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Abstract

Background: Recent studies have demonstrated that arte-
rial spin labeling magnetic resonance imaging (ASL-MRI)
and fluorodeoxyglucose positron emission tomography
(FDG-PET) identify similar regional abnormalities and have
comparable diagnostic accuracy in Alzheimer’s disease (AD).
The agreement between these modalities in the AD contin-
uum, which is an important concept for early detection and
disease monitoring, is yet unclear. Objective: We aimed to
assess the ability of the cerebral blood flow (CBF) measures
from ASL-MRI and cerebral metabolic rate for glucose
(CMRgl) measures from FDG-PET to distinguish amyloid-[3-
positive (AB+) subjects in the AD continuum from healthy
controls. Methods: The study included asymptomatic, cog-
nitively normal (CN) controls and patients with early mild
cognitive impairment (MCI), late MCl, and AD, all with sig-

nificant levels of cortical AR based on their florbetapir PET
scans to restrict the study to patients truly in the AD contin-
uum. The discrimination power of each modality was based
on the whole-brain patterns of CBF and CMRgl changesiden-
tified by partial least squares logistic regression, a multivari-
ate analysis technique. Results: While CBF changes in the
posterior inferior aspects of the brain and a pattern of CMRg|
changesin the superior aspects of the brain including frontal
and parietal regions best discriminated the AR+ subjects in
the early disease stages from the AB— CN subjects, there was
a greater agreement in the whole-brain patterns of CBF and
CMRgl changes that best discriminated the AP+ subjects
from the AB- CN subjects in the later disease stages. Despite
the differences in the whole-brain patterns of CBF and CMRg|
changes, the discriminative powers of both modalities were
similar with statistically nonsignificant performance differ-
ences in sensitivity and specificity. Conclusion: The results
comparing measurements of CBF to CMRgl add to previous
reports that MRI-measured CBF has a similar diagnostic abil-
ity to detect AD as has FDG-PET. Our findings that CBF and
CMRgl changes occur in different brain regions in AB+ sub-
jects across the AD continuum compared with AB- CN sub-
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jects may be the result of methodological differences. Alter-
natively, these findings may signal alterations in neurovas-
cular coupling which alter relationships between brain
perfusion and glucose metabolism in the AD continuum.
©2015 S. Karger AG, Basel

Introduction

Alzheimer’s disease (AD) is a neurodegenerative dis-
order characterized by the presence of amyloid-B (AP)
plaques, intracellular tau tangles and neurodegeneration
leading to progressive cognitive impairment and demen-
tia. During the disease process, synaptic function is al-
tered early, relative to the manifestations of cognitive and
clinical symptoms [1, 2].

Neuronal activity and more specifically presynaptic ac-
tivity are reflected in glucose utilization [3]. Clinical '8F-
fluorodeoxyglucose positron emission tomography (FDG-
PET) detects this altered cerebral metabolic rate for glu-
cose (CMRgl) [4, 5], providing an accurate clinical tool for
the noninvasive prognostic and diagnostic assessment in
the evaluation of patients with AD [6]. A large body of lit-
erature confirms that AD is characterized by a specific re-
gional pattern of CMRgl reductions, including CMRgl
deficits in the parietotemporal areas, posterior cingulate
cortex and medial temporal lobe [6-8]. As the disease
progresses, frontal association cortices become involved,
while the cerebellum, striatum, basal ganglia, primary vi-
sual and sensorimotor cortices remain preserved [6, 8].
Despite some overlap, the characteristic AD pattern of
CMRgl reductions yield high sensitivity in distinguishing
AD from controls and other neurodegenerative diseases
(6,9, 10]. Furthermore, progressive CMRgl reductions are
observed years in advance of clinical symptoms and the
onset of dementia, and predict cognitive decline leading to
conversion from normal cognition to mild cognitive im-
pairment (MCI) and AD with high accuracy [11-19], sup-
porting the role of FDG-PET as a biomarker of neuronal
activity for early detection and disease monitoring in AD.

A wide range of animal studies as well as double-trac-
er in vivo human imaging studies established the relation-
ship and close correlation between local CMRgl and re-
gional cerebral blood flow (CBF) [20, 21], termed neuro-
vascular coupling [20]. Arterial spin labeling magnetic
resonance imaging (ASL-MRI) provides a noninvasive,
quantitative measure of CBF by exploiting the endoge-
nous spins of arterial water as a proxy for blood flow [22].
This is achieved by selectively inverting the magnetiza-
tion of the arterial spins using MRI principles. ASL-MRI
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studies of AD patients and individuals with MCI have
reported a similar pattern of regional hypoperfusion to
that described in previous PET studies [23-25]. Given
that ASL-MRI is entirely noninvasive, is free of ionizing
radiation exposure, intravenous contrast agents and ra-
dioactive isotopes, is widely available and easily incorpo-
rated into clinical MRI sessions, it is potentially more
suitable for screening and longitudinal disease tracking
than FDG-PET. In support of this, recent studies have
demonstrated that ASL-MRI and FDG-PET identify sim-
ilar regional abnormalities and have comparable diagnos-
tic accuracy in AD [26, 27], yet emphasizing the regional
variability in agreement between the two modalities [28].

These studies focused on either the correlation be-
tween modalities in cognitively normal (CN) individuals
or the discriminative power of each modality between CN
subjects and patients with clinical AD diagnosis. Previous
studies of AD suggested neurovascular decoupling [29];
yet, the agreement between these modalities in the AD
continuum, which is an important concept for early de-
tection and disease monitoring, is unclear. Furthermore,
these studies restricted their quantitative analyses to uni-
variate region-of-interest or voxel-based statistics to de-
termine the power of each modality to discriminate be-
tween AD patients and control subjects. Although this
approach provides a good estimation of the differential
pathology in the region mostly affected by the disease, it
does not at all reflect the whole pattern of disease-related
pathology over the whole brain. Yet, exactly this whole-
brain pattern is crucial for the detection and differentia-
tion of patients in the AD path from healthy aging.

In this study, we examined the ability of the CBF mea-
sures from ASL-MRI and CMRgl measures from FDG-
PET in distinguishing patients in the AD continuum from
healthy controls. This included asymptomatic controls
and patients with early MCI, late MCI and AD, all with
significant levels of cortical AP based on their florbetapir
PET scans to restrict the study to patients truly in the AD
continuum. The discrimination power of each modality
was based on the whole-brain patterns of CBF and CMRgl
changes identified by partial least squares (PLS) logistic
regression, a multivariate analysis technique.

Methods and Materials

Subjects

Data used in the preparation of this article were obtained from
the Alzheimer’s Disease Neuroimaging Initiative (ADNI), a mul-
tisite study (see Appendix). The population for this study included
participants from a subcohort with cross-sectional 3-tesla ASL-

Tosun/Schuft/Jagust/Weiner
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Table 1. Demographic and clinical characteristics of the study participants

CN Ap- CN Ap+ Early-MCI Ap+ Late-MCI AR+ AD AB+
Number 34 12 30 25 20
Age, years 72.73+6.83 79.38+4.76 73.07+6.08 72.86%6.11 72.86+7.43
Gender (F/M) 20/14 7/5 11/19 14/11 12/8
Education, years 17.11+2.24 15.08+2.39? 16.70+3.03 16.43+3.16 16.25+2.77
Time between ASL-MRI and FDG-PET, days 25.79+22.67 20.92+19.84  32.17+40.70 30.61+24.85  42.05+48.57°
Time between ASL-MRI and florbetapir PET, days ~ 30.18+21.94  20.00+20.03  37.57+46.14 31.87+26.26  45.35+48.95

! Statistically significantly different from CN Ap— (2-sample t test; t = —3.6825, p = 0.00098).
% Statistically significantly different from CN AB— (2-sample t test; t = 2.5749, p = 0.019).

3 Statistically significantly different from CN AB— (2-sample t test; t = 2.9441, p = 0.0063).

4 Statistically significantly different from CN AB— (2-sample t test; t = 2.7974, p = 0.0089).

MRI, FDG-PET and florbetapir PET measures collected within
180 days. Florbetapir PET scans were used to identify AB- and
AP+ cases based on significance of global AB burdens as published
elsewhere [30]. The AD continuum cohort comprised 12 Ap+ CN,
30 AP+ early-MCI, 25 AP+ late-MCI and 20 AB+ AD subjects.
Thirty-four AB- CN subjects were included as a reference control
cohort for both extraction of whole-brain patterns of CBF and
CMRgl changes and assessment of discriminative power of CBF
and CMRgl changes.

FDG-PET Measures

CMRgl maps were obtained from FDG-PET images prepro-
cessed at the University of California — Berkeley, following a stan-
dardized procedure described online (http://adniloni.usc.edu/
methods/pet-analysis/pre-processing/). Further details on the
quality control analyses and procedures to enhance uniformity
and reduce variability in PET images across centers are provided
in Joshi et al. [31]. Quantitative CMRgl maps were intensity nor-
malized to average brainstem FDG uptake.

ASL-MRI Measures

Quantitative maps of CBF were obtained from ASL-MRI im-
ages preprocessed at the University of California — San Francisco,
following a largely automated pipeline including motion correc-
tion, nonlinear geometric distortion correction, dynamic data fit-
ting to a dual compartment perfusion model, which takes into ac-
count variable transit times, bolus durations, distributed concen-
trations of capillary water and restricted blood-brain barrier
permeability and intensity normalization to average CBF measure-
ment from the precentral cortex. Details of ASL-MRI data acquisi-
tion and processing are available online (http://adni.loni.usc.edu/
methods/mri-analysis/).

Structural MRI

Structural MRI was obtained during the same imaging session
as ASL-MRI with the standardized ADNI-2 protocol, available
online (www.loni.usc.edu). FreeSurfer (surfer.nmr.mgh.harvard.
edu; version 5.1) was used to generate cortical surface models from
T1-weighted MRIs. For each subject, ASL-MRI and FDG-PET im-
ages were rigid aligned to T1-weighted MRI. Quantitative CBF and
CMRgl maps were first resampled to T1-weighted MRI space ac-

Discriminative Power of ASL-MRI and
FDG-PET Changes in AD Continuum

cording to the corresponding rigid transformation matrices and
then projected onto the cortical surface models by averaging over
gray matter tissue along the surface normal directions.

Whole-Brain Patterns of CBF and CMRgl Changes

Surface maps of CBF and CMRgl were smoothed with a Gauss-
ian kernel of 4 mm full-width at half maximum. A general linear
model-based detrending method was used to control for normal
confounding effects of age, sex and education, based on Ap- CN
subjects. Adjusted surface maps of CBF and CMRgl were used for
further data analyses.

For each diagnostic group (i.e. AB+ CN, AP+ early-MCI, AR+
late-MCI and AP+ AD, separately), a modality specific PLS logistic
regression model with the imaging measures from each and every
surface point as predictors and the diagnosis (Ap- CN vs. AP+ di-
agnostic group) as dichotomized outcome were used to assess the
whole-brain patterns of imaging changes associated with the AR+
diagnostic group. MRI provides high-throughput data for discov-
ery of surrogate biomarkers, but the high-dimensional data based
on a relatively small number of participants inherently comes with
significant codependencies and contains a large number of asso-
ciation patterns, most of which are erroneous or redundant. Our
goal was to identify which of these were significant associations,
with high predictive power. PLS logistic regression has the ability
to handle high-dimension, low-sample-size, multicollinear data
while searching for modes that explain the maximum covariance
between the explanatory and response spaces [32].

Discriminative Power of CBF and CMRgl Changes

A neuroimaging-based score for each diagnostic group was cal-
culated by projecting each individual’s neuroimaging data onto the
latent variable inferred by the corresponding PLS logistic regres-
sion. This was done for CBF and CMRgl measures separately. Lo-
gistic regression-based classification models were used to assess
the discriminative power of CBF-based and CMRgl-based scores
in differentiating Ap+ CN, AP+ early-MCI, AP+ late-MCI and
AP+ AD subjects from AB- CN subjects. Performances of these
classification models were estimated in a leave-one-out frame-
work with area under the curve (AUC), sensitivity and specificity
metrics.
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Results

Demographic characteristics of the subjects are sum-
marized in table 1. On average AR+ CN subjects were sig-
nificantly older (t = -3.68; p = 0.00098) and less educated
(t=2.57;p =0.019) than AP- CN subjects. Time between
ASL-MRI and FDG-PET scans and time between ASL-
MRI and florbetapir PET scans for AB+ AD subjects were
significantly longer than those for AB- CN subjects, al-
though still within 180 days.

Whole-Brain Patterns of CBF and CMRgl Changes

Figure 1 shows the whole-brain patterns of CBF and
CMRgl changes in each diagnostic group (i.e. AP+ CN,
AP+ early-MCI, AP+ late-MCI and AB+ AD) relative to
AB- CN subjects as inferred by PLS logistic regression.
Cold colors indicate hypoperfusion and hypometabo-
lism detected by ASL-MRI and FDG-PET, respectively.
Hot colors indicate hyperperfusion and hypermetabo-
lism detected by ASL-MRI and FDG-PET, respectively.
Relative to Ap- CN subjects, AP+ CN subjects had hy-
poperfusion predominantly in the left rostral middle
frontal, bilateral inferior parietal, bilateral precuneus,
bilateral isthmus cingulate, left lingual and left fusiform
regions (R* = 0.54) and hypometabolism predominantly
in the bilateral lateral orbitofrontal, bilateral rostral
middle frontal, bilateral superior frontal, bilateral supe-
rior parietal, bilateral precuneus and bilateral posterior
cingulate regions (R* = 0.39). Relative to Ap- CN sub-
jects, AP+ early-MCI patients had hypoperfusion pre-
dominantly in the right inferior parietal, bilateral pre-
cuneus, bilateral isthmus cingulate and left posterior
cingulate regions (R* = 0.41) and hypometabolism
predominantly in the bilateral lateral orbitofrontal, bi-
lateral rostral middle frontal, bilateral superior parietal
and bilateral inferior temporal regions (R? = 0.58). Rela-
tive to AB- CN subjects, AP+ late-MCI patients had hy-
poperfusion predominantly in the bilateral inferior and
middle temporal, bilateral inferior parietal, bilateral su-
perior parietal, bilateral precuneus, bilateral isthmus
cingulate and bilateral fusiform regions (R? = 0.38) and
hypometabolism predominantly in the bilateral lateral
orbitofrontal, bilateral superior frontal, bilateral supe-
rior parietal, bilateral inferior and temporal as well as
bilateral posterior cingulate regions (R* = 0.26). Relative
to AB- CN subjects, AB+ AD patients had hypoperfu-
sion predominantly in the bilateral inferior and middle
temporal, bilateral inferior parietal, bilateral precuneus,
bilateral isthmus cingulate, bilateral lingual and bilat-
eral fusiform regions (R? = 0.45) and hypometabolism
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AB- CN versus Ap+ CN

AB- CN versus AB+ early-MCI

o VK.
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Fig. 1. Whole-brain patterns of CBF and CMRgl changes in the AD
continuum.

in the bilateral inferior and middle temporal, bilateral
lateral orbitofrontal, bilateral superior frontal, bilateral
superior parietal, bilateral posterior cingulate and bilat-
eral lingual regions (R? = 0.42).
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Fig. 2. Receiver-operating characteristic curves were constructed for discriminative power of CBF and CMRgl

changes in the AD continuum.

Discriminative Power of CBF and CMRgl Changes

Receiver-operating characteristic curves in figure 2 show
the estimated performances of the logistic regression clas-
sifiers with CBF-based and CMRgl-based scores separately
for each diagnostic group. Although no significant differ-
ence was observed in discriminative power of CBF and
CMRgl changes based on AUG, sensitivity and specificity
metrics reported in table 2, we achieved greater sensitivity
and specificity with the CBF-based classifier in identifying
A+ CN subjects. On the other hand, CMRgl-based classi-
fiers to identify AP+ late-MCI and AP+ AD patients per-
formed better in terms of sensitivity and specificity.

Discriminative Power of ASL-MRI and
FDG-PET Changes in AD Continuum

Discussion

The main findings of this study were: (1) CBF changes
in the posterior inferior aspects of the brain and a pattern
of CMRgl changes in the superior aspects of the brain in-
cluding frontal and parietal regions discriminated the AP+
subjects in the early disease stages from the Ap- CN sub-
jects the best. There was a greater agreement in the whole-
brain patterns of CBF and CMRgl changes, including pa-
rietotemporal regions, that best discriminated the AR+
subjects from the AB- CN subjects in the later disease stag-
es. (2) Despite the differences in the whole-brain patterns

Neurodegener Dis 2016;16:87-94 91
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Table 2. Discriminative power of CBF and CMRgl changes in the AD continuum

CBF

CMRgl

AUC

sensitivity

specificity

AUC

sensitivity

specificity

AB+CN

AP+ early-MCI
AP+ late-MCI
AB+ AD

0.88 (0.75-1.00)
0.90 (0.82-0.97)
0.89 (0.80-0.97)
0.91 (0.84-0.99)

0.83 (0.50-1.00)
0.83 (0.60-0.97)
0.74 (0.52-0.96)
0.80 (0.60—1.00)

0.85 (0.72-1.00)
0.85 (0.65-1.00)
0.74 (0.56-0.97)
0.88 (0.62-1.00)

0.87 (0.77-0.98)
0.90 (0.81-0.98)
0.86 (0.74-0.97)
0.94 (0.87-1.00)

0.75 (0.33-1.00)
0.90 (0.50—1.00)
0.87 (0.48-1.00)
0.95 (0.80-1.00)

0.76 (0.53-0.97)
0.88 (0.74-0.97)
0.88 (0.44-0.97)
0.94 (0.79-1.00)

of CBF and CMRgl changes, discriminative powers of both
modalities were similar with statistically nonsignificant
performance differences in sensitivity and specificity. Tak-
en together, the results are consistent with previous reports
suggesting that ASL-MRI and FDG-PET have a similar
sensitivity to detect AP+ subjects in the AD continuum.
Our findings that ASL-MRI and FDG-PET show changes
in different brain regions may be due to methodological
differences or to alterations in neurovascular coupling.

Our first finding was that ASL-MRIand FDG-PET have
similar discriminative power to detect AP+ subjects in the
AD continuum. Other studies also reported area under the
receiver-operating characteristic curve greater than 0.9 for
discriminating AD versus CN for both modalities [26, 27,
33, 34]. Reports of accuracy in classifying CN subjects and
MCI using both CBF and CMRgl vary widely, with AUC
ranging from 0.66 to 0.78 [33-35]. Unlike these studies
where diagnostic groups were defined on clinical diagno-
sis, we limited diagnostic groups to AP+ subjects in the AD
continuum and only included AB- CN subjects in the ref-
erence cohort, potentially minimizing the within-group
heterogeneity and improving the power of biomarker-
based discrimination. We should note that small sample
sizes might introduce type II error in our analysis.

Our second finding was that ASL-MRI and FDG-PET
showed changes in different brain regions in AP+ sub-
jects including CN subjects as well as individuals with
MCIand AD, when compared to AB- CN subjects. There
are two possible explanations for this: methodological
differences and alterations of neurovascular coupling.
First, the discrepancy between whole-brain patterns of
CBF and CMRgl changes especially in early disease stag-
es might be related to methodological differences in the
way the ASL-MRIand FDG-PET data were preprocessed
and analyzed. CBF and CMRgl data are strongly affected
by the underlying atrophy pattern. A reduction in gray
matter volume in a specific region would lead to a reduc-
tion of the observed metabolic signal due to increased
partial volume contamination from other tissue types

92 Neurodegener Dis 2016;16:87-94
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[36]. If not accounted for, this effect strongly restricts the
interpretation of the observed functional signal due to a
high susceptibility to the underlying atrophy. Yet partial
volume correction of FDG-PET is not commonly prac-
ticed in the clinical setting. Therefore, we chose to assess
noncorrected CBF and CMRgl quantitative maps for
their independent contribution to identify AP+ subjects
in the AD continuum. However, the results from two
modalities might be affected differently by the failure to
account for partial volume effects coupled with differ-
ences in signal-to-noise ratio and spatial resolution. Fur-
thermore, it is critically important to choose a reference
region that robustly removes the unwanted variance in
both CBF and CMRgl measures but not the effects of the
disease. The reference regions used in FDG-PET studies,
such as pons and cerebellar vermis, are not used in ASL-
MRI studies due to ASL-MRTI’s limited field of view and
low signal-to-noise ratio in inferior aspects of the brain
(i.e. arterial blood water is magnetically tagged below the
brain). A common reference region selection scheme is
necessary to enable a valid comparison of these imaging
modalities. The second potential explanation for
the discrepancy between whole-brain patterns of
CBF and CMRgl changes could be due to compromised
normal vascular coupling in the AD continuum. The as-
sumption that ASL-MRI results should mirror FDG-
PET results relies on the existence of a tight coupling be-
tween regional changes in brain CMRgl and regional
CBF [37, 38]. Animal models suggest that low levels of
Ap disrupt basal CBF and neurovascular coupling before
affecting neuronal activity as assessed by rates of glucose
utilization [39]. Furthermore, neuroimaging studies in
AD patients suggest that neurovascular uncoupling oc-
curs before neurodegenerative changes [40, 41]. There-
fore, agreement between the whole-brain patterns of
CBF and CMRgl changes and the discriminative power
of each modality would rely on the existence of a tight
coupling between regional changes in brain CMRgl and
regional CBF at each disease stage.
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In conclusion, our results comparing measurements
of CBF to CMRgl add to previous reports that MRI-mea-
sured CBF has a similar diagnostic ability for detecting
AD as does FDG-PET. Our findings that CBF and
CMRgl changes occur in different brain regions in AR+
subjects across the AD continuum compared with AB-
CN subjects may be the result of methodological differ-
ences. Alternatively, these findings may signal altera-
tions in neurovascular coupling which alter relation-
ships between brain perfusion and glucose metabolism
in the AD continuum, suggesting that it is important to
consider the potential effects of altered neurovascular
coupling due to AD pathology or other age-related con-
ditions in the interpretation of CBF and CMRgl func-
tional findings. The interpretation of our findings is
however limited to the AD continuum with proven AP
pathology. Implications of our findings for the real clin-
ical AD continuum require further assessment as, espe-
cially at MCI stages, clinical populations could show
heterogeneity in the underlying pathophysiology, and
therefore heterogeneity in how neurovascular coupling
is being affected.

Appendix

Data used in the preparation of this article were obtained from
the ADNI database (adni.loni.usc.edu). The ADNI was launched in
2003 by the National Institute on Aging, the National Institute of
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