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RI studies to date, we used tensor-based morphometry (TBM) to create 3D maps
of structural atrophy in 676 subjects with Alzheimer's disease (AD), mild cognitive impairment (MCI), and
healthy elderly controls, scanned as part of the Alzheimer's Disease Neuroimaging Initiative (ADNI). Using
inverse-consistent 3D non-linear elastic image registration, we warped 676 individual brain MRI volumes to
a population mean geometric template. Jacobian determinant maps were created, revealing the 3D profile of
local volumetric expansion and compression. We compared the anatomical distribution of atrophy in 165 AD
patients (age: 75.6±7.6 years), 330 MCI subjects (74.8±7.5), and 181 controls (75.9±5.1). Brain atrophy in
selected regions-of-interest was correlated with clinical measurements – the sum-of-boxes clinical dementia
rating (CDR-SB), mini-mental state examination (MMSE), and the logical memory test scores – at voxel level
followed by correction for multiple comparisons. Baseline temporal lobe atrophy correlated with current
cognitive performance, future cognitive decline, and conversion from MCI to AD over the following year; it
predicted future decline even in healthy subjects. Over half of the AD and MCI subjects carried the ApoE4
(apolipoprotein E4) gene, which increases risk for AD; they showed greater hippocampal and temporal lobe
deficits than non-carriers. ApoE2 gene carriers – 1/6 of the normal group – showed reduced ventricular
expansion, suggesting a protective effect. As an automated image analysis technique, TBM reveals 3D
correlations between neuroimaging markers, genes, and future clinical changes, and is highly efficient for
large-scale MRI studies.

Published by Elsevier Inc.
Introduction

Alzheimer's disease (AD) is the most common form of dementia,
affecting more than 5million individuals in the U.S. alone, and over 24
million people worldwide. Although the exact time course is
unknown, AD-related pathogenesis is believed to begin decades
before clinical symptoms, such as memory impairment, can be
detected (Price and Morris, 1999; Goldman et al., 2001; DeKosky
and Marek, 2003). Several therapeutic trials now aim to resist disease
progression in thosewith amnestic mild cognitive impairment (MCI) –
usually a transitional state between normal aging and AD – in which
10–25% of subjects develop AD within 1 year (Petersen, 2000;
Petersen et al., 1999, 2001). As AD develops, patients suffer from
pson).
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progressive decline in executive function, language, affect, and other
cognitive and behavioral domains. To identify factors that accelerate
or resist disease progression, such as treatment, genetic factors, and
their interactions, it is imperative to develop biomarkers, or
quantitative imaging measures, that can (1) detect abnormal aging
before neuronal loss is widespread; (2) gauge the level of structural
brain degeneration in way that correlates with standard cognitive
measures, and (3) predict future clinical decline, or imminent
conversion from MCI to AD (Mueller et al., 2005b).

Magnetic resonance imaging (MRI) is widely used in AD studies as
it can non-invasively quantify gray and white matter integrity with
high reproducibility (Leow et al., 2006). MRI-based measures of
cortical and hippocampal atrophy have been used in recent clinical
trials (Grundman et al., 2002; Jack et al., 2003), and they have been
shown to correlate with pathologically confirmed neuronal loss and
with the molecular hallmarks of AD (Jack et al., 2002; Silbert et al.,
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Table 1
Demographic and cognitive data for the subjects included in this study

Age
(mean±SD)

CDR-SB MMSE Logical memory test

Immediate Delay

AD 75.6±7.6 4.41±1.62 23.27±2.03 3.99±2.95 1.24±1.83
MCI 74.8±7.5 1.59±0.86 27.03±1.81 7.17±3.25 3.86±2.76
Normal 75.9±5.1 0.03±0.11 29.13±0.97 13.92±3.39 13.01±3.59
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2003). There is interest in which MRI-based measures can optimally
predict future clinical decline, often defined as conversion to AD over a
specific follow-up interval (Jack et al., 1998; Scahill et al., 2003;
Apostolova et al., 2006; Fleisher et al., 2008), and whichmeasures link
best with standard cognitive assessments (Fox et al., 1999; Jack et al.,
2004; Thompson and Apostolova, 2007; Ridha et al., 2008).

Statistical mapping methods have also been developed to quantify
brain atrophy in 3D throughout the brain, offering a detailed
perspective on the anatomical distribution of disease-related changes.
Tensor-based morphometry (TBM) is one such image analysis
technique that identifies regional structural differences from the
gradients of the non-linear deformation fields that align, or ‘warp’,
images to a common anatomical template (reviewed in Ashburner and
Friston, 2003). At each voxel, a color-coded Jacobian determinant
value indicates local volume excess or deficit relative to the
corresponding anatomical structures in the template (Freeborough
and Fox, 1998; Chung et al., 2001; Fox et al., 2001; Ashburner and
Friston, 2003; Riddle et al., 2004). TBM provides a wide range of
regional assessments from the voxel level towhole-brain analysis, and
substructure volumes can be estimated simply by integrating Jacobian
determinant values over a candidate region of interest. Since TBM
requires little manual interaction, it has been recognized as a favorable
technique for very large-scale brain MRI studies and as a candidate for
use in clinical trials.

In this study, we related MRI-derived TBM measurements to
genetic, clinical and cognitive assessments made at the time of the
scan and over the following year. We examined a large sample
(N=676) to investigate genetic influences on the level of atrophy, and
clinical correlations. Specifically, we were interested in correlating
baseline temporal lobe atrophy, at the voxel level, with the sum-of-
boxes clinical dementia rating (CDR-SB), change in CDR-SB over the
following year, mini-mental state examination (MMSE), change in
MMSE over the following year, the logical memory test (immediate
and delayed), and conversion from MCI to AD. The goal was to
determine specific regions in which atrophy predicts future decline.
We also assessed ApoE gene effects on the level of atrophy, including
not only the detrimental effect of the ApoE4 gene (Burggren et al.,
2008; Chou et al., 2008a; 2008b), but also the hypothesized
protective effects of the ApoE2 gene, which has been difficult to
detect in small samples as its allelic frequency is relatively rare.

Materials and methods

Subjects

Imaging data was analyzed from subjects scanned as part of the
Alzheimer's Disease Neuroimaging Initiative (ADNI), a large five-year
study launched in 2004 by the National Institute on Aging (NIA), the
National Institute of Biomedical Imaging and Bioengineering (NIBIB),
the Food and Drug Administration (FDA), private pharmaceutical
companies and non-profit organizations, as a $60 million, 5-year
public–private partnership. The primary goal of ADNI has been to test
whether serial MRI, PET, other biological markers, and clinical and
neuropsychological assessments acquired in a multi-site manner
mirroring enrollment methods used in clinical trials, can replicate
results from smaller single site studies measuring the progression of
MCI and early AD. Determination of sensitive and specific markers of
very early AD progression is intended to aid researchers and clinicians
to develop new treatments and monitor their effectiveness, as well as
lessen the time and cost of clinical trials. The Principal Investigator of
this initiative is Michael W. Weiner, M.D., VA Medical Center and
University of California, San Francisco.

676 baseline MRI scans, including 165 AD patients (age: 75.6
±7.6 years), 330 amnestic MCI subjects (74.8±7.5 years), and 181
healthy elderly controls (75.9±5.1 years), were included in this study.
All subjects underwent thorough clinical and cognitive assessment at
the time of scan acquisition; scores are summarized in Table 1. As part
of each subject's cognitive evaluation, the clinical dementia rating
(CDR) was used to measure dementia severity by evaluating patients'
performance in six domains: memory, orientation, judgment and
problem solving, community affairs, home and hobbies, and personal
care (Hughes et al., 1982; Berg, 1988; Morris, 1993). We used the
‘sum-of-boxes’ CDR scores (CDR-SB), which have a dynamic range of
0–18; higher scores signify poorer cognitive function. The mini-
mental state examination (MMSE) was administered to provide a
global measure of mental status, evaluating five cognitive domains:
orientation, registration, attention and calculation, recall, and
language (Folstein et al., 1975; Cockrell and Folstein, 1988). The
maximum MMSE score is 30; scores of 24 or lower are generally
consistent with dementia. The logical memory (LM) test is a modified
version of the episodic memory assessment from the Wechsler
Memory Scale-Revised (WMS-R) (Wechsler, 1987). Subjects were
asked to recall a short story that consists of 25 pieces of information,
both immediately after it was read to the subject, and after a 30-
minute delay. The maximum score is 25 with every recalled item of
information accounting for 1 point. Approximately 1 year after
baseline, subjects returned for a follow-up brain MRI scan and clinical
assessment. Any changes in diagnosis were also noted. All AD patients
met NINCDS/ADRDA criteria for probable AD (McKhann et al., 1984).
ApoE genotyping was determined using DNA obtained from subjects'
blood samples and was performed at the University of Pennsylvania.
Please refer to the ADNI protocol for detailed inclusion and exclusion
criteria (Mueller et al., 2005a; 2005b).

This dataset was downloaded by February 1, 2008, and reflected
the status of the database at that point; as data collection is ongoing,
we focused on analyzing all available baseline scans, together with
baseline and 1-year follow-up clinical and cognitive scores, as well as
information on conversion from MCI to AD over the 1-year follow-up
period. The study was conducted according to the Good Clinical
Practice guidelines, the Declaration of Helsinki and U.S. 21 CFR Part
50—Protection of Human Subjects, and Part 56—Institutional Review
Boards. Written informed consent was obtained from all participants
before protocol-specific procedures, including cognitive testing, were
performed.

MRI acquisition and image correction

As detailed elsewhere, all subjects were scanned with a standar-
dized MRI protocol developed for ADNI (Leow et al., 2006; Jack et al.,
2008a), summarized briefly here. High-resolution structural brainMRI
scans were acquired at 58 ADNI sites using 1.5 T MRI scanners (ADNI
also collects a smaller subset of data at 3 T but it was not analyzed here
to avoid the additional complications of combining data across
scanner field strengths). For each subject, two T1-weighted MRI
scans were collected using a sagittal 3D MP-RAGE sequence. As
described in a study by Jack et al. (2008a), typical 1.5T acquisition
parameters were repetition time (TR) of 2400 ms, minimum full TE,
inversion time (TI) of 1000 ms, flip angle of 8°, 24 cm field of view,
192×192×166 acquisition matrix in the x, y, and z dimensions,
yielding a voxel size of 1.25×1.25×1.2 mm3. In plane, zero-filled
reconstruction yielded a 256×256 matrix for a reconstructed voxel
size of 0.9375×0.9375×1.2 mm3. The images were calibrated with



460 X. Hua et al. / NeuroImage 43 (2008) 458–469
phantom-based geometric corrections to ensure consistency among
scans acquired at different sites (Gunter et al., 2006).

Image corrections were applied using a processing pipeline at the
Mayo Clinic, consisting of: (1) a procedure termed GradWarp for
correction of geometric distortion due to gradient non-linearity
Fig. 1. 3D maps of brain atrophy. The top rows of panels a, b, and c show the mean level of a
these reductions, revealing highly significant atrophy in AD but amore anatomically restricted
as expected (Carmichael et al., 2007a,b), ventricular expansion is also substantial. When AD
level of ventricular expansion is about 10–15% for MCI and greater than 20% for the AD gro
(Jovicich et al., 2006), (2) a “B1-correction”, to adjust for image
intensity inhomogeneity due to B1 non-uniformity using calibration
scans (Jack et al., 2008a), (3) “N3” bias field correction, for reducing
residual intensity inhomogeneity (Sled et al., 1998), and (4)
geometrical scaling, according to a phantom scan acquired for each
trophy as a percentage reduction in volume. The bottom rows show the significance of
atrophic pattern inMCI. InMCI (b), atrophy is most prominent in the left hippocampus;

is compared with MCI (c), additional temporal lobe degeneration is evident. The overall
up.



Fig. 2. Temporal lobe atrophy correlates with sum-of-boxes clinical dementia rating and future clinical decline. (a) Negative correlations are detected between temporal lobe atrophy
and higher CDR scores at the time of the initial scan. The corrected P values in the table (inset) provide an overall estimate of significance, corrected for multiple comparisons.
(b) Atrophy of the temporal lobe also predicts future cognitive decline, as reflected by an increase in CDR scores, which indicates deteriorating cognitive function over the following
year. trR denotes partial correlation coefficient.

461X. Hua et al. / NeuroImage 43 (2008) 458–469
subject (Jack et al., 2008a), to adjust for scanner- and session-specific
calibration errors. In addition to the original uncorrected image files,
images with all of these corrections already applied (GradWarp, B1,
phantom scaling, and N3) are available to the general scientific
community.

Image pre-processing

To adjust for global differences in position and scale across
subjects, individual scans were linearly registered to the International
Consortium for Brain Mapping template (ICBM-53) (Mazziotta et al.,
2001) using 9-parameter (9P) registration (Collins et al., 1994).
Globally aligned images were resampled in an isotropic space of 220
voxels along each axis (x, y, and z) with a final voxel size of 1 mm3.

Unbiased group average template — minimal deformation target (MDT)

A minimal deformation target (MDT) was created for the normal
group to serve as an unbiased average template image (Good et al.,
2001; Kochunov et al., 2002; Joshi et al., 2004; Studholme and
Cardenas, 2004; Kovacevic et al., 2005; Christensen et al., 2006;
Lorenzen et al., 2006; Leporé et al., 2008b). Using 40 randomly
selected normal subjects, we created a customized template that
facilitates automated image registration, reduces bias, and, in some
studies, may improve statistical power (Leporé et al., 2007).

The process of MDT construction was detailed previously (Hua
et al., 2007; 2008) and is described briefly here. To construct an
MDT, the first step was to create an initial affine average template, by
taking a voxel-wise average of the 9P globally aligned scans after
intensity normalization. In the second step, a non-linear average
template was built after warping individual brain scans to the affine
template. We utilized a non-linear inverse-consistent elastic inten-
sity-based registration algorithm (Leow et al., 2005a; 2005b) which
optimizes a joint cost function based on mutual information (MI)
and the elastic energy of the deformation. The deformation field was
computed using a spectral method to implement the Cauchy–Navier
elasticity operator (Marsden and Hughes, 1983; Thompson et al.,
2000b) using a Fast Fourier Transform (FFT) resolution of 32×32×32.
This corresponds to an effective voxel size of 6.875 mm in the x, y,
and z dimensions (220 mm/32=6.875 mm). A non-linear average
intensity template was then derived from the mean of the 40
deformed scans that had been non-linearly registered toward the
affine average template. In a final step, the MDT was generated for
the normal group by applying inverse geometric centering of the
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displacement fields to the non-linear average (Kochunov et al., 2002;
Kochunov et al., 2005; Leporé et al., 2008a).

Three-dimensional Jacobian maps

To quantify 3D patterns of volumetric tissue change, all individual
brain images (N=676) were non-linearly aligned to the MDT for the
normal group (Leow et al., 2005a). For each subject, a separate
Jacobian matrix field was derived from the gradients of the
deformation field that aligned that individual brain to the MDT
template. The determinant of the local Jacobian matrix was derived
from the forward deformation field to characterize local volume
differences. Color-coded Jacobian determinants were used to illustrate
regions of volume expansion, i.e. those with det J(r)N1, or contraction,
i.e., det J(r)b1 (Freeborough and Fox, 1998; Toga, 1999; Thompson et
al., 2000a; Chung et al., 2001; Ashburner and Friston, 2003; Riddle et
al., 2004) relative to the normal group template. As all images were
registered to the same template, these Jacobianmaps share a common
anatomical coordinate defined by the normal template. Individual
Jacobian maps were retained for further statistical analyses.

Pair-wise group comparisons

Using TBM, we created 676 Jacobian maps that represent
individual deviations from the normal brain template. To illustrate
systematic changes between groups, we constructed voxel-wise
statistical maps based on a Z statistic (this was used instead of a
Student's t statistic, as the number of degrees of freedom was
extremely high). We computed the overall significance of group
differences using permutation tests, corrected for multiple compar-
isons (Bullmore et al., 1999; Nichols and Holmes, 2002; Thompson et
al., 2003; Chiang et al., 2007a; Chiang et al., 2007b). In brief, a null
distribution for the group differences in Jacobian at each voxel was
constructed using 10,000 random permutations. For each test, the
subjects' diagnosis was randomly permuted and voxel-wise Z tests
Fig. 3. Temporal lobe atrophy correlates with mini-mental state examination score and futu
atrophy and lower MMSE scores at the time of the initial scan. (b) In the AD group, atrophy
MMSE scores over the following year, which indicates deteriorating cognitive function over
were conducted to identify voxels more significant than p=0.01. The
volume of voxels in the brain more significant than p=0.01 was
computed for the real experiment and for the random assignments. A
ratio, describing the fraction of the time the suprathreshold volume
was greater in the randomized maps than the real effect (the original
labeling), was calculated to give an overall P value for the significance
of the map. This procedure has been used in many prior reports
(Chiang et al., 2007a; Hua et al., 2007; 2008).

Regions-of-interest (ROIs)

The MDT template was manually parcellated using the Brainsuite
software program (Shattuck and Leahy, 2002) by a trained anatomist to
generate binarymasks for frontal, parietal, temporal, and occipital lobes.
The hippocampus was delineated on the control average template by
investigators at the University College London using the MIDAS
(Medical Image Display and Analysis System) software (Freeborough
et al., 1997). The delineation included hippocampus proper, dentate
gyrus, subiculum, and alveus (Fox et al., 1996; Scahill et al., 2003).

Correlations of structural brain differences (Jacobian values) with clinical
measurements

At each voxel, correlations were assessed, using the general linear
model, between the Jacobian values and several clinical measures —

the CDR-SB, change in CDR-SB over the following year, MMSE, change
of MMSE over the following year, logical memory test (immediate and
delayed), and conversion fromMCI to AD during the following year. As
Jacobian maps are composed of signals denoting both CSF expansion
(JN1) and tissue loss (Jb1), we performed separate evaluations of the
positive, negative and two-sided associations. The results of voxel-
wise correlations were corrected for multiple comparisons by
permutation testing. In each random sample, clinical scores were
randomly assigned to each subject and the number of voxels with
significant correlations (p≤0.01) was recorded. After 10,000
re clinical decline. (a) In MCI, positive correlations are detected between temporal lobe
in the temporal lobe also predicts future cognitive decline, as reflected by a decrease in
time. trR denotes partial correlation coefficient.



Fig. 4. Temporal lobe atrophy correlates with scores on the WMS-R logical memory test, for both immediate and delayed conditions. Positive correlations are detected between
baseline temporal lobe atrophy and lower logical memory test scores for both immediate (a) and delayed (b) conditions, in temporal lobe regions. trR denotes partial correlation
coefficient.
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permutations, a ratio was calculated describing the fraction of the null
simulations in which a statistical effect had occurred with similar or
greater magnitude than the real effects. This ratio served as an
estimate of the overall significance of the correlations, corrected for
multiple comparisons, as performed in many prior studies (Nichols
and Holmes, 2002). The number of permutations N was chosen to be
10,000, to control the standard error SEp of the omnibus probability p,
which follows a binomial distribution B(N, p) with known standard
error (Edgington, 1995). When N=10,000, the approximate margin of
error (95% confidence interval) for p is around 5% of p.

Influence of genetic variants on brain structures

To investigate how apolipoprotein E (ApoE) genotype modulates
brain structure in each diagnostic group, we created age- and gender-
matched groups for each diagnosis, categorized by their different
combinations of ApoE alleles. Carriers of an ApoE2 gene (which
confers lower risk for AD than that of the general population) or an
ApoE4 gene (which increases risk for developing AD relative to that of
the general population) were compared with homozygous ApoE3,
which is the commonest genotype (Corder et al., 1993; Saunders et al.,
1993; Roses and Saunders, 1994). Group differences were quantified
using voxel-wise Z tests followed by permutations to correct for
multiple comparisons, as described earlier.

Results

3D profiles of brain atrophy

We conducted pair-wise comparisons among AD (N=165), MCI
(N=330) and normal (N=181) groups. From the individual Jacobian
maps, we derived mean group difference maps and statistical maps
based on the Z test. The 3D map comparing AD with normal controls
revealed profound atrophy of the hippocampus and temporal lobes
bilaterally in AD, accompanied by CSF expansion in the lateral
ventricles and circular sulcus of the insula (Fig. 1a). The MCI group
displayed similar patterns of atrophy as AD but to a much lesser
extent, with more anatomically restricted temporal lobe deficits (Fig.
1b). Additional temporal lobe atrophy was apparent when contrasting
the AD and MCI groups (Fig. 1c). Permutation tests confirmed



Table 2
Frequency of ApoE genotypes in the AD, MCI and normal groups

Men Women All

N % N % N %

AD (n=156; 83 males+73 females)
ɛ2/ɛ2 0 0.0 0 0.0 0 0.0
ɛ2/ɛ3 1 1.2 2 2.7 3 1.9
ɛ2/ɛ4 0 0.0 4 5.5 4 2.6
ɛ3/ɛ3 23 27.7 26 35.6 49 31.4
ɛ3/ɛ4 42 50.6 27 37.0 69 44.2
ɛ4/ɛ4 17 20.5 14 19.2 31 19.9

MCI (n=323; 204 males+119 females)
ɛ2/ɛ2 0 0.0 0 0.0 0 0.0
ɛ2/ɛ3 7 3.4 8 6.7 15 4.6
ɛ2/ɛ4 5 2.5 2 1.7 7 2.2
ɛ3/ɛ3 97 47.5 43 36.1 140 43.3
ɛ3/ɛ4 77 37.7 49 41.2 126 39.0
ɛ4/ɛ4 18 8.8 16 13.4 34 10.5

Normal (n=179; 89 males+90 females)
ɛ2/ɛ2 2 2.2 0 0.0 2 1.1
ɛ2/ɛ3 9 10.1 17 18.9 26 14.5
ɛ2/ɛ4 2 2.2 1 1.1 3 1.7
ɛ3/ɛ3 58 65.2 49 54.4 107 59.8
ɛ3/ɛ4 17 19.1 21 23.3 38 21.2
ɛ4/ɛ4 3 3.4 2 2.2 5 2.8
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significant group differences in all three pair-wise comparisons using
awhole-brain ROI, corrected for multiple comparisons. The two-tailed
corrected P values were: Pb0.001 for AD vs. Normal, Pb0.001 for MCI
vs. Normal, and P=0.003 for AD vs. MCI.

Correlations with clinical measurements

There is great interest in determining regions of the brain inwhich
atrophy is most strongly correlated with established measures of
cognitive or clinical decline, or with future outcomemeasures, such as
imminent conversion to AD. Thesemeasures could potentially be used
to inform prognosis or monitor drug treatment efficacy. Results from
the temporal lobe ROI are shown below.

Sum-of-boxes CDR and future cognitive decline

In both AD and MCI groups, the levels of baseline temporal lobe
atrophywere correlatedwith the sum-of-boxes CDR scores. Thenegative
correlations in Fig. 2a identify regions in which tissue loss was linked
with higher CDR-SB scores, i.e., more impaired cognitive function. The
significance is slightly greater for the MCI than the AD group, perhaps
partly due to the greater sample size for theMCI group. This test was not
significant within the normal group, due to the low variance in CDR-SB
scores. Additionally, we examined the correlation between the Jacobian
values (which reflect structure volumes at baseline) and the changes in
CDR-SB over the following year (Fig. 2b). In all three groups,
independently, there was a significant negative correlation, suggesting
that baseline temporal atrophy predicts future cognitive decline.

MMSE and future cognitive decline

In the MCI group, we found a significant positive correlation
between baseline temporal atrophy and MMSE scores (Fig. 3a); note
that lower MMSE scores designate greater cognitive impairment.
However, we did not detect such a correlation either in the AD or in
the normal group. The control group showed very little variation in
the MMSE scores, so a correlation was not expected. Although a
correlation was expected in the AD group, it may not have been
detected due to the smaller sample size. In the AD group however,
lower Jacobian values (or more tissue loss) were linked to a future
decline in MMSE scores over the following 1-year follow-up interval
Fig. 5. Association between temporal lobe atrophy and conversion to AD during the
one-year period after the scan. Subjects who converted fromMCI to AD over a period of
1 year after their first scan were coded as “1”; non-converters were coded as “0”. A
negative correlation suggests that temporal lobe degeneration predicts future
conversion to AD.
(Fig. 3b). This is consistent with the intriguing hypothesis that
atrophic change may accelerate in AD, so that individuals with greater
level of atrophy also show greater rates of decline in the immediate
future. This correlation with future decline was not detected as
significant for the MCI and normal groups, perhaps because they had
more limited changes in cognition measured by MMSE scores (MMSE
changes for all 3 groups are shown in Fig. 3b).

Wechsler memory scale-revised (WMS-R) logical memory, immediate
and delayed recall

In all three groups, independently, there was a significant positive
correlation between the level of atrophy and logical memory test scores
for both immediate (Fig. 4a) anddelayed (Fig. 4b) conditions. This finding
suggests that temporal lobe degeneration is coupled with diminishing
episodic memory performance. Intriguingly, the hippocampus and ento-
rhinal cortex were not the areas most strongly correlated with impaired
memory performance. Thismay be due to the slightly lower sensitivity of
TBM for detecting changes in very small structures. Many AD and MCI
subjects perform very poorly on this memory test, thus restricting the
range and perhaps accounting for the highest correlation being found in
the controls.

Future conversion from MCI to AD

The subjects who returned for 1-year follow-upwere evaluated for
any change in clinical diagnosis. Of the 186MCI subjects followed from
baseline, who had been assessed at the time of writing this report, 40
individuals had developed AD after 1 year, corresponding to a
conversion rate of 21.5%. This rate is slightly higher than that typically
found in prior studies, which report an annual conversion rate from
MCI to AD of around 12% (ranging from 6% to 25% per year) (Petersen
et al., 1999; 2001). Fig. 5 suggests that patients with greater temporal
lobe atrophy are more prone to develop AD in the future. The
corrected P value is 0.02, so this association is significant overall, after
correction for multiple comparisons.

ApoE genetic influence

There is great interest in whether common variants of the ApoE
gene influence brain structure, as they are known to affect the future



Fig. 6. ApoE gene effects. Maps show the mean percent differences in regional brain volumes for four different group comparisons. Percent differences are displayed onmodels of the
regions implicated: (a) ventricular CSF, (b) sulcal CSF, (c) hippocampi, and (d) temporal lobes; dotted lines show the boundary of the hippocampus.
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risk of developing AD. Table 2 summarizes the genotype frequencies in
the subset of the ADNI sample examined in this report. In the AD
group, approximately 67% of the subjects carried one or two copies of
the ApoE4 gene (each copy confers increased risk for AD). There was a
trend for a slightly higher incidence of ApoE4 in men than in women
(p=0.07; chi-squared test). The frequency of ApoE4 was around 52% in
the MCI group, and only 26% in the normal group. In contrast, carriers
of the ApoE2 gene (with genotypes 2/ 2 and 2/ 3) were mainly found
in the normal group. Around 17% of normal subjects carried a copy of
the 2 allele, most of whom are 2/ 3 ( 2/ 2 and 2/ 4 are rare, occurring
in only ∼1% of normal subjects; carriers of E2/4 were not included in
our comparisons of genetic groups; Table 2). In other words, we only
compared E2/2 and E2/3 with E3/3, rather than lump E2/4, E2/2 and
E2/3 together. This distinction was made because it is especially hard
to interpret the effect of E2 if E2/4 subjects are lumped together with
E2/3 and E2/2 subjects.

We found that, in healthy subjects, the presence of ApoE2 was
associatedwith reduced CSF volume in the ventricular system (Fig. 6a),
when compared with homozygous ApoE3 carriers. This may support
the hypothesis that this genotype has a protective effect. ApoE4
showed a dose-dependent detrimental effect. One copy of ApoE4 was
associated with increased CSF expansion in the Sylvian fissures,
between superior temporal and inferior frontal lobes (Fig. 6b). This
could be an early indicator of temporal lobe atrophy. Nextwe compared
the ApoE4 homozygotes ( 4/ 4) with the heterozygotes ( 3/ 4), in the
MCI and AD groups. Even within these groups, greater hippocampal
(Fig. 6c) and temporal lobe (Fig. 6d) atrophy was associated with
carrying an additional ApoE4 allele.

Discussion

In one of the largest TBM studies to date, and one of the largest MRI
studies of AD and MCI, we found that baseline temporal lobe atrophy
(1) correlates with cognitive impairment (measured using CDR-SB,
MMSE, and logical memory test scores), (2) predicts future cognitive
decline (in terms of the CDR-SB), in all of the AD, MCI, and normal
groups, and (3) predicts conversion fromMCI to AD, over a subsequent
one-year period.We found a dose-dependent association of the ApoE4
gene with greater structural atrophy, and for the first time, we
established neuroimaging evidence for a protective effect of the
ApoE2 gene in healthy controls. ApoE2 carriers –whomade up around
1/6 of the normal group – showedmore limited ventricular expansion,
which likely reflects preservation of brain parenchyma.

In an initial pilot study (N=120) (Hua et al., 2008), our main aim
was to determine which types of parameter selections in TBM (e.g.,
9- or 12-parameter global alignment, cross-subject versus group
template registration) would be optimal to detect group differences
between AD and normal subjects. In such a small sample (only 40 per
group), we were barely able to differentiate MCI and normal groups,
and with 120 subjects in total, correlations with clinical scores were
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significant only when all three groups were pooled together. It is
common practice to combine various diagnostic groups (e.g., AD, MCI
and normal) to achieve a greater range of disease severity for
correlations with MRI volumetric measurements. In the current
study, we used a sample size that was almost five times greater,
which allowed us to detect correlations even within the diagnostic
categories. Not only did we detect significant differences betweenMCI
and normal, but we were also able to correlate temporal lobe atrophy
at baseline with a variety of clinical measures and cognitive test
scores, independently within each diagnostic group. TBM-based
computations of temporal lobe atrophy predicted future cognitive
decline (annual change in CDR-SB) even in the healthy subjects. The
risk of deteriorating from MCI to AD in the one-year period after the
baseline scan was considerably greater among those with greater
temporal lobe atrophy. Our results agree with prior studies suggesting
that the level of atrophy in the hippocampus, entorhinal cortex, and
whole brain, and the degree of lateral ventricular expansion, are
typically greater in MCI converters versus stable MCI subjects (Bozzali
et al., 2006; Jack et al., 2004). Given the effect sizes, our samples are
close to the minimal sizes necessary to detect these effects with TBM;
this information may be useful in planning future studies, including
therapeutic trials.

Our finding that MCI converters have greater baseline atrophy
than those who remain stable agrees with several prior reports. It has
been shown that MRI can predict likelihood of (or time to)
progression from MCI to AD (Jack et al., 1999). In Apostolova et al.
(2006), we found distinct patterns of hippocampal atrophy in MCI
subjects who remained stable or recovered, versus those who
declined, over a 3-year follow-up period. In a recent VBM study,
MCI converters showed more widespread areas of reduced gray
matter density than MCI non-converters, but in a similar pattern to
that seen in AD (Bozzali et al., 2006).

AD pathology follows a characteristic anatomical trajectory, with
the earliest observable changes in the entorhinal cortex and
hippocampus, then moving to temporal and parietal lobes, and finally
affecting the frontal lobes in the late stages of AD (Braak and Braak,
1991; Thompson et al., 2003; Thompson and Apostolova, 2007). With
that in mind, we were interested in assessing genetic influences on
structural differences in the temporal lobes and ventricular regions, as
they are among the earliest to show disease-related atrophy.

The apolipoprotein E (ApoE) gene is located on chromosome 19
with three alleles (ApoE2, ApoE3, ApoE4) (Zannis and Breslow, 1982;
Zannis et al., 1982). ApoE3 is the commonest allelic variant, while
ApoE4 increases and ApoE2 decreases susceptibility to AD (Corder
et al., 1993, 1994; Saunders et al., 1993; Blacker et al., 2007). ApoE4 is
over-represented in the AD population (Table 2) and confers a dose-
dependent risk, in which two E4 alleles confer greater risk than one
(Corder et al., 1993; Geroldi et al., 1999). ApoE4 homozygotes ( 4/ 4)
typically show greater deficits than ApoE4 heterozygotes ( 3/ 4) with
similar demographic risk factors (Geroldi et al., 2000; Lehtovirta et al.,
2000; Martins et al., 2005).

We were able to demonstrate genetic effects on brain structure,
even among healthy elderly subjects. 16% – or around one-sixth – of
the normal controls carried an ApoE2 allele (but no ApoE4), and had
smaller ventricular volume than homozygous ApoE3 carriers, which is
the commonest genotype. As progressive ventricular enlargement is a
typical process during normal aging and brain degeneration, this
neuroimaging evidence may reflect a protective effect of ApoE2 on the
surrounding brain parenchyma, detected as an effect on ventricular
size. We also found a dose-dependent effect of ApoE4. In MCI, one
copy of ApoE4 was not detectably associated with temporal lobe
differences, but it was associated with elevated CSF volume in the
Sylvian fissures, a region where changes are commonly seen in the
initial phase of temporal lobe degeneration. An additional copy of
ApoE4 was associated with further hippocampal atrophy in MCI, and
was correlated with still further deterioration of temporal lobe
structures in AD. The dose-dependent effect of ApoE4 seems to mirror
an accelerated AD progression in the same topography as typical AD
development, starting in the entorhinal cortex and hippocampus at
the MCI stage, then moving on to temporal and parietal lobes in AD.

Our ApoE4 genetic findings are consistent with prior MRI studies.
Several MRI studies have shown reduced hippocampal cross-sectional
area (Tohgi et al., 1997; Moffat et al., 2000) and greater volumetric
atrophy in the entorhinal cortex (Juottonen et al., 1998; Geroldi et al.,
1999; Jack et al., 2008b) in ApoE4 carriers versus non-carriers. Using
the brain boundary shift integral method, and iterative principal
component analysis, accelerated whole-brain atrophy was associated
with ApoE4 gene in a dose-dependent way (Chen et al., 2007).
Recently, voxel-based morphometry (VBM) has made it easier to map
the profile of genetic influences throughout the entire brain, without
restriction to pre-defined regions-of-interest. In a large VBM study of
750 healthy elderly subjects, ApoE4 homozygotes displayed signifi-
cant medial temporal lobe deficits as compared to ApoE4 hetero-
zygotes and non-carrier subjects (Lemaitre et al., 2005). In another
VBM study of cognitively normal subjects, ApoE3/ApoE4 carriers,
relative to non-carriers, showed regionally reduced gray matter
density in right medial temporal and bilateral frontotemporal regions
(Wishart et al., 2006). Although we did not find an ApoE4 effect on
brain morphology in normal subjects here, we recently detected
abnormal ventricular expansion in a different sample of healthy
elderly ApoE4 carriers versus non-carriers, by developing a auto-
mated method to extract 3D surface-based models of the lateral
ventricles (Chou et al., 2008b). As that method combined multiple
fluid registrations to create increasingly accurate models of specific
anatomical structures, it may be that an ApoE4 effect in normals could
be detectable using a multi-atlas version of TBM (cf. Chou et al.,
2008b) or by using other methods that directly model the affected
anatomical structures. For example, we recently applied a cortical
flattening and thickness mapping approach to the entorhinal cortex,
and found thinner cortex in specific hippocampal subregions in
cognitively normal ApoE4 carriers versus non-carriers (Burggren et
al., 2008). Lastly, another reason we may have found an ApoE4 effect
in MCI but not in normals is that our MCI group was almost twice the
size (N=323) of our normal group (N=179), and around half of the
MCI subjects but only a quarter of the controls carried ApoE4. The
power to detect an effect was therefore greater in the MCI group. In
other words, our detection of ApoE4 effects in MCI but not controls
does not imply the effect size is any greater in MCI. Conversely, the
protective ApoE2 effect we found in controls may also be equally
present in MCI or AD subjects, but the genotype is so rare in AD and
MCI that sufficient numbers of ApoE2 subjects could not be found to
provide adequate power. Using placebo subjects in a recent study of
vitamin E and donepezil in MCI, Jack et al. (2008b) found that rates of
hippocampal atrophy were greater in E4 carriers than non-carriers
(but not significantly different between E4 homozygotes than
heterozygotes) although this latter finding could just be due to
small numbers).

VBM is an unbiased technique that has been applied to variousMRI
studies of AD, MCI and normal subjects to provide a comprehensive
view of normal aging as well as brain degeneration. Good et al. (2001)
used VBM to examine the effects of age on brain tissue volumes in 465
normal adults. Global gray matter volume was shown to decrease
linearly with age, with accelerated loss in the insula, superior parietal
gyri, central sulci, and cingulate sulci bilaterally. In contrast, regions
such as the amygdalae, hippocampi, and entorhinal cortices were
relatively preserved during normal aging. Similar time-lapse trajec-
tories were computed in our recent cortical thickness analysis of 176
subjects aged 7 to 87, with temporal lobe atrophy accelerating in
normal old age (Sowell et al., 2007; 2003). Smith et al. (Smith et al.,
2007) prospectively followed 136 cognitively normal elderly and 5
MCI subjects with MRI for an average of 5.4 years. 23 of them
converted to MCI and 9 of the 23 further deteriorated to meet criteria
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for AD. At baseline, the group consisting of the 23 pre-MCI/pre-AD and
the 5 MCI subjects demonstrated significant gray matter atrophy in
the anteromedial temporal and left angular gyri, and the left lateral
temporal lobe. VBM revealed clusters of gray matter loss in bilateral
medial temporal, posterior cingulate, and temporoparietal structures
in AD (Baron et al., 2001). Optimized VBM was used to demonstrate
gradually reduced global gray matter volume from MCI to AD
compared to normal, characterized by medial temporal lobe damage
in MCI and additional parietal and cingulate cortices loss in AD (Karas
et al., 2004), in a pattern that we recently confirmed using cortical
mapping methods (Apostolova et al., 2007; Frisoni et al., 2008).
Chetelat et al. (2005) examined 18 MCI subjects of whom 7 converted
to AD during an 18-month follow-up interval. Fastest atrophy rates
were identified in the temporal pole, entorhinal and lateral temporal
cortices (2.5–4.5%). The prefrontal cortex was more affected in non-
converters. At baseline, greater cortical involvement was seen in the
parahippocampal, fusiform, lingual and posterior cingulate cortices in
MCI subjects who later converted to AD versus those who did not.

TBM-based analysis is a powerful tool with potential to monitor
structural atrophy in AD at the incipient stage, before severe
cognitive impairment takes place. Recent developments in TBM
have included a method called DARTEL, an algorithm for diffeo-
morphic image registration (Ashburner, 2007). It was applied to a
large MRI dataset (N=471) to automatically extract information
regarding gender and age effects on brain morphometry. These
studies and ours show that TBM is a highly automated technique,
capable of revealing voxel-level associations between neuroimaging
markers and clinical or genetic variation. TBM should facilitate the
discovery of factors that influence disease progression, as well as pro-
tective factors, in large-scale MRI studies.
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