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White Matter Lesion Load Is Associated With
Resting State Functional MRI Activity and Amyloid
PET but not FDG in Mild Cognitive Impairment
and Early Alzheimer’s Disease Patients

Yongxia Zhou, PhD,1,2* Fang Yu, MD,3,4 and Timothy Q. Duong, PhD,3,4 for the Alzheimer’s

Disease Neuroimaging Initiative

Purpose: To quantify and investigate the interactions
between multimodal MRI/positron emission tomography
(PET) imaging metrics in elderly patients with early Alz-
heimer’s disease (AD), mild cognitive impairment (MCI)
and healthy controls.

Materials and Methods: Thirteen early AD, 17 MCI
patients, and 14 age-matched healthy aging controls from
the Alzheimer’s Disease Neuroimaging Initiative database
were selected based on availability of data. Default mode
network (DMN) functional connectivity and fractional
amplitude of low frequency fluctuation (fALFF) were
obtained for resting state functional MRI (RS-fMRI). White
matter lesion load (WMLL) was quantified from MRI T2-
weighted FLAIR images. Amyloid deposition with PET
[18F]-Florbetapir tracer and metabolism of glucose by
means of [18F]-fluoro-2-deoxyglucose (FDG) images were
quantified using ratio of standard uptake values (rSUV).

Results: Whole-brain WMLL and amyloid deposition
were significantly higher (P<0.005) in MCI and AD
patients compared with controls. RS-fMRI results showed
significantly reduced (corrected P<0.05) DMN connectiv-

ity and altered fALFF activity in both MCI and AD groups.
FDG uptake results showed hypometabolism in AD and
MCI patients compared with controls. Correlations
(P<0.05) were found between WMLL and amyloid load,
FDG uptake and amyloid load, as well as between amy-
loid load (rSUV) and fALFF.

Conclusion: Our quantitative results of four MRI and
PET imaging metrics (fALFF/DMN, WMLL, amyloid, and
FDG rSUV values) agree with published values. Signifi-
cant correlations between MRI metrics, including WMLL/
functional activity and PET amyloid load suggest the
potential of MRI and PET-based biomarkers for early
detection of AD.
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WHITE MATTER (WM) lesion, detected as WM hyper-
intensities (WMH) on MRI T2-weighted images, may
represent microvascular ischemic and/or demyelinat-
ing changes (1) and in which cases they can be con-
sidered a marker for cerebrovascular disease (CVD)
(2,3). In the elderly population, WM lesion is believed
to be potential risk factor for memory and cognitive
impairment (4). WMH have been found to be associ-
ated with an increased incidence of dementia (5), as
well as the development of WM microstructural
changes in the presymptomatic stage of disease (6).
Using diffusion tensor imaging (DTI), age-related WM
degeneration (i.e., fractional anisotropy and diffusiv-
ity) has been identified, particularly in the prefrontal
cortex and splenium of corpus callosum (7). DTI trac-
tography of the posterior cingulate and hippocampal
WM regions in mild cognitive impairment (MCI) and
early Alzheimer’s disease (AD) demonstrate reduced
fiber tract numbers as well, consistent with reduced
functional connectivity noted on fMRI (8). Negative
correlations between WMH lesions and fMRI BOLD
signals in elderly individuals performing episodic
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memory or finger tapping tasks have been reported in
the prefrontal and parietal regions (9,10). Greater
WMH lesion burden were also found in elderly individ-
uals with microbleeds based on MRI T2* gradient
echo and susceptibility weighted images, suggesting a
possible microhemorrhage contribution to WMH in
aging (11). These results suggest that there are WM
micro-structural and cerebrovascular disruptions in
both elderly and demented subjects. However, the
threshold separating WM lesion burden in the normal
elderly population and dementia/AD patients has yet
to be determined.

The pathological hallmarks of early AD are amyloid
plaques and mis-folded tau tangles (12). A significant
relationship between the composite AD pathological
score at autopsy and white matter disease score from
T2-weighted MRI images was found among a cohort of
elderly subjects (13). Amyloid plaque distribution pat-
terns have been found to colocalize with resting state
(RS)-fMRI core hub regions such as the default mode
network (DMN), even before the clinical onset of dis-
ease (14). Furthermore, hypometabolism based on
Fluoro-2-deoxyglucose ([18F]-FDG) PET, which is con-
sidered a marker of neuronal dysfunction, has been
shown to be a prominent feature in early AD, particu-
larly in the posterior parietal and cingulate regions
(15). Although the extracellular amyloid deposition is
not directly correlated with detectable vascular injury
(i.e., cerebral amyloid angiopathy, CAA) (16), its asso-
ciation with white matter damage and RS-fMRI
changes in different stages of dementia needs to be
further examined (17).

Prior studies have shown that the hazard ratio
increases linearly with the number of risk factors,
including CVD and amyloid burden (18). This points
to the possibility that earlier identification and modifi-
cation of such risk factors may lead to clinical preven-
tion and even treatment of AD dementia. Using
fractional amplitude of low frequency fluctuation
(fALFF) technique to detect neuronal activity at resting
state is relatively new. The fALFF technique works by
filtering, scaling, and normalization to control for
physiological/random noise, ventricular contamina-
tion and global individual differences to enhance
baseline functional activity (19). The specific aims of
this study are to (i) compare the WM lesion volume,
amyloid burden, FDG uptake, and RS-fMRI changes
(e.g., fALFF) in patients with early AD, MCI and
healthy controls; and (ii) investigate the interactions
between these MRI/PET imaging metrics.

METHODS

Subjects

Thirteen early AD patients (age: 76.26 8.4 years, Mini-
Mental State Examination [MMSE] score<24), 17
patients with MCI (age: 76.76 5.5 years, MMSE: 24–28),
and 14 age-matched healthy controls (age: 76.36 8.25
years, MMSE>28) from the AD neuroimaging initiative
(ADNI) database (http://adni.loni.ucla.edu) were used
in this study. Data were selected based on age ranges of
subjects as well as availability of four imaging modal-

ities for the same subject during the period of October
2010 to August 2013. Demographic information of sub-
jects is summarized in Table 1.

MR/PET Imaging

ADNI

Data used in the preparation of this article were
obtained from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) database (http:/www.adni.loni.ucla.
edu). The primary goal of ADNI has been to test
whether serial MRI, positron emission tomography
(PET), other biological markers, and clinical and neu-
ropsychological assessment can be combined to mea-
sure the progression of mild cognitive impairment
(MCI) and early Alzheimer’s disease (AD). ADNI is the
result of efforts of many co-investigators from a broad
range of academic institutions and private corpora-
tions, and subjects have been recruited from over 50
sites across the United States and Canada. For up-to-
date information, see www.adni-info.org.

Imaging Data

RS-fMRI (repetition time/echo time [TR/TE]¼3000/30
ms, flip angle¼80

�
, 3.3 mm isotropic spatial resolution

with 48 slices and 140 volumes), T1-MPRAGE (acquired
sagittally using volumetric 3D MPRAGE with 0.94 �
0.94 mm2 in-plane spatial resolution, 1.2 mm slice
thickness with matrix size of 256 � 256 and 166 slices),
and T2-weighted axial fluid attenuated inversion recov-
ery (FLAIR) images (TR/TE¼9000/90ms, flip
angle¼90

�
, 0.86 � 0.86 mm2 in-plane spatial resolu-

tion, 5 mm thick and 35 slices) were obtained with 3T
MRI units at multiple ADNI centers with standardized
imaging protocols across sites and platforms. In addi-
tion, [18F]-Florbetapir amyloid PET images from the
same subject with standard ADNI protocol were
acquired for each subject (1.02 � 1.02 mm2 in-plane
spatial resolution, 2 mm thick, and 109 slices covering
the whole brain). [18F]-FDG PET images (scanned at the
same day as [18F]-Florbetapir with standard ADNI pro-
tocol, reconstructed with 2 � 2 mm2 in-plane spatial
resolution, 3.27 mm thick, and 47 slices covering the
whole brain) were obtained for each subject as well. The
time durations between PET and MRI scans were less
than 3 months for the same subject.

Data Analysis

Default mode network (DMN) based on RS-fMRI was
generated with seeds placed in both medial prefrontal

Table 1

Demographics of Downloaded ADNI Data With Means and SDs of

Age, MMSE, CDR, and Gender Information

Group Control MCI AD

No. of Subjects 14 17 13

Age (y) 76.368.3 76.765.5 76.268.4

Female, % 64% 53% 62%

Male, % 36% 47% 38%

MMSE 29.260.4 26.160.7 22.361.7

CDR 0.060.0 0.560.1 1.060.1
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cortex (MPFC) and posterior cingulate cortex (PCC)
core areas (20). These two representative regions
(MPFC and PCC) were selected for further analysis
based on their roles in memory encoding and consoli-
dation, self-relevance and social functions, which are
often disrupted in patients with AD (14). This com-
bined seed-based connectivity has been used for auto-
matic DMN pattern detection with high specificity
(21). In addition, fALFF was obtained with adapted
scripts in FSL (http://fsl.fmrib.ox.ac.uk/fsl, version
4.1.2). This involved summarizing over 0.005–0.1 Hz
frequency band, followed by scaling to the whole band
in the frequency domain to remove white and physio-
logical noise after preprocessing steps (19).

WM lesions, indicated as hyperintensities on the
FLAIR images, were segmented semi-automatically
(manual outlining with white matter intensity con-
straints) using FireVoxel software for each subject
(22). The whole brain white matter lesion load (WMLL)
was obtained as the volume (in units of milliliter, mL)
of the hyper-intense (� meanþ2.5 standard deviation)
voxels in WM. Then the lesion map generated from
the FLAIR images was co-registered to MPRAGE data
of each subject and normalized to the Montreal Neu-
rological Institute (MNI) 2mm standard space in FSL
using a nonlinear warping algorithm. Finally, the
lesion probability map (LPM) was generated by aver-
aging the binarized normalized lesion maps within
each group.

Similar to RS-fMRI data preprocessing (19), [18F]-
Florbetapir and [18F]-FDG PET images for quantifying
amyloid load and glucose uptake values were co-
registered to the MPRAGE images and warped to the
common MNI space using the FSL FNIRT command.
Cortical and subcortical parcellations in 113 regions
of interest (ROI), including regions of the MPFC, PCC,
and cerebellum (for PET scaling) in the FSL template
space were used to calculate PET regional standard
uptake values (rSUV). Averaged rSUV in each region
was normalized with the average SUV of gray matter
of the cerebellum.

Statistical Analysis

Voxel-wise FSL easythresh command with multi-
comparison corrections at the cluster level were per-
formed using Gaussian random field theory (mini-
mum, z>2.3; cluster significance, P<0.05, corrected)
for RS-fMRI within and between group differences.
Correlational analyses were performed between
WMLL, amyloid burden, glucose metabolism, and RS-
fMRI by using both Pearson and Spearman rank cor-
relation methods.

RESULTS

Based on the FLAIR images, a varying degree of peri-
ventricular and frontal white matter lesions in AD and
MCI patients as well as controls were identified. LPM
(lesion distribution) is shown in Figure 1A1–3 for the
control, MCI and AD groups respectively. PET amyloid
uptake image is shown in Figure 1B1–3 for average

normalized amyloid load in three groups as well, with
the most significant uptake noted in the AD group.
Quantitative whole brain WMLL was significantly
higher in patients with MCI (12.88 6 7.47 mL) and AD
(13.16 6 5.12 mL) than controls (5.15 6 2.41 mL) (Fig.
2), both with P<0.005.

Figure 1. A: Representative axial slice of lesion probability
map (LPM) in each group based on MRI T2-FLAIR images
showed a peri-ventricular WM lesion distribution. Compared
with controls (A1), LPM in MCI (A2), and AD (A3) groups
showed significantly increased WM lesions in especially the
left periventricular WM around the occipital horn and frontal
WM. B: Amyloid imaging using PET [18F]-Florbetapir tracer
in the normal control (B1), MCI (B2), and AD (B3) subjects
showed increased amyloid deposition patterns in MCI
patients in medial frontal and parietal regions; and increased
uptake in almost the whole brain in AD patients. Amyloid
deposition was averaged across subjects in each group after
normalizing with the maximal value individually.

Figure 2. Compared with controls, there was significantly
increased whole brain white matter lesion load (WMLL in
units of mL) in MCI and AD groups (P¼0.002) compared
with controls. Note there was no significant difference of
WMLL between MCI and early AD group. The boxes have
lines at the lower quartile (horizontal blue lines), median
(horizontal red lines), and upper quartile values. The
whiskers are lines extending from each end of the boxes to
show the extent of the rest of the data.
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Quantitative global cerebral cortex amyloid uptake
(i.e., rSUV) showed a higher-degree of amyloid deposi-
tion in patients with MCI (0.42 6 0.15) and early AD
(1.58 6 0.20) compared with controls (0.15 6 0.12),
both with P<0.001 (Fig. 3A). Regional normalized
uptake values also demonstrated significantly higher
uptake values in MCI and AD, with the highest degree
in the AD group with P<0.001, including the PCC
(P<0.005) (1.15 6 0.21 in controls, 1.56 6 0.33 in
MCI and 1.77 6 0.41 in AD) (Fig. 3B) and MPFC
(P<0.005) (1.20 6 0.35 in controls, 1.66 6 0.35 in
MCI and 1.82 6 0.27 in AD) (Fig. 3C). However, there
was no significant difference in the amyloid uptake
between the patients with early AD compared with
MCI in either the entire cortex (P¼0.07), PCC
(P¼0.07), or MPFC (P¼0.39) (Fig. 3).

In terms of RS-fMRI, there was significantly reduced
DMN connectivity in the MPFC as well as reduced
fALFF activity in the temporal cortex in the MCI group
compared with controls (minimum z>2.3; corrected
cluster significance P<0.05) (Fig. 4A). Reduced DMN
connectivity was also noted in early AD patients com-
pared with MCI patients, but not statistically signifi-

cant (P>0.05). The fALFF was reduced in the
temporal cortex but increased in the parietal cortex in
AD compared with MCI patients (minimum z>2.3;
corrected cluster significance P<0.05) (Fig. 4B).

A significant correlation was found between WMLL
and amyloid load averaged over the whole cerebral cor-
tex in all three groups (Pearson r¼0.46, P¼0.015;
Spearman rank r¼0.46, P¼0.013) (Fig. 5). There were
also significant correlations between WMLL and amy-
loid load in the PCC (Pearson r¼0.4, P¼0.04; Spear-
man rank r¼0.43, P¼0.023), as well as between the
WMLL and MPFC amyloid load (Pearson r¼0.45,
P¼0.018; Spearman rank r¼0.43, P¼0.023) (Fig. 5).

Figure 3. Increased amyloid uptake measured as ratio of SUV (rSUV) over the referenced cerebellum region in MCI and AD
groups compared with controls in the whole cerebral cortex (P¼0.0004) (A), posterior cingulate cortex (P¼0.002) (B), and
medial prefrontal cortex (P¼0.0004) (C). The boxes have lines at the lower quartile (horizontal blue lines), median (horizontal
red lines), and upper quartile values. The whiskers are lines extending from each end of the boxes to show the extent of the
rest of the data.

Figure 4. A: Significantly reduced DMN connectivity in the
medial prefrontal area and reduced fALFF activity in the tem-
poral cortex in MCI group compared with control group
(Gaussian random field theory, minimum z>2.3, cluster cor-
rected P<0.05). B: fALFF was reduced in the temporal cortex
but increased in the parietal cortex in patients with AD com-
pared with MCI (corrected P<0.05).

Figure 5. There was significant correlation between white
matter lesion load (WMLL) and amyloid load averaged over
the whole brain cerebral cortex in all three groups, shown in
red color (Pearson r¼0.46; P¼0.015; Spearman rank
r¼0.46; P¼0.013). There were also significant correlations
between WMLL and amyloid load in the posterior cingulate
cortex (Pearson r¼0.4; P¼0.04; Spearman rank r¼0.43;
P¼0.023) shown in blue color, as well as in the medial pre-
frontal cortex (Pearson r¼0.45; P¼0.018, Spearman rank
r¼0.43; P¼0.023) (green color).
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A significant correlation was found between WMLL
and DMN connectivity strength (r¼0.56; P¼0.02), as
well as between WMLL and fALFF activity values
(r¼0.63; P¼0.01) (Fig. 6A) in MCI patients. Mean-
while, in AD patients, a marginal interregional corre-
lation exists between the RS-fMRI fALFF activity value
averaged over the reduced and increased regions
(r¼�0.46; P¼0.11). A significant correlation was
found between amyloid load of the whole cerebral cor-
tex and lower fALFF activity value in AD patients
(r¼0.64; P¼0.046) (Fig. 6B).

Regarding the FDG uptake, there was significantly
lower cerebral FDG rSUV in MCI and AD patients
compared to controls (P¼0.002) (Fig. 7A). However,
there was no significant difference between MCI and
AD patients (P¼0.71). A negative correlation between
FDG uptake and amyloid load was noted in the 3
groups (r¼�0.57; P¼0.0006) (Fig. 7B). FDG rSUV
was not correlated significantly with either WMLL or
RS-fMRI activity.

The spatial correspondences, various comparisons,
and associations of multiple imaging features are
illustrated in Figure 8, with the dynamic correspon-
dence between amyloid load, FDG uptake, WMLL, and
RS-fMRI fALFF metrics at different stages of disease
(from control to MCI and early AD) summarized in
Figure 8B.

DISCUSSION

We found a typical peri-ventricular and frontal WM
lesion distribution in MCI and AD patients (21,23,24).
Our comparison results also showed significantly ele-
vated global WMLL in MCI and AD patients compared
with controls. Meanwhile, these values were not sig-

nificantly different for early AD compared with MCI
patients. A recent study indicated that based on
global and temporal WM lesions alone, differentiation
between stages of cognitive impairment, as well as
prediction of progression to dementia (including AD),
may be achieved (25). Our results support the notion
that WM lesions were detectable at a prodromal stage
and may provide additional insights into early AD
detection.

Our global cerebral, regional PCC, and MPFC quan-
titative amyloid load (i.e., rSUV) were similar to those
published within the same age range for MCI and AD
(26). We found the difference between controls and
MCI was more prominent in the MPFC than the PCC.
However, the rSUV difference between MCI and AD
was slightly more prominent (but not significantly dif-
ferent) in the PCC than in the MPFC, suggesting dif-
ferent spatiotemporal profiles of amyloid burden. Joie
et al found that regional rSUV differences between
controls and probable AD (a mixture of MCI and early
AD population) were similar in the PCC and MPFC
(27). With a larger study population, Nordberg et al
reported significant differences in these two regions
between controls and MCI as well as between MCI
and AD (28). Our observation of progression of amy-
loid load is consistent with the current view that amy-
loid accumulation in MCI patients begins to plateau
while progressing to early AD (29).

The moderate correlation between WMLL and amy-
loid load in controls as well as affected populations
suggests a possible link between microvascular dam-
age and amyloid pathology at the early stages of Alz-
heimer’s disease (i.e., MCI and early AD). However, the
spatial distribution pattern of WMLL (periventricular
and frontal WM) and amyloid load (predominantly in

Figure 6. A: In MCI patients, a significant correlation was found between WMLL and RS-fMRI DMN connectivity strength
(i.e., average Z) over the reduced regions (i.e., reduced medial prefrontal cortex connectivity in MCI patients compared with
controls) (r¼0.56; P¼0.02). Furthermore, there was also a significant correlation between WMLL and RS-fMRI fALFF average
Z over the reduced regions (i.e., reduced temporal cortex activity in MCI patients compared with controls) (r¼0.63; P¼0.01).
B: In AD patients, a marginal interregional correlation exists between the fALFF activity values (i.e., average Z values) over
the reduced regions (i.e., decreased medial prefrontal cortex activity in AD patients compared with MCI patients) and
increased regions (i.e., increased parietal cortex activity in AD patients compared with MCI patients) (r¼�0.46; P¼0.11);
and a significant correlation was found between amyloid load (rSUV) over the whole cerebral cortex and fALFF activity over
the reduced regions (r¼0.64; P¼0.046) in AD patients.
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MPFC and PCC cortical areas) were different, suggest-
ing these two regions may be distinctly involved at dif-
ferent stages of dementia. A significant negative
correlation was found between FDG uptake and amy-
loid load in the three aging populations, indicating a
correspondence between amyloid pathology and
metabolism (e.g., hypometabolism in MCI and AD
patients) at the early stages of Alzheimer’s disease as
well. The different temporal trajectories of FDG and
Florbetapir has been reported before (29), and it might
be possible that at early stages especially at MCI and
AD, these two biomarkers co-occur and thus produc-
ing significant correlations. However, we also noted the
differences between these two tracers given that FDG
is more sensitive in diagnosing AD (from mild to severe)
while Florbetapir is used for pathological specification
and prediction of disease progression, particularly in
early AD (30).

The RS-fMRI results showed reduced functional
connectivity in the DMN MPFC region and reduced

functional activity by means of fALFF in the temporal
region in MCI patients compared with controls. The
fALFF was also reduced in the temporal region in AD
compared with MCI patients, but increased in the
parietal region. As may be expected, we found
reduced neuronal activity in the temporal cortex,
where AD patients often demonstrate atrophy and
degeneration (31). The increased parietal fALFF in AD
suggests a compensatory mechanism for the reduced
temporal fALFF based on the marginal correlation
between fALFF values of these two regions. The dis-
ruption of high-frequency components, such as those
involved in memory encoding or retrieval tasks in the
parietal regions (32), could also lead to the observed
increased fALFF. Our findings were in-line with the lit-
erature, suggesting a functional compensatory and
neuroplasticity mechanism in response to the accu-
mulation of amyloid plaques in early AD (32). The
mild negative correlation between amyloid burden and
fMRI activity in AD patients noted in our study
appears to suggest a causative effect of amyloid
pathology on disease progression. Similarly, recent
studies have reported negative correlations between
whole-brain (33) as well as regional fMRI connectivity
and amyloid burden (34).

The negative correlation between increased WMLL
and RS-fMRI abnormalities only in MCI patients sug-
gests WM lesions may play an important role in

Figure 7. A: Compared with controls, there was significantly
decreased whole brain FDG uptake (rSUV) in MCI and AD
groups (P¼0.002) compared with controls. Note there was
no significant difference of FDG rSUV between MCI and early
AD group (P¼0.71). There was significant correlation
between FDG uptake and amyloid load averaged over the
whole brain cerebral cortex in all three groups, shown in B

(Pearson correlation r¼�0.57; P¼0.0006).

Figure 8. A: Illustration of spatial correspondence among
extracellular white matter inflammation, extracellular amy-
loid plaques, neuronal and trans-synaptic dysfunction (hypo-
metabolism), and neurodegeneration (i.e., reduced neuronal
activity) in early AD. B: Summary of results suggesting
dynamic changes and correlations among four metrics from
control to MCI to AD. The WMLL and amyloid deposition
were significantly higher in AD and MCI patients compared
to controls (P<0.05), with a trend of higher degree in AD
compared with MCI. The FDG uptake was lower in AD and
MCI compared with controls (P<0.002). The functional activ-
ity and connectivity was lower in MCI and AD compared with
controls, while there was both decreased and increased func-
tional activity in AD compared with MCI patients. Arrows
indicate significant correlations (P<0.05) between metrics
within group: WMLL and fALFF in MCI group (purple arrow),
amyloid and fALFF in AD group (red arrow), WMLL and amy-
loid load (all groups, blue), FDG uptake and amyloid load (all
groups, cyan).
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cognitive decline secondary to decreased functional
connectivity (on DMN) and reduced spontaneous
activity (fALFF) in the prodromal stage of dementia.
On the other hand, the negative correlation between
increased amyloid load and RS-fMRI abnormalities
only in AD patients suggests amyloid deposition may
lead to a reduction in spontaneous activity reflected
by fALFF as the disease progresses. The fact that
WMLL and amyloid load had distinctively separate
associations with the functional deficits reflected on
fMRI, suggests different sensitivities of each imaging
metric at different stages of cognitive decline. In
essence, the functional deficits observed in the MCI
stage coincide with the WM lesions, whereas once the
disease progresses to the early AD stage, the amyloid
burden demonstrates a more direct relationship with
neuronal activity deficits. Several studies have found
correlations between amyloid load and cognitive
decline, more prominently at cognitively normal and
earlier MCI stages than later MCI and early AD stages
(35,36), based on either [11C]-PIB or [18F]-Florbetapir
PET ligands. The difference between our observation
and the previously published articles (35,36) may
derive from the fact that we correlated amyloid load
directly with fMRI connectivity or activity metrics
instead of cognitive function measures (i.e., ADAS-cog
and CDR scores). Additionally it is possible that at
least in some patients, neurological deficits detected
by cognitive neuroimaging results might present in a
different time frame from the manifestations of mild
cognitive functional symptoms, possibly due to cogni-
tive reserves against brain pathology or age-related
changes (37), as suggested by PET-FDG results (30).

Limitations of our study include relatively small
number of subjects as well as nonsimultaneous
acquisitions of PET and MRI images. Partial correla-
tion could be further investigated to tease out any age
and gender confounding effects that might be different
for each variable in the correlational analysis. As
there were different factors contributing to the WMLL
in the aging population (38), further longitudinal
follow-up is needed to determine to what degree the
amyloid pathology and/or other pathological factors
(e.g., axonal degeneration) might cause or co-occur
with WM lesions in MCI and AD. Although we hoped
to identify early imaging biomarkers based on in vivo
imaging findings, other genetic/immune system and
non-amyloid pathways may contribute to the neuro-
degenerative process as well (39).

In conclusion, our quantitative analyses implicated
the potential of MRI and PET-based biomarkers for
early detection of AD. Of particular relevance, the cor-
relational imaging results of vascular, functional and
pathological metrics appear to support the current
strategies of AD prevention through early identifica-
tion of risk factors such as hypertension and hyper-
cholesterolemia that may lead to amyloidosis and WM
hyperintensities (40).
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