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Patients with Alzheimer's disease have reduced cerebral blood flow measured by arterial spin labelling magnetic resonance
imaging, but it is unclear how this is related to amyloid-§ pathology. Using 182 subjects from the Alzheimer's Disease
Neuroimaging Initiative we tested associations of amyloid-B with regional cerebral blood flow in healthy controls (n=51),
early (n = 66) and late (n = 41) mild cognitive impairment, and Alzheimer's disease with dementia (n = 24). Based on the theory
that Alzheimer's disease starts with amyloid-p accumulation and progresses with symptoms and secondary pathologies in
different trajectories, we tested if cerebral blood flow differed between amyloid-p-negative controls and -positive subjects in
different diagnostic groups, and if amyloid-f had different associations with cerebral blood flow and grey matter volume. Global
amyloid-p load was measured by florbetapir positron emission tomography, and regional blood flow and volume were measured
in eight a priori defined regions of interest. Cerebral blood flow was reduced in patients with dementia in most brain regions.
Higher amyloid-p load was related to lower cerebral blood flow in several regions, independent of diagnostic group. When
comparing amyloid-p-positive subjects with -negative controls, we found reductions of cerebral blood flow in several diagnostic
groups, including in precuneus, entorhinal cortex and hippocampus (dementia), inferior parietal cortex (late mild cognitive
impairment and dementia), and inferior temporal cortex (early and late mild cognitive impairment and dementia). The associ-
ations of amyloid-p with cerebral blood flow and volume differed across the disease spectrum, with high amyloid-p being
associated with greater cerebral blood flow reduction in controls and greater volume reduction in late mild cognitive impairment
and dementia. In addition to disease stage, amyloid-f pathology affects cerebral blood flow across the span from controls to
dementia patients. Amyloid-p pathology has different associations with cerebral blood flow and volume, and may cause more
loss of blood flow in early stages, whereas volume loss dominates in late disease stages.
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Introduction

Alzheimer's disease is the most common cause of dementia, and is
associated with accumulation of amyloid-f, tau, and progressive
brain atrophy (Blennow et al., 2006). Early in the development of
Alzheimer's disease, brain function in specific regions is reduced,
as reflected by regionally reduced glucose metabolism (Friedland
et al., 1983, 1989; Reiman et al., 1996; Silverman et al., 2001;
Chételat et al., 2003; Mosconi et al., 2005, 2008) and cerebral
blood flow (CBF) (Johnson et al., 1987; Ishii et al., 1997) mea-
sured by PET. Moreover, brain accumulation of amyloid-p is asso-
ciated with both brain atrophy and CBF changes, as detected by
°0-H,0 PET in cognitively healthy controls (Sojkova et al.,
2008). However, several issues concerning the relationship be-
tween brain amyloid-f, brain atrophy and CBF remain elusive,
especially the effects of amyloid-PB on brain structure and perfusion
at different levels of cognitive impairment. In this study, we aimed
to determine the relationship between brain amyloid-f load, re-
gional CBF reduction, and brain atrophy, across a wide spectrum
of cognitive function.

CBF mapping can be accomplished using MRI-based arterial
spin labelling (ASL), which uses magnetically labelled endogenous
arterial blood water as a tracer for blood flow (Detre et al., 1992;
Roberts et al., 1994). ASL-MRI is completely non-invasive and
does not rely on ionizing radiation as does CBF mapping with
approaches like 'O-H,O PET and Technetium-99m single
photon emission computed tomography. Furthermore, ASL-MRI
can be obtained in <10 min as part of a standard MRI protocol,
and is easily co-registered to the structural MRI, facilitating ana-
lysis. Several studies have found that CBF measured by ASL is
reduced in patients with Alzheimer's disease or mild cognitive
impairment (MCI), especially in temporal-parietal and posterior
cingulate cortices (Alsop et al., 2000, 2010; Schuff et al., 2009;
Alexopoulos et al., 2012; Binnewijzend et al., 2013), and these
changes often (Johnson et al., 2005), but not always (Wolk and
Detre, 2012), co-localize with fluorodeoxyglucose PET patterns of
hypometabolism. No previous study has examined ASL-CBF in re-
lation to brain amyloid-B load, and no studies have compared the
associations of amyloid-f load with brain perfusion and structure.
Several structural MRI studies have found a strong association
between brain atrophy and amyloid-$ burden (Archer et al.,
2006; Chételat et al., 2010). Therefore, another focus of this
study was to relate the CBF alterations as detected with ASL to
structural brain alterations in subjects with and without amyloid-$
burden.

Specifically, we tested the following hypotheses: (i) brain amyl-
oid-B (determined by florbetapir PET) is associated with CBF vari-
ations across the cognitive spectrum from healthy controls, to
early MCI, late MCI and Alzheimer's disease with dementia; (ii)
amyloid-B positive subjects across the cognitive spectrum groups
show reduced CBF compared with amyloid-B negative controls,

consistent with the theory that Alzheimer's disease starts with
amyloid-B pathology in cognitively normal people, and progresses
with development of other pathologies and clinical symptoms
(Hardy and Selkoe, 2002; Jack et al., 2013); and (iii) brain amyl-
oid-B has different associations with regional CBF and structure,
consistent with the view that amyloid-f pathology leads to diver-
gent functional and structural brain changes at different stages of
Alzheimer's disease (Jack et al., 2013).

Materials and methods

Study design

Data used in the preparation of this article were obtained from the
Alzheimer's Disease Neuroimaging Initiative (ADNI) database (adni.lo-
ni.usc.edu). The principal investigator of this initiative is Michael W.
Weiner, MD, VA Medical Centre and University of California San
Francisco. The ADNI is the result of efforts of many co-investigators
from a broad range of academic institutions and private corporations,
and subjects have been recruited from over 50 sites across the USA
and Canada. The data used in this study were acquired in ADNI-2.
Up-to-date information can be found at www.adni-info.org.

Participants

Our study population consisted of subjects from the ADNI-2 ASL sub-
study; the sample size and demographic characteristics of the subjects
are listed in Table 1. Inclusion/exclusion criteria are described in detail
at www.adni-info.org. Briefly, all subjects included in ADNI-2 were
between the ages of 55 and 90 years, had completed at least
6 years of education, were fluent in Spanish or English, and were
free of any significant neurological disease other than Alzheimer's dis-
ease. Control subjects had Mini-Mental State Examination score >24,
and Clinical Dementia Rating scale score 0. Subjects with early MCI
had Mini-Mental State Examination score >24, objective memory loss
as shown on scores on delayed recall of the Wechsler Memory Scale
Logical Memory Il [0.5-1.5 standard deviations (SD) below the normal
mean], Clinical Dementia Rating scale 0.5, preserved activities of daily
living, and absence of dementia. Subjects with late MCI shared the
early MCI criteria, but had greater objective memory loss measured by
scores on delayed recall (>1.5 SD below the normal mean). Subjects
with Alzheimer's disease dementia fulfilled the National Institute of
Neurological and Communicative Disorders and Stroke and the
Alzheimer's Disease and Related Disorders Association criteria for
probable Alzheimer's disease, had Mini-Mental State Examination
scores between 20-26 and a Clinical Dementia Rating scale of
0.5 or 1.0.

Arterial spin labelling magnetic
resonance imaging acquisition

Details of ASL MRI data acquisition and processing are available online
at www.loni.usc.edu. In short, ASL MRI was performed on 3.0 T
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Table 1 Group demographics

N. Mattsson et al.

Group Control subjects Early MCI Late MCI Alzheimer's Total
disease
n 51 66 41 24 182
Sex, M:F (% F) 21:30 (41%) 42:24 (64%) 17:24 (42%) 13:11 (54 %) 90:92 (50%)
P=0.92 P=0.30 P=0.33 P=0.03 P=0.79
Age, years, mean, (SD) 72.2 (6.8) 70.1 (6.8) 72.4 (8.2) 73.5 (5.6) 71.7 (7.1)
P =0.044 P =0.0007 P=0.52 P=0.18 P=0.012
Education, years (mean, SD) 16.6 (2.4) 16.7 (2.7) 16.4 (2.7) 16.4 (2.2) 16.6 (2.5)
P=0.17 P=0.77 P=0.62 P=0.26 P=0.22
APOE ¢4, + : — (% +) 14:35 (29%) 25:40 (39%) 16:24 (39%) 17:5 (77 %) 72:103 (41%)
P=0.17 P =0.0013 P =0.0001 P=0.46 P =3e-9
MMSE, mean (SD) 29.0 (1.2) 28.8 (2.0) 27.7 (2.0) 23.5(1.9) 28.0 (2.3)
P=0.053 P=0.016 P =0.001 P=0.83 P =2e-10

P-values are for associations with each variable and amyloid-p standardized uptake value ratio (continuous), tested by Spearman correlation [age, education, Mini-Mental

State Examination (MMSE)] or Mann-Whitney U-test (sex, APOE genotype).

magnetic resonance machines from a single vendor (MAGNETOM
Trio, Verio and Skyra, Siemens) using a pulsed ASL method (QUIPS
Il with thin-slice TI1 periodic saturation) with echo-planar imaging
(Luh et al., 1999). Imaging parameters of the ASL scan were: field
of view 256 mm, matrix 64 x 64, repetition time 3400 ms, echo time
12 ms, inversion time of arterial spins (TI1) 700 ms, total transit time of
the spins (TI2) 1900 ms, tag thickness 100 mm, tag to proximal slice
gap 25.4mm, 24 axial slices, slice thickness 4 mm, time lag between
slices 22.5ms.

Arterial spin labelling magnetic
resonance imaging preprocessing

All ASL images were preprocessed using a largely automated pipeline.
Motion correction was done by alignment of each frame to the first in
the sequence by rigid body transformation, using SPM8. Perfusion
weighted images were computed by taking the difference between
the mean-tagged and the mean-untagged ASL image. The first
untagged ASL image (providing a fully relaxed MRI signal) was used
as a reference image of the water density and used to calibrate the
ASL signal for computing CBF and to estimate the transformation to
co-register ASL MRI and structural MRI as explained later. The perfu-
sion weighted images were intensity scaled to account for signal decay
during acquisition and to provide intensities in physical units of CBF.
The reference image was intensity scaled to provide a proxy for blood
water magnetization.

Geometric distortion correction and
structural to arterial spin labelling
magnetic resonance imaging
co-registration

Echo-planar imaging-based ASL images are more susceptible than
structural images to non-linear geometric distortions. To accomplish
registrations between CBF and structural MRI maps, linear transform-
ations with nine degrees of freedom based on normalized mutual
information were augmented by a non-linear registration approach
based on total variance as described in detail in Tao et al. (2009).
Furthermore, simulated T,-weighted images derived from the corres-
ponding T, image were used as intermediate maps in the co-
registration step to reduce differences in contrast between ASL and

structural MRI (details available online at www.loni.usc.edu). After
correction for geometric distortions, the ASL images were aligned to
structural T4 images.

Arterial spin labelling magnetic
resonance imaging partial volume
correction

The analysis aimed to measure blood flow in primarily grey matter
tissue. To correct for partial grey/white matter volume effects, the
scaled perfusion weighted image intensities were adjusted according
to a linear model of grey and white matter contributions to the ASL
signal and based on probabilistic segmentation of grey and white
matter densities in each MRI voxel. Adjustments were made assuming
a constant ratio between grey matter and white matter perfusion
(2.5 times greater in grey matter) and the scaled reference image
was adjusted assuming constant ratios between grey matter and
water (0.78), white matter and water (0.65), and CSF and
water (0.97).

Computation of cerebral blood flow

The scaled, distortion corrected, co-registered and partial volume
corrected perfusion weighted images were normalized to the reference
image (i.e. an estimate of blood water magnetization) to express
the ASL signal in physical units of arterial water density as CBF
(ml/100g x 60 s). This normalization also eliminates spatial B1-
inhomogenity, as both maps are subject to the same B1-inhomogenity
distribution.

Structural magnetic resonance imaging
acquisition

Structural MRI was obtained using the same magnetic resonance ma-
chines as ASL with the standardized ADNI-2 protocol, available online
(www.loni.usc.edu). In short, a Tq-weighted 3D MPRAGE sequence
was used (repetition time 2300 ms, echo time 2.98 ms, flip angle 9°,
field of view 256 mm, resolution 1.1 x 1.1 x 1.2 mm?>).
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Regions of interest

FreeSurfer (surfer.nmr.mgh.harvard.edu) was used to generate ana-
tomical region of interest statistics for CBF and volume. All images
underwent manual quality control checks by trained staff for image
quality and successful co-registration. In this study we tested eight a
priori designated regions of interest, where seven are suspected
to be vulnerable to Alzheimer's disease (entorhinal, inferior temporal,
hippocampal, inferior parietal, posterior cingulate, precuneus, and
medial-orbitofrontal cortices) and one was used as a control region
(pericalcarine), where we expected no changes in Alzheimer's disease.
Data of the right and left hemispheres were averaged. To reduce
contributions from noisy ASL signals in regions of major tissue loss,
we used a threshold of >70% structural voxel count for the inclusion
of ASL regions. In the regression models for estimations of CBF and
volume data, the precentral cortex and the total intracranial volume,
respectively, were used as reference regions.

Florbetapir positron emission
tomography

PET image data were acquired and processed as described previously
(Landau et al., 2012). Full protocols are online (adni.loni.usc.edu). In
sum, florbetapir image data were acquired 50 to 70 min post-injection.
Images were reconstructed immediately following the scan, and repeat
scans were acquired if motion artefact was detected. For quantification
of florbetapir, 3 T 3D MPRAGE MRI scans were used. MRI images
were segmented and parcellated into individual cortical regions with
FreeSurfer, and used to extract mean florbetapir uptake (standardized
uptake value ratio) from grey matter within lateral and medial frontal
anterior, posterior cingulate, lateral parietal, and lateral temporal
regions relative to uptake in the whole cerebellum (white and grey
matter). The overall cortical mean standardized uptake value ratio
from these regions combined was used for each subject in all
amyloid-f analyses in this study. We did not use data on regional
amyloid-f load for the statistical analyses in this study.

Statistical analyses

We evaluated associations between demographic factors, amyloid-p
load and CBF by non-parametric tests (Spearman’s correlation and
Mann-Whitney U test, as appropriate). To validate the present data
set and confirm previous findings of Alzheimer's disease-dependent
CBF-reductions, we tested for overall differences in CBF between diag-
nostic groups by linear regression models with regional CBF as the
dependent variable and group as the independent variable, accounting
for age, sex and reference CBF (precentral cortex CBF). After this, we
conducted three different statistical analyses, according to the three
hypotheses:

(i) We tested for overall statistical effects of amyloid-p on CBF by
linear regression models with regional CBF as the dependent
variable and amyloid-p standardized uptake value ratio as the
independent (continuous) variable, across all study subjects
simultaneously. Likelihood ratio tests were used to identify diag-
nosis-dependent differences in the relationship between CBF and
amyloid-f in each region by contrasting two models, one with an
amyloid-B by diagnosis interaction term and the other without
this interaction term, while the other factors in the models
were kept the same.

(i) Based on the amyloid cascade hypothesis and the dynamic bio-
marker model, we assumed that amyloid-p negative controls
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represented the best reference group to identify statistical effects
associated with development of Alzheimer's disease. We there-
fore dichotomized each diagnostic group by amyloid-f (using a
previously established amyloid-B standardized uptake value ratio
cut-off for amyloid-p load, >1.11), and tested for differences
between amyloid-fB negative controls and amyloid-p positive sub-
jects (grouped by controls, early MCI, late MCI and Alzheimer's
disease) or other amyloid-p negative subjects [grouped by early
MCI and late MCI, the few amyloid-p negative Alzheimer's dis-
ease cases (n =4) were excluded from this analysis]. For this we
used linear regression models with ‘Group’ as the independent
variable (amyloid-f negative controls was the reference group).

(iii) Finally, we performed similar tests for structural volume and com-
pared statistical effects of amyloid-p and diagnosis on CBF and
volume. To test if amyloid-p had different associations with CBF
and volume within diagnostic groups, we used linear mixed ef-
fects models after concatenating the two response vectors and
including an interaction between a factor for imaging modality
(CBF versus volume) and amyloid-B, as a predictor. Before con-
catenation, CBF was adjusted for the effect of the reference CBF
region by way of residualization from linear regression. Similarly,
volumes were adjusted for intracranial volume. CBF and volume
data were then centred and scaled by the estimated error from
the regressions in the residualization step. The final models
included interactions between imaging modality and amyloid-f,
age, and sex as predictors, plus both main effects. All models
included a random intercept and a random term for imaging
modality. We extracted the statistical effects of amyloid-B on
CBF and volume, and the effect of the interaction between amyl-
oid-B and imaging modality. Finally, we performed similar tests
using the combined diagnostic group and amyloid-f status as
predictor instead of continuous amyloid-p (amyloid- negative
controls versus each of amyloid-B positive controls, early MCI,
late MCI and Alzheimer's disease).

The statistical tests are summarized in Supplementary Table 1. All
linear regression models were co-varied for age, sex and reference CBF
or intracranial volume (for structural data). Because APOE ¢4 allele
status and amyloid-p load are so highly correlated, models were not
adjusted for APOE genotype, although it is possible that APOE geno-
type and amyloid-B pathology may have independent statistical effects
on CBF, which could warrant further studies. Significance was deter-
mined at P < 0.05. Corrections for multiple comparisons were done
using false discovery rate correction. All statistics were done using R
(v. 2.15.2, The R Foundation for Statistical Computing).

Results

The study included 51 control subjects, 66 patients with early
MCI, 41 patients with late MCl and 24 patients with
Alzheimer's disease (see Table 1 for demographic data).
Differences in age and education between groups were not sig-
nificant, but there was a strong trend of fewer males present in
the early MCI group compared with other groups (P=0.051,
x> =7.78, Pearson's chi-square test for sex in all groups). As ex-
pected, APOE &4 prevalence was highest in patients with
Alzheimer's disease, and intermediate in early and late MCI,
whereas Mini-Mental State Examination score was lowest in
patients with Alzheimer's disease.
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Associations between demographic
factors, amyloid-p and cerebral
blood flow

Higher amyloid-B levels were associated with females (in
Alzheimer's disease), higher age (in controls, early MCI and the
whole cohort), APOE &4 (in early MCI, late MCI and the whole
cohort), and lower Mini-Mental State Examination score (in con-
trols, early MCI, late MCI and the whole cohort) but not with
education (Table 1). We tested associations between regional
CBF and demographic factors in the whole study population.
Age was positively correlated to higher CBF in inferior parietal
(P=0.003), posterior cingulate (P=0.003), and medial-orbito
frontal cortices (P =0.018). Compared with males, females had
higher CBF in inferior parietal (P = 0.006), precuneus (P = 0.009),
and pericalcarine cortices (P =0.014). APOE &4 carriers had lower
CBF in entorhinal (P=0.017), inferior temporal (P =0.017), and
pericalcarine cortices (P =0.045). Mini-Mental State Examination
score was positively correlated to higher CBF in entorhinal
(P=0.034), hippocampus (P =0.028), and inferior temporal
(P=0.0072) cortices. There were no significant associations
between regional CBF and education.

Overall differences in cerebral blood
flow between diagnostic groups

CBF was reduced in Alzheimer's disease compared with control
subjects in most regions where we expected to see effects
(entorhinal, P < 0.01; hippocampus, P =0.01; inferior temporal,
P <0.01; inferior parietal, P <0.01; posterior cingulate,
P =0.07; precuneus, P < 0.01; medial-orbito frontal, P=0.03).
In contrast, CBF differences were not significant in the control
region (pericalcarine, P =0.27). The effects were significant after
correction for multiple comparisons in entorhinal (P = 0.05), infer-
ior temporal (P =0.01), inferior parietal (P =0.01) and precuneus
(P =0.01) (corrected for eight tests). We found no significant dif-
ferences in CBF between controls and early or late MCI. These
data are presented in Supplementary Fig. 1 and Supplementary
Table 2.

Overall associations of brain amyloid-p
with cerebral blood flow

Increased whole brain amyloid-B load had associations with
reduced CBF in the entorhinal (P < 0.001), inferior temporal
(P < 0.001), inferior parietal (P < 0.001) and precuneus cortices
(P=0.010) (Fig. 1). In contrast, in posterior cingulate, there was
a trend towards a positive correlation, meaning CBF increase with
higher amyloid-p load (P = 0.061). There were no associations be-
tween CBF and amyloid-p load in the medial-orbitofrontal or peri-
calcarine cortices. All significant effects remained significant after
correcting for multiple comparisons using false discovery rate
correction (corrected for eight tests).

N. Mattsson et al.

Diagnosis dependent associations
of brain amyloid-p with cerebral
blood flow

Likelihood ratio tests of differences in the relationship between
CBF and amyloid-B load across diagnostic groups were non-
significant in entorhinal, hippocampal, inferior temporal, inferior
parietal, posterior cingulate and precuneus cortices (P=0.29 to
P=0.85) (Fig. 1). However, in several regions, patients with
Alzheimer's disease showed an opposite pattern compared with
the other groups, with CBF increasing with high amyloid-f load.
This was most evident in the inferior parietal cortex, where the
likelihood ratio test indicated a difference between the diagnostic
groups (P =0.05). There were no significant differences between
groups when correcting for multiple comparisons using false
discovery rate correction (corrected for eight tests).

Differences in cerebral blood flow
compared with amyloid-p-negative
control subjects

As it is possible that Alzheimer's disease starts in amyloid-
B-negative cognitively normal subjects, and then develops into
amyloid-B-positive preclinical disease and finally into amyloid-
B-positive symptomatic disease, we compared CBF in amyloid-
B-negative control subjects with amyloid-B-positive controls,
early MCI, late MCI and Alzheimer's disease. According to the
amyloid cascade hypothesis and the dynamic biomarker model,
amyloid-B-negative early and late MCI are likely to constitute
non-Alzheimer's disease, and these groups were also compared
with amyloid-B-negative controls. For this analysis we dichoto-
mized the groups by brain amyloid-p standardized uptake value
ratio (cut-off > 1.11). We excluded the few subjects with
Alzheimer's disease (n =4) who were amyloid-B-negative by this
definition. We used linear regression with group (diagnosis com-
bined with amyloid-B-category) as the independent variable
(Fig. 2). Compared with amyloid-B-negative controls, we found
nominally significantly reduced CBF in amyloid-B-positive
Alzheimer's disease (in entorhinal, hippocampal, inferior temporal,
inferior parietal, and precuneus cortices), amyloid-p-positive late
MCI (in inferior parietal and inferior temporal cortices), amyloid-
B-positive early MCI (inferior temporal cortex), and amyloid-
B-negative early MCI (posterior cingulate). When correcting for
multiple comparisons using false discovery rate correction (cor-
rected for 48 tests), effects were significant in inferior temporal
(Alzheimer's disease), inferior parietal (late MCI and Alzheimer's
disease) and precuneus (Alzheimer's disease) cortices.

Associations of amyloid-p with volume
and cerebral blood flow

As expected, there were significantly smaller regional grey matter
volumes in late MCI and Alzheimer's disease compared with con-
trol subjects in entorhinal (P < 0.01), inferior temporal (late MCI,
P=0.02, Alzheimer's disease, P < 0.01), inferior parietal (late
MCI, P=0.02, Alzheimer's disease, P < 0.01), and hippocampal
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Figure 1 Associations between cerebral blood flow and amyl-
oid-f load. CBF values were centred and standardized.
Associations were tested simultaneously in healthy controls
(NL, green), early and late MCI (EMCI, blue, and LMCI, red,
respectively), and Alzheimer's disease dementia (AD, black). The
fitted lines are from linear regression models, co-varied for age,
sex and CBF in a reference region (precentral cortex). The data
in the top of each panel are the regression coefficients B
(standard error) and P-values for amyloid-f standardized uptake
value ratio (SUVR) in the linear regression models fitted for all
subjects simultaneously (thick solid line). The dashed lines
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regions (P < 0.01), but not in posterior cingulate, precuneus,
medial orbito-frontal and pericalcarine regions (Supplementary
Fig. 2). There were no volume reductions in early MCI compared
with controls [but subjects with early MCI had larger volumes in
precuneus (P =0.01) and pericalcarine (P = 0.02)]. High amyloid-f
load was significantly associated with smaller volumes in
entorhinal (P < 0.001), hippocampal (P < 0.001), inferior temporal
(P =0.042), inferior parietal (P < 0.001), and precuneus cortices
(P=0.039) across all diagnostic groups (indicated by the non-
significant likelihood ratio tests for models with the interaction
term amyloid-p by diagnosis compared to models without the
interaction term, Supplementary Fig. 3). The only exception was
in the hippocampus, where patients with Alzheimer's disease had
a positive association between large volumes and high amyloid-p
load (likelihood ratio test, P =0.02).

In the last part of this study, we compared statistical effects of
amyloid-B on CBF versus effects on brain structure. We first com-
pared associations within the diagnostic groups of controls, early
MCI and late MCI (Table 2), but not within Alzheimer's disease
because of the small dynamic range of amyloid-f in subjects with
Alzheimer's disease. In controls, the associations of amyloid-p with
CBF and volume were different in entorhinal cortex (P =0.038),
where amyloid-B had a negative effect on CBF, but a positive
effect on volume. Within early MCI and late MCI, we found no
significant differences in associations of amyloid-B with CBF and
volume. Finally, we compared the statistical effects of amyloid-p
positivity and diagnosis on CBF and volume (comparing amyloid-f
negative controls with amyloid-f positive controls, early MClI, late
MCI, and Alzheimer's disease, Table 3). In mild disease stages, we
found only minor differences between associations with CBF and
volume, with a difference in amyloid-p positive controls in entorh-
inal cortex (P =0.021), confirming the test with continuous amyl-
oid-p described in the previous paragraph. In advanced disease
stages, associations with volume dominated. Amyloid-f-positive
patients with late MCI and Alzheimer's disease had larger reduc-
tions of volume than CBF in hippocampus (late MCI: P =0.053,
Alzheimer's disease: P =0.012) and entorhinal cortex (late MCI:
P =0.10, Alzheimer's disease: P =0.017). However, the different
associations with CBF and volume were mild, and did not remain
after correction for multiple comparisons.

Discussion

This study is the first to report statistical effects of brain amyloid-p
accumulation on CBF measured by ASL MRI and to compare the

Figure 1 Continued

represent models fitted within diagnostic groups. Data in the
bottom of each panel are for likelihood ratio tests, comparing
linear regression models with and without the interaction
between diagnostic groups and amyloid-f standardized uptake
value ratio, to assess differences between diagnostic groups

(a significant P-value suggests that the relationship between
regional CBF and amyloid-f standardized uptake value ratio
differs by diagnosis).
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Figure 2 Effects of amyloid-p standardized uptake value ratio
(SUVR) and diagnostic group on CBF. CBF values were adjusted
for age, sex, and CBF in a reference region (precentral cortex),
centered and standardized. Amyloid-B-negative healthy controls
(NL) (dichotomized by amyloid-f standardized uptake value
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effects on CBF with effects on brain structure. We found that (i)
brain amyloid-f load was associated with reduced CBF in tem-
poro-parietal regions across all subjects; (ii) amyloid-p positive sub-
jects had reduced CBF in several regions compared with amyloid-f
negative controls; and (iii) effects of brain amyloid-p load differed
between CBF and volume, supporting the view that amyloid-p
has stronger associations with brain function than with structure
in mild disease stages, but larger associations with structure in
advanced disease stages. We also replicated previous findings
that CBF was significantly lower in temporo-parietal and frontal
regions in patients with Alzheimer's disease than in control sub-
jects (Alsop et al., 2010). When not taking amyloid- into ac-
count, we found no significant overall CBF reductions in early or
late MCI when compared with control subjects, indicating that the
CBF measurements were not sensitive enough to distinguish be-
tween these heterogeneous groups. This is in contrast to some
other ASL studies (Johnson et al., 2005; Xu et al., 2007; Chao
et al., 2009; Dai et al., 2009), and may be because of the het-
erogeneous nature of early and late MCI, where only a fraction of
the subjects have amyloid-f pathology. In sum, our findings were
consistent with our hypotheses, and support the use of ASL to
characterize the relationship between amyloid-p pathology and
CBF, especially in early stages of Alzheimer's disease, when
brain function is probably more vulnerable to amyloid-f than is
brain structure.

The first major finding of this study is that brain amyloid-f load
was associated with reduced CBF in several Alzheimer's disease-
related brain regions regardless of cognitive status, even when
correcting for multiple comparisons. This is a novel finding, but
it is in agreement with many previous reports of reduced perfusion
in Alzheimer's disease or mild cognitive impairment, as measured
by PET/single photon emission computed tomography (Johnson
et al., 1987; Ishii et al., 1997; Dougall et al., 2004; Matsuda,
2007; Alsop et al., 2010) or ASL (Alsop et al., 2000, 2010;
Johnson et al., 2005; Dai et al., 2009; Binnewijzend et al.,
2013). No previous study has tested effects of amyloid-B on
ASL CBF in mild cognitive impairment or healthy controls, but
CBF has been shown to differ between amnestic versus dysexe-
cutive mild cognitive impairment (Chao et al., 2009), between
progressive versus stable mild cognitive impairment (Chao et al.,
2010), and between APOE e4-positive and -negative MCI (Kim
et al., 2013), which are results that may all have been influenced
by amyloid-B pathology. The finding that amyloid-f load is asso-
ciated with reduced CBF across the different diagnostic groups is
in agreement with the concept that amyloid-p-positive subjects
have Alzheimer's disease pathology, and that the controls, early

Figure 2 Continued

early and late MCI (EMCI and LMCI), and Alzheimer's disease
dementia (AD), and with amyloid-B-negative early MCI and late
MCI. Values above each column are P-values from linear
regression models, for the combination of amyloid-p and
diagnosis as predictor of CBF, co-varied for age, sex and
reference CBF (precentral cortex). Shown P-values are not
corrected for multiple comparisons.
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Table 2 Effects of brain amyloid-p on cerebral blood flow and volume within diagnostic groups

Volume CBF Difference
Groups Region B P p P B P
Controls (n =51) Entorhinal 0.478 0.636 —1.867 0.067 2.345 0.038
Hippocampus —-0.4 0.675 0.102 0.922 —0.502 0.661
Inferior temporal 0.06 0.952 —2.288 0.028 2.349 0.102
Inferior parietal 1.455 0.121 —1.186 0.218 2.64 0.054
Posterior cingulate 0.216 0.815 1.15 0.258 —0.934 0.543
Precuneus —0.365 0.668 —0.635 0.525 0.27 0.848
Medial orbito-frontal 0.723 0.483 —-0.771 0.455 1.494 0.299
Pericalcarine 0.998 0.329 0.661 0.519 0.337 0.808
Early MCI (n = 66) Entorhinal —0.634 0.408 —1.537 0.043 0.903 0.35
Hippocampus —1.52 0.024 —1.417 0.063 —0.103 0.922
Inferior temporal —0.018 0.98 -0.727 0.342 0.71 0.449
Inferior parietal —0.879 0.225 -0.8 0.291 —0.079 0.944
Posterior cingulate 0.421 0.567 0.885 0.209 —0.464 0.639
Precuneus —0.602 0.422 —0.832 0.273 0.23 0.81
Medial orbito-frontal 0.493 0.517 0.141 0.844 0.353 0.745
Pericalcarine 0.241 0.749 —0.561 0.432 0.802 0.465
Late MCI (n = 41) Entorhinal —1.757 0.012 —1.276 0.083 —0.481 0.589
Hippocampus —1.837 0.007 —0.511 0.484 —1.326 0.171
Inferior temporal —0.988 0.193 —1.787 0.014 0.798 0.371
Inferior parietal —2.207 0.001 —1.735 0.012 —0.472 0.566
Posterior cingulate —0.861 0.244 0.871 0.234 —1.732 0.078
Precuneus —1.355 0.052 —0.825 0.257 —0.531 0.490
Medial orbito-frontal 0.134 0.854 —0.604 0.407 0.738 0.464
Pericalcarine —0.83 0.279 —0.709 0.357 —0.12 0.902

Effects from linear mixed models, with CBF and volume as dependent variables (stacked), and brain amyloid-p standardized uptake value ratio as independent variable
(continuous), co-varied for age and sex, in controls and early and late mild cognitive impairment (early MCI and late MCI). CBF and volume were residualized by reference
CBF (precentral cortex) or intracranial volume, respectively. Differences in effects were compared by the interaction between amyloid-p and imaging modality. Tests
significant at P <0.05 are printed in bold. The effects were mild and generally not significant after correction for multiple comparisons using false discovery rate correction
(corrected for 32 tests for volume and 32 for CBF; the only effect that remained significant was for amyloid-B on volume in inferior parietal cortex in late MCI, P = 0.024).
No differences between effects on volume and CBF were significant when correcting for multiple comparisons (corrected for 32 tests).

MCI and late MCI groups are heterogeneous, containing varying
extents of Alzheimer's disease pathology.

We found a tendency to a positive correlation between higher
amyloid-p load and increased CBF in the posterior cingulate across
all participants, and in several regions there were positive correl-
ations between amyloid-p load and CBF in patients with
Alzheimer's disease, although this was not seen in the other diag-
nostic groups. A few previous reports have found increased CBF in
hippocampus or the medial temporal lobe in healthy elderly at
familial and genetic risk for Alzheimer's disease (Fleisher et al.,
2009; Bangen et al., 2012), and fluorodeoxyglucose PET hyper-
metabolism in relation to amyloid-p load in mild cognitive impair-
ment (Cohen et al., 2009) and healthy controls (Ossenkoppele
et al., 2013; Oh et al., 2014). Some, but not all, previous ASL
studies have also found increased perfusion in Alzheimer's disease
(or MCI or healthy controls at risk for Alzheimer's disease) in some
regions, including insular cortex, temporal cortex, anterior cingu-
late, or subcortical structures such as hippocampus, amygdala and
basal ganglia (Alsop et al., 2008; Dai et al., 2009; Fleisher et al.,
2009; Alexopoulos et al., 2012). It should be noted that CBF is
often but not always (Fink et al., 1996) coupled to the metabolic
activity in the brain measured by fluorodeoxyglucose PET, and
some studies have also found positive associations between fluor-
odeoxyglucose PET and brain amyloid-p load. These increases in

perfusion and metabolism may either reflect mechanisms compen-
sating for amyloid-f neurotoxicity, or suggest that amyloid-p ac-
cumulation itself is driven by increased neural activity (Cohen
et al., 2009; Jagust and Mormino, 2011; Ossenkoppele et al.,
2013). However, the fact that amyloid-B load was associated
with CBF reductions in regions other than posterior cingulate
gyrus may argue against amyloid-f3 accumulation resulting from
increased neural activity.

The second major finding of this study is that when dichotomiz-
ing subjects by amyloid-f load and comparing amyloid-B-positive
subjects within each diagnostic group with amyloid-f-negative
controls, amyloid-B-positive subjects with early MCI, late MCI
and Alzheimer's disease had reduced CBF in several regions.
Although some of these associations were weak and did not
remain after correcting for multiple comparisons, these results
are in line with the theory that Alzheimer's disease starts with
amyloid-B pathology in cognitively normal people, and progresses
with neurodegeneration, reduced brain activity and clinical symp-
toms (Hardy and Selkoe, 2002; Jack et al., 2013). No previous
study has compared ASL CBF between amyloid-B-positive sub-
jects at different stages of cognitive impairment with amyloid-
B-negative control subjects, but our results are consistent with
findings using other biomarker modalities and study designs
(Jack et al., 2011; Bateman et al., 2012). These findings add to
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Table 3 Effects of amyloid-p positivity and diagnostic group on cerebral blood flow and volume

N. Mattsson et al.

Groups Region Volume CBF Difference
B P B P B P
Amyloid-f-negative Entorhinal 0.467 0.234 — 0.552 0.171 1.019 0.021
control subjects Hippocampus —-0.176 0.630 0.031 0.937 —0.207 0.637
(n =41) versus amyl- Inferior temporal —0.181 0.661 —0.753 0.083 0.573 0.339
oid-p-positive control Inferior parietal 0.309 0.395 ~0.351 0.342 0.660 0.213
subjects (n = 10) Posterior cingulate 0.009 0.980 0.208 0.595 ~0.200 0.735
Precuneus —0.104 0.750 -0.363 0.341 0.259 0.631
Medial orbito-frontal 0.149 0.706 0.070 0.859 0.079 0.887
Pericalcarine 0.554 0.180 0.139 0.739 0.415 0.46
Amyloid-f-negative Entorhinal —0.298 0.234 —0.254 0.314 —0.044 0.88
control subjects Hippocampus —0.184 0.424 —0.340 0.170 0.156 0.602
(n =41) versus amyl- Inferior temporal —0.152 0.552 —0.600 0.020 0.448 0.177
oid-B-positive patients Inferior parietal —0.294 0.199 —0.239 0.327 —0.055 0.868
with early MCI Posterior cingulate 0.065 0.781 0.111 0.656 ~0.046 0.898
(HISER, Precuneus 0.163 0.502 —0.253 0.297 0.417 0.229
Medial orbito-frontal 0.353 0.151 —0.003 0.991 0.356 0.286
Pericalcarine 0.515 0.035 —-0.076 0.757 0.591 0.096
Amyloid-f-negative Entorhinal —0.904 0.002 -0.37 0.234 —0.535 0.100
control subjects Hippocampus —0.948 <0.001 —-0.275 0.330 —0.672 0.053
(n =41) versus amyl- Inferior temporal —0.655 0.021 —0.795 0.007 0.139 0.688
oid-B-positive patients Inferior parietal —0.623 0.021 —0.789 0.004 0.167 0.648
with late MCI (n = 21) Posterior cingulate —0.104 0.714 —0.09% 0.738 —0.008 0.985
Precuneus —0.149 0.569 —0.347 0.213 0.198 0.614
Medial orbito-frontal —0.096 0.739 —-0.352 0.194 0.256 0.462
Pericalcarine 0.512 0.079 —-0.378 0.198 0.890 0.031
Amyloid-f-negative Entorhinal —-1.319 <0.001 —0.594 0.036 —0.725 0.017
control subjects Hippocampus —1.209 <0.001 —0.493 0.075 —0.716 0.012
(n =41) versus amyl- Inferior temporal —0.989 <0.001 —0.917 0.001 —0.072 0.827
oid-B-positive patients Inferior parietal —0.857 0.001 —0.759 0.006 —0.098 0.776
with Alzheimer's dis- Posterior cingulate ~0.437 0.102 ~0.294 0.286 ~0.143 0.714
ease (n = 20) Precuneus ~0.430 0.100 —0.731 0.006 0.301 0.432
Medial orbito-frontal —0.437 0.115 —0.341 0.213 —0.096 0.792
Pericalcarine 0.489 0.079 —0.161 0.568 0.651 0.104

Effects from linear mixed models, CBF and volume as dependent variables (stacked), and group (amyloid-pB-negative controls versus amyloid-B-positive controls, early and
late MCI or Alzheimer's disease with dementia, with amyloid-f standardized uptake value ratio dichotomized by cut-off >1.11) as independent variable, co-varied for age
and sex. CBF and volume were residualized by reference CBF (precentral cortex) or intracranial volume, respectively. Tests significant at P<0.05 are printed in bold. Several
effects remained significant after correction for multiple comparisons using false discovery rate correction [corrected for 32 tests for volume and 32 for CBF, volume: late
MCI entorhinal (P =0.01), hippocampus (P < 0.001), Alzheimer's disease entorhinal, hippocampus, and inferior temporal (P < 0.001), inferior parietal (P = 0.006); CBF:
late MCl inferior temporal and inferior parietal (P = 0.045), Alzheimer's disease inferior temporal (P = 0.032), inferior parietal and precuneus (P = 0.045)]. Differences in
effects were compared by the interaction between group and imaging modality. No differences were significant when correcting for multiple comparisons using false

discovery rate correction (corrected for 32 tests).

the view that in older subjects, the spectrum of cognitive decline
can be conceptually dichotomized into those subjects who are
amyloid-B-positive and have Alzheimer's disease pathology and
those who are not. In regard to this, a previous report showed
that ~30% of subjects with normal cognition, ~40% of the sub-
jects with early MCI, ~60% of the subjects with late MCI, and
~80% of the subjects with Alzheimer's disease were amyloid-f
positive in the ADNI cohort, and increased amyloid-B load was
related to cognitive dysfunction in early and late MCI (the same
subjects as in the present study) (Landau et al., 2012).

The third major finding of this study is that amyloid-p pathology
has different associations with CBF and structural measurements.
In the control population, the amyloid-B load was related to
reduced CBF in entorhinal, inferior temporal and inferior parietal
regions, whereas effects on grey matter volume were small or

positive. But when comparing amyloid- negative controls with
amyloid-B-positive late MCI or Alzheimer's disease, effects of
amyloid-B on structure dominated, with greater reductions in
volume than in CBF in the advanced disease stages. Although
the differences in early stages were mild, and did not reach stat-
istical significance (P < 0.05) for most regions, the result is con-
sistent with the long-held view that one of the earliest changes in
Alzheimer's disease is synaptic loss (Terry et al., 1991) leading to
deafferentation and reduction in brain activity, which is reflected
in reduced CBF. A previous study found greater reduction of CBF
than grey matter volume in inferior temporal areas in Alzheimer's
disease (Alsop et al., 2008), and one fluorodeoxyglucose PET
study showed that hypometabolism was greater than volume
loss in MCI and Alzheimer's disease (De Santi et al., 2001).
Some studies have found higher diagnostic accuracy for
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Alzheimer's disease using ASL CBF compared with structural MRI
(Raji et al., 2010; Dashjamts et al., 2011). It should be emphasized
that the majority of fluorodeoxyglucose PET and ASL studies have
reported data without correcting for the effects of partial volume.
In these cases, the results showed the effects of reduced perfusion
or metabolism together with the effects of grey matter loss. In
contrast, the present study reports all ASL CBF data corrected for
both the effects of atrophy and grey matter/white matter. This
adds emphasis to the view that the earliest changes of Alzheimer's
disease (seen in cognitively healthy controls) may be manifested
by reduced CBF, before development of grey matter atrophy.
However, this was a cross-sectional study, and longitudinal studies
are needed to fully determine if regional changes in CBF appear
ahead of changes in volume. This is especially true as the conclu-
sions may be influenced by the technical aspects of the measure-
ment, including differences in precision between the different
imaging modalities.

Some limitations of this study ought to be considered: we used
pulsed ASL, which often yields lower sensitivity than continuous
ASL methods and is also potentially more confounded by vari-
ations in arterial transient time, although an ASL study, using
more elaborate measurements, found reduced CBF in patients
with Alzheimer's disease without reductions in arterial transit
times (Yoshiura et al., 2009). Nonetheless, it is possible that ASL
studies using continuous labelling may lead to different results.
Also, our use of distortion correction does not resolve potential
signal aliasing, although one would expect that any error in ASL as
a result of signal aliasing affects all groups equally and hence
would mainly reduce sensitivity of ASL but not mimic a group
effect. To reduce the number of statistical tests, we merged
data from right and left hemispheres, thereby ignoring potential
laterality in alterations that might have biased our results
(Alexopoulos et al., 2012). A complication that potentially limited
sensitivity is that we used anatomically defined regions of interest
for both CBF and structural changes whereas functionally defined
regions of interest (i.e. Brodmann areas) might have been more
effective for capturing regional variations in CBF. However, one
strength of our approach is that we considered partial volume
effects and effects of grey/white matter on the ASL signal.
Tissue partial volume correction of CBF used information from
segmented structural MRI data and was based on various assump-
tions, including linear relationships between CBF and tissue vari-
ations and a pre-determined global CBF ratio of white matter/grey
matter. To the extent that the segmentation has errors and the
assumptions are too restrictive, changes in CBF may be overesti-
mated. Another limitation of this study is that we used a global
measurement of amyloid-f pathology, which does not allow direct
assessment of local effects of amyloid-B. It should also be
stressed that this was a cross-sectional study, where we considered
amyloid-B-positive controls, and patients with early and late MCI
as likely to represent preclinical and early clinical stages of
Alzheimer's disease. However, it is possible that these groups con-
tained a proportion of individuals who will not develop dementia
as a result of Alzheimer's disease, and it is also possible that some
of the amyloid-B-negative controls, individuals with early or late
MCI may go on to develop dementia because of Alzheimer's dis-
ease, which may skew the results of any biomarker test intended
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to measure incipient Alzheimer's disease pathology (including
volume and CBF measurements). Finally, some of the tests were
done on small groups with measurements with large variances,
which may result in low power to detect significant effects. This
should be taken into account when interpreting some of the tests
with P-values slightly above 0.05.

Our study does not explain the mechanisms that lead to CBF
alterations in the presence of brain amyloid. Longitudinal studies
on subjects with no or minimal cognitive impairment are needed
to resolve if loss of CBF is a cause or a consequence of other
pathological events in Alzheimer's disease, including amyloid-p ac-
cumulation (Austin et al., 2011). It is worth mentioning in this
context that one recent ASL study found that donepezil treatment
increased CBF in middle and posterior cingulate cortex in
Alzheimer's disease, suggesting that the detected reductions are
at least partially reversible (Li et al., 2012).

To conclude, we found that brain amyloid-p load has significant
associations with the regional CBF pattern. These associations are
detectable at an early stage of amyloid-f pathology in the absence
of clinical dementia. Furthermore, the finding that amyloid-p has
different associations with CBF and volume, with more pro-
nounced reductions in CBF in cognitively healthy control subjects,
is consistent with the view that functional and synaptic loss is an
early event in Alzheimer's disease pathology, leading to reduced
CBF before grey matter loss. Therefore, measurements of CBF
with ASL as part of a MRI protocol may be a sensitive method
to detect early Alzheimer's disease pathology and to measure
effects of early treatment.
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Appendix 1

Data used in preparation of this article were obtained from the
Alzheimer's Disease Neuroimaging Initiative (ADNI) database
(adni.loni.usc.edu). As such, the investigators within the ADNI
contributed to the design and implementation of ADNI and/or
provided data but did not participate in analysis or writing of
this report. A complete listing of ADNI investigators can be
found at: http://adni.loni.usc.edu/wp-content/uploads/how_to_
apply/ADNI_Acknowledgement_List.pdf.
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