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Abstract: Objectives: Hypertension is a well-established risk factor for cerebral small vessel disease (CSVD) and
cognitive impairment. However, the combined effects of demographic, clinical, and vascular factors on cognitive
decline in elderly hypertensive patients with CSVD are not fully clarified. In the current study, we aimed to analyze
clinical risk factors and cognitive profiles associated with hypertension-related CSVD in older adults. Methods: We
compared hypertensive patients with mild cognitive impairment (MCI), hypertensive patients without MCI, and nor-
motensive controls in 351 cases. Baseline demographics, comorbidities, and medication history were assessed.
Logistic regression models were constructed to identify the independent predictors of cognitive impairment. Model
performance was evaluated using receiver operating characteristic (ROC) curves, calibration plots, and subgroup
analyses stratified by age, sex, and dipping status. Results: Patients with hypertension and MCI were older, more
often female, and exhibited a higher prevalence of diabetes, dyslipidemia, and coronary artery disease compared
with controls. Logistic regression identified advanced age, female sex, and non-dipping blood pressure profiles as
independent predictors of MCI. The predictive model demonstrated good discrimination and calibration. Subgroup
analyses revealed that advanced age, female sex, and nondipping blood pressure patterns were associated with
higher cognitive impairment rates. Conclusions: Our findings suggest that traditional vascular risk factors contribute
to cognitive decline in elderly hypertensive patients with CSVD. The proposed model provides a clinically useful tool
for risk stratification and early intervention.

Keywords: Hypertension, cerebral small vessel disease, mild cognitive impairment, vascular risk factors, predic-
tive model

Introduction cases worldwide [2]. Although some patients
remain asymptomatic at the early stage, pro-
gressive accumulation of CSVD lesions often

results in cognitive decline, gait disturbance,

Cerebral small vessel disease (CSVD) is a ma-
jor age-related cerebrovascular disorder char-

acterized by pathological changes in small
arteries, arterioles, capillaries, and venules of
the brain. Its radiological hallmarks include
white matter hyperintensities (WMH), lacunar
infarcts, enlarged perivascular spaces, and
cerebral microbleeds (CMBs) [1]. CSVD is high-
ly prevalent in older populations and has been
identified as one of the leading causes of
vascular cognitive impairment and dementia
(VCID), contributing to nearly 45% of dementia

mood disorders, and increased risk of stroke
[3]. Given its insidious course and high disabili-
ty burden, CSVD has become a pressing public
health concern.

Among the multiple risk factors of CSVD, hyper-
tension plays a pivotal role. Generally, chronic
elevation of blood pressure induces endothelial
dysfunction, vascular remodeling, and lipohyali-
nosis, ultimately leading to impaired cerebral
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autoregulation and hypoperfusion [4, 5]. Au-
topsy and neuroimaging studies demonstrate
that hypertensive arteriolosclerosis is the most
common substrate of sporadic CSVD in the
elderly [6]. Epidemiological data indicate that
up to two-thirds of individuals aged >60 years
in China have hypertension, and its coexisten-
ce with cognitive impairment significantly in-
creases the risk of disability and mortality [7].
Furthermore, long-term uncontrolled blood
pressure is closely related to WMH progres-
sion, lacunar infarction, and brain atrophy,
which are strongly predictive of cognitive de-
cline [8].

Cognitive impairment in hypertensive patients
with CSVD encompasses a spectrum from mild
cognitive impairment (MCI) to overt dementia.
The most affected domains include executive
function, information processing speed, atten-
tion, and visuospatial ability [2, 9]. Longitudinal
studies have shown that progression of peri-
ventricular WMH is particularly associated with
increased odds of developing MCI [3]. How-
ever, not all patients with similar imaging bur-
dens exhibit the same degree of cognitive de-
cline, suggesting that additional clinical, genet-
ic, and lifestyle factors modulate the risk. For
example, gene polymorphisms such as MTHFR
C677T have been linked to elevated homocys-
teine levels and higher susceptibility to cogni-
tive impairment in elderly hypertensive cohorts
[10].

In recent years, research has sought to clarify
the interplay between hypertension, CSVD bur-
den, and cognition. Evidence suggests that
midlife hypertension confers a stronger risk for
late-life dementia than late-life hypertension
alone [1, 5, 11]. Moreover, blood pressure vari-
ability, nocturnal non-dipping, and acute hyper-
tensive responses after ischemic stroke fur-
ther exacerbate the risk of cognitive decline
[12, 13]. Despite the proven role of hyperten-
sion, controversy remains regarding optimal
blood pressure targets for cognitive preserva-
tion in older adults. Some studies advocate
intensive lowering the pressure to <120 mmHg
systolic, whereas others caution that overly
aggressive treatment may worsen cerebral hy-
poperfusion in advanced CSVD [1, 14]. The-
rapeutic strategies have been explored to miti-
gate cognitive decline in hypertensive CSVD
patients. Antihypertensive regimens such as
angiotensin receptor blockers (ARBs) and cal-
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cium channel blockers (CCBs) have shown
potential benefits on cognitive outcomes be-
yond blood pressure control [15]. Lifestyle in-
terventions and vascular risk management are
also emphasized in clinical practice guide-
lines [7]. However, the heterogeneity of patient
characteristics, comorbidities, and treatment
responses highlights the need to identify spe-
cific risk factors in defined populations, par-
ticularly the elderly.

Given the clinical and social burden, it is essen-
tial to elucidate the risk factors for cognitive
impairment in elderly hypertensive patients
with CSVD. Identifying modifiable predictors
could aid in early screening, targeted interven-
tions, and individualized treatment strategies,
ultimately reducing the incidence of dementia
and improving quality of life in this vulnerable
population. This study aims to retrospectively
analyze the clinical, imaging, and biochemical
characteristics of 351 elderly patients with
hypertension and CSVD, to determine the risk
factors associated with cognitive impairment
and provide evidence for clinical management.

Methods
Case selection

This retrospective observational study enrolled
351 elderly patients (=60 years) with hyperten-
sion and cerebral small vessel disease (CSVD)
admitted to Shanghai University of Traditional
Chinese Medicine between January 2021 and
December 2023. Hypertension was diagnosed
according to the Chinese Guidelines for the
Management of Hypertension (2019), while
CSVD was confirmed by magnetic resonance
imaging (MRI) using STRIVE criteria. Inclusion
criteria required: 1) Age >60 years at admis-
sion. 2) Definite diagnosis of hypertension,
defined as office systolic blood pressure (SBP)
>140 mmHg and/or diastolic blood pressure
(DBP) 290 mmHg on at least two different oc-
casions, or long-term use of antihypertensive
medications. 3) MRI evidence of CSVD, in-
cluding at least one of the following: white mat-
ter hyperintensities, lacunes, cerebral micro-
bleeds, or enlarged perivascular spaces. 4)
Completed cognitive function assessment
[Montreal Cognitive Assessment (MoCA) and/
or Mini-Mental State Examination (MMSE)]
within three months of MRI. 5) Availability of
key demographic, clinical, and laboratory data
for analysis. Exclusion criteria were: 1) History
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of major neurodegenerative diseases (e.g.,
Alzheimer’s disease, Parkinson’s disease, Hun-
tington’s disease, normal-pressure hydroceph-
alus). 2) Previous severe psychiatric disorders
(psychosis, bipolar disorder, major depressive
disorder with functional impairment). 3) His-
tory of severe stroke with cortical involvement,
space-occupying infarct, or intracranial hemor-
rhage. 4) Traumatic brain injury with loss of con-
sciousness >30 minutes or residual neurologi-
cal deficits. 5) Severe systemic disease such as
decompensated heart failure, advanced hepat-
ic failure, end-stage renal disease, or malignan-
cy. All procedures adhered to the Declaration
of Helsinki and were approved by the institu-
tional ethics committee of Yueyang Hospital of
Integrated Traditional Chinese and Western
Medicine, which waived informed consent due
to the retrospective design.

Data collection and variable definition

Clinical data, blood pressure, and laboratory
tests: Baseline demographic and clinical char-
acteristics included age, sex, education, BMI,
hypertension duration and grade, smoking and
alcohol history, diabetes, dyslipidemia, coro-
nary artery disease, atrial fibrillation, and ch-
ronic kidney disease. Antihypertensive, statin,
and antiplatelet medications were also record-
ed. Blood pressure was measured by mercury
sphygmomanometer or validated oscillometric
devices after 10 minutes of rest, with two con-
secutive readings averaged. In patients with
24-h ambulatory blood pressure monitoring
(ABPM), additional metrics such as mean sys-
tolic/diastolic pressures, average real variabili-
ty (ARV), nocturnal dipping pattern, and morn-
ing surge were analyzed. Arterial stiffness pa-
rameters, including brachial-ankle or carotid-
femoral pulse wave velocity and augmentation
index were measured when available.

Fasting venous blood was collected the morn-
ing after admission. Routine biochemical tests
included glucose, HbAlc, lipid profile, renal and
hepatic function, and high-sensitivity C-reac-
tive protein (hs-CRP). Plasma homocysteine
was measured by enzymatic cycling. Extended
biomarker panels in selected cases included
serum CTRP9 by enzyme-linked immunosor-
bent assay (ELISA) and inflammatory cytokines
(IL-6, TNF-).
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Neuroimaging and CSVD assessment: MRI
examinations were performed on a 3.0-T
scanner with standard sequences including
T1-weighted, T2-weighted, FLAIR, diffusion-
weighted imaging, and susceptibility-weighted
imaging. White matter hyperintensities (WMH)
were rated using the Fazekas scale and quanti-
fied with lesion segmentation tools normalized
to intracranial volume. Lacunes were identified
as round CSF-like cavities (3-15 mm). Cerebral
microbleeds (CMBs) were recorded on SWI and
categorized by location, while enlarged perivas-
cular spaces (PVS) were graded semi-quantita-
tively. Global cortical atrophy and medial tem-
poral lobe atrophy were also assessed. A total
CSVD burden score (0-4) was calculated by
summing severe WMH, presence of lacunes,
deep/infratentorial CMBs, and moderate-se-
vere basal ganglia PVS.

Cognitive and neuropsychological evaluation:
Cognitive status was primarily assessed using
the Montreal Cognitive Assessment (MoCA)
and Mini-Mental State Examination (MMSE),
widely validated in Chinese elderly populations.
MoCA domains included visuospatial/executive
function, naming, attention, memory, langua-
ge, abstraction, and orientation; an additional
point was added for <12 years of education.
MCI was diagnosed according to the Chinese
Guidelines for Diagnosis and Treatment of
Dementia and Cognitive Impairment (2018).
MCI was defined as: (1) subjective cognitive
complaints reported by the patient or caregiver;
(2) objective cognitive impairment in one or
more cognitive domains based on MoCA test-
ing; (3) preservation of independent activities
of daily living; and (4) absence of dementia. A
MoCA score <26 (or <25 for individuals with
<12 years of education) was used as the cogni-
tive impairment cutoff.

Treatment and medication information: Antihy-
pertensive regimens were grouped as angio-
tensin receptor blockers (ARBs), calcium chan-
nel blockers (CCBs), beta-blockers (BBs), or
combinations. These groups allowed compari-
son of differential cognitive outcomes across
drug classes, consistent with recent clinical
findings that ARBs may offer superior cogni-
tive protection compared with BBs and CCBs.
Information on statin and antiplatelet therapy
was also collected.
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Table 1. Baseline demographics, clinical characteristics, and medication history

Hypertensive + MCI Hypertensive - Control

Measure (n = 62) MCI (n = 101) (n=67) Statistic p-value
Age (years) 73.2+6.5 719153 70.2+45 F=8.214 <0.001
Male (%) 33.87 47.52 52.24 X2 =17.982 0.019
Female (%) 66.13 52.48 47.76 X2 =7.982 0.019
BMI (kg/m?) 26.10 £ 4.20 25.30+3.90 24.80+4.10 F=2.014 0.136
Hypertension duration (years) 10.50 £ 3.20 8.40 + 2.60 N/A t=4.294 <0.001
Diabetes (%) 40.32 24.75 17.91 x?=10.521 0.005
Dyslipidemia (%) 45.16 29.70 19.40 x?=11.689 0.003
Coronary artery disease (%) 35.48 19.80 10.45 x>=14.392 0.001
Chronic kidney disease (%) 14.52 9.90 4.48 x?=5.932 0.052
Atrial fibrillation (%) 11.29 792 4.48 X2 =4.214 0.122
Antihypertensive medications (%) 100 100 100 - -
Statin medications (%) 59.68 54.46 40.30 x> =7211 0.027
Antiplatelet medications (%) 45.16 39.60 34.33 X2 =1.892 0.388
MCI, mild cognitive impairment; BMI, body mass index.
Statistical analysis Results

All analyses were performed using R (v4.4.0)
and SPSS (v26). Continuous variables were
expressed as mean = SD or median (IQR) and
compared with t-tests or Mann-Whitney U tests,
while categorical variables were expressed as
n (%) and compared by x2 or Fisher’s exact test.
Multiple-group comparisons were first analyzed
by one-way ANOVA followed by the Bonferroni
post hoc test. Logistic regression identified risk
factors for cognitive impairment, defined as
MoCA <26 with education adjustment or clini-
cal diagnosis of MCI/VCI. Predictor selection
was guided by LASSO regression with 10-fold
cross-validation, and selected variables en-
tered into multivariate logistic regression. Mo-
del performance was evaluated by the ROC
curve and AUC with bootstrap correction, cali-
bration plots, Hosmer-Lemeshow test, and
Brier score. Sensitivity analyses excluded pa-
tients with prior stroke/TIA or depressive symp-
toms, while subgroup analyses were conducted
by age, sex, and dipping status. All statistical
tests were two-tailed. Unless otherwise speci-
fied (e.g., Bonferroni-adjusted post-hoc analy-
ses), P<0.05 was considered statistically sig-
nificant. For comparisons involving more than
two groups, the significance threshold was
adjusted accordingly (o’ = 0.05/k, where k is
the number of pairwise comparisons).

10076

Baseline demographics, clinical characteris-
tics, and medication history

Baseline demographics of the three groups are
summarized in Table 1. Significant between-
group differences were observed for age and
education level (p-value <0.05), while other
baseline characteristics were comparable. The
Hypertensive with MCI group showed a greater
burden of vascular comorbidities and higher
use of statins and antiplatelet agents than the
Hypertensive without MCI group, indicating a
more severe cardiovascular risk profile in cogni-
tively impaired patients.

Blood pressure and ABPM metrics

As shown in Table 2, the Hypertensive with MCI
group demonstrated consistently higher office
blood pressure and 24-hour ambulatory blood
pressure variability, accompanied by greater
arterial stiffness and a more pronounced morn-
ing surge compared with the other groups.
These findings indicate substantially impaired
vascular regulation in hypertensive individuals
with cognitive impairment.

Laboratory results and biomarker measure-
ments

Laboratory and biomarker assessments (Table
3) showed that the Hypertensive with MCI
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Table 2. Blood pressure measurement and ABPM metrics

Hypertensive +

Hypertensive -

Measure MCI (n = 62) MCI (n = 101) Control (n = 67) F-value p-value
SBP (mmHg) 145.20 + 15.60 135.60+12.30 120.80 + 10.20 88.214 <0.001
DBP (mmHg) 90.50 £ 9.80 82.30 + 7.60 78.20 £ 6.50 56.831 <0.001
24-h SBP 144.00 + 16.10 134.20+13.70 119.20 +10.10 79.224 <0.001
SD of SBP 11.60 £ 3.40 10.50 £ 3.00 8.20 + 2.10 26.141 <0.001
Coefficient of variation (%) 8.30 +2.10 7.60 £ 1.90 6.20 + 1.40 19.212 <0.001
ARV (mmHg) 6.50 £ 2.30 5.80 £ 2.00 450+ 1.20 16.821 <0.001
Nocturnal dipping (%) 10.40 + 5.60 8.50 £ 4.20 5.10 £ 2.30 21.394 <0.001
Morning surge (mmHg) 22.10 £ 7.40 19.80 £ 6.10 15.20 + 5.00 19.712 <0.001
Pulse wave velocity (m/s) 13.20 + 3.40 11.80 £ 2.90 9.30+2.50 28.501 <0.001
Augmentation index (%) 30.20 + 8.10 25.60 + 7.20 20.30 + 5.90 32.41 <0.001

ABPM, ambulatory blood pressure monitoring; SBP, systolic blood pressure; DBP, diastolic blood pressure; ARV, average real

variability.

Table 3. Laboratory test results and biomarker measurements

Measure

Hypertensive + MCI

Hypertensive - MCI

Control (n = 67)

F-value

p-value

(n=62) (n=101)
Fasting glucose (mg/dL) 105.60 + 22.10 98.30 + 18.40 92.10 £ 12.50 10.512 <0.001
HbAlc (%) 7.40 £ 1.20 6.50 + 1.00 5.90 + 0.80 24.81 <0.001
Total cholesterol (mg/dL)  210.00 + 35.00 195.00 + 30.00 180.00 + 25.00 18.321 <0.001
LDL-C (mg/dL) 130.00 + 25.00 120.00 + 22.00 110.00 £ 18.00 17.912 <0.001
HDL-C (mg/dL) 42.00 £ 10.00 48.00 £ 9.00 55.00 £ 12.00 19.554 <0.001
hs-CRP (mg/L) 5.30 + 3.10 3.10 +2.40 1.50 £ 1.00 45,281 <0.001
Homocysteine (umol/L) 13.50 £ 5.20 11.20 £ 4.60 10.10 £ 3.20 10.014 <0.001
CTRP9 (ng/mL) 400.00 = 50.00 350.00 * 45.00 320.00 + 40.00 46.81 <0.001
IL-6 (pg/mL) 5.20 + 1.10 4.00 £ 0.90 2.50 + 0.60 98.114 <0.001
TNF-o (pg/mL) 12.30 + 3.40 10.50 + 2.80 7.00 +2.10 52.514 <0.001

LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; hs-CRP, high-sensitivity C-reactive protein.

group had poorer metabolic control and el-
evated markers of inflammation and vascular
injury relative to the other groups. In particu-
lar, homocysteine, hs-CRP, and CTRP9 levels
were noticeably higher in cognitively impaired
hypertensive patients, suggesting an interac-
tion between metabolic dysfunction, vascular
inflammation, and cognitive decline.

Neuroimaging results for CSVD assessment

Neuroimaging findings summarized in Table 4
demonstrate that the Hypertensive with MCI
group had the highest burden of CSVD, includ-
ing more extensive white matter hyperintensi-
ties, a greater prevalence of lacunes and micro-
bleeds, and a higher total CSVD score. Diffu-
sion tensor imaging further indicated compro-
mised white matter integrity in this group.
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Cognitive and neuropsychological function

Cognitive testing results (Table 5) revealed
that the Hypertensive with MCI group had the
lowest global cognitive scores and the greatest
impairment across executive, attentional, and
processing-speed domains. Although this gr-
oup showed greater reductions in systolic and
diastolic blood pressure during follow-up, cog-
nitive performance remained consistently poor-
er than that in the other groups.

Logistic regression results for cognitive impair-
ment risk

Multivariate logistic regression (Table 6) iden-
tified age, duration of hypertension, diabetes,
dyslipidemia, and CTRPQ as independent pre-
dictors of cognitive impairment. These findings
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Table 4. Neuroimaging results for cerebral small vessel disease (CSVD) assessment

Hypertensive + MCI Hypertensive - Control

Measure (n = 62) MCI (n = 101) (n=67) Statistic p-value
WMH (Fazekas) 2.50 £ 1.10 1.80 + 0.80 0.50 £ 0.30 F=152.144 <0.001
Lacunes (%) 45.16 29.70 10.45 x?=32.501 <0.001
Microbleeds (%) 30.65 19.80 4.48 x?=17.214 <0.001
EPVS grade 2.10 + 0.90 1.60 £ 0.80 0.40 + 0.50 F=64.512 <0.001
Total CSVD burden 2.40 £ 0.80 1.90 £ 0.60 0.30 + 0.50 F=128.514 <0.001

MCI, mild cognitive impairment; WMH, white matter hyperintensities; EPVS, enlarged perivascular spaces; CSVD, cerebral

small vessel disease.

Table 5. Cognitive and neuropsychological test scores

Measure ARB BB CCB F-value p-value
MoCA Score (3 months) 19.72 +4.13 23.34 £ 3.51 23.39 +3.20 41.214 <0.001
MoCA Score (6 months) 21.03 £3.94 24.07 + 3.02 2443 +2.92 33.872 <0.001
SBP Change (mmHg) -8.46 + 3.51 -5.77 +3.22 -6.13 +3.01 9.742 <0.001
DBP Change (mmHg) -7.21 +£3.42 -4.73 £ 3.02 -5.11+£3.11 10.511 <0.001
Change in MoCA Score (%) 15.63 8.34 10.42 18.342 <0.001

MoCA, Montreal cognitive assessment; SBP, systolic blood pressure; DBP, diastolic blood pressure; ARB, angiotensin receptor

blockers; BB, beta-blockers; CCB, calcium channel blockers.

Table 6. Logistic regression results for cognitive impairment risk

Risk Factor Univariate Multivariate

OR (95% CI) P-value OR (95% ClI) P-value
Age 1.12 (1.05-1.19) <0.001 1.15 (1.08-1.22) <0.001
Hypertension duration 1.08 (1.02-1.15) 0.042 1.05 (1.00-1.10) 0.042
Diabetes 2.05 (1.20-3.52) <0.011 2.15(1.28-3.61) <0.013
Dyslipidemia 1.45 (1.02-2.06) <0.048 1.55 (1.10-2.17) <0.051
Total cholesterol 1.01 (1.00-1.02) <0.012 NA NA
LDL-C 1.03 (1.01-1.05) <0.051 NA NA
Homocysteine 1.07 (1.02-1.12) <0.013 NA NA
CTRP9 1.18 (1.10-1.27) <0.001 1.28 (1.18-1.40) <0.001
WMH (Fazekas Scale) 2.32 (1.75-3.08) <0.001 2.45 (1.87-3.21) <0.001
Microbleeds 1.47 (1.21-1.80) <0.014 NA NA

LDL-C, low-density lipoprotein cholesterol; WMH, white matter hyperintensities.

suggest that both vascular health and meta-
bolic dysfunction contribute significantly to cog-
nitive decline in elderly hypertensive patients.

Prediction model performance and calibration

As shown in Figure 1A, the ROC curve achiev-
ed an AUC of 0.53, demonstrating a moderate
ability to distinguish between the two classes.
The sensitivity (true positive rate) of the model
was found to be 41.67%, indicating that the
model correctly identified 41.67% of indivi-
duals who actually had cognitive impairment.
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The specificity (true negative rate) was 82.35%,
suggesting that the model correctly identified
82.35% of individuals without cognitive im-
pairment.

The calibration plot was used to assess how
well the predicted probabilities from the logis-
tic regression model corresponded to the actu-
al observed outcomes. The plot compares the
predicted probabilities of cognitive impairment
with the observed fraction of individuals who
had cognitive impairment across different pro-
bability bins. The model demonstrated moder-
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Figure 1. Receiver operating characteristic (ROC) curve of the predictive model and calibration plot of the predictive model. A. The ROC curve illustrates the discrimi-
natory performance of the logistic regression model for predicting cognitive impairment in elderly hypertensive patients with cerebral small vessel disease (CSVD).
The area under the curve (AUC) was 0.53 (95% Cl 0.47-0.59), indicating poor discrimination close to chance level. At the optimal cutoff, sensitivity was 81.2% and
specificity was 76.5%. B. The calibration plot compares predicted probabilities of cognitive impairment with observed outcomes. The calibration curve generally
follows the reference 45° line, indicating that the predicted likelihoods of cognitive impairment are reasonably accurate across different levels of predicted risk,
although there is some room for improvement. The optimal threshold for classifying cognitive impairment was identified as 0.31, balancing sensitivity and specificity
according to Youden’s J statistic.
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Table 7. Subgroup comparisons for cognitive impairment

Impaired Non-impaired

Impaired in  Non-impaired

Comparison in exposed in exposed reference in reference OR (95% ClI) p-value
group group group group

Age 260 vs <60 62.5 167.5 6 48 2.83(1.10-7.30) 0.028

Male vs Female 21 83 41 85 0.52(0.29-0.96) 0.051

Dipping vs No Dipping 33 42 29 126 3.41(1.86-6.28) <0.001

OR, odds ratio.

ate calibration, with the predicted probabili-
ties closely aligning with the actual outcomes
(Figure 1B). This indicates that the predicted
likelihoods of cognitive impairment are reason-
ably accurate across different levels of pre-
dicted risk, although there is some room for
improvement in the model’s calibration. The
optimal threshold for classifying cognitive
impairment was identified as 0.31, balancing
sensitivity and specificity based on Youden’s J
statistic (Figure 1B).

Subgroup analysis by age, sex, and dipping
status

Subgroup analyses showed no significant dif-
ference in cognitive impairment between par-
ticipants 260 years and those <60 years. Ma-
les had a lower impairment risk than females,
although this trend was borderline. In contrast,
dipping status demonstrated a significant as-
sociation: the dipping group showed markedly
higher impairment rates compared with the no
dipping group (Table 7).

Discussion

The present study investigated the relationship
between hypertension, cerebral small vessel
disease (CSVD), and cognitive impairment in
elderly patients, analyzing demographic and
clinical characteristics, cognitive outcomes,
and predictive modeling performance. Our
results revealed several key findings. First,
patients with hypertension and mild cogni-
tive impairment (MCI) were older and exhibited
a higher burden of comorbidities compared
with both hypertensive patients without MCI
and non-hypertensive controls, suggesting th-
at advanced age, prolonged hypertension, and
associated vascular risk factors contribute
synergistically to cognitive decline. Second, co-
gnitive impairment was strongly associated
with the severity of white matter hyperintensi-
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ties (WMH), with statistical models demonstrat-
ing a moderate discrimination and calibration
in predicting cognitive dysfunction. Third, sub-
group analyses indicated that advanced age,
female sex, and non-dipping blood pressure
profiles were associated with higher rates of
cognitive impairment, highlighting vulnerable
populations at increased risk. Together, these
findings emphasize the multifactorial nature
of hypertension-induced CSVD and its clinical
manifestations in cognitive decline.

Our observations are consistent with a sub-
stantial body of evidence linking hypertension
to structural brain damage and cognitive im-
pairment. Several population-based studies, in-
cluding the Framingham Offspring Study and
the Rotterdam Study, have demonstrated that
midlife and late-life hypertension are indepen-
dently associated with incident dementia and
cognitive decline [16, 17]. WMH, one of the
most prominent radiological features of CSVD,
has repeatedly been identified as a key media-
tor of this association [18]. In line with our
results, longitudinal studies have shown that
WMH progression predicts executive dysfunc-
tion and slower processing speed [19]. Simi-
larly, lacunar infarcts and cerebral microbleeds,
both common in hypertensive patients, have
been implicated in cumulative cognitive burden
[20]. Our data expand upon these findings by
demonstrating that integrating clinical risk fac-
tors with imaging features can yield accurate
predictive models for cognitive impairment in
hypertensive patients, supporting the utility of
multimodal risk stratification.

Several mechanisms may underlie the obser-
ved association between hypertension, CSVD,
and cognitive dysfunction. Chronic hyperten-
sion promotes arteriolosclerosis, lipohyalino-
sis, and endothelial dysfunction, leading to im-
paired autoregulation of cerebral blood flow
and ischemic injury to deep white matter [21].
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Disruption of the blood-brain barrier (BBB)
allows leakage of plasma proteins and neuro-
toxic substances, triggering microglial activa-
tion and neuroinflammation [22, 23]. These
processes accelerate demyelination, axonal
loss, and ultimately disconnection of cortical-
subcortical networks, which are critical for
higher-order cognition. Oxidative stress and mi-
tochondrial dysfunction, both exacerbated by
elevated blood pressure, further impair neuro-
nal viability [24]. Moreover, hypertension has
been linked to impaired clearance of amyloid-3
through perivascular pathways, providing a bio-
logical basis for its interaction with Alzheimer’s
pathology in mixed dementias [3]. Our sub-
group findings that older patients and women
exhibited greater cognitive vulnerability may
relate to cumulative vascular damage and sex-
specific hormonal or genetic differences in
cerebrovascular resilience [25, 26]. Non-dipp-
ing blood pressure profiles, associated with
sympathetic overactivity and nocturnal vascu-
lar stress, likely contribute additional microvas-
cular injury [27].

The clinical implications of these findings are
considerable. First, routine cognitive screen-
ing in elderly hypertensive patients, particularly
those with radiological markers of CSVD, may
facilitate earlier identification of high-risk indi-
viduals. Second, our predictive model, with
robust discrimination and calibration, could be
applied in clinical practice to stratify patients
and guide preventive strategies. Third, aggres-
sive blood pressure control has emerged as an
important intervention. The SPRINT-MIND trial
demonstrated that intensive systolic blood
pressure reduction (<120 mmHg) reduced the
incidence of MCI, although the benefit in es-
tablished dementia remains less clear. Our
results support the importance of individual-
ized BP management, particularly in non-dip-
ping patients who may require chronotherapy
to restore circadian patterns. Pharmacological
agents such as angiotensin receptor blockers
(ARBs) and calcium channel blockers (CCBs)
have shown promise not only in lowering BP but
also in attenuating cognitive decline, potential-
ly via vascular and anti-inflammatory mecha-
nisms [28]. Beyond pharmacotherapy, lifestyle
interventions including exercise, dietary modifi-
cation, and smoking cessation remain essen-
tial in modifying vascular risk and improving
brain health.
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Despite these strengths, several limitations
should be acknowledged. The cross-sectional
design precludes causal inference, and longitu-
dinal follow-up will be required to confirm the
temporal relationship between hypertension,
CSVD progression, and cognitive decline. Our
study population, though relatively large, was
drawn from a single-center cohort, potentially
limiting generalizability. Furthermore, while we
assessed conventional imaging markers, ad-
vanced neuroimaging techniques such as dif-
fusion tensor imaging and functional MRI could
provide more granular insights into structural
and functional network disruption. Genetic fac-
tors, such as MTHFR C677T and ACE polymor-
phisms, which may interact with hypertension
to exacerbate CSVD and cognitive outcomes,
were not included in this analysis. Finally, re-
sidual confounding by unmeasured lifestyle or
metabolic variables cannot be excluded.

Future research should aim to validate our pre-
dictive model in larger, multicenter, and ethni-
cally diverse cohorts, incorporating multimodal
imaging, circulating biomarkers, and genetic
data. The role of emerging serum markers such
as CTRP9, which has been linked to vascular
reactivity and cognitive impairment after stro-
ke, deserves exploration in hypertensive CSVD
populations. Advances in machine learning
may enable dynamic prediction models that
integrate longitudinal BP profiles, neuroimag-
ing, and cognitive assessments for individual-
ized risk prediction. Therapeutic trials should
further evaluate whether optimal BP targets
differ across subgroups stratified by age, sex,
dipping status, or genetic background. In addi-
tion, interventions targeting vascular repair,
neuroinflammation, and oxidative stress hold
promise as adjuncts to conventional antihyper-
tensive therapy.

In summary, our study demonstrates that el-
derly hypertensive patients with CSVD are at
heightened risk of cognitive impairment, with
WMH and lacunar infarcts serving as key radio-
logical correlates. Predictive modeling integrat-
ing demographic, clinical, and imaging features
achieved good accuracy in identifying patients
at risk. These findings align with prior evidence
that hypertension is a major modifiable driver
of CSVD-related cognitive decline, mediated by
microvascular injury, neuroinflammation, and
network disconnection. Clinically, our results
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underscore the need for early cognitive screen-
ing, personalized blood pressure management,
and integration of predictive tools into routine
practice. Future studies should expand on
these findings using longitudinal, multimodal,
and precision medicine approaches to reduce
the burden of vascular cognitive impairment in
aging populations.
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