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Abstract

Objective: The purpose of this study was to examine the different alterations in Cerebral Blood
Flow (CBF) induced by hypertension across various risk levels.

Materials and methods: A total of 121 hypertensive patients were classified into low-risk (n=30),
moderate-risk (n=30), high-risk (n=31) and extremely high-risk (n=30) categories according to car-
diovascular risk factors and target organ damage. We had 32 healthy individuals serve as a control
group. CBF values of the whole brain and specific regions were retrieved using an Arterial Spin-La-
beled (ASL) sequence. The CBF of the control group and varying hypertensive groups were analyzed
using a Dunnett-t test. Univariate linear regression analysis was utilized to evaluate the relationship
between Systolic Blood Pressure (SBP), Diastolic Blood Pressure (DBP), and CBF across all subjects,
with P-values corrected via the False Discovery Rate (PFDR).

Results: Compared to the control group, the low-risk and moderate-risk groups displayed de-
creased CBF in certain brain regions. Notably, the extremely high-risk group revealed a decrease
in basal ganglia CBF (p=0.034), whereas the moderate-risk group presented an increase of CBF in
several regions. No significant changes in CBF were noted in the high-risk group. Regression analysis
found no significant correlation between DBP, SBP, and CBF across all groups (PFDR<0.05).

Conclusion: We demonstrates that effective and stable self-regulatory mechanisms of CBF com-
penstate for elevated blood pressure at severe stages of hypertension, but not in the initial stages
marked by low and moderate risk factors.

Keywords: Hypertension; Cerebral Blood Flow (CBF); Arterial Spin Labeled (ASL); Systolic Blood
Pressure (SBP); Diastolic Blood Pressure (DBP).

Introduction

The aging global population is contributing to a rise in the
number of individuals diagnosed with hypertension [1]. Several
factors are implicated in the development of hypertension, in-
cluding hereditary factors, chronic mental stress, endocrine dis-
ruption, metabolic imbalances, age-related arterial hardening,

and kidney-related causes [2]. Persistently high blood pressure
can induce a range of pathological changes such as the hyper-
plasia and hypertrophy of the arterial wall’'s Smooth Muscle
Cells (SMC), lipid hyalinization, and amyloid accumulation.
These alterations could result in the narrowing of the arterial
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lumen, vascular remodeling, diminution of small vascular net-
works, which culminating in brain autoregulation impairment
and reduced Cerebral Blood Flow (CBF) [3-6]. Numerous studies
have confirmed that hypertension generally reduces CBF in vari-
ous regions including the whole brain, cortex, and hippocampus
[7,8]. A study by Lidia et al. found a close resemblance between
the CBF of pre-hypertensive and hypertensive patients, suggest-
ing that CBF reduction in hypertensive patients occurs prior to
observable changes in brain structure and morphology [9].

Despite previous research, there are still differing opinions
on the relationship between blood pressure and CBF in patients
with hypertension. Glodzik found a negative correlation be-
tween Systolic Blood Pressure (SBP) and CBF across the cere-
bral cortex and hippocampus in their entire study cohort, and
a quadratic relationship between hippocampal CBF and SBP in
hypertensive patients. Additionally, their findings indicated no
significant correlation between CBF and Diastolic Blood Pres-
sure (DBP) [10]. Shokouhi discovered a link between decreased
CBF and cerebral cortex volume with increased DBP but had no
association with SBP, and a reduction in white matter volume
was related to both increased SBP and DBP [11].

While earlier research has established a connection between
hypertension and reduced CBF, few have addressed how CBF
changes across different stages of hypertension. Research has
shown that the cerebral cortex and hippocampus of hyper-
tensive patients respond variably to increasing blood pressure
[10]. We hypothesize that these changes are not homogeneous
across the brain’s functional regions during a blood pressure
increase. The objective of this study is to examine how CBF
changes across the entire brain and specific brain regions in pa-
tients across various stages of hypertension and delve into the
quantitative variations of CBF. This study aims to enhance our
understanding of how hypertension risk factors affect brain tis-
sue and further investigate the relationship between DBP, SBP,
and CBF to determine whether blood pressure influences CBF in
hypertensive patients.

Materials and methods
Subjects

This study received approval from the Shandong First Medi-
cal University Ethics Committee, and all subjects gave their in-
formed consent.

We enrolled patients with primary hypertension treated at
the Second Affiliated Hospital of Shandong First Medical Univer-
sity between December 2020 and August 2022. Patients with
central nervous system diseases including Traumatic Brain Inju-
ry (TBI), intracranial tumors, infections, related surgical history,
acute strokes, significant arterial stenosis (The lumen stenosis
rate is over 70%) or malformation, psychiatric disorders, cogni-
tive impairment were excluded. We also excluded individuals us-
ing psychotropic drugs, heavy alcoholics (defining heavy alcohol
consumption as 100 g or more daily over at least three months),
and those with incomplete MRI examinations. Ultimately, we
included 121 patients, 59 males and 62 females, aged between
40 to 65. The duration of their hypertension ranged from one
month to 20 years, and 70 patients had received or were cur-
rently on medication.

As a control group, we enlisted 32 healthy volunteers com-
posed of 19 males and 13 females, aged from 46 to 65.

Blood pressure measurement and clinical data collection

Within 48 hours before or after their MRI examination, we
collected patients’ Electrocardiogram (ECG), glucose, glycosyl-
ated hemoglobin, low-density lipoprotein, high-density lipo-
protein, total cholesterol, homocysteine, and creatinine levels.
Blood samples were collected under fasting conditions. SBP and
DBP were measured ten minutes before MR examination us-
ing an Omron wrist electronic sphygmomanometer while the
subjects were seated or lying. The patient was ensured to be
in a calm, relaxing environment. The wrist strap was positioned
one centimeter above the wrist line, ensuring moderate tension
and alignment with the heart level. Measurements were taken
three times and then averaged.

Image acquisition and processing

All brain MRI scans were conducted on a GE Discovery MR750
3.0T superconducting magnetic resonance with an 8-chan-
nel scanning coil. The scanning sequences included Magnetic
Resonance Angiography (MRA), T1-Weighted Imaging (T1WI),
T2-Weighted Imaging (T2WI1), T2 Fluid-Attenuated Inversion Re-
covery (T2-FLAIR), Diffusion Weight Imaging (DWI), and Arterial
Spin Labeling (ASL) sequences. MRA was conducted with the
following parameters: Time of Repetition (TR) = 23 ms, Echo
Time (TE) = 3.4 ms, field of view (FOV) = 220x194 mm?, slice
thickness = 1.4 mm, flip angle = 20, vessel uniformity = 1.00.
The scan parameters of the TIWI were: TR = 1750 ms, TE = 25.1
ms, FOV = 240x240 mm?, slice thickness = 5 mm, acquisition
matrix = 512x512. T2WI were acquired using: TR = 5810 ms, TE
=92 ms, FOV = 240x240 mm?, slice thickness = 5 mm, acquisi-
tion matrix = 512x512. T2 FLAIR images were acquired with fol-
lowing parameters: TR = 8500 ms, TE = 145 ms, FOV = 240x240
mm?, 20 contiguous slices with thickness of 5.0 mm, acquisition
matrix of 256x256. The scan parameters of the DWI were: TR =
40.6 ms, TE =50.4 ms, FOV = 240 mm x 240 mm?, slice thickness
= 2mm, acquisition matrix = 384x320. ASL parameters were as
follows: sampling points on eight spirals, FOV = 220x220 mm?;
reconstructed matrix = 128x128, TR = 4781 ms, TE = 11.1 ms,
number of excitations = 3.0, slice thickness = 3.0 mm, labeling
plane was positioned at the base of the cerebellum with label-
ing duration = 1,500 ms and post labeling delay = 1525 ms, 90
slices covering the whole brain.

We calculated voxel-wise CBF maps from ASL data using
Functool software (Version 9.4.05) on the MRI server. Primar-
ily, the quantitative CBF values (ml/100 g/min) were evaluated
from the control and label images based on the general kinetic
model, considering the labeling duration, the longitudinal re-
laxation time of blood, and labeling efficiency [12]. The brain
ROIs were defined using the WFU pickatlas tool embedded in
the SPM12 software, which included: the whole brain, whole
cerebral cortex, whole cerebral white matter, midbrain, pons,
medulla oblongata, cerebellum, hippocampus, putamen, glo-
bus pallidus, lentiform nucleus, caudate nucleus, amygdala,
claustrum, thalamus, corpus callosum, frontal cortex and white
matter, temporal cortex and white matter, parietal cortex and
white matter, and occipital cortex and white matter. In addition,
the basal ganglia included the caudate nucleus, globus pallidus,
putamen, substantia nigra, and subthalamic nucleus. The sub-
stantia nigra was defined using the mask provided by Depier-
reux et al. [13], and the caudate nucleus, globus pallidus, pu-
tamen, and subthalamic nucleus were defined using the WFU
pickatlas tool. Finally, the basal ganglia mask was obtained by
the union operation of the above region masks (Refer to Figure
1 for brain parcellation).
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Cardiovascular risk stratification method

Based on the Chinese Guidelines for the Prevention and
Treatment of Hypertension (2022), hypertension patients were
segregated into low-risk, moderate-risk, high-risk, and extreme-
ly high-risk groups. The specific evaluation criteria are provided
in Supplementary Tables S1 and S2.

Statistics analysis

We used SPSS 26.0 software for statistical analysis. We used
SPSS 26.0 software for statistical analysis. Data were represent-
ed as mean # standard deviation (M+SD) which obeyed a nor-
mal distribution and variance homogeneity. One-way ANOVA
evaluated differences in age, SBP, and DBP among different hy-
pertension subgroups and controls. Chi-square tests analyzed
gender, hyperlipidemia, hyperglycemia, smoking, and drinking
status differences among different hypertension subgroups and
controls and Fisher’s exact probability method was used to cor-
rect. By applying the Dunnett-t test, we compared the CBF of
the control group against various hypertension groups. Two in-
dependent samples T-test also be distinguished by gender with-
in each group. Univariate linear regression analysis gauged the
correlation between SBP, DBP, and CBF of whole brain and each
brain region in all subjects, and FDR correction (PFDR<0.05) was
applied to control false positives in the regression.

Results
General information

A total of 153 cases were analyzed, there are 32 healthy
volunteers and incorporating 121 hypertensive patients cat-
egorized into low-risk (n=30), moderate-risk (n=30), high-risk
(n=31), and extreme high-risk groups (n=30). Significant di-
vergence existed in the proportion of hyperglycemia (y?=4.71,
P=0.021) and smoking (y*>=14.31, P=0.006) among the partici-
pants. Noticed differences in SBP (F=44.33, P=0.000) and DBP
(F=36.17, P=0.000) emerged across different groups, while no
statistical variation was found in age (F=2.38, P=0.054), sex
(x*=0.97, P=0.915), hyperlipidemia (y?>=1.65, P=0.800), or drink-
ing (y*=8.37, P=0.079) within various groups (Table 1).

Table 1: Demographic and clinical information.

Comparison of CBF in different brain regions between con-
trol group and different hypertension risk groups

Regarding subgroups of hypertension, decreased CBF values
were found in the medulla oblongata, pons, and basal ganglia
of the low-risk group compared to the control group (P<0.05).
The moderate-risk group registered lower CBF values in both
the midbrain and cerebellum compared to the control group
(P<0.05), but increased CBF in other areas including the en-
tire brain, white matter, putamen, globus pallidus, lentiform
nucleus, and amygdala. There was no notable difference in CBF
across the whole brain and other regions between the high-risk
group and control group (P>0.05). CBF value in the basal ganglia
(p=0.034) was reduced in the extremely high-risk group relative
to the control group (Figures 2 and 3).

Regression analysis between CBF of the whole brain and
different brain regions, and DBP, SBP among the control group
and different risk groups

No discernible associations were found among CBF of the
whole brain and all brain regions with DBP or SBP in the partici-
pants (P>0.05) (Table S3, and S4).

Discussion

Long-term hypertension can inflict damage upon the struc-
ture and function of the brain, triggering a range of illnesses
that could eventually degrade quality of life or pose mortal
threats. Such as Cerebral Small Vessel Disease (CSVD), Vascu-
lar Cognitive Impairment (VCI), Alzheimer’s Disease (AD), and
cerebral infarction and so on. Vascular Cognitive Impairment
(VCl) and Alzheimer’s Disease (AD) are prevalent conditions in
the elderly population, with hypertension recognized as one of
the common risk factor. Recent studies suggest that the age at
which hypertension appears differentially impacts the onset of
VCI and AD. Hypertension at mid-age has been found to trig-
ger the onset of VCI and AD. However, hypertension in the el-
derly enhances Cerebral Blood Flow (CBF), thereby reducing the
likelihood of VCI and AD development [5,14]. Multiple studies
demonstrate that VCI and AD may be arise from the decrease
in CBF due to hypertension [15-18], but some studies propose a
stronger correlation between these diseases’ and a reduction in
Cerebrovascular Reactivity (CVR) than with decrease in CBF [19].

control group low risk group medium risk high risk group extremely high risk )
(n=32) (n=30) group (n=30) (n=31) group (n=30) X' (F) P value
Age (MzSD) 56.94+7.0 53.47+6.2 54.90+6.6 54.806.0 58.14+6.6 2.38 0.054
Female/male 13/19 16/14 15/15 15/16 16/14 0.97 0.915
Hyperglycaemia (%) 15.2 17.9 33.3 333 30.0 4.71 0.021
Hyperlipidemia (%) 24.2 20.5 333 29.2 20.0 1.65 0.800
Smoking history (%) 12.1 15.4 20.8 35.8 40.0 14.31 0.006
History of Drinking (%) 15.2 30.8 33.3 37.5 60.0 8.37 0.079
SBP (M+SD) 117.71+10.6 143.73+12.3 152.37+18.8 155.17+22.1 182.29+14.5 4433 0.000
DBP (M+SD) 82.65+5.4 90.43+7.3 94.67+6.3 100.63+10.6 104.50+8.4 36.17 0.000

Note: P<0.05 indicates statistical significance.
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Figure 2: Showed the cerebral blood flow values in various brain
regions of hypertensive patients in different risk groups. The mid-
dle point represents the average, and the upper and lower points
represent the standard deviation.

WCC: Whole Cerebral Cortex; WWM: Whole White Matter; FC:
Frontal Cortex; FWM: Frontal White Matter; TC: Temporal Cortex;
TWM: Temporal White Matter; PC: Parietal Cortex; PWM: Parietal
White Matter; OC: Occipital Cortex; OWM: Occipital White Matter.

The brain is an intricate structure with many diverse func-
tional regions. Damage to these areas can lead to corresponding
dysfunctions, such as decreased CBF in the frontal lobe, parietal
lobe, middle temporal lobe, and putamen, potentially resulting
in cognitive impairment [20]. Research suggests that hyperten-
sive patients might experience a decline in CBF, but these de-
creases do not uniformly affect all brain regions [7,8]. Varying
responses to changes in blood pressure are noted across differ-
ent brain regions [10], and hypertension predominantly leads
to a decrease in CBF in the anterior circulation supply area in
the early stages [21,22]. Therefore, we hypothesize that the re-
sponse of CBF across different functional regions of the brain
to hypertension varies. To prove this hypothesis, we conducted
regional observations of the brain in our study to comprehend
how different functional areas respond to increased blood pres-
sure.
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Figure 3: Showed the P value of the statistical difference in cerebral
blood flow between different risk groups of hypertension patients,
A: Control group vs hypertension group; B: Control group vs low-
risk factor group; C: Control group vs moderate-risk factor group;
D: Control group vs high-risk group; E: Control group vs extremely
high-risk factor group.

WCC: Whole cerebral cortex; WWM: whole white matter; FC:
Frontal cortex; FWM: Frontal white matter; TC: Temporal cortex;
TWM: Temporal white matter; PC: Parietal cortex; PWM: Parietal
white matter; OC: Occipital cortex; OWM: Occipital white matter.

Through our research, we found that Cerebral Blood Flow
(CBF) had decreased in numerous brain regions among sub-
groups at risk of hypertension, compared to the control group.
The decrease in CBF in prolonged hypertension cases is mainly
due to abnormalities in the arterial wall structure, coupled with
a diminishing self-regulation capacity [3]. Abnormalities in the
arterial wall are triggered mainly by three mechanisms: firstly,
enduring hypertension can prompt and hasten arterial wall
atherosclerosis, leading to fibrin-like necrosis in penetrating ar-
teries and arterioles, thus causing stenosis or blockage which
in turn results in reduced distal blood flow [23,24]. Secondly,
hypertension can cause negative remodeling of arterioles, in-
creasing vascular resistance while maintaining normal CBF lev-
els. When blood vessel pressure increases initially, it prompts
local CBF reduction as hypertension persists - particularly in
areas like the temporo-occipital lobe, prefrontal cortex, and
hippocampus [25,26]. Lastly, hypertension causes capillaries to
become less dense, meaning they become sparse and thin - this
results in a corresponding decrease in CBF values [6].

The primary reasons for impaired cerebral vascular self-regu-
lation are abnormal vascular structures such as arteriosclerosis
and wall remodeling prompted by hypertension, which reduc-
ing myogenic regulatory capabilities in cerebral . Hypertension
also leads to abnormal local metabolic or neurogenic factors,
hampering the CBF self-regulation [23,24]. For instance, hyper-
tension can reduce local amounts of Nitric Oxide (NO), prosta-
cyclin, endothelium-derived factors, etc. in cerebral, leading to
vascular endothelial dysfunction and a drop in CBF [27].
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Our findings illustrate that CBF anomalies, seen in hyperten-
sive patients, primarily occur within groups at low and moder-
ate risk after categorizing patients into different risk levels. The
vascular Smooth Muscle Cells (SMCs) of small brain arteries
can detect increases in Cerebral Perfusion Pressure (CPP) and
contract to narrow the lumen, thereby maintaining the stable
of CBF in hypertensive patients when blood pressure rises. The
mechanism of this self-regulation also involves changes in the
arteriole endothelium, ions, autonomic nervous system, and
hormonal system [5,23,28-30]. We hypothesize that the impact
of CBF self-regulation in low-risk and medium-risk groups is in-
consistent, and the amount of CBF self-regulation varies across
different brain regions, leading to inconsistent changes in CBF
throughout each region. In high-risk and extremely high-risk
groups, however, the effect of CBF self-regulation appears to
become more stable and effective. This is likely because, during
severe stages of hypertension, the body’s self-regulating mech-
anisms play a critical protective role in maintaining CBF stability.
In the extremely high-risk group, we observed a drop in CBF only
within the basal ganglia. It remains to be determined, through
future research, whether this decrease will manifest in other
brain regions over time as hypertension persists, and whether it
would occur upon the onset of a stroke.

Lassen et al. conducted a study that resulted in a CBF-pres-
sure curve, known as the Lassen curve. This curve indicated
that when arterial pressure was within a range of approximate-
ly 100£50 mmHg, CBF remained fairly stable and exhibited a
plateau-like trend. Later, this phenomenon was referred to as
CBF automatic regulation. This form of regulation proved more
effective when the average arterial pressure slowly fluctuated
around 90+20 mmHg [31-33]. Strandgaard et al. discovered that
persistent hypertension could cause a rightward shift in the Las-
sen curve, and the lower limit of automatic regulation would
correspondingly rise. This led to a linear relationship between
blood pressure and CBF in the lower blood pressure what was
originally in the left of the Lassen curve’s plateau region B%. We
observed fluctuations in the low and moderate-risk groups, but
not in the high-risk and extremely high-risk groups. A possible
explanation is that the self-regulation of CBF has established an
effective and stable compensatory mechanism in response to
blood pressure increases during severe hypertension stages.

Based on the literature, Cerebral Blood Flow (CBF) in hy-
pertensive patients is lower compared to healthy individuals
[7,8,20]. In our study, even though there’s a noted reduction in
CBF within the basal ganglia of the extremely high-risk group,
but no significant statistical difference was found between the
high-risk group and the control group, and this observation
doesn’t align perfectly with the existing literature. We suspect
that the cause of these findings might stem from our observa-
tion group’s exclusion criteria specifically left out patients with
strokes and significant arterial stenosis, to avoid the self-regu-
lation effect of CBF is masked by the stroke and severe vascular
stenosis. We plan to include these patients in future research
endeavors to more closely monitor the trajectory of CBF chang-
es across various stages in hypertensive.

Research has established a clear linear relationship between
blood pressure and blood flow in the heart and major blood
vessels [35,36], however, the correlation between blood pres-
sure and CBF is different from that and more complicated. To
maintain regular brain function, a consistent supply of blood
flow is necessary. In healthy individuals, the curve of the rela-

tionship between blood pressure and CBF features a plateau
period, thus ensuring stable CBF even when blood pressure
fluctuates within a certain range [5,23,33]. This stability of CBF
is primarily achieved through CBF self-regulation, triggered by
the varying responses of the brain’s small arteries to changes in
blood pressure and other factors [5]. For instance, neurotrans-
mitter receptor expression varies in the same vascular tree,
causing disparate contractions or expansions from the same
neurotransmitter in larger arteries (like the middle cerebral ar-
tery) and smaller brain arteries.

Previous studies have posited a potential association be-
tween CBF and either Systolic Blood Pressure (SBP) or Dia-
stolic Blood Pressure (DBP), but conclusions are not uniform
[10,11,37]. Our research did not find any correlation between
CBF and SBP or DBP across risk groups. Studies showed that the
Lassen curve shifted to the right in the hypertensive patients
[31-34]. We conjecture that blood pressure correlates with CBF
only when the plateau of Lassen curve shifts to the right be-
yond the area where we observed blood pressure. Our findings
indicate that CBF alterations in hypertensive patients are incon-
sequential from the onset of hypertension, making it challeng-
ing to gauge the degree of impaired CBF self-regulation when
selecting hypertensive observation subjects. Research results
may differ or even contradictory due to inconsistent degree of
CBF damage within the observation group. On the other hand,
several studies suggest that certain medications can effectively
enhance the CBF in hypertensive patients [37,38]. Therefore,
different results might be due to the potential impact of these
drugs, which are difficult to rule out when selecting hyperten-
sive patients given the prevalence of early hypertension diag-
nosis and treatment. Additionally, our study did not include hy-
pertensive patients with stroke and significant arterial stenosis,
leading to different outcomes due to some patients with severe
impairment of CBF self-regulation were excluded, Moreover,
the relatively narrow blood pressure range of the patients we
observed may be one of the reasons for this result. Further re-
search is necessary to validate this supposition.

There were some limitations to our study that need address-
ing. Each group contained a relatively small number of cases
after dividing the participants based on risk level. Which may
have influenced the results such as it weren’t real-time blood
pressure measurements and clinical medication wasn’t includ-
ed in the observational items. Severe hypertension complica-
tions such as stroke weren’t included in our research, and the
blood pressure range of the patients we observed was narrow,
and the duration of hypertension history wasn’t accounted for
as an observation item, as the onset time of hypertension often
doesn’t align with the time of hypertension diagnosis. Research
in these areas needs to be addressed in the future.

Conclusion

Our study demonstrates that CBF abnormalities manifest
in hypertensive patients is diferent across various risk catego-
ries and there were fluctuations in the low and moderate-risk
groups, but not in the high-risk and extremely high-risk groups.
Moreover, our findings suggest that DBP and SBP may not be
the primary risk factors influencing CBF. Future studies will
delve deeper into the self-regulatory properties of CBF post-
stroke and the impact of other factors, such as the duration of
hypertension, on CBF.
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Risk factors and history

hypertension

One level (SBP140~159
and(or) DBP90~99)

Two level (SBP160~179
and(or) DBP100~109)

Three level (SBP2180
and(or) DBP100~109)

No other risk factors Low risk Medium risk High risk
1-2 risk factors Medium risk Medium risk Extremely high risk
>3 risk factors or diabetes mellitus or target organ High risk High risk Extremely high risk

Complications occur

Extremely high risk

Extremely high risk

Extremely high risk

Table S2: Influencing factors of long-term prognosis in hypertensive patients.

Cardiovascular risk

factors

‘Hypertension (Grade 1-3)

‘Male > 55 years old;Female > 65 years old

'smoking

‘Impaired glucose tolerance

-dyslipidaemia

‘Family history of early onset cardiovascular disease
‘Abdominal obesity

‘Elevated blood homocysteine

Target organ damage

-Left ventricular hypertrophy

Carotid ultrasound IMT20.9mm or atherosclerotic pla

-Carotid - femoral pulse wave velocity 212m/s
‘Ankle/arm BP < 0.9
‘Glomerular filtration rate decreased

‘Microalbuminuria

With clinical diseases

‘Cerebrovascular disease

Cerebral hemorrhage, ischemic stroke, transient ischemic attack

‘Heart disease

History of myocardial infarction, angina, history of coronary revascularization, chronic heart failure

‘Kidney disease

Diabetic nephropathy, impaired kidney function

Serum creatinine: Male 2133 pumol/L (1.5 mg/dl), female 2124 umol/L (1.4 mg/dl) albuminuria (2300 mg/24h)

‘Peripheral vascular disease
retinopathy
Bleeding or exudation, papilledema

diabetes

Note: IMT: Intima-Media Thickness of carotid artery.
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Table S3: Univariate linear regression results of SBP and CBF in control group and different risk groups.

Control group Low-risk group Intermediate risk High-risk group | Extremely high-risk
(n=31) (n=30) group (n=30) (n=30) group (n=30)
B P B P B P B P B P
Whole brain -0.113 0.534 -0.287 0.181 -0.153 0.187 -0.093 0.038 -0.173 0.016
Whole brain cortex -0.122 0.523 -0.306 0.183 -0.157 0.185 -0.094 0.018 -0.184 0.005
Whole brain white matter -0.151 0.378 -0.265 0.195 -0.143 0.212 -0.083 0.026 -0.185 0.029
mesencephalon -0.196 0.568 -0.326 0.145 -0.122 0.125 -0.157 0.029 -0.256 0.048
pons -0.354 0.298 -0.394 0.118 -0.144 0.139 -0.117 0.115 -0.251 0.042
Medulla oblongata -0.571 0.147 -0.550 0.103 -0.161 0.080 -0.184 0.167 -0.398 0.016
cerebellum -0.546 0.127 -0.476 0.073 -0.146 0.103 -0.229 0.004 -0.327 0.050
seahorse -0.101 0.597 -0.177 0.317 -0.184 0.137 -0.020 0.024 -0.225 0.001
putamen -0.219 0.118 -0.056 0.713 -0.121 0.043 -0.028 0.049 -0.266 0.022
pallidus -0.355 0.109 -0.014 0.930 -0.118 0.182 -0.025 0.019 -0.144 0.034
Lentiform nucleus -0.355 0.109 -0.014 0.930 -0.118 0.182 -0.025 0.019 -0.144 0.044
Caudate nucleus -0.204 0.205 -0.023 0.893 -0.040 0.039 -0.063 0.024 -0.229 0.043
amygdala -0.286 0.073 -0.108 0.536 -0.154 0.120 -0.061 0.032 -0.200 0.025
Plateform nucleus -0.426 0.101 -0.020 0.888 -0.103 0.295 -0.044 0.708 -0.162 0.008
Basal ganglia -0.227 0.067 -0.071 0.621 -0.104 0.232 -0.027 0.031 -0.204 0.012
thalamus -0.191 0.423 -0.271 0.189 -0.183 0.240 -0.112 0.478 -0.214 0.394
Corpus callosum -0.006 0.958 -0.138 0.250 -0.093 0.293 -0.044 0.678 -0.131 0.039
Frontal cortex -0.133 0.493 -0.151 0.571 -0.024 0.042 -0.142 0.026 -0.172 0.034
Frontal white matter -0.190 0.286 -0.089 0.692 -0.004 0.023 -0.149 0.049 -0.176 0.046
Temporal cortex -0.571 0.117 -0.572 0.146 -0.177 0.089 -0.281 0.027 -0.336 0.028
Temporal white matter -0.604 0.086 -0.376 0.071 -0.113 0.221 -0.169 0.048 -0.299 0.042
Parietal cortex -0.577 0.080 -0.483 0.121 -0.086 0.376 -0.128 0.425 -0.270 0.060
Parietal white matter -0.521 0.100 -0.420 0.113 -0.074 0.423 -0.097 0.484 -0.261 0.066
Occipital cortex -0.559 0.083 -0.525 0.084 -0.124 0.170 -0.260 0.114 -0.353 0.113
White matter of occipital lobe -0.748 0.060 -0.632 0.147 -0.142 0.147 -0.257 0.107 -0.200 0.219

Note: P < 0.05 was statistically significant.

Table S4: Univariate linear regression results of DBP and CBF in control group and different risk groups.

Control group Low-risk group Intermediate risk High-risk group Very high risk

(n=31) (n=30) group (n=30) (n=30) group (n=30)

B P g P B P g P g P
Whole brain -0.135 0.470 -0.304 0.169 -0.219 0.316 -0.143 0.494 -0.056 0.777
Whole brain cortex -0.139 0.456 -0.306 0.166 -0.204 0.351 -0.123 0.558 -0.062 0.752
Whole brain white matter -0.105 0.574 -0.283 0.202 -0.211 0.344 -0.132 0.456 -0.050 0.801
mesencephalon -0.054 0.774 -0.304 0.168 -0.490 0.118 -0.095 0.653 -0.247 0.206
pons -0.084 0.652 -0.136 0.548 -0.434 0.139 -0.049 0.814 -0.096 0.628
Medulla oblongata -0.008 0.965 -0.179 0.425 -0.503 0.314 -0.039 0.853 -0.155 0.430
cerebellum -0.001 0.996 -0.264 0.236 -0.494 0.217 -0.093 0.660 -0.270 0.165
seahorse -0.198 0.286 -0.358 0.102 -0.195 0.373 -0.235 0.259 -0.110 0.577
putamen -0.164 0.377 -0.327 0.137 -0.157 0.474 -0.065 0.758 -0.011 0.956
pallidus -0.083 0.655 -0.265 0.233 -0.073 0.741 -0.337 0.099 -0.082 0.679
Lentiform nucleus -0.056 0.765 -0.354 0.106 -0.078 0.725 -0.079 0.707 -0.168 0.393
Caudate nucleus -0.146 0.433 -0.242 0.279 -0.100 0.649 -0.021 0.920 -0.019 0.925
amygdala -0.249 0.176 -0.380 0.081 -0.097 0.660 -0.132 0.531 -0.122 0.537
Plateform nucleus -0.116 0.534 -0.318 0.149 -0.217 0.320 -0.195 0.350 -0.053 0.793
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Basal ganglia -0.134 0.473 -0.339 0.122 -0.105 0.635 -0.112 0.595 -0.061 0.756
thalamus -0.254 0.168 -0.509 0.116 -0.220 0.314 -0.102 0.627 -0.013 0.948
Corpus callosu -0.133 0.477 -0.381 0.081 -0.150 0.495 -0.276 0.182 -0.148 0.454
Frontal cortex -0.098 0.599 -0.584 0.099 -0.162 0.509 -0.190 0.576 -0.095 0.632
Frontal white matter -0.055 0.767 -0.478 0.193 -0.165 0.500 -0.185 0.606 -0.075 0.704
Temporal cortex -0.044 0.814 -0.264 0.235 -0.327 0.128 -0.138 0.510 -0.182 0.353
Temporal white matter -0.039 0.833 -0.223 0.318 -0.266 0.220 -0.102 0.628 -0.173 0.380
Parietal cortex -0.012 0.765 -0.225 0.314 -0.343 0.109 -0.064 0.760 -0.157 0.424
Parietal white matter -0.059 0.751 -0.271 0.225 -0.355 0.096 -0.022 0.915 -0.179 0.362
Occipital cortex -0.015 0.935 -0.310 0.160 -0.454 0.059 -0.115 0.584 -0.261 0.179
White matter of occipital -0.005 0.978 -0.299 0.176 -0.421 0.066 -0.065 0.756 -0.253 0.194
lobe
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