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ARTICLE INFO ABSTRACT

Keywords: Background: Changes in cerebral blood flow (CBF) may contribute to the initial stages of the pathophysiological
Mild cognitive impairment process in patients with Alzheimer’s disease (AD). Hypoperfusion has been observed in several brain regions in
Alzheimer’s disease patients with mild cognitive impairment (MCI). However, the clinical significance of CBF changes in the early
Ceretfral bl,OOd ﬂofN stages of AD is currently unclear.
Arterial spin labeling S . . . . i . . ies .
Ad-related perfusion pattern Objectives: The alrln of this study w‘as to 1n\fest1gz.1te the ?haracterlstlcs, dlz?gnostlc Value. and .cogmtlve c.orrelétlon
of cerebral perfusion measured with arterial spin labeling (ASL) magnetic resonance imaging (MRI) in patients
with MCI due to AD.
Design, setting and participants: A total of fifty-nine MCI patients and 49 cognitively unimpaired controls (CUCs)
were recruited and underwent multimodal MRI scans, including pseudocontinuous ASL, and neurocognitive test-
ing. MCI patients were dichotomously classified according to the presence of amyloid deposition on ! C-labelled
Pittsburgh compound B (PiB) positron emission tomography (PET).
Measurements: The differences in CBF and expression of the AD-related perfusion pattern (ADRP), established by
spatial covariance analysis in our previous study, were compared between the PiB+ MCI group and the CUC group
and between the PiB+ and PiB- MCI groups. The diagnostic accuracy and correlations with cognitive function
scores for CBF and ADRP expression were further analyzed.
Results: Hypoperfusion in the precuneus and posterior cingulate cortex (PCC) was more characteristic of patients
with MCI due to AD than of those with non-AD-related MCI. The relative regional CBF value of the left precuneus
best distinguished patients with MCI due to AD from CUCs and patients with MCI due to non-AD conditions.
Cerebral perfusion, as indicated by either the relative regional CBF or the expression score of the ADRP, was
strongly correlated with certain cognitive function scores.
Conclusions: Here, we show that changes in CBF in the precuneus/PCC are promising MRI biomarkers for the
identification of an AD etiology in patients with MCI. ASL, a noninvasive and cost-effective tool, has broad
application prospects in the screening and early diagnosis of AD.
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1. Introduction

As the population of elderly individuals continues to grow, dementia,
especially Alzheimer’s disease (AD), will impose greater mental, psycho-
logical and socioeconomic burdens on global public health [1]. The neu-
ropathological hallmarks of AD include extracellular amyloid plaques
and intracellular neurofibrillary tangles principally composed of hyper-
phosphorylated tau, which can be detected early or reflected by positron
emission tomography (PET) and cerebrospinal fluid (CSF) as disease
biomarkers according to recent diagnostic criteria [2,3]. However, the
high cost and associated radiation exposure of PET and the invasiveness
of lumbar puncture for CSF collection impede the clinical application of
these two techniques. An alternative biomarker for screening and eval-
uating the early stages of AD that could be easily and safely obtained is
still desirable, particularly in the era of disease-modifying therapy.

In addition to amyloid-# (Ap) and tau, other pathophysiological pro-
cesses undoubtedly participate in the onset and progression of AD. Re-
cent studies have reported a strong correlation between vascular dys-
function and the pathogenesis of AD [4]. Vascular abnormalities can
be observed in the AD brain during the early pathological stages that
progressively worsen throughout the course of the disease [5]. Relat-
edly, a hypothetical model of AD biomarkers suggests that vascular dys-
function, such as changes in the cerebral blood flow (CBF) and blood-
brain barrier, may contribute to the initial stages of the pathophysio-
logical process in patients with AD, even before the emergence of Ap
and tau pathologies [6]. Therefore, methods for assessing CBF would be
a promising tool for early diagnosis and disease monitoring in patients
diagnosed with the spectrum of AD [7].

Arterial spin labeling (ASL) is a magnetic resonance imaging (MRI)
technique that measures tissue perfusion according to the CBF and can
be used to reflect neurodegenerative processes and neuronal activities
[8-11]. Compared with other perfusion measurements, such as single
photon emission computed tomography (SPECT) and PET, ASL has many
advantages, such as greater safety, noninvasiveness, a lack of radiation
exposure (as arterial blood water is used as an endogenous tracer), good
reproducibility, and ease of operability [8,12]. We previously demon-
strated global and regional CBF changes as measured with ASL in pa-
tients with mild to moderate AD and further established an AD-related
perfusion pattern (ADRP) via multivariate spatial covariance analysis of
a scaled subprofile model (SSM) based on principal component analysis
(PCA). The ADRP features negative loading in the bilateral middle and
posterior cingulate and precuneus, inferior parietal lobule, and frontal
areas and positive loading in the cerebellum and deep gray matter (GM),
and in an assessment of AD patients, it showed good diagnostic perfor-
mance and strong correlations with cognitive function [13]. However,
the expression of ADRP in the early stages of AD is unknown.

The pathophysiological changes in AD occur approximately 20 years
before symptoms develop. Mild cognitive impairment (MCI), as the pro-
dromal and earliest stage of AD according to clinical observations, de-
serves particular attention [14]. CBF changes are related to cognitive
function and have predictive value for disease progression in MCI pa-
tients [15-17]. Hypoperfusion has been observed in several brain re-
gions in various studies, including the frontal, temporal, parietal, and
occipital lobes, posterior cingulate cortex (PCC), precuneus, and hip-
pocampus, in MCI patients [18-23], while hyperperfusion has also been
reported in a few brain areas, such as the hippocampus, amygdala, and
deep GM [20]. However, many of these studies were obtained from MCI
patients diagnosed clinically but with an unclear amyloid status. There-
fore, the perfusion changes in patients with MCI due to AD should be
further clarified, and their diagnostic value and suitability as biomarkers
in the early stages of AD continuum should be determined.

In this study, we assessed changes in both the CBF value and perfu-
sion pattern expression in patients with MCI due to AD (supported by
amyloid PET) with respect to cognitively unimpaired controls (CUCs)
and assessed their diagnostic value. Moreover, the differential value of
perfusion outcomes was investigated between patients with MCI due to
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AD and those with non-AD-related MCI. Furthermore, the correlations
between cognitive function with various domains and cerebral perfusion
were analyzed for patients with MCI due to AD or those with MCI.

2. Methods
2.1. Participants

This study was approved by the Ethics Committee of Tianjin Medical
University General Hospital. Fifty-nine patients with MCI and 49 age-
and sex-matched CUCs were consecutively recruited from the memory
clinic of the hospital. Written informed consent was obtained from all
participants or their legally designated representatives prior to inclu-
sion. All participants were aged 50-85 years and underwent a standard
clinical evaluation, including demographic and medical history, physi-
cal and neurological examinations, comprehensive neuropsychological
assessments, laboratory tests, and brain MRI. No participant was found
to have moderate or severe stenosis in the large vessels according to cra-
nial magnetic resonance angiography (MRA), carotid duplex ultrasound,
or transcranial Doppler (TCD).

Patients with MCI were those who met the criteria for mild neu-
rocognitive disorder according to the fifth edition of the Diagnostic and
Statistical Manual of Mental Disorders (DSM-5) [24] and the recom-
mendations of Petersen’s criteria for the amnestic type of MCI [25],
including (1) subjective memory complaints, corroborated by an wit-
ness; (2) objective memory impairment indicated by 1.0 or more stan-
dard deviations (SDs) below the age- and education-corrected norm for
delayed recall on the Logical Memory subtest of the Wechsler Mem-
ory Scale-Chinese, Revised [26]; and (3) preserved general cognitive
function and activities of daily living (ADL) and a lack of dementia,
with a Mini-Mental State Examination (MMSE) score>24 and a Clini-
cal Dementia Rating (CDR) score=0.5. Patients whose cognitive impair-
ment was induced by specific causes, such as frontotemporal dementia
(FTD), dementia with Lewy bodies (DLB), hydrocephalus, cerebrovascu-
lar diseases, multiple sclerosis, alcohol or drug abuse, severe depression,
thyroid dysfunction, vitamin B12 deficiency, human immunodeficiency
virus infection, or neurosyphilis, were excluded.

The inclusion criteria for CUCs included the following: (1) no subjec-
tive cognitive decline complaints and normal performance in each cog-
nitive domain of objective neuropsychological tests, as mentioned in the
section of neuropsychological assessments below; (2) a CDR score=0,
MMSE score > 26, 17 item-Hamilton Depression Scale (HAMD) score <
17; and (3) no clinically significant brain atrophy (medial temporal lobe
atrophy score=0-1 for subjects < 75 years old or 0-2 for subjects >75
years old) or cerebrovascular lesions (Fazekas score < 2) [27] on brain
MRI. Individuals with a definite family history of familial AD or other
types of dementia, a history of neurological or mental disorders, such as
cerebrovascular diseases, epilepsy, alcohol or drug abuse, or depression,
were excluded.

2.2. Neuropsychological assessment

All participants received a comprehensive neuropsychological as-
sessment, as described in our previous publications [13,28], includ-
ing the Rey Auditory Verbal Learning Test (AVLT), the Brief Visuospa-
tial Memory Test Revised (BVMT-R), the Symbol Digit Modalities Test
(SDMT), the Trail Making Test-A (TMT-A) and TMT-B, the Stroop Color-
Word Test (SCWT), the Verbal Fluency Test (VFT), the Controlled Oral
Word Association Test (COWAT), the Boston Naming Test (BNT), and
the Benton Judgment of Line Orientation (JLO). Raw scores were con-
verted to z scores using the means and SDs of the scores of all the CUCs
included in this study. The z scores of the TMT-A and the TMT-B were
multiplied by —1 to be consistent with the scores of the other tests,
in which higher scores indicate better performance. The scores for five
main cognitive domains were calculated: (1) memory (total)=average of
the scores for the total learning, delayed recall and recognition domains
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on the AVLT and the BVMT-R; and memory (recall)=average of the de-
layed recall score of the AVLT and the BVMT-R; (2) attention and infor-
mation processing speed=average of the scores of the SDMT, the TMT-A,
and word reading and color naming domains of the SCWT (SCWT-W and
-0); (3) executive function=average scores of the TMT-B and color-word
condition domain of the SCWT (SCWT-CW); (4) language=average of
the scores of the VFT, the COWAT and the BNT; and (5) visuospatial
function=the JLO score.

2.3. PET imaging and interpretation

All MCI patients underwent ! C-labeled Pittsburg compound B (PiB)
PET imaging at the PET/CT center of Tianjin Medical University Gen-
eral Hospital on a Discovery PET/CT 710 scanner (GE Healthcare) in
three-dimensional scanning mode. A bolus of PiB was injected into the
antecubital vein at a mean dose of 370-555 MBq. Images were acquired
during a 90-min dynamic PET scan (34 frames: 4x 15s,8x305s,9%x60ss,
2x%x180s, 8x300s, 3x600s). Four cortical areas on each side, includ-
ing the frontal lobe, lateral temporal lobe, lateral parietal lobe, pre-
cuneus/posterior cingulate gyrus, and occipital lobe, were evaluated
for PiB uptake. The image was considered as amyloid PET positive
when one target region with increased cortical PiB uptake was observed.
This visual rating procedure was conducted by two experienced nuclear
medicine physicians for a consensus, and has been validated to be con-
sistent with the quantitative analysis described in our previous studies
[29,30]. Patients were then dichotomously classified into a PiB-positive
(+) group and a PiB-negative (-) group.

2.4. MRI acquisition

The imaging acquisition was performed for all participants on a
3.0-Tesla MRI scanner (Discovery MR750, General Electric, Milwaukee,
WI, USA) with a 64-channel phased array head coil. The coronal T1-
weighted 3D brain volume sequence was first acquired to serve as a tem-
plate for coregistration with ASL imaging data with the following param-
eters: echo time/repetition time (TE/TR): 3.2 ms/8.2 ms; flip angle (FA):
12°; field of view (FOV): 256x256x188 mm?3; matrix size: 256x256;
NEX=1; slice thickness: 1.0 mm; and number of slices: 188. The 3D pseu-
docontinuous ASL (PCASL) series was prepared to measure whole-brain
perfusion via 3D fast spin—echo acquisition and background suppression
with the following parameters: TE/TR: 11.1 ms/5046 ms; labeling dura-
tion: 1450 ms; postlabeling delay (PLD): 2025 ms; FA: 111°; matrix size:
128x128; FOV: 240x240x150 mm?; arms==8; acquisition points=512;
slice thickness: 3 mm; and number of slices: 50. A proton density image
was also acquired at the same time to quantify the CBF from the ASL
series. During the resting-state ASL scan, the participants had their ears
plugged and were instructed to keep their eyes closed, not to think of
anything in particular, and not to fall asleep.

2.5. MRI data preprocessing

Statistical parametric mapping (SPM12, Institute of Neurology, Lon-
don, UK) running in MATLAB (Version R2018b; MathWorks, Natick,
MA, USA) on a Windows computer was used to preprocess all the images
of the participants. All the images were manually checked by a trained
investigator to assess image quality and ensure successful coregistra-
tion. The DICOM-format images were converted to NIFTI format with
MRIcron. Image preprocessing was conducted as follows: (1) CBF im-
ages were registered to the structural MR images (linear deformation,
4th-degree B-spline); (2) the structural images were normalized to the
standard Montreal Neurological Institute (MNI) brain template and seg-
mented into GM, white matter (WM), and CSF probability maps; (3) the
CBF images were normalized using the parameters determined from the
structural images and multiplied by a binary brain tissue mask consist-
ing of only GM and WM; (4) normalized CBF maps were then smoothed
by using a with a 10-mm full-width at half-maximum (FWHM) Gaussian
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kernel. All the processed images of the CBF and tissue maps had matrix
dimensions of 121x145x121 and a voxel size of 1.5 x 1.5 x 1.5 mm? in
the MNI space.

2.6. Brain mapping analysis with SPM

Univariate analysis was performed with SPM12 software. CBF dif-
ferences between the PiB+ MCI and CUC groups and between the PiB+
and PiB- MCI groups were assessed with the two-sample t-test model,
with age and sex used as covariates. With a voxel-level peak threshold
of P < 0.001 over whole brain regions, we selected all clusters of voxels
without/with adjustment for global values with analysis of covariance
(ANCOVA). The coordinates of the resulting topography were reported
in the standard MNI anatomical space. The anatomical locations and cor-
responding Brodmann areas (BAs) were obtained via MRIcron software.
The nearest GM locations were reported for all these regions. Areas of
altered (decreased or increased) perfusion were overlaid on a standard
T1-weighted MRI brain template in stereotaxic space with MRIcro soft-
ware.

To quantify CBF changes in specific cortical regions, we used a 4-mm
radius spherical volume of interest (VOI) centered at the peak voxels of
clusters that were significantly different in the SPM analyses between
the PiB+ MCI group and the CUC group and between the PiB+ MCI
group and the PiB- MCI group. We then obtained the relative CBF values
by calculating the ratio of the specific regional CBF values to the global
CBF values in all participants with SPM12.

2.7. Subject expression of the ADRP

The ADRP was established in our previous study [13]. In this study, a
subject expression score was obtained for each CBF image on a prospec-
tive single-case basis via a voxel-based algorithm in the SSM/PCA tool-
box (available at http://www.feinsteinneuroscience.org) [31]. The cor-
responding subject expression scores reflect the degree to which each
subject expresses this pattern.

2.8. Statistical analysis

The statistical analysis of the vector data was performed with SPSS
26.0 (SPSS, Inc., Chicago, IL, USA), unless specified otherwise, by one
investigator who was unaware of the clinical groups and related infor-
mation. All the tests were two-tailed, and values of P < 0.05 were con-
sidered to indicate statistical significance. The demographic and clinical
data of all participants were analyzed with the Pearson chi-square test
for categorical variables or two-sample t-tests (between the MCI group
and the CUC group) and one-way analysis of variance (ANOVA) fol-
lowed by the Bonferroni correction for post hoc pairwise comparisons
(between the PiB+ MCI group, the PiB- MCI group, and the CUC group)
for continuous variables. The differences in global CBF values, relative
regional CBF values, and subject ADRP expression scores were compared
between the PiB+ MCI group and the CUC group and between the PiB+
MCI group and the PiB- MCI group separately with two-sample t-tests.
Receiver operating characteristic (ROC) curve analysis was then per-
formed to assess the performance of the CBF values and subject ADRP
expression as predictors of disease status with GraphPad Prism version
8.3 for Windows (GraphPad Software, San Diego, CA, USA). Pearson
correlation analysis was performed to assess the correlations between
global CBF values, relative regional CBF values, and subject ADRP ex-
pression scores and cognitive function scores in each domain in both
patients with MCI due to AD and all MCI patients, followed by the Bon-
ferroni correction for multiple comparisons.

3. Results
3.1. Demographic and clinical profiles of the study population

The demographic and clinical characteristics of the participants are
summarized in Table 1. No significant differences in age, education,
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Table 1
Demographics and cognitive performance of all participants.
PiB+ MCI PiB- MCI CucC
N=41 N=18 N=49 F/x2 P
Age, years 69.39 (5.87) 67.50 (5.27) 67.45 (5.51) F=1.50 0.23
Sex, F/M 32/9 15/3 29/20 ¥2=5.62 0.06
Education, years 12.34 (3.11) 11.83 (2.94) 11.82(3.53) F=0.32 0.73
Handedness, L/R 1/40 2/16 1/48 x2=2.49 0.29
Hypertension 11/30 9/9 21/28 x2=3.83 0.15
Hyperlipidemia 7/34 5/13 9/40 22=0.92 0.63
Obesity 1/40 1/17 5/44 x2=2.42 0.30
Smoking 2/39 0/18 2/47 x2=1.52 0.47
MMSE?-? 25.20 (1.52) 25.94 (1.39) 27.71 (1.63) F=30.56 <0.01
Memory (total)®>>¢ —2.27 (1.05) —-0.90 (1.33) 0.00 (0.68) F=62.89 <0.01
Memory (recall)®-¢ -2.43(1.17) -1.07 (1.42) 0.00 (0.68) F=62.35 <0.01
Processing speed?:© -1.14 (1.02) —-0.24 (0.75) 0.00 (0.74) F=20.43 <0.01
Executive function®:© —-1.46 (1.20) —-0.19 (1.06) 0.00 (0.82) F=24.56 <0.01
Language?® —0.26 (1.80) —-0.47 (0.73) 0.00 (0.58) F=12.08 <0.01
Visuospatial function® —-0.82 (1.63) —-0.24 (1.60) 0.00 (1.00) F=4.02 0.02

The data are presented as the means (SDs) unless otherwise specified. Z scores for different cognitive domains were calculated from the
raw scores of neuropsychological assessments according to the mean and SDs of the scores of all CUCs.
PiB, 11C-Pittsburgh compound B; MCI, mild cognitive impairment; CUC, cognitively unimpaired control; MMSE, Mini-Mental State Ex-

amination.
a Comparison between PiB+ and CUC, P < 0.05.
b Comparison between PiB- and CUC, P < 0.05.
¢ Comparison between PiB+ and PiB-, P < 0.05.

handedness, and vascular risk factors, including hypertension, hyper-
lipidemia, obesity and smoking, were observed between the PiB+ MCI
group, the PiB- MCI group, and the CUC group (Table 1) or between the
MCI group and the CUC group (Supplementary Table 1). Although MCI
patients included a higher proportion of females compared with CUCs
(Supplementary Table 1), no significant difference in the sex distribution
was observed between the PiB+ MCI group, the PiB- MCI group, and the
CUC group (Table 1). Both the PiB+ MCI and PiB- MCI groups had lower
scores on the MMSE and memory domain subtest than the CUC group
did (P < 0.05). Compared with the CUC group, the PiB+ MCI group also
presented with lower scores in the processing speed, executive function,
language and visuospatial function domains (P < 0.05). Although there
was no significant difference in the MMSE score between the two MCI
groups, the PiB+ MCI group presented with lower scores in the mem-
ory, processing speed and executive function domains than the PiB- MCI
group did (P < 0.05).

3.2. Voxel-based CBF changes from univariate analysis

Before adjusting for the global value, relative to the CUC group,
the PiB+ MCI group presented with decreased absolute CBF in the left
fusiform gyrus, left inferior parietal lobule, left middle cingulate cortex
(MCQ), and right angular gyrus, but no areas presented with increased
CBF (Supplementary Table 2, Supplementary Fig. 1).

After ANCOVA adjustment for the global value, the PiB+ MCI group
demonstrated both decreased and increased CBF in different regions
with respect to the CUC group (Table 2, Fig. 1). Specifically, regions
with relative hypoperfusion included the left middle frontal gyrus, bi-
lateral angular gyrus, left fusiform gyrus, left MCC, PCC and bilateral
precuneus, whereas regions with relative hyperperfusion included the
right precentral gyrus, right postcentral gyrus, right middle temporal
pole, right Rolandic operculum, right rectus, right putamen, and right
caudate.

Without adjusting for the global value, the PiB+ group showed nei-
ther decreased nor increased CBF in any brain area relative to the PiB-
group. After ANCOVA adjustment for the global value, the PiB+ MCI
group demonstrated both increases and decreased in CBF in different
regions with respect to the PiB- MCI group (Table 3, Fig. 2). Specifically,
compared with the PiB- MCI group, the PiB+ MCI group presented de-
creased CBF in the right cingulate gyrus, bilateral precuneus and right

cuneus and increased CBF in the right Rolandic operculum and right
superior temporal pole.

3.3. Discriminative value of global CBF, regional CBF, and ADRP
expression for MCI

Between the PiB+ MCI group and the CUC group, there was no
significant difference in the global value measured from the CBF map
(36.94+5.74 vs. 37.71+5.15 ml/100 g/min, t=—0.673, P=0.503); sam-
ple plots of the relative CBF values for the major regions are shown
in Fig. 3A-O. The ADRP expression score was significantly greater in
PiB+ MCI patients than in CUCs (0.70+1.37 vs. 0.00+1.00, t=2.800,
P=0.006; Fig. 3P). In terms of relative regional CBF values, those of
the left precuneus demonstrated the highest area under the ROC curve
(AUC=0.80, 95 % confidence interval 0.71-0.89) in distinguishing PiB+
MCI patients from CUCs, with a sensitivity of 61.22% and a specificity
of 87.80 %, followed by the relative CBF values of the left MCC, left infe-
rior parietal gyrus, right putamen, and right Rolandic operculum, all of
which yielded AUCs > 0.75 (Supplementary Fig. 2). The subject expres-
sion score of the ADRP had an AUC of 0.67 (95 % confidence interval
0.55-0.78), with a sensitivity of 46.30 % and a specificity of 83.70 %, in
differentiating PiB+ MCI patients from CUCs.

Between the PiB+ MCI group and the PiB- MCI group, there was
no significant difference in the global CBF value (36.94+5.74 vs.
37.48+7.41 ml/100 g/min, t=—0.304, P=0.762). Compared with the
PiB- MCI group, the PiB+ MCI group demonstrated lower relative CBF
values in the left precuneus and greater relative CBF values in the right
Rolandic operculum and right superior temporal pole (Fig. 4A-C). The
ADRP expression scores (0.70+1.37 vs. 0.12+1.43, t=1.478, P=0.145)
did not differ significantly between the PiB+ MCI group and the PiB-
MCI group. ROC curve analyses of these values for distinguishing MCI
patients with PiB+ from those with PiB- (Fig. 4D-F) revealed that the rel-
ative regional CBF value of the left precuneus had the maximum AUC
of 0.85 (95 % confidence interval 0.75-0.95), as well as a sensitivity of
72.20 % and a specificity of 82.93 %.

3.4. Cognitive correlations of perfusion in PiB+ MCI patients and all MCI
patients

The correlations between the cognitive function scores in various
domains and global and regional (relative values of regions showing
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Table 2
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Regions showing CBF changes in patients with MCI due to AD compared with CUCs (ANCOVA normalization).

Structure BA X Y VA T Cluster size (ml)
Decreased CBF
Left precuneus * 7 0 -60 41 5.48 14.48
Left middle cingulate cortex ? 23 -2 —-45 35 5.46 b
Right precuneus 7 5 —-42 8 3.30 b
Left inferior parietal lobule # 40 —44 —48 50 5.38 6.22
Left angular gyrus 39 -36 -63 45 3.57 b
Right angular gyrus 39 42 -57 41 4.41 3.69
Left fusiform 37 -26 -9 -36 4.28 2.56
Left middle frontal gyrus 9 -26 24 57 3.91 1.03
Increased CBF
Right putamen ° 48 32 -2 -5 5.41 20.60
Right postcentral * 43 60 -11 24 5.39 b
Right Rolandic operculum ? 6 56 6 15 4.69 b
Right caudate - 21 20 8 3.98 b
Right rectus 11 15 20 -14 3.56 b
Right precentral 4 42 -17 53 3.57 b
Right middle temporal pole 21 51 8 -20 3.98 1.39

Significant clusters were defined as those for which the uncorrected P < 0.001.

2 Regions that survived the FWE correction at P < 0.05.

b Regions belong to the same cluster for which the volume is provided above.

CBF, cerebral blood flow; MCI, mild cognitive impairment; AD, Alzheimer’s disease; CUC, cognitively unimpaired
control; ANCOVA, analysis of covariance; BA, Brodmann area; FWE, family wise error.

Table 3

Regions showing CBF changes in patients with MCI due to AD compared with patients with MCI due to non-AD

conditions (ANCOVA normalization).

Structure BA X Y VA T Cluster size (ml)
Decreased CBF
Left precuneus® 7 -5 -65 38 5.33 3.75
Increased CBF
Right Rolandic operculum 6 56 8 17 4.66 1.76
Right superior temporal pole 38 57 8 -9 3.48 0.13

Significant clusters were defined as those for which the uncorrected P < 0.001.

2 Regions that survived FWE correction at P < 0.05.
CBF, cerebral blood flow; MCI, mild cognitive impairment; AD, Alzheimer’s disease; ANCOVA, analysis of covari-
ance; BA, Brodmann area; FWE, family wise error.

MCC, PCC and precuneus

Precentral and
postcentral gyrus

Angular gyrus

Inferior parietal lobule and angular gyrus
7=41

Middle frontal gyrus
™~

Rolandic operculum

Middle temporal pole

Putamen
Y=6

Fusiform
X=-26

Fig. 1. Regional changes in relative CBF af-
ter ANCOVA normalization of the global value
in patients with MCI due to AD compared to
CUGs. Cooler colors indicate regions with de-
creased relative CBF, and warmer colors in-
dicate regions with increased relative CBF in
patients with MCI due to AD with respect
to CUCs. A threshold of 3.19 (P < 0.001,
uncorrected) was used to overlay the SPM
maps onto a standard MRI brain template.
CBF, cerebral blood flow; ANCOVA, analy-
sis of covariance; MCI, mild cognitive im-
pairment; AD, Alzheimer’s disease; CUC, cog-
nitively unimpaired control; SPM, statistical
parametric mapping; MRI, magnetic resonance
imaging; MCC, middle cingulate cortex; PCC,
posterior cingulate cortex.
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Cingulate cortex

Precuneus
Cuneus

7=38
Rolandic operculum

differences in the specific group comparisons) CBF and ADRP expres-
sion scores in both patients with MCI due to AD and all MCI patients
were analyzed. In PiB+ MCI patients, the relative CBF value of the left
precuneus was positively correlated with executive function, and the
left inferior parietal lobule and bilateral angular gyrus relative CBF val-
ues were positively correlated with processing speed after Bonferroni
correction (Fig. 5A-D). There was a negative correlation between the
subject ADRP expression score and processing speed (Fig. 5E), but no
significant associations were observed between the global CBF and any
cognitive function score.

In all MCI participants, the relative CBF values of the left precuneus,
left inferior parietal lobule, and left angular gyrus were positively corre-
lated with processing speed and executive function scores; the left MCC
was positively correlated with the memory score; the right angular gyrus
was positively correlated with memory, processing speed and executive
function scores; the right postcentral gyrus was negatively correlated
with the processing speed score; the Rolandic operculum was negatively
correlated with processing speed and executive function scores; and the
right caudate was negatively correlated with executive function score
(Supplementary Fig. 3A-N). There was a negative correlation between
the subject ADRP expression score and processing speed and executive
function scores (Supplementary Fig. 30-P), but no significant associa-
tions were observed between the global CBF and any cognitive function
score.

4. Discussion

In this study, regional CBF changes were identified in patients with
MCI due to AD and compared with those in MCI patients without amy-
loid deposition on PET. The relative CBF value of the left precuneus per-
formed best in both distinguishing patients with MCI due to AD from
CUGCs or in differentiating patients with MCI due to AD from patients
with MCI due to non-AD conditions. Cerebral perfusion, as indicated by
either regional CBF or the ADRP expression score, was correlated with
a variety of cognitive function scores.

Superior temporal pole
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Fig. 2. Regional changes in relative CBF after
ANCOVA normalization of the global value in
patients with MCI due to AD compared with
patients with MCI due to non-AD conditions.
Cooler colors indicate regions with decreased
relative CBF, and warmer colors indicate re-
gions with increased relative CBF in patients
with MCI due to AD with respect to patients
with MCI due to non-AD conditions. A thresh-
old of 3.25 (P < 0.001, uncorrected) was used
to overlay the SPM maps onto a standard MRI
brain template. CBF, cerebral blood flow; AN-
COVA, analysis of covariance; MCI, mild cogni-
tive impairment; AD, Alzheimer’s disease; SPM,
statistical parametric mapping; MRI, magnetic
resonance imaging.

We found that patients with MCI due to AD had brain regions demon-
strating hypoperfusion, including the inferior parietal lobe, precuneus,
MCC and PCC. Previous findings have been inconsistent to a certain
degree [18-22]. Several factors may have influenced these discrepan-
cies across studies, such as the sample size, diagnostic criteria, phe-
notype, and the imaging modalities and therapeutic interventions em-
ployed [32,33], in particular the heterogeneous etiology, as CBF changes
could be derived from vascular dementia, stroke or other non-amyloid
neurodegenerative disorders. Unlike most previous studies that included
MCI patients of all possible causes, the present study specifically fo-
cused on MCI patients with an AD pathology, e.g., amyloid deposition
on PET, who we referred to as patients with MCI due to AD. In partic-
ular, the precuneus and PCC, which constitute central components of
the default mode network (DMN), predominantly showed hypoperfu-
sion in patients with MCI due to AD compared with patients with MCI
due to non-AD conditions in this study. The precuneus and PCC are one
of the most interconnected hub regions in the human brain and fosters
efficient communication with the medial temporal lobe (MTL) network
(e.g., hippocampus), strongly contributing to memory processes and ex-
ecutive function that are usually impaired in early stages of AD [34].
Therefore, the PCC and adjacent medial precuneus exhibited a high de-
pendence on aerobic glycolysis and CBF [35] during both resting and
cognitive task-related states, making these areas prone to ischemia and
vulnerable to early AD pathology [36].

The relatively decreased CBF in MCI patients might reflect vascu-
lar dysfunction and neuronal degeneration in the early stages of AD
[37,38]. A reduction in CBF might be an early event in AD, stemming
from the constriction of capillaries by contractile pericytes, which are
likely evoked by oligomeric A [39]. A data-driven analysis of images
and fluid biomarkers indicated that CBF changes assessed with ASL MRI
occurred even before Ap and tau changes emerged in cognitively unim-
paired and impaired individuals [40]; this finding was also supported by
studies of transgenic mice that found that capillary dysfunction preceded
Ap deposition and memory impairment in the APP/PS1 mice of differ-
ent ages [41]. In addition, several epidemiological studies observed that
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Fig. 3. Differences in the relative CBF values for fifteen sample regions and the subject expression scores of the ADRP between the PiB+ MCI group and the CUC
group. (A-O) Comparisons of relative CBF values in the left precuneus (0, —60, 41), left middle cingulate cortex (-2, —45, 35), right precuneus (5, —42, 8), left
inferior parietal lobule (—44, —48, 50), left angular gyrus (—36, —63, 45), right angular gyrus (42, —57, 41), left fusiform (-26, —9, —36), left middle frontal gyrus
(—26, 24, 57), right putamen (32, —2, —5), right postcentral gyrus (60, —11, 24), right Rolandic operculum (56, 6, 15), right caudate (21, 20, 8), right rectus (15, 20,
—14), and right precentral gyrus (42, —17, 53), right middle temporal pole (51, 8, —20) between patients with MCI due to AD and CUCs, obtained post hoc within a
spherical volume of interest (4 mm radius). (P) Comparison of ADRP expression between patients with MCI due to AD and CUCs. CBF, cerebral blood flow; ADRP,
AD-related perfusion pattern; PiB, ! C-Pittsburgh compound B; MCI, mild cognitive impairment; CUC, cognitively unimpaired control. **P < 0.01; ***P < 0.001.

vascular factors accelerating cerebrovascular injury, such as hyperten-
sion, diabetes mellitus, dyslipidemia, smoking, and obesity, not only di-
rectly lead to vascular cognitive impairment but also contribute to neu-
rodegenerative dementias, in particular AD [42]. Furthermore, vascular
dysfunction (e.g., hypoxia and ischemia resulting from cerebral hypop-
erfusion) could lead to increases in not only Af and tau deposition but
also neuroinflammatory responses and neuronal and glial cell apoptosis,
contributing to the development of neurodegeneration [43].

We also found that relative hyperperfusion mainly occurred in the
primary cortex and deep GM in patients with MCI due to AD after adjust-
ing for the global CBF value. Previous studies have also reported rela-
tively increased CBF in certain brain regions, including some frontal and
temporal areas [18], the hippocampus, and deep GM, e.g., the lentiform
nucleus [22], amygdala, and caudate nucleus [20], in patients clinically
diagnosed with MCI, although the details of the results are not com-

pletely consistent with ours. Similarly, in addition to global and regional
CBF reductions, regions with relatively increased CBF were observed
in patients with mild to moderate AD in our previous study, particu-
larly in the primary motor and sensory cortex, frontal supplementary
motor area, and bilateral putamen [13]. Such relatively regional hy-
perperfusion is typically explained as a compensatory mechanism for
maintaining neural activity by increasing oxygen and energy levels via
the blood supply under pathological conditions [21,44], suggesting that
some brain areas are relatively preserved in the early stages of AD.
Moreover, topographic hyperperfusion compensatory patterns may vary
across the AD continuum [18,45,46]. Increased perfusion in the frontal
lobe typically occurs during early cognitive decline [45]; in contrast,
other elements of compensatory pathways, such as the basal ganglia,
cingulate gyrus, hippocampus, and amygdala, show increased perfusion
over the course of cognitive function deterioration [18,47,48]. Inter-
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Fig. 4. Differences and ROC curves of the relative CBF values between the PiB+ MCI group and the PiB- MCI group. (A-C) Comparisons of relative CBF values in
the left precuneus (-5, —65, 38), right Rolandic operculum (56, 8, 17), and right superior temporal pole (57, 8, —9) between the PiB+ MCI group and the PiB- MCI
group, obtained post hoc within a spherical volume of interest (4 mm radius). (D-F) ROC curves of relative CBF values in discriminating between patients with MCI
due to AD and those with MCI due to non-AD conditions. ROC, receiver operating characteristic; CBF, cerebral blood flow; PiB, ! C-Pittsburgh compound B; MCI,
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estingly, some regions with relative hyperperfusion in our study (e.g.,
frontal and lateral temporal areas) have been shown to exhibit an in-
crease in translocator protein 18 kDa (TSPO) uptake on PET images,
which is used to assess the activation of microglia, in patients with de-
mentia or MCI due to AD, suggesting that neuroinflammation might be
another potential mechanism for hyperperfusion [49]. Taken together,
these findings reflect the characteristic perfusion changes, including
both a predominant CBF reduction and relative CBF increases in cer-
tain regions, that occur at the early stages of AD. The presence of both
hypoperfusion and hyperperfusion indicates a redistribution of CBF in
MCI patients [50].

Although AD is the most common cause of cognitive impairment
and dementia in elderly individuals, a substantial proportion of MCI pa-
tients do not have an AD pathology; instead, the MCI is attributable to
another pathological condition, such as various types of tauopathy, a-
synucleinopathy, cerebrovascular disease, and mental disorders or even
normal aging. In our memory clinic and other studies, only approxi-
mately 50 % of patients clinically diagnosed with MCI of uncertain eti-
ology had positive results on PET scans [51-54]. In this study, the rel-
ative CBF value of the left precuneus exhibited optimal performance in
discriminating patients with MCI due to AD from CUCs (AUC=0.80) and
from patients with MCI due to non-AD conditions (AUC=0.85). Accord-
ing to these findings, when the relative CBF value of the left precuneus
is less than 1.62, MCI is highly suspected to be caused by AD pathology
with a specificity of approximately 83 %. The diagnostic ability of cere-
bral perfusion and metabolism in the region of precuneus/PCC for AD
has been investigated in previous studies. A previous study revealed that

both glucose metabolism measured with 18F-fluorodeoxyglucose (FDG)-
PET (AUC=0.71) and the absolute (AUC=0.77) and relative (AUC=0.74)
CBF measured with ASL in the PCC showed moderate performance in
discriminating patients with clinically diagnosed MCI from older con-
trols [11]. In an early ASL study, the PCC was the only region of interest
with different CBF values between patients with clinically diagnosed AD
and those with FTD, achieving an AUC of 0.74 in discriminating the two
patient groups, whereas the CBF values of the precuneus exhibited the
highest diagnostic accuracy (AUC=0.85) in discriminating AD patients
from older controls [55]. Moreover, an AD-typical hypometabolic pat-
tern including the temporoparietal region, PCC and precuneus on FDG
PET was found to suggest amyloid pathology in patients with cognitive
impairment from our memory clinic cohort [56]. Accordingly, our find-
ings based on patients with MCI due to AD support the idea that regional
CBF changes in the precuneus extending to the PCC as measured with
ASL are a potential biomarker for identifying AD pathology and differ-
entiating these patients from those with a non-AD pathology, even at
early stages. Since ASL has been shown to be a promising alternative to
the gold standard CBF measurement of [1°0] H,O PET, it is suitable for
wider clinical use according to cost-effectiveness and accessibility com-
pared with PET scans; moreover, ASL can be obtained simultaneously
with only 5 min of extra scan time when conducting structural MRI,
which has become a routine examination for AD in real-world practice.

To our knowledge, this is the first study to validate the utility of the
ADRP expression established by SSM/PCA in patients with MCI due to
AD. Although the subject ADRP expression score was significantly el-
evated in patients with MCI due to AD and could discriminate those
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patients from CUGCs, it could not efficiently discriminate MCI patients
with and without amyloid deposition. In addition, the diagnostic perfor-
mance of the ADRP expression score for patients with MCI due to AD was
not as effective as that for mild to moderate AD dementia reported in our
previous study (AUC=0.67 vs. AUC=0.87) [13]. Since the CBF changes
at the MCI stage are not as robust as those at the dementia stage of AD,
the perfusion pattern established in AD dementia patients might not be
sufficiently sensitive for identifying AD patients at early stages. A per-
fusion pattern based on patients in the prodromal or preclinical stages
may be more useful for early diagnosis and differentiation. Furthermore,
Ap deposition may reach a plateau in the early stages of AD and is not
associated with subsequent clinical progression [57]. In contrast, tau
pathology has been observed to more closely correlate with AD-related
clinical outcomes and contribute to the progression of dementia in AD
patients. Ap-positive individuals with MCI who also exhibited tau de-
position on PET scans or elevated levels of phosphorylated tau (p-tau)
in the CSF were more likely to progress to dementia compared to those
having negative results for tau biomarkers [58]. Therefore, the associa-
tions between CBF, ADRP, and tau pathology are worthy of investigation
in future studies.

Both ADRP expression and regional CBF showed extensive correla-
tions with various cognitive function scores, particularly those for mem-
ory, processing speed, and executive function, which are usually im-
paired early in AD patients. The ADRP overlapped with some regions of
the DMN, such as the precuneus and cingulate cortex, which are vulner-
able to early amyloid deposition [36,59] and have been widely shown
to be associated with cognitive impairment in AD patients. In our pre-
vious study, the ADRP expression score showed stronger and more ex-
tensive correlations with various cognitive function scores than did the
relative regional CBF value in patients with AD dementia [13]. Since

network analysis generally recovers more disease specific and widely
distributed brain regions that may not have direct biological correlates
than regional analysis does, our findings indicate the potential use of
ADRP in monitoring disease progression in patients with symptomatic
AD.

5. Limitations

This study has several limitations. First, this study was conducted
solely in a single medical institution in China with a small sample, fac-
ing limitations in generalizability to other populations due to poten-
tial cultural, genetic, or environmental (e.g., climate) factors that might
impact the outcomes. In addition, although we consecutively recruited
MCI participants who first visit our memory clinic and have not received
any suggestions for prevention or intervention from dementia special-
ists before undergoing imaging and cognitive evaluations to mitigate
potential selection bias, the included participants may have a stronger
awareness of health and more likely have a healthy lifestyle, e.g., reg-
ular exercise and a balanced diet, who would not represent real-world
populations. Second, the PiB- MCI group had a smaller sample size than
the PiB+ group and potentially encompassed diverse underlying causes
and pathogeneses, including even normal aging. A larger sample size
of PiB- MCI participants is needed to strengthen the conclusions drawn
about non-AD-related MCL. In addition, some patients with MCI due to
AD, e.g., at very early pathological stages, might present an equivocal
or negative manifestation on PiB PET scans, meanwhile, patients with
MCI caused by another etiology might have a co-pathology of Ap and
present as PiB-positive on PET scans, leading to misclassifications. More-
over, other possible sources of heterogeneity as potential confounders
also exist within the same group, such as lifestyle factors (e.g., diet and
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physical activity) and APOE genotypes. Furthermore, mixed pathologies
with cerebrovascular disease could be also present in our elderly partici-
pants, although individuals with moderate or severe stenosis in the large
vessels were excluded. Third, although ASL has been suggested to be an
alternative to [1°0] H,O PET, CBF maps derived from ASL might not re-
flect the pure effects of vascular physiology in the brain, especially when
blood flow towards the brain is slowed (e.g., a prolonged arterial tran-
sit time). Finally, although we observed correlations between perfusion,
including both ADRP expression and CBF values, and cognitive function
scores, these results were not assessed for repeated measures and repro-
ducibility, and whether perfusion changes predict disease progression in
AD remains inconclusive. Therefore, longitudinal studies involving the
long-term follow-up of MCI patients would be valuable for validating the
clinical significance of ADRP and regional CBF in screening, diagnosing
and evaluating early AD.

6. Conclusions

In the coming era of disease-modifying therapy, a relatively acces-
sible tool for identifying the AD pathology in the early stages is imper-
ative for improving clinical practice. Our findings suggest that the rel-
ative CBF value, particularly in the left precuneus, and the expression

of ADRP are promising MRI biomarkers for identifying and monitoring
disease progression in early AD patients.
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