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Cerebral perfusion is correlated with cerebral metabolism and
amyloid deposition in Alzheimer’s disease
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Cerebral blood flow (CBF) changes play a pivotal role in the pathogenesis and progression of Alzheimer's disease (AD), but their
effects on other pathological processes, such as neurodegeneration and amyloid-f deposition, are unclear. We investigated the
correlations between cerebral perfusion measured with arterial spinal labeling (ASL) and cerebral metabolism and amyloid
deposition on positron emission tomography (PET) scans in AD. Sixty-four AD patients and 56 cognitively unimpaired controls were
included. Cerebral perfusion was indicated by the expression of AD-related perfusion pattern (ADRP), global CBF and the relative
value of regional CBF. The standardized uptake value ratio (SUVR) of regions of interest (ROIls) was calculated for
'8F-fluorodeoxyglucose (FDG)-PET and "' C-Pittsburgh Compound B (PiB)-PET images in AD patients. The subject expression score of
ADRP showed strong negative correlations with FDG SUVR in all ROIs and a positive correlation with PiB SUVR in temporal. FDG
SUVR in some ROIs were also positively correlated with global CBF and relatively regional CBF in the temporoparietal cortex,
precuneus and posterior cingulate, and negatively correlated with relatively regional CBF in the thalamus and pre- and postcentral
regions. The PiB SUVR of the ROIs were negatively correlated with the relatively regional CBF in the left inferior parietal region and
were positively correlated with the relatively regional CBF in the right thalamus and left precentral regions. CBF was significantly
correlated with hypometabolism and amyloid deposition in AD.
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INTRODUCTION

Alzheimer's disease (AD) is the leading cause of dementia in
elderly people and has become one of the most lethal, costly and
burdensome diseases worldwide in this century [1]. The hallmark
neuropathological characteristics of AD are the diffuse presence of
neuritic plaques, which are extracellular deposits of amyloid-f
(AB), and neurofibrillary tangles, which are intraneuronal aggre-
gates of hyperphosphorylated tau protein [2, 3]. Recent funda-
mental findings highlighted that in addition to the core signature
of AR and tau pathology, there are many other important
pathological mechanisms, such as neurodegeneration, which can
be measured via cerebrospinal fluid (CSF) or plasma levels of
neurofilament light chain, magnetic resonance imaging (MRI) or
'8F-fluorodeoxyglucose (FDG)-PET, and neuroinflammation [4] and
cerebrovascular dysfunction [5], all of which have been suggested
to be additional biomarkers for AD.

Notably, accumulating evidence has demonstrated that cerebral
blood flow (CBF) change, which is attributed to cerebral vascular
dysfunction, is a potential early biomarker and may play a crucial
role in driving cognitive decline in AD patients [5-7]. Community-
based neuropathological studies have shown a significantly
greater prevalence of cerebrovascular pathology in AD patients
than other neurodegenerative disease, such as a-synucleinopathy,
prion disease and frontotemporal lobar degeneration due to tau,

highlighting the underappreciated contributory role of vascular
impairment in the pathogenesis of AD [8, 9]. In addition,
neuroimaging studies have shown that CBF is obviously changed
in persons on the AD continuum and CBF change is a sensitive
biomarker for cognitive decline in symptomatic individuals
[10-12]. In our previous study, both relatively decreased and
increased CBF in different brain regions measured with arterial
spin labeling (ASL), which is a noninvasive technique in MRI, were
observed in AD patients after normalizing global CBF values [13].
Moreover, an AD-related perfusion pattern (ADRP) was established
using a multivariate spatial covariance method of a scaled
subprofile model (SSM) based on principal component analysis
(PCA), and this pattern showed stronger and more extensive
correlations with cognitive performance than did global and
regional CBF in AD patients [13].

Perfusion and metabolism are biologically coupled, and it was
found that they had similar brain maps or patterns in patients
with AD [14-16], suggesting that ASL could also be an
alternative to FDG PET to support the diagnosis of AD and
other neurodegenerative diseases without radioactivity and
being much less expensive. However, the correlations between
CBF changes in characteristic regions and brain networks and
FDG metabolism in significant brain areas have still not been
established.
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The two-hit hypothesis proposes a complex relationship between
microvascular insults and AR accumulation at the origin of disease
development in AD [17]. This hypothesis was demonstrated by
several animal studies showing that altered CBF caused by vascular
damage led to an upregulation of the B-site amyloid precursor
protein-cleaving enzyme 1 responsible for generating toxic AP
peptides, leading to increased AP production and deposition and
subsequently to tau aggregation, neurodegeneration and cognitive
impairment [18-20]. However, findings on the correlation between
regional CBF and A3 deposition have been inconsistent in previous
clinical studies [21, 22]. Since changes in both CBF and amyloid
deposition are distinct in different brain regions across the disease
course, more studies are needed to elucidate the complex
relationship between perfusion and AB pathology.

In the present study, we aimed to reveal the important effects
of perfusion changes on the neurodegeneration and core
pathology of AR in AD. We investigated the associations between
cerebral perfusion, indicated by both the subject expression score
of the ADRP and the global and regional CBF measured with ASL,
and cerebral metabolism and AP deposition on PET scans in
patients with AD.

SUBJECTS AND METHODS

Participants

In the present study, 64 patients with AD and 56 age- and sex-matched
cognitively unimpaired (CU) controls were recruited from the memory
clinic of Tianjin Medical University General Hospital. Written informed
consent was provided by all participants. Demographics, medical history,
and the results of physical and neurological examinations, comprehensive
neuropsychological assessments, laboratory tests, and brain MRI scans
were collected. AD patients also underwent FDG and ''C-Pittsburgh
Compound B (PiB) PET scans.

Patients with AD met the research diagnostic criteria for typical AD of
the International Working Group-2 (IWG-2) [23]. The inclusion criteria for
patients were as follows: (1) aged 50-85 years; (2) had early and prominent
episodic memory impairment; (3) had no evidence of clinically significant
cerebrovascular lesions or extensive white matter hyperintensities on MRI
(Fazekas score [24] < 2); and (4) had a positive result for AR deposition
measured with PiB PET. Patients whose cognitive impairment was
potentially caused by other neurological diseases, mental disorders or
medical conditions, such as frontotemporal lobar degeneration, Parkin-
son’s disease or dementia with Lewy bodies, vascular dementia, multiple
sclerosis, hydrocephalus, alcohol or drug abuse, severe depression, thyroid
dysfunction, vitamin B;, deficiency, human immunodeficiency virus
infection, or neurosyphilis, were excluded. Patients with atypical presenta-
tions, such as posterior cortical atrophy, logopenic variant primary
progressive aphasia and behavioral or dysexecutive frontal variant of AD,
for which the perfusion and metabolism patterns are probably distinct
from those of typical AD, were also excluded.

CU controls demonstrated no subjective cognitive decline and normal
performance in each cognitive domain of objective neuropsychological
tests, with a Clinical Dementia Rating (CDR) [25] score of 0 and a Mini-
Mental State Examination (MMSE) [26] score > 26. None of the CU controls
showed clinically significant atrophy in the medial temporal lobe or other
brain areas or cerebrovascular disease on MRI.

MRI acquisition and imaging data processing

All MRI scans were acquired on a 3.0-Tesla MRI scanner (Discovery MR750,
General Electric, Milwaukee, WI, USA) using a 8-channel phased array head
coil. The following parameters were used for the coronal Tl-weighted 3D
brain volume sequence scan: echo time/repetition time (TE/TR): 3.2 ms/
8.2 ms, flip angle (FA): 12°, field of view (FOV): 256 x 256 x 188 mm?3, matrix
size: 256 x 256, NEX = 1, slice thickness: 1.0 mm, number of slices: 188. 3D
pseudo-continuous ASL was performed to measure whole-brain perfusion
using 3D fast spin—echo acquisition and background suppression with the
following parameters: TE/TR: 11.1 ms/5046 ms, labeling duration: 1450 ms,
post labeling delay: 2025ms, FA: 111°, matrix size: 128x 128, FOV:
240 x 240 X 150 mm?>, arms =8, acquisition points =512, slice thickness:
3 mm, and number of slices: 50. At the same time, a proton density image
was also acquired to quantify the CBF from the ASL series. Each participant
was instructed to remain calm, to not move their forehead, and to not fall
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asleep during the resting-state ASL scan. No participants used any drugs
that could affect CBF within two weeks before the MRI examination, and
alcohol, coffee, or nicotine was prohibited for at least 6 h prior to MRI
examination. All MRI scans for AD patients were acquired within one
month after the PET scans.

The MRI data were preprocessed with statistical parametric mapping
(SPM12, Institute of Neurology, London, UK) and MATLAB (Version R2015a,
MathWorks, Natick, MA, USA) according to the procedure as previously
described [13]. All processed images of the CBF and tissue maps had
matrix dimensions of 121 x 145 x 121 and voxel sizes of 1.5 x 1.5 x 1.5 mm>
in the Montreal Neurological Institute (MNI) brain template. The subject
expression score of the ADRP, which was identified and validated in our
previous study [13], was obtained for CBF images on a prospective single-
case basis using a voxel-based algorithm in the SSM/PCA toolbox for each
participant in this study.

All data analysis was performed within an average brain mask using
SPM12 software. The whole-brain gray matter of all subjects was calculated
using MATLAB software, with age, sex and educational levels as covariates.
The CBF values of patients with AD and CU controls were compared with a
two-sample t test. With a voxel-level peak threshold of P < 0.05 (family wise
error-corrected, FWE-corrected) across all brain regions, we identified
clusters > 150 voxels after adjusting for global values with analysis of
covariance (ANCOVA). The MNI coordinates of the voxel points with
significant differences were obtained. The Brodmann area (BA) was
obtained using Talairach-Daemon software (Research Imaging Center,
University of Texas Health Science Center, San Antonio, TX, USA), which
queried the functional brain region corresponding to the MNI coordinates.
The SPM maps were overlaid on a standard T1-weighted MRI brain
template in stereotaxic space. The relative CBF values in specific cortical
regions in the volume of interest (a 4 mm radius spherical) were obtained
by calculating their ratio to the global CBF values in all participants with
SPM12 software.

PET imaging acquisition

FDG and PiB PET scans were conducted on the same day at the PET/X-ray
computed tomography (CT) center of Tianjin Medical University General
Hospital with a GE Discovery LS PET/CT scanner in 3D scanning mode as
described in our previous publication [27]. PiB was injected into the
antecubital vein as a bolus (mean dose: 370-555 MBq), and images were
acquired during a 90 min dynamic PET scan (34 frames: 4x 155, 8 x30s,
9%x60s, 2x180s, 8x300s, 3x600s). At a minimum of 1h after PiB
injection, the subjects were intravenously injected with 259 MBq of FDG
and then underwent a 10-min static PET scan 40 min after FDG injection.
Each frame produced 47 slices of 3.75mm thickness that covered the
whole brain. All PET images were reconstructed to a 256 x 256 matrix (pixel
size of 1.37 mm?). All subjects fasted for at least 6 h before tracer injection
and remained calm and did not move their heads during the scan.

PET data processing

All PET images were manually checked for quality by two trained
investigators, and the data were processed according to the procedure
used in previous studies [27, 28]. For FDG, we mapped five regions of
interest (ROIs), including the right and left angular gyrus, bilateral posterior
cingulate gyrus, and right and left inferior temporal gyrus, which have
been demonstrated to show the most robust changes in AD patients in
previous studies [27, 29]. Standardized uptake value ratio (SUVR) maps
were generated by normalizing the raw counts to the mean uptake in the
pons and cerebellar vermis. PiB uptake was systematically evaluated in
several cortical areas, including the bilateral frontal lobe, lateral temporal
lobe, lateral parietal lobe, precuneus/posterior cingulate gyrus, and
cerebellum. Amyloid PET positivity was defined as increased PiB retention
in the cerebral cortex compared with that in the cerebellum in at least one
target region. Two experienced nuclear medicine physicians indepen-
dently performed the visual assessments, with final determinations
reached through consensus. The validity of this qualitative approach has
been previously established, demonstrating high concordance with the
quantitative analysis methods used in our previous study [30, 31]. For PiB
PET processing, the frontal, orbitofrontal, parietal, and temporal lobes are
typical brain regions known to have high AP deposition and to correlate
with the progression of disease in AD patients [32, 33]. According to the
prior studies, the frontal, orbitofrontal, parietal, temporal, anterior cingulate
gyrus, posterior cingulate gyrus, and precuneus were selected as ROIs in
the present study. The PiB SUVR of each ROI was obtained normalizing to
the cerebellar crus grey.
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Statistical analysis

Statistical analyses were carried out using SPSS 26.0 software (SPSS Inc.,
Chicago, IL, USA). The demographic and clinical variables, as well as the
subject expression scores of the ADRP, global CBF value and relative
value of regional CBF, were compared between the AD and CU groups

Table 1. Demographic and clinical variable of all participants.
AD (N =64) CU (N=56) P

Age, years 65.91 (8.11) 66.73 (5.92) 0.53
Sex, F/M 49/15 34/22 0.061
Education, years 10.82 (3.59) 12.39 (3.22) 0.014
Hypertension (%) 31.25% 26.78% 0.591
Diabetes (%) 15.63% 14.29% 0.838
MMSE score 18.86 (5.38) 27.82 (1.52) <0.001

Continuous variables were presented as mean and standard deviation (SD),
while categorical variables were expressed as number or percentage.

AD alzheimer’s disease, CU cognitively unimpaired, MMSE mini-mental state
examination.

Precentral

Postcentral Thalamus

Angular and inferior parietal
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using the Pearson chi-square test for categorical variables or two-
sample t test for continuous variables. Partial correlations were used to
assess the relationships between cerebral perfusion and glucose
metabolism and amyloid deposition, with age, sex and educational
levels as covariates. All figures were generated by using GraphPad
Prism version 8.0 for Windows (GraphPad Software, San Diego, CA,
USA) and OriginLab Origin 2021 (OriginLab Inc., Northampton,
Massachusetts, USA). All tests were two-tailed, and P<0.05 was
considered to indicate statistical significance.

RESULTS

Demographics and clinical variables of the study population
The demographics and clinical variables of all participants are
shown in Table 1. There was no difference in age or sex
between the AD and CU groups. Patients with AD had fewer
years of education than did the CU controls (P=0.014). In
terms of vascular risk factors, there was no difference in
hypertension or diabetes history between the AD and CU
groups. MMSE scores were lower in patients with AD than in CU
controls (P <0.001).

Precuneus and posterior cingulate

Inferior temporal

Cerebellum

Fig. 1 Relatively regional CBF changes in patients with AD after ANCOVA normalization for the global value. Cool color indicated regions
with relatively decreased CBF, and warm color indicated regions with relatively increased CBF in the AD group compared to the CU group. A
threshold of 4.64 (P < 0.05, FWE corrected) was used to overlay SPM maps onto a standard MRI brain template. L left, R right.
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Table 2.

Decreased CBF
Inferior temporal-L
Inferior-temporal-R
Inferior parietal-L
Angular-L
Angular-R
Posterior cingulate-L
Precuneus-R

Increased CBF
Postcentral-R
Precentral-R
Precentral-L
Postcentral-L
Thalamus-L
Thalamus-R
Cerebellum-L

BA

20
20
40
39
39
23
7

43
4

6

6
N/A
N/A
N/A

X

—57
59
—45
-39
45
-2
3

59
Y

-23
—41
14
14

-23

Y

—42
—42
—50
—62
—57
—50
—62

-9

-20
-20
—14
—20
-1
—65

V4

—18
-15
50
48
44
32
41

27
56
63
44
5

8
-23

T

7.09
4.85
6.39
6.25
6.07
8.49
7.16

6.89
5.50
4.64
6.52
5.23
5.90
5.53

Regions showing relative CBF changes in patients with AD compared to CU controls after normalization for global CBF.

Cluster size (mL)

5.83
0.52
12.77
a
7.49
16.46
a

6.76
a

5.79
a

1.35
1.91
333

Significant clusters were defined using an FWE correction at P < 0.05. The voxels in regions with relatively decreased CBF were greater than 150 and the voxels

in regions with relatively increased CBF were greater than 300.
BA brodmann area, CBF cerebral blood flow, L left, R right.
?Region belonged to the cluster for which the volume was provided above.
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Fig. 2 Difference in subject expression score of the ADRP and CBF between AD patients and CU controls. The comparison of the ADRP
subject expression score A global CBF B and values in regions with relatively decreased CBF C and values in regions with relatively increased
CBF D between AD patients and CU controls, obtained post hoc within a spherical volume of interest (4 mm radius). The relative CBF values
were calculated by the ratio of the volume of interest values to the global CBF values. Data were presented as mean and standard deviation
(SD). CBF cerebral blood flow, AD alzheimer’s disease, CU cognitively unimpaired, L left, R right. P<0.05, P <0.001.
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Fig. 3 Correlations between the subject expression score of the ADRP and global CBF and FDG SUVR in all ROIs in AD patients. There
were negative correlations between the subject expression score of the ADRP and FDG SUVR in left angular (A), right angular (B), posterior
cingulate (C), left inferior temporal (D), and right inferior temporal (E). Global CBF was positively correlated with FDG SUVR in left angular (F),
right angular (G), posterior cingulate (H), and right inferior temporal (J), but not left inferior temporal (I). These correlations were identified
after adjusting for age, sex and educational levels. ADRP AD-related perfusion pattern, FDG fluorodeoxyglucose, SUVR standardized uptake

value ratio, CBF cerebral blood flow, L left, R right.
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Fig. 4 Associations between the subject expression score of the
ADRP and global CBF and PiB SUVR in all ROIs in AD patients.
Partial correlations were conducted with age, sex, educational levels
as covariates. Cool color indicated negative correlation; warm color
indicated positive correlation. CBF cerebral blood flow. “P < 0.05.

Differences in ADRP expression and CBF between AD patients
and CU controls
According to voxel-based analysis, CBF in the bilateral posterior
cingulate, bilateral middle cingulate, bilateral precuneus, bilateral
inferior parietal lobule, bilateral inferior temporal, and bilateral angular
was relatively decreased, and CBF in the bilateral postcentral, bilateral
precentral, bilateral thalamus, left cerebellar, and right putamen was
relatively increased in AD patients compared with CU controls (FWE
corrected, P < 0.05) after ANCOVA normalization for the global value
and adjustment for age, sex and educational levels (Fig. 1 and Table 2).
Patients with AD had significantly higher subject expression
scores of the ADRP (P < 0.001) and lower global CBF (P =0.018)
compared with CU controls (Fig. 2A, B). Sample plots for the
regions with significantly changed relative CBF in the AD group
are shown in Fig. 2C, D.

Translational Psychiatry (2025)15:189

Association between perfusion and metabolism in patients
with AD

Subject expression scores of the ADRP showed significantly
negative correlations with all FDG SUVR ROls in this study
(Fig. 3A-E), including bilateral angular (left: r=—0.717, P <0.001;
right: r=-0.729, P<0.001), posterior cingulate (r=—0.587,
P<0.001), and bilateral inferior temporal (left: r=—0.536,
P <0.001; right: r=—0.610, P < 0.001). Positive correlations were
found between the global CBF and FDG SUVR in the bilateral
angular (left: r=0.296, P=0.022; right: r=0.316, P=0.014),
posterior cingulate (r=0.296, P=0.022), and right inferior
temporal (r=0.312, P=0.015) but not in the left inferior temporal
(r=0.190, P=0.146), as shown in Fig. 3F-J.

The correlations between the relative values of the regional
CBF and FDG SUVR of the ROIs are presented in Fig. S1. For
regions with relatively decreased CBF in the AD group, relative
CBF values in the bilateral angular, left inferior temporal and
posterior cingulate were positively correlated with the FDG
SUVR in all ROIls. There were also positive correlations between
relative CBF values in the left inferior parietal and FDG SUVR in
all ROIs except the posterior cingulate, between the right
precuneus and FDG SUVR in all ROIs except for the left inferior
temporal, between the right inferior temporal and FDG SUVR in
the posterior cingulate, right angular, and right inferior
temporal. For regions with relatively increased CBF in the AD
group, relative CBF values in the bilateral thalamus were
negatively correlated with the FDG SUVR in all ROIs. Other
negative correlations between the relative CBF value and FDG
SUVR were observed, including the left postcentral and FDG
SUVR in all ROIs except the left angular, the left precentral and
FDG SUVR in all ROIs except the left inferior temporal, and the
right precentral and FDG SUVR in the posterior cingulate and
bilateral inferior temporal.

SPRINGER NATURE
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Association between perfusion and AB deposition in patients
with AD

The associations between the subject expression score of the
ADRP and global CBF and PiB SUVR in all ROIs are presented in Fig.
4. There was a positive correlation between the subject expression
score of the ADRP and the PiB SUVR in the temporal (r=0.291,
P=0.023) but not in any other ROl. No significant correlations
were found between the global CBF and the PiB SUVR of any of
the ROIs.

The correlations between the relative values of the regional CBF
and the PiB SUVR of all ROIs are presented in Fig. S2. In general, a
negative correlation for relatively decreased CBF in AD patients
and a positive correlation for relatively increased CBF in AD
patients were observed. Specifically, there were negative correla-
tions between the relative values of the CBF in the left inferior
parietal and the PiB SUVR in the prefrontal (r = —0.296, P = 0.022),
orbital frontal (r=-0.264, P=0.035), temporal (r=-—0.303,
P=0.015) and posterior cingulate (r=-0.257, P=0.040), and
positive correlations between the relative values of the CBF in the
right thalamus and the PiB SUVR in the posterior cingulate
(r=0.260, P=0.039), temporal (r=0.316, P=0.011), parietal
(r=0.301, P=0.016), and precuneus (r=0.388, P=0.002), and
between the relative values of the CBF in the left precentral and
the PiB SUVR in the temporal (r=0.278, P =0.025).

DISCUSSION

This study revealed prominent correlations between perfusion
measured with ASL, including both the specific perfusion network
and characterized regional CBF, and glucose metabolism mea-
sured with FDG PET and A(3 deposition measured with PiB PET in
various brain areas. These results further demonstrated the
coupling of CBF and cerebral metabolism, and the ability of the
ADRP to reflect the progression of disease and neurodegeneration
because of its strong correlation with all characteristic regions of
hypometabolism on FDG PET in AD patients. Moreover, although
the causal relationship between changes in CBF and AP
deposition could still not be determined, their close correlation
with the development of AD was suggested according to our
findings.

Mounting evidence has shown that alterations in cerebral
perfusion occur at early stages and existed in the whole course of
the AD continuum. Cross-sectional and longitudinal studies have
consistently revealed decreased CBF in patients with AD [34-36],
and correlations between longitudinal changes in global CBF and
further cognitive decline [35], suggesting that CBF is a potential
biomarker for the identification and progression monitoring of AD.
Similar to previous findings [10, 37, 38], both relatively decreased
CBF, mainly in the temporoparietal cortex and posterior cingulate
and precuneus, and increased CBF in the primary cortex (e.g., pre-
and postcentral), thalamus and cerebellum were found in AD
patients after adjusting for global values in this study.

The ADRP is a characteristic perfusion pattern of AD established
using a multivariate analysis method based on SSM/PCA in our
previous study, which included an identification cohort and a
validation cohort [13]. Moreover, extensive correlations between
subject expression score of the ADRP and cognitive function in
various domains were found. In the present study, we verified the
prominent increase in ADRP expression in AD patients compared
with that in CU controls and further demonstrated a significant
negative correlation between ADRP expression and FDG SUVR in
all ROIs, and a positive correlation between ADRP expression and
PiB SUVR in temporal after controlling for age, sex and education
levels, suggesting the potential value of ADRP not only for
screening and diagnosis but also for monitoring AR deposition
and neurodegeneration in AD patients.

CBF is critical for brain function because it ensures adequate
delivery of glucose, oxygen and nutrients to the brain as well as
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the removal of carbon dioxide and cellular waste. In present study,
we analyzed the correlations between global CBF, relative values
in regions with hypoperfusion or hyperperfusion according to
group comparison in SPM analysis and FDG SUVR of ROIs in
patients with AD. We found that global CBF and the relative values
of almost all regions with relatively decreased CBF in AD patients
were positively correlated with the FDG SUVR of some ROls,
supporting a general correlation between CBF and glucose
metabolism [39, 40].

In contrast, negative correlations were found between the
relative values in regions with relatively increased CBF in AD, such
as the thalamus and pre- and postcentral regions and the FDG
SUVR of some ROIs. CBF measured with ASL was previously shown
to be negatively correlated with cerebral metabolism measured
with FDG PET in subcortical regions of autosomal dominant AD
patients, including the amygdala, hippocampus and insula [41].
Another study revealed that although there was an overall good
correlation between CBF and metabolism, there was considerable
regional variability in healthy adults [42]. The regional discrepan-
cies between CBF and metabolism could be attributed to
neurovascular decoupling during the development of AD. More-
over, we used relative values to represent regional perfusion in
this study, which normalized global CBF changes in each
individual. Therefore, an increased relative value indicated relative
preservation under the condition of a general decline in CBF in the
whole brain. The negative correlations also suggest neurovascular
coupling for the whole brain beyond regions with preserved CBF
in AD patients.

Although it has been recognized that CBF change is an early
and persistent pathophysiological process in AD, findings on its
correlation with AP deposition are still inconclusive. We found that
the relative CBF, particularly in the left inferior parietal region,
which is one of the characteristic hypoperfusion regions in AD
patients, was negatively correlated with the AP load in the
prefrontal, orbital frontal, temporal and posterior cingulate regions
in this study. An early study revealed that the brain A load on PET
was significantly associated with the regional CBF measured with
ASL at early stages of AB pathology in the absence of clinical
dementia [21]. Moreover, an association between high amyloid
deposition and regional hypoperfusion was found in AD-relevant
anatomical ROIs, such as the temporal, frontal and parietal lobes,
hippocampus, and insula, in autosomal dominant Alzheimer’s
disease patients [41]. Taken together, our results validated
previous findings of the correlation between CBF changes and
AP pathology, although whether hypoperfusion contributes to an
increase in AR production and a decrease in AR clearance or
whether AR toxicity leads to vascular dysfunction could not be
determined in the present study. Experimental studies revealed
that AP deposition could reduce CBF, induce neurovascular
dysfunction, and increase the susceptibility of the brain to
ischaemia, suggesting that AD pathology could promote vascular
pathology [43]. On the other hand, cerebrovascular system
dysfunction can stimulate AP generation and impair its clearance,
leading to pathological accumulation of AB in the brain [44, 45].
Accordingly, current evidence supports a bidirectional synergistic
interaction between AP deposition and CBF changes rather than a
unidirectional causal relationship. Future studies employing long-
itudinal multimodal imaging combined with molecular biomar-
kers, particularly including individuals in the early biological stages
of AD, are essential to elucidate the spatiotemporal dynamics of
this interaction.

Similar to the FDG results, the opposite correlation was also
observed for relative values in the regions with relatively increased
CBF in AD patients and AP deposition. Positive correlations
between CBF and AP load have been found in persons with AD or
unimpaired cognition, specifically in the hippocampus, caudate,
insula, posterior cingulate, and precuneus regions [21, 46]. Apart
from using relative CBF values in this study, another possible
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explanation for this positive correlation is that hyperperfusion
might reflect a mechanism compensating for AR neurotoxicity
[22, 47, 48].

There were several limitations in the current study. First, this study
included a relatively small sample size and included only symptomatic
AD patients whose A tracer uptake values almost plateaued, making
the PiB SUVR within a small range across all patients. Secondly, since
all the results were obtained via cross-sectional analysis, the causal
relationships between perfusion changes and metabolism, Af
pathology could not be clarified. The current findings need to be
replicated in a larger cohort with long-term follow-up including
individuals at different pathological stages, e.g, from no AD core
pathology to mild to severe A deposition. Moreover, although
demographics, such as age, sex and educational level, were controlled
for during correlation analysis, we admit that variation in CBF changes
might still be partly attributed to age and sex. In addition, other
factors that might influence perfusion, metabolism or A3 deposition,
such as APOE genotype and cerebrovascular risk factors and lesions,
were not considered. Finally, for FDG and PiB ROIs, we focused on
only some large lobes, not more delicate brain areas, and we did not
analyze their correlations with CBF in the same region.

In conclusion, this study revealed positive correlations between
hypoperfusion in specific regions and hypometabolism, Af
deposition in several brain lobes in AD patients, suggesting the
coupling of CBF and neuronal and synaptic activity, and the
relationship between vascular and AD core pathology. Further-
more, ADRP, a perfusion pattern established by spatial covariance
analysis, is a promising marker for the diagnosis, monitoring and
evaluation of AD.
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