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Hippocampal vascularization pattern

and cerebral blood flow cooperatively
modulate hippocampal tolerable amount
of AP deposition in the occurrence of MCl

Yuhao Xu'?3", Hong Wei**®", Rui Du?, Ranchao Wang?, Yan Zhu?®, Tian Zhao?®, Xiaolan Zhu®’" and Yuefeng Li'*"

Abstract

Background A deposition in the brain does not necessarily lead to cognitive impairment, and that blood supply
may have other unexplained regulatory effects on AR. Therefore, there appears to be a more complex relationship
between blood supply, AR deposition, and cognitive impairment that warrants further exploration.

Methods This cohort study collected four longitudinal follow-up datasets, including a total of 281 subjects, followed
for four years. Three-dimensional time-of-flight angiography and pseudo-continuous arterial spin labeling were used
to assess hippocampal vascularization pattern (VP) and hippocampal cerebral blood flow (CBF). 11 C-Pittsburgh
compound B (PiB)-PET/CT-based spatial measurements were used detect hippocampal PiB uptake as a reflection

of hippocampal A deposition. We explored the relationships between hippocampal blood supply (VP and CBF),
hippocampal PiB uptake, and the occurrence of mild cognitive impairment (MCl) using a generalized nonlinear
model.

Results We demonstrated the synergistic effect of hippocampal VP and CBF on predicting the occurrence of MCl. We
conducted confirmation and quantification of the relationship between hippocampal blood supply and hippocampal
PiB uptake. Additionally, the predicted value of PiB uptake based on hippocampal blood supply not only exhibited
strong predictive efficacy for the occurrence of MCl (AUC=0.831, p <0.001), but was also validated in cerebral small
vessel disease cohorts (AUC=0.792, p <0.001) and well validated in an independent cohort (Kappa=0.741, p <0.001).

Conclusions Overall, we reveal that hippocampal blood supply at baseline can regulate hippocampal PiB uptake,
which reflects hippocampal tolerable amount of AR deposition and serves as an effective predictor for the occurrence
of MCl, providing an important extension on the relationship between hippocampal blood supply and AR deposition.
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Introduction

Cerebral blood supply serves as a crucial clue in unravel-
ing the mechanisms of cognitive impairment [1, 2]. One
major cause of cognitive impairment is thought to result
from an imbalance between the deposition of the key
molecule AP and the transport-clearance function car-
ried out by cerebral blood supply [3-5]. AB deposition
induces pathophysiological changes through multiple
pathways, including synaptic dysfunction, neuroinflam-
mation, and oxidative stress. These processes work syner-
gistically, leading to neuronal dysfunction and cognitive
decline [6, 7]. In this context, cerebral blood flow (CBF)
plays several roles in clearing A, such as facilitating the
exchange between cerebrospinal fluid and interstitial
fluid, maintaining the integrity of the blood-brain barrier,
and promoting clearance through the brain’s lymphatic
system [8-12]. According to these traditional theories,
it can be concluded that CBF primarily contributes to
AP clearance, and an adequate blood supply may reduce
AP deposition. However, recent studies have shown that
both good CBF and significant AP deposition can coex-
ist in the brains of healthy subjects [13, 14], which seems
to deviate from the notion that CBF helps clear AB. Fur-
thermore, the amount of AP deposition has been found
to be positively correlated with CBF in cognition-related
brain regions, such as the hippocampus, amygdala, and
caudate nucleus [13-15]. These intriguing findings not
only suggest that AP deposition does not necessarily lead
to cognitive impairment, but also indicate that good CBF
may play an additional regulatory role in this process.
Therefore, further research is needed to better under-
stand the complex relationship between blood supply, Ap
deposition, and cognitive impairment.

As the core brain area responsible for cognitive func-
tion, the hippocampus is an ideal target for observing
the relationship between blood supply and AB deposi-
tion [16, 17]. However, unlike AP deposition, which can
be accurately obtained in vivo [18, 19], current strategies
for assessing blood supply to the hippocampal region
require improvement. Recent studies have proposed the
concept of hippocampal vascularization pattern (VP)
and suggested the advantage of a mixed hippocampal
VP (blood supply derived from the collateral branches of
the posterior cerebral artery and the anterior choroidal
artery) over a single VP (blood supply derived only from
the collateral branches of the posterior cerebral artery)
in protecting against cognitive impairment [20-22].
Therefore, for a more accurate assessment of hippocam-
pal blood supply, both hippocampal VP and hippocam-
pal CBF should be considered together. This is especially
important because different combinations of distinct
hippocampal VP and CBF may have additional protec-
tive or detrimental effects. Additionally, cerebral small
vessel disease (CSVD) is a group of diseases that affect
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the structure and function of small blood vessels in the
brain, characterized by reduced CBF and closely associ-
ated with cognitive impairment [23, 24]. Studies have
shown that CSVD often coexists with AP pathology [12,
25]. In the hippocampus, it has been reported that CSVD
can independently, or through Ap-related pathways con-
tribute to hippocampal degeneration in the early stages
of cognitive impairment [25]. Therefore, the relationship
between hippocampal VP, CBF, and AB deposition in
CSVD also needs to be further evaluated.

In this study, we hypothesized that the hippocampal
blood supply, composed of the hippocampal VP and CBE,
may provide a tolerable amount of AP deposition in the
hippocampus, and AP deposition exceeding the toler-
able amount may lead to the occurrence of MCI. We used
three-dimensional time-of-flight angiography (3D TOF)
and pseudo-continuous arterial spin labeling (pCASL)
to assess the hippocampal VP and hippocampal CBE. We
also employed 11 C-Pittsburgh compound B (PiB)-PET/
CT-based spatial measurements to detect hippocampal
PiB uptake as a reflection of AP deposition. Our aim was
to establish the cause-and-effect relationship among hip-
pocampal blood supply, hippocampal AB deposition, and
the occurrence of MCI, thereby providing a significant
supplement to the theory of brain blood supply and the
pathogenesis of cognitive impairment.

Methods

Subjects

Subjects were recruited through the Cognitive Disor-
ders Research Center of Jiangsu University Hospital
from January 2019 to June 2020. Two types of subjects,
cognitively normal and MCI, were recruited. Cognitively
normal subjects were recruited according to the follow-
ing inclusion criteria: (1) age > 65 years; (2) normal cogni-
tive function tests. Exclusion criteria: (1) history of acute
cerebral infarction, cerebral hemorrhage, intracranial
venous thrombosis, or epilepsy; (2) contraindications to
PET-CT and MR; (3) presence of tumors or other seri-
ous systemic diseases; (4) alcohol or drug dependency,
or regular coffee drinking (>3 times per week); and (5)
inability to cooperate with follow-up and examination.
MCI Patients were recruited according to the follow-
ing inclusion criteria: (1) age> 65 years; (2) meeting the
diagnostic criteria for MCI as defined by Petersen et al.
[26, 27]. These patients were also subjected to the same
exclusion criteria above. A detailed medical history of
each subject was recorded, and all subjects underwent a
neurological examination and neuropsychological tests.
A total of 222 subjects including 167 cognitively normal
individuals and 55 MCI patients. Imaging assessments,
including imaging assessment of CSVD, hippocampal
VP, hippocampal CBF and hippocampal volume, were
performed at baseline for all enrolled subjects. Based
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on the CSVD assessment, the 167 cognitively normal
subjects were divided into two groups consisting of 106
subjects without CSVD (CN group) and 61 subjects with
CSVD (CSVD-CN group). Over a follow-up period of 4
years, cognitive changes were observed in three groups:
the CN group, CSVD-CN group, and MCI group. Cog-
nitive function assessments were conducted every three
months. Subjects who developed MCI in the CN group,
subjects who developed MCI in the CSVD-CN group,
and subjects who developed Alzheimer’s disease (AD) in
the MCI group all underwent PiB-PET/CT examinations.

During the follow-up period, 8 subjects were excluded
from the CN group (4 were lost to follow-up, 1 had a
stroke, 1 was diagnosed with a tumor, and 2 were lost for
other reasons); finally, 98 subjects were included in the
analysis (Set 1), of whom 22 were diagnosed with MCI
(MCI group) and 76 were not (non-MCI group). Four
subjects were excluded from the CSVD-CN group (1 was
lost to follow-up, 2 had a stroke, and 1 was lost for other
reasons); finally, 57 subjects were included in the analysis
(Set 2), of whom 18 were diagnosed with MCI (CSVD-
MCI group) and 39 were not (CSVD-non-MCI group).
Thirteen subjects were excluded from the MCI group (5
had other types of dementia but did not meet the criteria
for AD diagnosis, 2 were lost to follow-up, 3 had a stroke,
and 3 were lost for other reasons); finally, 42 subjects
were included in the analysis (Set 3), of whom 16 were
diagnosed with AD (AD group) and 26 were not (non-
dementia group).

The same recruitment criteria were used to collect an
independent validation cohort from the Fourth Affiliated
Hospital of Jiangsu University. A total of 92 cognitively
normal subjects were recruited. Baseline imaging data,
including CSVD characteristics, hippocampal VP, and
hippocampal CBF, were collected. The same follow-up
procedures were performed for 4 years to observe cogni-
tive changes. A total of 8 subjects were excluded during
the follow-up period (2 were lost to follow-up, 1 had a
stroke, 2 were diagnosed with a tumor, and 3 were lost for
other reasons); finally, 84 subjects were included in the
analysis (Set 4).

The study protocol flowchart is shown in Fig. S1.

Ethics statement

All participants provided written informed consent
according to the Declaration of Helsinki and were reim-
bursed for travel expenses, and the study was approved
by the Ethics Committee of the Affiliated Hospital of
Jiangsu University and Fourth Affiliated Hospital of
Jiangsu University (Ethics number: SWXYLL2019017).

Assessment of cognitive function
Assessment of cognitive function was performed by
the respective assessment teams (nurses, psychologists,
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neuropsychologists and neurologists) of the two centers
with reference to uniform criteria. Cognitive assessments
were performed every three months. MCI was diagnosed
with reference to MCI diagnostic criteria as defined by
Petersen et al. [26, 27] and AD was diagnosed according
to the NINCDS/ADRDA criteria [28].

Assessment of CSVD

To diagnose or exclude CSVD, all participants under-
went MRI scans using a 3.0 T MRI system (Verio; Sie-
mens, Erlangen, Germany) with a 32-channel head coil.
The acquisition sequences included T1-weighted imag-
ing, T2-weighted imaging, T2-fluid-attenuated inver-
sion recovery, and susceptibility-weighted imaging. The
images were reviewed by an experienced neuroimag-
ing physician in a blinded fashion. Neuroimaging mark-
ers of CSVD include hemorrhagic (cerebral microbleed
(CMB), cortical superficial siderosis) and nonhemor-
rhagic markers (white matter hyperintensities (WMH),
lacunes, perivascular spaces) [29, 30]. Caps or pencil-thin
lining periventricular WMH and/or punctate foci of deep
WMH, which are both scored as grade 1 (mild) on the
WMH Fazekas visual rating scale, are a common finding
in aging and did not impact inclusion in the CN group
[31]. CSVD was assessed comprehensively using total
burden scores by calculating the presence of each of the 4
MRI features of CSVD [32, 33], including confluent deep
WMH (Fazekas score 2 or 3) or irregular periventricu-
lar WMH extending into the deep white matter (Fazekas
score 3), >1 lacune (<15 mm), >1 CMB (<5 mm) and
moderate to severe basal ganglia EPVS. Each occurrence
added 1 point to the total score, with total scores rang-
ing from O to 4. A higher score indicated a more severe
condition.

Assessment of hippocampal VP

3D TOF angiography was used to identify hippocampal
VP. The TOF parameters were as follows: FOV =240 mm
x 212 mm, matrix size=256x256, layer thick-
ness=0.3 mm, TR =24 ms, and TE=3.29 ms. Automatic
segmentation of whole-brain T1 images using FSL FIRST
was performed to generate structural masks of the whole
hippocampus (left/right) [34]. In addition, structural hip-
pocampus masks were manually checked and corrected if
necessary using FSLVIEW. The corrected T1 hippocam-
pus masks were coregistered to TOF images using ANT
coregistration algorithms [35]. To analyze the relation-
ship between arteries and brain structures, TOF MRA
data were superimposed on the T1 images and viewed in
coronal, sagittal and transverse orientations. According
to the classification criteria of hippocampal VP proposed
by Perosa et al. [20], each hippocampus was classified
into one of two categories as shown in Fig. 1A.: a hip-
pocampus with a single supply (a single supply by the
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Fig. 1 Assessment of hippocampal VP and AR uptake. A A 3D TOF MRA reconstruction with the hippocampal mask. On the left: main vessels involved
in the hippocampal blood supply. Blue indicates the posterior cerebral artery (PCA), and red indicates the anterior choroidal artery (AChA). On the top
right: A single hippocampal supply by the PCA only; the AChA is not involved in the hippocampal blood through the anterior hippocampal artery (AH).
On the bottom right: A mixed hippocampal supply by the PCA and AChA; the AChA is involved in hippocampal supply through the AH. B 3D imaging of
hippocampal PiB uptake. Registering the CT image to the MRI. Integrating the PET image into the resulting MRI/CT fused imaging space to generate PET/
CT and MRI registration. Normalizing the registered images to the Montreal Neurological Institute (MNI) space and applying smoothing. Extracting and
calculating the PiB uptake of the entire hippocampal region, followed by reconstruction and spatial visual assessment of AR quantification on a 3D view

posterior cerebral artery) or a hippocampus with a mixed
supply (a mixed supply from both the posterior cerebral
artery and the anterior choroidal artery). Bilateral hip-
pocampal VP was assessed separately with a score of 1
or 2 on each side. Hippocampal VP =left hippocampal
VP +right hippocampal VP.

Hippocampal CBF

The resting CBF of all subjects was collected at base-
line for observation. The hippocampal CBF maps
were acquired using a pCASL sequence with a three-
dimensional gradient and spin echo readout [36]. The
following parameters were used: pulse duration=1.5 s,
one of four post-labeling delays (PLDs)=1.5, 2, 2.5,
or 3 s, no blood flow gradient, GRAPPA-2, repeti-
tion time=3.5/3.9/4.4/4.9 s, echo time=22 ms, and
voxel size = 3.4 x 3.4 x 5.0. For MO images the following
parameters were used: repetition time=6 s, PLD=4s,
and acquisition time=12 s. For each PLD, 12 pairs of
marker images and control images were collected, and
the total collection time was 6 min. pCASL images
were postprocessed and analyzed in MATLAB 2010a
(MathWorks, Natick. MA) and SPM12 software. The
pCASL time series were motion corrected, pairwise
subtracted, and time-averaged to acquire the AMC(i)
image. pCASL images were registered with T1 struc-
tural images, and the hippocampus was selected as the
region of interest (ROI) to quantify CBF. CBF was cal-
culated as follows:

_ A-AM -Riq
2. - MO[exp((min(6 - w(i),0) - 5)Ria) — exp(— (z — 0(i))R1a)|

f@ [ml/g/s]

where Rla is the longitudinal relaxation rate of blood,
MO is the equilibrium magnetization intensity of brain tis-
sue, a is the labeling efficiency (0.8), T is the duration of the
labeling pulse (1.5 s), and X\ is the tissue-blood partition
coefficient (0.9 g/mL). The final CBF was calculated as the
mean of the estimated CBF for each PLD. Hippocampal
CBE =left hippocampal CBF + right hippocampal CBE.

Hippocampal volume measurement

Hippocampal volume measurements were per-
formed using high-resolution structural MRI with a
three-dimensional magnetization-prepared fast gra-
dient echo sequence with the following parameters:
192-layer sagittal slices, TR=2530 ms, TE=2.26 ms,
flip angle=90°, voxel size=1 mmx1 mmx1l mm, dis-
play field=256 mmx256 mm, matrix size=256x 256,
layer thickness=1 mm, layer gap=0 mm, and scan
time =10 min, 8 s. The volume was calculated using Free-
Surfer (http://surfernmr.mgh.harvard.edu/) as described
[37, 38]. This processing step included motion correc-
tion, removal of noncerebral tissue from the image using
a hybrid watershed/surface deformation procedure, auto-
matic talairach transformation, intensity normalization,
determination of gray matter/white matter boundaries,
automatic topology correction, and surface deformation
after calculation of intensity gradients to optimally place
gray/white and gray/cerebrospinal fluid boundaries at
locations with the greatest intensity change, ultimately
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defining transitions to other tissue categories. Quality
control was performed by visual inspection as described
in a recent protocol (http://enigma.loni.ucla.edu/protoco
Is/) and checked for outliers. Hippocampal volume = left
hippocampal volume + right hippocampal volume.

Assessment of hippocampal AP deposition by 11 C-PiB-
PET/CT

11 C-PiB-PET/CT-based spatial measurements were
used detect hippocampal PiB uptake as a reflection of
hippocampal AP deposition. Subjects were seated qui-
etly for 30 min and then imaged using a PET/CT scan-
ner (Discovery ST4, GE Healthcare, Chicago, IL, United
States) in 3D mode for 11 C-PiB-PET/CT [39, 40].
11 C-PiB was injected intravenously according to the
subject’s body weight (mean: 617 MBq; range: 413-697
MBq), and PIB PET images were acquired starting after
an approximately 50-minute uptake period. Attenuation
correction and anatomical localization were performed
using a low-dose CT scan without contrast enhance-
ment. The axes of the two systems were mechanically
aligned for optimal coincidence. After 20 min of CT
data acquisition, PET data acquisition was started in 3D
mode, consisting of four 5-minute dynamic frames. If
motion was detected, the individual frames of the PiB
dynamic sequence were realigned, and then an average
image was created [41]. Afterwards, utilize MATLAB
software to process the images, registering the CT image
to the MRI. Subsequently, integrate the PET image into
the resulting MRI/CT fused imaging space to generate
PET/CT and MRI registration. Normalize the registered
images to the Montreal Neurological Institute (MNI)
space and apply smoothing. Finally, extract and calculate
the PiB uptake of the entire hippocampal region using
the MarsBaR toolbox, reconstruct, and conduct spa-
tial visual assessment of AP quantification on a 3D view
(Fig. 1B). The axial and face forward MRI, CT, and PiB-
PET images of representative individuals were shown in
Fig. S2. PiB uptake was evaluated separately for each hip-
pocampus. Hippocampal PiB uptake =left hippocampal
PiB uptake + right hippocampal PiB uptake.

Statistical analysis

Data analysis was performed using SPSS 23.0 (SPSS, Inc.)
and GraphPad Prism 8.0. The normality of data distri-
bution was analyzed by the Shapiro-Wilk test. Continu-
ous variables that conform to the normal distribution
are expressed as mean tstandard deviation, and stan-
dard deviation is used as the error bar. Continuous vari-
ables that do not conform to the normal distribution are
expressed as the median (minimum value, maximum
value), and categorical variables are expressed as percent-
ages. Between-group differences in variables were evalu-
ated using one-way ANOVA, Mann-Whitney test, or
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Chi-square tests, with analysis of covariance employed to
adjust for covariate effects on observed variables. Pearson
or Spearman correlation analysis was used to analyze the
correlation between variables. Logistic regression for-
ward selection with 10-fold cross-validation was utilized
to evaluate the predictive model of hippocampal VP and
CBF on the occurrence of MCI, and the ROC curve was
drawn. The least squares method was used to construct a
nonlinear regression model based on baseline hippocam-
pal VP and hippocampal CBF to predict the hippocampal
PiB uptake, and the leave-one-out method was used for
cross-validation. The Bland-Altman method was used to
evaluate the consistency between the predicted value and
the actual value of hippocampal PiB uptake. The Kappa
coefficient was used to evaluate the agreement between
the predicted and actual outcomes. All analyses were
two-tailed, and p < 0.05 was considered to indicate a sta-
tistically significant difference.

Results

Demographic data

A total of four datasets, labeled from Set 1 to Set 4, were
utilized in this study. The flowchart illustrating the use of
each dataset is shown in Fig. 2. Set 1 was used to achieve
the following objectives: (1) To observe the relationship
between hippocampal blood supply (VP and CBF) and
the occurrence of MCI. (2) To analyze the relationship
between hippocampal blood supply and hippocampal
PiB uptake, and construct a nonlinear regression model
predicting hippocampal PiB uptake. (3) To test the pre-
dictive efficacy of the predicted value of hippocampal PiB
uptake for the occurrence of MCI. Set 2 was used to eval-
uate the predictive efficacy of the predicted value of hip-
pocampal PiB uptake for the occurrence of MCI in the
CSVD-CN group. Set 3 was used to assess whether the
predicted value of hippocampal PiB uptake could predict
the conversion of MCI to AD. Set 4 served as an external
independent validation to confirm the predictive efficacy
of the predicted value for MCI. The demographic infor-
mation of subjects at baseline in each dataset is shown
in Table S1. The prevalences of transitioning from CN
to MClI in Set 1, from CSVD-CN to CSVD-MCl in Set 2,
and from MCI to AD in Set 3 were 22.45%, 31.57%, and
38.09%, respectively, which were consistent with extant
reports [42-44].

The synergistic effect of baseline hippocampal VP and CBF
on the occurrence of MCI

In Set 1, both the baseline hippocampal VP and CBF in
the MCI group lower than those in the non-MCI group,
even after adjusting for confounding factors (p<0.05)
(Fig. 3A-B). Additionally, a significant synergistic phe-
nomenon was observed that individuals with high hip-
pocampal VP and high CBF had the lowest incidence
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Fig. 2 Flow chart showing the use of each dataset
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Fig. 3 The relationship between baseline hippocampal blood supply and MCl occurrence. A-B Baseline hippocampal VP and baseline hippocampal CBF
were lower in the MCl group compared to the non-MCl group. C Incidence of MCl under different combinations of baseline hippocampal VP and baseline
hippocampal CBF (the median hippocampal CBF was used as a cut-off value to determine high and low CBF; the color scale reflects the incidence of MCl
(%)). D-F ROC curves of baseline hippocampal VP, baseline hippocampal CBF, and the combination of both to predict MCl occurrence. *p < 0.05, **p < 0.01
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of MCI (Fig. 3C). Further analysis confirmed that base-
line hippocampal VP (OR: 0.913; 95% CI: 0.853 ~0.970;
p<0.001) and CBF (OR: 0.935; 95% CI. 0.903-0.967;
p<0.001) were independent protective factors for the
occurrence of MCI. Moreover, the synergistic effect and
predictive efficacy between the two (VP + CBF) were also
confirmed (OR: 0.873; 95% CI: 0.808 ~0.937; p<0.001)
(ROC: AUC,,=0.659, p<0.05; AUC5=0.673, p<0.05;
AUC yp, cpr)=0.756, p< 0.01) (Fig. 3D-F).
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The relationship between baseline hippocampal blood
supply (VP and CBF) and hippocampal PiB uptake

Among MCI patients in Set 1, hippocampal PiB uptake
exhibited significant individual differences, ranging from
a maximum of 6.32 to a minimum of 11.49 (Fig. 4A).
This variability was significantly associated with hip-
pocampal blood supply at baseline; MCI patients with
high hippocampal PiB uptake tended to have high VP
and CBF at baseline, while those with low hippocampal
PiB uptake tended to have low VP and CBF at baseline
(p<0.01) (Fig. 4B-D). This strongly suggests that the
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Fig. 4 The relationship between baseline hippocampal blood supply and hippocampal PiB uptake. A Left panel: hippocampal PiB uptake at the MCI
stage exhibit large individual differences (max 11.49, min 6.32). Right panel: representative 3D reconstructed images of PiB uptake in individual hippocam-
pus. B-C Baseline hippocampal VP and baseline hippocampal CBF were lower in MCl patients with low hippocampal PiB uptake than in MCl patients with
high hippocampal PiB uptake (the median hippocampal PiB uptake was used as a cut off value to determine high and low). D Representative individual
images of hippocampal VP and corresponding hippocampal CBF in MCl patients with low hippocampal PiB uptake and high hippocampal PiB uptake.
E The three-dimensional scatter plot of hippocampal PiB uptake (tolerable amount of AR deposition) versus baseline hippocampal VP and baseline

hippocampal CBF. F The nonlinear model predicting the hippocampal PiB uptake based on baseline hippocampal VP and baseline hippocampal CBF. G
Bland—Altman plots showed good agreement between PiB uptake and the predicted value. *p <0.05, **p < 0.01
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hippocampal VP and CBF at baseline may determine
the hippocampal PiB uptake (AB deposition), which
contributes to the development of MCI. Subsequently,
we used hippocampal PiB uptake at the onset of MCI
as the threshold for hippocampal tolerable amount of
AP deposition. The nonlinear least squares method was
used to construct an equation for predicting the hippo-
campal PiB uptake (the tolerable amount of A deposi-
tion) based on hippocampal VP and hippocampal CBE.
Additionally, the leave-one-out method was employed
for cross-validation to obtain a nonlinear model that
effectively predicts the hippocampal PiB uptake. (Z=-
8.074+7.875*x-1.116*x*2+0.061*y; Z is the predicted
value of hippocampal PiB uptake; X is the value of base-
line hippocampal VP; Y is the value of baseline hippo-
campal CBF) (Fig. 4E-G).

The predicted value of hippocampal PiB uptake based on
hippocampal blood supply can predict the occurrence of
Mcl

We analyzed the predictive efficacy of the predicted
value of hippocampal PiB uptake for the occurrence of
MCI. In Set 1, we calculated the corresponding predicted
values based on the baseline hippocampal VP and CBF
of 98 subjects, which represent each individual’s toler-
able amount of AP deposition (Fig. S3A). Further results
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showed that the predicted values were significantly lower
in the MCI group compared to the non-MCI group
and exhibited outstanding predictive efficacy for MCI
occurrence (AUC=0.831; p<0.001) (Fig. 5A-B). Nota-
bly, the predicted values in MCI patients were not cor-
related with baseline hippocampal volume (p>0.05) but
were associated with the patient’s age, history of hyper-
tension, and diabetes (p<0.001) (Table S2). In addition,
patients with CSVD (Set 2), representing a sample of
reduced CBF, were used to assess the predictive efficacy
of the predicted values for MCI occurrence. As expected,
CSVD-CN group in set 2 showed disadvantaged baseline
hippocampal VP and CBF, along with a higher incidence
of MCI compared to the CN group in set 1 (p<0.05) (Fig.
S4). After a four-year follow-up of CSVD-CN patients, we
observed significant individual differences in hippocam-
pal PiB uptake within the CSVD-MCI group (PiB uptake
ranging from a minimum of 5.94 to a maximum of 10.17)
(Fig. 5C). Afterward, we calculated the correspond-
ing predicted values based on the baseline hippocampal
VP and CBF of 57 subjects in set 2 (Fig. S3B). Interest-
ingly, although the predicted value still differed between
CSDV-MCI group and CSDV-non-MCI group, the pre-
dictive efficacy of the predicted values for the occurrence
of MCI in set2 is significantly lower compared to that in
set 1, (ROC: 0.688 vs. 0.831) (Fig. 5D-E). Additionally,
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Fig.5 The relationship between the predicted value and the occurrence of MCI. A-B The predicted values were lower in the MCl group compared to the
non-MCl group and exhibited outstanding predictive efficacy for MCl occurrence. C Left panel: hippocampal PiB uptake of the CSVD-MCI group at MCl
stage exhibit large individual differences (max 10.17, min 5.94). Right panel: Representative 3D reconstructed images of PiB uptake in the hippocampi of
CSVD-MCI subjects. D-E The predicted values were lower in the CSVD-MCI group compared to the CSVD-non-MCl group but exhibited not good predic-
tive efficacy for MCl occurrence. F-G Baseline hippocampal VP and CBF demonstrated predictive efficacy for the occurrence of MCl in the CSVD-CN group
after correcting for CSVD scores. H The predictive efficacy of predicted values in the CSVD-CN group approaching the predictive efficacy of predicted
values observed in the CN group after correcting for CSVD scores. *p < 0.05, **p < 0.01
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Fig. 6 The relationship between the predicted value and the occurrence of AD in the MCI group. A-B The predicted value did not show significant dif-
ferences between the AD group and the non-dementia group, nor could they predict the conversion of MCl to AD. C-D Baseline hippocampal VP and
baseline hippocampal CBF showed no significant differences between the AD group and the non-dementia group. E-F Baseline hippocampal VP and
baseline hippocampal CBF could not predict the transformation of MCl to AD. G-H Baseline hippocampal volume was lower in AD group than non-

dementia group and showed predictive power for MCl to AD conversion. *p <0.05, **p <0.01

there were no differences in baseline VP, CBE, and CSVD
scores between the CSVD-MCI and CSVD-non-MCI
groups in set 2, and these baseline measures did not have
predictive efficacy for the occurrence of MCI (p>0.05)
(Fig. S5). However, after correcting for CSVD scores as
a covariate, baseline hippocampal VP and CBF demon-
strated predictive efficacy for the occurrence of MCI in
the CSVD-CN group (Fig. 5F-G). The predictive efficacy
of the predicted values significantly increased, approach-
ing that observed in set 1 (Fig. 5H).

The predicted value of hippocampal PiB uptake is not
useful in predicting the conversion from MCl to AD

We further investigated whether the predicted value
could predict the conversion from MCI to AD. In Set 3,
we calculated the corresponding predicted values based
on the baseline hippocampal VP and CBF of 42 subjects
(Fig. S3C). However, the predicted values did not show
significant differences between the AD group and the
non-dementia group, nor did they predict the conver-
sion of MCI to AD, even after adjusting for cofactors
(p>0.05) (Fig. 6A-B). When comparing hippocampal
blood supply, we found that, after adjusting for cofac-
tors, neither baseline hippocampal VP nor CBF differed
significantly between the AD group and the non-demen-
tia group (p>0.05) (Fig. 6C-D). Furthermore, baseline

hippocampal VP and CBF could not predict the transfor-
mation of MCI to AD (p >0.05) (Fig. 6E-F). Additionally,
no correlation was observed between baseline hippo-
campal blood supply and hippocampal PiB uptake in AD
patients (p >0.05) (Fig. S6). The predictive power for MCI
to AD conversion was only evident in baseline hippo-
campal volume at MCI stage (p < 0.01) (Fig. 6G-H).

Validation

In the independent validation set (Set 4), among 84 cog-
nitively normal individuals followed for 4 years, the inci-
dence of MCI was 27.38%, consisting of 23 cases of MCI
and 61 cases of non-MCI. The sensitivity of the predicted
values in predicting the occurrence of MCI was 0.869
(20/23), the specificity was 0.901 (55/61), and the accu-
racy was 89.29%, which was in good agreement with the
actual outcome (Kappa=0.741, p < 0.001). However, there
were nine subjects whose predicted outcomes did not
match the actual outcomes, including six false positives
and three false negatives. The majority of false positives
had a total hippocampal VP of 3 combined with low hip-
pocampal CBF (4/6), while the false negatives typically
had a total hippocampal VP of 3 combined with high hip-
pocampal CBF (3/3).
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Discussion

In this longitudinal follow-up study involving multiple
sample sets, we used hippocampal VP and CBF as com-
prehensive indicators to assess hippocampal blood sup-
ply, while hippocampal PiB uptake served as a marker for
AP deposition. We considered hippocampal PiB uptake
detected at the onset of MCI to represent the hippocam-
pal tolerable amount of AP deposition. For the first time,
we elucidated the relationship between baseline hip-
pocampal blood supply, the tolerable amount of hippo-
campal AP deposition, and the occurrence of MCI. Our
findings suggest that hippocampal VP and CBF influence
the occurrence of MCI by affecting the hippocampal
tolerable amount of AP deposition (as reflected by hip-
pocampal PiB uptake). Consequently, we constructed a
model to predict the hippocampal tolerable amount of
AP deposition, and the predicted values effectively fore-
casted the occurrence of MCI. These positive results
were not only corroborated in CSVD subjects but also
reproduced in an independent validation set.

Despite numerous studies focusing on hippocampal
blood supply and MCI [20, 45, 46], the crucial ques-
tion of whether there are differences in the risk of MCI
between individuals with different combinations of hip-
pocampal VP and hippocampal CBF seems to have been
left unstudied. More specifically, hippocampal VP and
hippocampal CBF have not been considered together
as factors in previous studies. This scientific question is
particularly important because the hippocampal vascu-
lar structure is different from that of most brain nuclei,
with hippocampal VP have distinctly diverse layouts [22,
45, 47]. Our results not only confirm that hippocampal
VP and hippocampal CBF are independent factors influ-
encing the occurrence of MCI but also demonstrate their
combined effect. Here, we explain the differential cogni-
tive outcomes in individuals with the same hippocampal
VP or the same level of hippocampal CBF, Presenting the
view that individuals with higher hippocampal CBF have
a lower risk of MCI at an equal hippocampal VP, while
individuals with higher hippocampal VP tend to have
better cognitive outcomes at an equal level of hippocam-
pal CBFE. In other words, individuals with low hippocam-
pal VP and low hippocampal CBF are at high risk of MCI,
while individuals with high hippocampal VP and high
hippocampal CBF are most likely to be immune to MCL.

AP deposition in the brain is considered the hallmark
neuropathological alteration occurring in MCI and AD,
and it is more pronounced in specific, vulnerable brain
regions, notably the hippocampus [48—50]. In the transi-
tion from quantitative to qualitative AP deposition lead-
ing to cognitive impairment, different individuals exhibit
significant differences in their tolerable amount of Af
deposition. This concept is supported by evidence of high
loads of AP deposition in cognitively normal populations
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[13, 14]. In this study, we observed hippocampal AP
deposition (PiB uptake) at the onset of MCI. The results
from PiB-PET/CT showed significant within-group dif-
ferences in hippocampal PiB uptake in the MCI group,
which supports the view that there are individual differ-
ences in the hippocampal tolerable amount of AP deposi-
tion. Furthermore, MCI patients with high hippocampal
AP deposition tended to have higher hippocampal VP
and CBF at baseline, while patients with low A deposi-
tion tended to have lower hippocampal VP and CBF at
baseline. This observation underscores a potential cor-
relation between hippocampal blood supply and the hip-
pocampal tolerable amount of AP deposition, supporting
our hypothesis that individuals vary in their hippocampal
tolerable amount of AB deposition, and that hippocam-
pal VP and CBF may jointly influence the occurrence of
MCI by affecting the hippocampal tolerable amount of
AP deposition.

To further observe the specific relationship between
hippocampal blood supply and hippocampal tolerable
amount of AP deposition, we used hippocampal PiB
uptake at the onset of MCI in patients as the threshold
for tolerable amount of AP deposition. Based on base-
line hippocampal VP and hippocampal CBF, we fitted a
nonlinear regression equation that can predict the hippo-
campal tolerable amount of AP deposition. The predicted
value showed good predictive efficacy for the occur-
rence of MCI. Moreover, in the CSVD-CN group, after
adjusting for the burden of CSVD, the predicted value
continued to demonstrate strong predictive efficacy for
the occurrence of MCI. This suggests that the predicted
value has broad applicability for MCI arising from vari-
ous disease states, and correcting for confounding fac-
tors may enhance prediction accuracy. Our study also
revealed that, during follow-up of MCI patients in Set
3, baseline hippocampal VP and hippocampal CBF were
unable to predict the conversion from MCI to AD. This
finding implies a stage-dependent relationship between
hippocampal VP, hippocampal CBF, and the hippocam-
pal tolerable amount of AP deposition. We hypothesize
that during the transition from normal cognition to MCI,
AP deposition in the hippocampus is in a quantitative
stage, with hippocampal blood supply playing a protec-
tive role. However, when AP deposition exceeds the
tolerable amount supported by hippocampal blood sup-
ply, MCI develops. After MCI onset, the equilibrium
between hippocampal blood supply and AP deposition is
disrupted, making it harder to gauge disease progression.
Additionally, in an independent validation set (Set 4), we
confirmed that the predicted value of hippocampal toler-
able amount of AP deposition exhibits good sensitivity,
specificity, and accuracy in predicting the occurrence of
MCI. Moreover, false positives and false negatives were
predominantly in individuals with three parental vessels
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supplying the bilateral hippocampus. This implies that
individuals receiving bilateral hippocampal blood supply
from the three primary vessels may manifest consider-
able variability in vascular reserve, which is an important
factor to consider in clinical practice.

In terms of imaging technology, for feasibility and mul-
ticenter data standardization, we optimized the param-
eters of 3.0T TOF and achieved discrimination of the
proximal blood vessel source of the hippocampal artery.
While contrast-enhanced MR angiography can offer bet-
ter vascular resolution, the use of contrast agents may
impose additional physiological burdens on subjects,
which was not considered in this study [51]. Blood oxy-
genation level-dependent (BOLD) MRI is another tool
that assesses blood oxygen content and can also be used
to evaluate blood supply reserve. However, BOLD-MRI
only reflects the immediate state of the reserve and can-
not assess long-term effects [52, 53]. In the assessment of
CBE, activity-evoked CBF, while useful for reflecting how
CBF is influenced by task states, requires better patient
cooperation and tends to have lower stability in practice
with greater individual variability. Due to these factors, it
is not ideal for evaluating CBF in our study. Therefore, we
chose resting CBF for our observations. To evaluate hip-
pocampal CBF, we used the 3D-pCASL technique, which
is less sensitive to magnetic sensitivity and motion arti-
facts due to its fast spin-echo sequence acquisition and
spiral K-space filling [54]. Moreover, 3D pCASL offers
advantages such as being economical, convenient, and
non-radioactive compared to traditional perfusion imag-
ing techniques. It also provides a higher signal-to-noise
ratio and better reproducibility than other ASL tech-
niques, including continuous ASL and pulsed ASL [55].
Most importantly, we used PiB-PET to visualize in vivo
brain AP deposition and matched PiB-PET/CT images
with MRI brain images to standardize the data as much
as possible and optimize our analysis. Additionally, we
performed three-dimensional reconstruction of the hip-
pocampus and AP deposition, allowing for accurate
assessment of hippocampal AP deposition in different
individuals. This process provided assurance for the sub-
sequent data analysis.

Different from retrospective studies, which previously
represented the main approach, our study was a prospec-
tive cohort study with a follow up period of up to 4 years.
This prospective design allows us to largely avoid selec-
tion bias and obtain a large amount of prospective data
on confounding factors. Although our study involved
multiple sample sets, the study flow was uniformly man-
aged according to a standardized diagnostic and man-
agement protocol. We conducted complete clinical,
cognitive, and imaging assessments at each time inter-
val, ensuring data integrity and confirming key findings
in an independent validation set. Additionally, previous
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studies have shown that caffeine can lead to transient
acute decreases in CBF [56]. In our study, we excluded
subjects who were frequent coffee drinkers and required
participants to abstain from coffee intake for one week
prior to MRI scanning. It is also worth noting that while
we simultaneously observed both hippocampal VP and
CBF in the study, which may pose certain challenges for
clinical patient compliance, the stability of hippocampal
VP suggests that, in future clinical work, repeat exami-
nations of hippocampal VP may be avoided, improving
follow-up efficiency and compliance. Furthermore, neu-
ronal activity can increase CBF [57, 58]. This provides a
new potential avenue for intervention: if methods can be
developed to sustain the CBF increase induced by neuro-
nal activity, it may enhance the hippocampus’s tolerance
to AP deposition, which could offer a promising direction
for the prevention and treatment of MCI in the future.

Our study still has some limitations. Although we tried
to correct for clinical confounding factors as much as
possible, it is undeniable that there will be unconsidered
confounding factors that were not excluded. Addition-
ally, the effect of the ApoE gene on MCI and AD was not
considered, and MCI subtype differentiation was not per-
formed. The role of the venous system was not consid-
ered. Furthermore, the sample size was relatively small,
and larger-scale studies are needed to further clarify and
optimize the assessment of cerebral blood flow in rela-
tion to AP deposition and to validate our findings. It is
worth noting that this study only measured hippocampal
CBF and PiB uptake at a single time point and did not
observe their changes over time during disease progres-
sion. Longitudinal studies on the dynamic changes of
CBF and PiB uptake are crucial for a better understand-
ing of hippocampal AB deposition patterns and the pro-
gression of disease characteristics, which requires further
exploration.

Conclusion

In summary, we demonstrated that hippocampal VP and
CBF synergistically determine hippocampal tolerable
amount of AP deposition in the occurrence of MCI. we
constructed a predictive model for the hippocampal tol-
erable amount of AB deposition based on hippocampal
VP and CBE, which accurately forecasts the occurrence of
MCI. Our study findings reveal that baseline hippocam-
pal VP and CBF can influence the onset of MCI by regu-
lating hippocampal tolerable amount of AP deposition,
which provides a significant extension to the existing
understanding of the relationship between blood supply
and Af.
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