosed with probable AD (mean age: 75.86 � 7.25 years),
00 with MCI (75.45 � 7.03), and 100 healthy elderly controls
76.62 � 4.83) were studied. The subject pool was age- and
ex-matched within each diagnostic group. Data for all 400
ubjects were available on each of the clinical measures ana-
yzed in this study, leading to differing sample sizes for some
f the following analyses.

Cognitive measures examined included: (1) the Mini-
ental State Examination (MMSE) – a global measure of
ental status, evaluating five cognitive domains: orienta-

ion, registration, attention and calculation, recall, and lan-
uage (Cockrell and Folstein, 1988); (2) the global and
sum-of-boxes” clinical dementia rating (CDR and
DR-SB respectively), which measures dementia severity
y evaluating patients’ performance in six domains: mem-
ry, orientation, judgment and problem solving, community
ffairs, home and hobbies, and personal care; CDR scores of

ion (years) MMSE CDR CDR-SB

1.84) 29.14 (0.86) 0.47 (0.30) 0.02 (0.09)
3.16) 26.94 (1.86) 0.43 (0.29) 1.48 (0.84)
3.31) 23.41 (1.86) 0.42 (0.33) 4.48 (1.56)

s change after 1 year
of AD conversions)

Diagnosis change after 2 years
(number of AD conversions)

BMI

0 24.77 (3.18)
24 25.91 (4.13)

25.49 (4.12)

at the time of scanning (baseline); standard deviations are in parentheses.
es in diagnosis were determined after one- and 2-year follow-up intervals;
Educat

15.87 (
15.61 (
14.96 (

iagnosi
umber

0
6

subjects
Chang

http://www.loni.ucla.edu/ADNI/Data/
http://www.loni.ucla.edu/ADNI/Data/
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, 0.5, 1, 2, and 3 represent no dementia, questionable, mild,
oderate, and severe dementia, respectively, and CDR-SB

cores range from 0 to 18 (Morris et al., 1993); and (3)
mmediate and delayed Logical Memory (LM) recall, which
s a modified version of the episodic memory assessment
rom the Wechsler Memory Scale-Revised (WMS-R)
Wechsler, 1987); subjects were asked to recall a short story
onsisting of 25 pieces of information immediately after it
as read to the subject (LM-im) and after a 30-minute delay

LM-del). It is a reasonable first step to survey a broad range
f standard clinical tests of AD severity and memory im-
airment, because particular tests may be differentially as-
ociated with differences in caudate nucleus structure, and
ach test measures different aspects of cognitive perfor-
ance. Also, it is important to compare different clinical
easures to determine which tests associate best with atro-

hy for future clinical trials. This also enables direct com-
arison with a wide range of studies that have assessed these
ifferent measures.

We also examined Geriatric Depression (GD) scores
higher scores indicate greater depression severity), pres-
nce or absence of tremor, and normal versus abnormal gait
o assess some of the emotional and motor functions tradi-
ionally associated with the caudate nucleus. Because recent
tudies have found that cardiovascular factors are associated
ith faster cognitive decline and more rapid progression of
D (Helzner et al., 2009), we also examined associations
etween atrophy and cardiovascular risk factors, such as BMI,
hich has been associated with brain atrophy in recent tensor-
ased morphometry studies of healthy elderly subjects (Raji et
l., 2009) and in MCI and AD (Ho et al., 2010a). BMI was
alculated as weight (kg) over height squared (m2) � a simple
ut widely used measure for classifying obese and overweight
ubjects. We also tested for associations between atrophy and
he FTO genotype, based on recent findings that a particular
llele of the prevalent FTO gene is associated with higher
eight and waist circumference. FTO genotype has also been

inked to brain atrophy in a tensor-based morphometry study
Ho et al., 2010b).

.2. MRI acquisition and preprocessing

Scans were acquired on 1.5T MR scanners at 60 sites
cross the USA and Canada. Different types of scanners
GE, Siemens, or Philips) and various software platforms
ere used, but a standardized MRI protocol ensured cross-

ite comparability (Jack et al., 2008). A typical 1.5T MR
rotocol involved a 3D sagittal MP-RAGE scan with repe-
ition time (TR): 2,400 ms, minimum full excitation time
TE), inversion time (TI): 1,000 ms, flip angle: 8°, 24 cm
eld of view, and a 192 � 192 � 166 acquisition matrix in

he x-, y-, and z-dimensions, yielding a voxel size of 1.25 �
.25 � 1.2 mm3, later reconstructed to 1 mm3 isotropic
oxels.

Image corrections were applied using a processing pipe-

ine at the Mayo Clinic, consisting of: (1) correction of o

8

eometric distortion due to gradient nonlinearity (Jovicich
t al., 2006), i.e. “grad warp” (2) “B1-correction” to adjust
or image intensity inhomogeneity due to B1 nonuniformity
Jack et al., 2008), (3) “N3” bias field correction for reduc-
ng residual intensity inhomogeneity (Sled et al., 1998), and
4) geometric scaling to remove scanner- and session-spe-
ific calibration errors using a phantom scan acquired for
ach subject (Gunter et al., 2006). All original image files as
ell as all corrected images are available at www.loni.
cla.edu/ADNI/Data/.

To adjust for global differences in brain positioning and
cale across individuals, all scans were linearly registered to
he stereotaxic space defined by the International Consor-
ium for Brain Mapping (ICBM-53) (Mazziotta et al., 2001)
ith a 9-parameter (9P) transformation (three translations,

hree rotations, three scales) using the Minctracc algorithm
Collins et al., 1994). This registration is one standard
ethod to account for global differences in brain scale

cross subjects; alternatives include scaling each subject’s
audate nucleus volume for overall head size, using scalp
mages, or covarying for total intracranial volume in a
eneral linear model. Globally aligned images were resa-
pled in an isotropic space of 220 voxels along each axis

x, y, and z) with a final voxel size of 1 mm3.

.3. Automated segmentation

We automatically extracted models of the caudate nu-
leus from each registered MRI scan, using an automated
egmentation method based on adaptive boosting (Ada-
oost), that we recently developed and validated (Morra et
l., 2008). Adaboost is a machine learning approach that
earns to segment a structure in new images based on a
mall training set of expertly delineated tracings. As in our
ippocampal studies (Morra et al., 2009a, 2009b), we cre-
ted a small representative training set of 21 MRI scans (7
D, 7 MCI, and 7 controls) that were expertly hand-labeled

ccording to a validated protocol (Looi et al., 2007). These
anual traces were then used to produce automated seg-
entations of the large (non-overlapping) testing set of 400
RI scans. Using the image intensities and gradients in the

raining set scans, and statistical information on the likely
osition and geometry of the caudate, the algorithm learns a
lassification rule to designate each voxel as caudate or
on-caudate. The automated segmentation incorporates
13,000 features including intensity, combinations of x, y,

nd z coordinates, and gray matter, white matter, and cere-
rospinal fluid tissue classifications. As is standard in ma-
hine learning, images used in the training set were ex-
luded from all analyses presented here.

.4. Volumetric analysis

For each subject, we determined left and right caudate
olumes from the automatically generated segmentations.
rom these, we calculated the mean volume and a measure

f asymmetry (L-R)/[2(L�R)] for each diagnostic group

http://www.loni.ucla.edu/ADNI/Data/
http://www.loni.ucla.edu/ADNI/Data/
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nd tested for group and hemispheric differences in caudate
olume.

.5. Statistical maps

Parametric surface models were created from the 400
utomatically generated caudate segmentations, which were
hen used to create statistical maps associating local volu-
etric differences with clinical and cognitive scores (Cser-

ansky et al., 2004; Wang et al., 2007). As shown in Figure
, surface models were created from each subject’s auto-
atically generated binary segmentation (Thompson et al.,

004). A central curve was calculated through the longitu-
inal axis of each model; the radial distance from this
edial line to each surface point was used as a highly

ocalized measure of atrophy. This same approach was used
n two prior papers based on manual tracings (Butters et al.,
008) and tracings from another automated segmentation
lgorithm (Becker et al., 2006). We have used the same

ig. 1. Mapping caudate atrophy. After image preprocessing, our Adaboost
top right) was calculated through the longitudinal axis of each caudate a
ocalized measure of atrophy (middle right). p-values are calculated at ea
istances between diagnostic groups or their associations with clinical sco

orrelates at a point-wise level.

9

adial distance mapping approach to map hippocampal and
entricular shape differences (Chou et al., 2009; Morra et
l., 2009a, 2009b).

Based on a computed point-wise correspondence of the
tructure surfaces across subjects, geometric surface aver-
ging was performed across all subjects in each diagnostic
roup. At each surface point, a correlation was run to
ompare diagnostic groups and determine the association of
iagnosis or clinical scores with atrophy, as measured by
ifferences in radial distance. In all maps shown, we used a
ultiple regression adjusted for age and sex. In these re-

ressions, adjustments were made for age and sex by in-
luding them as covariates in the model. We did not adjust
ur maps for effects of ApoE genotype because we did not
etect any significant effect of ApoE genotype on caudate
ucleus shape in either the pooled sample or in any diag-
ostic group, considered separately. All maps presented in
his manuscript refer to one-sided tests in the direction

m automatically segments the caudate nucleus bilaterally. A central curve
radial distance to each point in a 3D surface mesh was used as a highly
ce point (bottom right) showing the significance of differences in radial

ese maps visualized the profile of local shape differences or their clinical
algorith
nd the
ch surfa
res. Th
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xpected for the values of each clinical measure. For exam-
le, a lower MMSE score indicates poorer cognitive perfor-
ance, which is expected to correlate with caudate nucleus

trophy rather than expansion. For a measure such as
MSE, we used a positive one-sided test, corresponding to

he hypothesis that a lower MMSE score (poorer perfor-
ance) would be associated with volume reductions in the

audate nucleus. Negative one-sided tests were used for
easures in which higher scores are expected with greater

trophy in the caudate, such as BMI, in which a lower score
s generally considered indicative of better health.

Color coded p-values were mapped onto the average left
nd right caudate models. To correct for multiple compar-
sons across surface points, permutation tests provided an
verall significance value for each statistical map. Specifi-
ally, the suprathreshold area (points with p � 0.01) in the
ap was compared with a null distribution for this same

rea, estimated from 100,000 random permutations of the
ovariates (Thompson et al., 2003).

. Results

.1. Volumetric results

First, we performed a volumetric analysis of the left and
ight caudate nucleus to demonstrate volumetric differences
etween normal aging and AD. As shown in Figure 2,
ontrols had the highest bilateral caudate nucleus volume
mean: 3,777, SD � 1,017 mm3), followed by MCI (mean:
,648, SD � 1,062 mm3; 3.42% lower), with AD subjects
howing the lowest volumes (mean: 3,543, SD � 1,302

ig. 2. Volumetric Analysis (N � 400). Mean volumes for left, right, and
ooled (left plus right) caudate volumes in the three diagnostic groups;
rror bars denote standard errors of the mean. Compared with controls
audate volume is lower bilaterally in MCI and still lower in AD. Also,
ight caudate volume is greater than left in the whole sample (p � 0.001),

CI (p � 0.005), and controls (p � 0.001), but the asymmetry is not
etected in AD. Between groups, the right caudate was smaller in AD
�300 mm3, �8.47%, p � 0.001) and MCI (�163 mm3, �4.43%, p �
M.002) than in controls.

10
m3; 6.20% lower); this confirmed the expected trend of
D � MCI � controls.
We also calculated Cohen’s d statistics to tabulate the

ffect sizes for group differences in pooled (left plus right
emisphere) volumes for the caudate nucleus, hippocampus,
nd lateral ventricles in a sample of ADNI subjects for
hom all these structures were measured (AD: N � 93;
CI, N � 186; Controls: N � 100). While the values listed

ere in Table 2 were calculated using our current sample,
he Cohen’s d statistic allows for direct comparison with
ther past and future results from samples of different sizes.
revious studies have reported effect sizes around D � 1.1
or hippocampal volume comparisons of AD subjects versus
ontrols and D � 0.9 for MCI versus controls (Shen et al.,
010), which is a little higher than those in Table 2. The
ippocampal and ventricular volumes come from our pre-
ious papers that used validated methods in the ADNI
aseline data (Chou et al., 2009, 2010; Morra et al., 2009b);
he highest achievable N for these comparisons was 400; all
hree subcortical measures were available for all the sub-
ects whose caudates were analyzed in this study.

For continuous variables (MMSE, CDR, CDR-SB, and
MI scores), we computed a partial correlation from a
ultiple regression model, controlling for sex and age. The

esults are shown in Table 2.
A significant rightward asymmetry was found (the right

audate was larger) in controls (p � 0.001, asymmetry �
.86%) and in MCI (p � 0.01, asymmetry � 2.13%). This
symmetry was no longer detected in AD. This rightward
symmetry is subtle and not always detected in MRI studies
see Discussion). Between groups, right caudate volume
as smaller in AD (�300 mm3, �8.47%, p � 0.001) and

able 2
ffect size comparisons

Caudate Hippocampus Ventricles N

ohen’s d
AD vs. Controls 0.378* 0.952* �0.619* 193
MCI vs. Controls 0.252* 0.473* �0.205 286
AD vs. MCI 0.148 0.485* �0.401* 279

-value
MMSE 0.175* 0.349* �0.205* 400
CDR �0.062 �0.192* 0.143* 400
CDR-SB �0.209* �0.365* 0.225* 400
BMI �0.177* �0.197* �0.028 373

ffect sizes for caudate nucleus, hippocampus, and lateral ventricle vol-
mes. Cohen’s d statistics are shown to indicate effect sizes for group
ifferences in the pooled (left plus right) volumes of the caudate nucleus,
ippocampus (Morra et al., 2009), and lateral ventricles (Chou et al., 2009,
010). For the continuous variables (MMSE, CDR, CDR-SB, and BMI
cores), partial correlations (r-values) are reported from a multiple regres-
ion model that controlled for age and sex. *Significant results are high-
ighted with an asterisk (p � 0.05). The ventricular effects have an opposite
ign to the others as the ventricles tend to expand in AD while other
ubcortical structures become smaller. As expected, effect sizes are gen-
rally largest for the hippocampus, then the lateral ventricles, then the
audate.
CI (�163 mm3, �4.43%, p � 0.002) versus controls, but
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eft caudate volume was not significantly different between
iagnostic groups.

We compared MCI subjects who converted to AD with
hose who remained in the MCI diagnostic group at future
ollow-ups. At both 1- and 2-year time points, we found
ignificantly greater baseline atrophy in the right caudate
mong MCI-to-AD converters compared with nonconvert-
ng MCI subjects (p � 0.033, 0.99%; p � 0.032, 2.41%
espectively for 1- and 2-year follow ups).

Next we examined correlations between caudate nucleus
olume and a variety of clinical measures including MMSE,
DR, and Logical Memory scores, with the goal of ranking

heir strength of association. Poorer MMSE scores at base-
ine (p � 0.001, N � 400) and changes in MMSE scores
rom baseline at a 1-year follow-up (p � 0.008, N � 400)
ere both significantly correlated with greater right caudate

trophy at baseline, when all diagnostic groups were pooled.
imilarly, greater atrophy of the right caudate was also
orrelated with poorer global CDR scores (p � 0.013, N �
00). Both right and left caudate atrophy were associated
ith worse “sum of boxes” CDR scores (p � 0.010, for the

eft; p � 0.001, for the right, N � 400) and with poorer
elayed Logical Memory recall (p � 0.019, for the left; p �

ig. 3. Caudate atrophy in AD and MCI and baseline clinical scores. 3D
olor-coded at each surface point. Red indicates areas where reduced cau
ellow to blue areas are weakly or not associated. The top set of signific
hapes, which is consistent in all figures in this paper (anterior caudate head
epresents the superior surface, while the right pair represents the inferior s
he group differences between AD and controls (Left: p � 0.022, correcte
� 0.023, corrected; Right: p � 0.012, corrected; N � 300) are significan

.002, corrected; Right: p � 0.001, corrected; N � 400), CDR (Left: p � 0
� 0.015, corrected; Right: p � 0.003, corrected; N � 395). Association
etected only for the right caudate nucleus.

11
.005, for the right, N � 395). Poorer Immediate Logical
emory recall was also correlated with right caudate atro-

hy (p � 0.004, N � 395).

.2. Group difference maps

Next we created 3D maps showing the significance lev-
ls (p-values) for local caudate atrophy in AD and MCI
ersus controls (Fig. 3), after controlling for age and sex.
eparate maps are shown for the left and right caudate
ucleus.

Relative to controls, greater atrophy was detected in AD
left: p � 0.022, corrected; right: p � 0.001, corrected; N �
00) and MCI (left: p � 0.023, corrected; right: p � 0.012,
orrected; N � 300), but not in AD versus MCI (left: p �
.383, corrected; right: p � 0.083, corrected; N � 300).

.3. Baseline association maps of clinical scores

Next we created maps of correlations for the clinical and
ognitive scores that showed significant associations in our
olumetric analyses (Fig. 3). These map-based results were
argely in line with the analysis of overall volumes. Tests
here poorer scores were associated with volume reduction

show significant atrophy in AD and MCI versus controls, with p-values
cleus volume is associated (p � 0.05) with the poorer clinical diagnosis;
ps are labeled to indicate the orientation of the average caudate nucleus
upward in this figure, posterior tail points downward; the left pair of maps
f the caudate nucleus, as seen from below). Permutation tests showed that
t: p � 0.001, corrected; N � 200) and between MCI and controls (Left:
rally. Association maps are significant bilaterally for CDR-SB (Left: p �
ight: p � 0.022, corrected; N � 400), and Delayed Logical Memory (Left:
mmediate Logical Memory (Right: p � 0.006, corrected; N � 395) were
maps
date nu
ance ma

points
urface o
d; Righ
t bilate

.029; R
s with I
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ilaterally (CDR-SB, Delayed Logical Memory) also
howed a significant bilateral effect in the maps. Bilateral
trophy was associated with greater impairment measured
y CDR (right: p � 0.029, corrected; N � 400), CDR-SB
left: p � 0.002, corrected; right: p � 0.001, corrected; N �
00), and in Delayed Logical Memory (left: p � 0.015,
orrected; right: p � 0.003, corrected; N � 395). Poorer
mmediate Logical Memory scores (right: p � 0.006, cor-
ected; N � 395) were associated with right caudate atrophy
nly, as in the volumetric analysis.

.4. Associations with clinical scores 1 year later

To investigate the predictive value of our caudate maps,
e associated baseline caudate anatomy with change in
MSE and CDR scores between baseline and 1-year later

Fig. 4). As suggested by our volumetric analysis, right
audate atrophy was highly associated with baseline MMSE
cores in the full sample (p � 0.001, corrected, N � 400)
nd with 1-year change in MMSE scores in the MCI group
left: p � 0.037; right: p � 0.001, corrected, N � 200).
ssociations of 1-year change in MMSE scores were not

ignificant for either AD or control groups; however we
annot rule out that these associations may be found over a
onger time interval, greater than 1 year. Although associ-
tions with baseline CDR and CDR-SB were significant
Fig. 3), associations with 1-year change in these scores
ere not significant after multiple comparisons correction.

ig. 4. Maps of associations with MMSE scores at baseline and 1 year lat
f significant associations between local volumetric atrophy in the caudate
olor-coded at each surface voxel. Associations were only detected in the
hange in MMSE score after a 1-year follow-up interval was bilaterally a
� 200). Those who converted from MCI to AD after 1 year and 2 years

onversation: p � 0.008, corrected; 2-year conversation: p � 0.035, corre

he right but not left caudate for the tau CSF biomarker (p � 0.036, corrected, N

12
.5. Greater atrophy in MCI-to-AD converters

To investigate the predictive value of local caudate nu-
leus atrophy, we created significance maps showing the
ssociation between caudate nucleus atrophy at baseline
mong MCI subjects who converted to AD (converters)
ersus those who remained classified as MCI (nonconvert-
rs) 1 or 2 years after their baseline scan (Fig. 4). Right
audate volumes were lower at baseline for those who had
onverted to AD 1 year later (p � 0.008, corrected; N �
74) or 2 years later (p � 0.035, corrected; N � 50).

.6. Associations with CSF biomarkers

Right but not left caudate atrophy (Fig. 4) was associated
ith CSF tau concentrations (right: p � 0.021, corrected;
� 216, AD: N � 59, MCI: N � 102, controls: N � 55).

dditionally, correlation analyses within each diagnostic
roup revealed that both left and right caudate nucleus
olume are correlated with CSF tau concentration in the AD
ubjects (left: r � 0.239, p � 0.034; right: r � 0.370, p �
.002; N � 59) but not in the MCI or control groups (r �
.1, p � 0.05). Correlation maps of associations between
adial atrophy and, concentrations of-tau and amyloid beta
nd ratio measures of tau/amyloid beta and p-tau/amyloid
eta were also assessed, but these correlation maps did not
ass permutation-based corrections for multiple compari-
ons. It would be interesting to see if the CSF associations

I-to-AD conversion, and CSF concentrations of tau. 3D maps show areas
SE scores at baseline and after a 1-year follow-up interval, with p-values

audate nucleus for baseline MMSE scores (Right: p � 0.001, corrected).
ed in the MCI group only (Left: p � 0.037; Right: p � 0.001, corrected;
d greater right caudate atrophy at baseline than those who did not (1-year
or CSF levels of tau at time of scanning, associations were significant for
er, MC
and MM
right c
ssociat
showe

cted). F

� 216).
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old up on a group-by-group level since other ADNI labo-
atories have found that tau concentrations increase progres-
ively from controls to MCI to AD (Shaw et al., 2009);
owever, our current study did not have enough power to
etect associations within each diagnostic group separately
as sample sizes with available CSF data are only around 50
ubjects per group).

.7. Associations with additional clinical variables

Significant associations were also found in maps for age
left: p � 0.039, corrected; right: p � 0.001, corrected; N �
00) and sex (left: p � 0.001, corrected; right, p � 0.001,
orrected; N � 400), with smaller caudates in men than
omen (Fig. 5), and smaller caudates in older than younger
eople. Examining emotional domains, we also found sig-
ificant associations between more impaired Geriatric De-
ression scores and atrophy of the right caudate nucleus
right, p � 0.004, corrected; N � 395). In our analysis of
otor function, the presence of abnormal gait was signifi-

antly associated with volume reductions in the right cau-
ate nucleus (right, p � 0.027, corrected; N � 395); how-
ver, maps of associations between atrophy and the
resence of tremor in our subjects were not significant.

In line with recent tensor-based morphometry findings
hat higher BMI is associated with brain atrophy in the
lderly, caudate atrophy was found here to be associated
ith higher BMI in our full sample (left: p � 0.001, cor-

ig. 5. Associations between caudate atrophy and additional clinical vari
trophy in the caudate nucleus and several additional clinical variables. Sig
.001, corrected; N � 400) and sex (Left: p � 0.001, corrected; Right, p �
ilaterally). Significant associations were also found in the right caudate nu
or abnormal versus normal gait (Right, p � 0.027, corrected; N � 395). B
ignificant associations were found in all subjects (Left: p � 0.001, correc

.015, corrected; Right: p � 0.005, corrected; N � 96).

13
ected; right: p � 0.002, corrected; N � 393) and in the AD
ubjects considered separately (left: p � 0.015, corrected;
ight: p � 0.005, corrected; N � 96). Within-group associ-
tions for MCI and control groups were not significant.

Maps of associations with the FTO genotype, which is
inked to higher BMI and with brain atrophy in elderly
eople (Ho et al., 2010b), were not significant after permu-
ation-based correction for multiple comparisons. Maps as-
ociating local caudate nucleus volume with APOE geno-
ype were also not significant after multiple comparisons
orrection.

.8. Ranking effect sizes for different covariates

Results from our permutation-corrected significance
aps agreed with our volumetric results for each statistical

est performed, while providing a more detailed spatial
rofile of regional atrophy. Adjusting for age and sex in
hese regressions did not affect these associations materi-
lly, but slightly boosted effect sizes (data not shown). To
ank the covariates in terms of their effect sizes, we ran the
aps with randomly selected samples of 400, 300, 200, 96,

nd 50 subjects, to find the reduced sample size needed to
etect each effect, using the results of the permutation test
o correct for multiple comparisons. A sample size of 96
as chosen instead of 100 to allow inclusion of the associ-

tions for BMI in the AD group only, which consisted of 96
ubjects. Only 50 subjects were needed to detect the BMI

D maps show areas of significant associations between local volumetric
t associations were found for age (Left: p � 0.039, corrected; Right: p �
, corrected; N � 400), with smaller caudates in men than women (8.58%
r Geriatric Depression scores (Right, p � 0.004, corrected; N � 395) and
es at time of scanning for all subjects and for AD subjects only. For BMI,
ht: p � 0.0021, corrected; N � 393) and in AD subjects only (Left: p �
ables. 3
nifican

0.001
cleus fo
MI scor
ted; Rig
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ffect in the AD group (left: p � 0.024, corrected; right: p �
.022, corrected; N � 50). In a representative sample, 96
ubjects were needed to detect effects of BMI (left: p �
.0031, corrected; right: p � 0.006, corrected; N � 96),
aseline CDR-SB scores (right: p � 0.037, corrected; N �
6), and the comparison of AD versus controls (right: p �
.038, corrected; N � 96). Effects of baseline MMSE scores
ere first detected at 200 subjects (right: p � 0.001, corrected;
� 200).

. Discussion

This study demonstrates that 3D maps of the caudate
ucleus localize statistically significant regions of volume
eduction associated with (1) diagnosis and clinical and
ognitive scores, (2) future decline in MMSE scores at
-year follow-up in the MCI group, (3) conversion from
CI to AD 1 and 2 years after scanning, (4) baseline CSF

oncentrations of tau, and (5) additional clinical measures
ncluding BMI, Geriatric Depression, and abnormal gait.
he variables most strongly associated with caudate atrophy
ere found using a reduced N analysis, namely (in this rank
rder): BMI in the AD group only, BMI in all subjects,
DR-SB scores, group difference between AD and controls,
nd MMSE scores at baseline. It is interesting to note that
ardiovascular measures and CDR-SB scores, which rely on
nterviews from both patients and informants, were more
owerfully associated with caudate volume reductions in
ur 3D maps, compared with seemingly more direct mea-
ures of AD such as the MMSE. Although some of these
easures are highly correlated and may be viewed as re-

undant, we felt that it was important to take a broad
pproach initially, in analyzing multiple measures of cog-
ition and health. This has practical significance for the
lanning of clinical trials, which currently use a variety of
imilar tests, and also allows direct comparison with other
tudies that each may use different tests.

Caudate atrophy was generally localized to anterior re-
ions and was specific to the right caudate for several
ariables assessed. Caudate atrophy in AD (vs. controls)
as 2-fold greater on the right than the left. Further study is
eeded to confirm the greater vulnerability of the right
audate. The natural asymmetry of the caudate (right 3.9%
arger than the left in controls) has been found in many but
ot all studies, and large samples are needed to detect it.
ost literature supports a rightward (right larger than left)

symmetry in caudate nucleus volume (Giedd et al., 1996;
fthikharuddin et al., 2000; Larisch et al., 1998; Peterson et
l., 1993; Yamashita et al., 2009), but some studies have
ound leftward, gender-specific, or no asymmetry (Gun-
ing-Dixon et al., 1998; Szabo et al., 2003). Based on our
urrent findings and previous literature, it may be possible
o view asymmetry findings in brain structures as a general
ndicator of poor brain health. Psychosis has been linked to

enes involved in the development of cerebral asymmetry r

14
Laval et al., 2004) and differences in laterality have been
ound to covary with, or predict, individual differences in
usceptibility to stress pathology and drug sensitivity (Carl-
on and Glick, 1989). The presence or change in direction of
symmetry has been reported (but not always consistently)
n disorders ranging from schizophrenia (Crow et al., 1996),
DHD (Castellanos et al., 1996), bipolar (Javadapour et al.,
010) affective mood disorders (Baumann et al., 1999), and
ourette syndrome (Klieger et al., 1997).

There may be some skepticism that the caudate is a
atural place to look for clinical correlations in AD, but it
ay give additional power to detect associations with cog-

ition and future decline, if used along with structures that
re more commonly studied. For example, it is widely
ccepted that the hippocampus � target of most published
D morphometry studies � is challenging to segment re-

iably, with a notorious 2-fold difference in mean hip-
ocampal volumes across studies and imaging centers
Frisoni et al., 2010). Prior studies using the same radial
istance mapping technique with other brain structures in
DNI have also found correlations between hippocampal

trophy (Morra et al., 2009), ventricular expansion (Chou et
l., 2009, 2010) and clinical variables such as MMSE, CDR,
nd CDR-SB scores. There are also differences between
iagnostic groups in the volumes of all of these structures
AD vs. controls, MCI vs. controls). As shown in Table 2,
nd as might be expected, hippocampal volumes gave the
reatest effect sizes for detecting group differences within
anges supported by previous studies (Shen et al., 2010),
nd for detecting correlations with clinical scores. Effect
izes for lateral ventricle volumes also gave relatively
trong effect sizes, although they were generally weaker
han the hippocampal effect sizes. Caudate effect sizes,
hile significant, were generally lower than those for the
entricles and hippocampus. As one exception to this rank
rder, the caudate gave marginally better effect sizes than
entricular volume for distinguishing MCI from controls.
ven so, we did not perform statistical tests for differences

n effect sizes across structures, as a stringent multiple
omparisons correction would be needed. Despite these
enerally weaker effects, the current study of the caudate
lso found significant associations between reduced volume
nd MCI-to-AD conversion, and with decline in MMSE
cores after a 1-year follow-up in the MCI group, whereas
hese associations were not detectable in studies of ventric-
lar expansion (Chou et al., 2009) or hippocampal atrophy
Morra et al., 2009a, 2009b), using the same ADNI subject
ool (with 240 and 490 subjects, respectively); the latter
tudy also used the same Adaboost machine learning algo-
ithm, applied to hippocampal segmentation. This is an
ntriguing finding, suggesting caudate volume at baseline
ay predict later clinical changes relatively well, perhaps

ecause caudate atrophy is only severe when the disease is

apidly progressing.
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The caudate has previously been implicated in AD
hrough multiple lines of evidence including histological
ndings of tau and amyloid accumulations (Braak and
raak, 1990). Volumetric studies find reductions in caudate
ucleus volume with normal aging (Jernigan et al., 2001;
rishnan et al., 1990; Raz et al., 2003), in AD versus

ontrols (Rombouts et al., 2000), and in many other neuro-
ogical, psychiatric and neurodevelopmental conditions in-
luding autism (Turner et al., 2006), fragile X syndrome
Gothelf et al., 2008), elderly depression (Butters et al.,
008), and HIV (Becker et al., 2006). Caudate lesions can
roduce deficits in executive control and cognitive process-
ng speed (Rubin, 1999). Interestingly, a recent study also
ound subcortical brain volume reductions, encompassing
he caudate nucleus, in elderly individuals with a higher
MI (Raji et al., 2009).

The anterior caudate head is the most closely involved in
raditionally studied cognitive processes and integrates ma-
or inputs from the dorsolateral and orbitofrontal cortices,
nvolved in attention and planning (Cummings, 1995). Dis-
urbances in the hemispheric asymmetry of the caudate head
re associated with ADHD and schizophrenia (Ballmaier et
l., 2008; Blanton et al., 1999; Hynd et al., 1993). One study
ound significant caudate volume reductions in depressed
lderly and created 3D maps using the same technique here,
xcept on manually derived segmentations; however, their
aps were not significant after permutation-based correc-

ion for multiple comparisons (Butters et al., 2008).
Beyond the caudate and the medial temporal lobes, ad-

itional basal ganglia and subcortical gray matter structures
re implicated in AD and age-related neurodegeneration.
utamen and thalamus volumes are reduced in AD, and
olume decreases correlate with cognitive deficits (de Jong
t al., 2008). Putamen volumes are reduced in frontotem-
oral lobe degeneration, but not in AD (Looi et al., 2009).

recent study of individuals with Down’s syndrome—a
roup at heightened risk for developing AD—found signif-
cant associations in those who developed AD and bilateral
olume reductions in the hippocampus, caudate, right
mygdala, and right putamen (Beacher et al., 2009). In vivo
maging with [11C]-PIB PET, which is thought to map the
rofile of amyloid deposition in the living brain, has corre-
ated increased amyloid signal with increased atrophy in the
ippocampus and amygdala (Frisoni et al., 2009). In addi-
ion, post-mortem studies have localized diffuse amyloid
laques in the caudate nucleus in AD (Ikonomovic et al.,
008).

In a PET study of dopamine D1 and D2 receptors, re-
earchers found a 14% reduction in mean signal for D1
eceptors for the caudate and putamen in AD, but no dif-
erence in D2 receptor signal (Kemppainen et al., 2000).
he basal ganglia also have the highest iron content of any
rain region, which is interesting because AD patients ex-
ibit disrupted iron metabolism that may relate to oxidative

amage and higher iron levels are found in the caudate and a

15
utamen in AD patients compared with controls (Bartzokis
t al., 2000).

A common limiting factor in neuroimaging studies of
D is the labor-intensive task of manually segmenting sub-

ortical structures on large MRI datasets, requiring long-
erm effort from expertly trained neuroanatomists. Fortu-
ately, automated methods now exist to efficiently segment
any subcortical structures including the hippocampus and

audate nucleus (Fischl et al., 2002; Powell et al., 2008;
ushkevich et al., 2006). Here we used an automated
ethod based on adaptive boosting, that we recently devel-

ped and validated (Morra et al., 2008). Using this method,
e efficiently created caudate nucleus segmentations in 400
DNI brain MRI scans. The resulting 3D maps had enough

tatistical power to detect local volume differences associ-
ted with a wide variety of clinical variables in AD. Our
aps detected associations between caudate atrophy and
SF levels of tau, which have not always been associated
ith other MRI-derived measures in the same cohort (Chou

t al., 2009). CSF levels of tau are significantly associated
ith higher rates of temporal lobe atrophy (Leow et al.,
009), but only showed a trend level of association with the
ate of hippocampal atrophy (Schuff et al., 2009). In prior
myloid PET studies, amyloid deposition has been noted in
he caudate nucleus (Ikonomovic et al., 2008). Here we did
ot detect a relation between the level of CSF amyloid and
he volume of the caudate. In the future, a direct PET-based
rain measure of amyloid in the caudate may correlate
etter with atrophy than CSF-based measures of amyloid
urden. Limited sample sizes may have also made it hard to
etect an association; even so, the sample was large enough
or tau levels to be reliably correlated with maps of atrophy
or the right caudate nucleus in the pooled sample and
ilaterally for the volumetric summaries in the AD group.

A possible confounding factor in some voxel-based mor-
hometric studies of the caudate is the potential for misreg-
stration of anatomy across subjects along the ventricles,
specially in elderly subjects with substantial brain degen-
ration. Because the caudate nucleus is a gray matter struc-
ure that lies just below the boundary of the lateral ventri-
les, some volumetric studies may be confounded by poor
r biased registration along the lateral ventricular surface.
his effect is unlikely in the current study as our measures
f radial atrophy are intrinsic, meaning they are independent
f whether the structure is translated in space. They are
omputed from a centerline traced down the center of the
tructure, and do not rely on the correct registration of
mages across subjects, as some voxel-based averaging
ethods do.
The etiology of caudate atrophy in AD and MCI is of

nterest. One probable explanation is that we are assessing
euronal atrophy, secondary to the accumulation of amyloid
laque pathology and tau neurofibrillary tangles (Braak and
raak, 1990). The caudate may also experience a loss of

fferent projections from other brain regions. As such, a
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imitation of the study is that the associations between
audate atrophy and cognition may in reality be mediated by
trophy occurring in other brain structures, such as the
ippocampus. The intent in this study was to identify cor-
elates of caudate atrophy, but it is likely that the more
mmediate causes of the clinical differences may be atrophy
or functional compromise) of structures elsewhere in the
rain, not necessarily those assessed here.

A further limitation of the current study is that the avail-
ble sample sizes made it necessary to use a pooled sample
ncluding both patients and controls for several analyses.
ooling subjects allowed us to achieve sufficient statistical
ower to detect important findings, but there is also a risk of
ecovering group sampling effects due to the differences
etween diagnostic groups in cognitive measures. Where
ample sizes and effect sizes were sufficient for within-
roup correlations to be detected, we did find statistically
ignificant associations in 1-year change in MMSE score in
he MCI group and with BMI in the AD group. It is possible
hat there are additional within-group associations for these
nd other measures that did not survive the sample size
eduction. It can also be argued that AD, MCI, and healthy
lderly controls represent stages on a continuum � in that
ase, binning the subjects into diagnostic groups could limit
he power of correlations found across the spectrum and
ead to false negative results.

In this study, we report correlations between atrophy and
ognitive or CSF-derived measures in a pooled ADNI sam-
le (combining patients with AD, MCI and controls), while
lso reporting several within-groups correlations split by
iagnosis (“disaggregated” analyses of AD subjects only,
or example). Both types of analysis are complementary and
ach has its own limitations. When analyzing a mixed co-
ort of subjects, our goal is to determine (1) the cognitive
orrelates of atrophy in the entire sample, and (2) whether
he chosen biomarker of disease burden is linked with de-
line across the full spectrum of controls, MCI, and AD
ubjects. As the whole cohort is arguably a continuum, it is
ital to look beyond diagnostic categories to analyze rela-
ionships between atrophy and particular measures of cog-
itive function. A within-group analysis of AD subjects
nly, for example, may not be able to detect these correla-
ions due to a “restricted range” effect seen when looking at
limited range of differences in brain structure and cogni-

ive performance. By running split analyses only, many
mportant correlations may be missed. For instance, brain
trophy correlates well with CSF-derived measures of tau
athology across the continuum from healthy aging to MCI
nd to AD. However, it is possible that no correlation will
e detected if we subselect a group such as MCI, with a very
arrow range of disease burden. Furthermore, it is a fallacy to
reselect groups that are defined partly on cognitive measures,
nd then later test for correlations with these same cognitive

cales. If the selection criterion for the group correlates with D

16
he variable of interest, we will find many false negatives due
o the truncated range, making the results uninterpretable.

Pooled analyses have limitations to consider, as well.
hen cognitive measures are correlated with diagnosis,

orrelations in a pooled cohort may show similar patterns to
hose found when directly comparing AD subjects with
ontrols. Another consideration when using pooled cohorts
uch as ADNI, is that correlations may be influenced by the
roportion of subjects in each diagnostic group. By design,
DNI oversampled subjects with cognitive decline, includ-

ng a 1:2:1 ratio of AD: MCI: controls. Correlations in this
articular sample may not be detected to the same degree in
ther population studies with different proportions of sub-
ects or within each diagnostic group. For these reasons, we
hose to use a combination of both pooled and split analy-
es, which have complementary value in understanding the
ognitive and pathological correlates of atrophy.

Because it can be difficult to tease apart contributions of
ach individual brain region in a disease such as AD, study-
ng effects of the disease on specific anatomical structures,
eyond those most commonly targeted, may help to piece
ogether relevant circuitry affected by AD pathology. Mul-
iple AD biomarkers can be used in a mutually reinforcing
ay to identify subjects most likely to decline to AD in a

ample (Kohannim et al., 2010), with caudate atrophy may
nform the classification of AD, MCI or the prediction of
uture decline. Another line of work involves genome-wide
ssociation studies of caudate volume in large subject co-
orts such as ADNI. This information will improve our
nderstanding of the mechanistic processes involved in
rain aging and AD.
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2.2 Mapping longitudinal changes in lateral ventricle volume onto cortical gray matter 

 

This section is adapted from the following paper. 

 

Madsen S. K., Rajagopalan, P., Joshi, S.H., Toga, A.W., Thompson, P.M. & the Alzheimer’s 

Disease Neuroimaging Initiative (ADNI) (2013). Elevated homocysteine is associated with 

thinner cortical gray matter in 803 ADNI subjects, Neurobiology of Aging, under review May 1 

2013. 
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Abstract  

Dynamic changes in the brain’s lateral ventricles on MRI are powerful biomarkers of 

disease progression in mild cognitive impairment (MCI) and Alzheimer’s disease (AD). 

Ventricular measures can represent accumulation of diffuse brain atrophy with very high effect 

sizes. Despite having no direct role in cognition, ventricular expansion co-occurs with volumetric 

loss in gray and white matter structures. To better understand relationships between ventricular 

and cortical changes over time, we related ventricular expansion to atrophy in cognitively-

relevant cortical gray matter surfaces, which are more challenging to segment. In elderly ADNI 

subjects, percent change in ventricular volumes at one- (N=677) and two-year (N=536) intervals 

was significantly associated with baseline cortical thickness in the full sample controlling for 

age, sex, and diagnosis, and in MCI separately. Ventricular expansion in MCI was associated 

with thinner GM in frontal, temporal, and parietal regions affected by AD. Ventricular expansion 

reflects cortical atrophy in early AD, offering a useful biomarker for clinical trials of 

interventions to slow AD progression. 

 

Keywords 

biomarkers; Alzheimer’s disease; mild cognitive impairment; brain imaging; magnetic resonance 

imaging (MRI); cortical; gray matter; atrophy; thickness; volume; surface area; brain structure; 

longitudinal 
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Introduction  

As brain tissue is lost in normal aging and dementia, the volume of cerebral spinal fluid 

(CSF) in the lateral ventricles and surrounding the brain expands to fill the space, within the 

fixed volume of the skull. The clear tissue contrast between CSF and brain tissues makes it easier 

to reliably segment and measure the lateral ventricles in standard T1-weighted anatomical MRI 

scans, even in populations that present challenges for segmentation of other brain structures 

(Ferrarini et al., 2008, Qiu et al., 2009). The lateral ventricles can be reliably segmented with 

semi- or fully-automated methods that measure their overall volume (Jack et al., 2004, Nestor et 

al., 2008, Resnick et al., 2003), shape (Chou, 2007, Ferrarini et al., 2006, Gong, 2011), radial 

width (Apostolova et al., 2012, Frisoni et al., 2002, Thompson et al., 2004), or boundary shift 

integral (Ridha et al., 2008, Schott et al., 2005). By comparison, accurate and reliable 

segmentation of the cortical gray matter surface is somewhat challenging in elderly brains, as 

gray and white matter (GM, WM) contrast decreases with age and the cortical surface may also 

become increasingly complex and irregular in shape as more brain tissue is lost. Time-

consuming manual editing is often required even with the most sophisticated, widely-used 

cortical GM segmentation packages (Fischl and Dale, 2000, Sanchez-Benavides et al., 2010). 

Some of these issues can be alleviated by collecting scans with specialized protocols to increase 

the signal to noise ratio at the cortical boundary. Some researchers advocate averaging two or 

more MRI scans within subject to improve the accuracy of cortical segmentation, although 

collecting several scans is not always feasible (Perlman, 2007). Relating expansion of the lateral 

ventricles to detailed 3D maps of cortical GM thinning takes advantage of a subcortical brain 

structure that is very easily segmented in standard MRI data from elderly populations, while also 

allowing interpretations of the likely cortical changes, which have more direct clinical relevance. 
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Ventricular measures achieve some of the highest possible effect sizes for tracking 

longitudinal changes in the human brain. Ventricular volume is a powerful MRI biomarker that 

has been widely-used in studies of normal aging, mild cognitive impairment (MCI), and 

Alzheimer’s disease (AD) (Apostolova et al., 2012, Chou, 2007, Ferrarini et al., 2006, Fleisher et 

al., 2008, Jack et al., 2008, Jack et al., 2004, Jack et al., 2005, Nestor et al., 2008, Qiu et al., 

2009, Thompson et al., 2004, Wang et al., 2002). In comparative studies, fewer subjects may be 

needed
1
 (Hua et al., 2013) to detect statistical effects of disease-modifying interventions in 

clinical trials using ventricular biomarkers compared to using many other neuroimaging 

measures. One study demonstrated, for example, that approximately 60 subjects are needed to 

detect a fixed percentage of slowing of ventricular expansion versus 90 subjects needed to detect 

slowing in hippocampal atrophy and 300 subjects needed to detect the same proportional slowing 

of the rate of decline on neuropsychological tests (Ridha et al., 2008).  

Larger or expanding ventricles are linked with a broad range of brain-related health 

factors in the elderly, including current cognitive status and future memory decline (Coffey et al., 

2001, Murphy et al., 2010), the brain reserve or general resiliency against neurodegeneration 

(Cavedo et al., 2012), depression, language scores, CSF measures of amyloid beta, APOE 

genotype (Chou et al., 2010), poorer cardiovascular health (Isaac et al., 2011), vitamin D 

deficiency (Annweiler et al., 2013), elevated homocysteine levels (Feng et al., 2013), post-

operative cognitive dysfunction (Bourne et al., 2012, Kline et al., 2012), decreased survival in 

dementia (Olesen et al., 2011), and conversion to MCI and AD (Carmichael et al., 2007b, 

Fleisher et al., 2008, Jack et al., 2004, Nestor et al., 2008).   

                                                           
1
 Head-to-head comparisons of effect sizes for brain biomarkers require many caveats, as therapeutic 

interventions may affect each biomarker differently. Also, simply reducing the numerical rate of change for 
different biomarkers many have different functional or clinical consequences for the patient. Some of these issues 
are discussed in Hua et al., 2013. 
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Although the ventricles provide several practically useful MRI biomarkers, the structure 

does not play a direct role in cognition. Therefore it is vital to determine how the changes in 

brain regions of functional and cognitive significance in AD relate to expansion in lateral 

ventricles. Lateral ventricle expansion co-occurs with degeneration of gray and white matter 

globally and nearby subcortical regions (Ferrarini et al., 2008, Qiu et al., 2009). By associating 

ventricular expansion with detailed profiles and patterns in cortical GM thickness, we can make 

good use of the reliability and ease of ventricular segmentation, relating changes to likely 

differences in cortical structures that are somewhat more difficult or time-consuming to segment, 

but which are more directly susceptible to AD-related pathologies. 

 

2. Methods 

2.1. Study population 

We analyzed subjects that underwent high-resolution, T1-weighted structural MRI 

scanning of the brain, as part of phase 1 of the Alzheimer’s Disease Neuroimaging Initiative 

(ADNI1). Our subject sample included only subjects listed in the standard set of N=817 baseline, 

N=685 one-year follow-up, and N=544 two-year follow-up scans obtaining during the ADNI1 

phase of data collection that was created to promote rigor and more meaningful comparability 

across ADNI studies (Wyman et al., 2012). In the ventricle analysis, two baseline scans and one 

scan from the one-year follow-up time-point were not included, even though they are currently 

listed in the standard set, because they were added to the list after we had competed data 

processing. In the cortical GM analysis, all standard subjects were processed.  
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ADNI was launched in 2004 by the National Institutes of Health, the Food and Drug 

Administration, private pharmaceutical companies, and non-profit organizations to identify and 

evaluate biomarkers of AD for use in multisite studies. All ADNI data are publicly available at 

adni.loni.ucla.edu. All ADNI studies are conducted in compliance with the Good Clinical 

Practice guidelines, the Declaration of Helsinki, and the US 21 CFR Part 50–Protection of 

Human Subjects, and Part 56–Institutional Review Boards. Written informed consent was 

obtained from all ADNI participants prior to the study. ADNI is a multi-site, longitudinal study 

of patients with Alzheimer’s disease (AD), mild cognitive impairment (MCI) and healthy elderly 

controls (HC). Standardized protocols maximize consistency across scan sites. 

All individuals received a thorough clinical and cognitive evaluation near the time of 

their scan. The examination included the mini-mental state examination (MMSE, a standardized 

and widely-used 30 point questionnaire, with scores of 24-30 typically indicating normal 

cognition or MCI, and scores of 20-26 indicating probable AD (Folstein et al., 1975)) and 

diagnosis of probable AD, MCI, or cognitively normal. A diagnosis of cognitively normal is 

made for participants with no signs of depression, MCI, or dementia. A diagnosis of MCI is 

made for participants who have reported a subjective memory concern without impairment in 

other cognitive domains and no signs of dementia. A diagnosis of probable AD was made for 

subjects who met the NINCDS/ADRDA criteria. Inclusion and exclusion criteria are detailed in 

the ADNI protocol (Mueller et al., 2005) and is available online at http://adni.loni.ucla.edu/wp-

content/uploads/2010/09/ADNI_GeneralProceduresManual.pdf.  
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2.2. Image acquisition 

 High-resolution structural MRI scans of the brain were acquired for subjects included in 

the standardized ADNI list (Wyman et al., 2012) on 1.5T scanners from General Electric 

(Milwaukee, Wisconsin, USA), Siemens (Germany), or Philips (The Netherlands) using a 

standardized MRI protocol for three-dimensional sagittal magnetization-prepared rapid gradient-

echo sequences (Jack et al., 2008). 

For lateral ventricle segmentation, we analyzed baseline (N=834), one-year (N=677), and 

two-year (N=536) follow-up brain MRI scans (1.5-Tesla, T1-weighted 3D MP-RAGE, TR/TE = 

2400/1000 ms, flip angle = 8˚, slice thickness = 1.2 mm, final voxel resolution = 0.9375 x 0.9375 

x 1.2 mm
3
). Raw MRI scans were pre-processed to reduce signal inhomogeneity and linearly 

registered to a template (using 9 parameter registration). Segmentations were assessed visually 

for defects from multiple views. All subjects passed QC for ventricular segmentations.  

For cortical GM segmentation, we analyzed baseline (N=677), one-year (N=646), and 

two-year (N=507) follow-up brain MRI scans (1.5-Tesla, T1-weighted 3D MP-RAGE, TR/TE = 

2400/1000 ms, flip angle = 8˚, slice thickness = 1.2 mm, 24-cm field of view, a 192×192×166 

acquisition matrix, final voxel resolution = 1.25×1.25×1.2 mm
3
, later reconstructed to 1 mm 

isotropic voxels). Six subjects at baseline, 35 subjects at one-year follow-up, and 33 subjects at 

two-year follow-up were excluded during QC of cortical GM surfaces. 

2.3. Segmentation of the lateral ventricles 

Prior methods for ventricular segmentation have used semi-automated, automated (Chou 

et al., 2008), and single-atlas or multi-atlas methods (Chou et al., 2009). Here we chose to 
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segment the ventricles with a modified multi-atlas approach described previously (Gutman et al., 

2013) and tested in a preliminary analysis (Madsen et al., 2013) that we have expanded upon 

here. Our segmentation approach yields more accurate results by using a group-wise surface 

registration to existing templates in addition to surface-based template. Segmentation of the 

lateral ventricles in each subject was performed using a validated method (Chou et al., 2008). 

Ventricular surfaces were then extracted from these segmentations and an inverse-consistent 

fluid registration with a mutual information fidelity term aligned a set of hand-labeled ventricular 

templates to each scan (Leow et al., 2007) (N=536). The template surfaces were registered as a 

group using medial-spherical registration and the template that best fits the new boundary was 

selected for each individual subject (Gutman et al., 2013), allowing more flexible segmentation, 

particularly for outliers.  

2.3. Segmentation of cortical GM 

Cortical reconstructions and segmentations were obtained to measure cortical GM 

thickness at each surface point, using the FreeSurfer image analysis package (v5.0.0), which is 

documented and freely downloadable online (http://surfer.nmr.mgh.harvard.edu/). Technical 

details have been described previously (Dale et al., 1999, Fischl and Dale, 2000, Fischl et al., 

2002, Fischl et al., 1999a, Fischl et al., 1999b, Fischl et al., 2004, Han et al., 2006). Briefly, the 

processing pipeline involves removing non-brain tissue, intensity normalization, tessellation of 

the cortical GM/WM boundary, automated topology correction and surface deformation along 

intensity gradients to optimally define the cortical surface, alignment of cortical anatomy across 

individuals via registration to a spherical atlas using individual cortical folding patterns, 

segmentation of total cortical GM volume for the left and right hemispheres, and creation of 3D 
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maps of GM thickness at each cortical surface point in the left and right hemispheres for each 

subject (N=677). Processed images are in an isotropic space of 256 voxels along each axis (x, y, 

and z) with a final voxel size of 1 mm
3
. 

2.4. Statistical analysis: associations with volumes 

Statistical tests using left and right ventricular volumes to predict total cortical GM 

volumes were conducted in R (http://www.r-project.org/, R Development Core Team, 2008). We 

tested general linear models (GLMs) with outcome variables of either ventricular volume at 

baseline (N=834), percent change in ventricular volume (relative to baseline volume) after one 

year (N=677), percent change in ventricular volume after two years (N=536), or total baseline 

cortical GM volume (N=677) in the left and right hemispheres separately. Dependent variables 

included age, sex, years of education, MMSE score, and diagnosis (i.e., healthy elderly control, 

MCI, or AD). We also tested GLMs with outcome variables of total and percent change in 

cortical GM volume at one-year (N=646) and two-year (N=507) follow-ups, using dependent 

variables of baseline ventricular volumes, age, sex, and diagnosis. Diagnosis was coded using 

indicator variables for each of the AD and MCI groups, with healthy controls as the reference 

group. We also ran similar GLMs in each diagnostic group separately and tested for associations 

between total baseline cortical GM volumes and ventricular volume measures, controlling for the 

appropriate covariates in the left and right hemispheres. Education was not a significant predictor 

of ventricular or cortical GM measures in these models, so it was not included as a covariate in 

subsequent analyses.  
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2.5. Statistical Analysis: cortical surface maps 

Statistical tests were conducted at each point on the left and right cortical surface using 

the general linear model (GLM) analysis tools in FreeSurfer (mri_glmfit, v5.0.0). Prior to 

analysis, a smoothing kernel of size 25 mm (full width at half maximum) was applied to each 

subject’s 3D cortical surface map of GM thickness. We chose a large smoothing kernel because 

the regions of brain atrophy seen in normal aging and in AD are relatively large (Buckner et al., 

2005a, Serra et al., 2010). 

Based on the results of the GLMs using ventricular volume measures and total cortical 

GM volumes, we tested a series of GLMs for percent change in ventricular volume on baseline 

cortical GM thickness after: (1) controlling for effects of sex, age, and diagnosis (AD, MCI, or 

healthy elderly controls) in all individuals (one-year interval: N=677; two-year interval: N=536), 

(2) controlling for sex and age in AD, MCI, and control groups, separately (one-year: AD 

N=142, MCI N=335, Control N=200; two-year: AD N=109, MCI N=251, Control N=176), and 

(3) controlling for sex and age, in matched groups of N=100 AD, MCI and controls, separately 

to equalize statistical power. We also tested percent change in ventricular volume for 

relationships with one-year and two-year changes in cortical GM thickness after controlling for 

effects of sex, age, and diagnosis. Analyses were run separately for the left and right 

hemispheres, testing for associations of percent change in left lateral ventricles with left baseline 

cortical GM thickness at each surface point; and similarly for the right ventricle and right cortical 

surface. To control the rate of false positives, we enforced a standard false discovery rate (FDR) 

correction (Benjamini and Hochberg, 1995) for multiple statistical comparisons across all surface 
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vertices on the entire left and right cortical surfaces, using the conventionally accepted false 

positive rate of 5% (q=0.05). 

 

3. Results 

3.1 Study population characteristics 

 Characteristics of the study population are shown in Table 1. Mean age was not 

significantly different across groups (p > 0.05), although the MCI group appeared to have a 

somewhat higher proportion of men than other groups did. We included age and sex as 

covariates in all models to adjust for these confounds. The expected trend of poorer MMSE 

scores, lower total cortical GM volumes and higher ventricular volumes at baseline, and greater 

percent change in ventricular volumes was observed across the groups, with AD being worst, 

MCI being intermediate, and controls showing the ‘healthiest’ values for these measurements. 

Total GM volumes at baseline were 7.41% lower in AD and 1.77% lower in MCI compared to 

controls, while ventricular volumes at baseline were 50.6% larger in AD and 18.5% larger in 

MCI compared to controls, after averaging the left and right hemisphere values. The greater 

deviation in ventricle volumes compared to total GM volumes across the diagnostic groups 

suggests that lateral ventricle volume is a more sensitive measure. Rates of ventricular expansion 

also differed between groups, with average percent change between baseline and one-year and 

baseline and two-years showing a successive increase from controls to MCI to AD. As expected, 

the ventricles expanded by about twice as much over the two-year interval than they did over the 

one-year interval, for each of the AD, MCI, and control groups. (Figure 1).  
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Table 1. Demographic characteristics of the N=677 individuals analyzed in the 

study. 

 AD MCI Controls All Individuals 

Sample Size (n) 142 335 200 677 

Sex (women/men) 67/75 124/211 95/105 286/391 

Age (years) 75.49 ± 7.39 74.84 ± 7.22 75.97 ± 5.07 75.31 ± 6.71 

MMSE (baseline) 23.39 ± 1.92 27.01 ± 1.77 29.13 ± 1.02 26.87 ± 2.59 

Lateral ventricular volume (baseline)                                 

Left:                        

Right: 

 (one-year percent change) 

Left: 

Right: 

 (two-year percent change) 

Left: 

Right: 

 

28,594 ± 13,261 

26,455 ± 11,916 

 

9.44 ± 6.20 

9.52 ± 6.53 

N=109 

19.91 ± 11.57 

19.25 ± 12.84 

 

22,472 ± 12,254 

20,836 ± 11,080 

 

6.52 ± 6.37 

6.52 ± 6.15 

N=251 

13.47 ± 10.26 

12.74 ± 10.29 

 

18,817 ± 10,205 

17,719 ± 8,945 

 

3.86 ± 3.93 

3.83 ± 4.15 

N=176 

8.68 ± 6.26 

7.49 ± 6.24 

 

25,043 ± 12,188 

22,668 ± 10,955 

 

6.35 ± 6.04 

6.35 ± 6.05 

N=536 

13.21 ± 10.24 

12.34 ± 10.63 

 

Table 1. Selected demographic information (mean ± standard deviation). Note the 

claimed precision overstates the accuracy with which these values can be reliably 

measured (which is no more than 3 significant figures), but we did not round them in case 

the values are useful for other studies.  
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Figure 1. Baseline volumes for ventricles and cortical GM and rates of ventricular 

expansion across groups.  
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Figure 1. Total cortical GM and ventricular volume at baseline averaged across left and right 

hemispheres for AD, MCI, and control groups. Percent change in ventricular volume compared to 

baseline after one- and two-year follow-up intervals averaged across left and right hemispheres for AD, 

MCI, and control groups. As expected, the amount of expansion (since baseline) roughly doubles from the 

one-year to two-year interval. Without controlling for confounding factors, and perhaps surprisingly, the 

standard deviations in these measures were large enough that neither the baseline nor percent change 

measures were significantly different between any pair of groups. Error bars are standard deviation. 

 

 

3.2. Associations between cortical GM profiles and ventricular volumes 

The AD, MCI, and control groups differed significantly in total cortical GM volumes at 

baseline (AD: p<2x10
-16

; MCI: p<2x10
-16

, averaged for left and right with controls as the 

reference group) and in one-year and two-year percent difference in ventricular volumes (for 

one-year, AD: p<2x10
-16

; MCI: p=6.25x10
-7

; for two years, AD: p<2x10
-16

; MCI: p=5.17x10
-7

), 

after controlling for age and sex. It is noteworthy that the rate measures were significantly 

difference between diagnostic groups, whereas baseline ventricular volumes were not, which 

depend on many factors unrelated to the disease (e.g., neurodevelopmental differences).  
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In these models, AD was associated, on average, with a 17,650 mm
3
 reduction in total 

cortical GM volume and amounts of ventricular expansion that were 5.55% greater over the one-

year interval and 11.39% greater across the two-year interval compared to controls, on average. 

MCI was associated with an 8,580 mm
3
 average reduction in total cortical GM volume and 

amounts of ventricular expansion that were 2.53% greater for the one-year interval and 4.73% 

greater across the two-year interval compared to controls, on average.   

Lower total GM volumes at baseline were significantly associated with higher two-year 

(p=0.004), but not one-year (p=0.207), percent changes in ventricular volumes, averaged for the 

left and right hemispheres in the whole sample after controlling for age, sex, and diagnosis. 

Percent change in total GM volume at one-year (p=0.012), but not two-years (p=0.170), is 

significantly associated with baseline ventricular volumes, in the whole sample after controlling 

for age, sex, and diagnosis. Percent change in total GM volume is significantly associated with 

percent change in ventricular volume at one-year (p=2.44x10
-9

) and two-year (p=4.45x10
-12

) 

intervals, in the whole sample after controlling for age, sex, and diagnosis. Considering each 

group separately, in AD we found that lower total GM volumes at baseline were significantly 

associated with higher one-year (p=0.022) and two-year (p=0.043) percent expansion in lateral 

ventricular volume in the left, but not right hemisphere. In MCI, lower total GM volumes at 

baseline were significantly associated with higher ventricular expansion after two years (left: p= 

0.046, right: p=0.004), but not after one year. In controls, total GM volume at baseline was not 

associated with ventricular volume expansion in either interval or hemisphere. 
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 3.2. Mapping ventricular expansion onto cortical GM thickness  

In the full sample, we found that (Figure 2A and 2B) percent change in ventricular 

volumes over one-year (N=677) and two-year (N=536) intervals was significantly associated 

with baseline cortical GM thickness in temporal, inferior and anterior frontal, inferior parietal, 

and lateral occipital regions, after controlling for age, sex, and diagnosis.  The significant regions 

were somewhat more expansive, in the same areas, for the two-year percent change compared to 

the one-year percent change in ventricular volume. As expected, no areas of significant positive 

associations were found. If we expect that ventricular change is approximately linear over time, 

these two sets of maps should be identical; however the map for change over a longer interval 

may have greater signal-to-noise-ratio, increasing the power to detect significant associations. 

All results presented here passed a hemispheric FDR correction at q=0.05. 

In the full sample, we also found that percent change in ventricular volumes over one-

year (N=646) was significantly associated with cortical GM thickness at one-year follow-up 

(Figure 2C) and that percent change in ventricular volumes over two-year (N=507) was 

significantly associated with cortical GM thickness at two-year follow-up (Figure 2D) in 

expansion regions covering most of the cortical surface, except for the primary sensorimotor 

strip and medial occipital regions, after controlling for age, sex, and diagnosis.  The significant 

regions were somewhat more expansive, in the same areas, for the two-year to the one-year 

maps. As expected, no areas of significant positive associations were found. All results presented 

here passed a hemispheric FDR correction at q=0.05. 
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Figure 2. Ventricular expansion mapped onto cortical GM at baseline and at follow-up in 

the elderly. 

 

Figure 2. Hemispheric 3D maps in the left panel (A,B) show significant negative associations in the 

entire sample between cortical GM thickness at baseline and one-year (A, N=677) and two-year (B, 

N=536) percent change in ventricular volume in all individuals regardless of cognitive status (AD, MCI, 

or healthy elderly) (A, one-year percent change, left: -log10(p-values)=1.77-4.03, right: -log10(p-

values)=2.61-4.87; B, two-year change, left: -log10(p-values)=1.62-3.88, right: -log10(p-values)=1.98-4.24, 

corrected, controlling for age, sex, diagnosis). The right panel (C,D) shows associations in the entire 

sample between cortical GM thickness at one-year follow-up and one-year percent change in ventricular 

volume (C, N=646) and between cortical GM thickness at two-year follow-up and two-year percent 

change in ventricular volume (C, N=507) (C, one-year percent change, left: -log10(p-values)=1.409-3.667, 

right: -log10(p-values)=1.392-3.650; D, two-year change, left: -log10(p-values)=1.387-3.644, right: -

log10(p-values)=1.367-3.624, corrected, controlling for age, sex, diagnosis). The reported t-statistic values 

correspond to the significance threshold that controls the FDR. Results were corrected for multiple 

comparisons by thresholding at a q=0.05 false discovery rate (FDR) threshold across the entire brain 

surface. Blue areas represent areas where corrected p-values passed the significance threshold for a 

negative relationship between longitudinal ventricular enlargement and cortical thickness values (as 

hypothesized, higher rates of ventricular enlargement were associated with thinner cortical GM at 

baseline). 
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3.3. Mapping ventricular expansion onto cortical GM in AD, MCI, and healthy elderly 

Considering each diagnostic group separately, the one-year and two-year percent changes 

in ventricular volume were significantly associated with baseline cortical GM thickness in MCI 

only (Figure 3), but with no detectable effect in AD or in healthy elderly controls. The MCI 

group has the largest sample size (N=335 for one-year and N=251 for two-year intervals) 

compared to the AD (N=142 for one-year and N=109 for two-year intervals) and control groups 

(N=200 for one-year and N=176 for two-year intervals), suggesting that the lower power could 

have contributed to the lack of results in AD and controls (this point is addressed in the section 

3.4).  In MCI, small regions of thinner baseline cortical GM - in the bilateral superior frontal and 

inferior parietal gyri, left precuneus and isthmus of the cingulate, and right supramarginal gyri - 

were significantly associated with one-year percent change in ventricular volume  (left: -log10(p-

values)=2.58-4.84, right: -log10(p-values)=3.15-5.41, corrected, controlling for age, sex). The 

maps associating baseline cortical GM with two-year percent change in ventricular volume in 

MCI were much more expansive, with significant relationships detected in the bilateral superior, 

middle, and inferior temporal, lateral occipital, inferior and some superior parietal, 

supramarginal, rostral inferior, middle, and superior frontal gyri, the precuneus, posterior 

cingulate, medial orbitofrontal, entorhinal, parahippocampal, fusiform, and lingual gyri (left: -

log10(p-values)=1.71-3.97, right: -log10(p-values)=1.79-4.04, corrected, controlling for age, sex), 

which matches the well-known pattern of AD-related pathology (Figure 4). No significant 
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associations were found in the AD or healthy control groups. As expected, no areas of significant 

positive associations were found for any group.  

Figure 3. Mapping ventricular expansion onto cortical GM thickness in MCI.  

 

Figure 3. Hemispheric 3D maps show significant negative associations in MCI between cortical 

GM thickness at baseline and one-year (A, N=335) and two-year (B, N=251) percent change in 

ventricular volume after controlling for age, sex (one-year percent change, left: -log10(p-

values)=2.58-4.84, right: -log10(p-values)=3.15-5.41, two-year percent change, left: -log10(p-

values)=1.71-3.97, right: -log10(p-values)=1.79-4.04, FDR corrected as described in Figure 2). No 

significant results were found for AD or healthy controls separately. 
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Figure 4. Canonical progression of MCI and AD pathology. 

 

Figure 4. For purposes of comparison, here we show images of the canonical progression of AD 

pathology (adapted from (Braak and Braak, 1991, Braskie et al., 2010, Thompson et al., 2003) 

developed from elderly samples that do not overlap with the subjects in this study. Our maps of 

associations between longitudinal change in ventricular volumes and baseline GM density follow 

a very similar pattern, with significant associations in areas affected by AD pathology and no 

relationship detected in areas that are relatively spared by the disease (e.g., in the primary 

sensorimotor strips). 
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3.4. Power analysis, equal sized samples of N=100 

We felt it was important to determine if significant results were found only in MCI, 

which had a larger N compared to the AD and control groups, due to differences in power related 

to the available sample sizes. After limiting the samples to equal-sized subsets of size N=100 (the 

approximate size of the smallest group) that were matched for age and sex, the data was re-

analyzed for AD, MCI, and healthy elderly controls. Significant negative associations were 

found in MCI for two-year percent change in left ventricular volume related to baseline cortical 

GM thickness in left superior temporal, supramarginal, inferior and superior parietal, lateral 

occipital, fusiform, precuneus, posterior cingulate, and small regions in the superior frontal gyri 

(left: -log10(p-values)=2.05-4.31, controlling for age, sex).  No significant results were found in 

AD or controls at either time interval or in the one-year interval for MCI using the smaller and 

equally sized samples. No significant positive associations were found in any group.  
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Figure 5. Significant associations in equally sized samples of N=100. 

 

Figure 5. Hemispheric 3D maps show significant negative associations found in MCI in matched 

N=100 subsets for two-year percent change in ventricular volume and baseline cortical GM thickness 

(two-year change, left: -log10(p-values)=2.05-4.31, right: not significant; controlling for age, sex, 

FDR corrected as described in Figure 1). Other maps were not significant.  

 

4. Discussion 

Our results add to the current literature that identifies changes in ventricular enlargement 

as a robust biomarker of AD. We make a novel contribution to the field, by showing how 

longitudinal changes in ventricular volume relate to specific patterns of thinner cortical GM in 

early stages of this neurodegenerative disorder. These results allow us to make connections 

between possible atrophy in functionally important cortical areas, and more obvious changes in 

ventricular segmentations. Ventricular measures are among the most reliable and robust MRI 

measures for tracking the progression of AD, but are naturally limited in terms of making 

specific inferences about brain structure and function. Since cortical regions can be challenging 

or time-consuming to segment in elderly brains, combining information about the cortical 
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architecture and ventricular enlargement gives us a better understanding of early stages of 

neurodegenerative disease. 

Interestingly, the pattern of significant associations in MCI matches the well-known 

pattern of progressive cortical atrophy in AD (see, e.g. Figure 6 in (Thompson et al., 2003)) and 

in MCI to AD conversion (see, e.g. Figures 2-4 in (Whitwell et al., 2007)), pathological amyloid 

plaque and tau neurofibrillary tangle deposition, metabolic disruption, and functional 

disconnectivity (see, e.g., Figure 6 in (Buckner et al., 2005b)) characteristic of AD progression 

(Figure 4). Primary sensorimotor areas that may not experience heavy disease burden did not 

show significant associations in our MCI sample or in the whole sample. These are also 

relatively difficult cortical areas for measuring GM thickness as the extensive myelination can 

lead to poor tissue contrast on standard anatomical MRI. When diagnostic groups of the same 

sample size were studied, in an attempt to equalize statistical power to detect associations, 

longitudinal ventricular expansion was most strongly associated with thinner cortical GM in the 

early stages of disease progression, rather than in healthy elderly or in more severely impaired 

individuals. 

In healthy elderly people, the lateral ventricles expand approximately linearly with age, 

and the changes are accompanied by a progressive decrease in total brain volume (Blatter et al., 

1995). Enlarged ventricles are commonly observed even in very healthy elderly individuals 

(Longstreth, 1998). In cross-sectional studies, average ventricular volumes are largest in AD and 

MCI compared to healthy elderly controls (in AD, roughly 60% larger than in MCI and roughly 

4 times larger than in controls) (Nestor et al., 2008). However, this measure is not ideal for 

diagnostic classification, as cross-sectional ventricular volumes overlap substantially between 
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elderly controls and AD subjects (AD: 20-146 cm
3
, CON: 11-82 cm

3
) (Wang et al., 2002). This 

makes it vital to consider longitudinal patterns and rates of ventricular expansion. Interestingly, 

ventricular volumes are larger in AD compared to healthy centenarians, who did not differ from 

healthy 80-90 year old elderly individuals in one study (Gong, 2011). This suggests that the 

accelerated expansion of ventricular volumes in AD does eventually result in cross-sectional 

differences that are large enough to distinguish from normal aging. 

Expansion of the lateral ventricles reflects the accumulation of brain tissue reductions 

globally, throughout multiple brain regions, in which rates of change may be too subtle or more 

challenging to detect directly. In normal aging, rates of ventricular enlargement accelerate 

around age sixty, then continue at a stable pace at least into the late nineties (Jernigan et al., 

2001, Walhovd et al., 2005). In healthy older adults, the annual increase of 3-13% 

(approximately 1500 mm
3
) in ventricular volume represents a change of less than 0.5% in total 

brain volume and is much greater than the <1-3% volume reduction seen in the hippocampus 

(Fjell et al., 2009b, Resnick et al., 2000, Resnick et al., 2003, Ridha et al., 2008, Zhang et al., 

2010). Perhaps because this measure is so powerful, many studies have concluded that 

ventricular measures are more strongly associated than temporal lobe structures with hallmark 

features of dementia such as baseline cognition, change in global clinical scores and dementia 

ratings over time, and plaque and tangle accumulation (Fjell et al., 2009a, Jack et al., 2004, 

Ridha et al., 2008, Silbert et al., 2003). 

Due to the overlap in ventricular volumes among diagnostic groups, accelerated rates of 

brain atrophy may be better indicators of MCI and AD. Rates of ventricular enlargement 

distinguish AD from healthy elderly controls, even when cross-sectional ventricular volumes 
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overlap between the two groups (Wang et al., 2002). The most extreme acceleration in the rate of 

ventricular expansion may occur in MCI and at the point of conversion from MCI to AD 

(Apostolova et al., 2012, Carmichael et al., 2007a, Jack et al., 2008, Ridha et al., 2008), while 

accumulated total volumes and expansion rates are most extreme later in the disease (Wahlund et 

al., 1993). Faster rates of ventricular expansion also independently predict cognitive decline 

(Adak et al., 2004), and are more predictive than other MRI measures in detecting early 

conversion to AD (Fleisher et al., 2008). In fact, for each standard deviation increase in 

ventricular volume expansion, the risk for conversion to AD increases by around 1.7% (Jack et 

al., 2005).  

It would also be interesting to apply the reverse approach - i.e., mapping cortical GM 

measures (average and change in GM thickness in regions of interest, for example) onto 3D 

ventricular shapes, to see exactly which areas of the ventricles are most strongly associated with 

cortical thickness changes. In their study, Ferrarini et al., 2006, reported that 22% of the 

ventricular surface was “significantly different” between AD and healthy elderly, although this 

number will vary depending on sample size. Even so, the frontal and temporal horns are most 

sensitive to AD progression in this study and others (Apostolova et al., 2012, Thompson et al., 

2004). If significant associations are found between cortical GM and ventricular shape at later 

stages of AD, we might expect to see expansion of the frontal horns of the lateral ventricle 

associated with thinner frontal GM, which is typically affected later in the disease. 
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3.1 Thyroid hormones and structural brain differences in non-demented elderly   

 

This section is adapted from the following paper. 

 

Madsen, S.K., Liang, L., Boyle, C. A., Rajagopalan, P., Cappola, A. R., Becker, J. T., Lopez, O. 

L., Thompson, P. M. (2013). Thyroid hormones are related to future differences in brain tissue in 

495 healthy euthyroid elderly. in preparation for submission July 2013. 
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Abstract:     

 

Alterations in levels of thyroid hormones, even within the normal range, are associated 

with cognitive deficits increased risk for dementia in the elderly, which have higher rates of 

subclinical deviations in thyroid hormone levels. Thyroid hormones have known interactions 

with beta amyloid pathology, effect cardiovascular function, and can alter working memory. 

Understand how thyroid hormone levels are related to structural brain integrity in the elderly, 

may present an opportunity to improve cognition or decrease dementia risk.   Using data from 

the Cardiovascular Health Study (CHS), we investigated the relationship between thyroid 

hormone levels and future differences in regional brain tissue volumes in 485 cognitively normal 

euthyroid elderly individuals. We excluded individuals taking thyroid medication or with clinical 

thyroid dysfunction, and controlled for thyroid antibody positivity. Higher levels of free T4 were 

significantly related to brain tissue contraction in bilateral frontal cortex, pre- and postcentral 

gyri, right supramarginal cortex, right middle temporal white matter, left precuneus, and right 

lateral occipital white matter. Higher levels of free T4 were also associated with brain tissue 

expansion in left lateral occipital gray matter, bilateral lingual gyrus, and left occipital pole, right 

heschl’s gyrus, and the right transverse cistern. These areas include those implicated in 

traditional Alzheimer’s disease pathology, as well as, areas that relate to symptoms of thyroid 

dysfunction. 

 

Keywords: 

MRI; elderly; thyroid hormones; thyroxine; fT4; thyrotropin; TSH; triiodothyronine; fT3l; 

euthyroid; non-demented; tensor based morphometry; brain 



59 
 

Introduction:   

 The thyroid hormone system plays a crucial role in mediating metabolism throughout life 

and in nervous system development. There is evidence that the thyroid hormone system changes 

in old age [1] [2] [3], perhaps as the body loses its ability to produce or respond to thyroid 

hormones or as the set-point for thyroid hormone levels changes based on different metabolic 

demands [4] [5]. Several studies have linked thyroid dysfunction to cognitive impairment and to 

increased risk for Alzheimer’s disease and mild cognitive impairment [6][7]. This is true even 

for alterations in thyroid hormone levels that are well within clinically acceptable levels. Since 

current treatment options for Alzheimer’s dementia are sparse and the expected number of 

demented elderly is set to expand, it’s of huge clinical importance to identify ways to reduce 

dementia risk in the elderly. Understanding more about how thyroid hormone levels are related 

to the brain in healthy elderly individuals, could lead to better guidelines for reducing dementia 

risk by more careful modulation of thyroid hormone levels using existing treatment options, if 

continued research deems this appropriate 

Rates of subclinical thyroid dysfunction increase with age [8], from 0.4% to 3.5% for 

subclinical hypothyroidism and from 1.9% to 7.8% for subclinical hyperthyroidism in 

individuals under vs. over the age of 65 years old [2]. Others have found even higher rates of 

subclinical hypothyroidism (up to 20% [9]) among elderly populations. Rates of undiagnosed 

thyroid dysfunction are also high among the elderly [10] [11]. Thyroid conditions are more 

common in women and this holds true for the elderly population [11] [12].  

 Alterations of thyroid hormone levels in both directions have been linked to several 

aspects of general prognosis and specifically to cognitive health in the elderly. Subclinical 

hypothyroidism is related to longevity and lower levels of thyroid hormones are found in close 
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relatives of [13]. Higher levels of fT4 are associated with poorer long-term survival rates in 

hospitalized elderly [14] and reduced levels of T4 and T3 are associated with a transient post-

operative cognitive impairment in the elderly [15]. While some cross-sectional studies of 

subclinically hypothyroidism in the elderly have found no or very subtle differences in cognition 

(as measured by the MMSE) [16] [17] [18], other studies show deficits in memory (especially 

delayed retrieval of verbal information) and cognition [19] [20] [21], that may improve with L-

T4 treatment [22]. Lower levels of T4 in elderly women are also associated with greater risk for 

cognitive decline in one longitudinal study [23].  Subclinical hyperthyroidism in the elderly has 

also been linked to worse cognition in elderly individuals without dementia [2] [24] [2].  Higher 

levels of fT4 within the normal range are associated with worse MMSE scores [24] and less 

independence in daily activities in mild-moderate Alzheimer’s dementia [25]. Subclinically 

higher levels of T3 are associated with worse memory, visuospatial, and executive function in 

mild cognitive impairment [26] and with worse executive function, but not memory in 

cognitively normal elderly [27]. Interestingly, even though levels of TSH are used to categorize 

individuals within subclinical and clinical thyroid dysfunction, several studies found that T3 or 

T4 were associated with cognition, but not TSH levels themselves [23] [25] [26] [15] [25], 

suggesting that T3 and T4 may be more sensitive markers. 

Links between overt thyroid disorder and dementia are not strong (possibly because overt 

thyroid conditions are more likely to be identified and treated); however several lines of evidence 

link subclinical alterations in thyroid hormone levels to risk for dementia in the elderly. The 

prevalence of over thyroid disorders in the elderly with dementia is not higher than in cognitively 

normal elderly [28] [29], and the incidence of dementia is not higher in overt thyroid dysfunction 

[30]. Also, levels of thyroid hormones may not be statistically different between demented and 
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non-demented elderly [31] [32] [33] [5]. However, cross-sectional [34] and longitudinal studies 

have found that subclinical hyperthyroidism is associated with increased risk for dementia 

(possibly by up to more than three-fold [35]). Higher fT4 is associated with increased risk for 

developing dementia [36] [37] and with greater loads of amyloid and tau pathology at autopsy in 

elderly euthyroid men [37]. In cognitively normal elderly women, both higher and lower levels 

of TSH are associated with increased risk of developing Alzheimer’s disease [38] and 

subclinically lower TSH increased risk for Alzheimer’s disease [39]. Subclinically lower levels 

of TSH [40], T3 [41] [40] [42], and fT4 [40] have been found in patients with Alzheimer’s 

disease.  

Several structural brain imaging studies on thyroid hormones have been conducted on 

whole brain volume and in specific regions of interest [33] [44] [45] [46].Studies of functional 

activations [47] [48] and cerebral blood perfusion [49] [50] [51] have also been performed. Ours 

is the first study to look at structural differences in the whole brain on a voxel-wise level in a 

large cohort of elderly euthyroid individuals. Since CHS collected extensive clinical information, 

we were also able to exclude individuals who were taking thyroid hormone medications and to 

control for the possible confounding effects of thyroid hormone antibody positivity. 

 We analyzed associations between thyroid hormone levels and tissue volume differences 

at each voxel in the brain for 485 non-demented euthyroid elderly individuals in the 

Cardiovascular Health Study (CHS). Thyroid hormone measures were taken in 1992-3 and in 

1996-7, while brain MRIs were acquired at a follow-up assessment in 1998. This data enables us 

to relate thyroid hormone measures to future differences in brain anatomy. We found that higher 

levels of free T4 (fT4) at the first time point were significantly associated with later brain tissue 

contraction in areas implicated in working memory and higher-order cognition (bilateral 
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superior, inferior, middle frontal gyri, medial frontal cortex), primary somatosensory and motor 

functions (pre- and postcentral gyri), language (right supramarginal gyrus) and age-related 

memory loss (right temporal white matter). Higher levels of fT4 were also associated with future 

brain tissue expansion in visual (left lateral occipital and occipital pole, bilateral lingual gyrus) 

and auditory (right heschl’s gyrus) regions. Regional brain volumes were not significantly 

associated with levels of thyroid stimulating hormone (TSH) or total triiodothyronine (T3) levels 

at either tine point, or with fT4 levels taken in 1996-7.  

 

Materials and Methods: 

Subjects: 

 We analyzed data from cognitively normal elderly individuals in the Cardiovascular 

Health Study (CHS). Data was collected at four sites across the US and each subject received 

blood tests for thyroid hormone levels in 1992-1993 and in 1995-1996 and a brain MRI scan in 

1998. Demographics are described in Table 1. Subjects were excluded if their TSH levels 

exceeded the clinical norms [52, 53] (clinically hyperthyroid (>20.01 mU/L), N=7 excluded; 

clinically hypothyroid (<0.44 mU/L,) N=2 excluded; N=119 excluded because thyroid hormone 

data for 1992-1993 was missing) or if they were taking thyroid medication at any time point 

within the study (N=98 excluded). Our sample included only euthyroid elderly individuals 

without dementia (N=498 total for TSH, N=494 for T3, N=495 for fT4). We also controlled for 

thyroid antibody positivity (N=55 positive, N=432 negative, N=11 unknown), excluding subjects 

whose antibody status was unknown (N= 487 total analyzed for TSH, N=484 total for T3, N=185 

total for fT4, see Table 1 for demographics). In a follow-up analysis, we looked separately at 

groups of individuals who were borderline hyperthyroid (N=189 for TSH, N=188 for T3 and 
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fT4), subclinically hyperthyroid (N=230 for TSH, N=227 for T3, N=228 for fT4), or borderline 

and hypothyroid together (N=79 for TSH, T3, and fT4, combined due to lower total number of 

subjects). These distinctions were made following accepted guidelines, with the borderline group 

being closer to normal and the subclinical group being closer to clinically different levels [52, 

53]. 

 

Table 1 All Euthyroid Healthy Elderly Excluding Antibody Positivity 

Subjects (n) 498 487 

Age (years) 77.6 ± 3.8 77.57 ± 3.87 

Sex 281F, 217M 274F, 231M 

Education (years) 13.3 ± 2.7 13.34 ± 2.71 

Scan Site 11 WHU 

160 UCD 

123 JHU 

204 UP 

11 WHU 

155 UCD 

122 JHU 

199 UP 

TSH (uIU/mL) 2.71 ± 2.09 (n=498) 2.73 ± 2.11 (n=487) 

Total T3 (nmol/L) 1.81 ± 0.33 

(n=494) 

1.81 ± 0.33 (n=484) 

Free T4 (ng/dL) 1.19 ± 0.17 

(n=495) 

1.19 ± 0.17 

(n=485) 

Antibody positivity 

(positive/negative) 

55/432 

(n=487) 

55/432 

(n=487) 

 

Table 1. Demographic Information 

Demographic information for our study population is shown (mean ± standard deviation). The four scan 

sites are Wake Forest University (WFU), University of California at Davis (UCD), John Hopkins 

University (JHU), and University of Pittsburgh (UP). 

 

 

Thyroid Hormone Levels: 

 All subjects included in our study received blood serum tests for levels of TSH (uIU/mL), 

total T3 (nmol/L), free T4 (ng/dL), and thyroid hormone antibody positivity (positive or 
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negative). We grouped subjects into tertiles based on their thyroid hormone levels. Due to the 

relatively small magnitude and range of values for the thyroid hormone levels (as is expected in 

this measurement), the thyroid hormone values for several subjects fell directly on the threshold 

distinguishing the bins. To follow a consistent  rule, we assigned these subjects to the higher bin 

(for example, if a subject had a free T4 level of 1.1100, which was the cutoff between the first 

and second tertiles, this subject was assigned to the second tertile). This explains why there are 

not an equal number of subjects in each tertile. 

 Since our data includes MRI scans obtained several years after the measurement of 

thyroid hormone levels, we thought it was important to assess the stability of thyroid hormone 

levels across the two time points (1992-1993 and 1996-1997). We calculated the mean and 

standard deviation of TSH and fT4 levels at each time point and performed two-way paired t-

tests to compare each measure across this interval. T3 was only available at the first time point 

(1992-1993), so we were not able to assess stability of this measure in our data. These 

calculations were performed in our sample of euthyroid elderly, excluding subjects who were 

taking thyroid medication or who tested positive for thyroid hormone antibodies. 

 

MRI Acquisition and Preprocessing: 

 All MRI scans were acquired on a 1.5 T GE Signa scanner (GE Medical Systems, 

Milwaukee, WI, LX Version) at four sites (Wake Forest University (WFU), University of 

California at Davis (UCD), John Hopkins University (JHU), and University of Pittsburgh (UP)). 

A whole brain 3D volumetric spoiled gradient recalled acquisition (SPGR) was obtained for each 

subject (TE/TR  = 5*25 msec, slip angle =  40⁰, NEX = 1, slice thickness = 1.5 mm/0 mm 
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interslice gap). Images were acquired with an in-plane acquisition matrix of 256 x 256 x 256 

image elements, 250 x 250 mm
2
 field of view, and an in-plane voxel size of 0.98 mm. 

 Each subjects’ brain scan was corrected for intensity inhomogeneity (N3, [54, 55]) and 

linearly registered to the International Consortium for Brain Mapping (ICBM [56]) standard 

brain template. A nine- parameter registration was used to account for global position and scale 

differences across individuals, including head size, which has been found to outperform six-

parameter registration in multi-centers studies such as CHS [57, 58]. Registered images were re-

sampled into an isotropic voxels (220 voxels in each x, y, z axis) with a final voxel size of 1 

mm
3
.  

 

Tensor Based Morphometry (TBM): 

 A minimal deformation template (MDT) was created from 40 cognitively normal CHS 

subjects after preprocessing and registration. This “average brain template” enables automated 

image registration, reduces statistical bias, and optimizes the detection of statistically significant 

effects [57], which can be interpreted as deviations from an “average normal” brain in our 

sample. The subjects selected for the template are chosen to create an unbiased representation of 

our sample, with equal number of men and women (N=20 each).  There is no significant 

difference in age or thyroid hormone levels between our sample and the MDT (p>0.05 for age 

and for TSH, T3, and fT4 at 1992-1993 and 1996-1997). 

 After preprocessing, all scans were nonlinearly aligned to the study-specific MDT 

template, resulting in a common coordinate system. We plotted the Jacobian determinant for 

each subject, which is the local expansion or contraction factor of the 3D elastic warping 

transform. 3D Jacobian maps show relative volume differences between each individual subject 
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and the common MDT template. For each individual, this represents the relative expansion or 

contraction at each brain voxel compared to the population average. For example, in a dementia 

study, you would expect to find relative contraction in brain regions that experience tissue loss, 

along with expansion in regions such as the lateral ventricles, which expand in dementia. 

 Sixty subjects with processed brain MRI data were excluded because demographic and 

clinical data was not available for these subjects. Thirty-seven subjects were excluded due to 

poor MRI quality. 

 

Statistics: Relating Thyroid Hormone Levels to Brain Tissue Volumes 

 Statistical tests were performed using the general linear model (GLM) at each voxel. 

Brain volume differences are the dependent Y variable. We tested a series of GLM models for 

each thyroid hormone measure separately (TSH, T3, and fT4 in tertiles) at two time points 

(1992-1993 and 1996-1997) using the MRI brain data collected in 1998. We controlled for the 

effects of age, sex, years of education, and scanner site.  We then tested GLM models after 

controlling for the presence of thyroid hormone antibodies (positive or negative), in addition to 

controlling for age, sex, years of education, scanner site. For significant tests, we created average 

jacobian maps for the first and third tertile of the thyroid hormone measure, and then computed 

an average difference map to visualize the magnitude of brain tissue differences.  

We also tested GLM models for each thyroid hormone measure separately (TSH, T3, and 

fT4 in tertiles) in subsets of the sample, looking separately at groups who were subclinically 

hyperthyroid (N=230), borderline hyperthyroid (N=189), and borderline and subclinical 

hypothyroid combined (these last two groups were run together because the sample sizes were 
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small alone, N=18 for borderline hypothyroid, N=61 for subclinical hypothyroid, N=79 together). 

We controlled for the effects of age, sex, years of education, and scanner site.  

 

Results: 

Thyroid Variable characteristics and stability  

 We calculated the following tertiles based on thyroid hormone levels for the first time 

point (TSH: 0.006-0.942, 0.943-1.069, 1.070-75.770; T3: 0.762-1.652, 1.653-1.929, 1.930-3.970; 

fT4: 0.348-1.109, 1.110-1.259, 1.260-1.780) in the whole sample. Demographic information for 

the fT4 tertiles in 1992-1993 are shown in Table 2 because this variable was significantly 

associated with brain volumes (TSH and T3 tertiles were also analyzed, but were not significant).  
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Table 2 First tertile of Free T4 Second tertile of Free T4 Third tertile of Free T4 

Subjects (n) 157 173 165 

Age (years) 77.08 ± 2.83 77.91 ± 2.83 77.65 ± 2.53 

Sex 99F, 58M 90F, 83M 91F, 74M 

Education (years) 13.54 ± 3.62 13.30 ± 3.76 13.19 ± 4.09 

Scan Site 4 WHU 

53 UCD 

45 JHU 

55 UP 

2 WHU 

58 UCD 

35 JHU 

78 UP 

5 WHU 

47 UCD 

43 JHU 

70 UP 

TSH (uIU/mL) 3.60 ± 2.79 (n=157) 2.36 ± 1.69 (n=173) 2.25 ± 1.30 

 (n=165) 

Total T3 (nmol/L) 1.77 ± 0.32 

(n=156) 

1.81 ± 0.35 

(n=173) 

1.85 ± 0.32 

(n=165) 

Free T4 (ng/dL) 1.00  ± 0.08 

(n=157) 

1.18 ± 0.04 

(n=173) 

1.37 ± 0.09 

(n=165) 

Antibody positivity 

(positive/negative) 

31/124 

(n=155) 

10/157 

(n=167) 

14/149 

(n=163) 

 

Table 2. Demographic Information for free T4 tertiles 

Demographic information for our study population is shown for free T4 tertiles (mean ± standard 

deviation). The four scan sites are Wake Forest University (WFU), University of California at Davis 

(UCD), John Hopkins University (JHU), and University of Pittsburgh (UP). We present this data because 

we found significant associations between free T4 tertiles and brain tissue differences in our sample (TSH 

and T3 tertiles were not significant). Due to the relatively small magnitude and range of values for the 

thyroid hormone levels (as is expected in this measurement), the thyroid hormone values for several 

subjects fell directly on the threshold distinguishing the bins. In these cases, we assigned these subjects to 

the higher bin to follow a consistent rule (for example, if a subject had a free T4 level of 1.1100, which was 

the cutoff between the first and second tertiles, this subject was assigned to the second tertile). This 

explains why there are not an equal number of subjects in each tertile. 

 

 

 In our analysis of thyroid hormone stability over time, we found that TSH was stable 

across the 3-5 year interval between the two time points (p=0.17, N=487 in 1992-1993, N=481 in 

1996-1997). On average, fT4 levels were significantly lower (by 0.1327 ng/dL) at the later time 

point compared to the first time point (p=0.01, N=485 in 1992-1993, N=68 in 1996-1997). At the 
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later time point, a much smaller number of subjects had fT4 data available and only 35 subjects 

overlapped between the two time points. The later time points consisted predominantly of 

subclinical hypothyroid individuals (N=42 subclinical hypothyroid, N=6 borderline hypothyroid, 

N=6 borderline hyperthyroid, N=3 subclinical hyperthyroid), whereas the earlier time point 

included a large proportion of borderline and subclinical hyperthyroid individuals (N=61 

subclinical hypothyroid, N=0 borderline hypothyroid, N=201 borderline hyperthyroid, N=223 

subclinical hyperthyroid). These differences in the sample characteristics may explain why we 

found significant associations for the first, but not second time point, in the TBM analysis. 

 

Associations with Brain Tissue Volumes 

All results presented in the following sections are for the associations between thyroid 

hormone levels measured in 1992-1993 and brain MRI scans collected in 1998. No significant 

associations were found between TSH or T3 levels and regional brain tissue volumes, either at 

the 1992-1993 or 1996-1997 time points. No significant associations were found for fT4 at the 

1996-1997 time point. All results presented below are for fT4 levels measured in 1992-1993. 

 

Free T4 Levels and Brain Tissue Volumes in Euthyroid Elderly Individuals 

As shown in Figure 1, higher levels of fT4 are associated with future brain tissue 

contraction in left superior frontal gyrus, bilateral middle frontal gyrus, left pre- and post-central 

gyrus, right post-central and supramarginal gyrus, left precuneus, right lateral occipital white 

matter, and bilateral anterior lobe of the cerebellum (negative association).  In maps comparing 

averages of the first and third tertile of fT4, we see relative tissue contraction of approximately 
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5% for frontal regions, 5-7% for pre- and post-central gyrus and supramarginal cortex, 4-5% for 

the left precuneus, 5% for right lateral occipital white matter, and 1-4% for cerebellum. 

Higher levels of free T4 were associated with future brain tissue expansion in left lateral 

occipital cortex, and left lingual gyrus and occipital pole (positive association). We also see 

relative tissue expansion in the third tertile compared to the first tertile of fT4 in the range of 2-

6% for left occipital regions. 

We controlled for age, sex, years of education, and scan site. Results were corrected for 

multiple comparisons by thresholding at the standard p=0.05 false discovery rate (FDR) across 

the entire brain. 
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Figure 1. Significant associations between fT4 levels and regional brain tissue 

volumes 
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Top Panel: Whole-brain maps show were significant associations were found between levels of fT4 and 

future regional brain tissue volumes in N=495 non-demented euthyroid elderly adults in the CHS study 

who were not taking thyroid medication, after controlling for age, sex, years of education, and scan site. 

Blue represents areas where there is a significant negative relationship between fT4 levels and future brain 

volume differences (i.e. higher levels of fT4 are associated with tissue contraction). Red represents areas 

where there is a significant positive relationship between fT4 levels and later brain volume differences (i.e. 

higher levels of fT4 are associated with tissue expansion). Results were corrected for multiple comparisons 

by thresholding at the standard p=0.05 false discovery rate (FDR) across the entire brain. 

Bottom Panel: Whole-brain maps show differences in Jacobian determinants between the group averages 

for the first and third tertile of fT4 levels (third tertiles mean map – first tertile mean map). Light to dark 

blue represents areas with up to 5% relative tissue contraction in the third tertile of fT4 compared to the 

first tertile of fT4, on average. Yellow to red represents areas with up to 5% relative expansion in the first 

tertile compared to the third tertile of fT4, on average. Green represents no difference, on average. 

 

 

Free T4 Levels and Brain Tissue Volumes in Euthyroid Elderly Individuals, controlling for 

thyroid antibody positivity 

 

As shown in Figure 2, after adding thyroid antibody positivity as an additional covariate 

of non-interest, the maps of significant associations showed similar patterns that covered a larger 

extent and also included several regions that were not found in the previous map. 

 

Higher levels of free T4 were associated with future brain tissue contraction in bilateral 

superior, middle, and frontal cortex, bilateral frontal pole, bilateral medial frontal cortex, 

bilateral pre- and post-central cortex, right supramarginal cortex, right middle temporal white 

matter, left precuneus, and right lateral occipital white matter (negative association). Results in 

the bilateral inferior frontal gyrus, bilateral frontal pole, bilateral middle frontal gyrus, right 

precentral gyrus (before only a very small result here in the sulcus), and right temporal white 

matter were not found in the previous map that did not control for thyroid antibody positivity. 



73 
 

 

Higher levels of free T4 were associated with future brain tissue expansion in left lateral 

occipital gray matter, bilateral lingual gyrus, left occipital pole, right heschl’s gyrus, and the right 

transverse cistern (positive association). Results in the right lingual gyrus, right heschl’s gyrus, 

and right transverse cistern were not found in the previous map that did not control for thyroid 

antibody positivity. 

We controlled for age, sex, years of education, scan site, and the presence of thyroid 

hormone antibodies (positive or negative). Results were corrected for multiple comparisons by 

thresholding at the standard p=0.05 false discovery rate (FDR) across the entire brain. 
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Figure 2. Significant associations between fT4 levels and regional brain tissue volumes 

become more pronounced after controlling for thyroid antibody positivity  

Whole-brain maps show were significant associations were found between levels of fT4 and future regional 

brain tissue volumes in N=485 non-demented euthyroid elderly adults in the CHS study who were not 

taking thyroid medication, after controlling for age, sex, years of education, scan site, and the presence of 

thyroid hormone antibodies (positive or negative). Blue represents areas where there is a significant 

negative relationship between fT4 levels and later brain volume differences (i.e. higher levels of fT4 are 

associated with tissue contraction). Red represents areas where there is a significant positive relationship 

between fT4 levels and later brain volume differences (i.e. higher levels of fT4 are associated with tissue 

expansion). Results were corrected for multiple comparisons by thresholding at the standard p=0.05 false 

discovery rate (FDR) across the entire brain. 
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Free T4 Levels and Brain Tissue Volumes in Elderly Individuals with Subclinical 

Hyperthyroidism 

As shown in Figure 3, we also performed the analysis in a subgroup of the sample with 

subclinical hyperthyroidism. The previous maps were of all euthyroid elderly individuals  in the 

study and included those with subclinical hypothyroidism, borderline hypothyroidism, 

subclinical hyperthyroidism, or subclinical hyperthyroidism. In all samples, we excluded 

individuals who with clinical thyroid dysfunction or who were taking thyroid medication. 

Higher levels of fT4 were associated with future brain tissue contraction in left 

orbitofrontal cortex, right postcentral and supramarginal gyrus, and left precuneus. The left 

precuneus and right postcentral and supramarginal gyrus were also found in the full sample 

(which included borderline and subclinical hypothyroidism and hyperthyroidism). In this map we 

also found a small region in left orbitofrontal cortex in which tissue contraction was related to 

higher levels of free T4, which was not seen in the full euthyroid sample (either with or without 

the additional covariate for thyroid antibody positivity). No areas of significant positive 

associations were found in the subclinically hyperthyroid group. 

We controlled for age, sex, years of education, and scan site. Results were corrected for 

multiple comparisons by thresholding at the standard p=0.05 false discovery rate (FDR) across 

the entire brain. 

No significant results were found for thyroid hormone variables in the other groups 

(borderline hyperthyroid or in subclinical and borderline hypothyroid combined). 
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Figure 3. Significant associations between fT4 levels and regional brain tissue 

volumes in Subclinical Hyperthyroidism 

Whole-brain maps show were significant associations were found between levels of fT4 and future regional 

brain tissue volumes in a N=228 subclinically hyperthyroid sample of the non-demented euthyroid elderly 

adults in the CHS study who were not taking thyroid medication, after controlling for age, sex, years of 

education, and scan site. Blue represents areas where there is a significant negative relationship between 

fT4 levels and later brain volume differences (i.e. higher levels of fT4 are associated with tissue 

contraction). No significant positive relationships between fT4 levels and later brain volume differences 

(i.e. higher levels of fT4 are associated with tissue expansion) were found. Results were corrected for 

multiple comparisons by thresholding at the standard p=0.05 false discovery rate (FDR) across the entire 

brain. 

 

 

Discussion:   

 We found that subclinical fT4 levels at the first time point were significantly associated 

with future regional brain tissue differences in euthyroid elderly adults without dementia. Higher 

levels of fT4 were associated with relative tissue contraction in bilateral frontal, bilateral primary 
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motor and sensory areas (pre-and post-central gyri), and higher order visual regions (left 

precuneus). Higher levels of fT4 were associated with relative brain tissue expansion in primary 

visual areas (left lateral occipital and occipital pole). These effects were independent of the 

effects of age, sex, education, and scan site in this multicenter study. Adding in thyroid hormone 

antibody positivity as a regressor of non-interest resulted in similar maps with a larger extent, 

and included additional significant positive associations in bilateral frontal gyri and right 

temporal white matter and negative associations in right visual (lingual gyrus) and auditory 

regions (heschl’s gyrus). We believe that the negative associations may be driven mainly by the 

subclinically hyperthyroid group, which showed significant negative associations with fT4 and 

left orbitofrontal cortex, right postcentral and supramarginal, and left precuneus when analyzed, 

even with reduced power due to the lower sample size. Also, fT4 levels as the later time point, 

which was predominantly subclinically hypothyroid, were not significantly associated with any 

differences in brain volumes. 

 Overall, we found that fT4 levels, within clinically normal levels, were associated with 

structural brain differences in areas underling visual memory (lingual gyrus), visuospatial 

processing (precuneus), age-related memory decline (temporal white matter), and primary visual 

(occipital) and auditory (heschl’s gyrus) processing.  Dementia is accompanied by deficits in 

visuospatial and language abilities, in addition to memory and executive function deficits. 

Thyroid hormone dysfunction is associated with sensorimotor disturbances (fatigue in 

hypothyroid and tremor in hyperthyroid, with muscle weakness occurring in both), which is a 

domain that is generally preserved in dementia. Left lateral occipital GM volume differences 

have also been linked with two thyroid hormone transporter gene variants [59]. This suggests 
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that the patterns we are seeing include a combination of thyroid hormone and dementia-related 

brain differences.  

 The measures of thyroid hormone levels were stable across individuals from the first to 

the second time point (3-5 years apart), suggesting that it is informative to test for associations 

between thyroid hormone measures taken at one time point and brain MRI scans obtained later. 

This study provides unique information about how thyroid hormone levels in non-demented 

euthyroid elderly relate to future differences in brain structure. 

 The lack of significant results for TSH may make sense, as other studies have found that 

subclinical TSH levels are useful to classify individuals by thyroid hormone status, but TSH 

levels themselves are not always associated with clinical scores or dementia risk [23] [25] [26] 

[15] [25] . It’s not clear why T3 levels were not significantly associated with brain volumes in 

our study, although other studies have found association in fT4, but not T3 [14] [33]. The 

majority of active thyroid hormone in the brain is converted locally in brain tissue from the more 

stable fT4 in the blood stream [61], so it’s possible that fT4 levels are more indicative of true 

thyroid hormone available in the brain. 

In previous structural brain imaging studies, subclinically higher levels of fT4 have been 

associated with lower hippocampal and amygdala volumes in healthy euthyroid elderly (no 

findings for TSH or T3) [33]. Subclinically higher TSH have been associated with the presence 

of severe brain atrophy and infarct-like lesions (assessed visually with a binary rating scale) in 

elderly euthyroid men, but not women [45]. We did not find any associations with TSH in our 

sample, which included both men and women. It’s possible that a strong gender effect is present, 

which would be interesting to explore in future analysis that are split by gender. In development, 

resistance to thyroid hormones is associated with structural abnormalities in areas that we found 
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to be significantly related to fT4 levels in the elderly [46]. Males with developmental thyroid 

hormone resistance are more likely to be missing gyri in the parietal bank of the Sylvian fissure 

(where we found relative brain volume contraction with higher free T4 levels) and to have 

multiple transverse gyri in heschl’s gyrus (where we found relative brain volume expansion with 

higher free T4 levels, after controlling for thyroid antibody positivity). 

In functional MRI studies, subclinical and clinical hypothyroidism in adults is associated 

with impaired performance on a working memory task and is accompanied by alterations in brain 

activity within the frontoparietal network [47]. After treatment to normalize thyroid hormone 

levels, the activation patterns also normalized. Our results found relative brain tissue contraction 

with higher fT4 in these fronto-parietal areas. In a study that investigated the neural correlates of 

motor weakness symptoms in thyroid dysfunction, increased activation in areas including 

primary and supplementary somatosensory and motor areas, auditory regions, the inferior 

temporal lobe, and cerebellum were found in both hypo- and hyperthyroid adults performing a 

finger-taping task [48]. Our results show structural differences in these somatosensory, motor, 

and auditory areas. 

Clinical hypothyroidism in adults is associated with reduced cerebral blood flow to areas 

including right parieto-occipital gyri, precuneus, lingual gyrus, and pre- and post-central gyri 

[49] [50].Our study found significant relationships between fT4 levels and brain volumes in 

these regions. These areas are implicated in attention, motor speed, memory, and visuospatial 

processing, which are aspects of cognitive that are hindered when thyroid hormone levels are 

altered.  
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There is evidence to suggest that alterations in thyroid hormone levels in adulthood can 

actually cause differences in blood flow and in brain structure, although these studies were either 

small or performed in animal models.  Transiently induced hypothyroidism after thyroidectomy 

causes decreased blood flow in parietal and occipital region, which normalized with thyroid 

hormone replacement in about half of the sixteen participants [51]. One study in adult rats, found 

that experimentally lowering T3 (but not T4) caused a reduction in WM, GM, total brain, and 

hippocampal volumes, along with producing abnormal clusters of neurons in the corpus callosum 

[60]. A small study (N=11) of middle-aged adults found that lowering fT4 levels from 

hyperthyroid to normal levels over a span of several months reduced total brain volume and 

increased ventricle volume [44], suggesting that it may be possible for brain changes to occur in 

the short-term, possibly in addition to long-term changes [44]. More evidence is needed in this 

area, since these claims are somewhat dramatic. 

Future work will analyze men and women separately to improve our understanding of the 

gender differences in thyroid dysfunction and brain anatomy, which may explain some of the 

discrepant findings in the existing literature. In addition, we will investigate how depression 

scores and obesity are involved in the relationship between thyroid hormones and brain 

differences. It would also be interesting to consider how trends may differ across different age 

groups, perhaps between elderly individuals younger and older than 80 years old.  
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3.2 Higher homocysteine is associated with thinner cortical gray matter 

 

This section is adapted from the following paper. 

 

Madsen S. K., Rajagopalan, P., Joshi, S.H., Toga, A.W., Thompson, P.M. & the Alzheimer’s 

Disease Neuroimaging Initiative (ADNI) (2013). Elevated homocysteine is associated with 

thinner cortical gray matter in 803 ADNI subjects, Neurobiology of Aging, under review May 1 

2013. 
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Abstract 

A substantial proportion of our risk for dementia in old age is associated with lifestyle 

factors (diet, exercise, and cardiovascular health) that are modifiable, at least in principle. One 

such risk factor – high homocysteine levels in the blood – is known to increase risk for 

Alzheimer’s disease and vascular disorders. Here we set out to understand how homocysteine 

levels relate to 3D surface-based maps of cortical gray matter distribution (thickness, volume, 

surface area) computed from brain MRI in 803 elderly subjects from the Alzheimer’s Disease 

Neuroimaging Initiative (ADNI) dataset. Individuals with higher serum levels of homocysteine 

had lower gray matter thickness in bilateral frontal, parietal, occipital and right temporal regions; 

and lower gray matter volumes in left frontal, parietal, temporal, and occipital regions, after 

controlling for diagnosis, age, and sex and correcting for multiple comparisons. These regional 

differences in gray matter structure may be useful biomarkers to assess the effectiveness of 

interventions, such as vitamin B supplements, that aim to prevent homocysteine-related brain 

atrophy by normalizing homocysteine levels. 

 

Keywords 

Alzheimer’s disease; MRI; cortical; gray matter; atrophy; thickness; volume; surface area; brain 

structure; homocysteine; folate; vitamin B; ADNI 
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1. Introduction 

The quest to avert the societal crisis of Alzheimer’s disease (AD) involves understanding 

modifiable risk factors for dementia and how they affect the brain. The core pathology of AD 

(plaques and tangles) is challenging to treat, but there is a multitude of known risk factors that 

are modifiable (at least in principle), and contribute to dementia risk. Many recent studies have 

established consistent links between cognition and brain integrity with an individual’s physical 

activity (Erickson et al., 2010), body mass index and its genetic determinants (Ho et al., 2010, 

Kerwin et al., 2011, Kerwin et al., 2010, Raji et al., 2010), blood levels of the stress-related 

hormone cortisol (Rajagopalan, 2013), the fat-mass related hormone leptin (Rajagopalan et al., 

2013b), and biomarkers of kidney health, such as creatinine and cystatin C (Rajagopalan et al., 

2013a).   One factor in the blood that is perhaps less studied, in terms of detailed mapping of the 

brain’s cortex, is homocysteine; although recent evidence has connected it to both brain atrophy 

and dementia risk (Rajagopalan et al., 2011).  

An abnormally high level of homocysteine in the blood is a major cardiovascular risk 

factor (Bostom et al., 1999, Bots et al., 1997, Perry et al., 1995, Selhub et al., 1995) and there is 

mounting evidence that poor cardiovascular health is associated with brain atrophy and increased 

risk for developing Alzheimer’s dementia (Breteler, 2000, Gustafson et al., 2004, Leritz et al., 

2011, Muqtadar et al., 2012, Oulhaj et al., 2010, Salat et al., 2012, Swan et al., 1998). Deaths 

from cardiovascular events in the elderly (Bostom et al., 1999, Bots et al., 1997), coronary heart 

disease (Bostom et al., 1999), carotid atherosclerosis (Selhub et al., 1995), and stroke (Perry et 

al., 1995) are all more common in individuals with elevated homocysteine levels. High blood 

levels of homocysteine are also a known risk factor for the development of poor cognition and 
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dementia, including Alzheimer’s disease (Lehmann et al., 1999, Morris et al., 2001, Riggs et al., 

1996). In fact, the adjusted relative risk of dementia is 40% higher for every standard deviation 

increase in homocysteine (log transformed, as is standard) (Seshadri et al., 2002).  

Mechanistically, elevated homocysteine levels promote neurotoxicity by altering synaptic 

function (Lipton et al., 1997) and inducing DNA damage in neurons (Kruman et al., 2000). The 

neurotoxic effects could explain the association between elevated homocysteine levels and 

dementia risk (Seshadri et al., 2002), white matter (WM) deterioration (Rajagopalan et al., 2011), 

and, as evaluated in the current study, altered profiles of cortical gray matter (GM) thickness and 

volume. In clinical studies, the reduction in cortical GM, along with previously reported WM 

deficits, may serve as a neuro-structural biomarker to help localize and identify regional brain 

atrophy associated with elevated homocysteine.  Together, both GM and WM measures can also 

quantitatively assess the effects of interventions, such as vitamin B supplements, which 

normalize homocysteine levels (Clarke et al., 2005) and therefore may be expected to slow or 

prevent homocysteine-related cognitive decline (de Jager et al., 2012) and brain atrophy. 

The link between homocysteine and dementia, along with the known mechanisms for 

homocysteine induced neurotoxicity, suggest that elevated homocysteine levels in the elderly 

might also be associated with brain atrophy detectable on MRI. Our previous study of 732 

elderly Caucasians from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) cohort found 

that higher levels of homocysteine were significantly associated with lower regional WM 

volumes in large frontal and parietal regions (Rajagopalan et al., 2011). That study used whole-

brain tensor-based morphometry (TBM) to show statistically significantly lower GM and WM 

associated with higher levels of homocysteine after controlling for the effects of sex, age, and 
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dementia diagnosis (AD or MCI) and correcting for multiple comparisons (false discovery rate). 

That analysis showed significant homocysteine effects in the smaller sample of MCI individuals 

separately (N=356), suggesting that homocysteine-related WM atrophy may be detectable early 

in the disease; although the lack of significant results in the separate AD or control groups could 

also be attributed to poorer statistical power (healthy controls, N=203; AD, N=173).  

Importantly, the areas where WM volumes were lower in individuals with higher 

homocysteine levels appear to correspond with cortical GM regions that degenerate in AD 

(Apostolova et al., 2007b, Pievani et al., 2009, Salat et al., 1999, Serra et al., 2010, Thompson et 

al., 2003, Toga and Thompson, 2013). While the TBM method (used in Rajagopalan et al. 2011) 

is very sensitive to differences in subcortical WM and GM structures in the brain (Hua et al., 

2013, Leow et al., 2005),  it is not optimized for detecting effects on the thin strip of GM that 

makes up the cortical mantle. In TBM studies, it is challenging to perform accurate cortical 

morphometry, even with very large sample sizes, without the use of explicit cortical surface 

models that adapt to the geometry of the highly folded cortical surface. Without such models, a 

3D volumetric nonlinear registration is not usually able to reliably register the cortical folds since 

it lacks of a reliable feature set to accurately match this complex geometry. With this in mind, we 

decided to use a surface-based morphometry approach for the current study, as cortical mapping 

has been informative in many studies of aging and AD (Apostolova et al., 2007a, Apostolova et 

al., 2007b, Apostolova and Thompson, 2007, Frisoni et al., 2009, Prestia et al., 2010, Thompson 

et al., 2003). To examine associations between homocysteine levels and cortical GM more 

precisely, and to accurately localize the associated cortical regions, we analyzed cortical GM 

thickness, volume, and surface area, in the ADNI sample of N=803 elderly individuals. 
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We hypothesized that lower cortical GM measures in frontal, parietal, and temporal 

regions – areas implicated in AD studies using MRI – would be significantly associated with 

higher levels of homocysteine, even after controlling for age, sex, and diagnosis. We were 

especially interested in knowing whether the homocysteine-associated atrophy pattern was 

essentially uniform across the brain, or whether it was detectable primarily in areas traditionally 

considered to be vulnerable to AD-related cortical thinning.  

 

2. Methods 

2.1. Study population 

 We analyzed brain MRI scans from 803 elderly individuals (AD: N=186, MCI: N=392, 

healthy elderly controls: N=225) who received a 1.5T anatomical brain MRI scan, blood draw, 

and neuropsychological battery as part of the ADNI study. Our subject sample included only 

subjects listed in the standard set of baseline scans obtained during the ADNI1 phase of data 

collection, which was created to promote rigor and meaningful comparability across the large 

number of ADNI studies (Wyman et al., 2012). Fourteen subjects from the standard set were 

excluded in our study because they did have homocysteine data (six subjects) or their cortical 

GM surfaces did not pass QC (eight subjects). 

ADNI was launched in 2004 by the National Institute of Health, the Food and Drug 

Administration, private pharmaceutical companies, and non-profit organizations to identify and 

evaluate biomarkers of AD for use in multisite studies. All ADNI data are publicly available at 

adni.loni.ucla.edu. The study was conducted according to the Good Clinical Practice guidelines, 
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the Declaration of Helsinki, and the US 21 CFR Part 50–Protection of Human Subjects, and Part 

56–Institutional Review Boards. Written informed consent was obtained from all participants in 

advance. 

Blood serum samples were collected before breakfast on the morning of the baseline MRI 

scans, after an overnight fast in order to avoid inaccuracies due to recent consumption of certain 

foods. Total homocysteine levels were measured in a sample of blood plasma taken from each 

subject using a validated enzyme immunoassay (Shaw, 2008).  

All individuals also underwent a thorough clinical and cognitive evaluation close to the 

time of the MRI scan acquisition, including a diagnosis of probable AD, MCI, or cognitively 

normal. A diagnosis of MCI is made for participants who have reported a subjective memory 

concern without impairment in other cognitive domains and no signs of dementia. A diagnosis of 

probable AD was made for subjects who met the NINCDS/ADRDA criteria. Inclusion and 

exclusion criteria are detailed in the ADNI protocol (Mueller et al., 2005). 

We analyzed all N=803 ADNI individuals who had plasma homocysteine levels assessed 

at the time of their baseline MRI scans. All MRI scans underwent quality control after processing 

with the FreeSurfer software (v5.0.0) (Fischl and Dale, 2000, Perry, 1995) for cortical GM 

extraction (Table 1) by visually inspecting the cortical surfaces from multiple points of view. 

Only subjects that passed quality control were included in the study. A one-way ANOVA and 

separate one-tailed two-sample t-tests with unequal variance were used to statistically compare 

homocysteine levels across AD, MCI, and healthy elderly control groups (using p=0.05 as a 

significance criterion). 
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Table 1. Demographic characteristics of N=803 individuals analyzed in this study.  

 AD MCI Controls All Individuals 

Sample Size (n) 186 392 225 803 

Sex (women/men) 89/97 141/251 108/117 338/465 

Age (years) 75.45 ± 6.84 75.39 ± 7.60 75.33 ± 7.67 75.30 ± 6.84 

Plasma Homocysteine (µM) 10.77 ± 3.32 * 10.62 ± 2.82 * 9.94 ± 2.80 10.46 ± 2.95 

 

Table 1: Selected demographic information for the study participants (mean ± standard 

deviation). An asterisk denotes a significant difference relative to the control group (see also 

Figure 1).  

 

2.2. Image acquisition and processing 

 High-resolution structural brain MRI scans were acquired on 1.5T scanners from General 

Electric (Milwaukee, Wisconsin, USA), Siemens (Germany), or Philips (The Netherlands) with a 

standardized MRI protocol (Jack et al., 2008). Each scan involved a three-dimensional sagittal 

magnetization-prepared rapid gradient-echo sequence with the following parameters: repetition 

time (2400ms), flip angle (8°), inversion time (1000 ms), 24-cm field of view, a 192×192×166 

acquisition matrix, a voxel size of 1.25×1.25×1.2 mm3, later reconstructed to 1 mm isotropic 

voxels.  
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2.3. FreeSurfer cortical GM analysis 

Cortical reconstruction and GM segmentation was performed with the FreeSurfer image 

analysis suite (v5.0.0), which is documented and freely available for download online 

(http://surfer.nmr.mgh.harvard.edu/). Technical details of these procedures have been described 

previously (Dale et al., 1999, Fischl and Dale, 2000, Fischl et al., 2002, Fischl et al., 1999a, 

Fischl et al., 1999b, Fischl et al., 2004, Han et al., 2006). Briefly, the processing includes motion 

correction and averaging of each subject’s volumetric T1-weighted MRI brain image, removal of 

non-brain tissue, intensity normalization, tessellation of cortical GM/WM boundary, automated 

topology correction and surface deformation along intensity gradients to optimally define 

cortical surface borders, registration to a spherical atlas using individual cortical folding patterns 

to align cortical anatomy across subjects, and creation of 3D maps of GM (as measured with 

thickness, volume, and surface area) at each point on the cortical surface. After processing, 

images are in an isotropic space of 256 voxels along each axis (x, y, and z) with a final voxel size 

of 1 mm
3
. GM thickness was calculated as the average of the distance from the 

GM/cerebrospinal fluid boundary to the GM/WM surface, and vice versa, at each vertex on the 

cortical surface. The GM surface area at each vertex was defined as the average of the areas of 

triangles that include that vertex (clearly, “surface area” is not defined at a point, but this 

measure is proportional to the area of a cortical region, when averaged over that region). The 

GM volume was obtained by multiplying the GM thickness by the area of the surface layer 

equidistant between the inner and outer cortical surfaces.  
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2.4. Statistical Analysis 

Statistical tests were conducted using the general linear model (GLM) analysis tools in 

FreeSurfer (mri_glmfit, v5.0.0).  Smoothing was applied separately to each subject’s 3D cortical 

surface map for GM thickness, volume, and surface area (kernel radius= 25 mm full width half 

maximum). We chose a large smoothing kernel based on the past literature showing that the size 

of regions affected by brain atrophy in this population is generally quite expansive (Buckner et 

al., 2005, Serra et al., 2010).  

We tested a series of three step-wise GLM models for total homocysteine levels on 

cortical GM: (1) controlling for effects of sex and age in all subjects; (2) controlling for effects 

of sex, age, and diagnosis (probable AD, MCI, or healthy elderly control) in all subjects; and (3) 

controlling for sex and age in AD, MCI and healthy elderly control groups, separately. To 

control for false positives, we enforced a standard false discovery rate (FDR) correction 

(Benjamini and Hochberg, 1995, Genovese et al., 2002) for multiple statistical comparisons 

across voxels in the entire left and right brain surfaces, using the conventionally accepted false 

positive rate of 5% (q=0.05). 

 

3. Results 

3.1. Homocysteine levels across AD, MCI, and healthy elderly controls 

A one-way ANOVA showed that homocysteine levels were significantly different across 

the AD, MCI, and healthy elderly controls (p=0.006, F=5.08, dof=2). Separate one-tailed two 

sample t-tests with unequal variance showed that AD (p=0.004) and MCI (p=0.002) groups each 
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had significantly higher levels of homocysteine compared to healthy elderly controls (AD: 10.77 

± 3.32 µM, MCI: 10.62 ± 2.82 µM, healthy elderly controls: 9.94 ± 2.80 µM), as expected. 

Homocysteine levels did not differ significantly between the AD and MCI groups (p=0.295). 

 

3.2. Homocysteine and cortical GM thickness 

In the entire sample, higher levels of serum homocysteine were significantly associated 

with thinner GM in large bilateral regions including frontal, parietal, temporal, and occipital 

cortex (Figure 2A), after controlling for age and sex. Results were similar, although not 

identical, between the left and right hemispheres. Adding diagnosis (AD, MCI, or control) to the 

regressors of non-interest, produced a map showing significant associations between higher 

levels of homocysteine and thinner cortical GM in the bilateral superior frontal gyrus, paracentral 

gyrus, precuneus, precentral gyrus, postcentral gyrus, and superior parietal cortex, along with 

right entorhinal, cuneus, pericalcarine cortex, middle temporal gyrus, superior temporal gyrus, 

inferior parietal cortex, pars opercularis, and caudal middle frontal gyrus (Figure 2B). No 

significant associations were found between homocysteine levels and cortical GM thickness in 

the AD, MCI, or healthy elderly control groups separately, after controlling for age and sex. All 

surface-based statistical results underwent correction for multiple comparisons using FDR (5% 

false positive rate, q=0.05). No areas of significant positive associations between higher 

homocysteine and greater cortical GM thickness were found. 
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Figure 2. Homocysteine and cortical GM thickness. 

 

Figure 2: Whole-brain 3D maps show significant associations between homocysteine levels in 

the blood and cortical gray matter (GM) thickness in the left and right hemispheres for all N=803 

subjects, (A) after controlling for age and sex (left:  -log10(p-value)=1.597-3.855, right:  -log10(p-

value)=1.499-3.757, FDR corrected), and (B) after controlling for age, sex, and diagnosis (AD, 

MCI, or healthy elderly) (left:  -log10(p-value)=2.321-4.579, right:  -log10(p-value)=1.996-4.253, 

FDR corrected at q=0.05). Results were corrected for multiple comparisons by thresholding at a 

p=0.05 false discovery rate (FDR) threshold across the entire brain hemisphere. Blue areas 

represent points on the cortical surface where p-values passed the corrected significance threshold 

for a negative relationship between homocysteine levels and cortical thickness values (higher 

levels of homocysteine associated with lower cortical GM thickness). No areas of significant 

positive associations were found, in a post hoc test, after appropriate FDR correction. 
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3.3. Homocysteine and cortical GM volume 

In the entire sample, higher levels of serum homocysteine were significantly associated 

with lower cortical GM volumes in large bilateral regions including frontal, parietal, temporal, 

and occipital lobes after controlling for age and sex (Figure 3A). Results were similar, but not 

identical, between the left and right hemispheres and covered a slightly smaller area of the brain 

surface compared to the cortical thickness results. Adding diagnosis (AD, MCI, or control) to the 

regressors of non-interest, produced a map showing significant associations between higher 

levels of homocysteine and lower cortical GM volumes in the left superior frontal gyrus, 

paracentral gyrus, precuneus, superior temporal gyrus, superior precentral gyrus, inferior 

postcentral gyrus, supramarginal gyrus and superior and inferior parietal cortex (no significant 

regions were found in the right hemisphere for cortical GM volume) (Figure 3B). No significant 

associations were found between homocysteine levels and cortical GM volumes in the AD, MCI, 

or healthy elderly control groups separately, after controlling for age and sex. All vertex-wise 

statistical results on the surfaces were corrected for multiple comparisons using standard FDR 

(5% false positive rate, q=0.05). No areas of significant positive associations between 

homocysteine and cortical GM volume were found. 
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Figure 3. Homocysteine levels are related to regional cortical GM volumes. 

 

Figure 3: Whole brain 3D maps of significant associations between homocysteine levels and 

regional cortical gray matter (GM) volumes in the left and right hemispheres of all N=803 

subjects, (A) after controlling for age and sex (left:  -log10(p-value)=1.673-3.930, right:  -log10(p-

value)=1.663-3.920, FDR corrected) and (B) after controlling for age, sex, and diagnosis (AD, 

MCI, or healthy elderly) (left:  -log10(p-value)=2.204-4.462, right: not significant, FDR 

corrected). Results were corrected for multiple comparisons by thresholding at a p=0.05 false 

discovery rate (FDR) threshold across the entire brain surface. Blue areas represent points on the 

cortical surface where p-values passed the corrected significance threshold for a negative 

relationship between homocysteine levels and cortical GM volumes (higher levels of 

homocysteine associated with lower cortical GM volumes). No areas of significant positive 

associations were found. 
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3.4. Homocysteine and cortical GM surface area 

In the entire sample, higher levels of serum homocysteine were significantly associated 

with lower cortical GM surface areas in left superior temporal, supramarginal, and inferior 

parietal cortices after controlling for age and sex (Figure 4). No significant regions were found 

in the right hemisphere for cortical GM surface area. Adding diagnosis (AD, MCI, or control) to 

the regressors of non-interest did not produce any regions of significant association. No 

significant associations were found between homocysteine levels and cortical GM surface area in 

the AD, MCI, or healthy elderly control groups separately, after controlling for age and sex. All 

results presented passed correction for multiple comparisons using FDR (5% false positive rate, 

q=0.05). No areas of significant positive associations between homocysteine and cortical GM 

surface area were found. 
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Figure 4. Homocysteine and cortical GM surface area. 

 

Figure 4: Whole brain 3D maps of significant associations between homocysteine levels and 

cortical gray matter (GM) surface area in the left and right hemispheres of all N=803 subjects, 

(A) after controlling for age and sex (left:  -log10(p-value)=2.763-5.021, right: not significant, 

FDR corrected) and (B) after controlling for age, sex, and diagnosis (AD, MCI, or healthy 

elderly) (left and right: not significant, FDR corrected). Results were corrected for multiple 

comparisons by thresholding at a p=0.05 false discovery rate (FDR) threshold across the entire 

brain surface. Blue areas represent points on the cortical surface where t-values passed the 

corrected significance threshold for a negative relationship between homocysteine levels and 

cortical GM surface area (higher levels of homocysteine associated with lower cortical GM 

surface area). No areas of significant positive associations were found. 

 

 

4. Discussion 

Our results show that elevated levels of homocysteine are associated with regional GM 

reductions in the cortex of elderly individuals, irrespective of age, sex, and dementia diagnosis. 

As expected, AD and MCI groups had significantly elevated homocysteine levels compared to 

healthy elderly controls. The lack of significant difference between AD and MCI groups may 
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suggest that while elevated homocysteine levels at any point in time confer an increased risk for 

dementia (Seshadri et al., 2002), they may not worsen substantially after the MCI stage. A 

longitudinal investigation of homocysteine levels taken at multiple time points is needed before 

we can make this statement conclusively. To our knowledge, no such longitudinal report exists 

for cortical GM, which would be a helpful contribution to the field. 

This new cortical mapping study complements prior studies associating high levels of 

homocysteine with WM atrophy rate, baseline volume and atrophy rate of the hippocampus 

(Firbank et al., 2010), lower tissue volumes in frontal and parietal WM (Rajagopalan et al., 

2011), longitudinal ventricular volume enlargement in elderly individuals with arteriosclerotic 

disease (Jochemsen et al., 2012), lower whole brain GM volume in non-demented elderly 

(Whalley et al., 2003) in humans and with lower GM volume and density in prefrontal cortices 

and striatum in rhesus monkeys (Willette et al., 2012). Our prior study in an almost entirely 

overlapping subject population – but with a different method, TBM – found WM tissue 

contraction (Rajagopalan et al., 2011) in areas that structurally connect the GM regions we see 

here in the cortex.  

Cortical GM structures underlie a wide range of cognitive functions and are also susceptible 

to age- and disease-related degeneration (Dickerson et al., 2009a, Dickerson et al., 2009b, 

Thompson et al., 2004, Wolk et al., 2010). Our results show relative reductions in cortical GM in 

regions that have already been consistently implicated in AD by a convergence of molecular, 

structural, and functional neuroimaging data, specifically posterior cortical regions including the 

posterior cingulate, retrosplenial, and lateral parietal cortex - as clearly outlined in Figure 6 of 

(Buckner et al., 2005). Broadly, these areas are implicated in memory networks (Sperling et al., 
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2010) and default mode network activity (Wu et al., 2011) and are susceptible to amyloid 

deposition, cortical atrophy, and metabolic disruption in AD (Alexander et al., 2012, Reiman and 

Jagust, 2012, Wolf et al., 2013). It makes sense that we would see these areas in our study of 

homocysteine-relate brain differences, because elevated homocysteine levels are associated with 

increased risk for AD and cognitive decline similar to AD.  

 As with other studies of ADNI and other large cohorts, the relatively large sample size of 

N=803 makes this a statistically well-powered study.  We were able to perform a GLM analysis 

of homocysteine levels on GM thickness, volume, and surface area at each point on the cortical 

surface, after controlling for confounding factors.  A prior study using more global measures 

such as total brain, ventricular, and cortical volume (Jochemsen et al., 2012) did not detect 

significant associations between homocysteine and regional GM measures, even in a large 

sample of N=663. The detailed 3D pattern of cortical GM atrophy we identified here is an 

important signature of homocysteine-related brain atrophy that may be missed by more global 

summary statistics. One prior study, that assessed GM at each voxel in the brains of adults with 

cardiovascular disease, found widespread regions of lower GM volume associated with higher 

homocysteine; even so, only small subcortical areas and no cortical GM regions remained 

significant after controlling for age, sex, and other measures of health status (Ford et al., 2012). 

This study was relatively large, with N=150; however, our results suggest that cortical studies of 

homocysteine effects on the brain may require even larger sample sizes, especially to control for 

the many confounding factors known to affect brain structure. 

A large sample size is beneficial for cortical GM studies, as effect sizes tend to be small 

(cortical thickness differences between AD and elderly controls may range up to 0.20 mm) 
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(Becker et al., 2011, McGinnis et al., 2011). Measurements may also be noisy due to the 

complexity of the cortical surface, especially in atrophied elderly brains. Sample size estimates 

suggest that 50 subjects per group are needed to detect a 0.25 mm group difference (Pardoe et al., 

2012), which would be considered a large degree of cortical atrophy. In a study such as ours, 

where associations with blood measures are subtle, a large sample size may be crucial. This may 

explain why we found significant associations between homocysteine levels and cortical GM in 

this large sample, but several prior studies of smaller datasets using different segmentation 

methods, did not find significant cortical associations. 

One difference between the cortical GM results presented here and our previous TBM study 

is that significant relationships were found in frontoparietal WM for the MCI group, whereas we 

did not find any significant associations for cortical GM in the MCI group, considered 

separately. We may have lacked power to detect cortical differences in this region (N=392 MCI 

for this analysis), or they may not be present.  

Higher levels of homocysteine and lower levels of folate and B vitamins are found in people 

with Alzheimer’s disease (AD) (Clarke et al., 1998). As a result, there has been much interest in 

testing dietary vitamin B supplements (including folate) that reduce homocysteine to normal 

levels (Clarke et al., 2005) and to see if this can thereby prevent or limit the related negative 

cardiovascular and neurological effects. A meta-analysis failed to show that homocysteine 

lowering interventions were effective against preventing cardiovascular events (Marti-Carvajal et 

al., 2013), but the results for alleviating dementia have been more supportive. A randomized, 

double-blind controlled trial was performed with a high dose of folate and vitamin B 

supplements, given over the course of two years, to MCI individuals over the age of 70 years (de 
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Jager et al., 2012, Smith et al., 2010). Treatment slowed the accelerated brain atrophy and 

cognitive decline that is typically seen at this stage of the disease. Another study found that 

adults with greater intake of B vitamins (B6 and B12) had greater GM volumes in medial and 

lateral frontal, parietal, and temporal cortical regions (Erickson et al., 2008). This readily 

accessible treatment therefore has the potential, at least in principle, to reduce risk for cognitive 

impairment and dementia associated with high homocysteine levels. To understand treatment 

effects, we also need to better understand the specific neural correlates of homocysteine levels. 

 Elevated homocysteine levels are neurotoxic and are linked with cardiovascular 

dysfunction, cognitive decline, increased dementia risk, and brain atrophy. This large study 

identifies a detailed 3D pattern of lower cortical GM thickness, volume, and surface area 

associated with elevated homocysteine in the elderly. This cortical signature, along with lower 

subcortical brain volumes, may offer a more comprehensive set of biomarkers to identify brain 

atrophy associated with high levels of homocysteine. This has important clinical implications in 

trials of homocysteine lowering interventions such as folate and B vitamins. These cortical and 

subcortical biomarkers could be useful to assess the effectiveness of interventions that aim to 

prevent or slow homocysteine-related brain degeneration and dementia. 

 

 

  



109 
 

BIBLIOGRAPHY: 

Alexander, G.E., Bergfield, K.L., Chen, K.W., Reiman, E.M., Hanson, K.D., Lin, L., Bandy, D., 

Caselli, R.J., Moeller, J.R. 2012. Gray matter network associated with risk for 

Alzheimer's disease in young to middle-aged adults. Neurobiol Aging 33(12), 2723-32. 

doi:DOI 10.1016/j.neurobiolaging.2012.01.014. 

 

 

Apostolova, L.G., Akopyan, G.G., Partiali, N., Steiner, C.A., Dutton, R.A., Hayashi, K.M., 

Dinov, I.D., Toga, A.W., Cummings, J.L., Thompson, P.M. 2007a. Structural correlates 

of apathy in Alzheimer's disease. Dement Geriatr Cogn 24(2), 91-7. 

doi:10.1159/000103914. 

 

 

Apostolova, L.G., Steiner, C.A., Akopyan, G.G., Dutton, R.A., Hayashi, K.M., Toga, A.W., 

Cummings, J.L., Thompson, P.M. 2007b. Three-dimensional gray matter atrophy 

mapping in mild cognitive impairment and mild Alzheimer disease. Arch Neurol-

Chicago 64(10), 1489-95. doi:DOI 10.1001/archneur.64.10.1489. 

 

 

Apostolova, L.G., Thompson, P.M. 2007. Brain mapping as a tool to study neurodegeneration. 

Neurotherapeutics 4(3), 387-400. doi:DOI 10.1016/j.nurt.2007.05.009. 

 

 

Becker, J.A., Hedden, T., Carmasin, J., Maye, J., Rentz, D.M., Putcha, D., Fischl, B., Greve, 

D.N., Marshall, G.A., Salloway, S., Marks, D., Buckner, R.L., Sperling, R.A., Johnson, 

K.A. 2011. Amyloid-beta associated cortical thinning in clinically normal elderly. Ann 

Neurol 69(6), 1032-42. doi:10.1002/ana.22333. 

 

 

Benjamini, Y., Hochberg, Y. 1995. Controlling the False Discovery Rate - a Practical and 

Powerful Approach to Multiple Testing. J Roy Stat Soc B Met 57(1), 289-300. 

 

 

Bostom, A.G., Silbershatz, H., Rosenberg, I.H., Selhub, J., D'Agostino, R.B., Wolf, P.A., 

Jacques, P.F., Wilson, P.W.F. 1999. Nonfasting plasma total homocysteine levels and all-

cause and cardiovascular disease mortality in elderly Framingham men and women. Arch 

Intern Med 159(10), 1077-80. doi:DOI 10.1001/archinte.159.10.1077. 

 

 

Bots, M.L., Launer, L.J., Lindemans, J., Hofman, A., Grobbee, D.E. 1997. Homocysteine, 

atherosclerosis and prevalent cardiovascular disease in the elderly: The Rotterdam Study. 

J Intern Med 242(4), 339-47. doi:DOI 10.1046/j.1365-2796.1997.00239.x. 

 

 



110 
 

Breteler, M.M.B. 2000. Vascular risk factors for Alzheimer's disease: An epidemiologic 

perspective. Neurobiol Aging 21(2), 153-60. doi:Doi 10.1016/S0197-4580(99)00110-4. 

 

 

Buckner, R.L., Snyder, A.Z., Shannon, B.J., LaRossa, G., Sachs, R., Fotenos, A.F., Sheline, Y.I., 

Klunk, W.E., Mathis, C.A., Morris, J.C., Mintun, M.A. 2005. Molecular, structural, and 

functional characterization of Alzheimer's disease: Evidence for a relationship between 

default activity, amyloid, and memory. J Neurosci 25(34), 7709-17. doi:Doi 

10.1523/Jneurosci.2177-05.2005. 

 

 

Clarke, R., Frost, C., Sherliker, P., Lewington, S., Collins, R., Brattstrom, L., Brouwer, I., van 

Dusseldorp, M., Steegers-Theunissen, R.P.M., Cuskelly, G., Ward, M., McNulty, H., 

Scott, J., den Heijer, M., Blom, H., van der Put, N., Shorah, C.J., Malinow, M.R., 

McMahon, M., Tobert, J., Kush, D., Joosten, E., Riezier, R., Pietrzik, K., Dierkes, J., 

Bronstrup, A., Jacques, P., Mason, J., Rosenberg, I., Thambyrajah, J., Landray, M., 

Townend, J., Wheeler, D., Ubbink, J., van Oort, F., Melse-Boonstra, A., Verhoef, P., 

Woodside, J.V., Yarnell, J., Young, I.S., Evans, A.E., Wald, D., Law, M., Wald, N., C, 

H.L.T. 2005. Dose-dependent effects of folic acid on blood concentrations of 

homocysteine: a meta-analysis of the randomized trials. Am J Clin Nutr 82(4), 806-12. 

 

 

Clarke, R., Smith, A.D., Jobst, K.A., Refsum, H., Sutton, L., Ueland, P.M. 1998. Folate, vitamin 

B-12, and serum total homocysteine levels in confirmed Alzheimer disease. Arch Neurol-

Chicago 55(11), 1449-55. doi:DOI 10.1001/archneur.55.11.1449. 

 

 

Dale, A.M., Fischl, B., Sereno, M.I. 1999. Cortical surface-based analysis - I. Segmentation and 

surface reconstruction. Neuroimage 9(2), 179-94. doi:DOI 10.1006/nimg.1998.0395. 

 

 

de Jager, C.A., Oulhaj, A., Jacoby, R., Refsum, H., Smith, A.D. 2012. Cognitive and clinical 

outcomes of homocysteine-lowering B-vitamin treatment in mild cognitive impairment: a 

randomized controlled trial. Int J Geriatr Psychiatry 27(6), 592-600. 

doi:10.1002/gps.2758. 

 

 

Dickerson, B.C., Bakkour, A., Salat, D.H., Feczko, E., Pacheco, J., Greve, D.N., Grodstein, F., 

Wright, C.I., Blacker, D., Rosas, H.D., Sperling, R.A., Atri, A., Growdon, J.H., Hyman, 

B.T., Morris, J.C., Fischl, B., Buckner, R.L. 2009a. The cortical signature of Alzheimer's 

disease: regionally specific cortical thinning relates to symptom severity in very mild to 

mild AD dementia and is detectable in asymptomatic amyloid-positive individuals. Cereb 

Cortex 19(3), 497-510. doi:10.1093/cercor/bhn113. 

 

 



111 
 

Dickerson, B.C., Feczko, E., Augustinack, J.C., Pacheco, J., Morris, J.C., Fischl, B., Buckner, 

R.L. 2009b. Differential effects of aging and Alzheimer's disease on medial temporal 

lobe cortical thickness and surface area. Neurobiol Aging 30(3), 432-40. 

doi:10.1016/j.neurobiolaging.2007.07.022. 

 

 

Erickson, K.I., Raji, C.A., Lopez, O.L., Becker, J.T., Rosano, C., Newman, A.B., Gach, H.M., 

Thompson, P.M., Ho, A.J., Kuller, L.H. 2010. Physical activity predicts gray matter 

volume in late adulthood The Cardiovascular Health Study. Neurology 75(16), 1415-22. 

 

 

Erickson, K.I., Suever, B.L., Prakash, R.S., Colcombe, S.J., McAuley, E., Kramer, A.F. 2008. 

Greater intake of vitamins B6 and B12 spares gray matter in healthy elderly: A voxel-

based morphometry study. Brain Res 1199, 20-6. doi:DOI 

10.1016/j.brainres.2008.01.030. 

 

 

Firbank, M.J., Narayan, S.K., Saxby, B.K., Ford, G.A., O'Brien, J.T. 2010. Homocysteine is 

associated with hippocampal and white matter atrophy in older subjects with mild 

hypertension. Int Psychogeriatr 22(5), 804-11. doi:Doi 10.1017/S1041610210000499. 

 

 

Fischl, B., Dale, A.M. 2000. Measuring the thickness of the human cerebral cortex from 

magnetic resonance images. P Natl Acad Sci USA 97(20), 11050-5. doi:DOI 

10.1073/pnas.200033797. 

 

 

Fischl, B., Salat, D.H., Busa, E., Albert, M., Dieterich, M., Haselgrove, C., van der Kouwe, A., 

Killiany, R., Kennedy, D., Klaveness, S., Montillo, A., Makris, N., Rosen, B., Dale, A.M. 

2002. Whole brain segmentation: automated labeling of neuroanatomical structures in the 

human brain. Neuron 33(3), 341-55. 

 

 

Fischl, B., Sereno, M.I., Dale, A.M. 1999a. Cortical surface-based analysis. II: Inflation, 

flattening, and a surface-based coordinate system. Neuroimage 9(2), 195-207. 

doi:10.1006/nimg.1998.0396. 

 

 

Fischl, B., Sereno, M.I., Tootell, R.B., Dale, A.M. 1999b. High-resolution intersubject averaging 

and a coordinate system for the cortical surface. Hum Brain Mapp 8(4), 272-84. 

 

 

Fischl, B., van der Kouwe, A., Destrieux, C., Halgren, E., Segonne, F., Salat, D.H., Busa, E., 

Seidman, L.J., Goldstein, J., Kennedy, D., Caviness, V., Makris, N., Rosen, B., Dale, 

A.M. 2004. Automatically parcellating the human cerebral cortex. Cereb Cortex 14(1), 

11-22. 



112 
 

Ford, A.H., Garrido, G.J., Beer, C., Lautenschlager, N.T., Arnolda, L., Flicker, L., Almeida, O.P. 

2012. Homocysteine, grey matter and cognitive function in adults with cardiovascular 

disease. Plos One 7(3), e33345. doi:10.1371/journal.pone.0033345. 

 

 

Frisoni, G.B., Prestia, A., Rasser, P.E., Bonetti, M., Thompson, P.M. 2009. In vivo mapping of 

incremental cortical atrophy from incipient to overt Alzheimer's disease. J Neurol 256(6), 

916-24. doi:10.1007/s00415-009-5040-7. 

 

 

Genovese, C.R., Lazar, N.A., Nichols, T. 2002. Thresholding of statistical maps in functional 

neuroimaging using the false discovery rate. Neuroimage 15(4), 870-8. doi:DOI 

10.1006/nimg.2001.1037. 

 

 

Gustafson, D., Lissner, L., Bengtsson, C., Bjorkelund, C., Skoog, I. 2004. A 24-year follow-up 

of body mass index and cerebral atrophy. Neurology 63(10), 1876-81. 

 

 

Han, X., Jovicich, J., Salat, D., van der Kouwe, A., Quinn, B., Czanner, S., Busa, E., Pacheco, J., 

Albert, M., Killiany, R., Maguire, P., Rosas, D., Makris, N., Dale, A., Dickerson, B., 

Fischl, B. 2006. Reliability of MRI-derived measurements of human cerebral cortical 

thickness: the effects of field strength, scanner upgrade and manufacturer. Neuroimage 

32(1), 180-94. doi:10.1016/j.neuroimage.2006.02.051. 

 

 

Ho, A.J., Stein, J.L., Hua, X., Lee, S., Hibar, D.P., Leow, A.D., Dinov, I.D., Toga, A.W., Saykin, 

A.J., Shen, L., Foroud, T., Pankratz, N., Huentelman, M.J., Craig, D.W., Gerber, J.D., 

Allen, A.N., Corneveaux, J.J., Stephan, D.A., DeCarli, C.S., DeChairo, B.M., Potkin, 

S.G., Jack, C.R., Weiner, M.W., Raji, C.A., Lopez, O.L., Becker, J.T., Carmichael, O.T., 

Thompson, P.M., Neuroimaging, A.s.D. 2010. A commonly carried allele of the obesity-

related FTO gene is associated with reduced brain volume in the healthy elderly. P Natl 

Acad Sci USA 107(18), 8404-9. doi:DOI 10.1073/pnas.0910878107. 

 

 

Hua, X., Hibar, D.P., Ching, C.R., Boyle, C.P., Rajagopalan, P., Gutman, B.A., Leow, A.D., 

Toga, A.W., Jack, C.R., Jr., Harvey, D., Weiner, M.W., Thompson, P.M. 2013. Unbiased 

tensor-based morphometry: improved robustness and sample size estimates for 

Alzheimer's disease clinical trials. Neuroimage 66, 648-61. 

doi:10.1016/j.neuroimage.2012.10.086. 

 

 

Jack, C.R., Jr., Bernstein, M.A., Fox, N.C., Thompson, P., Alexander, G., Harvey, D., Borowski, 

B., Britson, P.J., J, L.W., Ward, C., Dale, A.M., Felmlee, J.P., Gunter, J.L., Hill, D.L., 

Killiany, R., Schuff, N., Fox-Bosetti, S., Lin, C., Studholme, C., DeCarli, C.S., Krueger, 

G., Ward, H.A., Metzger, G.J., Scott, K.T., Mallozzi, R., Blezek, D., Levy, J., Debbins, 



113 
 

J.P., Fleisher, A.S., Albert, M., Green, R., Bartzokis, G., Glover, G., Mugler, J., Weiner, 

M.W. 2008. The Alzheimer's Disease Neuroimaging Initiative (ADNI): MRI methods. J 

Magn Reson Imaging 27(4), 685-91. doi:10.1002/jmri.21049. 

 

 

Jochemsen, H.M., Kloppenborg, R.P., de Groot, L.C., Kampman, E., Mali, W.P., van der Graaf, 

Y., Geerlings, M.I. 2012. Homocysteine, progression of ventricular enlargement, and 

cognitive decline. The Second Manifestations of ARTerial disease-Magnetic Resonance 

study. Alzheimers Dement. doi:10.1016/j.jalz.2011.11.008. 

 

 

Kerwin, D.R., Gaussoin, S.A., Chlebowski, R.T., Kuller, L.H., Vitolins, M., Coker, L.H., 

Kotchen, J.M., Nicklas, B.J., Wassertheil-Smoller, S., Hoffmann, R.G., Espeland, M.A., 

Memory, W.H.I. 2011. Interaction Between Body Mass Index and Central Adiposity and 

Risk of Incident Cognitive Impairment and Dementia: Results from the Women's Health 

Initiative Memory Study. J Am Geriatr Soc 59(1), 107-12. doi:DOI 10.1111/j.1532-

5415.2010.03219.x. 

 

 

Kerwin, D.R., Zhang, Y.H., Kotchen, J.M., Espeland, M.A., Van Horn, L., McTigue, K.M., 

Robinson, J.G., Powell, L., Kooperberg, C., Coker, L.H., Hoffmann, R. 2010. The Cross-

Sectional Relationship Between Body Mass Index, Waist-Hip Ratio, and Cognitive 

Performance in Postmenopausal Women Enrolled in the Women's Health Initiative. J Am 

Geriatr Soc 58(8), 1427-32. doi:DOI 10.1111/j.1532-5415.2010.02969.x. 

 

 

Kruman, I.I., Culmsee, C., Chan, S.L., Kruman, Y., Guo, Z.H., Penix, L., Mattson, M.P. 2000. 

Homocysteine elicits a DNA damage response in neurons that promotes apoptosis and 

hypersensitivity to excitotoxicity. J Neurosci 20(18), 6920-6. 

 

 

Lehmann, M., Gottfries, C.G., Regland, B. 1999. Identification of cognitive impairment in the 

elderly: Homocysteine is an early marker. Dement Geriatr Cogn 10(1), 12-20. doi:Doi 

10.1159/000017092. 

 

 

Leow, A., Huang, S.C., Geng, A., Becker, J., Davis, S., Toga, A., Thompson, P. 2005. Inverse 

consistent mapping in 3D deformable image registration: Its construction and statistical 

properties. Lect Notes Comput Sc 3565, 493-503. 

 

 

Leritz, E.C., Salat, D.H., Williams, V.J., Schnyer, D.M., Rudolph, J.L., Lipsitz, L., Fischl, B., 

McGlinchey, R.E., Milberg, W.P. 2011. Thickness of the human cerebral cortex is 

associated with metrics of cerebrovascular health in a normative sample of community 

dwelling older adults. Neuroimage 54(4), 2659-71. doi:DOI 

10.1016/j.neuroimage.2010.10.050. 



114 
 

Lipton, S.A., Kim, W.K., Choi, Y.B., Kumar, S., DEmilia, D.M., Rayudu, P.V., Arnelle, D.R., 

Stamler, J.S. 1997. Neurotoxicity associated with dual actions of homocysteine at the N-

methyl-D-aspartate receptor. P Natl Acad Sci USA 94(11), 5923-8. doi:DOI 

10.1073/pnas.94.11.5923. 

 

 

Marti-Carvajal, A.J., Sola, I., Lathyris, D., Karakitsiou, D.E., Simancas-Racines, D. 2013. 

Homocysteine-lowering interventions for preventing cardiovascular events. Cochrane Db 

Syst Rev (1). 

 

 

McGinnis, S.M., Brickhouse, M., Pascual, B., Dickerson, B.C. 2011. Age-Related Changes in 

the Thickness of Cortical Zones in Humans. Brain Topogr 24(3-4), 279-91. doi:DOI 

10.1007/s10548-011-0198-6. 

 

 

Morris, M.S., Jacques, P.F., Rosenberg, I.H., Selhub, J. 2001. Hyperhomocysteinemia associated 

with poor recall in the third National Health and Nutrition Examination Survey. Am J 

Clin Nutr 73(5), 927-33. 

 

 

Mueller, S.G., Weiner, M.W., Thal, L.J., Petersen, R.C., Jack, C.R., Jagust, W., Trojanowski, 

J.Q., Toga, A.W., Beckett, L. 2005. Ways toward an early diagnosis in Alzheimer's 

disease: the Alzheimer's Disease Neuroimaging Initiative (ADNI). Alzheimers Dement 

1(1), 55-66. doi:10.1016/j.jalz.2005.06.003. 

 

 

Muqtadar, H., Testai, F.D., Gorelick, P.B. 2012. The dementia of cardiac disease. Curr Cardiol 

Rep 14(6), 732-40. doi:10.1007/s11886-012-0304-8. 

 

 

Oulhaj, A., Refsum, H., Beaumont, H., Williams, J., King, E., Jacoby, R., Smith, A.D. 2010. 

Homocysteine as a predictor of cognitive decline in Alzheimer's disease. Int J Geriatr 

Psychiatry 25(1), 82-90. doi:Doi 10.1002/Gps.2303. 

 

 

Pardoe, H.R., Abbott, D.F., Jackson, G.D. 2012. Sample size estimates for well-powered cross-

sectional cortical thickness studies. Hum Brain Mapp. doi:10.1002/hbm.22120. 

 

 

Perry, I.J. 1995. Prospective-Study of Serum Total Homocysteine Concentration and Risk of 

Stroke in Middle-Aged British Men (Vol 346, Pg 1395, 1995). Lancet 346(8990), 1640-. 

 

 

Perry, I.J., Refsum, H., Morris, R.W., Ebrahim, S.B., Ueland, P.M., Shaper, A.G. 1995. 

Prospective-Study of Serum Total Homocysteine Concentration and Risk of Stroke in 



115 
 

Middle-Aged British Men. Lancet 346(8987), 1395-8. doi:Doi 10.1016/S0140-

6736(95)92407-8. 

 

 

Pievani, M., Rasser, P.E., Galluzzi, S., Benussi, L., Ghidoni, R., Sabattoli, F., Bonetti, M., 

Binetti, G., Thompson, P.M., Frisoni, G.B. 2009. Mapping the effect of APOE epsilon 4 

on gray matter loss in Alzheimer's disease in vivo. Neuroimage 45(4), 1090-8. doi:DOI 

10.1016/j.neuroimage.2009.01.009. 

 

 

Prestia, A., Drago, V., Rasser, P.E., Bonetti, M., Thompson, P.M., Frisoni, G.B. 2010. Cortical 

Changes in Incipient Alzheimer's Disease. J Alzheimers Dis 22(4), 1339-49. doi:Doi 

10.3233/Jad-2010-101191. 

 

 

Rajagopalan, P., Gutman, B., Toga, A.W., Jack , C.R.Jr., Weiner, M.W., Thompson, P.M., for 

the Alzheimer’s Disease Neuroimaging Initiative. 2013. Stress hormone, cortisol, is 

associated with 3D patterns of accelerated brain tissue loss in the elderly. 

 

 

Rajagopalan, P., Hua, X., Toga, A.W., Jack, C.R., Weiner, M.W., Thompson, P.M., Initia, 

A.D.N. 2011. Homocysteine effects on brain volumes mapped in 732 elderly individuals. 

Neuroreport 22(8), 391-5. doi:Doi 10.1097/Wnr.0b013e328346bf85. 

 

 

Rajagopalan, P., Refsum, H., Hua, X., Toga, A.W., Jack, C.R., Weiner, M.W., Thompson, P.M., 

Initi, A.s.D.N. 2013a. Mapping creatinine- and cystatin C-related white matter brain 

deficits in the elderly. Neurobiol Aging 34(4), 1221-30. doi:DOI 

10.1016/j.neurobiolaging.2012.10.022. 

 

 

Rajagopalan, P., Toga, A.W., Jack, C.R., Weiner, M.W., Thompson, P.M., Initi, A.s.D.N. 2013b. 

Fat-mass-related hormone, plasma leptin, predicts brain volumes in the elderly. 

Neuroreport 24(2), 58-62. doi:Doi 10.1097/Wnr.0b013e32835c5254. 

 

 

Raji, C.A., Ho, A.J., Parikshak, N.N., Becker, J.T., Lopez, O.L., Kuller, L.H., Hua, X., Leow, 

A.D., Toga, A.W., Thompson, P.M. 2010. Brain Structure and Obesity. Hum Brain Mapp 

31(3), 353-64. doi:Doi 10.1002/Hbm.20870. 

 

 

Reiman, E.M., Jagust, W.J. 2012. Brain imaging in the study of Alzheimer's disease. 

Neuroimage 61(2), 505-16. doi:DOI 10.1016/j.neuroimage.2011.11.075. 

 

 



116 
 

Riggs, K.M., Spiro, A., Tucker, K., Rush, D. 1996. Relations of vitamin B-12, vitamin B-6, 

folate, and homocysteine to cognitive performance in the normative aging study. Am J 

Clin Nutr 63(3), 306-14. 

 

 

Salat, D.H., Kaye, J.A., Janowsky, J.S. 1999. Prefrontal gray and white matter volumes in 

healthy aging and Alzheimer disease. Arch Neurol-Chicago 56(3), 338-44. 

 

 

Salat, D.H., Williams, V.J., Leritz, E.C., Schnyer, D.M., Rudolph, J.L., Lipsitz, L.A., 

McGlinchey, R.E., Milberg, W.P. 2012. Inter-individual variation in blood pressure is 

associated with regional white matter integrity in generally healthy older adults. 

Neuroimage 59(1), 181-92. doi:DOI 10.1016/j.neuroimage.2011.07.033. 

 

 

Selhub, J., Jacques, P.F., Bostom, A.G., Dagostino, R.B., Wilson, P.W.F., Belanger, A.J., 

Oleary, D.H., Wolf, P.A., Schaefer, E.J., Rosenberg, I.H. 1995. Association between 

Plasma Homocysteine Concentrations and Extracranial Carotid-Artery Stenosis. New 

Engl J Med 332(5), 286-91. doi:Doi 10.1056/Nejm199502023320502. 

 

 

Serra, L., Cercignani, M., Lenzi, D., Perri, R., Fadda, L., Caltagirone, C., Macaluso, E., Bozzali, 

M. 2010. Grey and White Matter Changes at Different Stages of Alzheimer's Disease. J 

Alzheimers Dis 19(1), 147-59. doi:Doi 10.3233/Jad-2010-1223. 

 

 

Seshadri, S., Beiser, A., Selhub, J., Jacques, P.F., Rosenberg, I.H., D'Agostino, R.B., Wilson, 

P.W.F., Wolf, P.A. 2002. Plasma homocysteine as a risk factor for dementia and 

Alzheimer's disease. New Engl J Med 346(7), 476-83. doi:Doi 10.1056/Nejmoa011613. 

 

 

Shaw, L.M. 2008. PENN biomarker core of the Alzheimer's disease Neuroimaging Initiative. 

Neurosignals 16(1), 19-23. doi:10.1159/000109755. 

 

 

Smith, A.D., Smith, S.M., de Jager, C.A., Whitbread, P., Johnston, C., Agacinski, G., Oulhaj, A., 

Bradley, K.M., Jacoby, R., Refsum, H. 2010. Homocysteine-Lowering by B Vitamins 

Slows the Rate of Accelerated Brain Atrophy in Mild Cognitive Impairment: A 

Randomized Controlled Trial. Plos One 5(9). 

 

 

Sperling, R.A., Dickerson, B.C., Pihlajamaki, M., Vannini, P., LaViolette, P.S., Vitolo, O.V., 

Hedden, T., Becker, J.A., Rentz, D.M., Selkoe, D.J., Johnson, K.A. 2010. Functional 

Alterations in Memory Networks in Early Alzheimer's Disease. Neuromol Med 12(1), 

27-43. doi:DOI 10.1007/s12017-009-8109-7. 



117 
 

Swan, G.E., DeCarli, C., Miller, B.L., Reed, T., Wolf, P.A., Jack, L.M., Carmelli, D. 1998. 

Association of midlife blood pressure to late-life cognitive decline and brain morphology. 

Neurology 51(4), 986-93. 

 

 

Thompson, P.M., Hayashi, K.M., de Zubicaray, G., Janke, A.L., Rose, S.E., Semple, J., Herman, 

D., Hong, M.S., Dittmer, S.S., Doddrell, D.M., Toga, A.W. 2003. Dynamics of gray 

matter loss in Alzheimer's disease. The Journal of neuroscience : the official journal of 

the Society for Neuroscience 23(3), 994-1005. 

 

 

Thompson, P.M., Hayashi, K.M., Sowell, E.R., Gogtay, N., Giedd, J.N., Rapoport, J.L., de 

Zubicaray, G.I., Janke, A.L., Rose, S.E., Semple, J., Doddrell, D.M., Wang, Y.L., van 

Erp, T.G.M., Cannon, T.D., Toga, A.W. 2004. Mapping cortical change in Alzheimer's 

disease, brain development, and schizophrenia. Neuroimage 23, S2-S18. doi:DOI 

10.1016/j.neuroimage.2004.07.071. 

 

 

Toga, A.W., Thompson, P.M. 2013. Connectomics sheds new light on Alzheimer's disease. Biol 

Psychiatry 73(5), 390-2. doi:10.1016/j.biopsych.2013.01.004. 

 

 

Whalley, L.J., Staff, R.T., Murray, A.D., Duthie, S.J., Collins, A.R., Lemmon, H.A., Starr, J.M., 

Deary, I.J. 2003. Plasma vitamin C, cholesterol and homocysteine are associated with 

grey matter volume determined by MRI in non-demented old people. Neurosci Lett 

341(3), 173-6. 

 

 

Willette, A.A., Gallagher, C., Bendlin, B.B., McLaren, D.G., Kastman, E.K., Canu, E., 

Kosmatka, K.J., Field, A.S., Alexander, A.L., Colman, R.J., Voytko, M.L.L., Weindruch, 

R.H., Coe, C.L., Johnson, S.C. 2012. Homocysteine, neural atrophy, and the effect of 

caloric restriction in rhesus monkeys. Neurobiol Aging 33(4), 670-80. doi:DOI 

10.1016/j.neurobiolaging.2010.06.003. 

 

 

Wolf, A.B., Caselli, R.J., Reiman, E.M., Valla, J. 2013. APOE and neuroenergetics: an emerging 

paradigm in Alzheimer's disease. Neurobiol Aging 34(4), 1007-17. doi:DOI 

10.1016/j.neurobiolaging.2012.10.011. 

 

 

Wolk, D.A., Dickerson, B.C., Neuroimaging, A.s.D. 2010. Apolipoprotein E (APOE) genotype 

has dissociable effects on memory and attentional-executive network function in 

Alzheimer's disease. P Natl Acad Sci USA 107(22), 10256-61. doi:DOI 

10.1073/pnas.1001412107. 

 



118 
 

Wu, X., Li, R., Fleisher, A.S., Reiman, E.M., Guan, X.T., Zhang, Y.M., Chen, K.W., Yao, L. 

2011. Altered Default Mode Network Connectivity in Alzheimer's Disease-A Resting 

Functional MRI and Bayesian Network Study. Hum Brain Mapp 32(11), 1868-81. 

doi:Doi 10.1002/Hbm.21153. 

 

 

Wyman, B.T., Harvey, D.J., Crawford, K., Bernstein, M.A., Carmichael, O., Cole, P.E., Crane, 

P.K., Decarli, C., Fox, N.C., Gunter, J.L., Hill, D., Killiany, R.J., Pachai, C., Schwarz, 

A.J., Schuff, N., Senjem, M.L., Suhy, J., Thompson, P.M., Weiner, M., Jack, C.R., Jr. 

2012. Standardization of analysis sets for reporting results from ADNI MRI data. 

Alzheimers Dement. doi:10.1016/j.jalz.2012.06.004. 

 

 

 

 

 



119 
 

CHAPTER 4 

 

Related works completed during graduate studies 

  



120 
 

4.1 Review of visual processing in anorexia nervosa and body dysmorphic disorder 

 

This section is adapted from the following paper. 

 

Madsen, S.K., Bohon, C., Feusner, J.D. (2013). Visual processing in anorexia nervosa and body 

dysmorphic disorder: similarities, differences, and future research directions. Journal of 

Psychiatric Research, available online July 1
st
, 2013. 
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a b s t r a c t

Anorexia nervosa (AN) and body dysmorphic disorder (BDD) are psychiatric disorders that involve
distortion of the experience of one’s physical appearance. In AN, individuals believe that they are over-
weight, perceive their body as “fat,” and are preoccupied with maintaining a low body weight. In BDD,
individuals are preoccupied with misperceived defects in physical appearance, most often of the face.
Distorted visual perception may contribute to these cardinal symptoms, and may be a common underlying
phenotype. This review surveys the current literature on visual processing in AN and BDD, addressing
lower- to higher-order stages of visual information processing and perception. We focus on peer-reviewed
studies of AN and BDD that address ophthalmologic abnormalities, basic neural processing of visual input,
integration of visual input with other systems, neuropsychological tests of visual processing, and repre-
sentations of whole percepts (such as images of faces, bodies, and other objects). The literature suggests a
pattern in both groups of over-attention to detail, reduced processing of global features, and a tendency to
focus on symptom-specific details in their own images (body parts in AN, facial features in BDD), with
cognitive strategy at least partially mediating the abnormalities. Visuospatial abnormalities were also
evident when viewing images of others and for non-appearance related stimuli. Unfortunately no study
has directly compared AN and BDD, and most studies were not designed to disentangle disease-related
emotional responses from lower-order visual processing. We make recommendations for future studies
to improve the understanding of visual processing abnormalities in AN and BDD.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Anorexia nervosa (AN) and body dysmorphic disorder (BDD) are
psychiatric disorders characterized by disturbances in the experi-
ence of one’s physical appearance. In AN, individuals are preoccu-
pied with body weight and size, often resorting to caloric restriction
to maintain a low body weight. They hold often-delusional convic-
tions of being overweight, despite substantial evidence to the con-
trary. Additionally, they focus on specific body areas that they
believe appear “fat,” such as the abdominal region, hips, and face. In
BDD, individuals are preoccupied with misperceived defects in
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appearance (Phillips et al., 2010). As a result, they believe that they
look deformed or ugly, even though the perceived abnormalities are
not noticeable to others or appear minor. They are often concerned
with specific details, typically of the face or head (e.g. skin blem-
ishes, hair texture, shape of nose), although any body part may be of
concern. As in AN, they also are highly convinced of their percep-
tions, and 27e60% are classified as currently delusional (Mancuso
et al., 2010; Phillips et al., 2006). Both disorders may manifest
similar phenomenologic patterns involving hypervigilant attention
to details of appearance, which are perceived as flawed, likely
contributing to often-delusional distortions in perception.

AN and BDD are associated with substantial psychological
distress and functional impairment. Underscoring the broad public
health significance of these conditions, the lifetime risk of
attempted suicide in BDD is 22e27.5% (Phillips et al., 2005a; Phillips
and Diaz, 1997; Veale et al., 1996), and the risk of completed suicide
is 30 times that of the general population (Phillips and Menard,
2006). AN is associated with a mortality rate of 5e7% per decade,
g in anorexia nervosa and body dysmorphic disorder: Similarities,
h (2013), http://dx.doi.org/10.1016/j.jpsychires.2013.06.003
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and an overall standardized mortality higher than any other psy-
chiatric illness (Sullivan, 1995).

In addition to similarities in phenomenology, AN and BDD share
a peak onset during adolescence, high risk for chronicity, and have
similar comorbidity patterns (although there are higher rates of
generalized anxiety disorder in AN and higher rates of panic dis-
order in BDD) (American Psychiatric Association., 2000; Phillips
and Kaye, 2007; Phillips et al., 2005b; Swinbourne and Touyz,
2007). AN and BDD co-occur frequently; up to 32% of BDD pa-
tients also have a lifetime comorbid eating disorder (Ruffolo et al.,
2006) and 25e39% of those with AN are diagnosed with comorbid
BDD (Grant et al., 2002; Rabe-Jablonska Jolanta and Sobow Tomasz,
2000). There is also overlap in specific areas of appearance con-
cerns, e.g. size of abdomen, hips, and thighs (Grant and Phillips,
2004). Approximately 30% of individuals with BDD report signifi-
cant weight concerns, a characteristic linked to greater symptom
severity and morbidity (Kittler et al., 2007). The few studies that
have directly compared AN and BDD found similarities on clinical
and psychological measures, with both groups exhibiting severe
body image symptoms and low self-esteem compared to healthy
controls (Hrabosky et al., 2009; Kollei, Brunhoeber, Rauh, de Zwaan,
&Martin, 2012; Rosen and Ramirez, 1998). There are also important
differences, most notably that the gender distribution is less
skewed toward females in BDD (Buhlmann et al., 2010; Koran et al.,
2008; Rief et al., 2006).

The similarities in clinical features suggest that AN and BDDmay
represent overlapping body image disorders (Cororve and Gleaves,
2001). However, BDD is currently categorized as a somatoform
disorder in DSM-IV-TR and as a form of hypochondriasis in ICD-10,
while AN is categorized as an eating disorder in both systems
(American Psychiatric Association, 2000; World Health
Organization, 1992). Moreover, BDD is often considered to be on
the obsessive-compulsive disorder (OCD) spectrum, due to similar
phenomenology, demographics, heredity, course of illness, and
response to treatment (Hollander and Wong, 1995; Phillips et al.,
2007). (Of note, AN also has some features suggestive of overlap
with OCD, including obsessive thoughts and ritualized eating be-
haviors, high comorbidity of OCD, and a high proportion of first
degree relatives with OCD (Phillips et al., 2007).)

Since distorted perception of appearance is a key feature of both
AN and BDD, examining visual processing as a phenotype may
provide a level of understanding about the relationship between
these two disorders, and about the neurobiology behind this phe-
nomenon, which is less likely to be captured by examining indi-
vidual categorical diagnoses (Insel and Cuthbert, 2009). This has
important clinical relevance, as persistent perceptual disturbance is
a strong predictor of relapse in AN (Keel et al., 2005). There is a
considerable need for understanding the neurobiology of percep-
tion in AN and BDD, including any similarities and differences, to
help guide the development of rational treatments. To maintain
focus on the phenotype of abnormal visual perception of appear-
ance, we did not include other disorders in this review such as OCD
or social anxiety disorder; these disorders may also be related to AN
and BDD, although perhaps via different overlapping phenotypes
(heightened self-consciousness, tendencies for obsessive thoughts
and compulsive behaviors, etc.). We have not included other eating
disorders, such as bulimia nervosa (BN), for several reasons. Among
BN, AN, and BDD there is overlap of certain common clinical fea-
tures (perceptual distortions, high trait perfectionism, and high
comorbid anxiety) (American Psychiatric Association, 2000;
Phillips et al., 2005b, 2010; Sutandar-Pinnock et al., 2003; Swin-
bourne et al., 2007). However, BN has additional characteristics that
set it apart from AN and BDD with respect to perception and visual
processing. For one, distorted body image perception is required for
a diagnosis of AN or BDD, but not for BN (American Psychiatric
Please cite this article in press as: Madsen SK, et al., Visual processin
differences, and future research directions, Journal of Psychiatric Researc
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Association, 2000). While many individuals with BN do have
body image disturbances (Jansen et al., 2005; Schneider et al.,
2009), this disorder is characterized by a preoccupation with
shape and weight, along with body dissatisfaction (even if shape
and weight are accurately perceived) (Stice and Agras, 1998). Thus,
BN is more heterogeneous when it comes to perceptual distortions,
with less consistency than in AN and BDD. Another characteristic
that sets BN apart from AN and BDD, in general, is that individuals
with BN have higher rates of impulsivity (Claes et al., 2012a; Claes
et al., 2012b) and comorbidity with impulse control-related disor-
ders (Fernandez-Aranda et al., 2008). Finally, there is support for
the conceptualization of AN and BDD, unlike BN, as including in-
dividuals with low insight or delusional beliefs (Hartmann et al.,
2013; Konstantakopoulos et al., 2012; Mancuso et al., 2010).

Conscious perception is a complex phenomenon that relies on
multiple visual processing systems in the brain, along with tightly
linked cognitive and emotional processes that contribute to the
subjective perceptual experience (Moutoussis, 2009; Zeki and
Bartels, 1999). Visual information is exchanged through functional
connections between lower- and higher-order visual areas (occip-
ital, temporal, and parietal), and centers for emotion, cognition, and
memory (Lamme and Roelfsema, 2000). This facilitates both
bottom-up, perceptually driven visual inputs to emotion and
cognitive systems, and top-down modulation of visual input based
on conscious interpretation (Hanson et al., 2007; Iaria et al., 2008).
An individual’s current psychological state and past experiences
with emotionally charged visual stimuli (e.g. images of bodies and
faces for AN and BDD) are ever-present confounds in studies
assessing visual processing (Rossignol et al., 2012; Schettino et al.,
2012). Pre-existing or symptom-dependent abnormalities in the
function of lower-order visual systems, higher-order cognitive and
emotional systems, or both, could be involved in abnormal
perception. The majority of studies performed in AN and BDD thus
far, unfortunately, have not been designed to discern top-down
from bottom-up phenomena. This review focuses on studies that
have addressed visual processing in individuals with AN or BDD.
We define visual processing as phenomena involved in any of the
following steps: acquisition of visual input in the peripheral sen-
sory system (ophthalmologic), relay of this information to the
central nervous system, neural processing of visual information in
occipital and occipito-parietal regions (from basic feature charac-
teristics to more complex aspects), and further elaboration and
integration into representations of whole percepts (e.g. face or
body images) in (primarily) temporal brain areas.

Our goal was to examine evidence for abnormalities of different
aspects of visual processing in AN and BDD, from the function and
structure of the eye to higher order processing of human face and
body images. To focus the review, we excluded studies that lacked
information on visual processing itself but may have otherwise
investigated consciously or unconsciously held beliefs about
appearance, emotional reactions to visual stimuli (including food
stimuli), facial emotional recognition, and visual memory or atten-
tion. Another goal was to compare visual processing abnormalities
between these related disorders; definitive conclusions, however,
were limited because no study directly compared these two groups.

We organized these studies into: a) ophthalmologic findings;
b) perceptual organization as assessed through neuropsychological
tests of visuospatial, global/local processing, or multi-sensory inte-
gration that includedvisual stimuli; c)visualprocessingofnaturalistic
images (face or body images); and d) functional and structural brain
imaging studiesof visualprocessing. The latter categorycouldprovide
information about visual processing at any of the aforementioned
steps. Inaddition,we included studies thatexaminedevidence forany
abnormalities aseither state (secondary to symptomsof the illness)or
trait (pre-existing) characteristics in AN or BDD.
g in anorexia nervosa and body dysmorphic disorder: Similarities,
h (2013), http://dx.doi.org/10.1016/j.jpsychires.2013.06.003
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2. Materials and methods

We searched for articles in ISI Web of Knowledge, PubMed, and
PsychINFO databases. We used keywords of either “body dysmor-
phic disorder” or “anorexia nervosa” along with the following:
“vision,” “eye tracking”, “eye movements”, “visual processing,”
“visual perception,” “body processing,” “face processing,” “central
coherence,” “global local processing,” “Navon,” and “ReyeOster-
rieth Complex Figure Test.” We also used the keyword “visual”
along with “body dysmorphic disorder,” but not with “anorexia
nervosa” because the latter generated excessive unrelated results.
We excluded articles that were not peer reviewed (n ¼ 15), not
written in English (n ¼ 4), or did not provide data or clinical
descriptions of visual processing of human bodies or faces in AN or
BDD (n ¼ 200). We did not include articles describing visual
memory or attention alone because we felt it was impossible to
disentangle elements of visual processing from top-down and
bottom-up modulation from other cognitive domains. Some ver-
sions of the neuropsychological tests included in our search terms
also involve a memory component, although modifications helped
separate this confound in some studies. We also included relevant
manuscripts that were cited by articles found through the literature
search, but were not otherwise retrieved using our search terms. In
addition, we performed a search on Google Scholar (www.scholar.
google.com) using the same search terms to locate any relevant
articles that the other searchmethodsmay havemissed.We did not
impose a limitation on publication date of the articles.

Forty-four journal articles for AN and 15 for BDD were included
in this review, ranging in publication date from 1973 to 2012. Of
these, two articles for AN and one for BDD were literature reviews,
one article for AN was a meta-analysis, and three articles for AN
were case reports. All studies of BDD included adults only. Most
studies of AN included adults (26 total), with ten studies also
including adolescents and five studies including only adolescents
and children. Most BDD studies did not list illness duration; the
three studies that included this information reported mean illness
durations of approximately 10e20 years (Kiri, 2012; Stangier et al.,
2008; Yaryura-Tobias et al., 2002). Twenty-two of the AN studies
listed illness duration, with means ranging from less than a year to
over 20 years across studies and substantial variability within
studies. Most AN studies included only females, with the exception
of three studies that included one or two males (Andres-Perpina
et al., 2011; Castro-Fornieles et al., 2009; Slade and Russell, 1973)
and one large study that included 7 men with AN (Stedal et al.,
2012). BDD studies were generally of mixed gender, with the
exception of three studies that included only women (Clerkin and
Teachman, 2008; Deckersbach et al., 2000; Stangier et al., 2008).
A minority of studies included populations that were medication-
free (six BDD studies, seven AN studies), with most studies not
listing medication status, or else including individuals taking
antidepressants, anxiolytics, or antipsychotics. Most studies
excluded individuals with neurologic conditions or substance
abuse, yet allowed other psychiatric comorbidities e with depres-
sion, anxiety, and OCD being the most common.

3. Results

3.1. Anorexia nervosa

3.1.1. Ophthalmologic findings
Two published studies have investigated vision at the ophthal-

mologic level in AN. Both found decreased retinal nerve fiber layer
thickness in patients compared to healthy controls (Caire-Estevez
et al., 2012; Moschos et al., 2011). One study specifically found
lower mean foveal thickness in AN (Moschos et al., 2011). In the two
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studies, there were inconsistent differences in visual acuity and vi-
sual fields; Moschos et al. found no differences between AN patients
and controls in visual acuity or visual field, whereas Caire-Estevez
et al. found worse visual acuity and visual field sensitivity in the
AN group. It is unclear whether these differences are secondary to
malnourishment and weight loss, as each tested underweight
patients. Further research in recovered patients would help under-
stand whether these differences persist after nutrition is improved.

3.1.2. Neuropsychological tests of visuospatial and global/local
processing

Studies evaluating visuospatial abilities in AN have focused
primarily on the integration of sensory information and on cogni-
tive style, the latter suggesting that “weak central coherence” is
present in AN (Lopez et al., 2008).Weak central coherence implies a
lack of global and integrated processing and enhanced focus on
detail (Frith, 2003). Studies investigating central coherence often
use the ReyeOsterrieth Complex Figures Task (RCFT) (Shin et al.,
2006) or a variation of the Embedded Figures Task (Witkin, 1950).

The RCFT requires participants to draw a complex figure and can
be scored on different aspects, including performance and strategy
on copy, although the interpretation of visual processing is
confounded by memory in both immediate and delayed recall
conditions. Studies measuring the accuracy of copy have shown
either equivalent (Castro-Fornieles et al., 2009; Danner et al., 2012;
Lopez et al., 2008; Sherman et al., 2006; Stedal et al., 2012) or poorer
performance in AN relative to control groups (Kim et al., 2011; Lopez
et al., 2009). One study found that underweight participants with
AN performed worse than controls on copy, but improved after
gaining 10% of body weight (Kingston et al., 1996), suggesting that
the deficit may beweight-dependent. Themajority of studies, which
included adolescents and children along with adults, found signifi-
cantly worse delayed recall in AN (Andres-Perpina et al., 2011;
Camacho, 2008; Favaro et al., 2012; Lopez et al., 2008, 2009;
Mathias and Kent, 1998; Pendleton-Jones, 1991; Sherman et al.,
2006; Stedal et al., 2012; Tenconi et al., 2010; Thompson, 1993), or a
trend for worse delayed recall (Castro-Fornieles et al., 2009), but
some found equivalent performance (Danner et al., 2012; Kim et al.,
2011; Kingston et al., 1996; Murphy et al., 2002).

A few of the studies that found poorer recall on the RCFT in
individuals with AN compared to healthy controls also investigated
potential mechanisms for this deficit. Three studies, one of which
included children and adolescents (Stedal et al., 2012), evaluated
the order of construction and found that individuals with AN draw
the detailed aspects of the figure first and show less continuity in
their drawing (Lopez et al., 2008; Sherman et al., 2006; Stedal et al.,
2012). In two of these studies, copy organization significantly
mediated the relationship between diagnostic group and recall
accuracy, suggesting that individuals with AN may not encode
information efficiently for accurate retrieval (Lopez et al., 2008;
Sherman et al., 2006).

Most of these studies involved underweight participants, which
may explain poorer cognitive ability. However, one study tested a
sample of females at risk for developing an eating disorder based on
subclinical symptoms (Alvarado-Sanchez et al., 2009). This group
evidenced more fragmented completion of the figure, although
overall accuracy was equivalent to a non-risk comparison group.
Two studies of weight-restored participants with AN showed a lack
of significant differences on accuracy compared to healthy controls
on copy and recall (Kingston et al., 1996; Pendleton-Jones, 1991),
but did not evaluate strategy or style. A recent study found worse
performance on the RCFTand lower central coherence in a cohort of
underweight AN participants, but no significant difference between
a separate cohort of recovered AN participants and healthy controls
(Favaro et al., 2012).
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Other studies have examined central coherence with the
Embedded Figures Task (EFT), in which participants locate a shape
embedded in a complex figure, with shorter response times attrib-
uted to bias toward detailed processing. Studies have also used the
similarMatching Familiar Figures (MFF) test, which asks participants
to identifywhichoneof eightfiguresmatches onepreviously viewed.
Both of these tasks require detailed searching of the test images and
visual working memory to recall the previously viewed figure.

Studies utilizing the EFT have shown inconsistent results. Three
studies, one including adolescents, found that individuals with AN
identified the embedded figures more quickly and with higher
accuracy than healthy controls when the embedded figure was
available for reference during the task (Lopez et al., 2008, 2009;
Tokley and Kemps, 2007). However, Pendleton-Jones et al. (1991)
found that longer time was required in both underweight and
weight-restored AN adults relative to healthy controls, using the
original version of the test, which required holding the figures in
working memory, creating a confound between visual processing
and memory. When adults and adolescents were administered a
time-constrained EFT task, the AN group correctly located fewer
shapes than controls (Kim et al., 2011).

Two studies have tested individuals with AN using the MFF. One
study in adults (Toner et al., 1987) found superior accuracy in AN,
suggesting a bias toward detail level processing. They also found
faster response time; while this is generally interpreted as sug-
gesting less bias toward detail processing, which requires greater
time to perform, it could alternatively be suggestive of bias toward
attention to detail along with abnormally high speed of detail
processing. The other study in adolescents and adults found no
difference in performance or response time compared to controls
(Southgate et al., 2008).

Other studies have utilized novel methods to investigate vi-
suospatial processing, as well as sensory integration, in individuals
with AN. In a task requiring participants to compare two visual
stimuli, AN participants performed as quickly and accurately as
healthy controls, although they were slower when the comparison
was lexical (Eviatar et al., 2008). In order to evaluate body
perception while minimizing the confounding emotional impact of
body images, Nico et al. (2010) had participants follow a stimulus
on a trajectory and estimate whether it would hit their body (Nico
et al., 2010). Participants with AN were worse at detecting their left
body boundary, showing a tendency to underestimate it. Although
this was incongruent with feelings of “fatness,” which is expected
to expand the body boundary, it was similar to the performance of
stroke participants with right parietal damage, who were also
evaluated. Another study of visuospatial processing used a task of
manually matching the angle of a moveable bar. Adolescents with
AN performed worse than healthy controls when using their right
hand (Grunwald et al., 2002). Taken together, findings from these
two studies (Grunwald et al., 2002; Nico et al., 2010) suggest defi-
cits both on the left and right side of the body. This could be due to
problems with hemispheric integration, since integration of
multisensory information occurs in the right posterior parietal
cortex (Grunwald et al., 2002). Individuals must perceive the
visuospatial field before they can act on it, possibly explaining why
one study found perceptual differences on the left side of the body
(Nico et al., 2010) and another found performance differences on the
right (Grunwald et al., 2002).

Guardia et al. (2012) also found evidence of visuospatial deficits
in adolescents and adults. Participants with AN overestimated their
body size (but not the body size of others) compared to healthy
controls when asked to estimate if the body would be able to pass
through a doorway (Guardia et al., 2012).

Integration between sensory modalities is important for
adjusting visual perception and correcting errors in perception.
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This integration can be tested with a sizeeweight illusion, where
one must integrate tactile with visual information to estimate
weight in two differently sized objects of the same weight. One
such study showed that individuals with AN perform better than
controls, suggesting a reduced reliance on visual information in
judgment of weight (Case et al., 2012). A possible explanation is
greater reliance on proprioceptive information, although the
mechanism of enhanced performance is unclear.

3.1.3. Visual processing of naturalistic images
Studies in AN in adults and adolescents have found abnormalities

in attention, and overestimation of body size, specific to images of
their own bodies (Garner et al., 1976; Slade et al., 1973; Smeets et al.,
1997; Urgesi et al., 2012). An eye tracking study showed that AN
participants focus visual attention on body parts they are dissatisfied
with, whereas controls tend to scan the whole body image
(Freeman, 1991). Another study showed that AN participants
saccade more quickly to their own picture compared to other pic-
tures, unlike controls (Blechert et al., 2010). These differences are
consistent with symptoms of increased attention to body areas that
evoke strong feelings of dissatisfaction. Without further in-
vestigations into visual processing, however, one cannot conclude if
these findings are due to abnormalities in sensory-level visual in-
formation processing, cognitive and evaluative processes related to
AN, or both.

Several studies indicate that adults and adolescents with AN
overestimate their overall body size (Garner et al., 1976; Slade et al.,
1973; Smeets et al., 1997; Urgesi et al., 2012), even though pro-
cessing of their own body parts (Garner et al.,1976; Slade et al.,1973;
Smeets et al., 1997; Urgesi et al., 2012) and of the body size of other
women (Garner et al., 1976; Slade et al., 1973; Smeets et al., 1997;
Urgesi et al., 2012) does not differ or is more accurate than con-
trols. These studies also found that AN participants correctly judge
height, body movements (Garner et al., 1976; Slade et al., 1973;
Smeets et al., 1997; Urgesi et al., 2012), and objects (Garner et al.,
1976; Slade et al., 1973; Smeets et al., 1997; Urgesi et al., 2012).
These findings suggest a specific disturbance of own body image.
However, other studies have found perceptual abnormalities when
viewing images of others’ bodies. AN adults are better at detecting
“thinner than” differences in others’ bodies (Smeets et al., 1999) and
are more accurate than controls in a delayed matching-to-sample
task of pictures of male bodies, with no performance differences
when matching pictures of body movements in adolescence (Urgesi
et al., 2012). In summary, there appears to be evidence in AN for
disturbances in visual processing of both own and others’ bodies,
although there may be slightly different patterns in each.

3.1.4. Brain imaging studies of visual perception
Several brain imaging studies presenting naturalistic images of

bodies to participants with AN found abnormal brain activity. In a
review, Pietrini et al. (2011) report relatively consistent findings of
abnormal activity in frontal (anterior cingulate, and frontal visual
system (right superior frontal (Beato-Fernandez et al., 2009) and
right dorsolateral prefrontal (Wagner et al., 2003), parietal (inferior
parietal lobule), and striatal (caudate) regions (Pietrini et al., 2011).
In one functional magnetic resonance imaging (fMRI) study, AN
participants showed higher ventral striatal activity when viewing
underweight images compared to normal weight bodies, and also
preferred underweight images, unlike controls (Fladung et al.,
2010). When asked to compare their own body to an image of
another body, AN participants showed less activation in the insula
and premotor areas and more activation in the anterior cingulate
compared to controls (Friederich et al., 2010). This comparison
of own vs. other body was associated with greater anxiety in
AN participants, who, unsurprisingly, were less satisfied with their
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own body image. Another study contrasted own body images that
had been altered to appear overweight vs. unaltered images. Left
medial prefrontal cortex activation was reduced for the restrictive
subtype of AN compared to healthy controls, while amygdala
activation was normal for the combined AN group (Miyake et al.,
2010). A structural MRI study found reduced gray matter density
in the left extrastriate body area, which is involved in processing
images of human body parts, in individuals with AN compared to
controls (Suchan et al., 2010).

Taken together, the functional and structural brain imaging evi-
dence suggests that AN participants demonstrate functional and
structural abnormalities inbrain areas that are involved inprocessing
visual imagesofhumanbodies, aswell as, systems involved inanxiety
and emotion. Pre-existing abnormalities in brain function/structure
could predispose individuals to developing AN; however this is
difficult to separate fromtheeffects of lowweight andpoornutrition,
as these were predominantly studies of underweight individuals.

3.1.5. State vs. trait
Some aspects of abnormal visual processing in ANmay represent

state characteristics (secondary to weight, nutrition, or other symp-
toms, and modifiable by treatment and recovery) while others
represent traits (pre-existing and usually stable across time). Weight
gain in underweight AN participants was associated with improved
copyscoreson testsofglobalvs. localprocessing (Kingstonetal.,1996)
and reduced overestimation of own body width (Slade et al., 1973).

Treatment and recovery from AN have also been associated with
changes in functional brain activity. After recovery, AN participants
showed normalized activation in the amygdala and fusiform gyrus
for happy and fearful faces (Cowdrey et al., 2012). After treatment
with cognitive behavioral therapy that reduced negative body-
related thoughts compared to a waitlist group, participants
showed increased brain activation when viewing pictures of their
own bodies compared to pre-treatment, whereas the non-
treatment group actually showed a decrease in activity (Vocks
et al., 2011). The increase in activation after treatment was seen
in areas that process human body images (extrastriate body area
(Downing et al., 2001), left middle temporal gyrus (Weiner and
Grill-Spector, 2011)) and self-awareness (bilateral middle frontal
gyrus (Platek et al., 2008)).

On the other hand, certain abnormalities in global-local process-
ingmaybe stable traits of individuals predisposed towardAN, as they
have been found in studies of recovered AN participants, unaffected
relatives, and at-risk populations with sub-clinical symptoms. (Of
note, certain pathophysiological processes evident in recovered AN
individuals may represent “scars,” or lasting effects of the under-
weight state or other aspects of the illness that persist after weight
has been restored.) Superior attention to detail and poor central
coherence compared to controls was observed in both active and
recovered ANparticipants and their unaffected sisters, for adults and
adolescents (Roberts et al., 2012; Tenconi et al., 2010). A strong cor-
relationbetween altered central coherence anddeficits in set shifting
also persisted in recovered AN participants (Danner et al., 2012).
Females at risk for developing AN, with sub-clinical symptoms, also
demonstrate worse organization (fragmented completion of figure)
on the RCFT (Alvarado-Sanchez et al., 2009). Overall, there is some
disagreement on whether and how global-local processing changes
with treatment in AN. There is no available literature on the stability
of other aspects of visual processing in AN.

3.2. Body dysmorphic disorder

3.2.1. Ophthalmologic findings
There are no published studies yet on ophthalmologic abnor-

malities in BDD.
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3.2.2. Neuropsychological tests of visuospatial and global/local
processing

Several studies have investigated visuospatial processing in
BDD. One study found that individuals with BDD, similar to those
with OCD, performed normally on visuospatial construction and
memory on the RCFT (Hanes, 1998). A subsequent neuropsycho-
logical study, on the other hand, found that the BDD group per-
formed worse than controls on the RCFT (Deckersbach et al., 2000).
In this study, group differences in free recall were mediated by
deficits in organizational strategies, in which the BDD group
selectively recalled details instead of larger organizational design
features. The authors suggested that abnormalities in executive
functioning might have explained these results. However, earlier
perceptual abnormalities in global and local visual processing, or
differences in selective attention, may have also contributed, since
this task involved viewing and encoding a complex visual figure.

Dunai et al. (2010) administered a battery of executive func-
tioning tests of planning, organization, working memory, and motor
speed to participants with and without BDD (Dunai et al., 2010).
They found several domains of executive functioning were impaired
in BDD, including difficulty manipulating visual information held in
working memory on the Spatial Working Memory Task.

3.2.3. Visual processing of naturalistic images
Early experimental evidence that BDD may involve aberrant

own-face perception comes from a study inwhich BDD participants
and healthy controls viewed an image of their own face and indi-
cated if any alterations had been made. A higher proportion of the
BDD group perceived distortions of their faces, when in fact none
were made (Yaryura-Tobias et al., 2002). Another study investi-
gated asymmetry detection in individuals with BDD (Reese et al.,
2010). Participants viewed others’ faces that were unaltered or
altered in symmetry, and also viewed arrays of dots that were
symmetric or asymmetric. Individuals with BDD did not differ
significantly from controls in accuracy of detecting asymmetrywith
faces or dot arrays, although they were slower in making decisions
about symmetry. In another study, BDD participants were more
accurate than controls at detecting changes made to facial features
(e.g, distance between the eyes) of photos of others’ faces (Stangier
et al., 2008).

Another investigation of face processing demonstrated that in-
dividuals with BDD were slower and less accurate than controls in
matching the identity of an emotional face to the same face with a
neutral expression (Feusner et al., 2010a). This was evident
regardless of the type of emotional expression. This suggests gen-
eral abnormalities in visual processing of faces, which may be more
pronounced when features are in a different configuration, such as
occurs with emotional expressions.

The “face inversion effect” is a phenomenon inwhich recognition
of inverted (upside down) faces is less accurate and slower relative
to recognition of upright faces, due to the absence of a holistic
template for inverted faces (Farah et al., 1995). In a study using this
task, the BDD group demonstrated a smaller inversion effect during
the longer duration stimuli, but no differences were seen for shorter
duration stimuli (Feusner et al., 2010b). This suggests that BDD in-
dividuals may have an imbalance in global vs. local processing, with
a tendency to engage in highly detailed processing of faces, whether
upright or inverted. This is in contrast to controls, who may pri-
marily engage holistic processing for upright faces, yet rely on
detailed processing for inverted faces (Freire et al., 2000). This may
explain the BDD group’s advantage in speed for inverted faces, yet
only when stimuli were presented long enough to engage detail
processing. Another study used inverted faces to test face recogni-
tion in individuals with BDD and healthy controls (Kiri, 2012).
Although the study did not test the “inversion effect” per se, they
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found that individuals with BDD relative to controls had enhanced
ability to recognize inverted famous faces, but did not demonstrate
significant differences for upright famous faces.

Clerkin and Teachman (2008) tested visual processing of images
of own faces morphed with those of highly attractive or unattrac-
tive others, in individuals with either high or low BDD symptoms
(Clerkin et al., 2008). The low BDD symptom group demonstrated a
normative self-enhancement bias (tendency to rate more attractive
morphed image as representing themselves), which was not
evident in the high BDD symptom group. This resulted in a non-
significant trend for interaction between morphed photograph
type and group.

A study using eye tracking investigated selective visual attention
in BDD, social phobia, and healthy controls (Grocholewski et al.,
2012). Only the BDD group showed selective attention to their
own areas of perceived defects of their faces, as measured by
number of fixations per degree of visual angle.

Results from these psychophysical experiments suggest that
imbalances in holistic vs. detailed processing may explain perfor-
mance advantages in individuals with BDD relative for inverted
faces (Feusner et al., 2010b), as well as for change detection in facial
features of others’ faces (Stangier et al., 2008), and may be an
inefficient or inaccurate strategy for identity recognition across
facial expressions (Feusner et al., 2010a). In addition, heightened
vigilance to details, particularly for areas of perceived defects
(Grocholewski et al., 2012), may also increase susceptibility to er-
rors of commission. This could result in “false positive” errors when
scrutinizing own-face images (Yaryura-Tobias et al., 2002).

3.2.4. Brain imaging studies of visual perception
The first fMRI study to investigate the neural correlates of visual

perception in BDD used others’ faces as stimuli (Feusner et al.,
2007). BDD participants and healthy controls were scanned with
fMRI while matching photographs of others’ faces with normal,
high or low spatial frequencies (creating images that contained
primarily high detail or configural/holistic information, respec-
tively). The BDD group demonstrated left hemisphere hyperactivity
relative to controls in an extended face-processing network for
normal and low spatial frequency images. Within-groups results
suggested that healthy controls only engaged the left hemisphere
for high spatial frequency (high detail) images, whereas BDD par-
ticipants engaged the left hemisphere for all image types.

An fMRI study using own-face stimuli in BDD participants and
healthy controls found abnormal hypoactivity in the BDD group in
striate and extrastriate visual cortex for low spatial frequency im-
ages, and hyperactivity in orbitofrontal cortex and caudate for
normal images (Feusner et al., 2010c). BDD symptom severity
correlated with orbitofrontal-striatal and extrastriate visual cortex
activity. In a secondary data analysis of the same experiment,
anxiety scores in BDD were regressed against fMRI signal changes
in brain areas implicated in anxiety and visual processing of details
(Bohon et al., 2012). Intermediate anxiety scores were associated
with higher levels of brain activity than high or low scores in
ventral visual processing areas. Interestingly, the relationship be-
tween anxiety and activity in ventral visual processing systems
held regardless of BDD symptom severity.

Another fMRI experiment used inanimate object stimuli to
investigate general abnormalities in visual processing in BDD
(Feusner et al., 2011). BDD participants and healthy controls matched
photographs of houses that included normal, high or low spatial fre-
quencies. The BDD group demonstrated abnormal hypoactivity in
secondaryvisualprocessing systems for lowspatial frequency images.

These functional neuroimaging studies provide evidence
of abnormal visual processing in BDD, although they utilized rela-
tively small sample sizes. The studies found abnormalities in
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primary and/or secondary visual cortical, temporal, and prefrontal
systems and suggest imbalances in detailed vs. global/configural
processing. Moreover, this overall pattern is evident not only for
own and other’s appearance-related stimuli, but also for inanimate
objects, suggesting more general aberrancies in visual processing.

3.2.5. State vs. trait
There are currently no published studies on visual processing

abnormalities in BDD as being either state or trait features.

4. Discussion

4.1. Summary of findings

Overall, the literature on AN and BDD suggests a pattern of
abnormalities in visual processing and perceptual organization that
includes over-attention to detail and reduced processing of larger
global features. In both AN and BDD, cognitive strategy and atten-
tion may at least partially mediate abnormalities, as these groups
tend to focus more on symptom-specific details (body parts in AN
and facial features in BDD), and misperceive aspects of their own
images. However, visuospatial abnormalities are also evident in
both disorders for non-appearance related stimuli. In brain imaging
studies, both disorders show abnormal brain activation in frontal,
parietal, striatal, and visual systems. Since no study has yet to
directly compare visual processing in AN and BDD, we consider the
following conclusions separately for each group.

In AN, there is evidence of over-attention to detail and reduced
processing of larger holistic features, which likely contribute to
lower accuracy on visuospatial tasks. AN individuals tend to over-
estimate their own body size in images. There is also evidence of
abnormal reward circuit and limbic system activity for specific,
salient body images. Integration of information between the left
and right hemispheres in the brain may also be impaired.

Several studies have found that patterns of visual processing in
those with AN may depend on body weight. However, possible
effects of weight on visual processing of bodies may be intertwined
with the severity of the disorder or degree of recovery. For example,
at lower body weight several domains of AN symptoms may be
more severe, and ability to gain weight or successfully maintain a
normal weight may be linked to improvement in different symp-
tom (e.g. cognitive rigidity or anxiety related to weight gain). Thus,
it can be difficult to determine whether differences in visual pro-
cessing after weight gain are related to changes in weight or
nutrition, or to improvement in other symptoms.

In BDD, we also see evidence for increased attention to detail,
reduced global processing, and poorer performance in visuospatial
tasks. In this group, spatial working memory has been found to be
impaired, which may contribute to these effects. Individuals with
BDD may employ brain systems normally reserved for detailed
image processing and underutilize brain regions responsible for
configural and holistic processing. They also identify non-existent
distortions in their own face images and show abnormal sensi-
tivity to detecting change in others’ faces, possibly due to height-
ened vigilance to details. Abnormal performance in tests of visual
perception and brain activation patterns in BDD are present for own
face images, other face images, and inanimate objects.

However, findings in both disorders at this point should still be
considered inconclusive, as there are some discrepancies in results
across studies. Some of the discrepancies may be explained by
differences in the study populations, which could have affected the
measurements being analyzed. All BDD and some AN studies
included only adults, with several AN studies also investigating
adolescents. For example, age differences may explain discrep-
ancies in studies using theMFF; studies of AN adults showed higher
g in anorexia nervosa and body dysmorphic disorder: Similarities,
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accuracy and detailed processing, while studies of adolescents
found no difference between AN and controls. All BDD studies were
of adults, so no clear conclusions about age in this group can be
made. Differences in illness duration across studies may explain
discrepancies in results. For example, studies including individuals
with AN with longer durations of illness demonstrated abnormally
slow performance. This may be due to an accumulation of damage
to the brain as a result of longer standing malnutrition, anxiety,
depression, etc. In general, duration of illness was either not listed
or spanned such a broad range (months to decades in some cases),
that no clear conclusions can be drawn. Comparisons between AN
and BDD should also be made in light of the fact that BDD studies
included both genders, while AN studies included only women
(with one exception (Stedal et al., 2012)). Thus AN findings may be
more specific to women, while BDD findings may be more gener-
alizable to males and females. Two additional factors that could
affect results across studies are comorbidities with other psychi-
atric disorders (some studies included individuals with AN or BDD
who had comorbid anxiety, depression, and OCD, along with other
disorders), and current use of psychoactive medications. It is also
important to note that not all studies provided detailed de-
scriptions of their study populations, making it difficult to assess
these factors thoroughly.

Also limiting conclusions is the fact that in general there is an
insufficient body of research on visual processing in AN and BDD. In
particular, many aspects of visual processing have not been inves-
tigated in either disorder (e.g. sensory-level striate and extrastriate
visual cortical functioning).

4.2. Recommendations for future studies

.The following recommendationsaremeant toaddress limitations
in the current literature, and to expand our understanding of path-
ological processes that cross diagnostic boundaries. It is difficult to
make conclusions about visual processing abnormalities in AN and
BDD because few studies have adequately disentangled abnormal-
ities in visual processing from effects due to factors that influence
visual perception, particularly emotionally salient stimuli. These
modifying variables may include anxiety (both general, disease-
related, and task-provoked anxiety), depression, personality traits
(such as perfectionism and cognitive rigidity), specific symptom
severity (obsessive thoughts, or fear of being fat), insight/delusion-
ality, or weight in AN (current weight, or weight gain longitudinally,
under-weight vs. weight-restored). While some of these factors may
be modeled as covariates, others could be manipulated experimen-
tally to providemore power and sensitivity to detect subtle effects on
visual processing. For example, emotionally neutral figures and
objects can be presented in various degrees of complexity, contrast,
and spatial frequency. Emotional or physical experiences can also be
manipulated in experiments to understand their effects on visual
processing. Future studies should include stimuli that both do anddo
not elicit a disease-related emotional response to separate the in-
fluence of emotion on visual processing.

Abnormalities in visuospatial performance on neuropsycho-
logical tasks in AN and BDD could be mediated by abnormal
cognitive strategies for encoding or retrieval of visual information
in working memory. Some studies used modified versions of these
tasks to reduce confounds with memory. It would also be worth-
while for future studies to specifically investigate visual memory
and attention abnormalities in AN and BDD, using studies
designed to disentangle these cognitive functions from basic visual
processing abnormalities. This could be done, for example, with
eye-tracking studies using basic visual as opposed to symptom-
relevant stimuli, or studies assessing the difference in response
of individuals asked to consciously shift their attention to different
Please cite this article in press as: Madsen SK, et al., Visual processin
differences, and future research directions, Journal of Psychiatric Researc

127
stimulus features. As an example of the former, Pallanti et al.
(1998) found that the severity of abnormalities in smooth eye
movements and saccadic performance in AN to moving, low level
visual stimuli was correlated with OCD symptoms, perfectionism,
drive for thinness, and interoceptive awareness (they did not,
however, measure perceptual distortions in their participants)
(Pallanti et al., 1998). Widely used and well-validated, low level,
neutral visual stimuli such as sine-wave gratings (Campbell and
Green, 1965) or the contour integration task (Kovacs et al., 2000)
could be employed to assess relatively early visual system func-
tioning. Moreover, brain imaging techniques such as electroen-
cephalography (EEG) or magnetoencephalography (MEG) have the
temporal resolution to discriminate early vs. later visual process-
ing abnormalities, which is not possible with fMRI.

Conclusions about similarities and differences between AN and
BDD are limited by the fact that these groups have not yet been
directly compared on the same experimental tasks. To more
definitively compare and contrast visual processing in these related
disorders of body image, future studies should include both AN and
BDD subjects, along with matched controls, within the same
experiment to ensure methodological consistency. In addition,
studies in large, analog populations that are assessed for dimen-
sionality of body image disturbances and visual perceptual distor-
tions may uncover dimensional abnormalities in visual processing
that map to dysfunctional brain networks. Another line of research
yet to be performed is an investigation of if, and how, prior trauma
may relate to the development of aberrant visual processing.

Whether visual abnormalities are a contributing cause or a
consequence of AN and BDD is still unclear. We attempted to
address this question in the State vs. Trait section of our Results;
however no papers were available on this topic for BDD. For AN,
several studies suggest that heightened attention to detail and poor
central coherence are stable traits that could have contributed to
the development of the disorder. However, this inference is based
on individuals in recovery or at-risk for AN, rather than currently
unaffected individuals who later went on to develop AN. This type
of powerful longitudinal study has not been done in AN or in BDD
due to practical barriers, although it would be extremely valuable.

Replication of the current studies with larger sample sizes is also
needed to understand which measures (neuropsychological as-
sessments, behavioral measures, MRI measures etc.) are most
reliable and informative for assessing visual processing in these
populations. Multi-site studies are likely necessary to obtain large
enough samples, due to difficulty in recruitment of these pop-
ulations. Finally, it will be important to perform longitudinal
studies to determine whether these putative phenotypes predict
course of illness and response to treatment.
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4.2 Neuroscience outreach 

 

This section is adapted from the following paper. 
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Currently, a large component of college

science classes focuses on the acquisition of

factual material. Although a solid knowl-

edge base is essential for a successful career

in science, the large volume of memorized

material tends to make these classes

tedious [1]. Importantly, simply knowing

facts but not knowing how to apply them

or understanding how they are relevant

can leave undergraduate students woefully

unprepared for the job market or graduate

school. A number of initiatives have

started to change the focus of science

education in college [2,3], making it more

interactive and relevant for students and

instructors alike. In fact, this radical shift

in teaching science has percolated down

the education pipeline to include schools

in the kindergarten to 12th grade levels

(K-12) [4,5].

Here we describe a field course called

Project Brainstorm that asks third- and

fourth-year undergraduate students to

apply their knowledge of neuroscience in

practice and communicate it effectively

to school children in the greater Los

Angeles area (see http://www.bri.ucla.

edu/bri_education/scienceoutreach.asp).

Our model provides undergraduates with

a real-world experience in neuroscience

and also connects them with the public at

large. First, students summarize the

structure and function of the brain to

their peers, requiring them to fully

understand the concepts and most im-

portantly how to effectively speak to

school children about how the human

brain works in a simple yet accurate way.

Second, students must create a hands-on

activity that showcases an essential brain

function and in turn reflects their solid

grasp of the theory behind it. Thus the

driving force for the course is that

undergraduates test their knowledge of

neuroscience as they use it in a real-world

context by teaching it (Figure 1).

Project Brainstorm also provides un-

dergraduates with the opportunity to

improve their writing and oral communi-

cation skills while gaining teaching expe-

rience. Perhaps just as important, Project

Brainstorm serves as an outreach pro-

gram that allows undergraduates to inter-

act with both school children and teachers

at the K-12 level in the local community,

make connections outside the university

campus, and explore options for using

their degree after graduation. Notably,

the course is also designed so that

neuroscience graduate students benefit

as well from Project Brainstorm. By

serving as teaching assistants (TAs), grad-

uate students actively train neuroscience

undergraduates and proctor school visits,

gaining valuable teaching experience at

both the K-12 and college level. Consid-

ering the lack of comprehensive teaching

opportunities in most graduate programs

[6] and the increasing movement of

young PhDs into ‘‘alternative’’ careers

[7], Project Brainstorm offers a much-

needed training opportunity for graduate

students.

An essential component of the Project

Brainstorm course is the formal guidance

that undergraduate students receive in

preparing cogent lesson plans. More

specifically teams of 2–3 undergraduate

students are assigned a K-12 classroom to

teach and given a general outline of the

material they should master (see course

syllabus; Text S1). Subsequently they are

expected to create a novel, age-appropri-

ate lesson plan of 45 min to showcase the

structure and function of the nervous

system. This type of independent, group

learning has been shown to increase the

retention of facts [8] and encourages

students to use their creativity to consol-

idate their knowledge and identify gaps in

their understanding [9]. During the

introductory meetings, the TA and

course instructor coach students on
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effective presentation skills such as voice

projection, poise, audience engagement,

and appropriate use of PowerPoint and/

or a black/whiteboard. Similarly, before

students are formally allowed to go into

the school classrooms, they perform a

dress rehearsal of their lesson plan in

front of their peer classmates, the TA, the

course instructor, and a small panel of

invited neuroscience graduate students

(including former TAs) and faculty. The

practice run allows the presentations to

be checked for factual accuracy, appro-

priateness for the student age group, and

improvements in the teaching style. See

Text S2 for a sample Microsoft Power-

Point presentation that includes the

introduction and brain-in-perspective

components.

Assuming that the school children have

no significant background in neuroscience,

the undergraduate presenter’s lesson plan

starts with a 5-min introduction of the

nervous system. This covers basic gross

anatomy (the principal cortical lobes,

cerebellum, and brain stem), comparative

anatomy, and the structure/function of a

neuron. Next, the teams introduce a brain-

in-perspective topic to the school children

through a 10 min presentation focusing on

one age-appropriate topic of interest.

Examples include (but are not limited to)

senses, memory and learning, motor

systems and reflexes, and brain injury (5–

9 y of age); any of the previous topics, plus

sleep and dreaming, handedness, and pain

(10–13 y of age); and any of the previous

topics, plus drugs and the brain, nerve

impulse conduction, gender differences in

the brain, circadian rhythms, stroke, and

neurodegenerative diseases (14–18 y of

age).

To conclude the lesson plan, the

undergraduates guide a 30 min hands-on

practicum aided by numerous hands-on

teaching props. To encourage active

participation in science during the practi-

cum, school students are divided into

smaller groups that rotate through a

number of different stations, including (a)

comparative anatomy (real animal brains,

ranging from fruit flies to sheep), (b)

human dura matter and spinal cord, (c)

human whole brain and sectioned hemi-

spheres, (d) brain injury with pathological

human brains sections, and (e) student-

developed exercises that highlight their

brain-in-perspective topic. See Video S1

to glimpse the hands-on practicum dy-

namic in the classroom and Text S3 for

examples of typical brain-in-perspective

activities.

At the conclusion of the course, the

undergraduate students submit a 2–3 page

instructive lesson plan on their project

formatted so that other educators (school

teachers, fellow student mentors, or col-

lege faculty) can quickly and independent-

ly utilize their lesson. These lesson plans

(see Text S4 for an example) are simple

enough that teachers with limited science

backgrounds can implement them on their

own within the school’s science curricula

and can be easily modified to meet the

changing needs of the school classroom—

two conditions that are thought to im-

prove the efficacy of an outreach program

in K-12 schools [10].

We acknowledge that there will be

substantial differences in the way the

material is delivered in the classrooms,

reflecting the styles and personalities of the

undergraduates. However, both the quan-

tity and quality of the material are

carefully controlled during the practice

runs and remain fairly standard between

groups. In the process, we have generated

an ongoing archive of interactive and

concise lesson plans that use the brain as

a teaching tool to advocate both the

importance and fun of science. Indeed

Project Brainstorm’s primary goal is not to

introduce school children to neuroscience

per se but rather to create interaction

between college and school students.

These interactions will hopefully (1) allow

K-12 students to learn about research first-

hand and maybe inspire them to pursue

higher education and a career in science

and (2) provide undergraduates with

insight into the educational system and

highlight ways in which outreach efforts in

general can have a positive impact in

society. Moreover, this course format

should translate well to any other disci-

pline in the life or physical sciences and

could have broad appeal to many educa-

tional institutions.

The outreach component of the course

has also been quite successful in reaching a

large number of school children. In the

past five years, over 100 neuroscience

undergraduates have completed the Proj-

ect Brainstorm course and have visited

more than 60 classrooms in 30 Los

Angeles schools, to reach over 1,900 K-

12 students with hands-on and interactive

learning experiences focused on neurosci-

ence. This course is unique in its ability to

reach large student audiences of varying

socioeconomic backgrounds (Table S1).

Because a majority of schools in the

greater Los Angeles area are classified as

Title 1 (at least 40% of its students come

from families that qualify as low-income

under the United States Census’s defini-

tions), we are effectively reaching a large

number of students who may not have

Figure 1. UCLA neuroscience undergraduate students teaching local school children
about the brain. (A) Explaining how the water in a jar protects an egg from breaking in much
the same way that the cerebrospinal fluid protects the brain from damage. (B) School children
look at healthy and diseased human brains wrapped in plastic. (C) Undergraduate neuroscience
student introduces the brain to a classroom of seventh grade students. (D) Classroom of fifth
grade students learn the gross anatomy of the brain from an undergraduate student holding a
model human brain. All participants in this study (legal guardians of school children,
undergraduate and graduate students) provided signed consent to publication of their likeness
as part of this project.
doi:10.1371/journal.pbio.1001310.g001
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access to these educational experiences

and have fewer opportunities to interact

with college students. Although the num-

ber of underrepresented minorities earn-

ing a science bachelor’s degree has risen

slightly over the last 15 years, they

currently range below 17% of all science

degrees conferred in 2007 [11], roughly

half of what would be expected based on

the demographic representation levels of

minorities in the general population [12].

Targeting a younger demographic pro-

vides some added advantages. First, school

children have an instinctive curiosity

about natural phenomena that facilitates

their interest and retention of the subject

matter [13]. Second, we take advantage of

the fact that older students are teaching

younger students, a pedagogical strategy

that has successfully introduced active

science into the classroom in the past

[14,15]. Interestingly, based on anecdotal

experiences over the past five years, the

younger the student’s age (especially 3rd–

5th grades), the greater is the student’s

enthusiasm, spontaneity, questions, and

curiosity about neuroscience and the

brain. We are currently measuring Project

Brainstorm’s impact on K-12 students’

perception of science, before and after

each school visit, in order to provide a

more quantitative assessment of our out-

reach efforts. Additionally, the school

presentations will serve as the performance

task that helps evaluate the effectiveness of

our methodology [16]. Determining how

well the K-12 students understood the

material during the classroom visits will

provide a measure of how successful our

program is at both consolidating neuro-

science concepts in undergraduate college

students and communicating science to

school children.

Although the employment prospects for

recent college graduates appear to be poor

[17], historically evidence shows that

having a college degree significantly in-

creases the earning potential and decreases

unemployment [18]. Project Brainstorm

primarily aims to provide college students

practical use of their knowledge through

teaching, while reaching out to a newer

generation of students to motivate them to

pursue a higher education in the sciences.

In light of the critical need for properly

trained science teachers [19], exposing

undergraduate neuroscience students to

the K-12 environment can motivate them

to consider teaching as a viable and

rewarding career. Furthermore, we are

also keenly aware that college enrollment

in life science majors is dismally low. For

instance, in 2003–2004 only 4% of

entering college students declared a bio-

logical or biomedical science-related ma-

jor, with only 20% of them successfully

completing the bachelor’s degree [20].

This lack of interest in science might stem

from poor science education and achieve-

ment during primary and especially during

secondary education [21,22]. However,

this negative influence can be mitigated

by allowing young scientists to interact

with school children early on [23], some-

thing that Project Brainstorm addresses

directly.

The importance of science outreach

among scientists and science educators

has been widely recognized. Indeed,

similar programs coupling college faculty

and students with schools have been

successfully implemented to increase stu-

dent interest and learning in science [24].

Similarly within the neuroscience commu-

nity a series of innovative educational

initiatives have also been developed over

the last decade [25–28]. Nevertheless,

there remains a persistent resistance to

new educational models of instruction

[29]. Our hope is that Project Brainstorm

offers an additional alternative to make

science real for both college undergradu-

ates and school students and bolster the

discourse between scientists and the gen-

eral public.

Supporting Information

Table S1 List of schools visited and
classrooms taught by Project Brain-
storm during the 2006–2011 school
years within the Greater Los An-
geles Area. Elementary Schools repre-

sent kindergarten through fifth grade (5–

10 y of age); Middle schools represent

sixth through eighth grades (11–13 y);

High schools represent ninth through

12th grades (14–18 y); multi-level schools

represent kindergarten through eighth

grade (5–13 y). *Title I school (at least

40% of students come from families that

qualify as low-income under the United

States Census definitions). {School visited

multiple times. # 2009–10 school year

data presented (except for Hawthorne

Math & Science Academy and Animo

Leadership Charter, for which 2008–2009

data were used), and it is representative of

the 2006–2011 time period when schools

were visited. The main five ethnic/racial

groups are shown. AI, American Indian/

Alaskan. The heading Asian includes

Filipino and Pacific Islanders. The head-

ing White only includes non-Hispanic

White students. N/A, data not available

or missing. Not all percentage totals will

equal 100 since other ethnicities are not

shown. Total number of students and

ethnicity profiles were obtained by refer-

ring to the School Accountability Report

Cards (SARC), which can be viewed at

http://notebook.lausd.net/schoolsearch/

selector.jsp (for the Los Angeles Unified

School District), at http://www.smmusd.

org/ (for the Santa Monica-Malibu Uni-

fied School District), at http://ccusd.org/

(for the Culver City Unified School

District), at http://www.hawthorne.k12.

ca.us/ (for the Hawthorne School Dis-

trict), and at http://www.icefla.org/ (for

the ICEF Public Schools).

(RTF)

Text S1 Course syllabus for Project
Brainstorm.

(RTF)

Text S2 Representative PowerPoint
presentation of a Project Brain-
storm school visit.

(PPT)

Text S3 Example brain-in-perspec-
tive topics for three different age
groups.

(RTF)

Text S4 Example of a complete
lesson plan for use in schools by
teachers.

(RTF)

Video S1 Project Brainstorm class-
room visit highlights.

(WMV)

Acknowledgments

We wish to thank the principals, teachers, and

students at the schools that agreed to participate

in Project Brainstorm. We also extend our

gratitude to the neuroscience undergraduate

students who organized the presentations and

activities for the school classrooms, to the faculty

who have participated in the dress rehearsals

and to Michael Sherlock for editing Video S1.

PLoS Biology | www.plosbiology.org 3 April 2012 | Volume 10 | Issue 4 | e1001310

133



References

1. Alberts B (2005) A wakeup call for science faculty.

Cell 123: 739–741.
2. Hoskins SG, Stevens LM (2009) Learning our

L.I.M.I.T.S.: less is more in teaching science.
Advances in Physiology Education 33: 17–20.

3. Clark IE, Romero-Calderon R, Olson JM,

Jaworski L, Lopatto D, et al. (2009) ‘‘Decon-
structing’’ scientific research: a practical and

scalable pedagogical tool to provide evidence-
based science instruction. PLoS Biol 7: e1000264.

doi:10.1371/journal.pbio.1000264.

4. Bhattacharjee Y (2005) Science education. New
curricula aim to make high school labs less

boring. Science 310: 224–225.
5. Willingale-Theune J, Manaia A, Gebhardt P, De

Lorenzi R, Haury M (2009) Science education.
Introducing modern science into schools. Science

325: 1077–1078.

6. Wolyniak MJ (2003) Balancing teaching and
research experiences in doctoral training pro-

grams: lessons for the future educator. Cell
Biology Education 2: 228–232.

7. Mervis J (2008) Science education. And then

there was one. Science 321: 1622–1628.
8. Wood DF (2003) Problem based learning. BMJ

326: 328–330.
9. DeHaan RL (2011) Science education. Teaching

creative science thinking. Science 334: 1499–
1500.

10. Krasny ME (2005) University outreach K-12

science outreach programs: how can we reach a
broad audience? Bio Science 55: 350–359.

11. National Science Board (2010) Science and
engineering indicators 2010. Arlington, VA:

National Science Foundation (NSB 10-01). pp

2–16, 17.
12. US Census Bureau, 2005–2009 American Commu-

nity Survey. Retrieved December 12, 2011 from:
http://factfinder2.census.gov/faces/tableservices/

jsf/pages/productview.xhtml?pid=ACS_10_5YR_

DP05&prodType=table.
13. Eshach H, Fried MN (2005) Should science be

taught in early childhood? Journal of Science
Education and Technology 14: 315–336.

14. Beck MR, Morgan EA, Strand SS, Woolsey TA

(2006) Mentoring. Volunteers bring passion to
science outreach. Science 314: 1246–1247.

15. Toolin RE (2003) Learning what it takes to teach
science: high school students as science teachers

for middle school students. Journal of Science

Education and Technology 12: 457–469.
16. Wiggins G, McTighe J (2005) Understanding by

design. Alexandria, VA: Association for Supervi-
sion and Curriculum Development.

17. Godofsky J, Zukin C, Horn CV (2011) Unfulfilled
expectations: recent college graduates struggle in

a troubled economy. New Brunswick, NJ: John J.

Heldrich Center for Workforce Development,
Edward J. Bloustein School of Planning and

Public Policy, Rutgers University.
18. Crosby O, Moncarz R (2006) The 2004-14 job

outlook for college graduates. Occupational

Outlook Quarterly 50: 42–57.
19. Darling-Hammond L (2007) We need to invest in

math and science teachers. The Chronicle of
Higher Education 54: B20.

20. Snyder TD, Dillow SA, Hoffman CM (2009)
Digest of education statistics 2008 (NCES 2009-

020). In: National Center for Education Statistics,

Institute of Education Sciences, U.S. Department
of Education. Washington, DC, .

21. Grigg W, Lauko M, Brockway D (2006) The
nation’s report card: science 2005 (NCES 2006-

466). In: Department of Education, National

Center for Education Statistics. Washington, DC.
22. Gonzales P, Williams T, Jocelyn L, Roey S,

Kastberg D, et al. (2008) Highlights from TIMSS
2007: mathematics and science achievement of

U.S. fourth- and eighth-grade students in an

international context (NCES 2009-001). In: Na-

tional Center for Education Statistics IoES, U.S.

Department of Education, editor. Washington,

DC.

23. Organisation for Economic Co-operation and

Development (2006) Starting strong II: early

childhood education and care. Paris, France, .

198 p.

24. Directorate for Education and Human Resources

(2006) Math and science partnership program:

strengthening America by advancing academic

achievement in mathematics and science. Arling-

ton, VA: National Science Foundation (NSF-05-

069).

25. Frantz KJ, McNerney CD, Spitzer NC (2009)

We’ve got NERVE: a call to arms for neurosci-

ence education. The Journal of Neuroscience:

The Official Journal of the Society for Neurosci-

ence 29: 3337–3339.

26. Zardetto-Smith AM, Mu K, Carruth LL,

Frantz KJ (2006) Brains rule!: a model program

for developing professional stewardship among

neuroscientists. CBE Life Sciences Education 5:

158–166.

27. Dubinsky JM (2010) Neuroscience education for

prekindergarten-12 teachers. The Journal of

Neuroscience: The Official Journal of the Society

for Neuroscience 30: 8057–8060.

28. Stevens C (2011) Integrating community out-

reach into the undergraduate neuroscience class-

room. The Journal of Undergraduate Neurosci-

ence Education (JUNE) 10: A44–A49.

29. Brainard J (2007) America’s science test: the

tough road to better science teaching. Chronicle

of Higher Education 53: A16.

PLoS Biology | www.plosbiology.org 4 April 2012 | Volume 10 | Issue 4 | e1001310

134



135 
 

4.3 List of co-authored papers completed during graduate studies 
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Ching, C., Chua, P., Velakoulis, D. (2012). Differential putaminal morphology in Huntington’s 
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Ho, A.J., Raji, C.A., Saharan, P. DeGiorgrio, A., Madsen, S.K., Hibar, D.P., Stein, J.L., Becker, 
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CHAPTER 5 

 

Future Works 

5.1 Combining multiple risk factors and brain measures in an integrated model 

In actuality, the risk factors and brain measures that I explored in my graduate work do not 

exist independently of each other. Future work will combine several health factors 

(cardiovascular, hormonal, metabolic, etc.) that relate to Alzheimer’s disease risk along with 

multiple different type of brain imaging measures (cortical and subcortical gray matter, white 

matter, etc.). In terms of methods, joint independent components analysis (jICA) could be 

applied to investigate these relationships and attempt to tease apart the various components 

involved. 

 

5.2 Interaction of genetics and modifiable health factors in the brain   

Several studies have found that thyroid hormones levels are under strong genetic influence 

(possibly up to 65% heritable) [25-28] and that thyroid hormone receptor genotypes relate to 

brain differences [29]. Future studies include comparing structural brain differences in elderly 

individuals with varying genotypes coding for different thyroid hormone receptors and thyroid 

hormone transporters [29-32]. The Alzheimer’s Disease Neuroimaging Initiative (ADNI) and 

Cardiovascular Health Study (CHS) datasets which I analyzed in my graduate work both have a 

large amount of clinical, as well as, genetic information for several hundreds of elderly subjects. 

Using the data, I will investigate how different receptor and transporter profiles interact with 
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modifiable health factors and how this interaction relates to structural brain differences in the 

elderly. 

 

5.3 Structural connectivity differences associated with modifiable health factors   

There is evidence to suggest that thyroid hormones play a major role in white matter 

development and maintenance in adulthood [33, 34]. A logical continuation of this work is to 

look for associations between thyroid hormone variables and white matter measures obtained in 

diffusion tensor imaging (DTI) analyses. To expand on the results I found in cortical gray matter 

measures, future studies will determine if there are also differences in the underlying white 

matter fibers that connect regions where we found gray matter thinning. In terms of the MRI 

biomarkers I investigated, future studies will investigate if longitudinal change in ventricle 

volume can predict differences in white matter, which would be a new finding to complement 

our results in cortical gray matter.  
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