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Abstract
Background Hypertension is a known major risk factor for cardiovascular and
cerebrovascular diseases. In plateau regions, unique natural environmental and
sociocultural factors may make the epidemiological status and priorities for
prevention and control of hypertension different from those in plain areas. How-
ever, there is currently a lack of specific hypertension risk identification tools for
older Tibetan adults in the Tibet Autonomous Region. Objective Based on data
from the National Health Services Survey, this study aimed to construct a hy-
pertension risk prediction model applicable to this population, so as to provide
a potential auxiliary tool for preliminary community-based hypertension risk
screening and targeted health management in Tibet. Methods A cross-sectional
study design was adopted, including a total of 2 140 Tibetan older adults aged
$�60𝑦𝑒𝑎𝑟𝑠𝑖𝑛𝑇 𝑖𝑏𝑒𝑡.𝑉 𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝑠𝑤𝑒𝑟𝑒𝑓𝑖𝑟𝑠𝑡𝑠𝑐𝑟𝑒𝑒𝑛𝑒𝑑𝑏𝑦𝑢𝑛𝑖𝑣𝑎𝑟𝑖𝑎𝑡𝑒𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠, 𝑎𝑛𝑑𝑡ℎ𝑒𝑛𝑓𝑖𝑛𝑎𝑙𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑜𝑟𝑠𝑤𝑒𝑟𝑒𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒𝑑𝑢𝑠𝑖𝑛𝑔𝑚𝑢𝑙𝑡𝑖𝑠𝑡𝑎𝑔𝑒𝑓𝑒𝑎𝑡𝑢𝑟𝑒𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛(𝐿𝐴𝑆𝑆𝑂𝑟𝑒𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑𝑤𝑖𝑡ℎ𝑚𝑢𝑙𝑡𝑖𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝐿𝑜𝑔𝑖𝑠𝑡𝑖𝑐𝑟𝑒𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛).𝐵𝑎𝑠𝑒𝑑𝑜𝑛𝑡ℎ𝑒𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝑠, 𝑓𝑖𝑣𝑒𝑚𝑎𝑐ℎ𝑖𝑛𝑒𝑙𝑒𝑎𝑟𝑛𝑖𝑛𝑔𝑚𝑜𝑑𝑒𝑙𝑠, 𝑛𝑎𝑚𝑒𝑙𝑦𝐿𝐴𝑆𝑆𝑂𝑟𝑒𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛, 𝑅𝑎𝑛𝑑𝑜𝑚𝐹𝑜𝑟𝑒𝑠𝑡, 𝑋𝐺𝐵𝑜𝑜𝑠𝑡, 𝐿𝑖𝑔ℎ𝑡𝐺𝐵𝑀, 𝑎𝑛𝑑𝑁𝑎𝑖𝑣𝑒𝐵𝑎𝑦𝑒𝑠, 𝑤𝑒𝑟𝑒𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑒𝑑𝑎𝑛𝑑𝑐𝑜𝑚𝑝𝑎𝑟𝑒𝑑𝑓𝑜𝑟𝑡ℎ𝑒𝑖𝑟𝑑𝑖𝑎𝑔𝑛𝑜𝑠𝑡𝑖𝑐𝑣𝑎𝑙𝑢𝑒𝑓𝑜𝑟ℎ𝑦𝑝𝑒𝑟𝑡𝑒𝑛𝑠𝑖𝑜𝑛𝑝𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒𝑎𝑚𝑜𝑛𝑔𝑜𝑙𝑑𝑒𝑟𝑇 𝑖𝑏𝑒𝑡𝑎𝑛𝑎𝑑𝑢𝑙𝑡𝑠.𝑀𝑜𝑑𝑒𝑙𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒𝑤𝑎𝑠𝑒𝑣𝑎𝑙𝑢𝑎𝑡𝑒𝑑𝑢𝑠𝑖𝑛𝑔𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟𝑠𝑠𝑢𝑐ℎ𝑎𝑠𝑡ℎ𝑒𝑎𝑟𝑒𝑎𝑢𝑛𝑑𝑒𝑟𝑡ℎ𝑒𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐𝑐𝑢𝑟𝑣𝑒(𝐴𝑈𝐶), 𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦, 𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦, 𝑎𝑛𝑑𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦, 𝑎𝑛𝑑𝑐𝑙𝑖𝑛𝑖𝑐𝑎𝑙𝑢𝑡𝑖𝑙𝑖𝑡𝑦𝑤𝑎𝑠𝑎𝑠𝑠𝑒𝑠𝑠𝑒𝑑𝑢𝑠𝑖𝑛𝑔𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛𝑐𝑢𝑟𝑣𝑒𝑠, 𝑑𝑒𝑐𝑖𝑠𝑖𝑜𝑛𝑐𝑢𝑟𝑣𝑒𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠, 𝑎𝑛𝑑𝑐𝑙𝑖𝑛𝑖𝑐𝑎𝑙𝑖𝑚𝑝𝑎𝑐𝑡𝑐𝑢𝑟𝑣𝑒𝑠.𝑅𝑒𝑠𝑢𝑙𝑡𝑠𝐴𝑚𝑜𝑛𝑔𝑡ℎ𝑒2140𝑜𝑙𝑑𝑒𝑟𝑇 𝑖𝑏𝑒𝑡𝑎𝑛𝑎𝑑𝑢𝑙𝑡𝑠𝑖𝑛𝑐𝑙𝑢𝑑𝑒𝑑, 926ℎ𝑎𝑑ℎ𝑦𝑝𝑒𝑟𝑡𝑒𝑛𝑠𝑖𝑜𝑛, 𝑤𝑖𝑡ℎ𝑎ℎ𝑦𝑝𝑒𝑟𝑡𝑒𝑛𝑠𝑖𝑜𝑛𝑝𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒𝑜𝑓43.27�$2=0.001,
P=0.972). Multivariable Logistic regression analysis ultimately identified 8
predictors significantly associated with hypertension status: different pre-
fectures/cities, BMI category, age, insomnia symptoms within the past two
weeks, number of other chronic diseases, frequency of tooth brushing per day,
social medical insurance, and employment status. Model comparison showed
that the NaiveBayes model performed best on the test set, with an AUC of
0.640, accuracy of 59.8%, sensitivity of 54.9%, and specificity of 63.5%. A
nomogram was constructed based on the final 8 factors. Conclusion Based
on cross-sectional data, this study constructed a hypertension risk prediction
model for older Tibetan adults incorporating 8 factors. The NaiveBayes
model achieved an AUC of 0.640, accuracy of 59.8%, sensitivity of 54.9%, and
specificity of 63.5% in the test set, demonstrating limited discriminative ability.
The model and nomogram tool may provide a reference for community-based
hypertension screening in this population, but its diagnostic performance and
practicality still require further validation in prospective studies.
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【Abstract】 Background Hypertension is one of the well-known major risk
factors for cardiovascular and cerebrovascular diseases. In plateau regions,
unique natural environmental and sociocultural factors may make the epi-
demiological status and priorities for prevention and control of hypertension
different from those in plain areas. However, there is currently a lack of
specific hypertension risk identification tools for Tibetan older adults in the
Xizang Autonomous Region. Objective Based on data from the National
Health Services Survey, to develop a hypertension risk prediction model
suitable for this population, with the aim of providing a possible auxiliary
tool for community-based preliminary screening of hypertension risk and
targeted health management in the Xizang region. Methods A cross-sectional
study design was adopted, including a total of 2 140 Tibetan older adults aged
$�60𝑦𝑒𝑎𝑟𝑠𝑖𝑛𝑡ℎ𝑒𝑋𝑖𝑧𝑎𝑛𝑔𝑟𝑒𝑔𝑖𝑜𝑛.𝑉 𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝑠𝑤𝑒𝑟𝑒𝑓𝑖𝑟𝑠𝑡𝑠𝑐𝑟𝑒𝑒𝑛𝑒𝑑𝑏𝑦𝑢𝑛𝑖𝑣𝑎𝑟𝑖𝑎𝑡𝑒𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠, 𝑎𝑛𝑑𝑓𝑖𝑛𝑎𝑙𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑜𝑟𝑠𝑤𝑒𝑟𝑒𝑡ℎ𝑒𝑛𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒𝑑𝑢𝑠𝑖𝑛𝑔𝑚𝑢𝑙𝑡𝑖𝑠𝑡𝑎𝑔𝑒𝑓𝑒𝑎𝑡𝑢𝑟𝑒𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛(𝐿𝐴𝑆𝑆𝑂𝑟𝑒𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑𝑤𝑖𝑡ℎ𝑚𝑢𝑙𝑡𝑖𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝐿𝑜𝑔𝑖𝑠𝑡𝑖𝑐𝑟𝑒𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛).𝐵𝑎𝑠𝑒𝑑𝑜𝑛𝑡ℎ𝑒𝑠𝑐𝑟𝑒𝑒𝑛𝑒𝑑𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝑠, 𝑓𝑖𝑣𝑒𝑚𝑎𝑐ℎ𝑖𝑛𝑒−
𝑙𝑒𝑎𝑟𝑛𝑖𝑛𝑔𝑚𝑜𝑑𝑒𝑙𝑠—𝐿𝐴𝑆𝑆𝑂𝑟𝑒𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛, 𝑅𝑎𝑛𝑑𝑜𝑚𝐹𝑜𝑟𝑒𝑠𝑡, 𝑋𝐺𝐵𝑜𝑜𝑠𝑡, 𝐿𝑖𝑔ℎ𝑡𝐺𝐵𝑀, 𝑎𝑛𝑑𝑁𝑎𝑖𝑣𝑒𝐵𝑎𝑦𝑒𝑠—𝑤𝑒𝑟𝑒𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑒𝑑𝑎𝑛𝑑𝑐𝑜𝑚𝑝𝑎𝑟𝑒𝑑𝑓𝑜𝑟𝑡ℎ𝑒𝑖𝑟𝑑𝑖𝑎𝑔𝑛𝑜𝑠𝑡𝑖𝑐𝑣𝑎𝑙𝑢𝑒𝑖𝑛ℎ𝑦𝑝𝑒𝑟𝑡𝑒𝑛𝑠𝑖𝑜𝑛𝑎𝑚𝑜𝑛𝑔𝑇 𝑖𝑏𝑒𝑡𝑎𝑛𝑜𝑙𝑑𝑒𝑟𝑎𝑑𝑢𝑙𝑡𝑠.𝑀𝑜𝑑𝑒𝑙𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒𝑤𝑎𝑠𝑒𝑣𝑎𝑙𝑢𝑎𝑡𝑒𝑑𝑢𝑠𝑖𝑛𝑔𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟𝑠𝑖𝑛𝑐𝑙𝑢𝑑𝑖𝑛𝑔𝑡ℎ𝑒𝑎𝑟𝑒𝑎𝑢𝑛𝑑𝑒𝑟𝑡ℎ𝑒𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐𝑐𝑢𝑟𝑣𝑒(𝐴𝑈𝐶), 𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦, 𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦, 𝑎𝑛𝑑𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦, 𝑎𝑛𝑑𝑐𝑙𝑖𝑛𝑖𝑐𝑎𝑙𝑢𝑡𝑖𝑙𝑖𝑡𝑦𝑤𝑎𝑠𝑎𝑠𝑠𝑒𝑠𝑠𝑒𝑑𝑢𝑠𝑖𝑛𝑔𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛𝑐𝑢𝑟𝑣𝑒𝑠, 𝑑𝑒𝑐𝑖𝑠𝑖𝑜𝑛𝑐𝑢𝑟𝑣𝑒𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠, 𝑎𝑛𝑑𝑐𝑙𝑖𝑛𝑖𝑐𝑎𝑙𝑖𝑚𝑝𝑎𝑐𝑡𝑐𝑢𝑟𝑣𝑒𝑠.∗
∗𝑅𝑒𝑠𝑢𝑙𝑡𝑠∗∗𝐴𝑚𝑜𝑛𝑔𝑡ℎ𝑒2140𝑇 𝑖𝑏𝑒𝑡𝑎𝑛𝑜𝑙𝑑𝑒𝑟𝑎𝑑𝑢𝑙𝑡𝑠𝑖𝑛𝑐𝑙𝑢𝑑𝑒𝑑, 926ℎ𝑎𝑑ℎ𝑦𝑝𝑒𝑟𝑡𝑒𝑛𝑠𝑖𝑜𝑛, 𝑤𝑖𝑡ℎ𝑎ℎ𝑦𝑝𝑒𝑟𝑡𝑒𝑛𝑠𝑖𝑜𝑛𝑝𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒𝑜𝑓43.27n=1 499)𝑎𝑛𝑑𝑎𝑡𝑒𝑠𝑡𝑠𝑒𝑡(n=641).𝐼𝑛𝑡ℎ𝑒𝑡𝑟𝑎𝑖𝑛𝑖𝑛𝑔𝑠𝑒𝑡, 𝑡ℎ𝑒𝑟𝑒𝑤𝑒𝑟𝑒649𝑝𝑎𝑡𝑖𝑒𝑛𝑡𝑠𝑤𝑖𝑡ℎℎ𝑦𝑝𝑒𝑟𝑡𝑒𝑛𝑠𝑖𝑜𝑛(ℎ𝑦𝑝𝑒𝑟𝑡𝑒𝑛𝑠𝑖𝑜𝑛𝑝𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒 ∶
43.30�^2=0.001$, 𝑃 = 0.972). Through multivariable Logistic regression anal-
ysis, 8 predictors significantly associated with hypertension status were
ultimately identified: prefecture/city, BMI category, age, insomnia symptoms
within the past two weeks, number of other chronic diseases, daily tooth-
brushing frequency, social medical insurance, and employment status. Model
comparison showed that the NaiveBayes model performed best in the test set,
with an AUC of 0.640, accuracy of 59.8%, sensitivity of 54.9%, and specificity
of 63.5%. A nomogram was constructed based on the 8 final factors. Conclu-
sion Based on cross-sectional data, this study developed a hypertension risk
prediction model for Tibetan older adults that included 8 factors. In the test
set, the NaiveBayes model had an AUC of 0.640, accuracy of 59.8%, sensitivity
of 54.9%, and specificity of 63.5%, demonstrating limited discriminative ability.
This model and the nomogram tool may provide a reference for community
screening of hypertension in this population, but their diagnostic performance
and utility still need to be further validated in prospective studies.

【Keywords】 Hypertension; Machine learning; Predictive learning model; Ti-
betan; Older adults; Xizang
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【Abstract】 Background Hypertension is a well-recognized major risk factor
for cardiovascular and cerebrovascular diseases. In plateau regions, unique envi-
ronmental and sociocultural factors may lead to differences in the epidemiology,
prevention, and control priorities of hypertension compared with plain areas.
However, there is currently a lack of a specific
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hypertension risk identification tool for Tibetan older adults in the Tibet Au-
tonomous Region. Objective Based on data from the National Health Services
Survey, to develop a hypertension risk prediction model for this population, and
to provide a potential auxiliary tool for community-based preliminary screen-
ing and targeted health management of hypertension risk. Methods A cross-
sectional study design was used. A total of 2 140 Tibetan older adults aged ≥ 60
years from the Tibet region were included. Variables were first screened by uni-
variate analysis, and then a multistage feature selection strategy (LASSO regres-
sion combined with multivariate Logistic regression) was used to determine the
final predictive variables. Based on the selected variables, five machine learning
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models were constructed and compared for their diagnostic value in predicting
hypertension among Tibetan older adults: LASSO regression, RandomForest,
XGBoost, LightGBM, and NaiveBayes. Model performance was evaluated us-
ing the area under the receiver operating characteristic curve (AUC), accuracy,
sensitivity, and specificity. Clinical utility was further assessed using calibration
curves, decision curve analysis, and clinical impact curves. Results Among the
2 140 Tibetan older adults included, 926 had hypertension, yielding a preva-
lence of 43.27%. The participants were randomly divided into a training set
(𝑛 = 1 499) and a test set (𝑛 = 641) at a 7:3 ratio. In the training set, 649
participants had hypertension (prevalence 43.30%), and in the test set, 277 par-
ticipants had hypertension (prevalence 43.21%); the difference in prevalence
between the two sets was not statistically significant (𝜒2 = 0.001, 𝑃 = 0.972).
Multivariate Logistic regression identified 8 predictive factors significantly asso-
ciated with hypertension status: different cities, BMI category, age, insomnia
symptoms within the past 2 weeks, number of other chronic diseases, daily tooth
brushing frequency, social medical insurance, and employment status. Model
comparison showed that NaiveBayes performed best in the test set, with an AUC
of 0.640, accuracy of 59.8%, sensitivity of 54.9%, and specificity of 63.5%. A
nomogram was constructed based on the final 8 factors. Conclusion Based on
cross-sectional data, this study developed a hypertension risk prediction model
for Tibetan older adults incorporating 8 factors. The NaiveBayes model showed
limited discriminative ability in the test set, with an AUC of 0.640, accuracy
of 59.8%, sensitivity of 54.9%, and specificity of 63.5%. The model and nomo-
gram may provide a reference for community-based hypertension screening in
this population, but their diagnostic performance and practical utility require
further validation in prospective studies.

【Key words】 Hypertension; Machine learning; Predictive learning models; Ti-
betan nationality; Aged; Tibet

Hypertension is one of the major global public health problems and is also the
leading risk factor for cardiovascular and cerebrovascular diseases[1]. The preva-
lence of hypertension in China has remained persistently high, and the disease
burden is particularly heavy[2]. The average altitude of the Tibet Autonomous
Region exceeds 4 000 m[3], and the plateau environment characterized by low
pressure and hypoxia has a significant impact on hypertension prevalence. The
Chinese Guidelines for the Prevention and Treatment of Hypertension (2024
Revised Edition)[2] (hereinafter referred to as the Guidelines) points out that,
in the Qinghai–Tibet Plateau region of China, the prevalence of hypertension
among residents in high-altitude areas of Qinghai Province (> 2 000 m) is 36.3%,
significantly higher than that in low-altitude areas (< 1 000 m) (19.6%); among
residents in Tibetan areas with an altitude above 3 000 m, the prevalence of
hypertension increases by 2% for every 100 m increase in altitude. In addition,
factors such as the lifestyle, dietary structure, and possible genetic background
of residents in Tibet further increase the risk of hypertension. Existing studies
have shown that the comorbidity rate of the“three highs”(hypertension, hyper-
glycemia, and hyperlipidemia) among residents in Tibet reaches 18.48%, with
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hypertension being one of the major comorbid factors[4]; the crude prevalence
of hypertension among residents aged 35–75 years in this region is 46.5%, while
the awareness rate, treatment rate, and control rate are only 45.2%, 30.8%, and
3.0%, respectively[5]. The situation of regional hypertension prevention and
control is therefore extremely severe. However, Tibet is vast and sparsely pop-
ulated, with dispersed settlements; traditional screening models are costly and
inefficient, making routine blood-pressure monitoring difficult to achieve. More-
over, the Guidelines note that the popularization rate of home blood-pressure
monitoring in western China still needs to be improved[2], resulting in delayed
identification of high-risk groups and making it difficult to comprehensively and
deeply advance early intervention and systematic management. Therefore, in
view of the epidemiological characteristics of hypertension and the prevention-
and-control situation in Tibet, constructing a simple and efficient hypertension
risk prediction model applicable to high-risk populations in this region is an
important prerequisite for early identification, risk stratification, and precise
intervention for high-risk groups, as well as for reducing disease burden and
improving prevention-and-control effectiveness[6]. It has important clinical and
public health value.

At present, most studies on hypertension risk prediction models are based on
general populations or specific disease cohorts, while models specifically target-
ing Tibetan older adults in plateau areas are relatively rare[7]. National Health
Services Survey data cover multidimensional information such as demographic
characteristics, health status, behavioral habits, and health-service utilization,
providing a data basis for exploring risk factors related to hypertension in this
population[8]. Using these data, this study aimed to apply five machine-learning
methods to attempt to construct a hypertension risk identification model suit-
able for Tibetan older adults in Tibet, in order to provide a simple auxiliary
assessment tool for primary-level hypertension prevention and control in this
region.

1 Participants and Methods
1.1 Study Participants

This was a cross-sectional study. The data came from the 2023 National Health
Services Survey Tibet expanded-site project. The inclusion criteria were: (1)
age ≥ 60 years; (2) Tibetan ethnicity; and (3) complete survey data. Individuals
with missing information on key variables were excluded. A total of 2 140 survey
participants were ultimately included in this study; the study flow is shown in
Figure 1.

1.2 Data Collection and Variable Definitions

The data for this study came from the 2023 National Health Services Survey
Tibet expanded-site project, with the survey conducted from October 2023 to
December 2023. The outcome variable was hypertension status at the time of
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the survey, based on the survey questionnaire

“Do you have diagnosed hypertension?”This question was used for determina-
tion, and a definite diagnostic certificate for hypertension was required. Ac-
cording to the study objectives and literature review, this study collected and
included a total of 21 initial predictor variables in the following 4 categories:
(1) sociodemographic characteristics: age, sex, educational level, marital status,
employment status, different prefectures/cities, and urban–rural residence. (2)
Socioeconomic indicators: type of social medical insurance, category of total
annual household expenditure, category of total annual household income, type
of drinking water, type of toilet, whether the household was receiving minimum
living security, and whether the participant took part in endowment insurance.
(3) Health behaviors and lifestyle: BMI category, smoking status, drinking fre-
quency, weekly frequency of physical exercise, and daily frequency of tooth
brushing. (4) Health-status-related variables: insomnia symptoms within the
past two weeks and number of other chronic diseases.

Figure 1. Study flowchart

Establishment of a risk prediction model for hypertension among Tibetan older
adults in Tibet

↓

The 2023 National Health Services Survey Tibet expanded-site project investi-
gated a total of 11,104 participants

→ 8,964 participants were excluded:
- Age <60 years (𝑛 = 8 946)
- Non-Tibetan older adults (𝑛 = 14)
- Abnormal BMI (𝑛 = 4)

↓

A total of 2,140 study participants were included

↓

Training group (𝑛 = 1 499)  Test group (𝑛 = 641)

↓

Feature screening: univariate analysis, LASSO regression, Logistic regression

↓

Age; BMI category; daily frequency of tooth brushing; insomnia symptoms
within the past two weeks; number of other chronic diseases; different prefec-
tures/cities; social medical insurance; employment status

↓

Construction of the nomogram
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Figure 1 Study flowchart

1.3 Data preprocessing and feature selection

R 4.5.1 software was used for analysis. For a small number of missing values,
numerical variables were imputed with the mean, and categorical variables were
imputed with the mode. All data were randomly divided at a 7:3 ratio into a
training set (𝑛 = 1 499) and a test set (𝑛 = 641). After grouping, the distribu-
tion of hypertension prevalence was balanced between the groups (training set
43.30%, test set 43.21%). The feature-selection process was conducted entirely
in the training set to prevent information leakage. First, univariate analysis
(𝑃 < 0.05) was performed to preliminarily screen variables; then LASSO re-
gression was used for further variable reduction, with lambda.min selected by
10-fold cross-validation; finally, the variables screened by LASSO regression
were entered into multivariable Logistic regression, with an inclusion criterion
of 𝑃 < 0.05, to determine the predictors ultimately included in the model.

1.4 Model construction and evaluation

Based on the final selected features, 5 prediction models were constructed in
the training set: LASSO regression, RandomForest, XGBoost, LightGBM, and
NaiveBayes. Ten-fold cross-validation was used to optimize model hyperparam-
eters. Model performance was evaluated on the independent test set. The main
evaluation indicators included the area under the receiver operating character-
istic curve (AUC), accuracy, sensitivity, specificity, F1 score, and Kappa value.
Meanwhile, calibration curves were plotted to evaluate the agreement between
predicted probability and actual risk; decision curve analysis (DCA) was applied
to assess the clinical net benefit of the models at different risk thresholds; and
clinical impact curves were plotted. To enhance model interpretability, SHAP
analysis was performed for the best model. The optimal model was selected
by comprehensively considering the test-set AUC value and the stability of the
model performance indicators between the training and test sets.

1.5 Statistical analysis

Measurement data conforming to a normal distribution were expressed as ( ̄𝑥±𝑠),
and count data were described using frequencies (percentages). Comparisons
among models were mainly based on performance indicators calculated on the
test set. R packages such as pROC, rmda, rms, and fastshap were used for the
corresponding analyses. A difference was considered statistically significant at
𝑃 < 0.05.
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2 Results
2.1 Basic characteristics of the study participants

A total of 2,140 Tibetan older adults were included, among whom 926 had hy-
pertension, yielding an overall hypertension prevalence of 43.27%. Participants
were randomly divided at a 7:3 ratio into a training set (𝑛 = 1 499) and a
test set (𝑛 = 641). In the training set, there were 649 patients with hyper-
tension, with a prevalence of 43.30%; in the test set, there were 277 patients
with hypertension, with a prevalence of 43.21%. Comparison of hypertension
prevalence between the two groups showed no statistically significant difference
(𝜒2 = 0.001, 𝑃 = 0.972), indicating that the data split was balanced.

2.2 Feature-selection results

Univariate analysis in the training set screened out a total of 14 variables as-
sociated with hypertension prevalence (𝑃 < 0.05). After further reduction by
LASSO regression (𝜆min = 0.004), 12 variables were retained; the LASSO regres-
sion results are shown in Figure 2. Multivariable Logistic regression analysis ul-
timately identified 8 independent associated factors: different prefectures/cities,
BMI category, age, insomnia symptoms within the past two weeks, number of
other chronic diseases, daily frequency of tooth brushing, social medical insur-
ance, and employment status (the variable-screening results are shown in Table
1, and the variable assignment and results of Logistic regression are shown in
Tables 2 and 3). The variance inflation factor (VIF) test values were all less than
5, indicating that there was no severe multicollinearity among the variables.

2.3 Comparison of model performance

The performance indicators of the 5 models for diagnosing hypertension among
Tibetan older adults in the training and test sets are shown in Table 4. A com-
prehensive comparison of the performance stability of the models on the test
set, measured by changes in key indicators from the training set to the test set,
found that although the performance of the NaiveBayes model on the test set
decreased slightly compared with that on the training set, the magnitude of
decline was relatively small. Taking both generalization ability and model per-
formance into account, it was determined to be the best model. On the test set,
this model had an accuracy of 59.8%, sensitivity of 54.9%, specificity of 63.5%,
and F1 score of 0.541. The ROC curve (Figure 3) and calibration curve (Figure
4) showed that the NaiveBayes model had relatively limited discrimination and
calibration.

Note: A is the coefficient path plot, and B is the cross-validation plot.

Figure 2 LASSO regression coefficient path plot and cross-validation plot

Decision curve analysis (Figure 5) showed that, within a certain range of risk
thresholds (0.1–0.6), application of this model may yield clinical net benefit.
Considering the intrinsic structure of the NaiveBayes model (the independence
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assumption based on conditional probability) and its optimal diagnostic per-
formance in this study, no additional interpretability analysis was performed;
instead, the focus was on validating the model’s diagnostic capability.

Table 1 Variable screening table

No. Stage Variables
1 Univariate analysis Different

cities/prefectures,
BMI classification,
age, education level,
marital status,
insomnia symptoms
in the past two weeks,
number of other
chronic diseases, daily
toothbrushing
frequency, social
medical insurance,
employment status,
drinking-water type,
toilet type, annual
household
expenditure
classification, weekly
physical exercise
frequency

2 LASSO regression Different
cities/prefectures,
BMI classification,
age, insomnia
symptoms in the past
two weeks, number of
other chronic diseases,
daily toothbrushing
frequency, social
medical insurance,
employment status,
drinking-water type,
toilet type, annual
household
expenditure
classification, weekly
physical exercise
frequency
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No. Stage Variables
3 Logistic regression Different

cities/prefectures,
BMI classification,
age, insomnia
symptoms in the past
two weeks, number of
other chronic diseases,
daily toothbrushing
frequency, social
medical insurance,
employment status

Table 2 Variable assignment table

Variable Assignment
Different cities/prefectures Lhasa = 0, Shigatse = 1, Shannan =

2, Nyingchi = 3, Qamdo = 4, Nagqu
= 5, Ngari = 6

Age 60–98
BMI classification <18.5 kg/m2 = 0, 18.5–23.9 kg/m2 =

1, 24.0–27.9 kg/m2 = 2,
$�28.0𝑘𝑔/𝑚^{2}$ = 3

Insomnia symptoms in the past two
weeks

None = 0, several days = 1, more
than half the time = 2, almost every
day = 3

Number of other chronic diseases None = 0, 1 disease = 1, 2 diseases =
2, 3 or more diseases = 3

Daily toothbrushing frequency Does not brush = 0, less than once =
1, once = 2, twice = 3

Employment status Employed (including flexible
employment) = 0, retired = 1,
unemployed = 2, no work = 3

Social medical insurance Not insured = 0, resident medical
insurance = 1, employee medical
insurance = 2

Table 3 Multivariate Logistic regression analysis of factors associated with
hypertension in Tibetan older adults in the Tibet region
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Variable Coefficient
Standard

error
Wald 𝜒2

value
OR

(95%CI) P value
Different
cities/prefectures

0.119 0.033 12.609 1.126
(1.055–
1.202)

<0.001

Age 0.031 0.008 15.037 1.032
(1.016–
1.048)

<0.001

BMI
classifi-
cation

0.489 0.073 45.064 1.630
(1.413–
1.880)

<0.001

Insomnia
symp-
toms in
the past
two
weeks

0.200 0.069 8.280 1.221
(1.066–
1.399)

0.004

Number
of other
chronic
diseases

0.148 0.074 4.016 1.160
(1.003–
1.341)

0.045

Daily
tooth-
brush-
ing
fre-
quency

−0.143 0.061 5.610 0.867
(0.770–
0.976)

0.018

Employment
status

0.134 0.059 5.170 1.143
(1.019–
1.283)

0.023

Social
medical
insur-
ance

−0.704 0.257 7.497 0.494
(0.299–
0.819)

0.006

2.4 Nomogram construction

Based on the 8 factors identified by multivariate Logistic regression, a nomogram
for predicting hypertension risk was constructed (Figure 6). The C-index of the
nomogram model in internal validation of the training set was 0.676.

3 Discussion
Based on cross-sectional data, this study used five machine-learning methods
—LASSO regression, RandomForest, XGBoost, LightGBM, and NaiveBayes—
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to construct a risk identification model for hypertension among Tibetan older
adults in Tibet. Comparison of model performance showed that RandomForest
performed best in the training set (AUC = 0.906), but its AUC decreased to
0.633 in the test set, suggesting obvious overfitting. The AUCs of XGBoost
and LightGBM in the test set were 0.659 and 0.654, respectively, indicating
moderate performance. The NaiveBayes model showed the smallest decline in
performance between the training set (AUC = 0.693) and the test set (AUC =
0.640), and the test

Figure 3. ROC curves of the five models for diagnosing hypertension in older
adults in the training and test sets

• A. Training-set ROC curve
– y-axis: Sensitivity

– x-axis: 1− specificity

– LASSO (AUC = 0.676)

– RandomForest (AUC = 0.906)

– XGBoost (AUC = 0.789)

– LightGBM (AUC = 0.77)

– NaiveBayes (AUC = 0.693)
• B. Test-set ROC curve

– y-axis: Sensitivity

– x-axis: 1− specificity

– LASSO (AUC = 0.623)

– RandomForest (AUC = 0.633)

– XGBoost (AUC = 0.659)

– LightGBM (AUC = 0.654)

– NaiveBayes (AUC = 0.64)

Note: A is the training-set ROC curve, and B is the test-set ROC curve.

Table 4. Diagnostic performance metrics of the five prediction models for
hypertension in Tibetan older adults in the training and test sets
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Model Dataset AUC AccuracySensitivitySpecificity

Positive
predic-

tive
value

F1
score

Kappa
value

LASSO
re-
gres-
sion

Training
set

0.676 0.630 0.428 0.785 0.603 0.501 0.221

RandomForestTraining
set

0.906 0.841 0.695 0.953 0.919 0.791 0.667

XGBoostTraining
set

0.789 0.720 0.564 0.840 0.729 0.636 0.415

LightGBMTraining
set

0.770 0.691 0.518 0.824 0.691 0.592 0.352

NaiveBayesTraining
set

0.693 0.644 0.598 0.680 0.588 0.593 0.277

LASSO
re-
gres-
sion

Test
set

0.623 0.594 0.440 0.712 0.537 0.484 0.155

RandomForestTest
set

0.633 0.616 0.458 0.736 0.570 0.508 0.199

XGBoostTest
set

0.659 0.638 0.502 0.742 0.597 0.545 0.248

LightGBMTest
set

0.654 0.616 0.451 0.742 0.571 0.504 0.198

NaiveBayesTest
set

0.640 0.598 0.549 0.635 0.533 0.541 0.183

Figure 4. Calibration curves of the best model in the training and test sets

• NaiveBayes—training-set calibration curve
– y-axis: Observed probability

– x-axis: Predicted probability

– Original

– Bias-corrected

– Ideal
• NaiveBayes—test-set calibration curve

– y-axis: Observed probability

– x-axis: Predicted probability
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– Original

– Bias-corrected

– Ideal

Figure 5 Decision curve analysis (DCA) plots of the best model in the training
and test sets

• Panel A: training set; Panel B: test set.

• Axes: net benefit; risk threshold.

• Legend: NaiveBayes; treat all; treat none.

Figure 6 Nomogram for predicting hypertension risk in Tibetan older adults

Visible nomogram variables: Points; different prefectures/cities; BMI classifi-
cation; age; insomnia symptoms within two weeks; number of other chronic
diseases; times brushing teeth per day; social medical insurance; employment
status; total points; probability of hypertension risk.

The accuracy in the set (59.8%) and sensitivity (54.9%) were relatively the
highest among the five models. Considering both generalization ability and di-
agnostic performance, it was determined to be the best model in this study.
Multivariable logistic regression analysis identified a total of eight factors in-
dependently associated with hypertension prevalence, including: different pre-
fectures/cities, BMI classification, age, insomnia symptoms within two weeks,
number of other chronic diseases, times brushing teeth per day, social medical
insurance, and employment status.

3.1 Risk factor analysis

This study found that different prefectures/cities were an important in-
fluencing factor for hypertension among Tibetan older adults in Tibet
(𝑂𝑅 = 1.126, 95%𝐶𝐼 = 1.055 ∼ 1.202). Compared with Lhasa, older adults
living in higher-altitude prefectures/cities (such as Nagqu and Ngari) had a
higher risk of hypertension, which may comprehensively reflect the influence of
regional factors such as the natural conditions of the place of residence (e.g.,
higher altitude and a relatively harsher natural environment), level of economic
development, accessibility of medical resources, and dietary culture on disease
onset[9]. For every 1-year increase in age, the risk of hypertension increased
by 3.2% (𝑂𝑅 = 1.032, 95%𝐶𝐼 = 1.016 ∼ 1.048), consistent with the general
pattern of reduced vascular compliance caused by aging[5]. For each one-level
increase in BMI classification, the risk of hypertension increased by 63.0%
(𝑂𝑅 = 1.630, 95%𝐶𝐼 = 1.413 ∼ 1.880), suggesting that weight management is
a key focus for prevention and control[5].
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Insomnia symptoms within two weeks were positively associated with hyper-
tension risk (𝑂𝑅 = 1.221, 95%𝐶𝐼 = 1.066 ∼ 1.399), consistent with previous
findings[10]; insomnia may affect blood pressure regulation by activating the
sympathetic nervous system. The greater the number of other chronic diseases,
the higher the risk of hypertension (𝑂𝑅 = 1.160, 95%𝐶𝐼 = 1.003 ∼ 1.341),
suggesting that multiple chronic diseases (such as diabetes, dyslipidemia, heart
disease, etc.) may interact through shared pathophysiological mechanisms (such
as inflammatory responses and oxidative stress), jointly increasing the risk of
hypertension[11]. The number of times brushing teeth per day was negatively
associated with hypertension risk (𝑂𝑅 = 0.867, 95%𝐶𝐼 = 0.770 ∼ 0.976).
Poor oral hygiene may increase cardiovascular risk through systemic inflam-
matory responses, suggesting that maintaining good oral hygiene has a posi-
tive effect on reducing the risk of cardiovascular and metabolic diseases[12]. In
terms of employment status, compared with employed individuals, retired, un-
employed, or jobless individuals had a 14.3% increased risk of hypertension
(𝑂𝑅 = 1.143, 95%𝐶𝐼 = 1.019 ∼ 1.283), similar to findings from foreign stud-
ies[13], suggesting that social participation and physical activity brought by occu-
pation may play a protective role in maintaining blood pressure health among
older adults. Among types of social medical insurance, those with employee
medical insurance had a lower risk than those with resident medical insurance
(𝑂𝑅 = 0.494, 95%𝐶𝐼 = 0.299 ∼ 0.819). As of the end of 2022, the coverage
rate of basic medical insurance enrollment across Tibet remained stable at above
95%[14]; in this study, the proportions of employee medical insurance, resident
medical insurance, and no insurance were 5.2%, 94.2%, and 0.6%, respectively,
and more than half of those with employee medical insurance resided in Lhasa.
Differences in medical insurance type may reflect differences among individuals
in the level of social security, accessibility of medical resources, economic status,
and health literacy; those with employee medical insurance generally have higher
medication adherence and more complete health management services[15].

3.2 Clinical application value of the model

The NaiveBayes model and nomogram tool constructed in this study provide an
initial screening method for hypertension risk based on eight easily obtainable
variables. In primary health services in Tibet, community workers can, without
using a sphygmomanometer, quickly estimate an individual’s probability of
hypertension by asking about age, prefecture/city, height and weight, insomnia
status, history of chronic disease, toothbrushing habits, medical insurance, and
employment status,

thereby giving priority to precise blood-pressure measurement and intervention
for high-risk individuals. Decision-curve analysis showed that applying this
model within the risk-threshold range of 0.1–0.6 can yield clinical net benefit.
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3.3 Advantages and Limitations

This study focused on a high-risk population with regional particularities, used a
standardized machine-learning workflow and multiple evaluation methods, and
provided a visualization tool. At the same time, it also has limitations. First,
this study used a cross-sectional design and therefore cannot establish causal
relationships; the associations identified are only contemporaneous associations.
Second, the model was constructed on the basis of self-reported data and may
be affected by recall bias and other factors. Third, the study did not include
potentially important biomarkers such as blood lipids, hemoglobin, low-density
lipoprotein cholesterol, and genetic factors
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. Fourth, and most importantly, all performance evaluations were internal val-
idations; the model’s performance in other populations not involved in model
building or at future time points—namely, its external validity—remains un-
known, and its true predictive value still needs to be confirmed by prospective
studies.

4 Conclusion
In summary, based on cross-sectional data from older Tibetan adults in Ti-
bet, this study preliminarily explored and established a model for identifying
the risk of prevalent hypertension. The NaiveBayes model and its correspond-
ing nomogram tool provide a simple reference method for community screening
of hypertension in this population. It should be emphasized that this model
is only an auxiliary tool for screening disease risk and cannot replace clinical
diagnosis. In the future, rigorous external validation of this model in indepen-
dent prospective cohorts is needed, and its effectiveness and cost-effectiveness
in real-world community settings should be evaluated to determine its ultimate
practical value.
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