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Evaluating the symptomatic progression of mild cognitive impair-
ment (MCI) caused by Alzheimer disease (AD) is practically accom-
plished by tracking performance on cognitive tasks, such as the
Alzheimer Disease Assessment Scale’s cognitive subscale (ADAS_
cog), the Mini-Mental Status Examination (MMSE), and the Func-
tional Activities Questionnaire (FAQ). The longitudinal relationships
between cognitive decline and metabolic function as assessed us-
ing "8F-FDG PET are needed to address both the cognitive and the
biologic progression of disease state in individual subjects. We con-
ducted an exploratory investigation to evaluate longitudinal changes
in brain glucose metabolism of individual subjects and their relation-
ship to the subject’'s changes of cognitive status. Methods: We
describe a method to determine correlations in 8F-FDG spatial dis-
tribution over time. This parameter is termed the regional 8F-FDG
time correlation coefficient (rfFTC). By using linear mixed-effects
models, we determined the difference in the rFTC decline rate be-
tween controls and subjects at high risk of developing AD, such as
individuals with MCI or the presence of apolipoprotein E (APOE)-¢4
allele. The association between each subject’'s rFTC and perfor-
mance on cognitive tests (ADAS_cog, MMSE, and FAQ) was de-
termined with 2 different correlation methods. All subject data were
downloaded from the Alzheimer Disease Neuroimaging Initiative.
Results: The rFTC values of controls remained fairly constant over
time (—0.003 annual change; 95% confidence interval, —0.010-
0.004). In MCI patients, the rFTC declined faster than in controls
by an additional annual change of —0.02 (95% confidence interval,
—0.030 to —0.010). In MCI patients, the decline in rFTC was asso-
ciated with cognitive decline (ADAS_cog, P = 0.011; FAQ, P =
0.0016; MMSE, P = 0.004). After a linear effect of time was
accounted for, visit-to-visit changes in rFTC correlated with visit-
to-visit changes in all 3 cognitive tests. Conclusion: Longitudinal
changes in rFTC detect subtle metabolic changes in individuals
associated with variations in their cognition. This analytic tool may
be useful for a patient-based monitoring of cognitive decline.
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Mild cognitive impairment (MCI) is a clinical entity defined
as a transitional state from normal aging to dementia (/-3). Re-
peated standardized cognitive assessments allow for a clinical de-
termination of progression to a dementia complex. Some of the
most commonly used screening methods include the Alzheimer
Disease Assessment Scale-cognitive subscale (ADAS_cog), the
Mini Mental Status Examination (MMSE), and the Functional Ac-
tivities Questionnaire (FAQ). However, there can arise situations
for which these assessments fail to adequately capture the disease
progression (4). Test-retest reliability, learning effects, floor or ceil-
ing effects, and variability in disease progression (5,6) can con-
found interpretation of these measures.

Quantitative biomarkers predictive of cognitive decline are needed
to provide a precise measure of the rate of cognitive decline and
potential response to therapy in subjects with mild MCI. '8F-FDG
PET measures cerebral metabolic rates of glucose utilization,
which is representative of synaptic density and neuronal function
(7). In MCI and Alzheimer disease (AD), distinct patterns of
hypometabolism were observed in the posterior cingulate cortex,
parietotemporal regions, and frontal lobes (8-10), making '8F-
FDG PET a well-established imaging biomarker of clinical AD
(11,12). Longitudinal '8F-FDG PET assessments have been used
to monitor metabolic decline (/3-/7) and determine how this de-
cline associates with neuropsychologic patterns and concurrent
changes in cognitive test scores (18,19). Although these studies
reveal metabolic and cognitive decline patterns in AD, MCI, and
normal subject groups, they do not provide a direct comparison
between temporal changes of cognition and metabolism in indi-
vidual subjects. There still exists a need for patient-based methods
to evaluate progression of cognitive and metabolic changes over
time.

In this study, we took a different approach to assess '3F-FDG
PET changes. Instead of measuring the '3F-FDG uptake, we eval-
uated the similarity between follow-up '8F-FDG PET images and
baseline images of each subject over time. Conventional '3F-
FDG-based methods (/9,20) evaluate metabolism in brain regions
that are typically affected in AD, whereas we chose a multiregional
approach by including areas that are known to be affected by AD
and regions that are less or nonaffected. Our study allows a direct
and straightforward comparison between metabolic changes (18F-
FDG) and cognitive changes (ADAS_cog, FAQ, and MMSE) in
the same subject. Such patient-based comparison is potentially less
sensitive to metabolic heterogeneities across subjects and might re-
veal interesting links between biologic and cognitive markers of the
AD state.
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MATERIALS AND METHODS

Alzheimer Disease Neuroimaging Initiative (ADNI)

The data we present here is from the ADNI database. 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 non-
profit organizations as a $60 million, 5-y public—private partnership.
The primary goal of ADNI has been to test whether serial MR imag-
ing, PET, other biologic markers, and clinical and neuropsychologic
assessment 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 clinicians to
develop new treatments and monitor their effectiveness as well as
lessen the time and cost of clinical trials. The Principal Investigator
of this initiative is Michael W. Weiner, MD. ADNI is the result of
efforts of many coinvestigators from a broad range of academic insti-
tutions and private corporations, and subjects have been recruited from
over 50 sites across the United States and Canada.

Subjects

In this study, we included 51 subjects (27 MCI subjects and 24
controls), a random sample from ADNI subjects who had undergone
at least 4 serial '8F-FDG PET scans using the same scanner, acquisi-
tion protocol, and image reconstruction method for the baseline and
the follow-up scans. Furthermore, all subjects had T1-weighted MR
image volumes and longitudinal scores of 3 different cognitive tests
(MMSE, FAQ, and ADAS_cog). The average time difference between
the first and last scan was 4.30 = 1 y for both the MCI subjects and
controls. All subjects gave written, informed consent before partici-
pation through their local Institutional Review Board. The key eligi-
bility criteria of ADNI subject recruitment are available on the ADNI
website (http://www.adni-info.org). Briefly, enrolled ADNI subjects
were between the ages of 55 and 90 y, had a study partner able to
provide an independent evaluation of functioning, and spoke either
English or Spanish. All subjects had to be willing and able to perform
all test procedures and imaging. We defined normal subjects as par-
ticipants who were not taking cognitive-enhancing medications, such
as acetylcholinesterase; were not treated for depression, thus not tak-
ing serotonin reuptake inhibitors or medications in that class because
serotonin modulation can influence cerebral glucose metabolism (27);
and did not convert to MCI or dementia over the course of the ADNI
data collection period. With these exclusion data, we were able to
ensure that our control group represented a homogeneous aging pop-
ulation and was without medication effects that could influence glu-
cose metabolism. MCI subjects had memory complaints and objective
memory loss measured by education-adjusted scores on the Wechsler
Memory Scale Logical Memory 11, had an absence of significant levels
of impairment in other cognitive domains, and were able to preserve
daily activities. Table 1 illustrates the demographic and clinical data of
the subjects. At baseline, MCI patients evidenced greater impairment
on ADAS_cog, FAQ, and MMSE than controls. A higher fraction of
subjects in the MCI group (12 subjects with a single allele and 5 with
a double allele) than in the normal group (5 subjects with a single
allele and 1 with a double allele) had the presence of apolipoprotein E
(APOE)-¢4 allele.

Clinical Ratings

Longitudinally acquired clinical ratings were used to track the pro-
gression of cognitive decline. They included the ADAS_cog, FAQ,
and MMSE. The ADAS_cog has a total score range from 0 of 70
points to measure the severity of cognitive impairment and is widely
used in AD clinical trials (22). The MMSE test ranges from 0 to 30
and assesses orientation, immediate and delayed recall, attention, cal-
culation, and language (23). The FAQ (scores, 0-30) is an assessment
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TABLE 1
Clinical Data of ADNI Subjects Used for This Study
Characteristic MCI Normal
No. of subjects 27 24
Female 13 11
Male 14 13
Average age at baseline 746 £ 7.2 7453 = 5.7
APOE-¢4 17 6
Baseline ADAS_cog 11 £47 626
Baseline FAQ 32 +28 0.1 = 0.6
Baseline MMSE 274 +1.4 29.2 = 0.9

of an individual’s ability to participate in functionally relevant ac-
tivities, such as independent accomplishment of daily tasks (24). In
ADAS_cog and FAQ, positive score changes indicate greater impair-
ment, whereas in MMSE tests, a greater impairment is represented by
a negative change. We chose these 3 tests because they are commonly
used in the ADNI database and most other AD clinical trials. Further-
more, their relatively large scales of scores allow a better detection of
subtle correlations between these tests and metabolic changes mea-
sured by '8F-FDG PET.

18F.FDG PET Data Acquisition

All participating sites acquired the '8F-FDG PET imaging accord-
ing to standardized ADNI protocols (www.Ioni.ucla.edu/ADNI/Data/).
The serial PET images for our study were acquired at 17 different
centers, and the data were obtained following the dynamic protocol of
and preprocessed by ADNI. Dynamic scans were 30-min 6-frame scans
acquired 30—60 min after injection. All frames were coregistered to the
first frame, summed, and averaged to standard voxel size and resolution
to create a single image volume.

18F-FDG PET Regions of Interest (ROI)

The gray matter fraction of 12 anatomic regions was extracted and
used for the ROI analysis. For each subject, the T1-weighted MR
image volume was used to define the binary ROI with the methods
described by Riddle et al. (25). Briefly, the T1-weighted MR image
volume of each subject was aligned with a reference brain with a rigid
transform (3 translation vectors and 3 rotation angles), then the de-
formation field between the reference brain and the globally aligned
T1-weighted MR image volume was calculated with a nonrigid de-
mons registration algorithm (26,27). Binary masks for 12 regions (left
and right frontal lobes, cingulate cortex, occipital lobe, left and right
parietal lobes, left and right temporal lobes, sublobar region [corpus
callosum, caudate, putamen, globus pallidus, thalamus], cerebellum,
midbrain, and pons) from the reference brain were warped to the
ADNI image volume with the nonrigid deformation field. Figure 1
illustrates these regions in 1 subject. Each brain volume was also seg-
mented into cerebral spinal fluid, gray matter, and white matter with
fuzzy C-means (28), and a gray matter mask was created for each of
the 12 anatomic regions. The longitudinal '®F-FDG PET images were
coregistered with the subject’s T1-weighted MR image volume using
SPMS8 (Wellcome Department of Cognitive Neurology). These, to-
gether with the subject’s specific gray matter for 12 regions, were
loaded into Amide software (29). The mean intensity of each region
on the PET image was calculated as a vector of length 12, which we
refer to as '8F-FDG vector.

Regional 8F-FDG Time Correlation (rFTC)

For each subject, the Pearson correlation coefficient between the
subject’s baseline '8F-FDG vector and those from the follow-up scans
were calculated and displayed as a function of the time (rFTC(t)). The
size of the regions was incorporated as their weighting factor into the
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correlation calculation. The cor-
relation coefficient of the ini-
tial vector, rFTC(t = 0), is
equal to 1.0 for all subjects.
The rFTC(t) value at any sub-
sequent time point at a follow-
up '8F-FDG PET scan deter-
mines the correlation between
the '8F-FDG vector at that time
point and the baseline vector.
Metabolic changes in any of the
12 regions can cause a decline
in the rFTC(t). The decline in
rFTC does not strictly indicate
a decline in '8F-FDG uptake.
The rFTC value represents only
similarities between the '8F-FDG
distributions. Figure 2 shows a
comparison between the !8F-
FDG vectors at baseline and
follow-up in 2 subjects.

Statistical Analyses with
Mixed-Effects Model

The longitudinal changes of
rFTC and all 3 cognitive tests
and rFTC were analyzed with
mixed-effects model using the
R software package (www.r-
project.org). We used 2 mod-
els for this study. In the first
model, the subject’s sex, base-
line age, time and group spec-
ification (MCI = 0 for normal,
MCI = 1 for mild cognitive
impairment), and time by group
interaction (time:MCI) were
included as fixed effects. This
model was performed for rFTC
(t), MMSE(t), ADAS_cog(t),

FIGURE 1. lllustration of regional
binary masks warped from refer-
ence brain to ADNI image volume
with nonrigid deformation field. Re-
gions include cerebellum (1); mid-
brain (2); pons (3); occipital lobe
(4); cingulate cortex (5); sublobar
region (6) including corpus cal-

losum, caudate, putamen, globus
pallidus, thalamus, and right and
left frontal lobes (7, 8); right and
left parietal lobes (9, 10); and right
and left temporal lobes (11, 12).

and FAQ(t) as outcome varia-
bles to see how changes in these
variables over time differed be-
tween MCI and normal sub-
jects. In the second model, the

subject’s sex, baseline age, time
and group specification (APOE), and time by group interaction (time:
APOE) were included as fixed effects. The APOE variable was set to 1
for the presence of single or double APOE-¢4 allele and to 0 otherwise.
This model was performed for rFTC(t), MMSE(t), ADAS_cog(t), and
FAQ(t) as outcome variables to see how changes in these variables
over time differed between the group with APOE-¢4 allele and those
who do not carry this gene.

Associations Between rFTC(t) and Cognitive Tests

Two quantitative methods were used to examine the association
between rFTC(t) and cognitive tests in MCI subjects. In the first
method (method A), the Spearman rank correlation between the rFTC
(t) and each of the cognitive tests was calculated for each individual
subject. This method is a simple way to reveal overall associations in
decline. In many MCI subjects, the scores of cognitive examinations
exhibited temporal fluctuations in their decline. To evaluate whether
similar fluctuation patterns also exist in rFTC(t), we used a partial
correlation method (method B). This method measures the degree of
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association between 2 random variables after the effect of other
variables on the 2 variables of interest is removed. Method B was
performed by first removing the linear trend of rFTC(t), MMSE(t),
FAQ(t), and ADAS_cog(t) with time, and then calculating the
correlations between the fit residuals of rFTC and each of the 3
cognitive tests. A Wilcoxon rank-sum test was performed on both
methods A and B to determine associations in group level.

RESULTS

rFTC Measures Over Time

The rFTC(t) of all subjects is illustrated in Figure 3. The rFTC
values of controls remained fairly high over time (—0.003 annual
change; 95% confidence interval, —0.010-0.004). In MCI patients,
the rFTC declined faster than in controls by an additional annual
change of —0.02 (95% confidence interval, —0.030 to —0.010).
The results of both mixed-effects models are summarized in Table 2.
The estimate of the variable produced by the model determines
the group difference, whereas the P value indicates the statistical
significance of the estimate. Because we are interested in the change
over time, baseline values of ADAS_cog, MMSE, and FAQ were
not included in this model. Although the baseline values of cog-
nitive scores are different between MCI and normal subjects
(Table 1), the baseline rFTC is 1.0 for all subjects, because
follow-up scans are compared with the initial scan.

Correlation Between rFTC and Cognitive Status

The relationship between rFTC(t) and the time course of cog-
nitive status as measured using the ADAS_cog, MMSE, and FAQ
was evaluated with 2 correlation methods. The Wilcoxon rank-
sum results of the Spearman rank correlation between rFTC(t) and
the longitudinal cognitive test scores in MCI subjects and the
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FIGURE 2. Comparison between '8F-FDG vectors at baseline and
follow-up in 2 subjects. Lower figure shows subject with low corre-
lation, and upper figure shows subject with high correlation.
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FIGURE 3. Comparison between normal (black dashed line) and
MCI (red solid line) subjects with respect to their rFTC(t).

results of the partial correlations (method B) are summarized in
Table 3. Although the median and P values in method A represent
overall similarities over time and their corresponding statistical
significance, the median and P values of method B show partial
correlations, thus reflecting similarities in fluctuation patterns. The
similarity between rFTC(t) and longitudinal changes in cognitive
status within an individual subject is exemplified by Figures 4 and
5. Figure 4 illustrates the association between temporal changes of
rFTC(t) and the cognitive tests in an MCI subject with large cog-
nitive decline. Figure 5 illustrates the association between tempo-
ral changes of rFTC(t) and the cognitive tests in a MCI subject
with moderate cognitive decline.

DISCUSSION

Although previous methods, such as PALZ (20) or MetaROI
(19), included brain regions that are typically affected in AD, we

TABLE 2
Outcome Results of 2 Mixed-Effects Models
Model Fixed effect Estimate P
1
ADAS_cog time:MCI 1.6 0.0001
rFTC time:MCI —0.02 0.0001
MMSE time:MCI -0.82 0.0002
FAQ time:MCI 2.5 0.0001
2
ADAS_cog time:APOE 1.14 0.001
rFTC time:APOE -0.014 0.008
MMSE time:APOE —0.44 0.007
FAQ time:APOE 1.832 0.0001

Both models were performed for rFTC(t), MMSE(t), ADAS-cog
(t), and FAQ(t) as outcome variables. With the first model (time:
MCI), we see how changes in these variables over time differed
between MCI and normal subjects. Second model (time:APOE)
shows how changes in these variables over time differed between
the group with positive APOE-g4 and control group.

selected 12 regions that cover the entire brain to perform a correlation
analysis. In general, conventional '®F-FDG analyses rely on the
location and quantification of 'SF-FDG uptake measurements,
whereas our method highlights similarities between the subject’s
serial scans using a parameter that we term the rFTC. The rFTC
decreases significantly faster in subjects from the risk groups
(MCI, APOE-¢4) than in controls (Table 2). Although differences
in PET camera, data acquisition, test-retest variability of '3F-FDG
PET, and increases of '8F-FDG uptake could also lead to de-
creased correlation, we showed that the rFTC parameter is fairly
stable in controls—that is, control subjects maintain a higher cor-
relation between their baseline and follow-up '8F-FDG vectors.
Also, we limited our subject selection to those whose serial '8F-
FDG PET scans were obtained with the same scanner, acquisition
protocol, and image reconstruction method at baseline and each
follow-up to reduce variations in data acquisition.

We saw that in MCI subjects, greater rFTC decline was asso-
ciated with a greater decline in ADAS_cog, FAQ, and MMSE
(Table 3). In other words, MCI subjects with less cognitive decline
also had less rFTC decline. Our method allows a direct compar-
ison between the metabolic state and the cognitive score using
a simple and individualized approach, as represented by 2 MCI
subjects in Figures 4 and 5. Empiric examples emphasize the
potential of '8F-FDG PET to assess AD treatment efficacies
(30). Given the current interest in developing treatments that can
slow or halt the AD progression, rFTC outcomes offer the poten-
tial to highlight simultaneous metabolic and cognitive changes for
tracking response to therapy. This method can be easily combined
with validated '8F-FDG PET clinical assessments using PET data
acquired by standard clinical protocols.

The rFTC method does not directly capture the size, location,
and extent of the regions with metabolic changes. We applied large
anatomic ROIs to assess regional effects over time. A smaller-
region approach may offer greater regional specificity in charac-
terizing the decline of rFTC. However, warping masks from a
reference brain to a subject’s brain with the nonrigid demons
registration algorithm works well for large structures such as the
cerebellum but not for small internal structures such as the caudate
or the hippocampus because of differences between brains (27).
One of our future goals is to overcome this challenge by evaluat-
ing a variety of algorithms that can accurately warp or define
smaller structures in a consistent way for all the subjects. A
voxel-based correlation analysis could eliminate the issues related
to the regional segmentation. However, a voxel-based approach is
more susceptible to the noise variations in '®F-FDG image voxel

TABLE 3
Correlation Between rFTC and Cognitive Tests
Method A Method B
Variable Median P Median P
ADAS-cog/rFTC 0.5 0.011 0.81 0.0005
MMSE/rFTC 0.5 0.0039 0.64 0.00004
FAQ/rFFTC 0.6 0.0016 0.4 0.0002

Wilcoxon rank-sum tests of Spearman rank correlation be-
tween rFTC and each of 3 cognitive tests (method A) and
correlation between residuals of linear regressions on rFTC(t)
and 3 cognitive tests (method B).
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FIGURE 4. Changes in rFTC, MMSE, FAQ, and ADAS_cog val-
ues with age in MCI subject who has large decline in cognitive
scores.

values, which can inhibit the observation of metabolic variations.
Therefore, one of our optimization objectives is to find a trade-off
in the spatial scale between voxels and larger ROIs to provide both
sufficient signal-to-noise ratio and spatial specificity in detecting
rFTC decline. We are also interested in performing a correlation
analysis on regions based on functional connectivity criteria, in-
stead of the conventional anatomic approach. This analysis could
be achieved by incorporating the default-mode activity regions
(31) at individual levels from a subject’s functional connectivity
MR imaging analyses to address which areas within this network
contribute to the highest rFTC decline over time or the greatest
association with cognitive ratings.
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FIGURE 5. Changes inrFTC, MMSE, FAQ, and ADAS_cog values
with age in MCI subject who has moderate decline in cognitive
scores.

CONCLUSION

Longitudinal changes in rFTC detect subtle metabolic changes
associated with variations in cognition. This analytic tool may be
useful for monitoring cognitive decline in individual subjects.
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