
Correlations between FDG PET glucose uptake-MRI gray matter
volume scores and apolipoprotein E ε4 gene dose in cognitively
normal adults: a cross-validation study using voxel-based multi-
modal partial least squares

Kewei Chen, Ph.D.1,2,8,*, Napatkamon Ayutyanont, Ph.D.1,8,*, Jessica B.S. Langbaum, Ph.D.
1,8, Adam S. Fleisher, M.D1,6,8, Cole Reschke, B.S.1,8, Wendy Lee, M.S.1,8, Xiaofen Liu, M.S.
1,8, Gene E Alexander, Ph.D.3,4,8, Dan Bandy, M.S.1,8, Richard J. Caselli, M.D.5,8, and Eric M.
Reiman, M.D.1,4,7,8

1Banner Alzheimer’s Institute and Banner Good Samaritan PET Center, Phoenix, AZ
2School of Mathematics and Statistics Sciences, Arizona State University, Tempe, AZ
3Department of Psychology and Evelyn F. McKnight Brain Institute
4Department of Psychiatry, University of Arizona, Tucson, AZ
5Departments of Neurology, Mayo Clinic, Scottsdale, AZ
6Department of Neurosciences, University of California, San Diego
7Division of Neurogenomics, Translational Genomics Research Institute, Phoenix, AZ
8Arizona Alzheimer’s Consortium, Phoenix, AZ

Abstract
We previously introduced a voxel-based, multi-modal application of the partial least square
algorithm (MMPLS) to characterize the linkage between patterns in a person’s complementary
complex datasets without the need to correct for multiple regional comparisons. Here we used it to
demonstrate a strong correlation between MMPLS scores to characterize the linkage between the
covarying patterns of fluorodeoxyglucose positron emission tomography (FDG PET)
measurements of regional glucose metabolism and magnetic resonance imaging (MRI)
measurements of regional gray matter associated with apolipoprotein E (APOE) ε4 gene dose (i.e.,
three levels of genetic risk for late-onset Alzheimer’s disease (AD)) in cognitively normal, late-
middle-aged persons. Coregistered and spatially normalized FDG PET and MRI images from 70%
of the subjects (27 ε4 homozygotes, 36 ε4 heterozygotes and 67 ε4 non-carriers) were used in a
hypothesis-generating MMPLS analysis to characterize the covarying pattern of regional gray
matter volume and cerebral glucose metabolism most strongly correlated with APOE-ε4 gene
dose. Coregistered and spatially normalized FDG PET and MRI images from the remaining 30%
of the subjects were used in a hypothesis-testing MMPLS analysis to generate FDG PET-MRI
gray matter MMPLS scores blind to their APOE genotype and characterize their relationship to
APOE-ε4 gene dose. The hypothesis-generating analysis revealed covarying regional gray matter
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volume and cerebral glucose metabolism patterns that resembled those in traditional univariate
analyses of AD and APOE-ε4 gene dose and PET-MRI scores that were strongly correlated with
APOE-ε4 gene dose (p<1×10−16). The hypothesis-testing analysis results showed strong
correlations between FDG PET-MRI gray matter scores and APOE-ε4 gene dose (p=8.7×10−4).
Our findings support the possibility of using the MMPLS to analyze complementary datasets from
the same person in the presymptomatic detection and tracking of AD.

INTRODUCTION
Patients with Alzheimer’s disease (AD) have abnormally low [18F] fluorodeoxyglucose
(FDG) positron emission tomography (PET) measurements of the cerebral metabolic rate for
glucose (CMRgl) in the precuneus, posterior cingulate, parietotemporal, and frontal cortex
(Alexander et al., 2002; Landau et al., 2009; Langbaum et al., 2009; Minoshima et al.,
1994). In structural magnetic resonance imaging (MRI)measurements, AD patients have
reduced volume in the entorhinal cortex (Du et al., 2004; Jessen et al., 2006; Killiany et al.,
2002), medial temporal lobe (Barta et al., 1997; Convit et al., 1997; Jack, Jr. et al., 1998),
hippocampus (Ball et al., 1985; Basso et al., 2006), and whole brain volume (Fox et al.,
1996). Decreased CMRgl (Drzezga et al., 2003; Herholz et al., 2007) and smaller
hippocampal volume (Desikan et al., 2009; Grundman et al., 2002) have also been reported
in patients with mild cognitive impairment (MCI) who subsequently developed AD.

We have used FDG PET and volumetric MRI in an ongoing longitudinal study to detect and
track changes in brain function and brain structure in cognitively normal, late-middle aged
persons with two copies, one copy, and no copies of the apolipoprotein E (APOE-ε4) allele,
a major susceptibility gene in persons with AD with onset of dementia after age 60,
representing at three levels of genetic risk for late-onset Alzheimer’s disease. Our group, and
others, have previously shown that ε4 homozygote (HM) and heterozygote (HT) groups
have reduced cerebral glucose metabolic rates compared to noncarriers (NC) in the same
brain regions as patients with probable AD and higher rates of the cerebral glucose
metabolic rate decline in these and other brain regions (Higuchi et al., 1997; Reiman et al.,
1996; Reiman et al., 2001; Reiman et al., 2005; Rimajova et al., 2008). Additionally, we
have shown tendencies for smaller hippocampal volumes (Reiman et al., 1998) and whole
brain atrophy rates (Chen et al., 2007; Reiman et al., 1998) in ε4 carriers compare to non-
carriers. Similar findings that have been reported in mild cognitive impairment (MCI) and
AD patients who are ε4 carriers(Drzezga et al., 2009; Filippini et al., 2009; Fleisher et al.,
2005; Geroldi et al., 2000; Hashimoto et al., 2001; Liu et al., 2010; Pievani et al., 2011).

We previously developed a method, multi-modal partial least square (MMPLS), to capitalize
on complementary information for two or more complex data sets (e.g., FDG PET CMRgl
images of volumetric MRI gray matter maps (Chen et al., 2009)). The resulting spatial
patterns were similar to those reported in conventional voxel-based univariate statistical
analyses. The MMPLS derived global index of FDG PET CMRgl-MRI gray matter scores,
distinguished healthy young and older subjects with significantly increased power compared
to using either data alone.

In this study, we used the MMPLS and a cross-validation scheme to demonstrate a strong
correlation between FDG PET-MRI gray matter MMPLS scores and APOE-ε4 gene dose,
reflecting three levels of genetic risk for late-onset AD, in cognitively normal, late-middle-
aged persons. To examine the increased strength of such correlation, we also estimated the
correlation of APOE ε4 gene dose with FDG PET score alone or with MRI gray matter
alone using unimodal PLS (Chen et al., 2008; McIntosh et al., 1996). The PET-MRI
MMPLS scores and their linked covarying patterns were initially generated in a training data
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set and then confirmed in a test set. Another extension to the previous method is the
application of a permutation test to assess type-I error of the generated covarying patterns.

MATERIALS AND METHODS
Subjects and data

Cognitively normal volunteers 47 to 68 years of age were enrolled into a longitudinal cohort
study (Caselli et al., 2001; Reiman et al., 1996; Reiman et al., 2005). Participants provided
informed consent, agreeing not to be given any information about their APOE genotype and
were studied under guidelines approved by the human subjects committees at Banner Good
Samaritan Medical Center and the Mayo Clinic. Venous blood samples were drawn, and
APOE genotypes were characterized with analysis by restriction fragment-length
polymorphisms (Hixson and Vernier, 1990). Study participants were stratified into three
groups: APOE ε4 HM, HT, and NC. Individuals who were enrolled reported a first-degree
family history of probable Alzheimer’s disease, and denied any cognitive symptoms.
Additional inclusion criteria for participation consisted of a Folstein Mini-Mental State
Examination (MMSE) score of at least 28, a Hamilton Depression Rating Scale (HAM-D)
score less than 10, the absence of a current psychiatric disorder based on a structured
psychiatric interview (Spitzer et al., 1990), and a normal neurological exam. Participants
with a reported history of coronary artery disease, diabetes, or cerebrovascular accidents
were excluded. Participants with clinically significant abnormalities, including but not
limited to the presence of lacunar infarcts on their T1- weighted MRI, were also excluded.
Note that, at the time these subjects’ MRI were acquired, a complete clinical MRI exam,
including T2-weighted images, was not acquired, hence evaluating more subtle evidence of
cerebrovascular disease was not possible. During the baseline and at each follow-up visit
(approximately every 2 years), a total of 250 cognitively normal subjects, including 54
APOE ε4 HM, 71 ε4 HT, and 125 ε4 NC, who were individually matched for their gender,
age (within 3 years), and educational level (within 2 years) underwent a medical history and
neurological examination, a structured psychiatric interview, the MMSE, the HAM-D, a
battery of neuropsychological tests, FDG PET, and volumetric MRI.

Due to availability of the data at the time this analysis was conducted, only 130 cognitively
normal subjects enrolled in this study, including 27 APOE ε4 HM, 36 ε4 HT, and 67 ε4 NC
whose baseline FDG PET and volumetric MRI were acquired from the same PET/MRI
scanner was included into this analysis. The three subject groups were matched in terms of
their gender, age, and educational level. Note that since only a subset of subjects was
included in this analysis, we were only able to match the subjects’ characteristics in the
group-level, rather than in the individual level as in the overall study.

Imaging data acquisition
Volumetric T1-weighted MRI and FDG PET were performed as previously described in
(Chen et al., 2009; Reiman et al., 1996; Reiman et al., 1998; Reiman et al., 2004; Reiman et
al., 2005). FDG PET was performed with a 951/31 ECAT scanner (Siemens, Knoxville,
Tennessee), a 20-minute transmission scan, the intravenous injection of the 10 mCi of 18F-
fluorodexoxyglucose, and a 60-minute dynamic sequence of emission scans as the subjects,
who had fasted for at least 4 hours, lay quietly in the darkened room with their eyes closed
and directed forward.

PET images were reconstructed using the filtered back projection with Hanning filter of 0.40
cycles per pixel and measured attenuation correction, resulting in 31 slices with in-plane
resolution of about 8.5 mm, full width at half maximum (FWHM), an axial resolution of
5.0–7.1 mm FWHM, a 3.375 slice thickness and a 10.4 cm axial field of view.
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MRI was performed using a 1.5 T Signa system (General Electric, Milwaukee, WI) and a
T1-weighted, three-dimensional pulse sequence (radio-frequency-spoiled gradient recall
acquisition in the steady state [SPGR], repetition time=33 ms, echo time=5 ms, α=30°,
number of excitations=1, field of view=24 cm, imaging matrix=256 by 192, slice
thickness=1.5 mm, scan time=13:36 min). The MRI data set consisted of 124 contiguous
horizontal slices with in-plane voxel dimension of 0.94 by 1.25 mm.

Data-preprocessing
SPM5 (http://www.fil.ion.ucl.ac.uk/spm/) voxel based morphometry (VBM) was used to
pre-process MRI data. Automated segmentation and normalization procedures were applied
to each subject's MRI to exclude non-brain tissue and to generate maps of smoothed gray
matter in the Montreal Neurological Institute (MNI) template coordinate space. A common
mask was created and applied to the segmented gray matter maps to include gray matter
voxels with an intensity value of at least 0.2, in every participant, for subsequent analyses.

Automated algorithms were also applied to each subject's PET image, co-registering to the
same subject's MRI and deforming into MNI template space using the normalization
parameters derived using the MRI segmentation and normalization procedures noted above.
The PET images were then resampled to the same slice, matrix, and voxel size and number.
Finally PET and MRI images were each smoothed to final 15 mm FWHM.

MMPLS analysis for hypothesis generation and testing
As described previously (Chen et al., 2009), to create XMRI and XPET numerical matrices for
the MMPLS analysis, respective MRI or PET voxels within the brain mask were labeled as
voxel 1, voxel 2, …, voxel PX (where PX is the number of voxels within the brain mask). At
each given voxel location, a column vector of length n, where n is the number of subjects,
was formed, such that element i is the voxel intensity for subject i (i=1,…,n).

Our informed MMPLS uses the combined matrix [XPET XMRI] as the independent block,
unlike unimodal PLS which would use either XPET or XMRI for PET or MRI analysis. To
incorporate information about subjects' APOE4 gene dose group membership, the dependent
block in this MMPLS analysis designated APOE-ε4 non-carriers as 0, heterozygotes as 1
and homozygotes as 2.

Informed MMPLS uncovers the maximal covariance between a series of latent variables
from the independent block and the dependent variable. The first latent variable, for
example, is constructed as a linear combination of all variables in the independent block.
Beginning with the original, X, the first latent variable of X is t=Xw where w=(w1, w2, …)T

where wj is a scalar for random variable xj which is the jth column of X with norm ||w||=1.
The covariance of this latent variable and y cov(t,y)=w′X′y. The maximal covariance value,
with respect to w, can be proven to be the square root of the largest eigenvalue of the matrix
Ω=[X′YY′X] with w being the corresponding eigenvector of Ω. The second latent variable
pair can be constructed in a similar way after the contributions of the first latent variable are
regressed out (deflated) (Hoegaerts et al., 2003). The same procedure is then repeated to
construct each subsequent latent variable pair, up to the L, where L=rank(X). Note that
MMPLS method is a global index thus is free from multiple comparisons issue.

To cross-validate the APOE-ε4 association with the spatial covarying pattern characterized
by MMPLS, the data from each APOE-ε4 gene dose group was randomly partitioned into
two groups. 70% of the total number of subjects was assigned to the training dataset for
hypothesis generating and the remaining 30% to the testing dataset for hypothesis testing.
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During the hypothesis generating MMPLS analysis, the FDG PET-MRI spatial covarying
pattern was generated using the training dataset. The resulting covarying pattern was then
applied to the testing dataset to generate the MMPLS score for each subject. For hypothesis
testing of the MMPLS covarying pattern, the subject scores were then regressed against the
number of APOE-ε4 alleles for subjects in the testing dataset. Informed MMPLS, with the
APOE-ε4 gene dose as the predicted variable and the paired FDG PET and segmented gray
matter volumes derived from MRI as the predictors, was applied to the pooled training
datasets from NC, HT and HM groups to generate the covarying patterns.

This cross-validation is important for controlling the type-I error, since the MMPLS
procedure is “informed” in that it maximizes the covariance between the predicted variable
(APOE-ε4 gene dose) and the predictor datasets (FDG PET and structural MRI). With the
cross validation, such dosage effects are independent of the MMPLS procedure maximizing
the covariance between the predicted variable and the predictor datasets.

Using the similar hypothesis generating/testing procedure described above, we computed the
uni-modal PLS-based APOE ε4 correlation coefficients with FDG PET subject scores or
with MRI-gray matter subject scores for the subjects in the testing datasets. The PLS
procedure is essentially the same except the independent block is either XPET or XMRI alone.

Assessing type-I error of the MMPLS covarying pattern
In addition to cross-validation for which there is no need to separately address type-I error
for the APOE-ε4 dose effect over the testing dataset, a permutation test was conducted over
the training dataset. This assessed the type-I error of the detected MMPLS patterns both in
FDG PET and in volumetric MRI, and the obtained correlation of APOE-ε4 gene dose with
the resulting MMPLS subject scores. For each of the 5000 random permutations, the
informed MMPLS was run in the same manner as described above but for the randomly
permutated APOE-ε4 gene dose and the non-permutated FDG PET and MRI data. Let r0 be
the correlation coefficient and V0 the percentage overlap of the AD hypometabolic regions
(Alexander et al., 2002) with the MMPLS-characterized FDG PET covarying pattern
observed in the non-permuted MMPLS run, the 5000 permutations assessed the probability
(type-I error) of obtaining a correlation coefficient ≥r0 and the corresponding MMPLS AD
FDG PET region overlap≥ V0.

RESULTS
There were no significant differences among the three APOE-ε4 dosage groups in terms of
age, gender ratio, education levels and neuropsychological scores (Table 1). Also the
training and testing sets were not different in their APOE4 APOE-ε4 dosage ratio, age,
gender ratio, educational levels and neuropsychological scores (p>0.05). In neurological
orientation, Figure 1 shows the paired spatial covarying patterns for FDG PET and the
segmented MRI gray matter volume separately. APOE-ε4 gene dose was associated with
lower CMRgl in posterior cingulate, temporal, parietal and prefrontal cortex(p<0.05).
Similarly, increasing APOE-ε4 gene dose was associated with lower gray matter volume in
parietal, anterior cingulate, temporal, hippocampus, parahippocampus and inferior frontal
regions (p<0.05). To provide additional evidence that the observed gene dose effect on the
MMPLS-characterized covarying patterns were not an artifact of the combination of
measurements from a large number of voxels across multiple datasets, we conducted the
random permutation test. Over the 5000 random permutations performed, there was none
that had APOE-ε4/PET-MRI correlation coefficient ≥ r0 AND the overlap ≥ V0. In the other
words, the estimated type-I error was lower than 1/5000 (p<0.0002). Qualitatively, we
notice that significant correlations between the lowered CMRgl and lowered gray matter
volume were limited to the vicinity of AD affected regions, and significant correlation
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between APOE-ε4 gene dose and higher CMRgl or higher gray matter volume were not
observed in any of area known to be associated with AD (at p=0.05 threshold).

Increasing APOE-ε4 gene dose was significantly correlated with higher PET-MRI MMPLS
scores for individuals from both the training subject group (r=0.76, p=1.1×10−16) and the
independent testing subject group (r=0.49, p=0.00087) as shown in Figure 2. This suggests
that the observed correlation between PET-MRI MMPLS scores and APOE-ε4 gene dose
was replicable and not an artifact of MMPLS procedure, maximizing the covariance
between the APOE-ε4 dosage, FDG PET and volumetric MRI.

When only the FDG PET or MRI gray matter data was used alone in unimodal PLS, the
independent testing dataset showed correlation of APOE4 dosage with FDG PET alone as
r=0.34 (p=0.01085) or the one with MRI alone as r=0.22 (p=0.097).

DISCUSSION
This study illustrates the potential to capitalize on two or more complementary brain images
from the same person using our voxel-based MMPLS to help in the presymptomatic
detection and tracking of AD. In this study, we initially used the MMPLS to characterize the
linkage between FDG PET and MRI gray matter patterns most closely associated with three
levels of genetic risk for AD (i.e., the number of ε4 alleles in a person’s APOE genotype) in
cognitively normal late-middle-aged people. We confirmed this linkage in an independent
data set; and we introduced a new cross-validation scheme to demonstrate that the
significance levels generated using the MMPS were not inflated by the combination of
measurements from a large number of voxels across the two datasets.

The paired covarying patterns for FDG PET CMRgl hypometabolism and the reduced MRI
gray matter volume from hypothesis-generating MMPLS analysis resembled the patterns of
CMRgl declines (Alexander et al., 2002; Landau et al., 2009; Langbaum et al., 2009;
Minoshima et al., 1994) and structural changes observed separately in conventional
univariate analyses of AD (Ball et al., 1985; Barta et al., 1997; Basso et al., 2006; Convit et
al., 1997; Jack, Jr. et al., 1998) in regions previously implicated in patients with Alzheimer’s
dementia and APOE-ε4 gene (Chen et al., 2007; Reiman et al., 1996; Reiman et al., 1998;
Reiman et al., 2001; Reiman et al., 2005; Reiman, 2005). FDG PET CMRgl
hypometabolism was observed in the brain regions known to be preferentially affected in
patients with AD, more specifically, in posterior cingulate, temporal, parietal and prefrontal
cortex regions. The lower MRI gray matter volume was also observed in the vicinity of AD
affected regions in parietal, anterior cingulate, temporal, hippocampus, parahippocampus
and inferior frontal regions. Further substantiating the relevance of these findings to the
pathology of AD, significant correlations between the lower CMRgl and lower gray matter
volume were limited to the vicinity of AD affected regions, and significant correlation
between APOE-ε4 gene dose and higher CMRgl or higher gray matter volume were not
observed in any of area known to be associated with AD. This confirms the results from
previous studies (Chen et al., 2007; Reiman et al., 1996; Reiman et al., 1998; Reiman et al.,
2001; Reiman et al., 2005; Reiman, 2005) that, before the clinical AD onset, the APOE-ε4
carriers exhibit more CMRgl reduction and structural brain atrophy than NC and the extent
of the CMRgl reduction and structural atrophy is correlated with the APOE-ε4 dosage. Such
consistency also help validated the use of MMPLS to characterize the pattern of CMRgl and
gray matter volume simultaneously.

While the regions associated with reduced CMRgl and gray matter are likely to reflect the
changes in preclinical AD severity, the biological basis of the increases remains to be
clarified. For instance, the regional CMRgl increases could reflect regional sparing
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(following normalization for individual variations in whole brain metabolism), and some of
the CMRgl and gray matter increases could reflect compensatory increases in neuronal
activity and synaptic density.

As expected, the hypothesis testing analysis revealed that progressively increased risk of AD
was associated with progressively increased FDG PET-MRI gray matter MMPLS subject
scores derived from applying the covarying patterns generated in the hypothesis-generating
MMPLS analysis. Such correlation was observed in both testing and training dataset
suggesting that the strong correlation was replicable and not an artifact of the MMPLS
procedure. The permutation test resulting in type-I error less than 0.0002 further confirmed
that the observed correlation are not the results of an artifact of the combination of
measurements from a large number of voxels across datasets. Note that this APOE-ε4
dosage effects was free of multiple comparisons, since it was global in nature.

This cohort of cognitively normal individuals at varying risk for AD have not yet been
proven to develop symptomatic disease, or even have known AD pathology. However, by
APOE-ε4 gene dose as risk alone (note all of our subjects were with family history of AD, a
limitation further discussed below) we can identify associated patterns of glucose
hypometabolism and gray matter volume loss similar to that seen in clinical dementia of the
Alzheimer’s type. This suggests the relevance of the findings presented here as potential true
biomarkers of early pre-symptomatic Alzheimer’s disease. By demonstrating clear
covarying relationships between neurodegeneration (gray matter volume loss) and functional
loss (glucose hypometabolism), in patterns associated with symptomatic AD, this analysis
exemplifies the combined use of such pre-clinical biomarkers of disease to increase certainty
of underlying AD pathology consistent with the new National Institute of Aging/
Alzheimer’s Association (NIA-AA) research criteria for pre-clinical AD (Sperling et al.,
2011).Studies in MCI patients (Arnaiz et al., 2001; Chen et al., 2011; Chetelat et al., 2003;
Drzezga et al., 2003; Jack, Jr. et al., 1999; Spulber et al., 2010; Vemuri et al., 2009) and in
asymptomatic familial early-onset AD mutation carriers (Kennedy et al., 1995) suggest that
the relationship between the reduction in CMRgl and gray matter volume in AD-related
region and AD risk is not limited to the APOE-ε4 allele. Based on these studies, we propose
that the FDG PET MRI MMPLS score, which is based on such reduction in CMRgl and
gray matter volume, could provide a quantitative presymptomatic inter-modal neuroimaging
surrogate marker to help evaluate the individual and aggregate effects of putative genetic
and non-genetic modifiers of AD risk for unusually early detection and tracking of AD.

Although APOE ε4 gene dose was significantly correlated with FDG PET-MRI MMPLS
score, there was considerable overlap among the three genetic groups in their individual
measurements. As we have noted (Reiman et al., 1996), neither genetic testing for APOE
genotype, FDG PET nor MRI is clinically indicated to predict a cognitively normal
individual’s risk of AD. This information does not yet determine with sufficient accuracy
whether or when an individual might develop AD. The use of the MMPLS score to
accurately predict whether and when the person will develop AD still needs to be further
examined.

Compared analyzing FDG PET and MRI together using MMPLS to analyzing FDG PET or
MRI alone with unimodal PLS, we found that 1) the increased sensitivity is observed when
using FDG PET and MRI together as compared using each separately alone; 2) the least
significant (indeed insignificant) result for the MRI alone is consistent with our previous
findings from the same cognitively healthy APOE ε4 NC/HT/HM cohort that FDG PET
based posterior cingulate functional hypometabolism appeared earlier than the MRI based
structurally observable abnormality prior to the onset of the disease; 3) despite the more
subtle insignificant structural changes, the increased sensitivity, when combining FDG PET
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and MRI information together, is not simply additive but in a more multiplicative and
nonlinear manner enhancing the statistical power much more beyond using each alone and
4) studies with larger sample sizes are needed to confirm the increased sensitivity when
using FDG PET and MRI jointly than using each alone.

As we have begun to acquire PIB PET images in the subjects enrolled in our cohort, we are
exploring the possibility of extending our findings to addition of complementary data sets
from the same subjects as sufficient amount of data became available (Reiman et al., 2009).

We note that there are some limitations for our current analysis. The first limitation is that
all subjects included reported a first degree family history of probable AD. This may reduce
our power to detect brain changes associated with the risk of AD since all three subject
groups are likely to be associated with a higher risk than the general population. The second
limitation is that we did not use the global scaling instead of data-driven scaling in this
analysis. Based on (Borghammer et al., 2009), the global scaling could introduce spurious
results (i.e. underestimation of APOE ε4 effect in our study. Thus, our results might be on
the conservative side with regards to the APOE ε4 effects.

As we have previously noted, it may be possible to use the MMPLS to track the progression
of AD by linking the patterns of longitudinal changes in different data sets in persons at
differential genetic risk for AD; to link the patterns from other kinds of brain images from
the same person; to extend the MMPLS to the linkage among more than two imaging and/or
non-imaging (e.g,. genetic) data sets, and to capitalize on complementary complex data sets
to help address a range of scientific and clinical questions. Additional studies are needed to
clarify the value of this approach to the scientific study, presymptomatic detection, tracking
and diagnosis of AD, the evaluation of AD-modifying treatments, and other research
questions inside and outside the field of AD.
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Figure 1.
The PET-MRI paired covarying patterns. Left: FDG PET with cool color showing negative
CMRgl correlation with APOE-ε4 gene dose. Right: the segmented MRI gray matter volume
with cool color showing negative gray matter volume in correlation with APOE-ε4 gene
dose. The orientation of the images displayed is neurological (left of the image is the left
hemisphere).
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Figure 2.
Correlations between APOE4 gene dose and FDG PET-MRI MMPLS score. Left: training
dataset, Right: testing dataset
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Table 1

Subject characteristics, clinical ratings and neuropsychological scores

ε4 noncarriers (n=67) ε4 heterozygotes (n=27) ε4 homozygotes (n=36) P-value

Age 56.4±4.8 55.9±4.0 56.0±5.1 0.8

Years of education 15.8±1.6 15.4±1.5 15.1±3.2 0.3

Gender (F/M) 45/23 24/12 19/7 0.8

MMSE 29.7±0.5 29.8±0.5 29.9±0.6 0.5

AVLT

 Total learning 48.2±7.8 49.6±7.5 49.4±10.5 0.7

 Short-term 9.6±2.5 10.2±2.4 9.9±3.4 0.6

 Long-term 8.9±2.9 9.7±3.0 9.6±3.5 0.4

MMSE, Mini Mental State Exam; AVLT, Auditory verbal learning Test. Except gender ratio which was assessed using Chi-square test, other
variables were examined using one-way ANOVA. Reported significances (P-values) are two-tailed.
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