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Conclusion:

©RSNA, 2010

To quantify the effect sizes of regional metabolic and mor-
phometric measures in patients with preclinical and mild
Alzheimer disease (AD) to aid in the identification of non-
invasive biomarkers for the early detection of AD.

The study was conducted with institutional review board
approval and in compliance with HIPAA regulations. Writ-
ten informed consent was obtained from each participant
or participant’s legal guardian. Fluorine 18 fluorodeoxy-
glucose (FDG) positron emission tomography (PET) and
magnetic resonance (MR) imaging data were analyzed
from 80 healthy control (HC) subjects, 68 individuals with
AD, and 156 with amnestic mild cognitive impairment
(MCI), 69 of whom had single-domain amnestic MCI.
Regions of interest (ROIs) were derived after coregister-
ing FDG PET and MR images by using high-throughput,
subject-specific procedures. The Cohen d effect sizes were
calculated for 42 predefined ROIs across the brain. Statis-
tical comparison of the largest overall effect sizes for MR
imaging and PET was performed. Metabolic effect sizes
were determined with and without accounting for regional
atrophy. Discriminative accuracy of ROIs showing the
largest effect sizes were compared by calculating receiver
operating characteristic curves.

For all disease groups, the hippocampus showed the largest
morphometric effect size and the entorhinal cortex showed
the largest metabolic effect size. In mild AD, the Cohen d
effect size for hippocampal volume (1.92) was significantly
larger (P < .05) than that for entorhinal metabolism
(1.43). Regression of regional atrophy substantially re-
duced most metabolic effects. For all group comparisons,
the areas under the receiver operating characteristic
curves were significantly larger for hippocampal volume
than for entorhinal metabolism.

The current results show no evidence that FDG PET is
more sensitive than MR imaging to the degeneration oc-
curring in preclinical and mild AD, suggesting that an MR
imaging finding may be a more practical clinical biomarker
for early detection of AD.

©RSNA, 2010

Supplemental material: http://radiology.rsna.org/lookup
/suppl/doi:10.1148/radiol. 10091402/-/DC1
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ith the aging U.S. population

and increased life span, the

dramatic rise in the expected
number of Alzheimer disease (AD)
cases (estimated to afflict 13.2 million
people in 2050 [1]) will exact a huge
toll on our society. Great effort is under-
way to develop disease-modifying treat-
ments. These efforts would be facilitated
by the development of in vivo biomark-
ers for early detection of AD and moni-
toring treatment effectiveness.

New disease-modifying therapies will
likely be most beneficial before sub-
stantial neuronal loss and clinical im-
pairment occurs. Mild cognitive impair-
ment (MCI) has been identified as a
risk factor for AD and may represent a
preclinical stage of AD (2). MCI refers

to a syndrome of impairment in one

Advances in Knowledge

B Regional, subject-specific, semi-
automated techniques can be
used to define specific regions of
interest (ROIs) across the brain
for morphometric and metabolic
analysis, allowing for the quantifi-
cation of morphometric and met-
abolic effects in mild and pro-
dromal Alzheimer disease (AD).

B For most ROIs, metabolic '8F flu-
orodeoxyglucose PET measures
generally exhibited smaller stan-
dardized effect sizes and were
largely redundant with mor-
phometry, with hippocampal
volume demonstrating the largest
single effect size in mild AD.

B Compared with entorhinal
metabolism, hippocampal volume
showed significantly greater
capability to aid in the discrimi-
nation between AD or mild cog-
nitive impairment (MCI) patients
from healthy controls, greater
correlation with memory mea-
sures in the early preclinical
stage, and similar ability to pre-
dict conversion to AD in patients
with MCI, suggesting that MR
imaging measures may be pre-
ferred for the early detection and
monitoring of disease progres-
sion in mild and preclinical AD.

or more cognitive domains (such as
memory or executive function), but of
insufficient severity to cause functional
impairment (2). When memory is one
of the domains involved, there is an el-
evated risk of developing AD (2). MCI
patients with impairment restricted to
the memory domain (single-domain
amnestic MCI [SMCI]) may reflect the
earliest clinically detectable stage of
preclinical AD.

Fluorine 18 fluorodeoxyglucose
(FDG) positron emission tomography
(PET) and structural magnetic reso-
nance (MR) imaging are sensitive to the
progressive neurodegeneration associ-
ated with AD, even in preclinical AD.
Given the expense and limited availabil-
ity of FDG PET relative to MR imaging,
comparison of FDG PET and structural
MR imaging to the early pathologic
changes associated with AD would be
of great interest, both to inform the
design of clinical trials and for even-
tual clinical use. Researchers in several
prior studies (3-7) have directly com-
pared the sensitivity of FDG PET and
MR imaging measures in the same sub-
jects, reporting a relative superiority of
FDG PET over MR imaging measures
for detection of changes associated
with mild AD or MCI. However, these
studies have generally involved a small
number of subjects, have utilized data
obtained from a single site, and have
used template- or manual drawing-
based methods.

Methodological barriers have made
the quantification of FDG PET- and
MR imaging-derived measures in large-
scale clinical trials challenging. Investi-
gators in most studies have used analy-
ses in which regions of interest (ROIs)
are defined in template-based, atlas
space rather than in individual sub-
jects. These methods are prone to spa-
tial normalization errors that prevent

Implication for Patient Care

B Future work may demonstrate fea-
sibility in the application of subject-
specific, semiautomated methods
in a patient care setting for the
early detection of AD, as well as
for monitoring disease progression.

accurate detection of differences in
small variable structures (8,9) and do
not allow quantification of changes in
metabolism and atrophy in the same
regions. Manual delineation of ROls on
MR imaging data can overcome some
of these problems, although such meth-
ods are labor intensive, requiring high
inter- and intrarater reliability, and are
thus prohibitive in large-scale studies
and routine clinical use.

We developed high-throughput ana-
Iytic methods that provide sensitive
measurements of morphologic change
in AD (10) and that are predictive of
clinical decline in MCI (11). These
methods can be used to obtain quan-
titative estimates of FDG PET metabo-
lism within subject-specific, anatomic
ROIs derived from MR images in each
subject. In the current study, we have
applied these methods to data from a

Published online
10.1148/radiol.10091402
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large group of subjects from the Al-
zheimer’s Disease Neuroimaging Initia-
tive (ADNI). The ADNI is a large-scale,
multisite, prospective longitudinal study
designed to facilitate evaluation of neu-
roimaging and other biomarkers for
early detection of AD and monitoring
of AD patients (12). The ADNI was
carefully designed by leading experts
in the field to optimize and standard-
ize MR and FDG PET image acquisition
across a large number of sites (13). As
such, it represents a state-of-the-art
experimental design that allows for the
quantification of the relative effect sizes
of FDG PET and structural MR imaging
measures in MCI and mild AD patients
in a clinical trial setting.

We applied regional, subject-specific,
semiautomated methods for quantifica-
tion of regional metabolism and mor-
phometry to data from healthy control
(HC) subjects, individuals with mild
AD, and those with MCI, including a
subgroup with SMCI. The purpose of
this study was to quantify the Cohen d
effect sizes (computed as the mean dif-
ference between groups divided by the
pooled standard deviations) of regional
metabolic and morphometric measures
in patients with preclinical and mild AD
to aid in the identification of noninva-
sive biomarkers for the early detection
of AD.

Materials and Methods

A.M.D. is a founder of and holds equity
interest in CorTechs Labs, La Jolla, Ca-
lif, and serves on its Scientific Advisory
Board. The terms of this arrangement
have been reviewed and approved by
the University of California, San Di-
ego, Calif, in accordance with its con-
flict of interest policies. The spouse of
L.K.M. is president of CorTechs Labs.
The authors had control of the data
and the information submitted for
publication.

This prospective study was con-
ducted with institutional review board
approval and in compliance with Health
Insurance Portability and Accountabil-
ity Act regulations. Written informed
consent was obtained from each par-
ticipant or participant’s legal guardian.

Table 1

Cohort Demographics
No. of Percentage of Mini-Mental State Clinical Dementia
Group  Subjects  Age* Female Subjects ~ Examination Score*  Rating Score*
HC 80 76.5(5.0,62.8-86.7) 44 29.0 (1.0, 26-30) 0
MCl 156 75.0(7.1,55.6-89.4) 34 27.1 (1.7, 24-30) 0.5 (0, 0.5-0.5)
SMcl 69 75.5(7.5,55.6-89.4) 35 27.6 (1.7, 24-30) 0.5 (0, 0.5-0.5)
AD 68 76.5(7.4,55.8-88.8) 46 23.3(2.2,18-26) 0.8(0.3,0.5-1.0)

* Data are the means. Numbers in parentheses are standard deviations and ranges.

Data used in the preparation of this
article were obtained from the ADNI
database (http://www.loni.ucla.edu/
ADNI). The ADNI was launched in 2003
by the National Institute on Aging, the
National Institute of Biomedical Imaging
and Bioengineering, the Food and Drug
Administration, private pharmaceutical
companies, and nonprofit organizations
as a $60 million, 5-year public-private
partnership. The goal of the ADNI is
to test whether serial MR imaging,
FDG PET, other biologic markers, and
clinical and neuropsychological assess-
ment can be combined to measure the
progression of MCI and early AD. De-
termination of sensitive and specific
markers of very early AD progression
is intended to aid researchers and cli-
nicians 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, MD, VA
Medical Center and University of Cali-
fornia, San Francisco, San Francisco,
Calif. ADNI is the result of efforts of
many coinvestigators from a broad
range of academic institutions and pri-
vate corporations. Subjects have been
recruited from over 50 sites across the
United States and Canada. ADNI has
recruited 229 cognitively healthy older
individuals, 398 people with amnestic
MCI, and 192 people with early AD to
be followed up for 3 years.

Participants

Full details of the ADNI study proto-
col, including inclusion and exclusion
criteria, are publicly available (http:
//www.adni-info.org/). Briefly, inclusion

criteria specify that participants be
in the age range of 55-90 years, have
good general health, and have com-
pleted 6 years of education. Exclusion
criteria include participants who reside
in a skilled nursing facility, those with
any clinically important neurologic dis-
ease other than AD or those who are
suspected of having AD, and those with
screening MR images that show evi-
dence of infection, infarction, or other
focal lesions. We analyzed all baseline
MR imaging and FDG PET data avail-
able as of May 2008 and clinical follow-
up data as available in March 2010.
Subjects from sites with known prob-
lematic technical issues as indicated
in the FDG PET recall notice posted on
the ADNI Web site were excluded from
the current analysis. An additional 44
subjects were excluded whose MR im-
aging data failed local quality control
procedures (as discussed later in MR
Image Processing) and 22 subjects
whose FDG PET data failed local quali-
ty control or coregistration procedures.
The final cohort used in this study
represents approximately 76% of the
total ADNI FDG PET baseline cohort
and includes 80 HC subjects, 68 indi-
viduals with AD, and 156 individuals
with amnestic MCI; 69 of the 156 indi-
viduals with amnestic MCI fulfilled cri-
teria for SMCI, as defined by Fennema-
Notestine et al (10).

Cohort demographics are summa-
rized in Table 1. Groups did not differ
in age (F=1.9, P=.15) or sex (x*> =
3.65, P = .16). Groups differed, as ex-
pected, with respect to the Mini-Mental
State Examination (F = 220.3, P < .001)
and the Clinical Dementia Rating (F =
856.7, P < .001) scores.
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Figure 1

Figure 1:

(a) Automated, subject-specific segmentation in a 71-year-old male HC subject. Left: MR imag-

ing segmentation. Right: Segmentation applied to coregistered FDG PET volume. ROIs include hippocampus
(gold), thalamus (dark green), caudate (blue), putamen (pink), and lateral ventricle (purple). The right and

left hemisphere white matter (green and white, respectively) and gray matter (maroon) are shown. (b)
Subject-specific cortical parcellation in same subject. Left: Lateral view. ROIs on the lateral surface include
inferior (pink), middle (brown), and superior (light blue) temporal cortices; caudal (brown) and rostral (purple)
midfrontal cortices; and inferior parietal cortex (violet). Right: Medial view. ROIs on mesial surface include
entorhinal cortex (red), parahippocampal cortex (green), four cingulate areas (shades of purple from posterior,
posterior middle, caudal anterior, and rostral anterior), and precuneus (lavender).

MR Image Processing

Dual three-dimensional T1-weighted
MR images were downloaded from the
public ADNI database (http://www
.loni.ucla.edu/ADNI/Data/index.shtml).
Data were collected from studies per-
formed with a variety of 1.5-T MR im-
aging units, with protocols optimized
for the relevant manufacturer, to maxi-
mize the scientific utility of the data and
to ensure use of equivalent pulse se-
quences (13). Protocols are described
in detail at http://www.loni.ucla.edu
/ADNI/Research/Cores/index.shtml.
All image processing and analyses were
performed at the Multimodal Imaging
Laboratory, University of California,
San Diego, Calif. The morphometric
analytic methods have been described

in detail elsewhere (10,11). Briefly, MR
images were corrected for gradient non-
linearities (14) and intensity nonunifor-
mity by using methods developed within
the Biomedical Informatics Research
Network Brain Morphometry testbed
(http://www.birncommunity.org
/current-users/morphometry-birn/)
sponsored by the National Institutes of
Health, the National Center for Research
Resources, and the ADNI. The T1-
weighted images were aligned, averaged
to improve signal-to-noise ratio, and re-
sampled to isotropic 1-mm voxels.

This procedure was followed by re-
moval of nonbrain tissue, automated
subcortical segmentation, and corti-
cal surface reconstruction and par-
cellation by using brain MR imaging

software (FreeSurfer), developed at the
Athinoula A. Martinos Center for Bio-
medical Imaging (Massachusetts Gen-
eral Hospital, Boston, Mass) (Fig 1).
Automated volumetric segmentation
(Fig 1a) required only qualitative review
to ensure no technical failure of the ap-
plication. The cortical surface was re-
constructed and parcellated (Fig 1b) by
using an atlas relevant to the study of
aging and AD (15). Morphometric mea-
sures (cortical thickness and subcortical
volumes) were derived for 42 ROls, av-
eraging over left and right hemispheric
measures. For purposes of consistency
with data in other studies (7,16), the
atlas-derived isthmus cingulate will be
referred to here as posterior cingulate
and the atlas-derived posterior cin-
gulate will be referred to as posterior
middle cingulate. The cortical surface
model was manually reviewed and ed-
ited for accuracy. Minimal editing was
performed according to standard, ob-
Jjective rules, including correction of er-
rors in removal of nonbrain tissue and
inclusion of white matter hypointense
areas adjacent to the cortical ribbon.
Qualitative review and editing were per-
formed, with blinding to the diagnostic
status, by one of three technicians (in-
cluding R.G.J.) trained and supervised
by an expert neuroanatomist with more
than 10 years of experience (C.F.). The
technicians had a minimum of 4 months
of experience reviewing brain MR im-
ages prior to their involvement in this
project.

FDG PET Image Processing

FDG PET data were collected, according
to the ADNI protocol, as multiple frames
(for a total image time of 30 minutes)
of three-dimensional data, starting ap-
proximately 30 minutes after the injec-
tion of 5 mCi of FDG. FDG PET images
were downloaded from ADNI and the
frames were averaged. The averaged
FDG PET images were registered to the
subject’s distortion-corrected and sig-
nal intensity-normalized baseline MR
imaging volume. FDG PET ROIs were
derived for each subcortical and corti-
cal region, as defined on the basis of
each subject’s MR images, by means of
the cerebral segmentation and cortical
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parcellation methods described above.
FDG PET metabolism within each ROI
was normalized to metabolism within
the pons (17). To generate cortical surface
maps of continuous metabolic data, nor-
malized FDG PET metabolism for each
subject was sampled onto the subject’s
reconstructed cortical surface. To dis-
play group differences, surface-registered
metabolism within each diagnostic
group was averaged in spherical atlas
space (18).

Statistical Analysis

Statistical analysis was performed with
software (SPSS, version 13 for Win-
dows and version 16 for Mac OSX;
SPSS, Chicago, 1lI). Group differences
in age, Mini-Mental State Examina-
tion score, and Clinical Dementia Rat-
ing score were assessed with analysis
of variance; differences in sex were
assessed with the x> test of associa-
tion. Morphometric and metabolic
differences across HC, MCI, and AD
groups were assessed with analyses
of covariance (ANCOVAs), with cova-
riates of age, sex, and, for volumetric

measures, estimated total intracranial
vault volume. A two-sided probability of
P <.001 was used for group main effects,
to correct for multiple comparisons.
When the group effect was significant,
pairwise comparisons, controlling for
the effects of age, sex, and, when ap-
propriate, estimated total intracranial
vault volume, were performed to de-
termine the significance of differences
between individual groups, with use of
a two-sided probability of P < .05. The
raw percentage differences and Cohen
d effect sizes, computed as the mean
difference between groups divided by
the pooled standard deviations, were
based on the estimated marginal means
of these pairwise comparisons. For
FDG PET measures, the Cohen d effect
sizes were also calculated after regress-
ing morphometric effects from the met-
abolic measures, to allow estimation of
the sensitivity of metabolic measures to
prodromal and mild AD after controlling
for confounding effects of atrophy. Sta-
tistical comparisons of the largest meta-
bolic and morphometric Cohen d effect
sizes were performed by using a Monte

Carlo simulation approach, sampling
from the a posteriori distribution of
means and standard deviations for each
group. The software was implemented
in Matlab (version 2009b; MathWorks,
Natick, Mass) by using the program’s
tools for assessment of data (Statistics
Toolbox, Matlab; MathWorks).

To further determine the relative
sensitivity of the regions showing the
largest MR imaging and FDG PET effect
sizes, receiver operating characteristic
curves were calculated for these ROls,
and statistical comparisons of areas un-
der the curve (AUCs) were performed
by using the method of Hanley and
McNeil (19). We also examined the as-
sociation between the MR image and
FDG PET ROIs that showed the larg-
est effect size and neuropsychological
tests that measured general cognition,
learning, and memory. These included
the Alzheimer’s Disease Assessment
Scale-Cognitive (ADAS-Cog) and the
Rey Auditory Verbal Learning Test
(AVLT). The ADAS-Cog is a structured
scale for evaluation of memory, reason-
ing, language, orientation, ideational
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praxis, and constructional praxis. The
test is scored in terms of errors, with
higher scores reflecting poorer per-
formance. The AVLT is a list-learning
task for assessment of multiple cogni-
tive parameters associated with learn-
ing and memory. AVLI-Learning is
defined as the sum of the correct re-
sponses across five learning trials and
AVLI-Delayed Recall is the number of
correct responses after a 20-minute
delay. The Steiger Z test was used to
determine whether correlations with
the neuropsychological scores signifi-
cantly differed between FDG PET and
MR imaging measures. To determine
whether these ROIs were predictive of
conversion to AD in MCI patients, the
odds ratios of conversion to AD within
2 years was calculated on the basis of
a median split of the FDG PET and MR
image ROIls that showed the largest ef-
fect sizes.

The three-group (HC, MCI, AD groups)
ANCOVAs for morphometric and meta-
bolic measures yielded significant dif-
ferences in numerous ROIs (Tables E1,
E2 |online]). Figure 2 shows plots of
the adjusted means from the omnibus
three-group ANCOVAs for select ROls
(HC, SMCI, AD groups).

Regional Effect Sizes

AD-HC group comparisons.—Figure 3a
shows continuous surface maps of aver-
age metabolic and structural differences
between AD and HC groups; Table 2
summarizes the percentage difference
and effect sizes according to ROI (these
ROIs are a subset of the larger data and
exhibit significant omnibus group ef-
fects with P < .001 and F > 7). Results
showed widespread atrophy in cortical
association areas, with largest effects in
mesial and lateral temporal areas. The
greatest atrophy was observed in the
hippocampus (—20.5%, Cohen d =1.92)
and entorhinal cortex (—19.1%, Cohen
d =1.69). The regional pattern of meta-
bolic reductions overlapped with areas
of atrophy. Reductions were observed in
mesial and lateral temporal, temporopa-
rietal, and posterior cingulate regions.

Figure 3

metabolism

thickness

metabolism

thickness

b.

Figure 3:  Continuous surface maps of mean metabolic and thickness differences. (a) Com-
parison between AD and HC (NC) groups and (b) between MCI and HC groups. Metabolic maps
are not corrected for regional atrophy. Scale ranges from —15% (cyan) to +15% (yellow).

Lesser reductions were observed in fron-
tal regions, with relative sparing of pri-
mary motor, somatosensory, and visual
cortices. Largest metabolic reductions
were observed in entorhinal (—12.6%,
Cohen d = 1.43), posterior cingulate
(—12.3%, Cohen d = 1.35), and inferior
parietal (—12.7%, Cohen d = 1.19) cor-
tices. The hippocampal volume exhib-
ited the single largest effect size of all
structural measures and was significantly

greater (P < .05) than the largest met-
abolic effect size, which was observed
for the entorhinal cortex.

Metabolic measures showed larger
effect sizes than structural measures
in the inferior parietal, precuneus, and
posterior cingulate ROls, although re-
gression of atrophy reversed this dif-
ference for the inferior parietal region,
leaving the posterior cingulate (Cohen
d =1.12) and precuneus (Cohen d = 0.81)
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e
Q0
=
=
Group Mean Comparisons Adjusted for Age, Sex, and, When Appropriate, Estimated Total Intracranial Vault Volume
FDG PET MR Imaging
Percentage Effect Size, Morphometry Percentage
Groups Compared and ROI PValue Difference Effect size Covaried* PValue Difference Effect size

Comparison of AD and HC
Entorhinal cortex 9.25 X 10715 -12.6 1.43f 0.52 6.74 X 101 -19.1 1.69
Posterior cingulate cortex 1.30 X 101 —-12.3 1.35 1.12 461 x 10710 —8.6 1.10
Hippocampus 487 X 10718 -9.5 1.31 0.37 235X 1072 —20.5 1.921
Inferior parietal cortex 2.85 X 10" —12.7 1.19 0.84 1.16 X 1078 —8.1 1.00
Lateral middle temporal cortex 7.63 X107 -11.0 1.16 0.70 2.34 x 107 —10.0 1.40
Lateral inferior temporal cortex 9.23 X 107" -10.0 1.15 0.74 219 X 10712 —9.1 1.27
Parahippocampal cortex 8.36 X 1079 -7.0 1.01 0.74 8.90 x 10~° -12.0 1.01
Precuneus cortex 1.70 X 10~8 -9.9 0.99 0.81 9.77 X 10~ —6.6 0.76
Amygdala 2.74 X 1077 —6.4 0.89 0.44 3.51 X 1072 -16.8 1.26
Rostral middle frontal cortex 9.53 X 1076 —-8.2 0.76 0.42 9.79 X 10~10 —8.1 1.08
Supramarginal cortex 1.49 X 10°° -7.0 0.74 0.51 3.96 X 1077 —7.1 0.88
Caudal middle frontal cortex 4.53 X 107° -7.8 0.69 0.43 1.06 X 1076 =75 0.84
Fusiform cortex 2.05 x 1074 —5.2 0.63 0.35 1.01 X 107° -7.8 1.07

Comparison of MCI and HC groups
Entorhinal cortex 6.73 X 1077 —6.1 0.71f 0.30 2.62 X 1076 -85 0.66
Hippocampus 1.62 X 107° —4.2 0.60 0.36 9.79 X 10" -11.1 0.941
Parahippocampal cortex 494 x 104 -34 0.49 0.41 3.74 X 1073 -5.1 0.41
Posterior cingulate cortex 6.67 X 104 —47 0.48 0.50 >.05 -1.8 0.23
Amygdala 1.06 X 107° -3.2 0.46 0.24 416 X 1075 —76 0.58
Lateral inferior temporal cortex 3.63 X 1073 -3.6 0.41 0.47 6.88 X 10~* -33 0.48
Inferior parietal cortex 5.09 X 1073 —4.3 0.39 0.45 3.95 X 1072 —22 0.29
Precuneus cortex 6.22 X 1073 -39 0.38 0.46 1.22 X 1072 -2.8 0.35
Lateral middle temporal cortex 1.56 X 1072 -3.2 0.34 0.50 3.81 X 1074 —-3.4 0.50
Rostral middle frontal cortex 1.94 X 1072 =33 0.33 0.25 1.19 X 1073 =37 0.46
Fusiform cortex 4,65 x 1072 —2.2 0.28 0.16 1.67 X 1072 —2.4 0.34
Caudal middle frontal cortex > .05 —2.8 0.27 0.34 8.94 X 104 -37 0.46
Supramarginal cortex >.05 -241 0.23 0.24 1.35 X 1072 —2.6 0.35

Comparison of SMCI and HC groups
Entorhinal cortex 2.88 X 1073 —4.2 0.511 0.24 1.40 X 1073 —6.2 0.54
Hippocampus 4.90 X 1073 =3 0.48 0.13 6.64 X 107 —9.5 0.86"
Posterior cingulate cortex .035 -3.3 0.35 0.37 >.05 04 —0.06
Amygdala .049 -2.3 0.33 0.22 5.63 X 10~° =55 0.46
Parahippocampal cortex >.05 -1.9 0.29 0.22 .049 —41 0.33
Precuneus cortex >.05 —2.1 0.22 0.19 >.05 -1.0 0.13
Inferior parietal cortex >.05 —-1.4 0.14 0.15 >.05 0.1 —0.01
Rostral middle frontal cortex >.05 -1.0 0.10 0.05 >.05 -1.6 0.24
Lateral inferior temporal cortex >.05 -0.7 0.09 0.06 >.05 -1.3 0.20
Fusiform cortex >.05 -0.3 0.05 0.05 >.05 -0.8 0.12
Lateral middle temporal cortex >.05 -0.3 0.04 0.02 >.05 -0.9 0.16
Caudal middle frontal cortex >.05 -0.3 0.03 0 >.05 —-14 0.19
Supramarginal cortex >.05 0.4 —0.05 —0.05 >.05 -0.8 0.11

Note.—Data were sorted according to Cohen d effect size (metabolism) in descending order.
* Data are the Cohen d effect size after regressing out the contribution of atrophy in the metabolic measures.
T Largest metabolic and morphometric effect sizes.

particularly strong reductions in mesial
temporal areas.

MCI-HC group comparisons.—
Figure 3b shows continuous surface

maps of average metabolic and struc-
tural differences between MCI and HC
groups, and Table 2 summarizes the
percentage difference and effect sizes

showing slightly greater metabolic than
structural effects. For other regions, re-
gression of regional atrophy substan-
tially reduced the metabolic effects, with
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according to ROI. Structural and met-
abolic reductions, although less wide-
spread than in the AD versus HC group
comparison, were observed in a number
of ROIs. Similar to the AD versus HC
group comparisons, the largest morpho-
metric reductions occurred in mesial
temporal structures, including the hip-
pocampus (—11.1%, Cohen d = 0.94)
and entorhinal cortex (—8.5%, Cohen d
= 0.66). For metabolic measures, ento-
rhinal cortex (—6.1%, Cohen d = 0.71)
and hippocampus (—4.2%, Cohen d =
0.60) showed the largest reductions rel-
ative to HC subjects. The largest meta-
bolic and morphometric effect sizes did
not significantly differ from each other.
However, metabolic effect sizes for these
mesial temporal regions were substan-
tially reduced after regression of regional
atrophy (Cohen d = 0.36 and 0.30, re-
spectively). In contrast, the posterior
cingulate exhibited significant metabolic
reduction (—4.7%, P < .001, Cohen d =
0.48) without significant concomitant
changes in atrophy. Inferior parietal and
precuneus ROls also exhibited greater
metabolic than morphometric effects.
SMCI-HC group comparisons.—
Pairwise comparisons between SMCI
and HC groups revealed more focal
structural and metabolic reductions
(Table 2). Significant atrophy was ob-
served in mesial temporal regions only
with the largest reduction occurring for
the hippocampus (—9.5%, Cohen d =
0.86). Significant metabolic reductions
were observed in mesial temporal ROls
and posterior cingulate, with the largest
effect occurring for the entorhinal cor-
tex (—4.2%, Cohen d =0.51). The larg-
est metabolic and morphometric effect
sizes did not significantly differ from
each other. Effect sizes in the mesial
temporal regions were substantially re-
duced following regression of regional
atrophy. In contrast, the posterior cin-
gulate showed significant (P <. 05)
metabolic reduction in the absence of
significant atrophy (Cohen d = 0.35).

Receiver Operating Characteristic
Curve Comparisons

Receiver operating characteristic curves
for discriminating each patient group

Table 3

AUC with Standard Error, 95% Cls, and Significance of the Hippocampus (MR imaging)
and Entorhinal Cortex (FDG PET) AUC Differences

P Value, Hippocampus

ROI AUC Standard Error cl vs Entorhinal Cortex
AD <.001
Hippocampus (MR imaging) 0.899 0.026 0.847,0.951
Entorhinal cortex (FDG PET) 0.706 0.043 0.621,0.792
MCI <.01
Hippocampus (MR imaging) 0.751 0.032 0.689, 0.813
Entorhinal cortex (FDG PET) 0.626 0.038 0.552, 0.700
SMcl <.05
Hippocampus (MR imaging) 0.717 0.043 0.633,0.801
Entorhinal cortex (FDG PET) 0.588 0.047 0.496, 0.680

from the control group on the basis
of the morphometric and metabolic
measures with the largest effect sizes
are shown in Figure E1 (online). For
all group comparisons, the AUCs were
significantly larger for hippocampal vol-
ume than for entorhinal metabolism
(P < .001 for AD, P < .01 for MCI, and
P < .05 for SMCI) (Table 3).

Correlation with Neuropsychologic
Test Performance

Hippocampal volume and entorhinal
metabolism showed significant cor-
relation with general cognitive func-
tion, as assessed with the ADAS-Cog,
and with learning and memory, as
assessed with the AVLT, in MCI and
SMCI subjects (Table 4). In SMCI sub-
jects, hippocampal volume, but not en-
torhinal metabolism, was significantly
correlated with learning and memory
measures.

Prediction of Conversion to AD
in MCI Patients

Reduced hippocampal volume and re-
duced entorhinal metabolism were each
associated with significantly higher odds
of conversion to AD within 2 years (hip-
pocampal volume, 4.20; P < .001; 95%
confidence interval [CI]: 1.89, 9.33;
and entorhinal metabolism, 3.05; P < .01;
95% CI: 1.41, 6.60). Although the odds
ratio for hippocampal volume was higher
than that for entorhinal metabolism,
the overlap in the Cls suggests that
the two measures do not significantly
differ.

The major goal of this study was to
evaluate regional metabolism and mor-
phometry to identify those measures
with the largest effect sizes in preclini-
cal and early AD. Consistent with other
reports in the literature, we found that
early AD is characterized by wide-
spread structural changes (10,20,21)
and reductions in metabolism (3,22).
Largest effect sizes at all stages of dis-
eases examined were observed in me-
sial temporal areas, where structural
effects predominated over metabolic
differences. The measure showing the
highest overall effect size in all compari-
sons was hippocampal volume, consis-
tent with the well-established sensitivity
of the hippocampus to the degenerative
change associated with prodromal and
mild AD (23,24).

Metabolic effects were also largest
in mesial temporal areas, particularly
the entorhinal cortex. Although hypo-
metabolism in the entorhinal cortex
and hippocampus has been difficult to
observe in earlier FDG PET studies
owing to methodological issues (3,22),
investigators in studies in which care-
ful registration of FDG PET data was
applied to MR images, combined with
manual ROI-based methods or opti-
mized voxel-based morphometric meth-
ods, have reported hypometabolism
in these structures in individuals with
AD (3). In addition, longitudinal stud-
ies have shown early metabolic changes
in these regions in individuals destined
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Table 4

Pearson Correlation Coefficients (rValues) and P Values for Selected ROIs with Neuropsychologic Measures

ADAS-Cog AVLT-Learning AVLT-Delayed Recall
ROI rValue* PValue® rValue* PValuet rValue* PValue®
MCI >.05 >.05 > .05
Hippocampus (MR imaging) —0.388 (<.001) 0.279 (<.001) 0.459 (<.001)
Entorhinal cortex (FDG PET) —0.406 (<.001) 0.175 (<.05) 0.318 (<.001)
SMCI > .05 <.01 <.05
Hippocampus (MR imaging) —0.405 (<.005) 0.291 (<.05) 0.491 (<.001)
Entorhinal cortex (FDG PET) —0.385 (<.005) —0.059 (>.05) 0.229 (>.05)

* Numbers in parentheses are P values for the Pearson correlation coefficient.
T Pvalues are for comparison of hippocampus versus entorhinal cortex, determined with Steiger Z test.

to develop AD (25,26). These results
suggest that, for both morphometric
and metabolic measures, mesial tem-
poral regions may serve as the best
biomarkers for early detection of AD.
This conclusion is consistent with the
known neuropathology of AD, in which
neurofibrillary tangles first occur in me-
sial temporal regions before spreading
to other cortical areas (27).

It is unclear whether hippocampal
tissue displays significant hypometabo-
lism, or whether observed reductions
in metabolism arise mainly from tis-
sue loss in this area (3,22). The large
reduction in effect sizes observed after
regressing the effects of individual-spe-
cific regional atrophy suggests that loss
of tissue, rather than reduced metabo-
lism, underlies the FDG PET effects ob-
served here. This pattern of generally
larger morphometric than metabolic
effects, and substantially reduced meta-
bolic effects following regression of at-
rophy, was true for the majority of the
ROIs examined that showed significant
differences in the omnibus ANCOVAs.
This factor suggests that a loss in tissue,
rather than a reduction in metabolism
per unit of remaining tissue volume, ac-
counts for much of the effects observed
with FDG PET at all disease stages ex-
amined here, leading to the conclusion
that FDG PET measures are largely re-
dundant with MR imaging.

For all patient groups, the largest
MR imaging effect size (hippocampal
volume) was greater than the larg-
est metabolic effect size (entorhinal

cortex), a difference that was significant
(P < .05) for the mild AD group. For
all group comparisons, hippocampal
volume showed significantly greater ca-
pability to aid the discrimination of pa-
tients from controls than did entorhinal
metabolism (P < .001, AD vs HC group;
P < .01, MCI vs HC group; and P < .03,
SMCI vs HC group). Moreover, in the
presumed earliest stage of preclinical
AD, SMCI, hippocampal volume showed
greater correlation with memory defi-
cits, the hallmark of AD, than did en-
torhinal metabolism. Although the odds
ratio of conversion from MCI to AD
was larger for hippocampal volume than
for entorhinal metabolism, this differ-
ence was not significant. These results
show that both FDG PET and MR im-
aging are sensitive to the changes that
occur in preclinical and mild AD, but
they provide no support for the notion
that FDG PET is superior to MR imaging
in the detection of early changes associ-
ated with AD.

FDG PET is more expensive, less
widely available, and, owing to the re-
quirement to inject a radioactive tracer,
more invasive than MR imaging. Togeth-
er with our findings, this suggests that
quantitative morphometric measures,
such as hippocampal volume, may be
better suited as noninvasive biomarkers
of early AD than are FDG PET mea-
sures. Previous work (28) has shown
that combining MR imaging and cere-
brospinal fluid biomarkers can improve
diagnostic classification (controls ver-
sus AD), but like FDG PET, obtaining

cerebrospinal fluid biomarkers is inva-
sive and not as routinely available.

This result contradicts data in prior
reports in which researchers found FDG
PET to be relatively superior to MR mea-
sures in the detection of changes associ-
ated withmild AD and MCI (3-5,7). How-
ever, it is consistent with data in other
reports (29). Included among these other
reports is a report that was based on
ADNI data (30) that showed that com-
binations of FDG PET measures display
discriminative accuracy similar to the
accuracy of combinations of MR im-
aging measures but that the FDG PET
measures do not provide an indepen-
dent contribution to classification accu-
racy once morphometric measures are
taken into account. The prior studies in
which investigators reported that FDG
PET measures were superior to MR im-
aging measures included a small number
of subjects, included an analysis of data
obtained from a single site, and were
performed with voxel-based morphomet-
ric or manual drawing-based methods.
Methodological differences, includ-
ing procedures designed to improve
the signal-to-noise ratio and optimize
MR image contrast may account for
some of the discrepancy. The multisite
design also adds variability caused by
different imager platforms, which may
have affected FDG PET measures to a
greater degree than it did MR imaging
measures, a factor that would also af-
fect any multisite, large-scale clinical
trial. A recent study (29) with the use
of methods similar to those used here,
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but for analysis of FDG PET data from
a single site, also observed greater dis-
criminative accuracy for morphometric
measures than for metabolic measures,
suggesting that the discrepancy between
our results and those of some prior re-
ports does not arise mainly from the
multisite nature of the current study.

Despite the general redundancy of
FDG PET measures with MR measures,
some complementary information was
identified. Significant hypometabolism
was observed in posterior cingulate, in-
ferior parietal, and precuneus regions,
even after regressing out the effects of
regional atrophy, suggesting that tissue
in these areas is truly hypometabolic.
Chételat et al (3) also reported several
areas in which hypometabolism ex-
ceeded atrophy in individuals with mild
AD. Here, we observed that this occurs
even at the presumed earliest stage of
the disease, SMCI, in which significant
(P < . 05) hypometabolism was found
in the posterior cingulate without con-
comitant atrophic changes.

Researchers in prior studies (28-30)
have also noted that a combination of
FDG PET and MR imaging measures
improved prediction of neuropsycho-
logical performance and that FDG PET
and MR imaging measures show differ-
ential sensitivity to neuropsychological
measures. Thus, although the results
reported here suggest that, for practi-
cal clinical purposes, MR imaging may
be better suited than FDG PET for de-
tection of mild and preclinical AD, FDG
PET and MR imaging provide comple-
mentary information that may improve
understanding of the neurobiological
consequences of preclinical AD and the
differential effect that functional and
structural changes have on cognition
(28,30,31).

Atrophy in the posterior cingulate
in MCI has been inconsistently reported
(32-35). In the subset of the ADNI
MCI participants analyzed here, we
observed a small decrease in posterior
cingulate thickness that failed to reach
significance; however, in a somewhat
different and slightly larger ADNI co-
hort, we observed small, but significant
structural effects in individuals with
SMCI (10). MCI is a heterogeneous

condition (36,37), and atrophy in the
posterior cingulate may not occur in all
individuals but may, instead, be associ-
ated with a more rapid course of pro-
gression (11,38).

Limitations of the current study
included the lack of histopathologic
verification of disease status; it is pos-
sible that some individuals in the AD
and MCI groups had pathologic find-
ings unassociated with AD that may
have served to increase the variability
of the measures. This study was also
limited by the cross-sectional nature
of the analyses; ongoing longitudi-
nal analyses of the ADNI PET cohort
by using these methods will allow for
better assessment of the trajectory of
metabolic and structural changes with
disease progression. Finally, intrarater
and interrater reliability of the corti-
cal editing procedures have not been
formally assessed. Because editing in-
cluded correction of instances in which
the gray matter—white matter bound-
ary invaded white matter to include
white matter areas of hypointensity in
the cortical ribbon, the thickness mea-
sures in cases of white matter disease
may be less reliable, although subjects
with extreme white matter disease
were excluded from analysis. Volu-
metric measures of the hippocampus
were automatically derived and, thus,
were not subject to intra- or interrater
variability.

In summary, FDG PET measures
were largely redundant with MR imag-
ing measures at all stages of disease,
with hippocampal volume exhibiting the
overall largest effect. These results sug-
gest that MR imaging measures, such
as hippocampal volume, are at least
as robust as FDG PET measures even
at early preclinical stages and may be
more practical for clinical use in early
detection of AD.
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