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Objective: To investigate the relationship between blood pressure variability (BPV) and serum vascular endothelial growth factor
(VEGEF) levels in patients with type I cerebral small vessel disease (CSVD).

Methods: 144 Patients admitted to the Neurology Department of our Hospital between December 2021 and December 2022 were
included and categorized into 5 groups according to CSVD burden, which was evaluated based on MRI findings. Group 0-2 were
categorized as mild patients, group 3 as moderate patients, group 4 as severe patients. All patients underwent 24-hour ambulatory
blood pressure monitoring. Serum samples were collected to measure the concentration of VEGF. The differences of general
information, BPV and serum VEGF levels in five groups were compared. Spearman correlation analysis was used to analyze the
correlation between total CSVD burden and BPV, as well as total CSVD burden and serum VEGF concentration. Additionally, Pearson
correlation analysis was used to explore the correlation between serum VEGF level and BPV.

Results: 83 males and 61 females with mean age of (67.5+£9.9) years were enrolled. Significant differences were observed in age and
hypertension history among the five groups (p<0.001). In both mild and severe groups, 24hSBP, 24hSBP-SD, 24hSBP-CV, 24hSBP-
ARV, DSBP, DSBP-SD, DSBP-ARV, 24hDBP, 24hDBP-SD, DDBP, NDBP showed a significant positive correlation with the total
CSVD burden scores. The differences in serum VEGF concentration among the five groups were statistically significant (P<0.05), with
the lowest in group 4 and the highest in group 3. Serum VEGF concentration showed a significant positive correlation with the total
CSVD burden scores in patients with mild to moderate CSVD. Pearson’s correlation analysis revealed that serum VEGF concentration
was significantly and positively correlated with 24hSBP-SD, 24hSBP- ARV, DSBP-SD, DSBP-ARYV, and SBP-wSD.

Conclusion: VEGF may be associated with the impact of BPV on CSVD patients, and potentially correlated to delaying disease
progression.

Keywords: cerebral small vessel disease, blood pressure variability, vascular endothelial growth factor, total CSVD burden score

Introduction

Cerebral small vessel disease (CSVD) encompasses a range of syndromes characterized by the involvement of small
cerebral vessels, including small cerebral arteries and their distal branches, micro-arteries, capillaries, micro-venules, and
small veins. Clinical manifestations are diverse, featuring both acute ischemic presentations and chronic, insidious onset
syndromes. Chronic CSVD often presents non-specifically and may lack overt symptoms, with diagnosis relying mainly
on neuroimaging. Some patients may experience cognitive decline, depression, gait abnormalities, dysphagia, and urinary
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problems. Magnetic Resonance Imaging (MRI) plays a crucial role in the assessment of CSVD, with key features
including recent small subcortical infarcts, cerebral atrophy, lacunar infarcts (LIs), white matter hyperintensity (WMH),
cerebral microbleeds (CMBs), and enlarged perivascular spaces (EPVS). Among these, the latter four are frequently
utilized as primary indicators for quantifying the MRI burden scores associated with CSVD, which offer
a comprehensive evaluation of the overall burden of CSVD in patients. Notably, the total burden score, which integrates
these imaging markers, is particularly effective in measuring the severity of CSVD.'

Depending on the etiology, CSVD can be divided into six types, the most common of which is atherosclerosis-related
type I CSVD.? Hypertension is the most clear and important intervenable risk factor for type I CSVD.? However, recent
studies have found that merely controlling blood pressure within the normal range has limited efficacy in slowing the
progression of CSVD. Blood pressure variability (BPV) has gradually garnered increasing attention, with studies
indicating that elevated BPV is closely associated with all-cause and cardiovascular mortality, as well as stroke
incidence.” Furthermore, existing research has highlighted the critical role of BPV in the progression of CSVD.” Most
studies on the relationship between BPV and CSVD show that BPV level is associated with CSVD burden scores as well
as the severity of WMH. Furthermore, increased BPV has been identified as an independent risk factor for cerebral
microhemorrhage.’

BPV can be used to reflect the degree of blood pressure fluctuations over a while. Several studies have demonstrated
a correlation between elevated 24-hour BPV and an increased incidence of cerebrovascular disease.® Ambulatory blood
pressure monitoring (ABPM) is the most common test used to detect BPV. ABPM enables the assessment of blood
pressure fluctuations throughout the day, which is of great importance for the treatment of CSVD patients. There are
several indicators for the assessment of BPV, among which the commonly used ones include standard deviation (SD),
coefficient of variation (CV), weighted standard deviation (wSD), and average true variability (ARV). wSD avoids the
effect of physiological regulation of the nocturnal BP drop on BPV, and ARV is the mean of the absolute differences
between successive BP measurements, reflecting the temporal order and variability of BP measurements, focusing on the
order of BP readings, and is more reliable in expressing temporal variability.’

Small vessel lesions in the brain lead to insufficient blood flow and oxygen supply to the brain,® which can promote
the angiogenesis process and increase the release of signaling proteins related to angiogenesis. Among these proteins,
vascular endothelial growth factor (VEGF), also known as vascular permeability factor (VPF) or angiogenic factor, plays
a crucial role in promoting the proliferation of vascular endothelial cells as well as angiogenesis.” Previous studies have
shown that VEGF not only promotes angiogenesis during neural tissue development but also significantly enhances
vascular generation under ischemic or hypoxic conditions in the brain.' Its primary physiological functions include
regulating endothelial cell proliferation and differentiation, increasing vascular permeability, and promoting vessel wall
proliferation.'’ Recent research has also identified a direct neuroprotective role for VEGF. Following brain injury, VEGF
facilitates the remodeling of the neurovascular unit, mitigates ischemic brain injury, reduces the volume of infarcts, and
decreases neuronal cell death.'” Overall, VEGF plays a crucial role in neurogenesis, neuronal nourishment, and axonal
development.

The correlation between VEGF and CSVD is mainly reflected in the key role of VEGF in vascular and lymphatic
repair and regeneration. Existing studies indicated a close relationship between VEGF levels and the severity of CSVD,
highlighting VEGF’s significant role in repairing endothelial damage in small cerebral vessels, promoting the formation
of new microvessels, and increasing blood-brain barrier permeability. Previous research also demonstrated a significant
association between increased BPV and CSVD, elevated BPV may damage endothelial cells and exacerbate cerebral
ischemia, thereby contributing to CSVD progression.'*!'* Further investigation is needed to determine whether the
affecting of brain perfusion and small vessel integrity by increased BPV will influences VEGF production. Although
existing literature has elucidated the pivotal role of VEGF in angiogenesis and neuroprotection, the specific role of VEGF
in CSVD remains poorly understood. Most studies have focused on the function of VEGF in the repair of small cerebral
vessel damage, the promotion of new microvascular formation, and the enhancement of blood-brain barrier permeability.
However, the precise role of VEGF in the pathogenesis of CSVD, whether beneficial or detrimental, is still a matter of
debate. Different from previous studies, this research aims to investigate the relationship between BPV and serum VEGF
levels, particularly through an in-depth analysis of type I CSVD patients with varying disease severity. This study tries to
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fill a significant gap in the current literature by addressing the potential interplay between BPV and VEGF, and revealing
how BPV may modulate VEGF regulation, thereby influencing the progression of CSVD. Furthermore, this research
wants to clarify the controversial role of VEGF in the pathogenesis of CSVD, providing new insights for clinical
treatment strategies.

Through this study, we aim to provide theoretical support for the early diagnosis and precision treatment of CSVD,
particularly by exploring how regulating BPV can impact VEGF expression to preserve vascular endothelial cell
function, thus slowing the progression of CSVD. Additionally, this research offers novel perspectives and potential
therapeutic targets for the clinical management of CSVD.

Materials and Methods

Participants
A total of 188 patients were initially included with symptoms of dizziness, cognitive decline, depression, gait disturbance,
and abnormal swallowing and urinary function. The patients with previous infectious and toxic brain injury, severe ischemic
or hemorrhagic stroke (massive cerebral infarction or large vessel lesion), acute myocardial infarction or other severe heart
diseases, nephritic or hepatic insufficiency, tumor, and who cannot fulfill the MRI scanning or with invalid 24-h ABPM
recording for the assessment were excluded. 6 patients were excluded due to non-type I CSVD, 21 patients were excluded
due to a history of massive cerebral infarction or acute severe ischemic or hemorrhagic stroke, and 17 patients were
excluded due to invalid ABPM data. Therefore, 144 patients aged 45 years or older with type I CSVD admitted to the
Department of Neurology of our Hospital from December 2021 to December 2022, including 83 males and 61 females
(Figure 1) were enrolled. All patients with hypertension were consistently administered antihypertensive medications prior
to admission, and their medication regimens remained unchanged throughout the study period.

The study was approved by the Ethics Committee of our Hospital (Approval Number: HZKY-PJ-2020-44). Informed consent
was obtained from all patients upon admission, and they were informed that their data might be utilized in a clinical study.

Data Collection
Clinical information, including age, sex, body mass index (BMI), and medical history related to hypertension, diabetes
mellitus, cigarette use, alcohol consumption, hypercholesterolemia, and previous stroke, were collected from all

Patients hospitalized in the department of neurology
from December 2021 and December 2022 (N=188)

Exclude

21 patients were excluded due to a history of massive cerebral infarction

or acute severe ischemic or hemorrhagic stroke

Patients hospitalized in the department of neurology
who underwent brain MRI and MRA from December
2021 and December 2022 (N=167)

Exclude

16 patients were excluded due to non-type | CSVD
17 patients were excluded due to invalid ABPM data

v
Patients with valid ABPM and MRI scan for the total
CSVD burden assessment (n=144)

Figure | Flow chart of enrollment in the current study.
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participants. Fasting venous blood samples were obtained from all subjects early in the morning on the day of the 24-
hour ABPM, following a fasting period of at least 8 hours. Laboratory assessments were conducted to measure total
cholesterol, triglycerides, high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C),
homocysteine, etc.

Brain MRI scans were conducted within 7 days of admission using a 3.0T MR scanner (GE 750, USA). The MRI
sequences included TIW1, T2W1, FLAIR, DWI, and SWI. The total burden score of CSVD was evaluated based on the
presence of four MRI markers: lacunes, WMH, CMBs, and EPVS within the basal ganglia, following previously
established methodologies.! Lacunes were defined as ovoid or rounded lesions exhibiting cerebrospinal fluid-like signal
intensity, with diameters ranging from 3 to 15 mm. One point was awarded if there were one or more lacunes. WMH was
identified as iso- or hypointense signals on TIWI and hyperintense signals on T2WI and FLAIR. A score of one point
was given if the periventricular WMH Fazekas score reached 3, or if the deep WMH Fazekas score was 2 or 3. On the
SWI image, CMBs were defined as small, rounded, or circular well-defined hypointense lesions within the brain
parenchyma. One point was added to the total score only if one or more microbleeds were identified in the deep
areas. On all sequences, EPVS were defined as fluid-filled spaces exhibiting signal intensities similar to cerebrospinal
fluid, with ovoid, round, or linear shapes and diameters of less than 3 mm. The number of EPVS at the basal ganglia level
was quantified, with the higher count between the two hemispheres being considered. If the count exceeded 10, one point
was assigned.’ Two radiologists independently assessed the images without knowledge of clinical information or each
other’s readings. To assess inter-rater reliability, we calculated the Cohen’s Kappa coefficient. The values for the LI were
0.899 (95% CI: 0.826, 0.972), for EPVS were 0.844 (95% CI: 0.750, 0.937), for WMH were 0.911 (95% CI: 0.842,
0.981), and for CMB were 0.884 (95% CI: 0.806, 0.962), indicating near-perfect agreement between the two radiologists’
assessments for these four imaging features. Finally, for patients with discrepancies, the two radiologists reached

a consensus decision through discussion.

24h ABPM

All admitted patients underwent 24-h ABPM using an automated ambulatory blood pressure recorder (ABP-021,
Beneware, China) within 7 days of admission. The recorder was set to record blood pressure every 30 min in the
daytime (6:00-22:00) and every 1 h in the nighttime (22:00-next 6:00). The mean systolic blood pressure (SBP) and the
mean diastolic blood pressure (DBP) during daytime, nighttime, and 24h were collected. If the measurement frequency
was below 70%, with less than one measurement per hour during the day and less than six measurements in total at night,
a 24-h ABPM recording was considered invalid.'®

Measurements of 24-hour mean systolic blood pressure (24hSBP), 24-hour mean diastolic blood pressure (24hDBP),
daytime mean systolic blood pressure (DSBP), daytime mean diastolic blood pressure (DDBP), nighttime mean systolic
blood pressure (NSBP), and nighttime mean diastolic blood pressure (NDBP) were analyzed for each subject. All SD,
CV, ARV of 24hSBP, 24hDBP, DSBP, DDBP, NSBP, NDBP and wSD of SBP and DBP were calculated.

Determination of Serum VEGF Concentration

All enrolled patients had fasting venous blood drawn on the morning of the 24-hABPM. After to clot at room
temperature for 30 minutes, samples were centrifuged at 1000 x g for 15 minutes. The supernatant was carefully
collected, aliquoted, and stored at —80°C for test. Serum VEGF levels were measured using a double-antibody sandwich
ELISA kit (Proteintech Group). Standard or test samples were added to a microplate pre-coated with purified human
VEGF monoclonal antibodies, allowing VEGF to bind. Next, biotinylated anti-human VEGF antibodies were added,
followed by HRP-conjugated streptavidin for specific binding to biotin. TMB substrate was added, resulting in a color
change from colorless to blue, which turned yellow upon adding the stop solution. Optical density (OD) was measured at
450 nm using a Thermo Fisher Scientific plate reader, and the actual sample concentrations were calculated using
ELISACalc software.
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Statistical Analysis

SPSS 23.0 (IBM Corp, Armonk, NY) was used for statistical analysis and the difference was considered statistically
significant if P < 0.05. Data of continuous variables were presented as mean+SD if normally distributed and median
(interquartile range, IQR) otherwise. Analysis of variance was used for the comparison among groups for the normally
distributed continuous variables, while the Kruskal-Wallis test was used if the variables were abnormally distributed. The
date of categorical variables was presented as n (%), and the y2 test was used for determining the difference between
groups. Pearson correlation analysis was used to examine the correlation between BPV-related indicators and serum
VEGF levels. Spearman correlation analysis was used to examine the correlation between each BPV index as well as
VEGEF level and CSVD burden score.

Results

Participants Characteristics

The mean age of 144 patients was 67.5 £ 9.9 years, and 57.6% (83/144) of them were male. In total, 21 patients (14.6%)
presented no concerning imaging markers, 35 patients (24.3%) had one imaging marker, 30 patients (20.8%) had two
markers, and 34 patients (23.6%) had three imaging markers, whereas 24 patients (16.7%) had all the four imaging
markers. We finally divided all the patients into five groups based on a CSVD score of 0 to 4. Of these, group 0-2 were
categorized as mild patients, group 3 as moderate patients, and group 4 as severe patients.

Among the five groups, age differed significantly, with higher ages in groups with higher CSVD burden score
(P<0.001). The history of hypertension was significantly different between the five groups (P=0.004). The higher the total
CSVD burden, the higher the proportion of patients with a history of hypertension. Sex, diabetes, hyperlipidemia,
cigarette use and alcohol consumption did not differ significantly among 5 groups. No significant difference was
observed in the level of BMI, homocysteine, total cholesterol, triglycerides, high-density lipoprotein and low-density
lipoprotein cholesterol (Table 1).

BPV-Related Indicators
There were statistically significant differences in 24hSBP (P<0.001), 24hSBP-SD (P=0.001), 24hSBP-CV (P=0.009),
24hSBP-ARV (P=0.009), 24hDBP (P=0.002), 24hDBP-SD (P=0.030), DSBP (P<0.001), DSBP-SD (P=0.033), DSBP-

Table | Demographic and Clinical Characteristics of Patients in Different CSVD Burden Groups

Item Total Case Total CSVD Burden Score FIZh? P
n=144
0 1 2 3 4
n=21 n=35 n=30 n=34 n=24
Age, mean (SD), Y 67.5+9.9 59.6x11.3 64.9+8.8 69.7+8.4 70.9+10.0 70.9+6.7 7.193 <0.001
Sex (male), n (%) 83 (57.6) 9 (42.9) 20 (57.1) 15 (50.0) 23 (67.6) 16 (66.7) 4.796 0.309
Hypertension, n (%) 103 (71.5) 5(23.8) 26 (74.3) 23 (76.7) 31 91.2) 18 (75.0) 30.587 <0.001
Diabetes, n (%) 46 (31.9) 6 (28.6) 19 (42.9) 6 (20.0) 13 (38.2) 8(33.3) 8.634 0.071
Cigarette use, n (%) 39 (27.1) 3(143) 10 (28.6) 6 (20.0) 10 (29.4) 8(33.3) 3.072 0.546
Alcohol consumption, 46 (31.9) 4 (19.0) 12 (34.3) 8 (26.7) 12 (35.3) 10 (41.7) 3.298 0.509
n (%)
Body mass index, mean 24.8+3.5 24.5+3.2 24.8+3.7 24.5+3.9 25.442.3 24.614.3 0.358 0.838
(SD)
Total cholesterol, 4.3x1.0 4.4+0.8 4313 4.4+0.9 4.1£1.0 4312 0.295 0.881
mmol/L
Triglycerides, mmol/L 1.4+0.7 1.3+0.9 1.5+0.9 1.2+ 1.4+ 1.4+0.7 7.610 0.107
High-density 1.1£0.3 1.1£0.3 1.0£0.2 1.1£0.3 1.1£0.2 1.0£0.2 1.167 0.328
lipoprotein, mmol/L
Low-density 2.31+0.8 23106 2.3£1.0 2.4+0.6 2.2+0.7 2.2+0.8 0.288 0.885
lipoprotein, mmol/L
Homocysteine, pmol/L 13.246.1 12.945.5 13.248.2 12.4£3.8 13.8+£6.4 13.84£5.2 0.286 0.887
VEGF, pg/mL 389.9+169.3 361.5%196.0 368.7x170.6 387.9+1453 466.8+155.3 339.2+166.4 2.701 <0.033
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Table 2 Blood Pressure Levels and Variability in Different CSVD Burden Groups

BPV indicator | Total Case (n=144) Total CSVD Burden Score F P
0 (n=21) I (n=35) 2 (n=30) 3 (n=34) 4 (n=24)

24hSBP 136.68+14.59 12511 135.11%13.71 137+14.83 141.24£11.7 | 142.33£16.68 | 5911 | <0.001*
24hSBP-SD 12.57+3.64 10.79+2.83 11.99£3.25 12.72+4.69 12.3242.59 15.12£3.46 4.977 | 0.001*
24hSBP-CV 9.19£2.39 8.63+2.06 8.89+2.26 9.20+2.67 8.74+1.77 10.75+2.74 3.505 | 0.009*
24hSBP-ARV 9.89+2.89 8.77+2.24 9.57+3.04 9.59+3.50 9.941.75 11.67+3.04 3.491 | 0.009*
24hDBP 78.59+10.20 74.00%7.12 76.09+8.78 78.27+9.75 79.76+10.93 85.00£11.12 | 4.477 | 0.002*
24hDBP-SD 10.09+3.09 9.14+£2.86 9.87+3.03 10.13£3.19 9.63+2.68 11.83+£3.34 2.755 | 0.030%
24hDBP-CV 12.84+3.61 12.37£3.72 12.99+3.73 12.88+3.50 12.08+2.94 14.09+4.20 1.189 0.319
24hDBP-ARV 8.99+5.35 7.97+2.39 8.42+2.86 10.35+10.37 8.11+2.14 10.25+3.51 1.347 0.256
DSBP 137.48+14.61 125.95+11.21 | 135.54+13.74 | 138.00£14.87 | 141.26£12.09 | 144.38+15.89 | 6.100 | <0.001*
DSBP-SD 12.27+£3.95 10.81+3.38 11.88+3.57 12.44+5.06 11.93£3.01 14.37+3.98 2,696 | 0.033*
DSBP-CV 8.94+2.71 8.58+2.47 8.77+2.52 8.96+3.09 8.48+2.19 10.10£3.19 1.483 0.211
DSBP-ARV 7.66+2.50 6.51%1.46 7.49+2.61 7.79+£3.27 747+1.73 9.02+2.43 3.175 | 0.016*
DDBP 79.60+10.40 75.00%7.16 76.74+8.86 79.63£9.92 80.38+11.25 86.67+11.00 | 5.017 | 0.001*
DDBP-SD 9.86+3.59 9.06+3.51 9.58+3.40 9.87+3.94 9.63+3.06 11.31£4.03 1.343 0.257
DDBP-CV 12.40+4.23 12.11+4.60 12.48+4.20 12.32+4.36 12.00+3.42 13.21£5.00 0.320 0.864
DDBP-ARV 6.61+2.46 6.10+2.28 6.36+2.41 6.54+2.28 6.31+1.94 7.93+3.21 2.248 0.067
NSBP 13427£17.18 122.14£12.03 | 133.11+15.51 | 134.40£18.38 | 141.62+12.64 | 136.00+20.90 | 4.715 | 0.001*
NSBP-SD 9.45+3.67 8.31+3.17 8.94+3.40 8.62+3.42 10.98+3.71 10.09+4.14 2.856 | 0.026*
NSBP-CV 7.12+2.74 6.81+2.51 6.81+2.60 6.59+2.98 7.74+2.44 7.60+3.17 1.092 0.363
NSBP-ARV 2.03+0.92 2.08+1.30 1.90+0.92 1.79+0.66 2.26+0.76 2.16x1.00 1.354 0.253
NDBP 76.24%12.36 72.00£9.47 73.57%£10.23 74.73%11.12 79.59+14.10 80.96+14.37 | 2.763 | 0.030*
NDBP-SD 7.90+2.98 6.93+£2.42 7.89+2.89 7.71£2.82 7.91£2.85 8.99+3.75 1.410 0.234
NDBP-CV 10.48+3.87 9.64+3.24 10.84+3.66 10.49+4.37 9.98+3.33 11.36+4.72 0.777 0.542
NDBP-ARV 1.78+0.84 1.66+0.83 1.75+0.84 1.63+0.64 1.74+0.67 2.16x1.17 1.667 0.161
SBP-wSD 11.30£3.12 9.88+2.64 10.87+2.98 I1.10+3.63 11.63+2.42 12.98+3.35 3.302 | 0.013*
DBP-wSD 9.19£2.82 8.25+2.34 9.02+2.91 9.17+2.71 8.95+2.36 10.61+3.44 2.287 0.063

ARV (P=0.016), DDBP (P=0.001), NSBP (P=0.001), NSBP-SD (P=0.026), NDBP (P=0.03), SBP-wSD (P=0.013)
among the 5 groups (Table 2).

Correlation Between BPV-Related Indicators and CSVD Burden

In the mild and severe groups, Spearman correlation analysis indicated that higher CSVD burden were positively
correlated with 24hSBP (r=0.331, P<0.001), 24hSBP-SD (r=0.337, P<0.001), 24hSBP-CV (r=0.214, P=0.010), 24hSBP-
ARV (r=0.330, P<0.001), DSBP (r=0.346, P<0.001), DSBP-SD (r=0.241, P=0.004), DSBP-ARV (r=0.279, P=0.001),
24hDBP (r=0.309, P<0.001), 24hDBP-SD (r=0.221, P=0.008), DDBP (r=0.313, P<0.001), NDBP (1=0.235, P=0.005).
However, in the moderate group, all BPV-related indicators decreased, and Spearman correlation analysis indicated that
higher CSVD burden were positively correlated with SBP-wSD (r=0.312, P<0.001) (Table 3).

Correlation Between Serum VEGF Concentration and CSVD Burden
Serum VEGF concentrations in the five groups were 361.50£196.0pg/mL, 368.7£170.6 pg/mL, 387.9£145.3 pg/mL,
466.8+£155.3 pg/mL, and 339.2+166.4 pg/mL, respectively, and there was a statistically difference between the five
groups (P<0.05). The highest VEGF concentrations were found in patients with total CSVD burden scores of 3 and the
lowest in patients with total CSVD burden scores of 4 (Table 1 and Figure 2).

Spearman correlation analysis showed a significant positive correlation between serum VEGF levels and total CSVD
burden in the group of patients with mild to moderate CSVD (total CSVD burden score 0-3) (r=0.386, P<0.001)
(Figure 3).
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Table 3 Spearman Correlation
Analysis  of  BPV-Related
Indicators and Total CSVD
Burden Score

ITEM r P

24hSBP 0.331 | <0.001
24hSBP-SD 0.337 | <0.001
24hSBP-CV | 0.214 | 0.010
24hSBP-ARV | 0.330 | <0.001

24hDBP 0.309 | <0.001
24hDBP-SD | 0.221 | 0.008
DSBP 0.346 | <0.001

DSBP-SD 0.241 | 0.004
DSBP-ARV 0.279 | 0.001

DDBP 0.313 | <0.001
NSBP 0.241 | 0.004
NSBP-SD 0.200 | 0.016
NDBP 0.235 | 0.005

SBP-wSD 0.312 | <0.001

Correlation Between BPV and Serum VEGF Concentration

Pearson’s correlation analysis showed that serum VEGF concentration was significantly and positively correlated with
24hSBP-SD (r=0. 207, P=0.024), 24hSBP - ARV (r=0.216, P=0.023), DSBP-SD (r=0.211, P=0.021), DSBP-ARV
(r=0.224, P=0.014), and SBP-wSD (r=0.208, P=0.023), which are indicators of systolic BPV (Table 4). There was no
significant linear relationship between the aforementioned indicators and VEGF concentration. In the mild groups, as
VEGEF increased, BPV showed a slight increase. In the moderate group, VEGF levels significantly increased while BPV
decreased. In severe group, VEGF levels significantly decreased while BPV increased (Figure 4).

1000 —
800 — )
E 600 . :
D s ! .
Q.
8 - .
W 400 .
200 : . .
0 T T T T T
0 1 2 3 4

Total CSVD burden

Figure 2 Comparison of serum VEGF concentrations among different CSVD burden groups.
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Figure 3 Variation in VEGF concentrations among different CSVD burden groups.

Discussion

Abnormal blood pressure fluctuation increases the risk of target organ damage and cerebrovascular mortality.'® BPV is an
important indicator to evaluate blood pressure fluctuation, and a number of studies have consistently shown that the
increased BPV is closely related to cerebrovascular events, especially type I CSVD, which will lead to different degrees
of target organ damage.'” Recent guidelines for the diagnosis and treatment of CSVD have established dynamic blood
pressure monitoring as a necessary examination for these patients.'®'® However, the mechanisms underlying increased
BPV in CSVD are still under exploration.

Several studies have reported an association between increased BPV and markers of CSVD. Filomena et al found that
patients with WMH and LI had significantly higher levels of 24-h, daytime, and nighttime ARV compared to non-CSVD
patients, and ARV was identified as an independent risk factor for CSVD.? Similarly, Kim et al conducted a six-month
follow-up study on hypertensive patients with acute ischemic stroke and found that the greater the SBP-SD, the more
obvious WMH progression, and multivariate analysis showed that SBP-SD was an independent risk factor for WMH
progression.”! In a prospective cohort study, SBP and DBP were found to be significantly associated with WMH, LI, and
CMB.?* A prospective cohort study showed that systolic CV, instead of diastolic CV, was strongly correlated with WMH
progression.”® Liu et al discovered that patients with CMB had higher SD and CV of SBP and DBP, with SBP-SD and
SBP-CV identified as independent risk factors for CMB.2* Shuna et al found that 24hSBP-SD, DSBP-SD, NSBP-SD,
SBP-wSD, and SBP-CV were statistically different among patients with different CSVD burden and served as indepen-
dent risk factors for CSVD, while diastolic variability did not show statistical differences between groups.”> A study
based on home blood pressure testing also found significant differences in systolic CV among patients with different

Table 4 Pearson Correlation
Analysis of VEGF and BPV

ITEM r P

24hSBP-SD 0.207 | 0.024*
24hSBP-CV | 0.151 | 0.100
24hSBP-ARV | 0.206 | 0.023*
24hDBP-SD | 0.033 | 0.721
DSBP-SD 0211 | 0.021*
DSBP-ARV 0.224 | 0.014*
NSBP-SD 0.070 | 0.445
SBP-wSD 0.208 | 0.023*

Note: *P<0.05.
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Figure 4 Relationship between VEGF Concentration and BPV in different CSVD burden groups.

CSVD burden scores, and identified SBP as an independent risk factor for CSVD burden scores.?® Our study aligns with
these findings as we observed statistically significant differences in various blood pressure indicators, including 24hSBP,
24hSBP-SD, 24hSBP-CV, 24hSBP-ARV, 24hDBP, 24hDBP-SD, DSBP, DSBP-SD, DSBP-ARV, DDBP, NSBP, NSBP-
SD, NDBP, and SBP-wSD, among all five groups. Furthermore, these indicators showed positive correlations with total
CSVD burden scores.

Animal studies indicate that elevated BPV disrupts the smoothness of cerebral blood flow, reduces nitric oxide
production, and impairs endothelial function, leading to damage in the neurovascular unit and abnormalities in the blood-
brain barrier, ultimately resulting in small vessel lesions.”” *° Increased BPV in patients with CSVD may have the
following effects. Elevated BPV enhances the pulsatility of blood flow, hinders the patency of small arteries, and damages
cerebral microvasculature.*® Chronic elevation of BPV can damage the vascular endothelium, resulting in lipid hyaline
degeneration and lumen occlusion within small arteries, which can contribute to LL>! In individuals with atherosclerosis,
the harmful effects of increased BPV on blood vessels are exacerbated, further promoting the development of WMH.***

VEGEF stabilizes cerebral blood flow, promotes the formation of small cerebral vessels, maintains endothelial cell
function, and reduces blood pressure variability, thereby delaying the progression of CSVD. Additionally, elevated VEGF
levels may enhance the excitability of sympathetic nerve cells, which in turn affects blood pressure.*> Francesco Arba
found no correlation between total CSVD burden scores and plasma VEGF concentration during the acute phase of
ischemic stroke, however, a positive correlation was observed 90 days post-stroke onset.>® Kapoor et al found a positive
correlation between plasma VEGF-D levels and CSVD burden in an elderly population without a history of dementia or
stroke.®” Hannah Tayler et al reported significantly higher VEGF levels in the parietal white matter of brains with severe
CSVD compared to those with mild or no CSVD.?® Interestingly, our results are very consistent with those found by
Dobrynina et al, that serum VEGF-A levels were significantly higher in patients with milder imaging features and clinical
symptoms than in patients with extensive WMH, EPV, CMB, and atrophy.*”

It’s found in our study that serum VEGF was significantly and positively correlated with 24hSBP-SD, 24hSBP- ARV,
DSBP-SD, DSBP-ARV, and SBP-wSD. In mild groups, serum VEGF levels were moderately elevated, with the
exception of decreased NSBP-ARV and NDBP-ARYV, the remaining BPV-related indicators showed slightly increased.
Serum VEGF were significantly higher but 24hSBP-SD, DSBP-SD, 24hDBP-SD, DDBP-SD, 24hSBP-CV, 24hDBP-CV,
DSBP-ARV, DDBP-ARYV, and DBP-wSD were significantly lower in patients with moderate CSVD compared to mild
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CSVD. Serum VEGF concentrations were significantly lower in patients with severe CSVD compared to moderate
CSVD, and all BPV indices were significantly higher except NSBP-SD and NSBP-CV.

We found that the relationship between BPV-related indicators and VEGF concentration is not linear, but still holds
significant importance. In patients with mild CSVD, cerebral ischemia and hypoxia are relatively mild and of shorter duration,
leading to a slight overexpression of VEGF induced by hypoxia. The mildly elevated VEGF has a limited effect on BPV, with
only minor increases in multiple BPV-related indicators. In patients with moderate CSVD, cerebral ischemia and hypoxia are
significantly more severe, resulting in a marked increase in VEGF production. Higher VEGF concentrations can effectively
regulate BPV and significantly reduce several BPV-related indicators, thereby mitigating the impact of BPV elevation on
CSVD. However, in severe CSVD patients, cerebral ischemia and hypoxia are so pronounced that endothelial cells are
extensively damaged. The homeostasis of adult vessels requires autocrine VEGF, and paracrine VEGF cannot compensate for
the loss of endothelial VEGE* further impairing the secretion of endothelial VEGF in ischemic-hypoxic regions.
Furthermore, in the early stages of the disease, endothelial progenitor cells in circulation are largely depleted, preventing
sufficient replenishment of endothelial cells, which leads to insufficient VEGF production.*' Patients with mild CSVD have
a lower degree of cerebral ischemia and hypoxia, resulting in a mild elevation of VEGEF. This mild elevation in VEGF has
a limited impact on BPV. Cerebral ischemia and hypoxia were notable in patients with moderate CSVD, which significantly
promoted the production of VEGF, resulting in a significant increase in VEGF. Higher VEGF concentration can effectively
regulate BPV and significantly reduce multiple indexes of BPV, thus reducing the influence of BPV increase on CSVD. In
patients with severe CSVD, cerebral ischemia and hypoxia are already so severe that endothelial progenitor cells are severely
depleted early in the disease, leading to insufficient VEGF production. This is why the VEGF levels found in this group were
lower than those in the mild to moderate patient group. The relatively low VEGF concentrations seem to exert minimal
influence on BPV, which remains significantly elevated. During this process, moderate upregulation of VEGF may regulate
BPV in two ways: First, by activating the PI3K/Akt-eNOS signaling pathway, VEGF accelerates the regeneration and repair of
damaged vascular endothelium, significantly improving endothelial-dependent vasodilation and restoring endothelial cell
homeostasis. The recovery of endothelial function not only helps maintain physiological vascular tone but also reduces the
levels of vasoconstrictive factors such as endothelin-1 (ET-1) and thromboxane A2 (TXA2) in circulation, thereby reducing
endothelial-originated blood pressure oscillations. Second, VEGF may reduce sympathetic reflex excitation induced by
ischemia by improving vascular function and local blood flow, ultimately achieving a reduction in short-term blood pressure
fluctuations. AlthoughVEGF plays a critical role in promoting angiogenesis, and our study has found a certain correlation
between VEGF levels and blood pressure variability (BPV) in patients with type I cerebral small vessel disease (CSVD),
VEGEF holds promise as a potential therapeutic target for slowing the progression of CSVD. Despite extensive research into
VEGF’s role in angiogenesis, its clinical application remains in the experimental stage. Clinical trials involving coronary
VEGF infusion in patients with myocardial ischemia have failed to demonstrate significant efficacy over placebo,* a result
that has notably impacted the clinical prospects of VEGF in regenerative medicine. Our findings may provide a new
perspective to explain this phenomenon and further propel the clinical application of VEGF.

In this study, we observed that serum VEGF levels were significantly elevated in patients with mild and moderate
CSVD. Additional VEGF supplementation did not appear to yield substantial improvements in disease progression.
Therefore, future research may need to focus on patients with severe CSVD, exploring exogenous VEGF supplementa-
tion as a new therapeutic strategy. By reducing BPV and delaying the progression of CSVD, this strategy holds promise
for further validating the role of VEGF in CSVD and its potential impact on BPV.

Limitation

There are several limitations to be addressed. Firstly, the assessment of CSVD disease severity was based only on the
total CSVD burden scores, without quantifying individual imaging features such as the number of LI, the volume and
location of WMH, the location and number of CMB. Because these characteristics may not have the same effect on
overall severity, patients with the same total CSVD burden score may exhibit different true severity. Secondly, the sample
size of this study is relatively small. Thirdly, this study did not conduct longitudinal follow-up of VEGF levels and BPV
in the enrolled patients, preventing us from determining the temporal relationship between changes in BPV and serum
VEGF concentrations.
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Conclusion

In patients with type I CSVD, average blood pressure levels and BPV are significantly positively correlated with overall
imaging burden, with a stronger correlation observed for systolic BPV. In patients with mild to moderate type I CSVD,
serum VEGF levels are also significantly positively correlated with overall imaging burden. VEGF concentration was
significantly and positively correlated with indicators of systolic BPV. VEGF may be associated with the impact of BPV
on patients with CSVD and thus potentially related to somewhat delay of the progression of disease.
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