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In mostly small single-center studies, Alzheimer’s disease (AD) is associated with characteristic and
progressive reductions in fluorodeoxyglucose positron emission tomography (PET) measurements
of the regional cerebral metabolic rate for glucose (CMRgl). The AD Neuroimaging Initiative
(ADNI) is acquiring FDG PET, volumetric magnetic resonance imaging, and other biomarker
measurements in a large longitudinal multi-center study of initially mildly affected probable AD
(pAD) patients, amnestic mild cognitive impairment (aMCI) patients, who are at increased AD risk,
and cognitively normal controls (NC), and we are responsible for analyzing the PET images using
statistical parametric mapping (SPM). Here we compare baseline CMRgl measurements from 74
pAD patients and 142 aMCI patients to those from 82 NC, we correlate CMRgl with categorical and
continuous measures of clinical disease severity, and we compare apolipoprotein E (APOE) ε4
carriers to non-carriers in each of these subject groups. In comparison with NC, the pAD and aMCI
groups each had significantly lower CMRgl bilaterally in posterior cingulate, precuneus,
parietotemporal and frontal cortex. Similar reductions were observed when categories of disease
severity or lower Mini-Mental State Exam (MMSE) scores were correlated with lower CMRgl.
However, when analyses were restricted to the pAD patients, lower MMSE scores were significantly
correlated with lower left frontal and temporal CMRgl. These findings from a large, multi-site study
support previous single-site findings, supports the characteristic pattern of baseline CMRgl
reductions in AD and aMCI patients, as well as preferential anterior CMRgl reductions after the onset
of AD dementia.
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INTRODUCTION
Fluorodeoxyglucose positron emission tomography (FDG PET) studies reveal characteristic
and progressive reductions in the cerebral metabolic rate for glucose (CMRgl) in patients with
clinically characterized and subsequently autopsy confirmed Alzheimer’s disease (AD)
(Hoffman et al., 2000; Jagust et al., 2007; Mielke et al., 1996; Minoshima et al., 2001;
Silverman et al., 2001) and in patients with mild cognitive impairment (MCI), who have an
increased risk of AD neuropathology and subsequent conversion to probable AD (pAD, the
term commonly used for the clinical diagnosis of Alzheimer’s dementia) (Arnaiz et al.,
2001; Drzezga et al., 2003; Drzezga et al., 2005; Minoshima et al., 1997). Similar CMRgl
reductions have been reported in cognitively normal people with one or two copies of the
apolipoprotein E (APOE) ε4 allele, a common AD susceptibility gene, many years before the
anticipated onset of symptoms (Reiman et al., 1996; Reiman et al., 2001; Reiman et al.,
2004; Reiman et al., 2005). These and other studies raise the possibility that FDG PET, along
with other brain imaging and biomarker measurements, could be used for earlier detection and
tracking of Alzheimer’s disease, in the differential diagnosis of AD in patients with dementia
and MCI, in the enrichment or stratification of research subjects in clinical trials of putative
AD-slowing therapies, and in the rapid evaluation of putative AD-slowing, risk-reducing and
prevention therapies.

In numerous single-center (Alexander et al., 2002; Chase et al., 1984; de Leon et al., 1983;
Duara et al., 1986; Foster et al., 1983; Foster et al., 1984; Haxby et al., 1990; Hoffman et al.,
2000; Ibanez et al., 1998; Jagust et al., 1988; McGeer et al., 1990; Minoshima et al., 1994;
Minoshima et al., 1995; Smith et al., 1992). multi-center (Herholz et al., 2002; Mosconi et al.,
2008b; Silverman et al., 2001) FDG PET studies, AD has been associated with significantly
lower CMRgl bilaterally in the precuneus and posterior cingulate, parietal and temporal cortex,
and also with lower CMRgl in the frontal cortex and whole brain in more severely affected
patients Lower CMRgl has been correlated with dementia severity, either by assessing the
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correlation between performance on measures of overall cognitive function, such as the Mini-
Mental State Exam [MMSE], and CMRgl reduction over all study participants, or by comparing
subgroups based on measures of disease severity, such as the MMSE, Clinical Dementia Rating
[CDR], or Global Deterioration Scale score (Chase et al., 1984; Choo et al., 2007; Foster et
al., 1984; Minoshima et al., 1995; Mosconi, 2005; Silverman et al., 2001; Smith et al., 1992).
The CMRgl reductions correspond to the spatial pattern of gray matter atrophy observed using
volumetric magnetic resonance imaging (MRI) (Chételat et al., 2008) and they predict
subsequent cognitive decline and the histopathological diagnosis of AD (Hoffman et al.,
2000; Minoshima et al., 2001; Silverman et al., 2001). In longitudinal studies, the CMRgl
reductions are progressive (Alexander et al., 2002; Haxby et al., 1990; Jagust et al., 1988;
McGeer et al., 1990; Mosconi, 2005; Mosconi et al., 2007a; Smith et al., 1992), and offer
greater statistical power than clinical endpoints in the evaluation of putative AD-slowing
treatments (Alexander et al., 2002; Reiman and Langbaum, 2008).

In a smaller number of mostly small single-center FDG PET studies, amnestic mild cognitive
impairment (aMCI) and non-amnestic MCI are associated with lower CMRgl in some of the
same brain regions as pAD (de Leon et al., 2001; De et al., 2001; Drzezga et al., 2003; Mosconi
et al., 2004; Mosconi, 2005; Mosconi et al., 2007b), including direct comparisons between
MCI and pAD (De Santi et al., 2001; Mosconi et al., 2005; Mosconi et al., 2008b; Nestor et
al., 2003), and in an automatically characterized hippocampal region-of-interest (Mosconi et
al., 2005; Mosconi et al., 2008a). A similar pattern of hypometabolism in the posterior cingulate
cortex and hippocampus was reported in a large, multi-center study which included 114 patients
with MCI (Mosconi et al., 2008b). In related studies, lower CMRgl in some of these regions
predicted subsequent rates of clinical conversion to probable AD (Arnaiz et al., 2001; Drzezga
et al., 2003; Drzezga et al., 2005; Minoshima et al., 1997) are progressive and able to distinguish
those who subsequently converted to pAD from those who remained stable during the same
time-frames (Anchisi et al., 2005; de Leon et al., 2001; De Santi et al., 2001; Drzezga et al.,
2003; Mosconi et al., 2004). In one very small study that needs to be replicated, lower CMRgl
in a preselected posterior cingulate region of interest (ROI) and APOE ε4 carrier or non-carrier
status were used together to completely distinguish between aMCI patients who rapidly
converted to pAD and those who remained stable during the same time frame (Drzezga et al.,
2005).

The AD Neuroimaging Initiative (ADNI) was launched in 2003 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. ADNI is a large, multi-
center, longitudinal study of 822 older adults, including 188 initially mildly affected pAD
patients, 405 aMCI patients, and 229 cognitively normal controls (NC) who are being followed
at 58 clinical sites in the United States (Mueller et al., 2005). All of the subjects have clinical
ratings, neuropsychological tests, 1.5T volumetric MRI, and blood and urine samples at every
visit (most commonly every 6 months for 2–3 years depending on the subject group); half of
the subjects also have FDG PET or 3T MRI at every visit; more recently, a smaller number of
subjects have fibrillar amyloid imaging measurements using Pittsburgh Compound B (PIB)
PET; and more than half of the subjects have agreed to baseline and one-year cerebrospinal
fluid (CSF) measurements.

ADNI is intended to provide a public resource to the entire community, providing privacy-
protected data and images, selected biological samples, and findings from a limited number of
analyses. It is intended to assist in the early detection and tracking of AD, and to provide
information that could be used to help in estimating sample sizes and designing clinical trials
of putative AD-slowing treatments in pAD and aMCI patients using brain imaging and other
biomarker endpoints, as well as lessen the time and cost of clinical trials. ADNI provides a
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foundation to compare different brain imaging modalities and image-analysis techniques for
each of these purposes. Along the way, it has begun to set standards for the selection of pAD
and aMCI patients, the qualification of clinical and imaging sites in multi-center clinical trials,
the acquisition and centralized pre-processing of MRI and PET images, use of MRI phantoms,
and real-time quality-assurance and quality-control procedures in multi-center clinical trials.
This study complements other multi-center FDG PET studies (Herholz et al., 2002; Mosconi
et al., 2008b; Silverman et al., 2001), as well as other multi-center neuroimaging initiatives
that have begun in other continents and countries following the ADNI example, including
Europe, Japan, and Australia (Frisoni et al., 2008).

As members of the ADNI PET Coordinating Center, we are responsible for a small number of
voxel-based FDG PET analyses using statistical parametric mapping (SPM). For this report,
we provide a descriptive report of the comparisons between baseline CMRgl measurements
from 74 pAD patients and 142 aMCI patients to those from 82 NC; we characterized
correlations between three categorical measurements of clinical disease severity (i.e., NC,
aMCI and pAD based on CDR scores), as well as correlations between a continuous measure
of clinical disease severity (MMSE scores) and lower CMRgl using data from all 298 subjects;
and we characterized correlations between the same continuous measure of clinical disease
severity and lower CMRl within the pAD group. We predicted that pAD and aMCI patients
would have significantly lower CMRgl than NC in precuneus and posterior cingulate, parietal,
and temporal cortex; that the pAD group would also have lower CMRgl in frontal cortex; that
clinical disease severity would be correlated with lower CMRgl in each of these regions when
the analysis included all three subject groups, and that it would be correlated with lower CMRgl
in frontal cortex when the analysis was restricted to those AD patients with dementia.
Establishing that similar findings between previous single-site studies and large, multi-site
studies can be obtained is critical as the field advances. Findings from the comparison of aMCI
patients who subsequently converted to pAD and those who remain stabled during the same
time frame will be described in a separate report.

METHODS
Subjects

The primary goal of ADNI has been to test whether serial MRI, PET, other biological markers,
and clinical and neuropsychological assessment can be combined to measure the progression
of MCI and early AD. ADNI subjects were between the ages of 55–90 at the time of enrollment.
Eligibility criteria for enrollment in one of the three specific groups are as follows. NC
participants had an MMSE score of 24 or higher, a CDR score of 0, and no diagnosis of
depression, aMCI, or dementia. aMCI participants had an MMSE score of 24 or higher, a
subjective memory complaint, objective memory loss measured by education adjusted scores
on the Wechsler Memory Scale Logical Memory II, a CDR of 0.5, absence of significant levels
of impairment in other cognitive domains, preserved activities of daily living (ADLs), and an
absence of dementia (Petersen et al., 2001). Mild AD participants were enrolled if they had an
MMSE score between 20–26 (inclusive), a CDR score of 0.5 or 1.0, and met NINCDS/ADRDA
criteria for probable AD (McKhann et al., 1984). For more information, please refer to the
ADNI website (http://www.adni-info.org/index.php). Baseline FDG PET data from 298 ADNI
participants (74 pAD, 142 aMCI, and 82 NC) acquired from Siemens, General Electric (GE),
and Philips PET scanners were available for downloading from the ADNI Laboratory on
NeuroImaging (LONI, University of California, Los Angeles) website
(http://www.loni.ucla.edu/ADNI/). PET data acquired from the Siemens HRRT (n=51) and
BioGraph HiRez (n=37) scanners were excluded from the primary analysis due to differences
in the pattern of FDG uptake related to radiation attenuation, scatter and the subject’s position
in the scanner that were discovered during the data quality control and assurance checks.
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However, as noted in the results section, we confirmed our main findings with only slightly
smaller effect sizes when data from all of the scanners were included in a post-hoc analysis.

FDG PET
Data Acquisition

FDG PET scans were acquired according to a standardized protocol. Data presented in this
paper were collected using 20 different PET scanners (7 GE models, 5 Philips models, and 8
Siemens models, not including the HRRT and BioGraph HiRez scanners). The proportion of
subjects in each subject group did not differ significantly in the scanners used to acquire their
FDG PET images (χ2(51) = 21.9; p = 0.99). A 30-min dynamic emission scan, consisting of 6
5-min frames, was acquired starting 30 min after the intravenous injection of 5.0±0.5 mCi
of 18F-FDG, as the subjects, who were instructed to fast for at least four hours prior to the scan,
lay quietly in a dimly lit room with their eyes open and minimal sensory stimulation. Data were
corrected for radiation-attenuation and scatter using transmission scans from Ge-68 rotating
rod sources and reconstructed using measured-attenuation correction and image reconstruction
algorithms specified for each scanner
(http://www.loni.ucla.edu/ADNI/Data/ADNI_Data.shtml). Following the scan, each image
was reviewed for possible artifacts at the University of Michigan and all raw and processed
study data was archived. The images were de-identified and transmitted to LONI for storage
and pre-processing to correct for differences across PET scanners used at various ADNI sites.

Centralized FDG-PET Image Pre-Processing
The six five-min emission frames acquired in each subject 30–60 min following FDG
administration were pre-processed at the University of Michigan according to the following
steps to help correct for scanner-related differences in FDG uptake: First, each of the subject’s
emission frames were co-registered to his or her first frame and averaged. Second, each
person’s 30-min emission image was reoriented into an image consisting of 160×160×96 1.5
mm voxels, such that their horizontal sections were parallel to a section through the anterior
and posterior commissures and normalized for the variation in absolute voxel intensity. At this
step, none of the images were linearly or non-linearly deformed for individual differences in
size and shape. Finally, a scanner-specific filter function, determined using scans acquired on
the Hoffmann Brain phantom during the scanner certification process was used to ensure that
all of the images had an isotropic spatial resolution of 8 mm full-width-at-half-maximum
(FWHM). The specific filter functions were determined from the Hoffman phantom PET scans
that were acquired during the certification process.

FDG-PET Image Analysis
Baseline FDG-PET images were downloaded from the ADNI LONI website in NIFTI format.
Using SPM5 (http://www.fil.ion.ucl.ac.uk/spm/), each FDG-PET image was linearly and
nonlinearly deformed to the Montreal Neurological Imaging (MNI) Template, smoothed to a
spatial resolution of 12 mm full width-at-half maximum (FWHM) using a Gaussian Kernel,
and normalized for the variation in whole brain measurements using proportionate scaling, and
used to compute statistical parametric maps for each of the contrasts and correlations noted in
the introduction. In the framework of ANOVA/General Linear Model (with pooled variance
and degree of freedom), Student t-tests were used to compare FDG PET images from each of
the patient groups to those from the NC on a voxel-by-voxel basis, generating statistical
parametric maps of group-related reductions in regional-whole brain CMRgl (p < 0.001,
uncorrected for multiple comparisons). In addition, linear regression was used to examine the
association between disease severity, assessed either by disease category (CDR score of 0, 0.5,
1) or MMSE score and CMRgl reductions within the entire subject group and separately by
MMSE score within the pAD group (p < 0.001, uncorrected for multiple comparisons). The
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statistical maps from each analysis were superimposed onto a spatially standardized, volume-
rendered MRI in the MNI coordinate space using a significance threshold of p < 0.005,
uncorrected for multiple comparisons, for illustrative purposes. Significance levels were
adjusted for false discovery rate (FDR-corrected), using the commonly accepted threshold of
p < 0.05, for the group comparison analyses. This approach was selected rather than our usual
practice of adjusting for the number of resolution elements in the AD-affected brain regions
using small-volume correction procedure in SPM (p < 0.05) (Alexander et al., 2002) in order
to make the results from the present study comparable to those from other studies, independent
of each study’s particular hypothesis. The results from the correlation analyses were not FDR-
corrected given that the regions-of-interest can be regarded as pre-defined by the group
comparison analyses. For the primary analyses, data from local maxima from the brain regions
were extracted to compare mean differences in regional-to-whole brain across participant
groups. Post-hoc analyses were conducted to examine the effects of age on the correlation
between MMSE score and CMRgl reductions. Additionally, we examined CMRgl reduction
in APOE ε4 carriers compared to non-carriers in each of the subject groups.

RESULTS
The subject groups’ demographic characteristics, MMSE scores, and APOE ε4 gene doses are
described in Table 1. The three groups did not differ significantly in their gender distribution.
The pAD group was slightly older than the aMCI (p < 0.01) and had slightly fewer years of
education compared to the NC group (p < 0.04). As expected, the pAD group had significantly
lower MMSE scores than both the aMCI and NC groups (p < 0.001), and the aMCI group had
significantly lower MMSE scores than the NC group (p < 0.001). Also as expected, the pAD
and aMCI groups had a significantly higher proportion of subjects with one or two copies of
the APOE ε4 allele (p < 0.001) than the NC group, and the three groups differed in the
distribution of CDR scores (p < 0.001). Similarities between the proportions of aMCI and pAD
patients with one or two copies of the APOE ε4 allele may support the use of ADNI’s aMCI
criteria for the identification of early AD. No significant differences were noted between the
groups whether data from the HRRT and HiRez scanners were excluded or included in the
analysis, although maximal significance levels were higher after excluding these potentially
problematic scans.

In comparison with NC, the pAD and MCI groups each had significantly lower CMRgl in brain
regions preferentially affected by AD, , including the precuneus, posterior cingulate and
parietotemporal regions, as well as the occipital cortex (p < 0.001 uncorrected for multiple
comparisons) (Table 2; Figure 1). Additionally, compared to the NC group, both the pAD and
aMCI groups had lower CMRgl bilaterally in the frontal cortex (p < 0,001, uncorrected), which
has been suggested to be affected to a lesser degree than the posterior brain regions in previous
PET studies. In comparison with each of the patient groups, the NC group exhibited increased
CMRgl bilaterally in the cerebellum, occipital, and sensorimotor cortex (p < 0.001,
uncorrected), reflecting relative sparing in these areas.

Examining the correlation between clinical disease severity and regional hypometabolism
across all ADNI participants, we identified a significant relationship between higher CDR score
(our categorical measure of disease severity) and lower CMRgl in brain regions preferentially
affected by AD, including the posterior cingulate, precuneus, parietotemporal regions (p <
0.001 uncorrected) as well as the occipital cortex (p < 0.001 uncorrected) (Table 3; Figure 2A).

Using a different measure of disease severity across all ADNI participants, we identified a
significant relationship between lower MMSE scores (our continuous measure of clinical
disease severity) and lower CMRgl in the AD-related brain regions, including the, precuneus
and parietotemporal regions (p < 0.001 uncorrected) as well as the occipital and frontal cortices
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(p < 0.001 uncorrected) (Table 4; Figures 2B and 3). A post-hoc analysis was conducted,
adjusting for age given that the average age of the pAD participants was higher than that of
the aMCI group. The results were nearly identical to the primary overall MMSE analysis, with
the exception that the CMRgl reductions in the frontal cortex were observed bilaterally (p <
0.001, uncorrected).

Restricting the analysis to the pAD group, significant associations between lower MMSE
scores and lower CMRgl were limited to the left frontal and temporal cortex, fusiform gyrus
and striatum (p < 0.001, uncorrected) (Table 5; Figure 2C), suggesting that these anterior
regions may be preferentially affected by AD after the onset of dementia. Though we observed
asymmetry in the pAD group, a post-hoc hemisphere-wise comparison failed to find any
asymmetric significance.

Within the NC group, the ε4 carriers had lower CMRgl than non-carriers in bilateral precuneus
and left frontal cortex (p < 0.001, uncorrected), supporting previous findings that APOE ε4
carriers have abnormally low CMRgl in AD-affected brain regions before the onset of
symptoms. Within the aMCI group, the ε4 carriers had lower CMRgl than non-carriers in an
extensive region of the right temporal cortex (p < 0.001, uncorrected), another AD-affected
region. Possible explanations for this finding include a higher proportion of AD cases in the
MCI patients with this susceptibility gene, more advanced disease in the ApoE4 factors, or a
combination of these and other factors. Within the pAD group, we found very few differences
in the carriers compared to the non-carriers, with the carriers exhibiting minimal reductions
bilaterally in the mid cingulate (p < 0.001, uncorrected).

While our primary analyses excluded data from the HRRT and HiRez scanners, all of our
findings were confirmed with only slightly smaller effect sizes after including ADNI data from
all of the scanners in our post-hoc analyses.

DISCUSSION
Findings from this large multi-center study confirm the previously characterized pattern of
regional hypometabolism in pAD and aMCI found in single- and multi-center studies and
implicate additional brain regions. Furthermore, they confirm the previously characterized
correlation between severity of clinical impairment in a combined group of patients and
controls, but suggest that the hypometabolism observed in the frontal brain regions is associated
with a more severe disease state and may be indicative of potential disease progression. Lastly,
the results provide additional support for the comparability of images obtained from multi-site
studies using different PET scanners (Herholz et al., 1993; Herholz et al., 2002; Mosconi et
al., 2008b; Silverman et al., 2001), at least with the scanner qualification, real-time quality-
assurance and quality control procedures, and pre-processing standardization steps used in
ADNI.

The findings from the present study indicate that compared to normal controls, both the pAD
and aMCI participants exhibited similar patterns of reduced CMRgl in posterior cingulate,
precuneus, parietotemporal, frontal and occipital regions. Although the patterns of reductions
were comparable, the magnitude and spatial extent of hypometabolism was greater among the
pAD participants, and these patient group differences were not solely attributable to the effects
of slightly older age in the AD group. These results, along with the relatively higher percentage
of APOE ε4 carriers, add to the evidence that a significant proportion of patients meeting the
aMCI criteria used in this study have early AD. Our ongoing longitudinal assessments will
permit us to further characterize rates of clinical conversion to pAD, and determine the extent
to which regional CMRgl reductions, alone or in combination with other measurements and
risk factors, predicts clinical conversion to pAD.
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Previous studies have reported significant correlations between clinical disease severity and
lower MMSE scores and lower CMRgl in patients with pAD in posterior cingulate, precuneus,
parietotemporal and frontal cortex (Bokde et al., 2005; Chase et al., 1984; Foster et al., 1983;
Kawano et al., 2001; Mielke et al., 1992; Minoshima et al., 1995). Generally speaking, the
results from the present study are in agreement with findings from previous studies and are
noteworthy given the number of participants and the selection of pAD patients based on
relatively mild clinical severity. In addition, we found a relationship between hypometabolism
in the occipital cortex and greater disease severity, which, has been reported in some but not
all FDG PET studies of AD (e.g., Alexander et al., 2002), but which has also been suggested
to distinguish dementia with Lewy bodies (DLB) from AD (Minoshima et al., 2001). This
finding might be partly attributable to our relatively large samples, permitting us to detect more
subtle group differences than in some of the smaller single-center studies, and it may be partly
related to the finding of preferential fibrillar amyloid-beta burden in AD patients (Klunk et al.,
2004), which has been suggested to reflect cerebral amyloid angiopathy (Greenberg et al.,
2008; Johnson et al., 2007). It also is possible that some of these individuals may have
unsuspected Lewy body pathology, although the presence of Parkinsonian signs was
exclusionary at enrollment.

When the analysis was restricted to only participants with pAD, the significant correlations
between lower MMSE scores and lower CMRgl were limited to left frontal and temporal brain
regions, suggesting that these regions may be preferentially affected after the onset of dementia.
Hypometabolism in the left frontal and temporal brains regions has previously been reported
in a longitudinal PET study of AD and may be considered to be relevant to progressive decline
after the onset of dementia (Alexander et al., 2002; Choo et al., 2007). While we did observe
lateralized CMRgl reductions, the post-hoc hemisphere-wise comparisons did not find any
asymmetric significance. Preliminary findings (unpublished) from the longitudinal ADNI data
suggest that, for mild pAD individuals, the posterior regions may still exhibit CMRgl decline
initially, but, over a larger range of clinical decline and longer duration, we postulate that the
declines in the posterior regions may abate with stronger frontal declines.

We did not find significant correlations between lower MMSE scores and lower CMRgl in the
aMCI or NC groups. The absence of significant associations could be attributable to the modest
range of MMSE scores in these groups, heterogeneity in the aMCI group, or a combination of
these and other factors. It is possible that other neuropsychological measurements or clinical
ratings could provide a more sensitive measure of cognitive decline and these subject groups,
and that these measures be associated with lower CMRgl in brain regions preferentially affected
by AD or normal aging. For instance, in a study with aMCI patients using annual change on
the Mattis dementia rating scale as the measure of disease severity, the authors identified a
significant positive relationship between CMRgl and disease severity in the right lateral
temporo-parietal and bilateral medial frontal regions (Chételat et al., 2005). Examining the
association between CDR sum of boxes (CDR-SB) and CMRgl in patients with aMCI, another
team reported a voxel-based inverse association in the right posterior cingulate gyrus, although
it did not survive correction for multiple comparisons (Perneczky et al., 2007).

Analyzing the effects of the APOE ε4 allele, cognitively normal ε4 carriers had lower CMRgl
than non-carriers in several AD-affected precuneus and frontal regions, confirming findings
from previous single-center studies (Reiman et al., 1996; Reiman et al., 2004; Reiman et al.,
2005; Small et al., 1995). Still, these findings were less extensive than those reported in our
own studies of cognitively normal late-middle-aged carriers and non-carriers, perhaps
reflecting the combined effects of slightly older age and differential survivor bias, the inclusion
of subjects who were less closely matched for age, gender and educational level, reduced
sensitivity due to the inclusion of data from multiple scanners, or other factors. In aMCI
patients, normal ε4 carriers had lower CMRgl than non-carriers in AD-affected lateral temporal
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regions, which could reflect a higher proportion of AD cases in the MCI patients with this
susceptibility gene, more advanced disease in the APOE ε4 carriers, or a combination of these
and other factors Additional analyses are needed to further clarify the extent to which APOE
ε4 gene dose, the pattern of cerebral hypometabolism, or a combination of these and other
factors predict subsequent rates of conversion to probable AD. Within the pAD group, we
found very few differences in the carriers compared to the non-carriers, suggesting that the
pattern of FDG hypometabolism in probable AD patients is not attributable to effects of the
APOE ε4 allele independent of AD itself.

Among its important goals, ADNI is intended to help in the design and performance of multi-
center clinical trials of putative AD-slowing treatments. ADNI has already developed and
successfully implemented the protocols used to acquire 1.5T MRI, 3T MRI, FDG PET and
PIB PET images in a standardized way, helping to account for differences among imaging
systems, and demonstrating comparability in the quality of images on most--but not all--of the
imaging systems assessed. Second, it has already developed and successfully implemented the
site-qualification, real-time quality-assurance, image-preprocessing, and centralized data
management procedures needed to provide high-quality data. Third, it has demonstrated the
feasibility of collecting CSF samples in a high proportion of study participants. Fourth, it has
already begun to provide data and specimens for the early detection and tracking of AD. Fifth,
ADNI provides the means to evaluate promising new image analysis techniques and biomarker
measurements, comparing them to existing methods and measurements in the early detection
and tracking of AD. Perhaps most important, ADNI researchers have begun to characterize
and directly compare different imaging methods, data analysis methods, and biomarkers in
their ability to distinguish subject groups, their ability to predict rates of cognitive decline and
clinical progression from MCI to probable AD, and their statistical power to evaluate putative
β-amyloid-modifying and disease-slowing treatments in multi-center clinical trials, thereby
facilitating the potential use of these methods for participant stratification or enrichment in
clinical trials.

This study has several limitations. As previously mentioned, the MMSE is only one potential
measure of disease severity and overall cognitive functioning. In addition, the ADNI study is
not an epidemiological sample and may not be representative for all cognitively healthy older
adults, aMCI, or mild pAD patients. Participants in ADNI were recruited primarily from
subspecialty memory clinics and Alzheimer’s research centers, have unusually high levels of
education, and included more males than females, and may have other factors that reflect their
level of motivation required to participate in this demanding study. The study was not designed
to test the diagnostic utility of imaging. Participants were highly selected and patients with
concurrent medical, neurological, and psychiatric illness, or atypical features were excluded.
Thus the study population does not reflect the diversity of patient characteristics seen in clinical
practice. Furthermore, our MCI findings are restricted to the amnestic MCI subtype and may
not be applicable to MCI patients with different cognitive profiles. Lastly, while every attempt
was made to ensure that participants assigned to each subgroup were in fact cognitively healthy,
had aMCI or pAD, there is always the possibility that some participants were misclassified
when it comes to their underlying neuropathology. In our initial assessment of image quality,
we found potentially confounding patterns of FDG uptake in the reconstructed images acquired
on Siemens HRRT and BioGraph HiRez scanners, causing us to eliminate these scans from
our primary analysis, though the findings were similar when these scans were included in our
post-hoc analyses. (It remains to be determined what effect the inclusion of these or other
scanners might have in terms of the power to detect or track AD-related changes in multi-center
trials. ., Further, it remains possible that additional refinements in image reconstruction may
reduce the variability initially associated with these scanners.
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In conclusion, findings from this and other single-site and multi-center studies support the
characteristic pattern of preferential posterior cingulate, precuneus, parietotemporal CMRgl
reductions previously found in AD and aMCI patients, as well as preferential anterior CMRgl
reductions after the onset of dementia.
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Figure 1.
Regions with significantly lower CMRgl in pAD and aMCI patients. (A) Lower CMRgl in
pAD patients than in elderly NC. (B) Lower CMRgl in aMCI patients than in elderly NC (p <
0.005, uncorrected for multiple comparisons). Significance levels in these brain maps are
uncorrected for multiple comparisons. Findings are projected on to the lateral and medial
surfaces of the left and right cerebral hemispheres and are also shown on horizontal sections
in relationship to a horizontal section between the anterior and posterior commissures.
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Figure 2.
Significant correlations between clinical disease severity and lower CMRgl. (A) Correlations
between higher CDR score (a categorical measure of clinical disease severity) and lower
CMRgl using data from the three subject groups. (B) Correlations between lower MMSE score
(a continuous measure of clinical disease severity) and lower CMRgl using data from the three
subject groups. (C). Correlations between lower MMSE score and lower CMRgl when the
analysis is restricted to the pAD group. Significance levels in these brain maps are uncorrected
for multiple comparisons. Findings are projected on to the lateral and medial surfaces of the
left and right cerebral hemispheres and are also shown on horizontal sections in relationship
to a horizontal section between the anterior and posterior commissures.
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Figure 3.
Mean regional-to-whole brain CMRgl in ten different brain regions between Normal, aMCI,
and pAD groups. Error bars represent the standard error of the mean. For each region displayed
in Table 4, data from the local maxima was extracted and used to compare the mean regional-
to-whole brain CMRgl between patient groups
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TABLE 1

Probable AD, Amnestic MCI and Normal Control Group Characteristics

NC (n = 82) aMCI (n = 142) pAD (n = 74) P-VALUE

Age (mean ± SD) 68.4±10.3 66.3±11.9 71.1±10.1 0.01a

Gender (% Male/Female) 22/78 20/80 34/66 0.08

MMSE Score (mean ± SD) 29.0±1.1 27.1±1.7 23.2±2.2 < 0.001a,b,c

CDR Severity Score (%)

 0 100 0.7 0

 0.5 0 99.3 37.8 < 0.001a,b,c

 1.0 0 0 62.2

APOE ε4 Gene Dose (%)

 No copies 74.4 45.1 35.1

 One copy 23.2 40.8 47.3 < 0.001b,c

 Two copies 2.4 14.1 17.6

Years of education (mean ± SD) 15.9±2.8 15.3±2.7 14.8±3.3 0.04b

Baseline demographic differences between NC, aMCI, and AD participants were analyzed using one-way analysis of variance (ANOVA), Fisher’s

exact and Chi-square (χ2) tests. Scheffé-multiple comparison test was used to compare the differences between each pair of means.

a
pAD significantly different from aMCI

b
pAD significantly different from NC

c
aMCI significantly different from NC
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