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a b s t r a c t

A significant portion 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 disor-
ders. Here, we set out to understand how homocysteine levels relate to 3D surface-based maps of cortical
gray matter distribution (thickness, volume, and surface area) computed from brain magnetic resonance
imaging in 803 elderly subjects from the Alzheimer’s Disease Neuroimaging Initiative data set. In-
dividuals with higher plasma 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 after correcting for
multiple comparisons. No significant within-group associations were found in cognitively healthy peo-
ple, patients with mild cognitive impairment, or patients with Alzheimer’s disease. These regional dif-
ferences 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.

� 2015 Elsevier Inc. All rights reserved.
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; Raji et al., 2010), body mass
index and its genetic determinants (Ho et al., 2010; Kerwin et al.,
ogy, Psychiatry, Engineering,
enetics Center, Institute for
cine, University of Southern
CA 90032, USA. Tel.: þ323 44

).

ll rights reserved.
2010, 2011; Raji et al., 2010), blood levels of the stress-related
hormonedcortisol, the fat-mass related hormonedleptin
(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; Smith, 2008; Wald 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). High blood levels of homocysteine are also a known
risk factor for the development of poor cognition and dementia,
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including AD (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 trans-
formed, as is standard) (Seshadri et al., 2002).

Mechanistically, elevated homocysteine levels promote neuro-
toxicity 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 present study, altered profiles of cortical gray
matter (GM) thickness and volume.

The link between homocysteine and dementia, along with the
known mechanisms for homocysteine induced neurotoxicity, sug-
gests that elevated homocysteine levels in the elderly individuals
might also be associated with brain atrophy detectable on magnetic
resonance imaging (MRI). Previous imaging literature shows that
elevated homocysteine is associated with hippocampal atrophy in
cognitively normal elderly people (den Heijer et al., 2003; Williams
et al., 2002) and with faster rates of medial temporal lobe atrophy in
AD (Clarke et al., 1998). Our previous study of 732 elderly Caucasians
from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) cohort
found that higher levels of homocysteine were significantly associ-
ated 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
aftercontrolling for theeffects of sex, age, anddementiadiagnosis (AD
orMCI) andcorrecting formultiple comparisons (falsediscovery rate).
That analysis showed significant homocysteine effects in the smaller
sample of MCI individuals separately (N ¼ 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 ¼ 203; AD, N ¼ 173). In another prior study,
increased cortical atrophy was associated with higher levels of ho-
mocysteine in a nondemented elderly individual’s sample (denHeijer
et al., 2003). That study measured global cortical atrophy on a 15-
point scale. Here, we analyzed cortical gray matter locally at each
point on the brain surface.

Importantly, the areas where WM volumes were lower in in-
dividuals 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). Although 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 because it lacks 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
present study, as cortical mapping has been informative in many
studies of aging and AD (Apostolova and Thompson, 2007;
Apostolova et al., 2007a, 2007b; Frisoni et al., 2009; Prestia
et al., 2010; Thompson et al., 2003). To examine associations be-
tween 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 ¼ 803 elderly individuals.
We hypothesized that lower cortical GMmeasures in the frontal,
parietal, and temporal regions, areas implicated in AD studies using
MRI, would be significantly associated with higher levels of ho-
mocysteine, even after controlling for age, sex, and diagnosis. We
were especially interested in knowing whether the homocysteine-
associated atrophy patternwas essentially uniform across the brain,
or whether it was detectable primarily in areas traditionally
considered as vulnerable to AD-related cortical thinning.

2. Methods

2.1. Study population

We analyzed brain MRI scans from 803 elderly individuals (AD:
N ¼ 186, MCI: N ¼ 392, healthy elderly controls: N ¼ 225) who
received a 1.5 T anatomic brain MRI scan, blood draw, and neuro-
psychological 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., 2013). Fourteen sub-
jects from the standard set were excluded from our study because
they did not have homocysteine data (6 subjects) or their cortical
GM surfaces did not pass QC (8 subjects). ADNI uses vendor-specific
scanning protocols to minimize differences between scanner types
(Jack et al., 2008).

ADNI was launched in 2004 by the National Institute of Health,
the Food and Drug Administration, private pharmaceutical com-
panies, and nonprofit organizations to identify and evaluate bio-
markers of AD for use inmultisite studies. All ADNI data are publicly
available online. The study was conducted according to the Good
Clinical Practice guidelines, the Declaration of Helsinki, and the US
21 CFR Part 50eProtection of Human Subjects and Part
56eInstitutional Review Boards. Written informed consent was
obtained from all participants in advance.

Blood plasma samples were collected before breakfast on the
morning of the baseline MRI scans, after an overnight fast to avoid
inaccuracies because of 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. Inclusion and
exclusion criteria are detailed in the ADNI protocol (Mueller et al.,
2005).

We analyzed all N ¼ 803 ADNI individuals who had plasma ho-
mocysteine 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) 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 1-wayANOVA and separate 1-tailed 2-
sample t tests with unequal variance were used to statistically
compare homocysteine levels across AD, MCI, and healthy elderly
control groups (using p ¼ 0.05 as a significance criterion).

2.2. Image acquisition and processing

High-resolution structural brain MRI scans were acquired on
1.5 T scanners from General Electric (Milwaukee, WI, USA), Siemens
(Germany), or Philips (the Netherlands) with a standardized MRI
protocol (Jack et al., 2008). Each scan involved a 3-dimensional
sagittal magnetization-prepared rapid gradient-echo sequence
with the following parameters: repetition time (2400 ms),



Table 1
Demographic characteristics of N ¼ 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 (y) 75.45 � 6.84 75.39 � 7.60 75.33 � 7.67 75.30 � 6.84
Plasma homocysteine (mM) 10.77 � 3.32a 10.62 � 2.82a 9.94 � 2.80 10.46 � 2.95

Selected demographic information for the study participants (mean � standard deviation).
Key: AD, Alzheimer’s disease; MCI, mild cognitive impairment.

a A significant difference relative to the control group.
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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.
2.3. FreeSurfer cortical GM analysis

Cortical reconstruction and GM segmentation was performed
with the FreeSurfer image analysis suite (v5.0.0), which is docu-
mented 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).
Briefly, the processing includes motion correction and averaging of
each subject’s volumetric T1-weightedMRI brain image, removal of
non-brain tissue, intensity normalization, tessellation of cortical
GM and/or WM boundary, automated topology correction and
surface deformation along intensity gradients to optimally define
cortical surface borders, registration to a spherical atlas using in-
dividual cortical folding patterns to align cortical anatomy across
subjects, and creation of 3D maps of GM (as measured with thick-
ness, 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 mm3. GM
thickness was calculated as the average of the distance from the GM
and/or cerebrospinal fluid boundary to the GM and/or WM surface,
and vice versa, at each vertex on the cortical surface. The GM sur-
face 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.
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 radius¼ 25mm 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 3 stepwise GLM models for total homo-
cysteine levels on cortical GM: (1) controlling for effects of sex and
age in all subjects; (2) controlling for effects of sex, age, and diag-
nosis (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 vertices in the entire left and right
cortical surfaces, using the conventionally accepted false positive
rate of 5% (q ¼ 0.05).

To visualize the distribution of homocysteine levels and GM
measures in our data, we calculatedmean GM thickness or total GM
volume or area in regions where we found significant associations
between homocysteine levels and GM measures, after controlling
for age, sex, and dementia.

3. Results

3.1. Homocysteine levels across AD, MCI, and healthy elderly
controls

A 1-way ANOVA showed that homocysteine levels were signif-
icantly different across the AD, MCI, and healthy elderly controls
(p¼ 0.006, F¼ 5.08, dof¼ 2). Separate 1-tailed 2 sample t tests with
unequal variance showed that AD (p ¼ 0.004) and MCI (p ¼ 0.002)
groups each had significantly higher levels of homocysteine
compared with healthy elderly controls (AD: 10.77 � 3.32 mM, MCI:
10.62 � 2.82 mM, healthy elderly controls: 9.94 � 2.80 mM), as ex-
pected. Homocysteine levels did not differ significantly between
the AD and MCI groups (p ¼ 0.295).

3.2. Homocysteine and cortical GM thickness

In the entire sample, higher levels of plasma homocysteine were
significantly associated with thinner GM in large bilateral regions
including frontal, parietal, temporal, and occipital cortex (Fig. 1A),
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 noninterest, produced a
map showing significant associations between higher levels of ho-
mocysteine 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 tem-
poral gyrus, inferior parietal cortex, pars opercularis, and caudal
middle frontal gyrus (Fig.1B). No significant associationswere 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, q¼ 0.05). No areas of significant positive associations between
higher homocysteine and greater cortical GM thickness were found.

3.3. Homocysteine and cortical GM volume

In the entire sample, higher levels of plasma 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 (Fig. 2A). Results were similar,
but not identical, between the left and right hemispheres and
covered a slightly smaller area of the brain surface compared with
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Fig. 1. Homocysteine and cortical gray matter (GM) thickness. Whole-brain 3D maps
show significant associations between homocysteine levels in the blood and cortical GM
thickness in the left and right hemispheres for all N ¼ 803 subjects, (A) after controlling
for age and sex (left: �log10(p-value) ¼ 1.597e3.855, right: �log10(p-value) ¼
1.499e3.757, false discovery rate [FDR] corrected), and (B) after controlling for age, sex,
and diagnosis (AD, MCI, or healthy elderly individuals) (left: �log10(p-value) ¼
2.321e4.579, right: �log10(p-value) ¼ 1.996e4.253, FDR corrected at q ¼ 0.05). Results
were corrected for multiple comparisons by thresholding at a p ¼ 0.05 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 homocys-
teine associated with lower cortical GM thickness). No areas of significant positive as-
sociationswere found, in a post hoc test, after appropriate FDR correction. Abbreviations:
AD, Alzheimer’s disease; MCI, mild cognitive impairment. (For interpretation of the
references to color in this Figure, the reader is referred to theweb version of this article.)

Fig. 2. Homocysteine levels are related to regional cortical gray matter (GM) volumes.
Whole-brain 3D maps of significant associations between homocysteine levels and
regional cortical GM volumes in the left and right hemispheres of all N ¼ 803 subjects,
(A) after controlling for age and sex (left: �log10(p-value) ¼ 1.673e3.930,
right: �log10(p-value) ¼ 1.663e3.920, false discovery rate [FDR] corrected) and (B)
after controlling for age, sex, and diagnosis (AD, MCI, or healthy elderly individuals)
(left: �log10(p-value) ¼ 2.204e4.462, right: not significant, FDR corrected). Results
were corrected for multiple comparisons by thresholding at a p ¼ 0.05 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 associa-
tions were found. Abbreviations: AD, Alzheimer’s disease; MCI, mild cognitive
impairment. (For interpretation of the references to color in this Figure, the reader is
referred to the web version of this article.)
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the cortical thickness results. Adding diagnosis (AD, MCI, or control)
to the regressors of noninterest, produced a map showing signifi-
cant 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 regionswere found in the
right hemisphere for cortical GM volume) (Fig. 2B). 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 statis-
tical results on the surfaces were corrected for multiple compari-
sons using standard FDR (5% false positive rate, q ¼ 0.05). No areas
of significant positive associations between homocysteine and
cortical GM volume were found.

3.4. Homocysteine and cortical GM surface area

In the entire sample, higher levels of plasma 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 (Fig. 3). No significant regions were
found in the right hemisphere for cortical GM surface area. Adding
diagnosis (AD, MCI, or control) to the regressors of noninterest 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 statistical results
passed correction for multiple comparisons using FDR (5% false
positive rate, q ¼ 0.05). No areas of significant positive associations
between homocysteine and cortical GM surface area were found.

3.5. Homocysteine levels and GM measures plotted for each subject

Fig. 4 plots individual homocysteine levels against GMmeasures
from regions that were significantly associated with homocysteine
levels, after controlling for age, sex, and dementia. In all plots, the
healthy controls (green triangles) have generally higher GM values
compared with the MCI (red circles) or AD (black squares) groups.
Also, the MCI and AD groups show a larger range of homocysteine
values. Notably, the MCI and AD groups dominate the higher end of
the homocysteinemeasurements, with very few or no controls with
higher homocysteine values.

4. Discussion

Our results show that elevated levels of homocysteine are
associated with regional GM reductions in the cortex of elderly



Fig. 4. Homocysteine levels and gray matter (GM) measures plotted for each subject.
Scatter plots show homocysteine levels and mean cortical GM thickness in mm (A) or
total cortical GM volume in mm2 (B) for all N ¼ 803 subjects in statistical regions of
interest (labeled with letters a-g). Data are shown for regions with a significant asso-
ciation between homocysteine levels (mM) and cortical GMmeasures in thewhole brain,
after controlling for age, sex, and dementia, FDR corrected (panel B in Figs. 1 and 2).
Healthy control subjects are shown with green triangles, subjects with mild cognitive
impairment are shownwith red circles, and subjects with Alzheimer’s disease are shown
with black squares. (For interpretation of the references to color in this Figure, the reader
is referred to the web version of this article.)

Fig. 3. Homocysteine and cortical gray matter (GM) surface area. Whole-brain 3D
maps of significant associations between homocysteine levels and cortical GM surface
area in the left and right hemispheres of all N ¼ 803 subjects (shown here), after
controlling for age and sex (left: �log10(p-value) ¼ 2.763e5.021, right: not significant,
false discovery rate [FDR] corrected) and after controlling for age, sex, and diagnosis
(AD, MCI, or healthy elderly) (left and right: not significant, FDR corrected, not
pictured). Results were corrected for multiple comparisons by thresholding at a p ¼
0.05 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. Abbreviations: AD, Alzheimer’s
disease; MCI, mild cognitive impairment. (For interpretation of the references to color
in this Figure, the reader is referred to the web version of this article.)
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individuals, irrespective of age, sex, and dementia diagnosis. As
expected, AD and MCI groups had significantly elevated homocys-
teine levels compared with healthy elderly controls. The lack of
significant difference between AD andMCI groups may 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 investiga-
tion 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 overall brain volume
reduction,WM atrophy rate, baseline volume and atrophy rate of the
hippocampusandmedial temporal lobe (Clarkeetal.,1998;denHeijer
et al., 2003; Douaud et al., 2013; Firbank et al., 2010; Williams et al.,
2002), lower tissue volumes in frontal and parietal WM
(Rajagopalan et al., 2011), greater cortical atrophy (den Heijer et al.,
2003), longitudinal ventricular volume enlargement in elderly in-
dividuals with arteriosclerotic disease (Jochemsen et al., 2012), lower
whole-brain GM volume in nondemented elderly (Whalley et al.,
2003) in humans and with lower GM volume and density in pre-
frontal cortices and striatum in rhesusmonkeys (Willette et al., 2012).
Our prior study in an almost entirely overlapping subject pop-
ulationebut with a different method, TBMefound WM tissue
contraction (Rajagopalanetal., 2011) inareas that structurallyconnect
the GM regions we see here in the cortex.

Our results also complement a recently published randomized
double-blind placebo-controlled trial of folic acid, which slowed
the acceleration of brain atrophy in elderly individuals with MCI
significantly over a 2-year period in medial temporal areas (Smith
et al., 2010). These longitudinal voxel-based morphometry (VBM)
results are most similar to our cross-sectional results in cortical GM
thickness, which found significant associations with less brain tis-
sue in the bilateral precuneus, the right superior frontal gyrus,
entorhinal cortex, middle temporal gyrus, inferior parietal gyrus,
and middle frontal gyrus. There were several overlapping regions
between their longitudinal VBM results and our results for cross-
sectional cortical GM volume and area (supramarginal gyrus and
inferior parietal cortex for GM area and superior frontal gyrus,
precuneus, supramarginal gyrus, and inferior parietal cortex for GM
volume); however, the VBM effects were predominantly detected in
the right hemisphere, whereas our cortical GM volume and area
results were detected in the left hemisphere. The VBM also found
effects in the cerebellum, which we did not analyze in this cortical
GM study. Our previous TBM study did not detect any significant
effects in the cerebellum (Rajagopalan et al., 2011).

Cortical GM structures underlie a wide range of cognitive func-
tions that are susceptible to age- and disease-related degeneration
(Dickerson et al., 2009a, 2009b; Thompson et al., 2004; Wolk et al.,
2010). Our results show relative reductions in cortical GM in re-
gions 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. These areas are clearly outlined in Figure 6 of
Buckner et al. (2005). Broadly, these areas are implicated inmemory
networks (Sperling et al., 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
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might also detect homocysteine-related brain differences in these
areas, as elevated homocysteine levels are associatedwith increased
risk for AD and cognitive decline similar to that found in AD. Perhaps
surprisingly,wedidnot see associations inparahippocampal cortical
regions, where we might have expected to see significant associa-
tions (Douaud et al., 2013). Compared with models that did not
control for diagnostic group, removing the contribution of diagnosis
status resulted in a dramatic decrease in the extent of brain regions
associated with homocysteine levels. Because homocysteine levels
were also significantly higher in the MCI and AD groups, this may
simply mean that dementia status and elevated homocysteine are
tightly linked in our data. It could be that homocysteine-related at-
rophy promotes dementia, in which case it is not surprising that
controlling for dementia status reduces the effect. It does also sug-
gest that the associations with homocysteine level are not inde-
pendent of the disease effects on the brain, as expected.

Elevated homocysteine is also associated with poor cardiovas-
cular health (Bostom et al., 1999; Bots et al., 1997; Breteler, 2000;
Marti-Carvajal et al., 2013; Selhub et al., 1995), which in turn is
associated with cortical atrophy (Erickson et al., 2010; Gustafson
et al., 2004; Ho et al., 2010; Swan et al., 1998). Cardiovascular risk
factors are associated with reduced gray matter in temporal
(Gustafson et al., 2004; Raji et al., 2010) and frontal areas (Celle et al.,
2012; Krishnadas et al., 2013; Marques-Iturria et al., 2013; Raji et al.,
2010) but not in the occipital lobes. This suggests that the associa-
tions we found between homocysteine levels and cortical GM in
frontal and temporal areas may be partly because of cardiovascular
effects, whereas the findings in occipital and parietal gray matter
may represent a process more specific to homocysteine levels.

As with other studies of ADNI and other large cohorts, the
relatively large sample size of N¼ 803makes this a statisticallywell-
powered study. We were able to perform a GLM analysis of homo-
cysteine levels on GM thickness, volume, and surface area at each
point on the cortical surface, after controlling for confounding
factors. A prior study usingmore globalmeasures 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 ¼ 663. The detailed 3D
pattern of cortical GM atrophy we identified here is an important
signatureof homocysteine-relatedbrain atrophy thatmaybemissed
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, andothermeasures of health status (Ford et al., 2012). This study
was relatively large, with N¼ 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 con-
founding 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 be-
tween AD and elderly controls may range up to 0.20 mm) (Becker
et al., 2011; McGinnis et al., 2011). Measurements may also be
noisy because of 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., 2013), which would be considered a large
degree of cortical atrophy. In a study such as ours, where associ-
ations with blood measures are subtle, a large sample size may
be crucial. This may explainwhy we found significant associations
between homocysteine levels and cortical GM in this large
sample, but several prior studies of smaller data sets 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. Wemay have lacked power to detect cortical
differences in this region (N ¼ 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 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 neurologic effects. A
meta-analysis failed to show that homocysteine lowering in-
terventions 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 sup-
plements, given over the course of 2 years, to MCI individuals over
the age of 70 years (Smith et al., 2010; de Jager et al., 2012).
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 princi-
ple, to reduce risk for cognitive impairment and dementia associ-
ated with high homocysteine levels. To understand treatment
effects, we also need to better understand the specific neural cor-
relates 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 individuals.
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.
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