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Abstract
Purpose We investigated dual-phase 18F-florbetapir (AV-
45/Amyvid) PET imaging for the concomitant detection
of brain perfusion deficits and beta-amyloid deposition
in patients with Alzheimer’s disease (AD) and amnestic
mild cognitive impairment (MCI), and in cognitively
healthy controls (HCs).
Methods A total of 82 subjects (24 AD patients, 44 MCI
patients and 14 HCs) underwent both dual-phase 18F-AV-
45 PET and MRI imaging. Dual-phase dynamic PET im-
aging consisted of (1) five 1-min scans obtained 1 – 6 min
after tracer injection (perfusion 18F-AV-45 imaging, pAV-
45), and (2) ten 1-min scans obtained 50 – 60 min after

tracer injection (amyloid 18F-AV-45 imaging). Amyloid-
negative MCI/AD patients were excluded. Volume of in-
terest analysis and statistical parametric mapping of pAV-
45 and 18F-AV-45 images were performed to investigate
the perfusion deficits and the beta-amyloid burden in the
three study groups. The associations between Mini-
Mental State Examination (MMSE) scores and global per-
fusion deficits and amyloid deposition were investigated
with linear and segmental linear correlation analyses.
Results HCs generally had normal pAV-45 findings,
whereas perfusion deficits were evident in the hippocam-
pus, and temporal, parietal and middle frontal cortices in
both MCI and AD patients. The motor-sensory cortex was
relatively preserved. MMSE scores in the entire study co-
hort were significantly associated with the degree of per-
fusion impairment as assessed by pAV-45 imaging
(r=0.5156, P<0.0001). 18F-AV-45 uptake was significant-
ly higher in AD patients than in the two other study
groups. However, the correlation between MMSE scores
and 18F-AV-45 uptake in MCI patients was more of a
binary phenomenon and began in MCI patients with
MMSE score 23.14 when 18F-AV-45 uptake was higher
and MMSE score lower than in patients with early MCI.
Amyloid deposition started in the precuneus and the fron-
tal and temporal regions in early MCI, ultimately reaching
the maximum burden in advanced MCI.
Conclusion Our results indicate that brain perfusion deficits
and beta-amyloid deposition in AD follow different trajecto-
ries that can be successfully traced using dual-phase 18F-AV-
45 PET imaging.
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Introduction

According to international workgroups convened by the
Alzheimer’s Association and the National Institute on Aging,
there are two main classes of PET biomarkers for Alzheimer’s
disease (AD) [1]. The first type consists of markers of brain
beta-amyloid (Aβ) deposition including 11C-Pittsburgh
compound-B [2], 18F-florbetapir (AV-45/Amyvid) [3], 18F-
flutemetamol (Vizamyl) [4], 18F-florbetaben (Neuraceq) [5]
that can specifically be measured by amyloid PET imaging.
The second class consists of markers of reduced metabolism
such as 18F-fluorodeoxyglucose (18F-FDG) [6] or perfusion
99mTc-HM-PAO [7] whose uptake in the temporoparietal cor-
tex reflects downstream neuronal injury. In general, the pro-
gression of cognitive decline can be seen as a continuum from
normal cognition through amnestic mild cognitive impairment
(MCI) to full-blown AD. Notably, such a trajectory can be
traced using a PET biomarker signature characterized by a
plateau of Aβ accumulation in the MCI stage followed by a
progressive increase in downstream neuronal injury markers
from cognitively healthy individuals to patients with AD [8].

Recent advances in PET imaging have provided the op-
portunity to shed more light on the dynamic biomarker model
of AD through concomitant examination of both Aβ accumu-
lation and downstream neuronal injury. Using 18F-AV-45 PET
and 18F-FDG PET imaging, Landau et al. [9] demonstrated
that 18F-AV-45 PET-positive cognitively healthy subjects have
a greater risk of subsequent cognitive decline. However,
hypometabolism on 18F-FDG PET imaging seems more reli-
able than amyloid accumulation as a biomarker of ongoing
cognitive decline in patients with more advanced disease
(i.e. MCI and AD). Similarly, Wu et al. [10] demonstrated that
amyloid accumulation assessed by 18F-AV-45 PET imaging
increases progressively from cognitively healthy individuals
through patients with early MCI to those with late MCI, with-
out increasing further in patients with full-blown AD.
Conversely, 18F-FDG uptake continues to decrease gradually
from earlyMCI to clinically overt AD. These findings indicate
that the dissociation between amyloid deposition and brain
glucose hypometabolism occurs in the MCI stage. Although
combined amyloid PET and 18F-FDG PET scans would be
required to shed more light on this issue, this approach is
limited by high cost, the need for an additional hospital visit,
and increased radiation exposure [11, 12].

Due to its highly lipophilic nature, 18F-AV-45 is character-
ized by an elevated first-pass influx rate (K1). Consequently,
early images may provide valuable K1-related information as
discussed previously [13–15]. Accumulating evidence indi-
cates that K1 reflects regional cerebral blood flow, which in
turn is closely related to glucose metabolismmeasured on 18F-
FDG PET imaging [16–18]. Moreover, abnormalities on
perfusion-like images obtained onMRI, including arterial spin
labelling (ASL), in AD patients have been shown to be closely

associated with glucose hypometabolism as assessed on 18F-
FDG PET imaging [19, 20]. Recently we and others have also
reported that findings on early amyloid tracer images (e.g. 18F-
AV-45 and 11C-Pittsburgh compound B) are highly correlated
with 18F-FDG PET imaging findings, and therefore can ulti-
mately serve as markers not only of Aβ burden but also of
cerebral hypoperfusion [11, 12, 21].

The current study was designed to investigate dual-phase
AV-45/Amyvid PET imaging in the concomitant detection of
brain perfusion deficits andAβ deposition in patients with AD
and MCI, and in cognitively healthy controls (HCs). A single
PET study providing dual information about regional brain
perfusion and amyloid burden would eliminate the need for
an additional hospital visit, reduce scanning time, and reduce
costs. Our overall goal was to evaluate the feasibility of a
single scan with two distinct time frames (an initial perfusion
imaging followed by amyloid 18F-AV-45 imaging) to simul-
taneously track both Aβ accumulation and downstream neu-
ronal injury. We also examined the potential associations be-
tween the imaging markers and the severity of cognitive de-
cline as measured by the Mini-Mental State Examination
(MMSE) at different stages of MCI and AD.

Materials and methods

Study participants

All of the study participants were recruited from the Chang
Gung Dementia Center (CGDC) at Linkou, Taoyuan, Taiwan.
Three groups of subjects were included, i.e. 14 HCs (mean age
66.9±7.4 years), 44MCI patients (mean age 73.4±10.6 years)
and 24 AD patients (mean age 71.4±10.5 years). The recruit-
ment methodology and the screening procedures have been
described in detail previously [3, 22]. Briefly, all subjects
underwent a neurological examination, neurocognitive evalua-
tion and routine blood analysis. Study subjects were catego-
rized on the basis of the consensus of panels composed of
neuropsychologists, neurologists and neuroradiologists includ-
ing experts in nuclear medicine. The HC subjects were volun-
teers in apparent good health, and none of them had a history of
physical or neurological illnesses. The presence of cognitive
deficits in HCs was excluded based on a thorough neuropsy-
chological examination as described previously [3].

The diagnostic criteria for MCI were based on those pro-
posed by Petersen et al. and the revised 2004 consensus
criteria [23, 24]: (1) subjective memory complaints by the
patient or an informant, (2) relatively normal performance in
other cognitive domains, (3) normal activities of daily living,
(4) objective memory impairment on at least one
neurocognitive test of memory performance, and (5) no de-
mentia according to DSM-IV criteria [25]. No rigid cut-off
score was applied to determine objective memory impairment,
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but MCI was generally determined when memory measures
fell 1.0–1.5 standard deviations below the means for age-
matched norms in Taiwan. Three cut-off Mini Mental Status
Examination (MMSE) scores were used for different educa-
tional levels based on previous MMSE studies in Taiwan [26,
27]; i.e. less than 16 for illiterate subjects, less than 21 for
grade school literate subjects, and less than 24 for junior high
school and higher education literate subjects. These cut-off
scores had a validated sensitivity of 100 % for dementia [27].

All of the AD patients met the National Institute for
Neurological and Communicative Disorders and Stroke-
Alzheimer’s Disease and Related Disorder Association
(NINDS-ADRDA) criteria for probable AD [28]. Based on
MMSE scores, AD patients were divided into subgroups
AD-1 (MMSE score >15, n=12, mean age 71.9±10.3 years)
and AD-2 (MMSE score ≤15, n = 12, mean age 70.9
±11.1 years). MCI patients were further divided into three
subgroups: MCI-1 (MMSE score >25, n= 12, mean age
71.5±11.3 years), MCI-2 (MMSE score 21–25, n=20, mean
age 75.0±9.5 years) and MCI-3 (MMSE score <21, n=12,
mean age 72.6±12.0 years). The protocol was approved by
the institutional review board of CGMH. Written informed
consent was obtained for all subjects. In addition, the next of
kin or guardians of the AD and MCI patients also gave their
written informed consents if the patients could not compre-
hend the study protocol or could not sign their name clearly.

Imaging protocol

18F-AV-45 was synthesized at the cyclotron facility of Chang
Gung Memorial Hospital as previously described with slight
modifications [29]. The radiochemical purity of the 18F-AV-45
obtained was greater than 95%, with a specific activity of >10,
000 Ci/mmol. All of the 18F-AV-45 scans were performed on a
Biograph mCT PET/CT system (Siemens Medical Solutions,
Malvern, PA) using a three-dimensional (3D) acquisition
mode. After intravenous injection of 378±17 MBq 18F-AV-
45, two sets of images were acquired from a single PETscan as
previously described [11]. In brief, dual-phase dynamic PET
imaging consisted of (1) five 1-min scans obtained 1–6 min
after tracer injection (perfusion AV-45 imaging, pAV-45), and
(2) ten 1-min scans obtained 50–60 min after tracer injection
(amyloid 18F-AV-45 imaging). PET images were reconstructed
using a 3D OSEM algorithm (four iterations, 24 subsets,
gaussian filter, 2 mm, zoom 3) with low-dose CT-based atten-
uation correction. Scatter and random corrections were per-
formed using the correction methods provided by the manu-
facturer. The reconstructed images had a matrix size of
400×400×148 and a voxel size of 0.68×0.68×1.5 mm. T1-
weighted MRI images were obtained from all participants to
(1) exclude the presence of significant structural lesions, (2)
obtain useful anatomical information, and (3) provide
coregistration with PET images.

Data analysis

All imaging data were processed and analysed using PMOD
image analysis software, version 3.2 (PMOD Technologies
Ltd, Zurich, Switzerland). The 3D visualization images were
displayed using a BrainNet viewer [30]. The dynamic 1-min
images from the early and late scan phases were initially
corrected for motion and the pAV-45 and 18F-AV-45 images
were each subsequently averaged. Both the pAV-45 and am-
yloid 18F-AV-45 images were coregistered with the corre-
sponding T1-weighted MR images. Individual T1-weighted
MR images were spatially normalized to the Montreal
Neurological Institute (MNI) MRI template [31]. Spatial nor-
malization parameters were then applied to the corresponding
PET images to obtain normalized PET images in the MNI
space. The modified automated anatomical labelling (AAL)
atlas including 86 volumes of interest (VOIs) was applied to
both normalized pAV-45 and amyloid 18F-AV-45 images [11,
32]. The 86 VOIs were grouped together into nine meta-VOIs
[33] (i.e. frontal region, anterior cingulate, posterior cingulate,
occipital region, parietal region excluding precuneus,
precuneus, temporal region, hippocampus, and whole cerebel-
lum) for analysis [22]. The whole cerebellum was used as the
reference region to calculate the standardized uptake value
ratio (SUVR) for both pAV-45 and amyloid 18F-AV-45 images
[3, 34]. The global SUVR was calculated as the mean SUVR
from eight cortical meta-VOIs. A global 18F-AV-45 SUVR
cut-off value of 1.10 was used to define amyloid positivity
[35]. Amyloid-negative HC (HC−) subjects were used for
comparison and amyloid-negative MCI/AD subjects were ex-
cluded from all analyses.

Voxel-wise analysis

In addition to VOI examination, a voxel-wise analysis of
SUVR parametric images was performed by SPM5
(Welcome Department of Cognitive Neurology, Institute of
Neurology, London, UK) implemented in MATLAB 2010b
(MathWorks Inc., Natick, MA). All of the pAV-45 and amy-
loid 18F-AV-45 spatially-normalized SUVR images were
smoothed using an isotropic gaussian kernel (8 mm full-
width at half-maximum). A voxel-wise two-sample t test
was used to compare the distribution patterns of both pAV-
45 and amyloid 18F-AV-45 images between HC− and the two
disease groups (i.e. MCI and AD patients). The significance
was determined at P<0.05 with false discovery rate (FDR)
correction and an extent cluster threshold (kE) of greater than
50 voxels. Voxel-wise multiple regression analysis was also
used to explore the correlations between MMSE scores and
both pAV-45 and amyloid 18F-AV-45 parametric images in
MCI and AD patients. A voxel-wise and uncorrected thresh-
old of P<0.005 with 50 extended voxels was applied to SPM
t maps for positive and negative correlation analyses. These
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rather liberal statistical thresholds without correction were
used for multiple comparison because the main goal was to
compare correlation findings among methods, not to establish
correlation patterns.

Statistical analysis

Intergroup comparisons of clinical data and regional SUVR
values from perfusion pAV-45 and amyloid 18F-AV-45 images
were performed using the nonparametric Kruskal-Wallis test
followed by the Dunn’s post-hoc pair-wise multiple compari-
son procedure. Linear regression and segmental linear regres-
sion (piece-wise regression) [36] models were fitted to estimate
the correlations between MMSE scores and global SUVR
values from both pAV-45 and amyloid 18F-AV-45 images. All
statistical calculations were performed using GraphPad Prism
software, version 5.0 (GraphPad Inc., San Diego, CA). Two-
tailed P values <0.05 were considered statistically significant.

Results

The general characteristics of the study participants are sum-
marized in Table 1. HCs were younger than the MCI/AD
patients, albeit not significantly. No significant intergroup dif-
ferences were seen in terms of sex and education. The MCI/
AD patients differed from the HCs in terms of both MMSE
and clinical dementia rating (CDR) scores, the only exception
being MCI-1 patients (who differed from the HCs only in
terms of CDR score). Using a global 18F-AV-45 SUVR cut-
off value of 1.10 [35], the amyloid PET-positive rates among
the HCs and MCI-1 patients were relatively low (29 % and
50 %, respectively). The positive rates increased fromMCI-2,
MCI-3, AD-1 to AD-2 (80 %, 83 %, 92 % and 92 %,

respectively). All amyloid-negative MCI/AD patients were
excluded from the analysis.

pAV-45 images in the study groups

Figure 1 shows surface plots (visualized in 3D) of average pAV-
45 and 18F-AV-45 images obtained inHC− and amyloid-positive
HC (HC+) subjects, and in MCI patients (three subgroups) and
ADpatients (two subgroups). pAV-45 images in HCs (Fig. 1a, b)
showed a uniform perfusion pattern in the frontal, temporal and
occipital cortices. In theMCI and AD patients, cortical perfusion
was found to be reduced in parallel with decreasing MMSE
scores (Fig. 1c–g). pAV-45 images in the MCI-1 and MCI-2
patients were similar to those observed in the HCs (Fig. 1c, d).
However, slightly reduced perfusion was observed in the hippo-
campal region of theMCI-2 patients. Perfusion in the hippocam-
pus, and temporal, parietal, superior frontal and middle frontal
cortices of MCI-3 patients was moderately reduced (Fig. 1e).
The pattern of hypoperfusion observed in the AD-1 patients
was similar to that seen in the MCI-3 patients, despite being
more extensive at the cortical level (Fig. 1f). Additional perfu-
sion deficits were evident in the precuneus. In AD-2 patients,
most cortical regions (i.e. hippocampus, and temporal, frontal
and parietal cortices) exhibited marked perfusion deficits
(Fig. 1g). However, perfusion in the occipital and motor-
sensory cortices was relatively preserved.

Amyloid 18F-AV-45 images in the study groups

As expected, average 18F-AV-45 images revealed very minor
amyloid deposition in HC− subjects (Fig. 1h). Amyloid accu-
mulation generally started from specific brain areas (i.e.
precuneus, parietotemporal region, frontal region) andwas found
to be widespread in MCI and AD patients (Fig. 1j–n). Cortical

Table 1 General characteristics of the study participants

HC MCI-1 (MMSE
score >25)

MCI-2 (MMSE
score 21 – 25)

MCI-3 (MMSE
score <21)

AD-1 (MMSE
score >15)

AD-2 (MMSE
score ≤15)

P value

No. of subjects 10 6 16 10 11 11

Sex (M/F) 6/4 3/3 9/7 5/5 2/9 4/7 0.3861

Age (years) 66.2 ± 7.5 71.5 ± 12.2 74.6 ± 9.3 72.8 ± 10.7 70.7 ± 9.9 70.1 ± 11.3 0.4551

Education (years) 13.1 ± 5.3 12.0 ± 5.1 10.4 ± 4.1 7.6 ± 3.1 9.0 ± 4.9 9.6 ± 3.7 0.0896

MMSE score 29.1 ± 0.9 27.5 ± 1.4 23.2 ± 1.6 16.7 ± 3.7 19.1 ± 1.7 12.2 ± 2.0 <0.001

CDR score 0.0 ± 0.0 0.5 ± 0.0a 0.5 ± 0.1a 0.6 ± 0.2a 0.6 ± 0.2a 1.0 ± 0.4b <0.001

Duration of cognitive
impairment (year)

– 0.8 ± 0.3 0.9 ± 0.2 1.1 ± 0.2 1.2 ± 0.3 2.4 ± 0.9c <0.001

Data are given as number or mean ± standard deviation, as appropriate

HC healthy controls,MCImild cognitive impairment, AD Alzheimer’s disease,MMSEMini-Mental State Examination, CDR Clinical Dementia Rating
aP< 0.001 vs. HC
bP< 0.05 vs. MCI-1, MCI-3, AD-1; P< 0.001 vs. HC, MCI-2
cP< 0.001 vs. MCI-1, MCI-2, MCI-3, AD-1
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18F-AV-45 uptake was found to be increased in parallel with
decreasingMMSE scores inMCI patients (Fig. 1j–l). The pattern
of amyloid deposition in theMCI-1 patients was similar to that in
HC+ subjects, despite lower accumulation in the posterior cin-
gulate region (Fig. 1j). Increased 18F-AV-45 uptake was ob-
served in several regions (precuneus, and frontal and temporal
cortices) starting from the MCI-2 patients. In general, wide-
spread amyloid accumulation reached a plateau in AD patients.

Global and regional SUVR differences in the study groups

Figure 2 shows the global SUVR values from pAV-45 and
amyloid 18F-AV-45 images in the study groups. Regional
SUVR values are listed in the Supplementary material. The
global SUVR index derived from pAV-45 images did not dif-
fer significantly between HC− subjects and MCI patients.
However, significant differences were observed between HC
− subjects and both AD-1 and AD-2 patients (P<0.05). In
terms of specific regions, significant differences in perfusion
were observed between HC− patients and both AD patient
groups in the hippocampus. Significant hypoperfusion was
also observed in the frontal and temporal cortices in AD-2
patients compared with HC subjects. A trend for reduced
SUVR in the parietal cortex and precuneus was seen in the
following order: HC−, MCI, AD. However, occipital SUVR
was relatively preserved among the different patient groups.

The global SUVR index derived from amyloid 18F-AV-45
images was differed significantly between HC− subjects and all
patient groups beyond MCI-2. Regional amyloid accumulation
was significantly different between HC− subjects and all patient
groups beyond MCI-2 in the frontal, temporal and occipital

cortices, the anterior cingulate, and the precuneus. However, there
were no significant differences between MCI and AD patients.

Voxel-wise analysis of pAV-45 and amyloid 18F-AV-45
images

Figure 3 shows the results of parametric mapping analysis for
distinguishing the different patient groups from the HC− sub-
jects. In general, the pAV-45 perfusion deficits in the cortical
regions were not significantly different between HC− subjects
and MCI-1 patients (Fig. 3a, b). The extent of pAV-45 perfu-
sion deficits significantly increased from scattered small re-
gions to broader areas starting from late MCI to AD with
declining MMSE scores (Fig. 3c–e; Supplementary Table 2).
In the MCI-3 patients, significant pAV-45 SUVR reductions
were observed in several small cortical regions within the
frontal, superior temporal and inferior parietal cortices
(Fig. 3c). Greater perfusion deficits were evident in the AD-
1 patients in the precuneus, inferior parietal cortex, hippocam-
pus and insula (Fig. 3d). Marked hypoperfusion was observed
in the precuneus, and frontal and parietotemporal cortices,
with relatively spared occipital and motor-sensory cortices in
the AD-2 patients (Fig. 3e). Concerning Aβ deposition
(Fig. 3f–j; Supplementary Table 3), significantly increased
18F-AV-45 uptake was observed in different medium-sized
regions in the precuneus as well as in the middle frontal, su-
perior frontal, middle temporal, superior temporal and inferior
occipital cortices of the MCI-1 patients (Fig. 3f). Otherwise,
MCI-2 to AD-2 patients displayed widespread amyloid accu-
mulation throughout the entire brain, indicative of possible
saturation (Fig. 3g–j).

Fig. 1 Three-dimensional visualization of average pAV-45 and amyloid 18F-AV-45 SUVR images in amyloid-negative HCs (HC-), amyloid-positive
HCs (HC+), MCI patients (three subgroups), and AD patients (two subgroups)
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Correlations between MMSE scores and global indexes
derived from pAV-45 and amyloid 18F-AV-45 images

Correlations between global/regional SUVR values from
pAV-45 and amyloid 18F-AV-45 images and MMSE scores
in MCI and AD patients are shown in Table 2. The global

SUVR index derived from pAV-45 images was significantly
associated with MMSE scores in the entire MCI group
(r=0.4554, P=0.0088). With regard to specific regions in
MCI patients, MMSE scores were significant correlated with
SUVR values in the precuneus (r =0.5021, P=0.0034), hip-
pocampus (r = 0.5427, P = 0.0013), and the frontal

Fig. 2 pAV-45 (a) and 18F-AV-45
(b) global SUVR values in
amyloid-negative HC subjects
(HC-), amyloid-positive HC
subjects (HC+), MCI patients
(three subgroups), and AD
patients (two subgroups). The
dashed line in b represents for
cut-off value for amyloid
positivity [35]. *P< 0.05,
**P< 0.01, ***P< 0.001,
****P< 0.0001

Fig. 3 Statistical parametric maps of the hypoperfusion patterns obtained
from pAV-45 images (a–e) and 18F-AV-45 images (f–j) in MCI-1 patients
(a, f MMSE score >25), MCI-2 patients (b, g MMSE score 21 – 25),
MCI-3 patients (c, h MMSE score <21), AD-1 patients (d, i MMSE

score >15), and AD-2 patients (e, j MMSE score ≤15) compared with
amyloid-negative HCs (HC−). FDR-corrected P< 0.05 with 50 extended
voxels
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(r=0.4357, P=0.0127) and parietal (r=0.4820, r=0.0052)
cortices. No similar associations were identified in AD
patients.The global/regional SUVR index from amyloid 18F-
AV-45 images was not significantly associated with MMSE
scores in either MCI or AD patients.

Linear and segmental linear regression analyses

Linear and segmental linear regression models were fitted to
identify the relationships between MMSE scores and global
SUVR values from pAV-45 and amyloid 18F-AV-45 images in
HC+ subjects, and MCI and AD patients (Fig. 4). Linear re-
gression showed a significant positive correlation between
MMSE scores and global SUVR values derived from pAV-
45 images (r = 0.5156, P < 0.0001). Segmental linear

regression also showed a significant negative correlation be-
tween MMSE scores and global SUVR values derived from
amyloid 18F-AV-45 images (r = 0.4394, P= 0.0178). The
MMSE score of the turning point in the segmental linear re-
gression line was 23.14 (MCI-2 group). Figure 5 shows the
3D visualization (obtained from voxel-wise linear regression
in MCI and AD patients) of the correlation coefficients be-
tween MMSE scores for both pAV-45 and amyloid 18F-AV-45
images. Significant positive correlations between MMSE
scores and SUVR values from pAV-45 images were evident
in both MCI and AD patients in the precuneus, hippocampus,
and frontal, superior temporal and inferior parietal cortices
(Fig. 5a, b; Supplementary Table 4). Compared with AD pa-
tients, correlations were generally greater and comprised larg-
er regions in MCI subjects. There were significant negative

Table 2 Correlations between MMSE scores and regional SUVR values obtained from dual-phase 18F-AV-45 images in the MCI and AD groups

Region MCI (n= 32) AD (n= 22)

pAV-45 18F-AV-45 pAV-45 18F-AV-45

r P value r P value r P value r P value

Frontal 0.4357 0.0127 −0.3255 0.0691 0.4147 0.0550 0.3419 0.1194

Temporal 0.3448 0.0532 −0.1966 0.2808 −0.0186 0.9344 0.2655 0.2324

Parietal 0.4820 0.0052* −0.2058 0.2585 −0.0273 0.9039 0.3892 0.0734

Occipital 0.2929 0.1038 −0.2620 0.1475 −0.0479 0.8325 0.1029 0.6485

Anterior cingulate 0.1192 0.5159 −0.2386 0.1885 0.2081 0.3527 0.3990 0.0658

Posterior cingulate 0.1396 0.4460 −0.2838 0.1154 0.1107 0.6237 0.4196 0.0519

Precuneus 0.5021 0.0034* −0.3467 0.0519 −0.0203 0.9287 0.2875 0.1944

Hippocampus 0.5427 0.0013* 0.3192 0.0749 0.0259 0.9090 0.3337 0.1291

Global index 0.4554 0.0088* −0.2424 0.1813 0.1129 0.6170 0.3723 0.0879

MCI mild cognitive impairment, AD Alzheimer’s disease

*P< 0.05

Fig. 4 Correlations between global SUVR values from 18F-AV-45 and
pAV-45 images and MMSE scores in amyloid-positive HC (HC+), MCI
and AD subjects. MMSE scores showed a significant linear positive
association with global SUVR values from pAV-45 images (solid line,

r = 0.5156, P < 0.0001). Segmental linear regression analysis also
identified a significant negative correlation between MMSE scores and
global SUVR values from 18F-AV-45 images (dashed line, r = 0.4394,
P= 0.0178)
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correlations between MMSE scores and SUVR values from
amyloid 18F-AV-45 images among MCI subjects only in the
precuneus, anterior cingulate, and inferior occipital, inferior
parietal and temporal cortices (Fig. 5c; Supplementary
Table 5). No similar associations were observed in AD sub-
jects, possibly because Aβ accumulation reached a saturation
point.

Discussion

In this study, we evaluated dual-phase pAV-45 and amyloid
18F-AV-45 imaging for the concomitant detection of brain
perfusion deficits and Aβ deposition inMCI and AD patients.
Regional cerebral blood flow as assessed by pAV-45 imaging
is closely associated with glucose metabolism as measured by
18F-FDG PET scans [16, 21]. Conversely, 18F-AV-45 imaging
is useful in the detection of brain Aβ deposition. The scanning
protocol used in this study allowed the concomitant detection
of both cerebral perfusion deficits and amyloid deposition in
different disease stages (MCI and AD) compared with HC.

Aβ deposition was found to start from the precuneus, and
frontal and temporal regions in MCI-2 patients and rapidly
reached a plateau in multiple cortical areas. In contrast,

perfusion deficits started from the posterior cingulate and the
hippocampus in AD patients and gradually spread to other
cortical regions. In line with previous findings [9], alterations
in the two PET-related parameters showed a distinct imaging
pattern, and Aβ deposition was observed at earlier stages of the
disease than perfusion deficits. Our cross-sectional results are
also in accordance with the currently accepted model of AD
biomarker changes occurring at different disease stages [8].

A significant reduction in cerebral glucose metabolism has
been well documented in bothMCI and AD [37, 38]. Notably,
brain hypometabolism has been found to be associated with
the severity of cognitive decline in elderly people, and inMCI
and AD patients [39–42]. Cerebral perfusion deficits assessed
by ASL perfusion MRI imaging have also been linked to the
risk of AD and its clinical severity [30, 43]. Interestingly,
perfusion deficits on ASL MRI scans have been shown to be
correlated with areas of hypometabolism on 18F-FDG PET
images in AD patients [19, 44]. A previous study measuring
perfusion on early 18F-AV-45 PET images has shown a highly
significant correlation (r=0.91) with 18F-FDG PET findings
[11]. Here, we expanded previous findings by showing a sig-
nificant association between the results of dual-phase AV-45
PET imaging and the severity of cognitive decline in the spec-
trum of MCI and AD. Owing to its ability to provide

Fig. 5 Correlation coefficient parametric maps show a positive
correlation between MMSE scores and SUVR values from pAV-45
images in MCI subjects (a uncorrected P< 0.005, t> 1.68, r > 0.25) and
AD patients (b uncorrected P< 0.005, t> 1.72, r> 0.34)., and a negative

correlation between MMSE scores and SUVR values from 18F-AV-45
images only in MCI subjects (c uncorrected P < 0.005, t > 1.68,
r> 0.25), and not in AD patients (d)
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information on both perfusion and amyloid burden in a dual-
phase scan, we believe that our approach may provide a more
comprehensive assessment of the core pathophysiological fea-
tures of AD-related neurodegeneration as compared with ASL
MRI. Further studies are needed to confirm our hypothesis.

There were several limitations in our study that merit com-
ment. First, we did not perform partial volume effect (PVE)
correction for either pAV-45 or amyloid 18F-AV-45 images. As
found by others, cerebral hypoperfusion may be more sensi-
tive than brain atrophy in AD diagnosis [45]. In addition,
concordance and discordance between brain perfusion and
structure may be important for the differential diagnosis of
dementia and staging of the disease [46]. In this work, we
modified the VOI with a binary grey matter mask to minimize
inclusion of both cerebrospinal fluid and white matter activity,
as described in our previous work [22]. However, to improve
quantification accuracy in small VOIs and to determine the
possible role of brain atrophy in the reduction of perfusion,
PVE correction will be included in another study. Second,
some HC subjects were amyloid-positive, and some MCI
and AD patients were amyloid-negative. Although these re-
sults are consistent with the range of amyloid positivity in AD
and MCI patients and HC subjects observed in previous au-
topsy case studies [35, 47–49], we cannot exclude the possi-
bility of imprecision of clinical evaluation. In addition, there
was a relatively wide range of educational level in this popu-
lation. Since we did not adjust the MMSE scores for educa-
tion, the correlations between MMSE scores and perfusion
deficit or amyloid burden should be interpreted with caution.
A future study with a larger study group and a more uniform
educational background is warranted. Last but not least, this
was an exploratory imaging study from a cross-sectional anal-
ysis. The link between these dual-phase imaging markers and
AD course warrants further longitudinal research.

Conclusion

Our results indicate that brain perfusion deficits and Aβ de-
position in AD follow different trajectories that can be suc-
cessfully traced using dual-phase 18F-AV-45 PET scanning.
HC subjects generally had normal pAV-45 findings, whereas
perfusion deficits were evident in the hippocampus, and tem-
poral, parietal and middle frontal cortices in bothMCI and AD
patients. The motor-sensory and occipital cortices were rela-
tively preserved.MMSE scores in the entire study cohort were
significantly associated with the degree of perfusion impair-
ment as assessed on pAV-45 images. The uptake of 18F-AV-45
was significantly higher in AD patients than in the two other
study groups. However, the correlation between MMSE
scores and SUVR from 18F-AV-45 images in MCI patients
was more of a binary phenomenon (i.e. segmented correlation
rather than linear correlation) and began in MCI-2 patients
with MMSE score 23.14 when the SUVR from 18F-AV-45

images was higher and the MMSE score lower than in MCI-
1 patients. Amyloid deposition started in the precuneus and in
the frontal and temporal regions in patients with early MCI,
ultimately reaching the maximum burden in patients with the
most advancedMCI stages. In general, brain perfusion deficits
in AD are independent of Aβ accumulation.
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