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Purpose: To use structural magnetic resonance (MR) images to
identify a pattern of regional atrophy characteristic of mild
Alzheimer disease (AD) and to investigate whether pres-
ence of this pattern prospectively can aid prediction of
1-year clinical decline and increased structural loss in mild
cognitive impairment (MCI).

Materials and
Methods:

The study was conducted with institutional review board
approval and compliance with HIPAA regulations. Written
informed consent was obtained from each participant.
High-throughput volumetric segmentation and cortical
surface reconstruction methods were applied to MR im-
ages from 84 subjects with mild AD, 175 with MCI, and
139 healthy control (HC) subjects. Stepwise linear dis-
criminant analysis was used to identify regions that best
can aid discrimination of HC subjects from subjects with
AD. A classifier trained on data from HC subjects and
those with AD was applied to data from subjects with MCI
to determine whether presence of phenotypic AD atrophy
at baseline was predictive of clinical decline and structural
loss.

Results: Atrophy in mesial and lateral temporal, isthmus cingulate,
and orbitofrontal areas aided discrimination of HC sub-
jects from subjects with AD, with fully cross-validated
sensitivity of 83% and specificity of 93%. Subjects with
MCI who had phenotypic AD atrophy showed significantly
greater 1-year clinical decline and structural loss than
those who did not and were more likely to have progres-
sion to probable AD (annual progression rate of 29% for
subjects with MCI who had AD atrophy vs 8% for those
who did not).

Conclusion: Semiautomated, individually specific quantitative MR im-
aging methods can be used to identify a pattern of regional
atrophy in MCI that is predictive of clinical decline. Such
information may aid in prediction of patient prognosis and
increase the efficiency of clinical trials.

� RSNA, 2009

1 From the Departments of Radiology (L.K.M., C.F., D.J.H.,
D.S.K., C.J.P., J.B.B., A.M.D.), Neuroscience (J.C.R., D.H.,
J.B.B., A.M.D.), and Psychiatry (C.F.), University of California,
San Diego, 9500 Gilman Dr, La Jolla, CA 92093-0841. Re-
ceived June 4, 2008; revision requested July 16; revision
received September 10; accepted September 26; final ver-
sion accepted October 13. Address correspondence to
L.K.M. (e-mail: lkmcevoy@ucsd.edu ).

Data used in the preparation of this article were obtained
from the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) database (http://www.loni.ucla.edu/ADNI ). As such,
the investigators within the ADNI contributed to the
design and implementation of ADNI and/or provided data
but did not participate in analysis or writing of this report.
The complete listing of ADNI investigators is available at
http://www.loni.ucla.edu/ADNI/Data/ADNI_Authorship_List.pdf.

� RSNA, 2009

ORIGINAL
RESEARCH

�
NEURORADIOLOGY

Radiology: Volume 251: Number 1—April 2009 ▪ radiology.rsnajnls.org 195

Note:  This copy is for your personal, non-commercial use only. To order presentation-ready copies for 
distribution to your colleagues or clients, use the Radiology Reprints form at the end of this article. 



M ild cognitive impairment (MCI)
is associated with an increased
risk of progression to a diagno-

sis of probable Alzheimer disease (AD)
(1–4). Rates of progression vary; some
individuals with MCI deteriorate rap-
idly, others remain stable for many
years, and some revert to normal cogni-
tive status. Improved ability to predict
risk of imminent decline in patients with
MCI could aid in the efficiency of large-
scale clinical trials and will become in-
creasingly important for individual pa-
tient risk stratification as aggressive
new treatments are developed.

Structural neuroimaging measures
are sensitive to the degeneration that oc-
curs in mild AD and MCI (5) and may be
predictive of disease progression (6–16).
However, most prior studies have been
limited by small samples or use of data
from one site. Researchers in many stud-
ies have used manual tracing methods,
which are not practical for clinical use or
use in large-scale clinical trials. Others
have used automated approaches that are
based on statistical parametric mapping,
such as voxel-based morphometry, that
can efficiently aid assessment of disease-
related structural differences across the
brain (17) but are intended for group
comparisons and not individual patient
assessment (18). Furthermore, these
methods provide an indirect measure of
structural differences between groups

that does not readily translate into quan-
titative change of specific anatomic struc-
tures involved in the disease.

In contrast, semiautomated methods
that are based on the publicly available
brain MR imaging software package
(FreeSurfer; Athinoula A. Martinos Cen-
ter for Biomedical Imaging, Massachu-
setts General Hospital, Boston, Mass)
produce complete voxel-based segmenta-
tion, as well as cortical surface recon-
struction and parcellation of each individ-
ual’s brain (19–25), with high reproduc-
ibility and accuracy comparable to that of
manual labeling (21,23,26,27). These
methods can be applied to individual sub-
ject data and are sensitive to the struc-
tural changes that occur in normal aging
(28), MCI, and AD (23,29).

Researchers in prior studies have
found that atrophy of mesial temporal
structures, such as the hippocampus
and entorhinal cortex, is predictive of
progression to AD (6,30–33), particu-
larly when rate of loss over time is ex-
amined (11,34,35). However, mesial
temporal lobe atrophy is not specific to
AD (36,37). By examining atrophy in
widespread cortical areas, we hoped to
identify a pattern of regional atrophy
that is specific to AD and is useful for
predicting disease progression. We fo-
cused on determining the predictive ca-
pability of single-time magnetic reso-
nance (MR) imaging measures, rather
than change over time, because the ca-
pability to identify subjects at risk of
imminent decline from a baseline MR
image would be of greater practical
value for use as an enrichment strategy
in clinical trials than reliance on infor-
mation from images repeatedly ob-
tained over a 6-month or 1-year inter-
val. Thus, the purpose of our study was
to use structural MR images to identify a

pattern of regional atrophy characteris-
tic of mild AD and to investigate
whether the presence of this pattern
can help prospectively predict 1-year
clinical decline and increased structural
loss in MCI.

Materials and Methods
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� Semiautomated quantitative MR
imaging analytic techniques that
are suitable for use in large-
scale clinical trials can be used
to discriminate between sub-
jects with mild Alzheimer dis-
ease (AD) and healthy control
subjects, with high sensitivity
(83%) and specificity (93%).

� In patients with amnestic mild
cognitive impairment (MCI),
those who have a pattern of re-
gional atrophy characteristic of
AD at baseline show greater clini-
cal decline and structural loss
over a 1-year period than those
who lack the pattern of atrophy
characteristic of AD.

Implication for Patient Care

� Identification of a pattern of re-
gional atrophy that is characteris-
tic of AD in patients with amnes-
tic MCI could be used to increase
the efficiency of large-scale clini-
cal treatment trials and has the
potential to aid in prediction of
prognosis for individual patients.
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Disease Neuroimaging Initiative (ADNI)
database at the LONI Web site (http:
//www.loni.ucla.edu/ADNI) published in
2007 (38). The ADNI was launched in
2003 by the National Institute on Aging,
the National Institute of Biomedical Im-
aging and Bioengineering, the Food and
Drug Administration, private pharma-
ceutical companies, and nonprofit orga-
nizations as a $60-million 5-year public-
private partnership. The primary goal
of the ADNI has been to test whether
serial MR imaging, positron emission
tomography, other biological markers,
and clinical and neuropsychologic as-
sessment can be combined to measure
the progression of MCI and early AD.
Determination of sensitive and specific
markers of very early AD progression is
intended to aid researchers and clini-
cians to develop new treatments and
monitor their effectiveness, as well as
lessen the time and cost of clinical trials.

The principal investigator of this ini-
tiative is Michael W. Weiner, MD, VA
Medical Center and University of Cali-
fornia, San Francisco, San Francisco,
Calif. The ADNI is the result of efforts
of many coinvestigators from a broad
range of academic institutions and pri-
vate corporations, and subjects have
been recruited from more than 50
sites across the United States and
Canada. The ADNI has recruited 229
cognitively healthy older individuals to

be followed up for 3 years, 398 people
with amnestic MCI to be followed up
for 3 years, and 192 people with early
AD to be followed up for 2 years. Up-
to-date information is available from
the home page of the ADNI-Info Web site
at http://www.adni-info.org for 2009.

The prospective research protocol
was approved by each local institutional
review board, and written informed
consent was obtained from each partic-
ipant. The study is conducted in compli-
ance with Health Insurance Portability
and Accountability Act regulations.

Participants
The ADNI general eligibility criteria are
described in the ADNI Protocol Summary
page of the ADNI-Info Web site at http:
//www.adni-info.org/index.php?option
�com_content&task�view&id�9&Itemid
�43 for 2009. Briefly, subjects are
55–90 years old, are not depressed,
have a modified Hachinski score of 4 or
less, and have a study partner able to
provide an independent evaluation of
functioning. Healthy control (HC) sub-
jects have a Clinical Dementia Rating
(CDR) (39) of 0. Subjects with MCI
have a subjective memory complaint,
objective memory loss measured by us-
ing education-adjusted scores on the
Logical Memory II (Delayed Recall) sub-
scale of the Wechsler Memory Scale, a
CDR of 0.5, preserved activities of daily

living, and an absence of dementia. Sub-
jects with AD have a CDR of 0.5 or 1.0 and
meet National Institute of Neurological Dis-
orders and Stroke and Alzheimer’s Disease
and Related Disorders Association criteria
for probable AD (40). Full details are avail-
able from the ADNI Protocol page of the
ADNI-Info Web site at http://www.adni
-info.org/images/stories/Documentation
/adni_protocol_9_19_08.pdf published on
September 19, 2008.

Raw baseline MR imaging data were
downloaded as they became available,
up until March 7, 2007, from the LONI
Image Data Archive, ADNI Data data-
base, published by LONI (Los Angeles,
Calif) in 2007. In this study, we used
baseline data collected prior to March
7, 2007, and included data from 139
HC subjects, 175 subjects with MCI,
and 84 subjects with AD. Group clinical
and demographic data are presented in
Table 1. Clinical follow-up data were
available on 160 subjects with MCI.

Procedures
Image acquisition and analytic methods
were developed within the Morphometry
Biomedical Informatics Research Net-
work sponsored by the National Institutes
of Health and the National Center for Re-
search Resources and the ADNI (41–44).
Data were collected from studies with a
variety of 1.5-T MR imaging units. Much
effort was expended in the ADNI develop-

Table 1

Group Demographics

Group HC Subjects (n � 139)
Subjects with MCI
(n � 175)

Subjects with Mild AD
(n � 84) Statistical Comparison

Sex
Male* 77 (55) 123 (70) 51 (61) �2 � 7.63, df � 2, P � .022
Female* 62 (45) 52 (30) 33 (39) . . .

Age (y)† 75.7 � 5.01 (62–90) 74.7 � 7.39 (55–89) 76.0 � 7.61 (57–88) F � 0.82; df � 2, 395; P � .442
Male† 75.5 � 5.30 (63–88) 75.1 � 7.17 (55–89) 75.6 � 7.34 (57–88) . . .
Female† 75.9 � 4.66 (62–90) 73.8 � 7.91 (55–86) 73.5 � 7.81 (57–88) . . .

Education (y)† 16.0 � 3.01 (6–20) 16.0 � 2.76 (8–20) 14.8 � 3.05 (4–20) F � 5.70; df � 2, 395; P � .004
MMSE score† 29.1 � 1.01 (25–30) 27.1 � 1.75 (23–30) 23.5 � 2.10 (18–27) F � 303.47; df � 2, 392; P � .001
CDR Sum of Boxes score† 0.03 � 0.12 (0–1) 1.47 � 0.87 (1–5) 4.27 � 1.60 (2–9) F � 517.28; df � 2, 392; P � .001
APOE risk‡ 34 (24) 97 (55) 59 (70) �2 � 51.38, df � 2, P � .001

Note.—APOE � apolipoprotein E gene, MMSE � Mini-Mental State Examination.

* Data are numbers of subjects, and numbers in parentheses are percentages unless otherwise specified. Percentages were rounded.
† Data are the mean � standard deviation, and numbers in parentheses are ranges unless otherwise specified.
‡ APOE risk was defined as the presence of the APOE �4 allele. Data are numbers of subjects, and numbers in parentheses are percentages unless otherwise specified.
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ment phase to optimize the MR imaging
protocols for the relevant manufacturer
platforms to maximize the scientific utility
of the data and to ensure use of equivalent
pulse sequences (44). Protocols are de-
scribed in detail on the ADNI Research
Cores page of the LONI Web site at http:
//www.loni.ucla.edu/ADNI/Research
/Cores/index.shtml published in 2007.
An example of a protocol for a 1.5-T MR
system (Magnetom Sonata Syngo; Sie-
mens Medical Solutions, Malvern, Pa),
running version MR 2004A software, is
the sagittal inversion-prepared three-
dimensional T1-weighted gradient-echo
sequence (magnetization-prepared rapid
acquisition gradient echo or equiva-
lent), with the following parameters:
repetition time msec/echo time msec/
inversion time msec, 2400/3.5/1000;
flip angle, 8°; bandwidth, 180 Hz/pixel;

field of view, 240 mm; matrix, 192 �
192; number of sections, 60; and sec-
tion thickness, 1.2 mm. Two such im-
ages were collected per subject per
visit. These raw Digital Imaging and
Communications in Medicine MR im-
ages were downloaded from the ADNI
Data page of the public ADNI site at the
LONI Web site (http://www.loni.ucla
.edu/ADNI/Data/index.shtml) published
in 2007.

Locally, images were automatically
corrected for spatial distortion caused
by gradient nonlinearity (42) and B1

field inhomogeneity (45). The two T1-
weighted images from each subject
were rigid-body aligned to each other
and then averaged to improve signal-to-
noise ratio and resampled to isotropic
1-mm voxels. Volumetric segmentation
(23,24) and cortical surface reconstruc-

tion (19,20,22,25) methods that were
based on the brain MR imaging soft-
ware package mentioned before, opti-
mized for use on large multisite data
sets, were used. The automated whole-
brain segmentation procedure (23,24)
uses a probabilistic atlas and applies a
Bayesian classification rule to assign a
neuroanatomic label to each voxel. The
atlas consists of a manually derived
training set created by the Center for
Morphometric Analysis (Massachusetts
General Hospital, Harvard Medical
School, Boston, Mass) from 40 non-ADNI
subjects across the adult age range, in-
cluding individuals with AD. Volumes for
the hippocampus, amygdala, and ventri-
cles were included in the present analysis.
To control for individual differences in
head size for volumetric measures, esti-
mated total cranial vault volume was de-
rived from the atlas scaling factor (46) on
the basis of the transformation of the full
brain mask into atlas space, as imple-
mented in the software package. Auto-
mated volumetric segmentation re-
quired only qualitative review to en-
sure that there was no technical
failure of the application. Failure oc-
curred for 15 images (two for HC sub-
jects, eight for subjects with MCI, and
five for subjects with AD) because of
extreme white matter disease or atro-
phy (eg, one case with extensive left
temporal lobe loss such that the tem-
poral horn of the lateral ventricle sub-
sumed a large extent of the anterior
temporal lobe). These subjects were
excluded from analysis.

The cortical surface was recon-
structed to measure thickness at each
surface location, or vertex (19,20,22),
to allow visualization of group differ-
ences at each vertex (21). The surface
was parcellated into distinct regions of
interest (ROIs) (25,27) (Fig 1). The cor-
tical surface model was manually re-
viewed and edited for accuracy. Mini-
mal editing was performed according to
standard, objective rules, including cor-
rection of errors in removal of nonbrain
areas and inclusion of white matter ar-
eas of hypointensity adjacent to the cor-
tical ribbon. Qualitative review and ed-
iting was performed, with blinding to
the diagnostic status, by one of three

Figure 1

Figure 1: Pial representations of ROIs included as candidate input variables in the classifier. ROIs from
both hemispheres were included; only left-hemisphere ROIs are shown here for convenience. Only labeled
ROIs were included as candidate input variables in the classifier. In addition to ROIs visible on image, thick-
ness of bank of superior temporal sulcus and volumes of hippocampus, amygdala, and lateral and inferior
lateral ventricles were also included as candidate input variables. ROIs in yellow were selected as features in
model. � � ROI in right hemisphere was included in model, C � cingulate, F � frontal gyrus, Occ � occipi-
tal gyrus, P � parietal gyrus, T � temporal gyrus.
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technicians (including C.J.P.) trained
and supervised by an expert neuroanat-
omist with more than 10 years of expe-
rience (C.F.). The technicians had a
minimum of 4 months of experience re-
viewing brain MR images prior to their
involvement in this project.

Qualitative review and editing re-
quired approximately 45 minutes per sub-
ject, with approximately 24 hours of com-
putational time for image construction by
using a dual quad-core central processing
unit (Xeon E5420; Intel, Santa Clara,
Calif) that had a processing speed of 2.50
GHz and 16 GB RAM. Use of several cen-
tral processing units allowed the process-
ing of images from multiple subjects to
occur in parallel fashion.

Volumetric data were corrected for
differences in head size by regressing
the estimated total cranial vault volume
(46). Effects of age and sex were re-
gressed from all thickness and volumet-
ric measures.

Statistical Analysis
Differences in age and educational
level across the HC, MCI, and AD
groups and between the MCI sub-
groups were assessed with analysis of
variance; differences in the MMSE
score (47), CDR Sum of Boxes score,
and the Logical Memory I (Immediate
Recall) and II (Delayed Recall) sub-
scales of the Wechsler Memory Scale
scores (for MCI subgroups) were as-
sessed with analysis of covariance,
controlling for the effects of age, sex,
and educational level. Differences in
sex distribution and genetic status
were assessed with �2 tests of associa-
tion, as were differences in the num-
ber of patients who had progression to
a diagnosis of AD in the two MCI sub-
groups. In all analyses, a difference
with a two-sided probability of P � .05
was considered significant.

To identify the pattern of regional
atrophy that can be used to best dis-
criminate AD subjects from HC sub-
jects, stepwise linear discriminant anal-
ysis (LDA) employing the Wilks lambda
method in a statistical software package
(SPSS; SPSS, Chicago, Ill) was used.
Candidate input variables comprised
morphometric measures from 58 ROIs,

including lateral ventricles, mesial tem-
poral structures, and cortical associa-
tion areas (Fig 1). Leave-one-out cross-
validation minimized the inflation in
sensitivity and specificity associated
with use of the entire data set to train
the classifier. With the statistical soft-
ware package, feature selection occurs
on the entire sample, not just the train-
ing sample, producing an optimistic bias
in the estimation of classification perfor-
mance (48). This bias was assessed by
determining the classification accuracy
achievable when feature selection and
weighting were performed with the
leave-one-out training samples only. To
assess the overall discriminative power
of each classifier, receiver operating
characteristic curves were computed
for each classifier, and the area under
the curve was calculated. Statistical
comparison of the areas under the
curve of the partially and fully cross-
validated classifiers was performed by
using the method of Hanley and McNeil
(49). The Cohen d effect size was calcu-
lated as the mean difference between
LDA scores in HC subjects and subjects
with AD, divided by the pooled stan-
dard deviation.

A classifier was trained on the data
from all HC subjects and subjects with
AD and then was applied to data from
subjects with MCI. This produced a dis-
criminant score, the atrophy score, for
each individual with MCI, reflecting the
degree to which the individual’s MR im-
age findings resembled the pattern of
subjects with AD or the pattern of HC
subjects. Classifier scores were gener-
ated with the assumption of equal prior
group probabilities. The cutoff value for
group categorization was chosen to min-
imize the error rate in classification of
subjects with AD and HC subjects. A
Kolmogorov-Smirnov test, with Lillief-
ors significance correction, was used to
assess normality of the distribution of
the atrophy scores for subjects with
MCI. To assess differences in MMSE
score over time in the resulting MCI
subgroups, analyses of covariance
were used, with age, sex, and educa-
tional level as covariates, MCI sub-
group as a between-subject factor, and
test interval (baseline and 6 and 12

months) as a within-subject factor,
with Greenhouse-Geisser adjustment
for violations of the assumption of
sphericity. To assess significance of at-
rophy, relative to HC subjects, in the
regions used to calculate the atrophy
score, multivariate analysis of vari-
ance, followed by univariate analysis
of variance with Bonferroni adjust-
ments for multiple comparisons, was
performed.

In a prospective manner, we exam-
ined whether the structural pattern
measured at baseline in subjects with
MCI was predictive of clinical decline by
using stepwise linear regression, with
1-year change in MMSE score as the
dependent variable and the following
candidate predictor variables: atrophy
score; genetic risk on the basis of the
presence of the APOE ε4 allele; age;
sex; educational level; and baseline
scores on the clinical and neuropsycho-
logic tests used for diagnosis in the
ADNI, including the MMSE, CDR Sum
of Boxes, and Logical Memory I (Imme-
diate Recall) and II (Delayed Recall)
scales of the Wechsler Memory Scale.

Because investigators in prior studies
have found that measures of baseline at-
rophy in single structures, such as the
hippocampus or entorhinal cortex (6,30–
33), are predictive of clinical decline,
Pearson correlations were calculated for
1-year change between MMSE score and
the volumes of the left and right hip-
pocampus, between the MMSE score and
the thickness of the left and right entorhi-
nal cortex, and between MMSE and the
atrophy score.

Finally, to determine whether atro-
phy at baseline was associated with an
increased rate of structural loss, repeated-
measures analysis of covariance, while
controlling for the effects of sex and
age, was performed, with the MCI sub-
group as a between-subject factor and
the test interval (6 and 12 months) as a
within-subject factor.

Results

The cross-validated results achieved
with the statistical software package for
LDA showed highly significant group
discrimination between HC subjects
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and those with AD (Table 2). When
feature selection and weighting were re-
stricted to the training sample, a lower
sensitivity estimate and a significantly
smaller area under the curve (P � .001)
were obtained, although group separa-
tion was still excellent (Table 2, Fig 2),
with a Cohen d effect size of 1.97. The
receiver operating characteristic curve
for this fully cross-validated model is
shown in Figure 3.

A separate LDA, trained on data
from all HC subjects and subjects with
AD, was performed to classify the sub-
jects with MCI who had the HC or AD

imaging phenotype. The discriminant
score from this model, the atrophy
score, was computed from the following
features and their weights: left hip-
pocampal volume, r � 0.709; thickness
of right entorhinal, r � 0.597; right mid-
dle temporal gyrus, r � 0.506; left bank
of the superior temporal sulcus, r �
0.453; right isthmus cingulate, r �
0.395; right superior temporal gyrus,
r � 0.328; left medial orbital frontal
gyrus, r � 0.269; and right lateral or-
bital frontal gyrus, r � 0.250 (Fig 1),
where the correlation is that of each
measure with the standardized canoni-

cal discriminant function. Distribution
of the atrophy score for the partici-
pants with MCI is shown in Figure 4.
Participants with MCI who had the AD
phenotype had a pattern of regional at-
rophy nearly identical to that of the AD
group, even in regions that did not con-
tribute to the atrophy score. Subjects
with MCI who had the HC phenotype
displayed little atrophy (Fig 5). Relative
to HC subjects, subjects with MCI who
had the AD phenotype had significant at-
rophy in all eight areas used to calculate
the atrophy score (Bonferroni-adjusted P
values of .001 or less for all comparisons),
whereas subjects with MCI who had the
HC phenotype had significant atrophy in
the hippocampus (P � .008) and middle
temporal gyrus (P � .047) only. Demo-
graphic and clinical characteristics of the
two MCI subgroups are shown in Table 3.
Relative to individuals with the HC phe-
notype, those with the AD phenotype had
higher CDR Sum of Boxes and lower ver-
bal memory scores.

For the 160 participants with MCI
for whom clinical follow-up data were
available, those with the AD phenotype
showed significant 1-year decline in
MMSE score, whereas those with the
HC phenotype remained stable (testing
interval according to predicted group
interaction; F � 8.67; df � 2, 310; P �
.001) (Fig 6). Atrophy score was the
primary predictor for this decline (R �
0.39; F � 28.36; df � 1, 158; P � .001).
However, prediction improved with ad-

Figure 2

Figure 2: Graph shows separation of HC (NC) subjects and subjects with AD on basis of LDA score as
function of age. Results of fully cross-validated discriminant model are shown. Discriminant model assumed
equal prior group probabilities. Individuals were classified as HC subjects if their scores were above �0.10.
This cutoff score was chosen on basis of receiver operating characteristic curve to maximize overall classifica-
tion accuracy.

Figure 3

Figure 3: Receiver operating characteristic
curve for fully cross-validated discriminant model.

Table 2

Comparison of Classification Accuracy of Linear Discriminant Models with Partial or
Full Cross Validation

Model
Overall Accuracy
(n � 223)*

Sensitivity
(n � 84)*

Specificity
(n � 139)*

Area under the
Curve†

Partially cross validated 92 (205) 89 (75) 94 (130) 0.968 � 0.011
95% Confidence interval 87.3, 95.0 80.2, 95.3 87.7, 97.2 0.947, 0.989
Fully cross validated 89 (199) 83 (70) 93 (129) 0.915 � 0.022‡

95% Confidence interval 84.2, 92.8 72.9, 90.5 87.1, 96.8 0.872, 0.958

Note.—This leave-one-out analysis included 139 HC subjects and 84 subjects with AD.

* Data are percentages, and numbers in parentheses were used to calculate the percentages. Percentages were rounded.
† Data are the mean � standard error of the mean unless otherwise specified.
‡ P � .001, comparison of the area under the curve for the two models.
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dition of APOE status (R � 0.442; F �
19.10; df � 2, 157; P � .001), MMSE
results (R � 0.467; F � 14.51; df � 4,
156; P � .001), and Logical Memory II
(Delayed Recall) subscale of the Wech-
sler Memory Scale scores (R � 0.498;
F � 12.77; df � 4, 155; P � .001).

The atrophy score showed a higher
correlation with 1-year clinical decline
in subjects with MCI (r � 0.39, P �
.001) than did left (r � 0.29, P � .001)
or right (r � 0.33, P � .001) hippocam-
pal volumes alone or thickness of left
(r � 0.16, P � .05) or right (r � 0.22,
P � .01) entorhinal cortices alone.

Of the 128 HC subjects with 1-year
follow-up diagnostic data, two had pro-
gression to a diagnosis of MCI but none
had progression to a diagnosis of proba-
ble AD. Of the 160 subjects with MCI in
whom follow-up data were available,
four reverted to normal cognitive status
(three of whom had the HC imaging
phenotype) and 33 had progression to
probable AD. Those who had progres-
sion were significantly more likely to
have the AD phenotype (n � 26) than

the HC phenotype (n � 7) (�2 � 12.67,
df � 1, P � .001): The conversion rate
among subjects with MCI who had AD
atrophy was 29% (26 of 89) versus 8%
(seven of 86) for the subjects with MCI
who had the HC phenotype.

For the 129 participants with MCI in
whom follow-up processed MR imaging
data were available, those with AD atro-
phy showed significantly greater struc-
tural loss over time than those without
(F � 12.0; df � 1, 125; P � .001),
particularly in mesial and lateral middle
temporal areas (group according to re-
gion interaction; F � 5.62; df � 7, 875;
P � .001) (Fig 7).

Discussion

Our study was designed to determine
whether individually specific quantita-

tive structural neuroimaging measures
could be used to detect mild AD and to
predict decline in individuals with MCI.
We found that a pattern of regional at-
rophy could be identified that could be
used to discriminate individuals with
mild AD from HC subjects, with high
sensitivity and specificity. Sensitivity
was on par with clinical diagnostic accu-
racy: Accuracy of AD that is based on
histopathologic verification ranges from
85% to 90% (50–52). Although investi-
gators in some prior studies have re-
ported classification accuracy values
ranging from 90% to 100% on the basis
of MR imaging measures, they used
smaller sample sizes (16,31,53–55), in-
cludedADgroupswithmore severe impair-
ment (53–55), or did not report fully cross-
validated results (16,31,53,54). Failure to
cross-validate results produces an optimis-

Figure 4

Figure 4: Graph shows distribution of atrophy
scores used to classify subjects with MCI. MCI
atrophy score was derived from LDA trained on
data from all HC subjects and subjects with AD.
Discriminant model assumed equal prior group
probabilities. Individuals were classified as having
HC phenotype if their scores were above �0.33.
Cutoff score was chosen to maximize overall accu-
racy of classifying HC subjects and subjects with
AD on whom this model was trained. Average
atrophy score for subjects with MCI was �0.50.
Atrophy score is not normally distributed (Kol-
mogorov-Smirnov test � 0.73, df � 175, P �
.025) but shows evidence of bimodal distribution.

Figure 5

Figure 5: Average differences in thickness for subjects with AD and MCI relative to HC (NC). Top: HC sub-
jects versus subjects with AD. Middle: HC subjects versus subjects with MCI who had AD imaging phenotype.
Bottom: HC subjects versus subjects with MCI who had HC imaging phenotype. Right: Lateral views. Left:
Mesial views. Blue areas indicate regions of thinning with disease. Scale reflects thickness ranging from
�0.3-mm thickness (bright blue or cyan) to �0.3-mm thickness (yellow).
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tic bias in classification accuracy (48,56), as
shown in our study in the decrease in sensi-
tivity that occurred when full cross-valida-
tion was used.

Application of the discriminant
model developed with data from HC
subjects and subjects with AD and ap-
plied to subjects with MCI revealed that
a subgroup of individuals with MCI
could be identified who displayed a re-
gional atrophy pattern similar to that in
AD patients. Expression of this pattern
at baseline was predictive of clinical de-
cline. Similar results have recently been
reported on a smaller subset of the
ADNI cohort, in which a nonlinear clas-
sifier was applied to voxel-based mor-
phometric data to discriminate HC from
AD data (16). Although that study re-
ported higher classification accuracy
than that achieved in our study, the best
combination of free parameters in the
support vector machine approach to
classification used in that report is par-
tially determined by the left-out data
samples (57), an approach that leads to
overfitting the data when the number of
samples is much smaller than the num-
ber of potential features. The pattern of
atrophy that aided in the discrimination

of subjects with AD from HC subjects in
that study was spatially complex, involv-
ing temporal, frontal, and posterior cin-
gulate regions. As observed here, ex-
pression of the AD atrophy pattern at
baseline was predictive of 1-year MMSE
score decline in subjects with MCI (16).
We further show, however, that expres-
sion of the AD pattern at baseline also
was associated with a higher risk of
progression to a diagnosis of probable
AD and with a greater rate of progres-
sive structural atrophy over a 1-year
period.

The pattern that best aided in the
discrimination of HC subjects from
subjects with AD and that was predic-
tive of decline in subjects with MCI
involved atrophy, relative to HC sub-
jects, in mesial temporal, lateral tem-
poral, isthmus cingulate, and orbito-
frontal regions. Mesial temporal struc-
tures have long been known to be
implicated early in AD, and atrophy in
these structures has been found to be
predictive of disease progression
(6,13,31,33,35). Lateral temporal ar-
eas, particularly middle and inferior
temporal gyri, have been implicated in
the progression of AD (8,15,58,59).

Atrophy of the superior temporal gy-
rus, however, has typically been ob-
served only after a diagnosis of prob-
able AD (58,59). We observed signif-
icant atrophy in this area in the
subgroup of individuals with MCI who
have AD atrophy, as did Fan et al (16),
suggesting that atrophy of the superior
temporal gyrus can occur prior to a
diagnosis of probable AD and is asso-
ciated with a higher risk of imminent
clinical decline.

We also observed atrophy in the isth-
mus cingulate (the caudal portion of the
posterior cingulate) and orbitofrontal ar-
eas in subjects with MCI who have phe-
notypic AD atrophy. Posterior cingulate
and frontal atrophy have been inconsis-
tently observed in MCI and mild AD in
both cross-sectional and longitudinal
studies (10,14–16,58–62). Methodologi-
cal differences likely contribute to these
discrepant findings. Nevertheless, the
growing body of evidence suggests that
there is substantial widespread cortical
atrophy in preclinical stages of AD and
that involvement of areas outside the me-
sial temporal lobe, including lateral tem-
poral, posterior cingulate, and frontal ar-
eas, may be predictive of a more rapid
course of disease progression.

Subjects with MCI who had AD at-
rophy had greater functional and mem-
ory impairment at baseline than those
who did not. Nevertheless, the atrophy
score was the primary predictor of clin-
ical decline, with additional contribu-

Figure 6

Figure 6: Graph shows MMSE score at base-
line and at 6- and 12-month follow-up as function
of neuroimaging phenotype in participants with
MCI; 1-year clinical follow-up data were available
for 160 participants with MCI. MCI group with AD
phenotype (MCI_AD) (n � 72) had significant
decline over time; MCI group with HC phenotype
(MCI_NC) (n � 88) did not.

Table 3

Demographics and Clinical and Neuropsychologic Characterization of Participants
with MCI and HC or AD Imaging Phenotype

Group HC Pattern (n � 86) AD Pattern (n � 89) Statistical Comparison

Age (y)* 74.50 � 7.68 74.9 � 7.14 F � 0.10; df � 1, 173; P � .75
Sex

Male† 67 (78) 56 (63) �2 � 4.70, df � 1, P � .03
Female† 19 (22) 33 (37) . . .

Education (y)* 15.8 � 2.94 16.2 � 2.58 F � 0.82; df � 1, 173; P � .37
MMSE score‡ 27.3 � 1.78 (24–30) 26.8 � 1.68 (23–30) F � 5.2; df � 1, 170; P � .024
CDR Sum of Boxes

score‡ 1.34 � 0.74 (0.5–3.5) 1.61 � 0.96 (0.5–4.5) F � 5.01; df � 1, 170; P � .026
APOE risk§ 44 (51) 53 (60) �2 � 1.25, df � 1, P � .264
Logical Memory I� 8.00 � 3.03 6.03 � 2.73 F � 26.53; df � 1, 170; P � .001
Logical Memory II** 4.721 � 2.42 2.67 � 2.64 F � 32.66; df � 1, 170; P � .001

* Data are the mean � standard deviation unless otherwise specified.
† Data are numbers of participants, and numbers in parentheses are percentages unless otherwise specified. Percentages
were rounded.
‡ Data are the mean � standard deviation, and numbers in parentheses are ranges unless otherwise specified.
§ APOE risk was defined as the presence of the APOE �4 allele.
� This test is the subscale for Immediate Recall of the Wechsler Memory Scale. Data are the mean � standard deviation unless
otherwise specified.

** This test is the subscale for Delayed Recall of the Wechsler Memory Scale. Data are the mean � standard deviation unless
otherwise specified.
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tion to predictive value provided by the
APOE status, baseline MMSE results,
and Logical Memory II (Delayed Recall)
subscale of the Wechsler Memory Scale
scores. This datum contrasts with the
datum in a recent report that indicated
that whole-brain, ventricular, entorhi-
nal, and hippocampal volumes did not
provide additional predictive informa-
tion about clinical decline beyond that
attainable with clinical measures (63)
and shows the value of examining indi-
vidually specific brain regions beyond
the mesial temporal lobe. Future analy-
sis by using the full neuropsychologic
battery in the complete ADNI cohort
will more formally address the compar-
ative value of clinical versus morpho-
metric measures in the prediction of
disease progression.

Expression of the AD pattern at
baseline in MCI was associated with
progressive structural loss, as well as
with clinical decline. This increased rate
of atrophy was observed primarily in
mesial and lateral temporal areas and is
consistent with prior findings of acceler-
ated atrophy rates in these areas in

MCI (10,11,15,34,35,58,59,64,65).
These findings suggest that measures
of structural change in mesial and lat-
eral temporal areas may be promising
biomarkers for the assessment of the
capability of a treatment to halt the pro-
gressive structural loss that accompa-
nies clinical decline in MCI.

Limitations of this study include the
following: (a) This study lacked his-
topathologic verification of AD and HC
status. (b) There was an atypical bias, a
bias that is characteristic of the larger
ADNI cohort, toward male subjects in
the MCI group; this bias was unlikely to
have negatively affected the results be-
cause the classifier used to derive the
atrophy score was trained on data in HC
subjects and subjects with AD, and
these groups did not show strong sex
bias. (c) The ADNI is ongoing, and cur-
rent follow-up data are limited and pre-
liminary. (d) The time frame of fol-
low-up in the current study (1 year) is
too short to obtain a sufficient number
of subjects with a status progressing to a
diagnosis of probable AD to assess the
sensitivity and specificity of predicting

progression on the basis of the atrophy
score. (e) Intrarater and interrater reli-
ability of the cortical editing procedures
have not yet been formally assessed. Be-
cause editing included correction of in-
stances in which the gray matter–white
matter boundary invaded white matter
to include white matter areas of hypoin-
tensity in the cortical ribbon, the thick-
ness measures in cases of white matter
disease may be less reliable, although
subjects with extreme white matter dis-
ease were excluded from analysis.

In conclusion, quantitative structural
MR imaging measures can be used to
identify a pattern of regional atrophy at
baseline in subjects with MCI that is pre-
dictive of a 1-year clinical decline. Such an
improvement in predictive prognostic in-
formation could be valuable for individual
patient treatment, particularly when ag-
gressive new treatments that may pre-
vent or delay AD become available. Cur-
rently, such information could provide an
important enrichment strategy for the de-
sign of large-scale clinical trials, enabling
them to identify a more homogeneous co-
hort of individuals with MCI who are at

Figure 7

Figure 7: Percentage change in volume for HC subjects or thickness at 6- and 12-month follow-up sessions for subjects with MCI who had HC and AD imaging phe-
notypes; 1-year follow-up MR imaging data were available for 129 participants with MCI. Percentage changes are shown for eight ROIs used to compute atrophy score.
Red bars indicate subjects with MCI who had AD phenotype (MCI_AD) (n � 66); significantly greater structural loss was observed in these subjects than in those who
had HC phenotype (MCI_NC), signified by teal bars (n � 63), particularly in mesial and lateral middle temporal areas. Group differences in structural loss for superior
temporal gyrus, isthmus cingulate, and frontal ROIs (bottom row) were not significant. LH � left hemisphere, RH � right hemisphere, STS � superior temporal sulcus.
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high risk of imminent decline, allowing for
smaller sample sizes and shorter trial du-
rations.
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