Neurolmage: Clinical 31 (2021) 102773

Contents lists available at ScienceDirect

NeuroImage: Clinical

Neurolmage:

CLINICAL

journal homepage: www.elsevier.com/locate/ynicl ==

ELSEVIER

t.)

Check for

Dual-phase '®F-florbetaben PET provides cerebral perfusion proxy along ol
with beta-amyloid burden in Alzheimer’s disease

Hai-Jeon Yoon?, Bom Sahn Kim® ", Jee Hyang Jeong ™, Geon Ha Kim ", Hee Kyung Park >,
Min Young Chun b, Seunggyun Ha“

& Department of Nuclear Medicine, Ewha Womans University, School of Medicine, Seoul, Republic of Korea

Y Department of Neurology, Ewha Womans University School of Medicine, Republic of Korea

¢ Division of Psychiatry, Department of mental health care of older people, University College London, London, UK

4 Division of Nuclear Medicine, Department of Radiology, Seoul St. Mary’s Hospital, College of Medicine, The Catholic University of Korea, Seoul, Republic of Korea

ARTICLE INFO ABSTRACT

Keywords:

18g_florbetaben

Positron emission tomography
Dual-phase

R1

Alzheimer’s disease

Background: This study investigated changes in brain perfusion and Ap burden according to the progression of
Alzheimer’s disease (AD) by using a dual-phase 18 florbetaben (FBB) PET protocol.

Methods: Sixty subjects, including 12 with Ap-negative normal cognition (AB~"NC), 32 with Ap-positive mild
cognitive impairment (Ap"MCI), and 16 with Ap-positive AD (ApTAD), were enrolled. A dynamic PET scan was
obtained in the early phase (0-10 min, eFBB) and delayed phase (90-110 min, dFBB), which were then averaged
into a single frame, respectively. In addition to the averaged eFBB, an R1 parametric map was calculated from
the eFBB scan based on a simplified reference tissue model (SRTM). Between-group regional and voxel-wise
analyses of the images were performed. The associations between cognitive profiles and PET-derived parame-
ters were investigated.

Results: Both the R1 and eFBB perfusion reductions in the cortical regions were not significantly different be-
tween the Ap~NC and Ap"MCI groups, while they were significantly reduced from the Ap"MCI to Ap"AD groups
in regional and voxel-wise analyses. However, cortical Ap depositions on dFBB were not significantly different
between the AB*MCI and ABTAD groups. There were strong positive correlations between the R1 and eFBB
images in regional and voxel-wise analyses. Both perfusion components showed significant correlations with
general and specific cognitive profiles.

Conclusion: The results of this study demonstrated the feasibility of dual-phase '®F-FBB PET to evaluate different
trajectories of dual biomarkers for neurodegeneration and Ap burden over the course of AD. In addition, both
eFBB and SRTM-based R1 can provide robust indices of brain perfusion.

1. Introduction

Alzheimer’s disease (AD) is the most common type of dementia,
accounting for an estimated 60% to 80% of dementia (As, 2018). AD is
clinically characterized by progressive memory loss with functional
impairments in frontal/executive, visuospatial, and language domains.
The histopathological detection of extracellular f-amyloid (Ap) plaques
and intracellular neurofibrillary tangles (NFTs) in autopsied brain is still
the gold standard for diagnosis of AD; however, postmortem studies
have indicated that there is only a modest correspondence of autopsy

results with the clinical diagnosis of AD (Khachaturian, 1985).

The research framework for AD diagnosis established by the National
Institute on Aging and Alzheimer’s Association (NIA-AA) proposed the
so-called ATN classification system based on biomarker evidence of
amyloid (A), tau (T), and neurodegeneration (N) (Jack et al., 2018). Of
the ATN biomarkers, positron emission tomography (PET) can provide
markers of amyloid deposition (A) and neurodegeneration (N). Amyloid
deposition can be examined by using target specific radiotracers such as
(Blomquist et al., 2008) C-Pittsburgh compound-B (Klunk et al., 2004);
18F—ﬂorbetapir (Johnson et al., 2013); 18p_flutemetamol (Nelissen et al.,
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2009), and 18F_florbetaben (Rowe et al., 2008). Neurodegeneration can
be examined by demonstrating reduced metabolism in the tempor-
oparietal cortex using 18F-ﬂuorodeoxyglucose (*8F-FDG) (Silverman,
2004). As a reflection of downstream neuronal injury, reduced perfusion
in the temporoparietal cortex can be used as a proxy marker of neuro-
degeneration (Bradley et al., 2002).

Although the combination of amyloid PET and FDG PET scans can
provide two main classes of ATN biomarkers, this approach is limited by
its high cost and associated radiation exposure. Accumulating evidence
has shown that the early time frames of dynamic amyloid PET are
closely related to the first-pass influx rate (K1), which is strongly
correlated with cerebral perfusion due to a high extraction fraction of
lipophilic radiotracers in the brain (Forsberg et al., 2012; Blomquist
et al., 2008; Chen et al., 2015; Tiepolt et al., 2016). Alternatively, the
ratio of K1 to its reference region value (delivery rate, R1), which is an
indicator of relative perfusion, can be obtained using the simplified
reference tissue model (SRTM) method, whereas the kinetic modeling
method to derive the K1 value requires concomitant arterial cannulation
during dynamic PET scanning (Chen et al., 2015). The delivery rate R1
has shown a good correlation to '®F-FDG uptake, suggesting its potential
use as a biomarker of neuronal dysfunction (Rodriguez-Vieitez et al.,
2017; Hsiao et al., 2012; Joseph-Mathurin et al., 2018). A recent study
by Ottoy et al. demonstrated that the delivery rate R1 from kinetic
modeling is robust over early-phase '®F-florbetapir PET for accurate
representation of cerebral perfusion in AD (Ottoy et al., 2019).

Theoretically, perfusion can be derived from the earliest frames of
dynamic PET scans, while amyloid deposition can be estimated from the
later frames; thereby, complementary PET biomarkers can be obtained
simultaneously using a dual-phase dynamic PET protocol. Such a dual-
phase PET protocol would reduce patient cost and radiation exposure
while increasing convenience. In this study, we aimed to investigate the
feasibility of dual-phase '®F-florbetaben (FBB) PET for tracking both
amyloid deposition and downstream neurodegeneration in three groups
including subjects with Af-negative normal cognition (Ap~NC), Af-
positive mild cognitive impairment (Ap*MCI), and Ap-positive AD
(ABTAD). For the early-phases of 18p FBB PET (eFBB), the perfusion
components of eFBB and STRM-based R1 were compared. We also
examined the correlation between these imaging biomarkers and the
severity of cognitive decline as measured by a standardized neuropsy-
chological battery.

2. Materials and methods
2.1. Study population

Between November 2018 and December 2020, 60 subjects who
completed dual-phase ®F-FBB PET scanning and T1-weighted magnetic
resonance imaging (MRI) were retrospectively included in this study.
Categorization into diagnostic groups was performed based on clinical
history, neurological examinations, laboratory findings, neuropsycho-
logical test results, and neuroimaging studies including PET and MRI.
Two expert PET readers (Y.H.J. and K.B.S.) visually assessed 18p FBB
PET data masked to all clinical information and rated AB-positivity
(Barthel et al., 2011; Bullich et al., 2017). Briefly, the tracer uptake in
four cortical regions (lateral temporal cortex, frontal cortex, parietal
cortex, and posterior cingulate cortex/precuneus) was assessed accord-
ing to the regional cortical tracer uptake (RCTU) system (1 = no uptake,
2 = moderate uptake, 3 = pronounced uptake). Then, the global uptake
of the brain was assessed according to the brain amyloid plaque load
(BAPL) system (1 = RCTU score 1 in each of the 4 brain regions, 2 =
RCTU score 2 in any of the 4 brain regions and no RCTU score 3 in these
regions, 3 = RCTU score 3 in at least one of the 4 brain regions). Finally,
PET scans with BAPL scores of 2 and 3 were rated as Af-positive. The
diagnostic criteria for MCI and AD were based on those proposed by the
NIA-AA (Albert et al., 2011; McKhann et al., 2011). Finally, 12 Af-
negative cognitively unimpaired subjects (AB"NC), 32 subjects with Ap-
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positive MCI (ApTMCI), and 16 subjects with Ap-positive AD (Ap+tAD)
were classified. All subjects provided informed consent for PET imaging.
This study was performed in accordance with the principles of the 1975
Declaration of Helsinki (2013 version) and approved by the Institutional
Review Board of Ewha University Mokdong Hospital.

2.2. '8F.FBB PET imaging

18p. FBB (Neuraceq™) was manufactured by DuChemBio Co., Ltd.
(Seoul, Korea) in accordance with the approval process of the Korean
Ministry of Food and Drug Safety (MFDS) and delivered to our institu-
tional PET center. All !8F-FBB PET/CT procedures were performed ac-
cording to our institution’s established protocol. Dynamic PET images
were acquired in three-dimensional (3D) list-mode using a dedicated
PET/CT scanner (Biograph mCT, Siemens) after a bolus injection of
308.12 + 10.93 MBq '®F-FBB over 10 min for the early phase (0-10 min
post injection, eFBB) and over 20 min for the delayed phase (90-110
min post injection, dFBB). A spiral CT of the brain was acquired with CT
parameters of 120 kV, 30 mAs, and a slice thickness of 1.0 mm. Data
obtained from the CT scans were used to correct the attenuation for PET
emission data. To minimize motion artifacts, the subject’s head was
immobilized with a head holder and fixation equipment made of a
vacuum cushion. Standard PET data obtained from dual-phase scans
were reconstructed into a 128 x 128 matrix (voxel size: 3.18 x 3.18 x
2.02 mm3) using the built-in 3D ordered subset expectation maximi-
zation algorithm with 4 iterations, 12 subsets, and a 5-mm Gaussian
filter and then averaged into single frames of eFBB and dFBB. In addi-
tion, 10-min list-mode data for the early-phase scan were reconstructed
into 15 frames (6 x 5s,3 x 10s,4 x 60 s, 2 x 150 s) to calculate the
SRTM-based R1 (Lammertsma and Hume, 1996).

2.3. Image analysis

For the quantitative analysis, dual-phase ®F-FBB (0-10 min, 90-110
min) and R1 PET-to-3D T1 MRI coregistration were performed initially
for each subject separately using PMOD v4.0 (PMOD Technologies Ltd.,
Zurich, Switzerland). Voxel-wise parametric R1 maps were generated
using PXMOD v4.0 with SRTM2 and a fixed subject-specific k2’ extrac-
ted from the regional kinetic modeling toolbox (PKIN) (Ottoy et al.,
2019). SRTM2 was chosen over SRTM because the former model has
been shown to reduce noise (Wu and Carson, 2002). Volumes of interest
(VOIs) were delineated using an automated maximum probability atlas
method (3 probability maps of gray matter, white matter, cerebrospinal
fluid) for segmentation of each subject’s MRI and the Automated
Anatomical Labeling (AAL) atlas in PMOD. Interframe motion correction
was performed for early dynamic images. All VOIs included the cortical
gray matter target regions (frontal, parietal, lateral temporal, anterior
and posterior cingulate, and occipital cortices), and the reference region
(cerebellum). Dividing the standardized uptake values (SUVs) of the
different target regions by that of the reference region resulted in
regional SUV ratios (SUVRs) for eFBB and dFBB. The composite value
was defined as the arithmetic mean of the values of all target regions
(Barthel et al., 2011).

2.4. Voxel-wise analysis

In addition to the VOI examination, a voxel-wise analysis of eFBB
and R1 parametric images was performed using Statistical Parametric
Mapping software (SPM12; Wellcome Department of Cognitive
Neurology, London, UK) implemented in MATLAB R2017a (MathWorks
Inc., Natick, MA). Each subject’s eFBB and R1 parametric image was
coregistered to its T1 MRI. For spatial normalization, MR of each subject
was segmented using the tissue probability map implemented in SPM12
after image-intensity nonuniformity correction, and then nonlinear
transformation parameters were calculated between the tissues of native
and Montreal Neurological Institute space. The transformation matrix
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was applied to each eFBB and R1 image, which had been coregistered to
the T1 MRI. Finally, each eFBB and R1 image was smoothed using an 8-
mm full-width at half-maximum Gaussian kernel. A voxel-wise two-
sample t-test was used to compare the distribution patterns of both eFBB
and R1 images through the continuum of AD, i.e. between Ap”NC and
ApTMCI and between APTMCI and APTAD. A voxel-wise Pearson cor-
relation analysis was used to evaluate the correlations between eFBB
and R1 images. The statistical significance was determined at p < 0.05
with a false discovery rate (FDR) correction and an extent cluster
threshold of more than 100 voxels.

2.5. Neuropsychological assessments

Neuropsychological assessments were performed using a standard-
ized neuropsychological battery called the Seoul Neuropsychological
Screening Battery (SNSB) (Forsberg et al., 2012; Blomquist et al., 2008).
The SNSB includes exams for attention, language, calculation ability,
visuospatial skills, memory, frontal-executive function, and general
cognition such as the Mini-Mental State Examination (MMSE) and
Clinical Dementia Rating (CDR). Attention was evaluated with the digit
span (forward and backward) tests; language was evaluated with the
Korean version of the Boston Naming Test (K-BNT); calculation ability
was evaluated with the total scores for addition, subtraction, multipli-
cation, and division; visuospatial function was evaluated with the Rey-
Osterrieth Complex Figure Test (RCFT); memory function was evalu-
ated with immediate and delayed recall on the Seoul Verbal Learning
Test (SVLT); and frontal/executive function was evaluated with the
Controlled Oral Word Association Test (COWAT) test (animal, super-
market, and phonemic) and the Stroop word/color reading test. A
standardized Z-score based on age-, sex-, and education-adjusted norms
was used for the analysis.

2.6. Statistical analyses

All statistical analyses were performed using SPSS software version
26.0 (SPSS Inc., Chicago, IL, USA). Differences in demographics and
cognitive profiles among the three diagnostic groups were assessed
using Fisher’s exact test for categorical variables and the Kruskal-Wallis
test for continuous variables because the variables were not normally
distributed. Differences in SUVR and R1 values in each of the 6 target
regions plus the composite region among the three groups were explored
using the Kruskal-Wallis test. The statistical threshold of the post-hoc
analyses were Bonferroni corrected: p < 0.05/7 considering 7 compar-
isons (the composite region and 6 target regions).

Pearson correlation analysis was used to evaluate the correlations
between eFBB SUVR and R1 values. A partial correlation controlling for
age, gender, years of education, and the CDR score was calculated to
evaluate relationships between composite values and cognitive scores;
the results were regarded as significant if p < 0.05. Differences between
apolipoprotein E4 (APOE4) carriers and noncarriers were analyzed
using the Mann-Whitney U test for each diagnostic group except Ap"NC
because all of the subjects were noncarriers.

3. Results
3.1. Participant characteristics

The general characteristics of the study participants are shown in
Table 1. None of the subjects had a history of cardiovascular disease. The
years of education in the ABTAD group was significantly lower than that
in the AB"NC and Ap"MCI groups. The MMSE, CDR and CDR-SB scores
showed significant differences through the continuum of AD. The pro-
portion of APOE4 positivity in the ABTMCI and APTAD groups was
significantly greater than that in the AB"NC group.
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Table 1
General features and cognitive scores of subjects.
AB™NC (n = AP*MCI (n = AB"AD (n = p value
12) 32) 16)
Age, years 71 (66, 78) 73 (69, 79) 71 (63, 77) 0.353
Female, % 83.33% 59.40% 68.80% 0.102
DM, % 25.00% 15.60% 6.30% 0.384
HTN, % 50.00% 46.90% 56.30% 0.829
Smoking, % 8.00% 15.60% 12.60% 0.399
Alcohol, % 8.00% 25.00% 18.80% 0.249
Right-handed, 100.00% 90.60% 93.30% 0.235
%
Education, 12.0 (7.5, 12.0 (9.8, 7.5 (6.0, 9.8) 0.006*
years 14.0) 16.0)
APOE4 carrierf 0.00% 57.70% 70.00% <0.001*
MMSE score 29.0 (27.0, 26.0 (24.3, 18.0 (11.3, <0.001*
30.0) 28.0) 22.8)
CDR score 0.0 (0.0, 0.0) 0.5 (0.5, 0.5) 1.0 (0.6, 1.8) <0.001*
CDR-SB score 0.0 (0.0, 0.0) 1.5 (0.5, 2.4) 6.0 (4.1,9.8) <0.001*

Values are reported as medians with interquartile ranges. P-values were calcu-
lated using the Kruskal-Wallis test. *P-values are significant at the 0.05 level.
tAPOE4 genotyping was available in 12 subjects in the AB~NC group, 26 subjects
in the AB*MCI group, and 10 subjects in the AB"AD group. Abbreviations: AB~NC,
Ap-negative normal cognition; ABTMCI, Ap-positive mild cognitive impairment;
APTAD, AB-positive Alzheimer’s disease with dementia; DM, diabetes mellitus;
HTN, hypertension; APOE, apolipoprotein E; MMSE, Mini-Mental State Exami-
nation; CDR, Clinical Dementia Rating; CDR-SB, Clinical Dementia Rating Scale
Sum of Boxes.

3.2. Visual comparison of eFBB and R1 images according to the
continuum of AD

Group-averaged eFBB images normalized to the cerebellum and R1
maps are shown in Fig. 1. Visually prominent perfusion reductions in the
frontal, parietal, temporal, and posterior cingulate cortices were noted
in ABpTAD group compared with the A3"NC and Ap*MCI groups. How-
ever, perfusion reductions were not prominent from Ap~NC to ApTMCIL.
Both the eFBB and R1 maps demonstrated a similar pattern of perfusion
reduction.

3.3. VOI-based and voxel-based analysis of eFBB images according to the
continuum of AD

The composite eFBB SUVR was significantly different according to
the three diagnostic groups (p = 0.001, H = 14.963). A post-hoc pairwise
comparison showed that the composite eFBB SUVR of the ApAD group
was significantly lower than that of the A”NC and Ap"MCI groups (p =
0.002 and p = 0.003; Fig. 2). However, there was no significant differ-
ence between the composite eFBB SUVR of the Ap"NC and Ap*MCI
groups. For the target regions, the eFBB SUVR of the posterior cingulate,
parietal, and lateral temporal cortices significantly differed in the three
groups (p < 0.001, H = 18.639 for the posterior cingulate cortex; p =
0.001, H = 13.449 for the parietal cortex; p = 0.001, H = 14.797 for
lateral temporal cortex). The regional eFBB SUVR of the other target
cortices did not differ significantly in the three diagnostic groups. The
eFBB SUVR data in the target cortices through the continuum of AD are
summarized in Supplementary Fig. 1.

Fig. 3 shows the results of voxel-wise parametric mapping analysis
for the different diagnostic groups. The eFBB perfusion reduction in the
cortical regions was not significantly different between the AB"NC and
APMCI groups (uncorrected p < 0.001, cluster extent of more than 100
voxels). The eFBB perfusion was significantly reduced in the frontal,
temporal, and parietal cortical regions from the Ap*MCI to the ApTAD
groups (FDR-corrected p < 0.05, cluster extent of more than 100 voxels).
The ABTAD group showed eFBB perfusion reduction in the frontal,
temporal, and parietal cortical regions compared with the A" NC group
(FDR-corrected p < 0.05, cluster extent of more than 100 voxels; Sup-
plementary Fig. 2).
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Fig. 1. Group-averaged eFBB and R1 images. Axial, sagittal, and coronal views of average spatially normalized eFBB and R1 images of the Ap~NC (n = 12), Ap"MCI
(n = 32), and ABTAD (n = 16) groups. White arrows indicate areas of perfusion reduction compared with the A3”"NC and AB*"MCI groups, including the frontal,
parietal, temporal, and posterior cingulate cortices. Abbreviations: AB"NC, Ap-negative normal cognition; AB"MCI, Ap-positive mild cognitive impairment; Ap*AD,

Ap-positive Alzheimer’s disease with dementia
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Fig. 2. Composite eFBB SUVR, R1, and dFBB SUVR in
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3.4. VOI-based and voxel-based analysis of R1 parametric images
according to the continuum of AD

The composite R1 was significantly different according to three
diagnostic groups (p < 0.001, H = 24.311). A post-hoc pairwise com-
parison showed the composite R1 of the ApTAD group was significantly
lower than that of the AB"NC and Ap*MCI groups (p < 0.001; Fig. 2).
However, there was no significant difference between the composite R1
of the AB"NC and Ap"MCI groups. The R1 of all target regions except the
anterior cingulate cortex significantly differed across the three groups (p
< 0.001, H = 18.655 for frontal cortex; p < 0.001, H = 25.778 for

posterior cingulate cortex; p < 0.001, H = 20.604 for parietal cortex; p <
0.001, H = 15.680 for occipital cortex; p < 0.001, H = 21.835 for lateral
temporal cortex; p < 0.001). The R1 values in target cortices through the
continuum of AD are summarized in Supplementary Fig. 3.

Fig. 4 shows the results of voxel-wise analysis for the different
diagnostic groups. The ApTMCI group showed perfusion reduction in the
parietal cortex compared with the AB"NC group (uncorrected p < 0.001,
cluster extent of more than 100 voxels). However, no voxels survived in
the voxel-wise comparison between the AB"NC and Ap"MCI group after
correcting for the FDR. The R1 perfusion was significantly reduced in the
frontal, temporal, and parietal cortical regions in subjects with ApTAD
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compared with those with AB"MCI (FDR-corrected p < 0.05, cluster
extent of more than 100 voxels). The AB™AD group showed R1 perfusion
reduction in the frontal, temporal, and parietal cortical regions
compared with the AB”NC group (FDR-corrected p < 0.05, cluster extent
of more than 100 voxels; Supplementary Fig. 4).

3.5. VOI-based analysis of dFBB images according to the continuum of
AD

The composite dFBB SUVRs significantly different across the study
groups (p < 0.001, H = 25.240). A post-hoc pairwise comparison
showed the composite SUVR of the AB"MCI and AB"AD groups were
significantly higher than those of the AB"NC group (p < 0.001; Fig. 2).
However, there was no significant difference between the SUVR of the
APTMCI and ABTAD groups. The dFBB SUVRs of all target regions
significantly differed across the three groups (p < 0.001, H = 27.916 for
frontal cortex; p < 0.001, H = 24.975 for anterior cingulate cortex; p <
0.001, H = 19.379 for posterior cingulate cortex; p < 0.001, H = 25.343
for parietal cortex; p < 0.001, H = 22.107 for occipital cortex; p < 0.001,
H = 24.808 for lateral temporal cortex; p < 0.001). The dFBB SUVRs in
target cortices throughout the continuum of AD are summarized in
Supplementary Fig. 5.

3.6. VOI-based and voxel-based correlations between R1 parametric
images and eFBB images

There were strong positive correlations between R1 and eFBB images
(Pearson r ranging from 0.82 [frontal cortex] to 0.95 [lateral temporal
cortex]; all p < 0.001). After controlling for the CDR score, these cor-
relations were slightly weaker (Pearson r ranging from 0.75 [frontal
cortex] to 0.91 [lateral temporal cortex]; all p < 0.001). The VOI-based
correlation results are shown in Table 2. Voxel-wise correlations be-
tween cerebral perfusion proxies showed significant positive correla-
tions after controlling for the CDR score (FDR-corrected p < 0.05, r >

AB*MCI>AB+*AD

t value

AB*MCI>AB*AD

221

t value
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Fig. 3. Statistical parametric maps from eFBB im-
ages. Statistical parametric maps of the hypoperfusion
patterns obtained from eFBB (0-10 min) images in the
AB*MCI group compared with the AB"NC group (A:
uncorrected p < 0.001, t > 3.31) and in the AB"AD
group compared with the AB*MCI group (B: FDR-
corrected p < 0.05, t > 2.41). Abbreviations: AB"NC,
Ap-negative normal cognition; ABP*MCI, Ap-positive
mild cognitive impairment; ABTAD, Ap-positive Alz-
heimer’s disease with dementia

Fig. 4. Statistical parametric maps from R1. Statisti-
cal parametric maps of the hypoperfusion patterns
obtained from R1 (0-10 min) images in the AB™MCI
group compared with the AB"NC group (A: uncor-
rected p < 0.001, t > 3.31) and in the AB*AD group
compared with the AB*MCI group (B: FDR-corrected
p < 0.05, t > 2.21). The arrow on the map of Ap"NC
> AB* MCI indicates the area of perfusion reduction
in the precuneus of the parietal cortex. Abbreviations:
ABTNC, AB-negative normal cognition; ABTMCI, AB-
positive mild cognitive impairment; A" AD, AB-posi-
tive Alzheimer’s disease with dementia

698

Table 2
VOI-based correlation (Pearson r) between eFBB and R1 images.

Before controlling for the  After controlling for the

CDR CDR

r coefficient  p value r coefficient  p value
Frontal cortex 0.821 <0.001* 0.754 <0.001*
Parietal cortex 0.910 <0.001* 0.881 <0.001*
Occipital cortex 0.844 <0.001* 0.842 <0.001*
Lateral temporal cortex 0.951 <0.001* 0.914 <0.001*
Anterior cingulate cortex 0.850 <0.001* 0.830 <0.001*
Posterior cingulate cortex ~ 0.876 <0.001* 0.767 <0.001*
Composite 0.907 <0.001* 0.849 <0.001*

0.27; Fig. 5).

3.7. Relationship between neuropsychological tests and parameters
derived from eFBB, R1, and dFBB images

The perfusion derived from eFBB showed a significant positive cor-
relation with the MMSE score (Fig. 6). In particularly, the perfusion
derived from eFBB showed significant positive correlations with the z
scores from the K-BNT and RCFT copy tests and with the calculation
total score. The perfusion derived from R1 showed a significant positive
correlation with the MMSE score and a negative correlation with the
CDR-SB score (Fig. 7). In addition, R1 showed significant positive cor-
relations with the z scores from the K-BNT test, the RCFT copy and
delayed recall tests, and the calculation total score. The amyloid depo-
sition as determined by dFBB showed significant negative correlations
with the z scores from the RCFT and SVLT delayed recall tests (Fig. 8).

3.8. Comparison between APOE4 genotype subgroups

APOE4 genotyping was available in 12 subjects in the A3"NC group
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Fig. 5. Correlation coefficient parametric maps between eFBB and R1 images. Correlation coefficient parametric maps showing a positive correlation between
cerebral perfusion proxies after controlling for the CDR score (FDR-corrected p < 0.05, r > 0.27).

(all noncarriers), 26 subjects in the Ap*MCI group (11 noncarriers and
15 carriers), and 10 subjects in the Ap*AD group (3 noncarriers and 7
carriers). In the AB*MCI group, the MMSE score of APOE4 carriers was
significantly lower than that of noncarriers (p = 0.002), while the CDR-
SB score of APOE4 carriers was significantly higher than that of non-
carriers (p = 0.008). The composite and all target regional eFBB SUVRs
did not differ significantly according to APOE4 genotype. However, the
composite R1 of APOE4 carriers was significantly lower than that of
noncarriers (p = 0.004; Supplementary Fig. 6). Of target regions, the R1
of the posterior cingulate cortex was significantly lower in carriers than
in noncarriers (p = 0.006; Supplementary Fig. 6). The composite dFBB
SUVR of APOE4 carriers was significantly higher than that of non-
carriers (p = 0.006, Supplementary Fig. 7). Of target regions, carriers
showed significantly higher dFBB SUVRs than noncarriers in the frontal
and anterior cingulate cortices (p = 0.002 for the frontal cortex, p =
0.001 for the anterior cingulate cortex; Supplementary Fig. 7). In the
ABTAD group, there were no significant differences in variables between
carriers and noncarriers.

4. Discussion

In this study, we evaluated the feasibility of dual-phase FBB PET for
tracking both cerebral perfusion and amyloid deposition through the
continuum of AD including AB~NC, AB"MCI, and A" AD. The perfusion
components derived from eFBB and R1 maps significantly differed
across the three groups. The post-hoc comparison showed no significant
difference between the Ap"NC and AB™MCI groups, while there was
significantly lower perfusion in the ABTAD group than in Ap"NC and

APTMCI groups on both of early-phase maps. On the other hand, the Ap
deposition component derived from the delayed-phase of FBB PET
showed significantly greater deposition in the AB*MCI and Ap*AD
groups than in the AB"NC group, while there were no significant dif-
ferences between the AB™MCI and AB"AD groups. This alteration in the
two components derived from dual-phase FBB PET showed a distinct
pattern of initiation of Af deposition rather than perfusion reduction in
the earlier stages of AD, which corresponds to the currently accepted
hypothetical model of dynamic biomarkers of AD (Jack et al., 2010). Our
cross-sectional design cannot fully demonstrate this, and longitudinal
studies are needed to confirm dynamic changes of dual biomarkers.
Decreased cerebral perfusion during the course of neuro-
degeneration has been well documented in patients with AD (Thomas
et al., 2019; Hirao et al., 2005). However, the results for MCI are still
controversial since cerebral blood flow (CBF) measures show both
hypoperfusion and hyperperfusion in brain subregions. This paradoxical
hyperperfusion has been reported in the early and preclinical phases of
AD and has been explained as a compensatory response to Af} pathology
(Fazlollahi et al., 2020). Johnson et al. reported that hypoperfusion of
the parietal cortex in an MCI group compared with a healthy control
group (Johnson et al., 2005). Dai et al. reported that a hypoperfusion of
the posterior cingulate cortex and precuneus in an MCI group compared
with a healthy control group; however, there was hyperperfusion of
subcortical structures (Dai et al., 2009). Lin et al. evaluated cerebral
perfusion according to the progression of AD by using the early phase of
18F-ﬂorbe'[apir PET obtained 1-6 min after injection (Lin et al., 2016).
They further divided patients with MCI into three subgroups according
to the degree of cognitive decline and reported that perfusion deficits
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Fig. 6. Correlations between composite SUVR values from eFBB and cognitive profiles. Abbreviations: Ap~NC, Ap-negative normal cognition; AB"MCI, Ap-positive
mild cognitive impairment; ABTAD, AB-positive Alzheimer’s disease with dementia; MMSE, Mini-Mental State Examination; K-BNT, Korean version of the Boston

Naming Test; RCFT, Rey-Osterrieth Complex Figure Test.

started during late MCI; however, no significant perfusion deficits were
found during early MCL. In this study, we also found that both perfusion
components derived from eFBB and R1 maps were significantly reduced
in typical cortical regions in subjects with AB*AD compared with those
with ABTMCI, while there was no significant difference between the
AP~NC and APTMCI groups (Figs. 3 and 4). We did not subdivide the
MCI group, but the results showed that reduced cerebral perfusion
occurred with definitive cognitive decline, as shown in the previous
study. The lack of differences in cerebral perfusion between the AB"NC
and ABTMCI groups seems to be due to the high proportion of subjects
with early MCI in the ABTMCI group. In fact, when the criteria used by
Lin et al. were applied to our AB"MCI group, there were no subjects
corresponded to late MCI.

According to the hypothetical pathological cascade in AD, neuro-
degenerative biomarkers retain a closer correlation with clinical symp-
tom severity than Af deposition (Jack et al., 2010). In this study, we
found that decreased cerebral perfusion as evaluated by both eFBB and
R1 maps were significantly correlated with deterioration of general
cognition as evaluated by the MMSE and CDR-SB tests. In addition, the
perfusion components were well correlated with the scores of specific
neuropsychological tests for language, visuospatial function, and
memory (Figs. 6 and 7). We also observed that increased Ap deposition
as evaluated by dFBB was significantly correlated with cognitive
decline. However, the perfusion component, which is a proxy for
neurodegenerative biomarkers, showed a better relationship with
cognitive performance than AP deposition. Of perfusion components,
the R1-derived parameter showed significant correlations with a greater
number of cognitive profiles than the eFBB-derived one.

Both eFBB and R1 maps are of clinical interest because PET tracers
for Ap provide information on cerebral perfusion in addition to Ap
deposition. Providing additional information about cerebral perfusion,
which is a proxy indicator of neurodegeneration, may promote diag-
nostic accuracy while avoiding unnecessary radiation exposure and
medical costs associated with a separate neuroimaging study (e.g., FDG
PET or perfusion SPECT). The use of eFBB is preferred over R1 because

labor-intensive kinetic modeling is required to obtain parametric maps.
However, obtaining R1 is less labor-intensive than obtaining other ki-
netic parameters because it can be obtained using the SRTM method,
which does not require invasive arterial sampling. Moreover, we found
that R1 was correlated to a greater number of cognitive profiles than
eFBB. On the voxel-wise analysis, R1 showed mild decreased perfusion
in the precuneus of the parietal cortex from the Ap"NC to Ap™MCI
groups, whereas eFBB failed to show any difference between the AB"NC
and ABTMCI groups. However, the uncorrected analysis result should be
interpreted cautiously, even when a low threshold is chosen. A recent
study by Ottoy et al. evaluated perfusion components of early-phase *8F-
florbetapir PET and SRTM-based R1 in comparison with (Hsiao et al.,
2012)0-H20 PET, a gold standard for CBF, and also reported the robust
value of R1 (Ottoy et al., 2019).

In a subgroup analysis comparing APOE4 carriers and noncarriers,
we found patterns of lower cerebral perfusion and higher Ap deposition
in carriers than noncarriers in the AB™MCI group. A strong effect of
APOE4 on AP deposition is consistent with the findings of previous
studies (Gonneaud et al., 2016). For neurodegeneration, a deleterious
effect of APOE4 on gray matter volume and glucose metabolism, espe-
cially in AD-sensitive cortical regions, has been reported (Paranjpe et al.,
2019). Our findings support previous studies with FDG PET by pre-
senting similar effects of APOE4 genotype on cerebral perfusion as a
proxy marker of neurodegeneration. In the AB*AD group, there were no
significant differences in perfusion proxies and Af deposition between
carriers and noncarriers possibly because perfusion reduction and Ap
deposition had reached a plateau point.

There are several limitations to our study. First, we did not obtain full
dynamic scans for 110 min. Studies have indicated that obtaining the
early time frame is sufficient to evaluate perfusion due to the high
extraction fraction of lipophilic radiotracers into the brain (Forsberg
et al., 2012; Ottoy et al., 2019; Lin et al., 2016). Although a previous
study by Heeman et al. suggested a dual-time window protocol of 0-30
and 90-110 min as an optimal one for accurate estimation of binding
potential (BPnp, Af load), they observed only a small error in SRTM-
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derived R1 for 0-10 and 90-110 min, which would be negligible for (Heeman et al., 2019). Second, we did not perform 18E_FDG PET or '°0-

practical applications. In this study, we estimated the SUVR for the H»0 PET as current standards for neurodegeneration or CBF measure-
delayed-phase scan rather than BPyp; thus, a 10-min acquisition for the ment. Although direct comparison was not available in this study, pre-
early-phase scan would be sufficient to generate a reliable R1 estimation vious studies have demonstrated that the value of early-phase amyloid
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PET as a proxy indicator of neurodegeneration or cerebral perfusion
deficits (Ottoy et al., 2019). Third, we investigated the feasibility of
dual-phase '®F -FBB PET for tracking both amyloid deposition and
downstream neurodegeneration according to the continuum of AD, but
we did not include the full disease spectrum because subjects with
preclinical AD were not included in this study. Finally, the education
level in the AB"AD group was significantly lower than that in the AB"NC
and Ap™MCI groups. A low education level is known to be related
strongly to the risk of AD (Caamano-Isorna et al., 2006). Education is
considered to improve the cognitive reserve and neuropsychological
task performance (Vadikolias et al., 2012; Matyas et al., 2019); thus, the
low education level in the AB+AD group may be a confounding factor for
the degree of correlation between PET biomarkers and cognitive profiles
although years of education was controlled for. Prospective longitudinal
studies will guide more precise insight into these points.

In conclusion, this study demonstrated a hypothetical model of dy-
namic biomarkers of the pathological cascade of AD by providing both
the AP burden and neurodegeneration biomarkers in a single PET scan.
A depositions reached a plateau first, followed by downstream cerebral
perfusion reduction. In addition, both the averaged eFBB and SRTM-
based R1 can provide robust indices of cerebral perfusion.

CRediT authorship contribution statement

Hai-Jeon Yoon: Conceptualization, Methodology, Data curation,
Formal analysis, Writing - original draft. Bom Sahn Kim: Conceptuali-
zation, Methodology, Writing - review & editing, Writing - original draft,
Supervision. Jee Hyang Jeong: Conceptualization, Methodology,
Writing - review & editing, Writing - original draft, Supervision. Geon
Ha Kim: Methodology, Data curation, Validation. Hee Kyung Park:
Methodology, Data curation, Validation. Min Young Chun: Methodol-
ogy, Data curation, Validation. Seunggyun Ha: Methodology, Formal
analysis, Writing - review & editing, Writing - original draft.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This research was supported by a grant of the Korea Health Tech-
nology R&D Project through the Korea Health Industry Development
Institute (KHIDI) and funded by the Ministry of Health & Welfare, Re-
public of Korea (grant number: HI18C0460, HI18C0479, HU20C0271,
and HU21C0016). This research was supported by the Original Tech-
nology Research Program for Brain Science through the National
Research Foundation of South Korea (NRF) and funded by the Ministry
of Science and ICT (NRF-2018M3C7A1057137 and
2018M3C7A1057140) and by grants from the NRF
(2018R1D1A1A02086383 and 2021R1F1A1060946).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0org/10.1016/j.nicl.2021.102773.

References

Albert, M.S., DeKosky, S.T., Dickson, D., Dubois, B., Feldman, H.H., Fox, N.C., Gamst, A.,
Holtzman, D.M., Jagust, W.J., Petersen, R.C., Snyder, P.J., Carrillo, M.C., Thies, B.,
Phelps, C.H., 2011. The diagnosis of mild cognitive impairment due to Alzheimer’s
disease: recommendations from the National Institute on Aging-Alzheimer’s
Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers
Dement. 7 (3), 270-279.

Neurolmage: Clinical 31 (2021) 102773

As, A., 2018. 2018 Alzheimer’s disease facts and figures. Alzheimers Dement. 14 (3),
367-429.

Barthel, H., Gertz, H.-J., Dresel, S., Peters, O., Bartenstein, P., Buerger, K., Hiemeyer, F.,
Wittemer-Rump, S.M., Seibyl, J., Reininger, C., Sabri, O., 2011. Cerebral amyloid-p
PET with florbetaben (18F) in patients with Alzheimer’s disease and healthy
controls: a multicentre phase 2 diagnostic study. Lancet Neurol. 10 (5), 424-435.

Blomquist, G., Engler, H., Nordberg, A., Ringheim, A., Wall, A., Forsberg, A., Estrada, S.,
Frandberg, P., Antoni, G., Langstrom, B., 2008. Unidirectional influx and net
accumulation of PIB. Open Neuroimag. J. 2 (1), 114-125.

Bradley, K., O’sullivan, V., Soper, N., et al., 2002. Cerebral perfusion SPET correlated
with Braak pathological stage in Alzheimer’s disease. Brain 125 (8), 1772-1781.

Bullich, S., Seibyl, J., Catafau, A.M., Jovalekic, A., Koglin, N., Barthel, H., Sabri, O., De
Santi, S., 2017. Optimized classification of 18F-Florbetaben PET scans as positive
and negative using an SUVR quantitative approach and comparison to visual
assessment. Neuroimage Clin. 15, 325-332.

Caamano-Isorna, F., Corral, M., Montes-Martinez, A., Takkouche, B.J.N., 2006.
Education and dementia: a meta-analytic study. Neuroepidemiology 26 (4),
226-232.

Chen, Y.J., Rosario, B.L., Mowrey, W., Laymon, C.M., Lu, X., Lopez, O.L., Klunk, W.E.,
Lopresti, B.J., Mathis, C.A., Price, J.C., 2015. Relative 11C-PiB delivery as a proxy of
relative CBF: quantitative evaluation using single-session 150-water and 11C-PiB
PET. J. Nucl. Med. 56 (8), 1199-1205.

Dai, W., Lopez, O.L., Carmichael, O.T., Becker, J.T., Kuller, L.H., Gach, H.M., 2009. Mild
cognitive impairment and alzheimer disease: patterns of altered cerebral blood flow
at MR imaging. Radiology 250 (3), 856-866.

Fazlollahi, A., Calamante, F., Liang, X., Bourgeat, P., Raniga, P., Dore, V., Fripp, J.,
Ames, D., Masters, C.L., Rowe, C.C., Connelly, A., Villemagne, V.L., Salvado, O.,
2020. Increased cerebral blood flow with increased amyloid burden in the preclinical
phase of alzheimer’s disease. J. Mag. Reson. Imaging 51 (2), 505-513.

Forsberg, A., Engler, H., Blomquist, G., Ldngstrém, B., Nordberg, A., 2012. The use of
PIB-PET as a dual pathological and functional biomarker in AD. BBA 1822 (3),
380-385.

Gonneaud, J., Arenaza-Urquijo, E.M., Fouquet, M., et al., 2016. Relative effect of APOE
€4 on neuroimaging biomarker changes across the lifespan. Neurology 87 (16),
1696-1703.

Heeman, F., Yaqub, M., Lopes Alves, 1., Heurling, K., Berkhof, J., Gispert, J.D., Bullich, S.,
Foley, C., Lammertsma, A.A., 2019. Optimized dual-time-window protocols for
quantitative [18 F] flutemetamol and [18 F] florbetaben PET studies. EJNMMI Res. 9
(1) https://doi.org/10.1186/s13550-019-0499-4.

Hirao, K., Ohnishi, T., Hirata, Y., Yamashita, F., Mori, T., Moriguchi, Y., Matsuda, H.,
Nemoto, K., Imabayashi, E., Yamada, M., Iwamoto, T., Arima, K., Asada, T., 2005.
The prediction of rapid conversion to Alzheimer’s disease in mild cognitive
impairment using regional cerebral blood flow SPECT. Neuroimage. 28 (4),
1014-1021.

Hsiao, L.-T., Huang, C.-C., Hsieh, C.-J., Hsu, W.-C., Wey, S.-P., Yen, T.-C., Kung, M.-P.,
Lin, K.-J., 2012. Correlation of early-phase 18 F-florbetapir (AV-45/Amyvid) PET
images to FDG images: preliminary studies. Eur. J. Nucl. Med. Mol. Imaging 39 (4),
613-620.

Jack, C.R., Knopman, D.S., Jagust, W.J., Shaw, L.M., Aisen, P.S., Weiner, M.W.,
Petersen, R.C., Trojanowski, J.Q., 2010. Hypothetical model of dynamic biomarkers
of the Alzheimer’s pathological cascade. Lancet Neurol. 9 (1), 119-128.

Jack, C.R., Bennett, D.A., Blennow, K., Carrillo, M.C., Dunn, B., Haeberlein, S.B.,
Holtzman, D.M., Jagust, W., Jessen, F., Karlawish, J., Liu, E., Molinuevo, J.L.,
Montine, T., Phelps, C., Rankin, K.P., Rowe, C.C., Scheltens, P., Siemers, E.,
Snyder, H.M., Sperling, R., Elliott, C., Masliah, E., Ryan, L., Silverberg, N., 2018.
NIA-AA research framework: toward a biological definition of Alzheimer’s disease.
Alzheimers Dement. 14 (4), 535-562.

Johnson, N.A., Jahng, G.-H., Weiner, M.W., Miller, B.L., Chui, H.C., Jagust, W.J., Gorno-
Tempini, M.L., Schuff, N., 2005. Pattern of cerebral hypoperfusion in Alzheimer
disease and mild cognitive impairment measured with arterial spin-labeling MR
imaging: initial experience. Radiology 234 (3), 851-859.

Johnson, K.A., Sperling, R.A., Gidicsin, C.M., Carmasin, J.S., Maye, J.E., Coleman, R.E.,
Reiman, E.M., Sabbagh, M.N., Sadowsky, C.H., Fleisher, A.S., Murali
Doraiswamy, P., Carpenter, A.P., Clark, C.M., Joshi, A.D., Lu, M., Grundman, M.,
Mintun, M.A., Pontecorvo, M.J., Skovronsky, D.M., 2013. Florbetapir (F18-AV-45)
PET to assess amyloid burden in Alzheimer’s disease dementia, mild cognitive
impairment, and normal aging. Alzheimers Dement. 9 (5S), S72-S83.

Joseph-Mathurin, N., Su, Y., Blazey, T.M., Jasielec, M., Vlassenko, A., Friedrichsen, K.,
Gordon, B.A., Hornbeck, R.C., Cash, L., Ances, B.M., Veale, T., Cash, D.M.,
Brickman, A.M., Buckles, V., Cairns, N.J., Cruchaga, C., Goate, A., Jack, C.R.,
Karch, C., Klunk, W., Koeppe, R.A., Marcus, D.S., Mayeux, R., McDade, E., Noble, J.
M., Ringman, J., Saykin, A.J., Thompson, P.M., Xiong, C., Morris, J.C., Bateman, R.
J., Benzinger, T.L.S., 2018. Utility of perfusion PET measures to assess neuronal
injury in Alzheimer’s disease. Alzheimers Dement. 10 (1), 669-677.

Khachaturian, Z.S., 1985. Diagnosis of Alzheimer’s disease. Arch. Neurol. 42 (11),
1097-1105.

Klunk, W.E., Engler, H., Nordberg, A., Wang, Y., Blomgyvist, G., Holt, D.P., Bergstrom, M.,
Savitcheva, 1., Huang, G.-F., Estrada, S., Ausén, B., Debnath, M.L., Barletta, J.,
Price, J.C., Sandell, J., Lopresti, B.J., Wall, A., Koivisto, P., Antoni, G., Mathis, C.A.,
Langstrom, B., 2004. Imaging brain amyloid in Alzheimer’s disease with Pittsburgh
Compound-B. Ann. Neurol. 55 (3), 306-319.

Lammertsma, A.A., Hume, S.P., 1996. Simplified reference tissue model for PET receptor
studies. Neuroimage 4 (3), 153-158.

Lin, K.-J., Hsiao, L.-T., Hsu, J.-L., Huang, C.-C., Huang, K.-L., Hsieh, C.-J., Wey, S.-P.,
Yen, T.-C., 2016. Imaging characteristic of dual-phase 18 F-florbetapir (AV-45/
Amyvid) PET for the concomitant detection of perfusion deficits and beta-amyloid


https://doi.org/10.1016/j.nicl.2021.102773
https://doi.org/10.1016/j.nicl.2021.102773
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0005
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0005
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0005
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0005
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0005
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0005
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0010
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0010
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0015
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0015
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0015
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0015
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0020
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0020
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0020
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0025
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0025
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0030
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0030
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0030
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0030
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0035
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0035
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0035
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0040
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0040
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0040
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0040
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0045
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0045
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0045
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0050
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0050
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0050
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0050
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0055
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0055
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0055
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0060
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0060
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0060
https://doi.org/10.1186/s13550-019-0499-4
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0070
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0070
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0070
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0070
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0070
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0075
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0075
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0075
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0075
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0080
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0080
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0080
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0085
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0085
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0085
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0085
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0085
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0085
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0090
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0090
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0090
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0090
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0095
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0095
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0095
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0095
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0095
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0095
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0100
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0100
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0100
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0100
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0100
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0100
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0100
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0105
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0105
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0110
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0110
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0110
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0110
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0110
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0115
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0115
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0120
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0120
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0120

H.-J. Yoon et al.

deposition in Alzheimer’s disease and mild cognitive impairment. Eur. J. Nucl. Med.
Mol. Imaging 43 (7), 1304-1314.

Matyas, N., Keser Aschenberger, F., Wagner, G., Teufer, B., Auer, S., Gisinger, C., Kil, M.,
Klerings, I., Gartlehner, G., 2019. Continuing education for the prevention of mild
cognitive impairment and Alzheimer’s-type dementia: a systematic review and
overview of systematic reviews. BMJ Open. 9 (7), €027719.

McKhann, G.M., Knopman, D.S., Chertkow, H., Hyman, B.T., Jack, C.R., Kawas, C.H.,
Klunk, W.E., Koroshetz, W.J., Manly, J.J., Mayeux, R., Mohs, R.C., Morris, J.C.,
Rossor, M.N., Scheltens, P., Carrillo, M.C., Thies, B., Weintraub, S., Phelps, C.H.,
2011. The diagnosis of dementia due to Alzheimer’s disease: recommendations from
the National Institute on Aging-Alzheimer’s Association workgroups on diagnostic
guidelines for Alzheimer’s disease. Alzheimers Dement. 7 (3), 263-269.

Nelissen, N., Van Laere, K., Thurfjell, L., Owenius, R., Vandenbulcke, M., Koole, M.,
Bormans, G., Brooks, D.J., Vandenberghe, R., 2009. Phase 1 study of the Pittsburgh
compound B derivative 18F-flutemetamol in healthy volunteers and patients with
probable Alzheimer disease. J. Nucl. Med. 50 (8), 1251-1259.

Ottoy, J., Verhaeghe, J., Niemantsverdriet, E., De Roeck, E., Wyffels, L., Ceyssens, S., Van
Broeckhoven, C., Engelborghs, S., Stroobants, S., Staelens, S., 2019. 18F-FDG PET,
the early phases and the delivery rate of 18F-AV45 PET as proxies of cerebral blood
flow in Alzheimer’s disease: validation against 150-H20 PET. Alzheimers Dement.
15 (9), 1172-1182.

Paranjpe, M.D., Chen, X., Liu, M., Paranjpe, 1., Leal, J.P., Wang, R., Pomper, M.G.,
Wong, D.F., Benzinger, T.L.S., Zhou, Y., 2019. The effect of ApoE €4 on longitudinal
brain region-specific glucose metabolism in patients with mild cognitive
impairment: a FDG-PET study. Neuroimage Clin. 22, 101795.

Rodriguez-Vieitez, E., Leuzy, A., Chiotis, K., Saint-Aubert, L., Wall, A., Nordberg, A.,
2017. Comparability of [18F] THK5317 and [11C] PIB blood flow proxy images with

10

Neurolmage: Clinical 31 (2021) 102773

[18F] FDG positron emission tomography in Alzheimer’s disease. J. Cereb. Blood
Flow Metab. 37 (2), 740-749.

Rowe, C.C., Ackerman, U., Browne, W., Mulligan, R., Pike, K.L., O’Keefe, G., Tochon-
Danguy, H., Chan, G., Berlangieri, S.U., Jones, G., Dickinson-Rowe, K.L., Kung, H.P.,
Zhang, W., Kung, M.P., Skovronsky, D., Dyrks, T., Holl, G., Krause, S., Friebe, M.,
Lehman, L., Lindemann, S., Dinkelborg, L.M., Masters, C.L., Villemagne, V.L., 2008.
Imaging of amyloid p in Alzheimer’s disease with 18F-BAY94-9172, a novel PET
tracer: proof of mechanism. Lancet Neurol. 7 (2), 129-135.

Silverman, D.H., 2004. Brain 18F-FDG PET in the diagnosis of neurodegenerative
dementias: comparison with perfusion SPECT and with clinical evaluations lacking
nuclear imaging. J. Nucl. Med. 45 (4), 594-607.

Thomas, B., Sheelakumari, R., Kannath, S., Sarma, S., Menon, R., 2019. Regional cerebral
blood flow in the posterior cingulate and precuneus and the entorhinal cortical
atrophy score differentiate mild cognitive impairment and dementia due to
Alzheimer disease. AJNR Am. J. Neuroradiol. 40 (10), 1658-1664.

Tiepolt, S., Hesse, S., Patt, M., Luthardt, J., Schroeter, M.L., Hoffmann, K.-T., Weise, D.,
Gertz, H.-J., Sabri, O., Barthel, H., 2016. Early [18 F] florbetaben and [11 C] PiB PET
images are a surrogate biomarker of neuronal injury in Alzheimer’s disease. Eur. J.
Nucl. Med. Mol. Imaging 43 (9), 1700-1709.

Vadikolias, K., Tsiakiri-Vatamidis, A., Tripsianis, G., Tsivgoulis, G., loannidis, P.,
Serdari, A., Heliopoulos, J., Livaditis, M., Piperidou, C., 2012. Mild cognitive
impairment: effect of education on the verbal and nonverbal tasks performance
decline. Brain Behav. 2 (5), 620-627.

Wu, Y., Carson, R.E., 2002. Noise reduction in the simplified reference tissue model for
neuroreceptor functional imaging. J. Cereb. Blood Flow Metab. 22 (12), 1440-1452.


http://refhub.elsevier.com/S2213-1582(21)00217-5/h0120
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0120
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0125
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0125
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0125
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0125
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0130
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0130
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0130
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0130
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0130
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0130
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0135
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0135
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0135
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0135
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0140
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0140
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0140
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0140
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0140
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0145
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0145
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0145
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0145
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0150
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0150
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0150
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0150
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0155
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0155
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0155
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0155
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0155
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0155
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0160
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0160
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0160
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0165
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0165
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0165
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0165
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0170
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0170
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0170
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0170
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0175
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0175
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0175
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0175
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0180
http://refhub.elsevier.com/S2213-1582(21)00217-5/h0180

	Dual-phase 18F-florbetaben PET provides cerebral perfusion proxy along with beta-amyloid burden in Alzheimer’s disease
	1 Introduction
	2 Materials and methods
	2.1 Study population
	2.2 18F-FBB PET imaging
	2.3 Image analysis
	2.4 Voxel-wise analysis
	2.5 Neuropsychological assessments
	2.6 Statistical analyses

	3 Results
	3.1 Participant characteristics
	3.2 Visual comparison of eFBB and R1 images according to the continuum of AD
	3.3 VOI-based and voxel-based analysis of eFBB images according to the continuum of AD
	3.4 VOI-based and voxel-based analysis of R1 parametric images according to the continuum of AD
	3.5 VOI-based analysis of dFBB images according to the continuum of AD
	3.6 VOI-based and voxel-based correlations between R1 parametric images and eFBB images
	3.7 Relationship between neuropsychological tests and parameters derived from eFBB, R1, and dFBB images
	3.8 Comparison between APOE4 genotype subgroups

	4 Discussion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


