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The association between altitude
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Cerebral small vessel disease (CSVD) is a major neurovascular contributor to stroke and cognitive
impairment, yet its interaction with chronic high-altitude adaptation remains poorly understood. This
first neuroimaging investigation examined 499 Tibetan natives residing at 2000-4800 m using 3T MRI
to quantify CSVD burden and to assess its association with residential altitude. Multivariable logistic
regression, treating altitude as both a continuous variable (per 500 m increment) and a categorical
variable (mid-high [2000-3500 m] vs. ultra-high [>3500 m]), revealed that 51.5% of participants had
CSVD (CSVD score = 1), with adjusted odds ratios of 0.94 (95% Cl: 0.74-1.21) per 500 m altitude and
0.78 (95% Cl: 0.42-1.44) for ultra-high versus mid-high altitude. Partial proportional odds model
showed no significant association between altitude and CSVD score (OR=1.18, 95% Cl 0.99-1.40).
These null findings, in contrast to the well-established paradoxical impact of altitude on stroke risk,
suggest potential neuroprotective mechanisms in altitude-adapted populations. Our results challenge
conventional cerebrovascular paradigms and highlight the need for further research into Tibetan-
specific genetic adaptations that may modulate CSVD pathophysiology. This study provides essential
insights for refining altitude-related cerebrovascular risk models.
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Cerebral small vessel disease (CSVD) represents a prevalent neurological disorder strongly associated with
various cerebrovascular abnormalities and neurodegenerative diseases. Epidemiological data consistently
demonstrate that CSVD is particularly common in the elderly, with its prevalence significantly increasing with
age'. The clinical manifestations of CSVD vary widely, with approximately 20% of elderly individuals remaining
asymptomatic, while others may experience cognitive impairment, mood disturbances, gait abnormalities, or
urinary dysfunction?. An increasing body of research links CSVD to both dementia and stroke>*. Studies indicate
that cognitive impairment (CI) resulting from CSVD accounts for 36-67%* of all cases of vascular dementia
(VaD) and 15-30% of all dementia cases, positioning it as the second most common cause after Alzheimer’s
disease (AD)*’. Given the substantial economic burden of dementia and stroke on both individuals and society®,
further investigation into the pathophysiological mechanisms and risk factors of CSVD holds significant clinical
and public health value.

CSVD may exhibit different characteristics depending on ethnicity and environmental factors. For instance,
a nationwide epidemiological study in China revealed regional variations in stroke incidence, with the northern
and central regions showing the highest stroke burden’. Additionally, a study conducted in Shunyi demonstrated
that the progression of CSVD in participants from the same age group was more pronounced than in Western
populations®. High-altitude regions present unique environmental challenges, such as hypoxia, low temperatures,
and increased ultraviolet radiation. Chronic exposure to these conditions can lead to a variety of physiological
and pathological changes, including erythrocytosis, pulmonary hypertension, and chronic mountain sickness’.
Globally, over 500 million people (5.7% of the world’s population) reside at altitudes above 1500 m'?. In China,
vast high-altitude areas include four major plateaus, with the Tibetan Plateau being the highest on Earth, often
referred to as the “Roof of the World”. Approximately 80 million people in China live above 2500 m, with nearly
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3.7 million residing at altitudes around 4000 m in Tibet!!. Prior research on stroke characteristics in high-
altitude populations remains inconclusive, with some studies suggesting a dual impact of altitude on stroke
risk!?2-14. Certain studies have indicated lower stroke incidence and mortality rates among highland residents
compared to those at lower altitudes!>!4, while other research, such as a study conducted in India, reports
a positive association between higher altitudes and elevated stroke risk!2. Despite China’s vast high-altitude
terrain, research on CSVD in these regions is still limited, and few studies have explored the relationship between
different altitudes and CSVD.

This study aims to explore, for the first time, the association between varying altitudes and the severity of
CSVD, along with its imaging biomarkers, in the native Tibetan population. By comparing the severity and
imaging features of CSVD in populations residing at different altitudes, this study will provide novel insights
into the impact of altitude on CSVD and contribute valuable information for managing cerebrovascular health
in high-altitude communities.

Methods
Study population
This retrospective hospital-based cohort study analyzed neurology inpatients admitted between November 2022
and February 2025 at the Department of Neurology, Chengdu Office Hospital of the People’s Government of
Tibet Autonomous Region. Patients presented with a range of neurological conditions, including vestibular
disturbances (vertigo), chronic primary headache disorders, cerebrovascular disease, Parkinsonian spectrum
disorders, and affective comorbidities involving anxiety and depression. The study protocol was approved by the
Institutional Review Board (IRB) of Chengdu Office Hospital (IRB number: 2022-65), with informed consent
obtained from each participant at the time of enrollment. All research procedures were conducted in strict
accordance with the relevant ethical guidelines, adhering to the principles outlined in the Declaration of Helsinki.

Participants in this cohort were required to meet the following inclusion criteria: age>35 years, birth
and prolonged residence in the Tibetan Plateau region, and completion of head MRI scans (including T1-
weighted, T2-weighted, and T2-weighted fluid-attenuated inversion recovery (FLAIR) sequences) that met the
study’s specifications. Exclusion criteria included participants with large cortical infarctions or intracerebral
hemorrhages, those diagnosed with intracranial infections, central nervous system demyelinating disorders,
or other conditions associated with white matter demyelination. Considering that severe chronic hepatic or
renal dysfunction and malignancies may induce systemic metabolic abnormalities that influence CSVD
progression'>!¢, or interfere with the interpretation of CSVD biomarkers'”!8, participants with a history of
severe hepatic disease (Child-Pugh score>7 with clinical ascites), severe renal disease (chronic kidney disease
stage 4-5, eGFR <30 mL/min/1.73m?), or malignancies were excluded.

As illustrated in the flowchart (Fig. 1), a total of 499 participants, each of whom had complete MRI data,
altitude measurements, and other relevant clinical variables, were included in the final analysis.

529 participants were enrolled from November 2022 to
February 2025

Excluded: 29
(1) large-scale cortical infarction: 2
(2) history of cancer: 6
(3) central nervous system infections: 9
(4) severe combined hepatic and renal dysfunction: 13
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Fig. 1. Flow diagram of the study population. CSVD, Cerebral small-vessel disease.
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Data collection

Assessment of altitude

Altitude data for each participant were obtained based on their residential location. To ensure the scientific
validity and practicality of the high-altitude exposure classification, we followed the recommendations of the
International Society for Mountain Medicine, which we deemed most suitable for this study'®. Among our study
population, no participants lived at altitudes below 2000 m, and only nine participants resided between 2000
and 2500 m. Therefore, we used 3500 m as the cutoff point to categorize participants into the mid-high altitude
group and the ultra-high altitude group.

Assessment of CSVD

The MRI scans were conducted on a 3.0 T Philips system (Best, Netherlands), following a standardized protocol
that included T1-weighted, T2-weighted, and T2-FLAIR sequences. The assessment of MRI markers for CSVD
was based on the Standards for Reporting Vascular Changes in Neuroimaging (STRIVE) criteria?’. These criteria,
developed through expert consensus, guide the reporting of vascular changes such as recent small subcortical
infarcts (RSSI), lacunar infarctions (LI), cerebral microbleeds (CMB), white matter hyperintensities (WMH),
enlarged perivascular spaces (EPVS), and brain atrophy. The use of the STRIVE criteria ensures consistent and
accurate reporting, improving diagnostic precision and facilitating research into the clinical implications of
these changes.

WMH were graded using the Fazekas scale based on T2-weighted or FLAIR sequences®!. Periventricular
WMH were classified as 0 points (no visible lesion), 1 point (caps or pencil lining), 2 points (smooth halo), and
3 points (irregular periventricular hyperintensity extending into deep white matter). Deep WMH were graded
as 0 points (no visible lesion), 1 point (punctate lesions), 2 points (beginning confluence of lesions), and 3 points
(large confluent lesions). Lacunar infarctions (LI) were identified as round or oval-shaped lesions, 3-15 mm in
diameter, with central cerebrospinal fluid-like low signal on T2-weighted and FLAIR sequences, surrounded
by high signal but not high signal on diffusion-weighted imaging (DWI)?. Recent small subcortical infarcts
(RSSI) were identified as lesions with high signal on DWI, T2-weighted, and FLAIR sequences, but low signal
on T1-weighted imaging, with a size <20 mm?’. EPVS were defined as fluid-filled spaces surrounding vessels
penetrating gray or white matter. These spaces appeared as point-like or linear shadows with cerebrospinal fluid
on T1-weighted, T2-weighted, and FLAIR sequences, usually measuring <3 mm in diameter. EPVS severity was
graded based on the highest count in unilateral basal ganglia, with the following classification: grade 1 (1-10
spaces), grade 2 (11-20 spaces), grade 3 (21-40 spaces), and grade 4 (>40 spaces or uncountable)?2.

The CSVD burden score, which integrates multiple imaging markers (Due to the absence of SWI sequences
in our MRI protocol, the composite CSVD burden score was calculated based on the presence of LI, RSSI, WMH,
and EPVS) was used to quantify CSVD severity?>»*%. The total score ranged from 0 to 4 points, categorized as non-
mild (0-1 point) or moderate (2-4 points)**?. The score was determined by the presence of > 1 lacunar infarct
(1 point),>1 recent small subcortical infarct (1 point), moderate to severe EPVS (grades 2-4) (1 point), and
Fazekas grade 3 periventricular white matter hyperintensity or grade > 2 deep-brain white matter hyperintensity
(1 point)**?*. This detailed scoring approach facilitates a more precise understanding of CSVD and its clinical
relevance.

Assessment of covariates

Upon admission, anthropometric data were recorded. Weight and height were measured in accordance with
World Health Organization guidelines, with participants wearing lightweight clothing and no footwear. The
body mass index (BMI) was computed by dividing weight (kg) by height squared (m?). Blood pressure was
measured twice using a digital sphygmomanometer, following standardized protocols. Participants were seated
for at least 5 min of rest before measurements, and the average of the two readings was taken as the final value.

Sociodemographic information collected included sex, age, smoking status (categorized as non-smoker,
former smoker, or current smoker), alcohol consumption (classified as non-drinker, former drinker, or current
drinker), and residential altitude. Medical histories regarding cardiovascular disease (CVD) risk factors such as
hypertension, type 2 diabetes, coronary artery disease (CAD), stroke, and hyperlipidemia were retrieved from
participants’ medical records. The use of medications, including antihypertensives, glucose-lowering agents,
antiplatelet drugs, and lipid-lowering medications, was also documented.

On the first day after admission, routine laboratory tests were performed following an overnight fast. These
tests included measurements of fasting plasma glucose (FPG), triglycerides, total cholesterol (TC), low-density
lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), aspartate aminotransferase,
alanine aminotransferase, estimated glomerular filtration rate (eGFR), and a complete blood count, which
assessed parameters such as red blood cells (RBC), white blood cells (WBC), hemoglobin (HB) levels, hematocrit
(Hct), and platelet count (PLT).

To explore the potential effect modification by manifest arterial disease (MAD) on the altitude-CSVD
severity association, we conducted stratified analyses using MAD as the primary stratification variable. MAD
was defined according to established clinical criteria?® and included: (1) coronary artery disease (CAD),
confirmed by a documented history of myocardial infarction, coronary revascularization, or angiographically
verified stenosis >70%; (2) cerebrovascular disease, including either neuroimaging-confirmed ischemic stroke
(acute or chronic) or clinically diagnosed transient ischemic attacks meeting WHO criteria; and (3) peripheral
arterial disease (PAD), defined by either prior surgical or endovascular treatment for lower limb arterial stenosis
or objective evidence of resting ischemia or claudication.
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Statistical analyses

Descriptive statistics were utilized to summarize the characteristics of the study cohort. The Shapiro-Wilk test
was applied to evaluate the normality of the data distribution. Continuous descriptive variables were stratified
based on the classification of high-altitude exposure and the severity of CSVD, presenting normally distributed
data as meantstandard deviation, and non-normally distributed data as median (interquartile range).
Categorical variables were reported as frequencies and percentages. Group comparisons for continuous variables
were conducted using either the two-sample t-test or the Mann-Whitney U test, depending on the distribution
of the data. For categorical variables, either the chi-square test or Fisher’s exact test was used as appropriate.

To evaluate the associations between residential altitude, CSVD severity, and its MRI markers, multivariable
logistic regression analyses were performed. The primary outcome, defined as CSVD severity, was derived from
the cumulative score of four neuroimaging markers (LI, RSSI, WMH, EPVS), and modelled as a binary variable
(moderate-to-severe vs non-mild; with results reported as adjusted odds ratios [ORs] and 95% confidence
intervals [CIs]). The presence of each MRI marker was considered a binary secondary outcome, analysed in
separate logistic regression models. Variables demonstrating statistical significance (P<0.05) in univariate
analyses, along with clinically pertinent covariates, were included in the multivariable models. Model 1 was
unadjusted, whereas Model 2 adjusted for age, sex, smoking status, alcohol consumption, HB, hypertension,
diabetes mellitus, CAD, hyperlipidemia, and history of stroke.

To assess the robustness of the findings, a series of sensitivity analyses was conducted. First, altitude was
incorporated into logistic regression models both as a continuous and a categorical variable to evaluate its
associations with CSVD and associated neuroimaging markers. To enhance clinical interpretability, altitude
was incorporated as a continuous variable (“altitude per 500 m" —calculated as altitude divided by 500). This
transformation facilitated a more intuitive assessment of exposure-outcome relationships. Second, given the
non-normal distribution of the CSVD burden score (range: 0-4; Shapiro-Wilk test: W=0.79, p<0.001; see
FigureS1 for distribution histogram), sensitivity analyses treated this score as an ordinal outcome using partial
proportional odds (PPO) models. The Brant test revealed violation of the proportional odds assumption for
sex (x*=9.39, p=0.02) but not for altitude (x*=2.6, p=0.46). Consequently, a PPO model was implemented
via the VGAM package in R, permitting non-proportional odds for sex while maintaining proportional odds
constraints for altitude effects.

Previous studies have suggested a dual effect of altitude on stroke risk. To further explore whether different
altitude levels also exhibit varying associations with CSVD, we conducted repeated analyses in both the mid-
high altitude and ultra-high altitude groups, entering altitude as a continuous variable in logistic regression
models.

CSVD primarily reflects Type 1 small vessel pathology, closely linked to vascular risk factors. To reduce
confounding, we performed logistic subgroup analyses stratified by age (<60 vs 260 years), residential altitude
(mid-high vs ultra-high), and MAD status (yes vs no). Interactions between altitude and these factors were
assessed using likelihood ratio tests.

All statistical analyses were performed using R version 4.3.1 (http://www.R-project.org, The R Foundation)
and FPree Statistics software version 2.0?’. A two-tailed test was used, and a p-value of less than 0.05 was
considered statistically significant.

Results

Characteristics of the participants

Among the 499 participants, 51.5% (257/499) had CSVD (CSVD score > 1). The mean age was 57.6 + 11.7 years,
with a slightly higher proportion of males than females (55.8% vs. 44.2%). Tables 1 and 2 detail the demographic
and clinical characteristics stratified by altitude and CSVD severity. The mean residential altitude was
3746.2 +481.6 m. Compared to those at mid-to-high altitudes, participants at ultra-high altitudes had significantly
higher hemoglobin levels and hematocrit but a lower prevalence of diabetes (all p <0.05). Additionally, compared
to the non-mild CSVD group, the moderate-to-severe CSVD group had a higher proportion of males and a
greater prevalence of hypertension, coronary artery disease (CAD), and stroke. The distribution of smoking and
alcohol consumption also differed significantly between the two groups (all p <0.05).

Association between altitude and the severity of CSVD and MRI markers of CSVD among the

499 study participants

Multivariable logistic regression was used to assess the relationship between altitude and CSVD. Whether
altitude was analyzed as a continuous variable (per 500 m increase) or a categorical variable (mid-to-high vs.
ultra-high altitude), no significant association was found with CSVD (altitude per 500 m: OR=0.94, 95% CI:
0.74-1.21; mid-to-high vs. ultra-high altitude: OR=0.78, 95% CI: 0.42-1.44) or MRI markers of CSVD after
adjusting for confounders (all p > 0.05, Table 3).

To ensure the robustness of these findings, additional PPO model analyses was conducted using CSVD score
as an ordinal outcome. The results remained consistent, showing no significant association between altitude and
CSVD score after adjustment (OR=1.18, 95% CI 0.99-1.40, p=0.061, sTable 1). This concordance underscores
the robustness of our null findings.

Association between altitude per 500 and the severity of CSVD and MRI markers of CSVD
among mid-high altitude and ultra-high altitude participants

Previous studies suggest altitude may have a dual effect on stroke risk. To explore whether altitude influences
CSVD differently, we conducted subgroup analyses for mid-to-high and ultra-high altitude participants. Due to
the limited number of RSSI and LI cases in the mid-to-high altitude group, these associations were not analyzed
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Variables Total (n=499) | Mid-high altitude group (n=79) | Ultra-high altitude group (n=420) | p-value
Age, year 57.6+11.7 57.8+£10.0 57.6+12.0 0.857
HB, g/L 148.1+£24.2 141.9+19.2 149.3+£24.9 0.013
RBC, 10'?/L 4.8+0.7 4.7+0.6 4.8+0.8 0.086
HCT, % 44.2+7.3 42.4+5.8 44.5+7.5 0.017
BMI, kg/m? 26.2+4.0 26.2+3.9 26.1+4.0 0.819
Sex, n (%) 0.636
Female 221 (44.2) 33 (41.8) 188 (44.7)
Male 279 (55.8) 46 (58.2) 233 (55.3)
Smoking status, n (%) 0.586
Non-smoker 307 (61.4) 47 (59.5) 260 (61.8)
Former smoker 106 (21.2) 20 (25.3) 86 (20.4)
Smoker 87 (17.4) 12 (15.2) 75(17.8)
Alcohol status, n (%) 0.440
Non-drinker 283 (56.6) 44 (55.7) 239 (56.8)
Former drinker 128 (25.6) 24 (30.4) 104 (24.7)
Drinker 89 (17.8) 11 (13.9) 78 (18.5)
Hypertension, n (%) 0.060
No 251 (50.2) 32 (40.5) 219 (52)
Yes 249 (49.8) 47 (59.5) 202 (48)
Diabetes, n (%) 0.030
No 431 (86.2) 62 (78.5) 369 (87.6)
Yes 69 (13.8) 17 (21.5) 52 (12.4)
CAD, n (%) 0.245
No 476 (95.2) 73(92.4) 403 (95.7)
Yes 24 (4.8) 6(7.6) 18 (4.3)
Hyperlipidemia, n (%) 0.799
No 465 (93.0) 74 (93.7) 391 (92.9)
Yes 35(7.0) 5(6.3) 30 (7.1)
Stroke, n (%) 0.625
No 448 (89.6) 72 (91.1) 376 (89.3)
Yes 52(10.4) 7(8.9) 45 (10.7)
Antiplatelet drugs, n (%) 0.740
No 430 (86.0) 67 (84.8 363 (86.2)
Yes 70 (14.0) 12 (15.2 58 (13.8)
Antihypertensive therapy, n (%) 0.621
No 341 (68.2) 52 (65.8) 289 (68.6)
Yes 159 (31.8) 27 (34.2 132 (31.4)
Lipid-lowering therapy, n (%) 0.946
No 419 (83.8) 66 (83.5 353 (83.8)
Yes 81 (16.2) 13 (16.5) 68 (16.2)
Hypoglycemic therapy, n (%) 0.005
No 449 (89.8) 64 (81) 385 (91.4)
Yes 51(10.2) 15(19) 36 (8.6)
Severity of CSVD, n (%) 0.416
Non-mild 384 (77.0) 58 (73.4 326 (77.6)
Moderate-severe 115 (23.0) 21 (26.6 94 (22.4)
RSSI, n (%) 1.000
No 468 (93.8) 74 (93.7) 394 (93.8)
Yes 31(6.2) 5(6.3) 26 (6.2)
LL n (%) 0.909
No 444 (89.0) 70 (88.6) 374 (89)
Yes 55 (11.0) 9(11.4) 46 (11)
WMH, n (%) 0.411
No 360 (72.1) 60 (75.9) 300 (71.4)
Yes 139 (27.9) 19 (24.1) 120 (28.6)
EPVS, n (%) 0.434
Continued
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Variables Total (n=499) | Mid-high altitude group (n=79) | Ultra-high altitude group (n=420) | p-value
No 449 (90.0) 73 (92.4) 376 (89.5)

Yes 50 (10.0) 6(7.6) 44 (10.5)

MAD, n (%) 0.160
No 319 (63.9) 45 (57) 274 (65.2)

Yes 180 (36.1) 34 (43) 146 (34.8)

Table 1. Characteristics of the 499 study participants stratified by high-altitude exposure classification. The
data are shown as the mean + standard deviation, or frequency (%), as appropriate. BMI body mass index, CAD
coronary artery disease, CSVD cerebral small-vessel disease, RSSI recent small subcortical infarcts, LI lacunar
infarction, WMH white matter hyperintensities, EPVS enlarged perivascular space, HB hemoglobin, RBC red
blood cells, HCT hematocrit, MAD manifest arterial disease.

in this subgroup. After adjusting for confounders, altitude per 500 m showed no significant association with
CSVD severity or MRI markers in either altitude group (all p>0.05, Table 4).

Subgroup analysis

Logistic subgroup analyses stratified by age, altitude, and MAD status yielded results consistent with the main
analysis. No statistically significant interactions were observed between altitude and any of these stratification
factors (Figure S2).

Discussion

This study, conducted among the Tibetan population residing on the Tibetan Plateau, identified a substantial
burden of CSVD, with 51.5% of participants (mean age: 57.6 + 11.7 years) exhibiting at least one CSVD imaging
marker. However, multivariable regression analyses revealed no significant association between residential
altitude and the overall CSVD severity or individual imaging features. This finding suggests that the mechanisms
by which altitude influences CSVD may differ from those affecting stroke pathogenesis.

Among our study population, nearly 50% of participants had at least one CSVD imaging marker (total CSVD
score>1), with WMH being the most prevalent (27.9%), followed by LI (11.0%), basal ganglia EPVS, (10.0%),
and RSSI (6.2%). Compared to low-altitude populations, we observed a notably higher prevalence of CSVD. A
cross-sectional study conducted in community-dwelling residents of Lishui, China, reported that only 30.5%
had at least one positive CSVD marker?®. Furthermore, our study confirmed that WMH was the most frequent
CSVD imaging feature, whereas basal ganglia EPVS and RSSI were the least common, aligning with previous
findings?®-. A multi-center study conducted in three Asian regions (Singapore, Hong Kong, and South Korea)
similarly reported that confluent WMH had the highest prevalence (36.6%) among all CSVD markers®.
Additionally, a comparative study of hospitalized acute stroke patients in Lhasa, Tibet, and Beijing found that
the proportion of small vessel occlusion was significantly lower in Tibet than in the lowland region (3.0% vs.
23.7%; p<0.001)%. The presence of an early-onset CSVD burden in this relatively young population highlights
a unique cerebrovascular vulnerability potentially driven by chronic high-altitude exposure. Although the
exact mechanisms remain unclear, several factors may contribute: (1) Chronic hypoxia may induce endothelial
dysfunction’!; (2) Hemodynamic stress adaptation—evidence from a comparative study in high-altitude and
sea-level populations in Peru suggests impaired cerebrovascular reactivity at high altitudes®’; (3) The EPAS1
gene, which carries widespread variants in the Tibetan population, is associated with a reduction in VEGF
expression, possibly impairing microvascular repair capacity®®. This premature CSVD burden underscores the
need for earlier neurovascular monitoring and more intensive management of modifiable risk factors (e.g.,
targeting blood pressure levels < 130/80 mmHg) in high-altitude populations.

Despite previous studies indicating a higher prevalence of acute stroke in high-altitude populations
we did not observe an association between altitude and RSSI or lacunar infarcts. This may be attributed to the
characteristic features of high-altitude stroke, which tend to involve larger infarct volumes and more severe
clinical presentations. Previous research has also demonstrated a lower prevalence of small vessel occlusion
in high-altitude stroke patients compared to their lowland counterparts®, a trend that was also evident in our
study population. Additionally, our study is the first to explore the relationship between altitude and EPVS,
revealing no significant association. Further comparative studies between lowland and high-altitude populations
are warranted to validate these findings.

We found no significant association between WMH and residential altitude, which contrasts with previous
studies on participants exposed to low-pressure, hypoxic environments due to occupational factors, such as
high-altitude pilots and military divers®”-*. These studies reported an increased prevalence of WMH in these
populations®”%. The discrepancy may be attributed to differences in ethnicity, age distribution, study populations,
statistical models, and WMH assessment methods. The participants in previous studies were relatively young
(mean age 34-37 years), physically healthy, and free from major cardiovascular risk factors®”*%. In contrast,
our study focused on the indigenous Tibetan population, with a higher mean age (57.6£11.7 years) and a high
prevalence of comorbid conditions such as hypertension, diabetes, dyslipidemia, and coronary artery disease.
Acute exposure to hypoxia induces endothelial dysfunction, initially increasing cerebral blood flow and vascular
permeability, potentially leading to brain injury**%’. However, chronic adaptation results in compensatory
mechanisms that restore cerebral blood flow, including increased hemoglobin concentration, hematocrit, red

12,34,35
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Total Non-mild Moderate-severe

Variables (n=499) (n=384) (n=115) p-value
Age, year 57.7+11.7 55.7+11.4 64.3+9.9 <0.001
HB, g/L 148.1+£24.2 148.1+£24.0 147.9+£25.0 0.918
RBC, 10'¥/L 4.8+0.7 4.8+0.7 4.8+0.8 0.567
HCT, % 44.2+7.3 44.2+7.2 44.1+£7.6 0.934
BMI, kg/m? 26.1+4.0 26.3+4.1 25.6+3.6 0.130
Altitude, meter 3746.2+481.6 | 3761.4+481.7 | 3695.5+479.8 0.199
Altitude per500, meter | 7.5+1.0 7.5£1.0 7.4%1.0 0.199
Sex, n (%) 0.019
Female 221 (44.3) 181 (47.1) 40 (34.8)

Male 278 (55.7) 203 (52.9) 75 (65.2)

Smoking status, n (%) <0.001
Non-smoker 307 (61.5) 254 (66.1) 53 (46.1)

Former smoker 105 (21.0) 69 (18) 36 (31.3)

Smoker 87 (17.4) 61 (15.9) 26 (22.6)
Alcohol status, n (%) 0.001
Non-drinker 283 (56.7) 230 (59.9) 53 (46.1)

Former drinker 127 (25.5) 83 (21.6) 44 (38.3)

Drinker 89 (17.8) 71 (18.5) 18 (15.7)
Hypertension, n (%) <0.001
No 250 (50.1) 213 (55.5) 37(32.2)

Yes 249 (49.9) 171 (44.5) 78 (67.8)
Diabetes, n (%) 0.471
No 431 (86.4) 334 (87) 97 (84.3)

Yes 68 (13.6) 50 (13) 18 (15.7)
CAD, n (%) 0.026
No 475 (95.2) 370 (96.4) 105 (91.3)

Yes 24 (4.8) 14 (3.6) 10 (8.7)
Hyperlipidemia, n (%) 0.222
No 464 (93.0) 360 (93.8) 104 (90.4)

Yes 35(7.0) 24 (6.2) 11 (9.6)
Stroke, n (%) <0.001
No 448 (89.8) 356 (92.7) 92 (80)

Yes 51(10.2) 28 (7.3) 23 (20)
Antiplatelet drugs, n (%) <0.001
No 430 (86.2) 345 (89.8) 85(73.9)

Yes 69 (13.8) 39 (10.2) 30 (26.1)
Antihypertensive therapy, n (%) <0.001
No 340 (68.1) 283 (73.7) 57 (49.6)

Yes 159 (31.9) 101 (26.3) 58 (50.4)
Lipid-lowering therapy, n (%) 0.002
No 419 (84.0) 333 (86.7) 86 (74.8)

Yes 80 (16.0) 51(13.3) 29 (25.2)
Hypoglycemic therapy, n (%) 0.381
No 449 (90.0) 348 (90.6) 101 (87.8)

Yes 50 (10.0) 36 (9.4) 14 (12.2)
RSSL, n (%) <0.001
No 468 (93.8) 377 (98.2) 91 (79.1)

Yes 31(6.2) 7(1.8) 24 (20.9)
LL n (%) <0.001
No 444 (89.0) 375 (97.7) 69 (60)

Yes 55 (11.0) 9(2.3) 46 (40)
WMH, n (%) <0.001
No 360 (72.1) 321 (83.6) 39 (33.9)

Yes 139 (27.9) 63 (16.4) 76 (66.1)
EPVS, n (%) <0.001
Continued
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Total Non-mild Moderate-severe
Variables (n=499) (n=384) (n=115) p-value
No 449 (90.0) 364 (94.8) 85(73.9)
Yes 50 (10.0) 20 (5.2) 30 (26.1)
MAD, n (%)
No 319 (63.9) 279 (72.7) 40 (34.8) <0.001
Yes 180 (36.1) 105 (27.3) 75 (65.2)
High-altitude exposure classification, n (%) 0.416
Mid-high altitude 79 (15.8) 58 (15.1) 21(18.3)
Ultra-high altitude 420 (84.2) 326 (84.9) 94 (81.7)

Table 2. Characteristics of the 499 study participants stratified by CSVD severity. The data are shown as the
mean + standard deviation, or frequency (%), as appropriate. BMI body mass index, CAD coronary artery

disease, CSVD cerebral small-vessel disease, RSSI recent small subcortical infarcts, LI lacunar infarction, WMH
white matter hyperintensities, EPVS enlarged perivascular space, HB hemoglobin, RBC red blood cells, HCT
hematocrit, MAD manifest arterial disease.

Severity of CSVD RSSI LI WMH EPVS
OR OR OR OR

OR (95% CI) P (95% CI) P (95% CI) P (95% CI) P (95% CI) P
Altitude as a continuous variable (altitude per 500)
Model 1 | 0.87 (0.7~1.08) | 0.199 | 0.91 (0.63~1.33) | 0.629 | 1.05 (0.78~1.4) |0.765 | 0.91 (0.74~1.11) | 0.339 | 1.06 (0.78 ~1.44) | 0.709
Model 2 | 0.94 (0.74~1.21) | 0.652 | 1.04 (0.69~1.57) | 0.843 | 1.10 (0.80~1.53) | 0.552 | 1.02 (0.80~1.31) | 0.868 | 1.20 (0.85~1.69) | 0.295
Altitude as a categorical variable (mid-high altitude vs ultra-high altitude)

1(Ref) 1(Ref) 1(Ref) 1(Ref) 1(Ref)
Model 1 0.80 (0.46~1.38) ‘ 0.417 | 0.98 (0.36~2.63) ‘ 0.963 | 0.96 (0.45~2.04) ‘ 0.909 | 1.26 (0.72~2.21) ‘ 0.412 | 1.42 (0.59 ~ 3.46) ‘ 0.436
Model 2 1(Ref) 1(Ref) 1(Ref) 1(Ref) 1(Ref)

0.78 (0.42 ~ 1.44) ‘ 0.430 | 1.26 (0.42~3.72) ‘ 0.680 | 0.89 (0.39~2.03) ‘ 0.787 | 1.28 (0.67 ~2.45) ‘ 0.455 | 1.62 (0.62 ~4.25) ‘ 0.328

Table 3. Association between altitude and the severity of CSVD and MRI markers of CSVD among the 499
study participant. Model 1: unadjusted for any covariates. Model 2: adjusted for age, sex, smoking status,
alcohol use, hemoglobin, hypertension, diabetes, CAD, stroke, and hyperlipidemia. CSVD cerebral small-vessel
disease, RSSI recent small subcortical infarcts, LI lacunar infarction, WMH white matter hyperintensities,
EPVS enlarged perivascular space, OR odds ratio, CI confidence interval, MRI magnetic resonance imaging,
CAD coronary artery disease, Ref reference.

Severity of CSVD RSSI LI WMH EPVS

OR OR OR OR

(95% CI) P (95% CI) P (95% CI) P (95% CI) P OR (95% CI) P
Among ultra-high altitude group
Model 1 | 0.84 (0.61~1.16) | 0.295 | 0.84 (0.47~1.48) | 0.541 | 1.16 (0.78 ~1.73) | 0.473 | 0.78 (0.58 ~1.06) | 0.111 | 0.87 (0.56~1.35) | 0.525
Model 2 | 0.98 (0.68~1.41) | 0.622 | 1.00 (0.53~1.89) | 0.998 | 1.31 (0.84~2.03) | 0.235 | 0.99 (0.69~1.40) | 0.935 | 1.10 (0.62~1.63) |0.987
Among mid-high altitude group
Model 1 | 0.97 (0.44~2.15) | 0.944 | - - 0.56 (0.26~1.21) | 0.140 | 4.64 (0.49~43.59) | 0.179
Model 2 | 0.77 (0.28 ~2.12) | 0.618 | - - - 0.37(0.10~1.28) | 0.116 | 1.56 (0.05~51.96) | 0.802

Table 4. Association between altitude per 500 and the severity of CSVD and MRI markers of CSVD among
mid-high altitude and ultra-high altitude participants. Model 1: unadjusted for any covariates. Model 2:
adjusted for age, sex, smoking status, alcohol use, hemoglobin, hypertension, diabetes, CAD, stroke, and
hyperlipidemia. CSVD cerebral small-vessel disease, RSSI recent small subcortical infarcts, LI lacunar
infarction, WMH white matter hyperintensities, EPVS enlarged perivascular space, OR odds ratio, CI
confidence interval, MRI magnetic resonance imaging, CAD coronary artery disease, Ref reference. -: The
association between altitude and RSSI and LI was not analyzed in the mid-high altitude group due to only five
cases of RSSI and only nine cases of LI
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blood cell count, and vascular density, ultimately enhancing cerebral oxygenation®. Additionally, a PET study
revealed that, compared to lowlanders, Quechua natives—indigenous inhabitants of the high-altitude Andes—
exhibited lower glucose metabolism, suggesting a protective mechanism against chronic hypoxia*'. Moreover,
genetic adaptations in Tibetans, such as EPASI and EGLNI1 gene variants’>%, along with physiological
adaptations, may mitigate hypoxia-induced damage to cerebral small vessels. Future studies integrating
genomics, metabolomics, and neuroimaging are necessary to comprehensively elucidate the impact of altitude
on CSVD and its underlying mechanisms.

In our study, residents living at ultra-high altitudes (> 3,500 m) demonstrated significantly lower prevalences
of both hypertension and type 2 diabetes compared to those residing at mid-to-high altitudes (2,000-3,500 m).
This observation is consistent with findings from several large-scale epidemiological studies. For instance, a
nationally representative survey in Peru reported that participants living above 2,500 m had significantly lower
hypertension rates than those at lower altitudes (adjusted prevalence ratio=0.89; 95% CI: 0.86-0.93)*. A
systematic review across Latin America and the Caribbean likewise demonstrated a lower risk of hypertension
among high-altitude populations*>. Notably, a cross-sectional study involving 1,631 Tibetan participants revealed
a pronounced decline in hypertension prevalence with increasing elevation (20.4 vs. 40.6%)*, providing strong
support for our findings in a similar ethnic and environmental context. Additionally, U.S. data showed that high-
altitude residence (1500-3500 m) was associated with a lower adjusted prevalence of type 2 diabetes?’.

Several mechanisms may underlie the reduced cardiometabolic burden in high-altitude populations.
Chronic hypobaric hypoxia may promote vascular adaptations such as increased nitric oxide availability and
improved endothelial function, thereby reducing systemic vascular resistance and blood pressure*3. Hematologic
adaptations, including elevated hemoglobin and hematocrit levels, enhance oxygen delivery and may contribute
to vascular homeostasis®.

Regarding glucose metabolism, hypoxia has been shown to improve mitochondrial efficiency and activate
AMPK-related pathways, which enhance insulin sensitivity and glucose utilization®. Furthermore, high-altitude
residents tend to maintain lower body mass indices and reduced caloric intake®!, both of which protect against
insulin resistance and type 2 diabetes. Genetic variants prevalent among Tibetan highlanders—such as EPAS1
and EGLN1 polymorphisms—may further facilitate metabolic adaptation to chronic hypoxia®2.

As far as we are aware, few studies have specifically examined the association between altitude and CSVD,
making our research pioneering in this area. This is the first study to explore the relationship between residential
altitude and both the severity of CSVD and its associated imaging biomarkers in a native Tibetan population
residing on the Tibetan Plateau. Our work fills an important gap in the existing literature on CSVD in high-
altitude environments. The results indicate that the Tibetan population, which has adapted to high-altitude
living over extended periods, may possess unique physiological adaptations to chronic hypoxia. Notably, 84%
of our study cohort resides at altitudes above 3500 m, providing valuable insights for cerebrovascular health
management in ultra-high-altitude populations. Additionally, we employed a range of imaging biomarkers
(including WMH, LI, RSSL, and EPVS) to assess the severity of CSVD and investigate the relationship between
altitude and these imaging markers, offering a comprehensive phenotypic analysis of CSVD.

The study also has some limitations. This investigation is a cross-sectional study conducted in a single center,
and as such, it may be influenced by selection bias. The proportion of participants residing in moderate-to-
high-altitude regions is comparatively low (only 15%), which restricts the external validity of our findings to
the broader Tibetan population residing on the Tibetan Plateau. Although our primary analysis did not reveal
a significant association between residential altitude and the burden of CSVD, this result should be interpreted
in the context of the limited altitude variation within our study population. Specifically, approximately 85% of
participants resided at ultra-high altitudes (>4500 m), potentially introducing a ceiling effect that may have
obscured a possible dose-response relationship. This demographic concentration at extreme altitudes restricts
our ability to detect subtle gradient effects across different altitude levels. Future research should pursue multi-
center collaborations involving a broader cohort spanning from sea level to high-altitude regions to more
comprehensively investigate the altitude-CSVD relationship and improve the generalizability of the findings.
Furthermore, the cross-sectional nature of this study prevents the establishment of causal relationships.
Longitudinal studies are warranted to evaluate the long-term effects of hypoxia on the progression of CSVD and
to elucidate the causal pathways linking altitude to CSVD. Additionally, our study did not control for potential
confounding variables such as lifestyle factors, dietary habits, and genetic predispositions, which could influence
the relationship between altitude and CSVD.

Conclusion

This observational study conducted among the Tibetan population residing on the Tibetan Plateau identified a
notable burden of CSVD. However, no significant association was observed between residential altitude and the
severity of CSVD or its imaging biomarkers. These findings provide novel insights into the potential influence
of high-altitude environments on CSVD, suggesting that the effects of altitude on CSVD may differ from its
known associations with stroke. In clinical practice at high altitudes, greater emphasis should be placed on the
management of conventional cardiovascular risk factors rather than on the elevation per se. For high-altitude
residents, particularly older participants, routine brain imaging is reccommended for early detection and timely
intervention of CSVD. Interventions such as lifestyle modifications®?, blood pressure control®?, and cognitive
training® may be beneficial, though their effectiveness in high-altitude populations remains to be established.
Future studies should further explore the unique adaptive mechanisms in the Tibetan population and expand
the scope of investigation to elucidate the complex relationship between altitude and CSVD, as well as its broader
clinical implications.
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