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Abstract

Purpose: The purpose of this study is to investigate gender differences in car-
diac remodeling due to hypoxia, using cardiac magnetic resonance (CMR) in
individuals living at high altitudes for extended periods. Materials and Meth-
ods: The study cohort consisted of 89 healthy high-altitude residents, catego-
rized by sex: 49 males (55.1%) and 40 females (44.9%). We conducted com-
parative analyses of clinical demographics and CMR-derived structural indi-
ces within the study cohort. Single-variable logistic regression revealed signif-
icant associations, which were later confirmed using adjusted multivariable
modeling to identify independent predictors. Key Results: Being female is as-
sociated with a 59.4% lower risk of cardiomegaly compared to males (OR =
0.538,95% CI = 0.279 - 0.875, p = 0.006). BMI independently predicts the risk
of cardiac enlargement (OR = 0.632, 95% CI = 1.088 - 1.536, p = 0.003). The
diameter of the principal pulmonary artery showed the strongest association
(OR = 0.988, 95% CI = 0.988 - 1.346, p = 0.007). Conclusions: Multivariate
logistic regression analysis indicates that sex, body mass index (BMI), and pri-
mary pulmonary artery diameter are independent risk factors contributing to
cardiac enlargement in high-altitude regions. Given the observed cardiopro-
tective role of female sex in high-altitude populations, we hypothesize that fe-
male gender status, BMI range, and main pulmonary artery diameter syner-
gistically influence susceptibility to hypoxia-induced cardiac remodeling in
prolonged high-altitude residents. These findings not only provide a solid
foundation for preventing chronic heart disease but also support the imple-
mentation of tailored treatment interventions in high-altitude areas.

*First author.
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1. Introduction

High-altitude areas have a unique environment with low pressure and low oxygen
levels, where the oxygen partial pressure is approximately 60% - 65% of that at sea
level. These areas also experience strong ultraviolet radiation and dry conditions,
which significantly affect the human cardiovascular system. Acute exposure to
high altitude can cause symptoms such as headaches and reduced exercise endur-
ance [1]. In contrast, long-term exposure to low oxygen can lead to excessive red
blood cell production, pulmonary hypertension, and right ventricular remodeling
due to the activation of the HIF-1a pathway [2] [3]. In severe cases, it can lead to
high-altitude heart disease (HAHD) [4] [5]. Chronic cardiac remodeling caused
by hypoxia is a significant public health issue for residents living at high eleva-
tions. While magnetic resonance imaging (MRI) is a valuable tool for cardiac as-
sessment due to its high spatial resolution and precise quantification capabilities,
research on cardiovascular magnetic resonance (CMR) in healthy individuals liv-
ing above 3500 meters remains limited. This study employs 3.0T CMR to quanti-
tatively analyze gender differences in cardiac remodeling among residents in high-
altitude areas, aiming to provide new insights for the prevention and treatment of
altitude-related heart disease in a personalized manner.

2. Subjects and Methods
2.1. Research Subjects

The study involved 89 healthy individuals from high-altitude areas, comprising
49 males (55.1%) with an average age of 39.2 (£11.5) years and 40 females (44.9%)
with an average age of 38.5 (+£12.3) years. These individuals lived at an average
altitude of approximately 3650 meters in Lhasa, Xizang. The inclusion criteria
were as follows: participants were aged 19 to 58 years, born in low-altitude areas
(altitude < 1000 meters), and migrated to the plateau as members of the Han eth-

nic group.

2.2. Inclusion and Exclusion Criteria

Inclusion criteria include: 1) No history of cardiovascular disease or chronic con-
ditions that affect heart function; 2) Long-term residence at an altitude of 3650m
while performing low to moderate-intensity work for 5 to 6 days a week, totaling
6 to 8 hours per day; 3) Participants should have continuous residence at high
altitude for more than 10 months each year; 4) Participants must provide com-
plete clinical data and have voluntarily signed informed consent. Exclusion crite-

ria are: 1) Long-term residents of high-altitude areas who are local Tibetans; 2)
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Contraindications for MRI; 3) A history of congenital heart disease and/or myo-
cardial infarction; 4) Severe coexisting internal diseases; 5) Positive findings from

a general physical examination.

2.3. CMR Examination Method

We utilized the Siemens Magnetom Skyra 3.0 T MRI system with an 18-channel
phased array coil, employing both respiratory and prospective ECG gating. The
gradient field was set to 45 mT/m and switched at a rate of 200 mT/m per second.
Before scanning, participants received repeated breath-holding training. They
were instructed to lie on their backs on the exam table, with their heads positioned
at the top and their arms resting at their sides. In the axial plane, we aligned the
two-chamber view with the interventricular septum at the left ventricular apex. In
the two-chamber view, we oriented the four-chamber view along the line extend-
ing from the left ventricular apex to the midpoint of the mitral valve. In the four-
chamber view, we positioned the standard short-axis view perpendicular to the
interventricular septum. Localizer images were acquired using a balanced steady-
state free precession (bSSFP) sequence to obtain standard transverse, coronal, and
sagittal anatomical planes. For axial T2-weighted imaging, a Half-Fourier Acqui-
sition Single-shot Turbo Spin-Echo (HASTE) sequence was utilized to acquire
multislice axial images encompassing the anatomical extent from the aortic arch
to the cardiac base level. Cardiac cine imaging in the short-axis orientation was
performed with an electrocardiogram-gated bSSFP sequence at contiguous 8 mm
slice thickness without interslice gaps, covering the entire ventricles from the base

to the apex.

2.4. Image Evaluation

Cardiac structure evaluation: Heart segments were categorized according to the
American Heart Association’s 2002 standard anatomical planes [6]. We measured
the wall thickness of each segment and the dimensions at end-diastole using both
black-blood and bright-blood sequences. The parameters assessed were: right
atrial left-right diameter, right atrial anteroposterior diameter, right ventricular
end-diastolic transverse diameter, left atrial anteroposterior diameter, left atrial
left-right diameter, left ventricular end-diastolic diameter, and main pulmonary
artery diameter. Two radiologists independently measured each parameter twice,
and the mean value was recorded. Refer to Figure 1 for additional details. Car-
diac enlargement and chamber dimensions were defined according to consensus
guidelines: Left ventricular enlargement was defined as LV end-diastolic diameter
(LVEDD) 260 mm in males and =54 mm in females, while right ventricular dila-
tation required an end-diastolic transverse diameter >45 mm or RV/LV diameter
ratio >1.0 based on axial cine imaging [7] Left atrial enlargement was identified
by an anteroposterior diameter >40 mm in the long-axis view. The main pulmo-
nary artery diameter threshold of >29 mm at the bifurcation level was applied to

assess vascular remodeling [8].
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Figure 1. CMRI Structural Assessment Measurement Criteria Levels. (a)-(d) displays the CMR video
sequence at end-diastole, comprising: (a) two-chamber heart; (b) three-chamber heart; (c) four-chamber

heart, which measures the anteroposterior and lateral dimensions of the left and right atria, along with the

end-diastolic diameter of the right ventricle; and (d) right ventricular outflow tract, measuring the inner

diameter of the main pulmonary artery. (e) illustrates the FLAIR inversion recovery sequence, also known

as the black blood sequence. (f)-(h) presents the short-axis two-chamber heart video sequence, which

includes: (f) basal level; (g) papillary muscle level, measuring the left ventricular end-diastolic inner diameter;

and (h) apical level, which assesses the wall thickness of each segment.

2.5. Statistical Analysis

Statistical analysis was performed using SPSS 22.0, with significance set at p < 0.05.
We applied the Kolmogorov-Smirnov test to determine whether the quantitative
data followed a normal distribution. Based on the results, we reported the data as
mean * standard deviation (SD) or median (interquartile range). We compared
the ventricular structural parameters between groups using one-way ANOVA and
applied a post hoc Bonferroni correction. We utilized Pearson correlation coeffi-
cients for normally distributed data and Spearman correlation coefficients for
non-normally distributed data to assess the relationship between clinical parame-
ters and cardiac structure and function. We conducted a binary logistic regression
analysis to identify risk factors for cardiac remodeling, defining statistical signifi-

cance as a two-sided p < 0.05.

3. Results

3.1. Analysis of Clinical Characteristics of the Two Groups

There were no statistically significant differences between the two groups regard-
ing age, blood oxygen saturation, heart rate, admission time, and hypertension

status (p > 0.05), as detailed in Figure 2.

3.2. Analysis of CMR Cardiac Structure of the Two Groups

The analysis showed that males had slightly larger atria and ventricles than fe-

males, including thicker left ventricular walls. The two groups showed no signifi-
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cant differences in RALRD, RAAPD, RVEDTD, LALRD, LAAPD, LVEDD, and
MPAD. Furthermore, MPAD significantly differed between the two groups (p =
0.016). Among the 16 segmental myocardial thickness measurements, only the
inferior wall thickness at the papillary muscle level showed a significant difference
between the female and male groups (p = 0.032), while the other wall thicknesses
were not statistically significant.

Subgroup (Male/Female) HR (95%CI) p-value
Gender (n) 49 (55. 1%) /40 (44. 9%) === 0.412(0. 159-0.981)  0.031
Age (y) 39.2+11.5/38.5+12.3 o= 0.933(0.821-1.143) 0.238
Sp0, (%) 91.0£1.6/90.8£1.3 —— 0.949(0. 591-1.612) 0.783
Heart rate(n/min) 74.8+7.6/74.9+7.8 H—— 1.398(0.899-2.041) 0.112
BMT (kg/mz) 24.3+2.8/22.1£2.2 == 1.281(1.077-1.498) 0.004
HA time (y) 11.9+8.5/13.1+10.7 4 1.032(0. 977-1. 026) 0. 028
had hypertension (%) 13(26. 5%) /9(22. 5%) * 0.617(0. 112-3.635) 0.598
widening of the MPAD (%) 13(26. 5%) /4 (10. 0%) ag 1. 182(1. 029-1. 347)  0.012
LVEF (%) 62.1%5.3/59. 7%8.3 e 0.812(0. 547-1. 436) 0.698
valve regurgitation (%) 32(65.3%) /17 (42. 5%)  +—¢—F+— 0.447(0.118-1.597) 0.231
left cardiac insufficiency (%) 17(34.7%)/11(27.5%) *> 1.163(0. 198-5. 017)  0.726
0 | 2 3 i 5 6

Figure 2. Clinical data and related multifactorial logistic regression analysis of two groups of populations.

3.3. Analysis of Cardiac Remodeling in Two Groups

In the male group, there were 34 cases of right atrial enlargement (69.4%), 11 cases
of right ventricular enlargement (22.4%), 24 cases of left atrial enlargement (49.0%),
32 cases of valve regurgitation (65.3%), and 13 cases of widening of the main pul-
monary artery (26.5%). In the female group, there were a total of 18 cases of right
atrial enlargement (45.0%), 3 cases of right ventricular enlargement (7.5%), 14
cases of left atrial enlargement (35.0%), 17 cases of valve regurgitation (42.5%),
and 4 cases of widening of the main pulmonary artery (10.0%). Higher occurrence
rates in males compared to females were noted, with significant differences for
valve regurgitation, right atrial enlargement, and widening of the main pulmonary
artery (p = 0.032, p = 0.028, p = 0.035). This indicates that gender could signifi-
cantly influence these cardiac structural changes. This suggests that gender may
be a key factor influencing these cardiac structural changes. Functional abnormal-
ities, including excessive cardiac load and left heart failure, were more prevalent
in males than in females; however, this difference was not statistically significant
(p > 0.05).

3.4. Analysis of Factors Related to Cardiac Enlargement

We conducted Spearman’s bivariate correlation analysis to investigate the rela-
tionship between basic data, magnetic resonance-related parameters, and cardiac
enlargement in populations living at high altitudes. Our analysis revealed that
gender, BMI, time at high altitude (HA time), and main pulmonary artery diam-
eter (MPAD) were significantly correlated with cardiac enlargement (p < 0.05).
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We included the correlated parameters in a binary logistic regression analysis to
assess the factors related to cardiac enlargement. The univariate regression analy-
sis indicated significant associations between gender, BMI, length of stay, main
pulmonary artery diameter, and cardiac enlargement. Women had a 54.8% lower
risk of developing cardiac enlargement compared to men (p < 0.05). Additionally,
each unit increase in BMI raised the risk by 27.5% (p < 0.05), each additional year
of residence increased the risk by 3.2% (p < 0.05), and each 1 mm increase in main
pulmonary artery diameter raised the risk by 17.6% (p < 0.05). The multivariate
analysis confirmed that gender (OR = 0.538, 95% CI = 0.279 - 0.875, p = 0.006),
BMI (OR = 1.632, 95% CI = 1.088 - 1.536, p = 0.003), and main pulmonary artery
diameter (OR = 1.012, 95% CI = 0.988 - 1.346, p = 0.007) remained statistically
significant predictors of cardiac enlargement, indicating that these relationships
persisted after controlling for other confounding factors. Check out Figure 2 for

more details.

4. Discussion

Chronic hypoxia’s impact on heart structure and function at high altitudes has
emerged as a significant research focus in public health. People living at high alti-
tudes are at risk for heart changes, especially in cardiac structure and function,
which can lead to cardiovascular diseases [9]. Currently, diagnosing high-altitude
heart disease mainly depends on imaging tests and biochemical markers, but these
methods still have limitations in creating individualized treatment plans [10].
Thus, researching the effects of chronic hypoxia on the heart at high altitudes,
particularly concerning gender differences, is clinically significant. It also has im-
portant implications for the efficient allocation of healthcare resources.

Cardiac Magnetic Resonance Imaging (CMRI) offers a comprehensive exami-
nation of the heart, including cardiac morphology, function, myocardial activity,
and valve motion, all in a single test, making it highly valuable in clinical practice
[11]. In 2010, the American College of Cardiology Foundation (ACCF) collabo-
rated with the American College of Radiology (ACR), the American Hospital As-
sociation (AHA), and other organizations to create a consensus on cardiovascular
magnetic resonance [12]. This consensus highlights the importance of cardiac
magnetic resonance exams in clinical heart assessments. CMR provides high-res-
olution anatomical and functional imaging without ionizing radiation, enabling
precise assessment of cardiac structures. Unique sequences like T1/T2 mapping
and late gadolinium enhancement (LGE) allow detailed evaluation of myocardial
pathology (e.g., infarction, inflammation, amyloidosis), which is unmatched by
echocardiography or CT [13]. CMR integrates anatomical, functional, and hemo-
dynamic data in a single exam, avoiding limitations of modality-specific work-
flows [14].

This study employs CMR multimodal technology to quantitatively evaluate
how chronic high-altitude hypoxia affects cardiac remodeling, with a particular

focus on gender differences. We analyzed 89 healthy individuals living at an alti-
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tude of 3650 meters and found notable gender differences in cardiac remodeling.
Specifically, we observed variations in valve regurgitation, right atrial enlarge-
ment, and main pulmonary artery dilation. This suggests that gender may signif-
icantly affect chronic cardiac remodeling at high altitudes [15]. We identified sig-
nificant correlations between gender, body mass index (BMI), main pulmonary
artery size, and cardiac enlargement, indicating that gender may influence how
the heart adapts to low oxygen levels at high altitudes [16]. Notably, women in
hypoxic environments face a much lower risk of cardiac enlargement compared
to men. This finding could alter our approach to screening and managing heart
disease in high-altitude regions. Doctors can develop more personalized preven-
tion and treatment plans based on gender differences, which could enhance the
prognosis for cardiac diseases related to altitude. Furthermore, the strong link be-
tween BMI and cardiac enlargement suggests that managing weight could be key
in preventing and treating heart diseases in high-altitude areas [17] [18].

The differences in cardiac structure between men and women due to long-term
hypoxic exposure are complex and may involve various physiological and bio-
chemical mechanisms. Evidence suggests that gender influences differences in rest-
ing cardiac hemodynamic responses and vascular regulation during both acute
and prolonged high-altitude exposure [19]. While both women and men experi-
ence similar increases in resting heart rate and blood pressure under acute hypoxic
conditions, their resting blood flow and vascular conductance in the femoral and
forearm vessels differ significantly. Recent studies show that premenopausal women
respond differently to physiological stressors, such as hypoxic exposure, exhibit-
ing less vasoconstriction and more vasodilation [18] [20]. Gender differences sig-
nificantly affect local blood flow and how the body responds to hypoxic exercise
through vasodilation. Gender differences also appear in microvascular function.
Studies show that women’s microvasculature responds more effectively to hormo-
nal and physiological stimuli, enabling better blood flow regulation in low-oxygen
conditions [21]. This may be due to higher estrogen levels in women, which en-
hance endothelial cell function and vasodilatory capacity. In contrast, men tend
to have stronger vasoconstrictive responses under hypoxic conditions, making it
more difficult for them to adapt blood flow to the heart [22]. This may explain the
different changes in cardiac structure and function between men and women in
hypoxic environments. The relationship between BMI and cardiac enlargement is
complex and requires further confirmation, but it remains statistically significant.
The diameter of the main pulmonary artery, as an independent risk factor, sug-
gests it could play a role in how cardiac structure and function change. When
assessing the risk of cardiac enlargement, gender, BMI, and main pulmonary ar-
tery diameter should be taken into account since they might affect how patients
are managed and treated. This study has limitations, including being conducted
at a single center with a small sample size from one geographical area.

In high-altitude regions, the study found that being female is associated with a
significantly lower risk of cardiomegaly. BMI and the diameter of the principal
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pulmonary artery are also independent risk factors. The conclusions suggest that
sex, BMI, and main pulmonary artery diameter synergistically influence suscepti-
bility to hypoxia-induced cardiac remodeling. These findings provide a basis for
preventing chronic heart disease and support tailored treatment interventions.
The practical significance of personalized medicine in high-altitude areas includes
gender-specific screening, prevention, and treatment plans, such as annual car-
diac MRI monitoring for men and dynamic estrogen monitoring for women dur-
ing menopause. This approach is expected to reduce unnecessary invasive treat-
ments.

In summary, this study reveals significant adaptive changes in cardiac structure
due to long-term hypoxia in high-altitude environments, emphasizing the crucial
role of sex in cardiac remodeling. The results indicate that men show more signif-
icant impairments in heart structure and function, whereas women exhibit a
greater ability to compensate for heart function. These findings provide valuable
evidence for future prevention and intervention strategies for cardiac remodeling
at high altitudes. Thus, these findings suggest that sex differences should be taken
into account in clinical practice when developing personalized treatment plans.
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