www.nature.com/scientificreports

SCIENTIFIC
REPORTS

natureresearch

W) Check for updates

A novel predicted model for
hypertension based on a large
cross-sectional study

Zhigang Ren*“, Benchen Rao'?*, Siqi Xie**, Ang Li%3, Lijun Wang?, Guangying Cui'3,
Tiantian Li?, Hang Yan?, Zujiang Yul*™ & Suying Ding?™

Hypertension is a global public health issue and leading risk for death and disability. It is urgent to
search novel methods predicting hypertension. Herein, we chose 73158 samples of physical examiners
in central China from June 2008 to June 2018. After strict exclusion processes, 33570 participants with
hypertension and 35410 healthy controls were included. We randomly chose 70% samples as the train
set and the remaining 30% as the test set. Clinical parameters including age, gender, height, weight,
body mass index, triglyceride, total cholesterol, low-density lipoprotein, blood urea nitrogen, uric
acid, and creatinine were significantly increased, while high-density lipoprotein was decreased in the
hypertension group versus controls. Nine optimal markers were identified by a logistic regression
model, and achieved AUC value of 76.52% in the train set and 75.81% in the test set for hypertension.
In conclusions, this study is the first to establish predicted models for hypertension using the logistic
regression model in Central China, which provide risk factors and novel prediction method to predict
and prevent hypertension.

Hypertension which is a global public health issue is a leading risk for death and disability’. It exacerbates the
burden of kidney failure, stroke, and heart disease, as well as premature mortality and disability. The number of
people with hypertension worldwide increased by 400 million in 2008, and about 40% of adults over the age of 25
are diagnosed with hypertension. The risk of death associated with systolic blood pressure increases significantly
with increasing systolic blood pressure®. Hypertension ranks first among all modifiable causes of cerebrovas-
cular disease (CVD) and is the second preventable cause of death in the United States®. By 2030, the number of
global CVD-related deaths will exceed 23.3 million*. It’s reported by the World Health Organization (WHO)
that global CAD cause approximately 17 million deaths each year®, of which approximately 9.4 million die from
complications of hypertension®. Hypertension accounts for at least 51% death of stroke and 45% death of heart
diseases®. In 2010, hypertension has been the leading cause of disability-adjusted life years and death. Then, the
disability-adjusted life year caused by CAD was 366 million in 2017. Among them, the disability-adjusted life year
caused by hypertensive heart disease was 16.5 million”. The prevalence of hypertension in China was high (46.4%)
in 2012-2015 according to the 2017 American College of Cardiology/American Heart Association guidelines®.
However, the awareness, control and treatment of hypertension are unsatisfactory®. Thus, it is important and
urgent to search a new method predicting hypertension.

The increased prevalence of hypertension is due to behavioral risk factors, aging and population growth, such
as persistent stress, being overweight, lack of physical exercise, harmful consumption of alcohol and unhealthy
diet’. The harmful effects of hypertension are complicated, including the increasing risk of kidney failure, stroke,
and heart attack. In 1990, Pearson et al. firstly reported that they used cox proportional hazard regression to
establish a predicted model for hypertension which was called the Johns Hopkins multiple risk equations™.
Recent years, Chinese scholars conducted some prospective cohort studies and proposed that high uric acid
level!l, short sleep duration'? and high visceral adiposity index!* could enhance the incidence of hypertension.
Then, some case-control studies indicated that certain genes'*!® and proteins'® were risk factors for hyperten-
sion. In this study, based on a large group of people, we analyzed the differences of clinical features between
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hypertension and non-hypertension patients, identified the risk factors of hypertension, and established a novel
predicted model for hypertension. This study will provide risk factors and a novel prediction method to predict
and prevent hypertension.

Methods

Participant information. This study was conducted in keeping with the Helsinki Declaration and Rules of
Good Clinical Practice. The study was approved by the Institutional Review Board of the First Affiliated Hospital
of Zhengzhou University (2017-XY-002). Written informed consents were signed by all participants at the time of
registration. From June 2008 to June 2018, a total of 73158 participants from the Physical Examination Center, the
First Affiliated Hospital of Zhengzhou University in Central China, were randomly enrolled. After removing 13
participants with outliers and 4165 participants with nulls values, the remaining 68980 participants were used for
statistical analysis. Among them, 33570 participants with hypertension and 35410 participants without hyperten-
sion were included. Participants’ demographics and clinical information were collected from hospital electronic
medical records (Supplementary Table 1).

Definition of hypertension. According to the Guideline for the prevention, detection, evaluation, and
management of high blood pressure in adults established by American Heart Association (AHA) and American
College of Cardiology (ACC) On November 13, 2017, the range of normal BP was systolic blood pressure
(SBP) < 120 mmHg and diastolic blood pressure (DBP) < 80 mmHg. The elevated BP was defined as SBP ranging
120~129 mmHg and DBP < 80 mmHg. Stage 1 hypertension was defined as SBP ranging 130~139 mmHg or DBP
ranging 80~89 mmHg. Stage 2 hypertension was described as SBP > 140 mmHg or DBP > 90 mmHg?.

Measurement method. The blood pressure of each participant was strictly measured twice at the house
of the participants after a rest of 5 minutes by the trained interviewer who has learned standard method of AHA
using standard mercury sphygmomanometer and appropriate-sized cuff according to a standard protocol to
obtain an accurate value. The average of the two measurements was used for subsequent analysis.

Biomarker identification and probability of disease (POD) construction. Firstly, we analyzed the
differences of clinical features between the hypertension patients (case) and non-hypertension participants (con-
trol). Student T test was used for the significance test for all the phenotypes except for gender, and Chi-squared
test was used for gender. A total of 12 phenotypes with significant difference (p value < 0.05) between case group
and control group were selected for further analysis.

The POD index was defined as the ratio between the number of randomly generated decision trees that pre-
dicted sample as “hypertension” and that of the trees defining healthy controls. POD index of the train set was
calculated using the optimal set of phenotypes and the receiver operating characteristic curve (ROC) was plotted
(R 3.3.0, pROC package). The POD index of the test set, including 10596 healthy controls and 9980 hypertension
patients, was calculated using the same optimal set of phenotypes.

Secondly, all data were randomly divided into the train set (70%) and the test set (30%) (Supplementary Table 2)
by the “sample” function of R software. In the train set (n =48404), logistic regression, using “glm” function R
3.4.1 software, was performed using the 12-phenotype value table of train set, including 24814 healthy controls
and 23590 hypertension patients. Then Stepwise regression was used to obtain the optimal regression equation
based on Akaike Information Criterion (AIC). 9-phenotype markers were chosen as the optimal set, if any one of
them was dislodged, the AIC of the regression equation will be bigger. Probability of disease (POD) index of the
train set was calculated using this set of phenotypes and a ROC was drawn (R 3.3.0, pROC package). The POD
index of the other test set, including 10596 healthy controls and 9980 hypertension patients, was calculated using
this set of phenotypes.Moreover, in the same train set, the Fivefold cross-validation was performed on a random
forest model (R 3.4.1, randomForest 4.6-12 package) with default parameters except for ‘importance = TRUFE’
using the 12 phenotypes in the train set, as previously described!”'®. The cross-validation errors from five trials
of the fivefold cross-validation were averaged. In addition, the cutoff was set by plus the minimum error in the
averaged curve with the standard deviation at that point. All sets (<7) of phenotype markers with an error less
than the cutoff were listed, and the set with the smallest number of phenotypes was chosen as the optimal set.

Statistical analysis. Statistical analyses were performed using R software. R software was used to con-
structed random forest model (R 3.4.1; random forest 4.6-12 package) and receiver operating characteristic
(ROC) curve (R 3.4.1, pROC package). The student T test was used to evaluate the differences between the sets
of continuous variables. The chi-square test was used to evaluate the differences between the sets of categorical
variables.

Results

A total of 73158 participants were enrolled in this study. Then, 4165 participants with nulls values and 13 partic-
ipants with outliers were excluded, and the remaining 68980 participants were divided into hypertension group
(n=33570) and healthy controls (n=35410). We randomly chose 70% of the samples as the train set (n =48404)
and the remaining 30% of the samples as the test set (n =20576) from both groups. The train set was used to con-
structed predicted model. Moreover, the predicted model was validated in the test set (Fig. 1).

Clinical characteristics of participants. Clinical characteristics of the participants, including age, gen-
der, height, weight, BMI, triglyceride (TG), total cholesterol (TC), low-density lipoprotein (LDL), high-density
lipoprotein (HDL), blood urea nitrogen (BUN), uric acid (UA), and creatinine (Cr), were analyzed between the
hypertension group (n=33570) and healthy controls (n =35410) (Table 1, Fig. 2).
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Randomly chose samples
73158 samples in total

Excluded

5 unmodifiable outliers in height
7 unmodifiable outliers in weight
1 unmodifiable outliers in BUN
4165 samples with null values

68980 samples in total
33570 hypertension
35410 healthy controls

Train set (n=48404) Test set (n=20576)
23590 hypertension 9980 hypertension
24814 healthy controls 10596 healthy controls

Figure 1. Study design and flow diagram. A total of 73158 participants were randomly enrolled. After removing
4165 participants with nulls values and 13 participants with outliers, the remaining 68980 participants,
including 33570 participants and 35410 healthy controls, were used for further statistical analysis. We randomly
chose 70% of the samples as the train set (n =48404) and the remaining 30% as the test set (n =20576) from
both groups.

Hypertension group | Healthy controls
Clinical indexes | (n=33570) (n=35410) P values
Age (year) 51.98+14.77 42.72+£1291 <2E-16
Gender <2E-16
Female 9932 (35.71%) 17878 (64.29%)
Male 23638 (57.42%) 17532 (42.58%)
Height (cm) 168.35+8.67 167.46 +8.13 4.02E-44
Weight (kg) 73.284+12.90 66.36 £11.98 <2E-16
BMI 25.7543.39 23.56+3.18 <2E-16
TG (mmol/L) 1.79+1.43 1.35+1.01 <2E-16
TC (mmol/L) 4.784+0.95 4.571+0.87 1.48E-208
LDL (mmol/L) 3.00+0.83 2.80£0.78 3.08E-231
HDL (mmol/L) 1.2740.35 1.3840.37 3.52E-302
BUN (mmol/L) 5.04+£1.32 4.67+1.22 3.11E-312
UA (umol/L) 333.54+87.69 301.77 +83.40 <2E-16
Cr (mmol/L) 72.92+18.50 68.39 £15.08 1.84E-268

Table 1. Clinical characteristics of the enrolled participants. All data were presented as mean =+ standard
deviation (SD). The T test was used to evaluate the differences between the sets of continuous variables. The chi-
square test was used to evaluate the differences between the sets of categorical variables. BMI, body mass index;
TG, triglyceride; TC, serum total cholesterol; LDL, low-density lipoprotein; HDL, high-density lipoprotein;
BUN, blood urea nitrogen; UA, uric acid; Cr, creatinine.

Compared to healthy controls, age level was significantly increased in patients with hypertension (p < 2E-16),
suggesting that the older people are prone to suffer from hypertension. Meanwhile, male population presented
an increased percentage of hypertension versus female population (p < 2.0 x 107). Also, BMI level was signifi-
cantly elevated in the hypertension group versus healthy controls (p < 2.0 x 10~'), hinting that the fatty popula-
tion are prone to present hypertension.

Moreover, serum levels of clinical parameters were measured. Compared to healthy controls, serum level of
TG was markedly increased in the hypertension group (p < 2.0 x 107!). Meanwhile, serum TC level was elevated
in the hypertension group versus healthy controls (p=1.48 x 1072%). Notably, serum LDL level was significantly
increased (p=3.08 x 1072*!), but serum HDL was obviously decreased (p=3.52 x 107°%?), in the hypertension
group versus healthy controls.

In addition, serum level of BUN was remarkably increased in the hypertension group versus healthy con-
trols (p=3.11 x 1073'?). Compared with healthy controls, serum UA was significantly increased in the hyper-
tension group (p <2 x 107'%). Also, serum level of Cr was elevated in the hypertension group versus healthy
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Figure 2. The difference and comparison of clinical parameters between the hypertension group (n=33570) and
healthy controls (n=235410). The student T test was used to analyze the significant differences of clinical parameters
between the hypertension group (case) and healthy controls (control). Clinical parameters included age, gender,
height, weight, body mass index (BMI), triglyceride (TG), total cholesterol (TC), low-density lipoprotein (LDL), high-
density lipoprotein (HDL), blood urea nitrogen (BUN), uric acid (UA), and creatinine (Cr).

controls (p=1.84 x 1072%%). Thus, these increased clinical parameters may become the independent risk factors
for hypertension.

Identification and validation of the predicted model for hypertension by a logistic regression
model. To establish the predicted model for hypertension, we randomly chose 70% of the samples as the train
set (n=48404) and the remaining 30% of the samples as the test set (n=20576) from both groups. In the train
set, we identified the 9 optimal distinguishing markers, including gender, age, height, weight, TG, LDL, HDL,
UA and Cr, for hypertension through a logistic regression model (Table 2). The POD index was calculated based
on the selected 9 optimal markers for each sample, and the mean POD value was significantly increased in the
hypertension group versus healthy controls in the train set (p < 0.001, Fig. 3a). The AUC value of the POD index
achieved 76.52% (95% CI: 76.11-76.94%) between the hypertension group and healthy controls in the train set
(Fig. 3b). Furthermore, in the test set, the mean POD value was significantly increased in the hypertension group
versus healthy controls (p < 0.001, Fig. 3c). Correspondingly, the AUC value of the POD index achieved 75.81%
(95% CI: 75.16-76.46%) between the hypertension group and healthy controls (Fig. 3d). These results demon-
strated that the predicted model for hypertension could distinguish the hypertension from healthy controls based
the logistic regression model.

Identification and validation of phenotype markers for hypertension by random forest
model. To establish a more effective predicted model for hypertension, in addition to the logistic regression
model, we also chose a random forest model with a fivefold cross-validation (Supplementary Figure 1). All anal-
yses were based on the same train set and test set. The mean POD index was significantly increased in the hyper-
tension group versus healthy controls. The AUC value of the POD index achieved 75.33% (95% CI: 74.9-75.76%)
in the train and 74.65% (95% CI: 73.99-75.32%) in the test set.

To sum up, these results demonstrated that the logistic regression model achieved a better efficacy than the
random forest model because of the higher AUC value.
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Estimate Std. Error | Zvalue | Pvalue
(Intercept) —0.30624 0.325476 —0.941 0.347
Gender 0.681627 0.034855 19.556 <2E-16
Age 0.04933 0.00083 59.463 <2E-16
Height —0.04423 0.002062 —21.445 | <2E-16
Weight 0.054823 0.001293 42.4 <2E-16
TG 0.15022 0.010256 14.648 <2E-16
LDL 0.106544 0.013039 8.171 3.05E-16
HDL 0.311486 0.034023 9.155 <2E-16
UA 0.001137 0.000157 7.225 5.00E-13
Cr —0.00323 0.000793 —4.077 4.55E-05

Table 2. Logistic regression model in the train set. The 9 optimal distinguishing markers, including gender, age,
height, weight, TG, LDL, HDL, UA and Cr for hypertension were identified through a logistic regression model
in the train set. TG, triglyceride; LDL, low-density lipoprotein; HDL, high-density lipoprotein; UA, uric acid;
Cr, creatinine.
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Figure 3. Identification and validation of the predicted model for hypertension by a logistic regression model.
(a) The POD index was calculated based on the selected 9 optimal markers for each sample, and the mean POD
value was significantly increased in the hypertension group versus healthy controls in the train set (p < 0.001).
(b) The AUC value of the POD index achieved 76.52% (95% CI: 76.11-76.94%) between the hypertension group
and healthy controls in the train set. (c) The mean POD value was significantly increased in the hypertension
group versus healthy controls in the test set (p < 0.001). (d) The AUC value of the POD index achieved 75.81%
(95% CI: 75.16-76.46%) between the hypertension group and healthy controls in the test set.

Discussion

According to a recent global overview of hypertension published by the WHO, hypertension has become a global
health burden and a global public health crisis'. The burden cardiovascular disease including hypertension in
China is increasing along with urbanization, rising incomes, and ageing of the population**?!. Hypertension is
the leading modifiable risk factor for cardiovascular disease, which represents the top cause of death in China®"?2.
The prevalence of hypertension has been on the rise over the years***. Moreover, some studies have shown that
the rates of undiagnosed hypertension were also high in many countries®. The establishment of the predicted
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model for hypertension helps prevent and improve high blood pressure. Therefore, this study conducted a ran-
dom survey and analysis of 73158 participants in the Central China. We firstly analyzed the differences of clin-
ical characteristics between the hypertension group (n=33570) and healthy controls (n=35410), and found
that clinical parameters including age, height, weight, BMI, TG, TC, LDL, BUN, UA and Cr, were significantly
increased, while HDL was decreased in the hypertension group versus healthy controls. Furthermore, to establish
an effective predicted model for hypertension, we randomly chose 70% of the samples as the train set and the
remaining 30% of the samples as the test set. In the train set, we identified the optimal distinguishing markers and
established the POD index for hypertension. By random forest model, the POD index achieved 75.33% of AUC
value (95% CI: 74.9-75.76%) in the train set, and achieved 74.65% of AUC value (95% CI: 73.99-75.32%) in the
test set. Moreover, by a logistic regression model, the AUC value of the POD index achieved 76.52% (95% CI:
76.11-76.94%) in the train set, and achieved 75.81% (95% CI: 75.16-76.46%) in the test set. Thus, the predicted
model for hypertension achieved a better efficacy by a logistic regression model. These findings provide a novel
predicted method for hypertension, and benefit for the prevention of hypertension.

More and more clinical studies established predicted models based on big data in recent years'”**. In China,
Zhang et al.”® analyzed data from 26,496 hypertensive patients and they set up a hypertension synthetic predic-
tor by weighing the risk of hypertension for each factor to build a risk assessment matrix with an AUC of 0.755
for men and 0.800 for women. Both Chen et al.”” and Qi et al.*® analyzed the state of hypertension in northern
China and established predicted models from different perspectives. Chen et al. established models using tradi-
tional risk factors, including BMI, age, SBP, DBP, serum glucose level and alcohol consumption for both women
and men, while current smoking, neutrophil granulocyte, and total cholesterol only for women (AUC =0.753),
gamma-glutamyltransferaseonly for men (AUC = 0.761). Whereas Qi et al. conducted a large blood pressure
genome-wide association study and used genetic risk score as the prediction factors. They evaluated the differ-
ences of genotype between the patients and healthy controls, and they found that differences were significant for
rs17249754, rs11191548 and rs35444. The further application indicated that the chance of developing hyper-
tension increased as the risk score increased by the genetic risk scoring method. There are also many similar
studies in the US'**-32 and Europe®*-¥". Different predicted models are available for different regions and their
prediction power needs to be validated in large cohorts. Thus, we conducted a study on a large group of 73,158
participants that included 33750 patients with hypertension and 35410 healthy controls. We identified the opti-
mal distinguishing markers and established the POD index for the predicted model for hypertension by random
forest model and logistic regression model between the hypertension group and healthy controls. Moreover, we
got high AUC values of 75.33% in the train set and 74.65% in the test set which indicated that the predicted model
for hypertension could efficiently distinguish the hypertension from healthy controls based on the random forest
model. Meanwhile, to establish a more effective predicted model for hypertension, we further analyze clinical
parameters by a logistic regression model based on the same train set and test set which got higher AUC values
(76.52% for the train set and 75.81% for the test set). A higher AUC value meant that the predicted model for
hypertension established by the logistic regression model was more effective.

We constructed predicted models by establishing random forest model and logistic regression model, in which
we identified independent risk factors for hypertension.There are significant differences in the risk factors, prev-
alence and distribution of hypertension in different regions. The risk factors we identified from random forest
model were gender, age, height, weight, BMI, TG, and TC. In addition, we conducted a logistic regression model
to get nine independent risk factors, including gender, age, height, weight, TG, LDL, HDL, UA, and Cr. The
WHO pointed out that the global increase in the prevalence of hypertension was attributed to exposure to per-
sistent stress, excess weight, lack of physical activity, harmful use of alcohol and unhealthy diet". Clinical studies
showed a significant relationship between ageing and increased blood pressure, with advancing age being a major
immutable risk factor in the progreess of hypertension®*-*!. The Nurses’ Health Study II, which organized by
Forman JP et al. was a prospective cohort study of 116671 female nurses since 1991. In this large-scale prospective
study of women, they identified six low-risk lifestyle factors such as engaging in vigorous physical exercise, avoid-
ing nonnarcotic analgesics, taking supplemental folic acid and drinking a little alcohol and so on. These factors
were significantly associated with the decline in the prevalence of hypertension*2. In 2015, Ying et al. published an
article about the relationship between BMI and hypertension in the Lancet magazine. The analyses of the study
based on data from 135715 individuals. Findings showed lower BMI reduced the risk of developing hyperten-
sion®. In recent years, a number of studies have shown that TG, HDL, LDL and TG can be used as predictors of
essential hypertension events by constructing different models*-#. Fottrell et al. surveyed a random sample of
12,280 adults >30 years old in 96 villages in rural Bangladesh and found that obesity, smoking, passive smoking
and increased salt consumption were risk factors for hypertension®. Kidney diseases can lead to elevated levels
of urinary albumin, while micro albuminuria is considered as a risk factor for hypertension®"*2. In recent years,
there have been more and more studies on the ratio of urinary albumin-creatinine. On the one hand, the higher
normal urinary albumin-creatinine ratio is significantly associated with an increased risk of hypertension®**. On
the other hand, a urinary albumin/creatinine ratio of less than 30 mg/g is a predictor of hypertension and cardi-
ovascular mortality>>. However, studies on creatinine as an independent risk factor for hypertension are rare. In
2015, Wu et al. from Jilin University studied the hypertension in Northeast China. He found that the risk factors
for hypertension in Northeast China were age, gender, BMI, smoking, and drinking>. However, we analyzed data
from 73158 participants in the Central China, and found that the independent risk factors for hypertension were
gender, age, height, weight, TG, LDL, HDL, UA, and Cr. The result confirmed that there were significant differ-
ences in the risk factors of hypertension in different regions.

In the experiment, we used train set and test set to ensure the authenticity and effectiveness of the result. After
excluding some outliers and null values, we randomly chose 70% of each of the two groups as the train group
(23590 from hypertension group and 24814 from non-hypertension group). We used the remaining 30% of the
samples as the test group (9980 from hypertension group and 10596 from non-hypertension group). Nine optimal
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markers were identified by a logistic regression model, and achieved AUC value of 76.52% in the train set and
75.81% in the test set for hypertension.

This study was the first to describe the characteristics of hypertension in the Central China. We also found

independent risk factors for hypertension while constructing a predicted model of hypertension. This study pro-
vided data on risk factors affecting prevalence of hypertension in the Central China. It may guide the develop-
ment of practical and effective strategies for managing and preventing hypertension. Meanwhile, it also provides
reference for the management and prevention of hypertension in the world.

Received: 7 May 2019; Accepted: 24 April 2020;
Published online: 30 June 2020

References

1.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

Campbell, N. R,, Lackland, D. T. & Niebylski, M. L. World Hypertension League, C. & International Society of Hypertension
Executive, C. High blood pressure: why prevention and control are urgent and important: a 2014 fact sheet from the World
Hypertension League and the International Society of Hypertension. Journal of clinical hypertension 16, 551-553, https://doi.
org/10.1111/jch.12372 (2014).

. Forouzanfar, M. H. et al. Global Burden of Hypertension and Systolic Blood Pressure of at Least 110 to 115 mm Hg, 1990-2015.

Jama 317, 165-182, https://doi.org/10.1001/jama.2016.19043 (2017).

. Whelton, P. K. et al. 2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA Guideline for the Prevention,

Detection, Evaluation, and Management of High Blood Pressure in Adults: A Report of the American College of Cardiology/
American Heart Association Task Force on Clinical Practice Guidelines. Journal of the American College of Cardiology 71,
e127-e248, https://doi.org/10.1016/j.jacc.2017.11.006 (2018).

. Mathers, C. D. & Loncar, D. Projections of global mortality and burden of disease from 2002 to 2030. PLoS medicine 3, e442, https://

doi.org/10.1371/journal.pmed.0030442 (2006).

. World Health Organization, G. Causes of death 2008: data sources and methods (2011).
. Lim, S. S. et al. A comparative risk assessment of burden of disease and injury attributable to 67 risk factors and risk factor clusters

in 21 regions, 1990-2010: a systematic analysis for the Global Burden of Disease Study 2010. Lancet 380, 2224-2260, https://doi.
0rg/10.1016/50140-6736(12)61766-8 (2012).

. Dalys, G. B. D. & Collaborators, H. Global, regional, and national disability-adjusted life-years (DALYs) for 333 diseases and injuries

and healthy life expectancy (HALE) for 195 countries and territories, 1990-2016: a systematic analysis for the Global Burden of
Disease Study 2016. Lancet 390, 1260-1344, https://doi.org/10.1016/S0140-6736(17)32130-X (2017).

. Wang, Z. et al. Status of Hypertension in China: Results From the China Hypertension Survey, 2012-2015. Circulation 137,

2344-2356, https://doi.org/10.1161/CIRCULATIONAHA.117.032380 (2018).

. Oparil, S. et al. Hypertension. Nat Rev Dis Primers 4, 18014, https://doi.org/10.1038/nrdp.2018.14 (2018).
. Pearson, T. A., LaCroix, A. Z., Mead, L. A. & Liang, K. Y. The prediction of midlife coronary heart disease and hypertension in young

adults: the Johns Hopkins multiple risk equations. American journal of preventive medicine 6,23-28 (1990).

Huang, J. et al. Does elevated serum uric acid level predict the hypertension incidence? A Chinese prospective cohort study. Clin Exp
Hypertens 37, 498-504, https://doi.org/10.3109/10641963.2015.1013121 (2015).

Wu, X. et al. Association of self-reported sleep duration and hypertension: Results of a Chinese prospective cohort study. Clin Exp
Hypertens 38, 514-519, https://doi.org/10.3109/10641963.2016.1163367 (2016).

Zhang, Z. et al. Visceral adiposity index (VAI), a powerful predictor of incident hypertension in prehypertensives. Intern Emerg Med
13, 509-516, https://doi.org/10.1007/s11739-018-1836-8 (2018).

Sun, E. et al. Association of ACE gene A2350G and I/D polymorphisms with essential hypertension in the northernmost province of
China. Clin Exp Hypertens 40, 32-38, https://doi.org/10.1080/10641963.2017.1291659 (2018).

Wang, Z. et al. Association between variation in the genes DDAHI and DDAH2 and hypertension among Uygur, Kazakh and Han
ethnic groups in China. Sao Paulo Med ] 134, 205-210, https://doi.org/10.1590/1516-3180.2015.01150108 (2016).

Xu, T. et al. YKL-40 Level and Hypertension Incidence: A Population-Based Nested Case-Control Study in China. Journal of the
American Heart Association 5, https://doi.org/10.1161/JAHA.116.004534 (2016).

Ren, Z. et al. Gut microbiome analysis as a tool towards targeted non-invasive biomarkers for early hepatocellular carcinoma. Gut,
https://doi.org/10.1136/gutjnl-2017-315084 (2018).

Qiu, L. et al. A Comparative Assessment of the Influences of Human Impacts on Soil Cd Concentrations Based on Stepwise Linear
Regression, Classification and Regression Tree, and Random Forest Models. Plos One 11, €0151131, https://doi.org/10.1371/journal.
pone.0151131 (2016).

Organization, W. H. A global brief on Hypertension Silent killer, global public health crisis. (2013).

Collaborators, G. B. D. M. Global, regional, and national under-5 mortality, adult mortality, age-specific mortality, and life
expectancy, 1970-2016: a systematic analysis for the Global Burden of Disease Study 2016. Lancet 390, 1084-1150, https://doi.
org/10.1016/50140-6736(17)31833-0 (2017).

Mortality, G. B. D. & Causes of Death, C. Global, regional, and national age-sex specific all-cause and cause-specific mortality for
240 causes of death, 1990-2013: a systematic analysis for the Global Burden of Disease Study 2013. Lancet 385, 117-171, https://doi.
org/10.1016/50140-6736(14)61682-2 (2015).

Collaborators, G. B. D. C. O. D. Global, regional, and national age-sex specific mortality for 264 causes of death, 1980-2016: a
systematic analysis for the Global Burden of Disease Study 2016. Lancet 390, 1151-1210, https://doi.org/10.1016/S0140-
6736(17)32152-9 (2017).

Lu, J. et al. Prevalence, awareness, treatment, and control of hypertension in China: data from 1.7 million adults in a population-
based screening study (China PEACE Million Persons Project). Lancet 390, 2549-2558, https://doi.org/10.1016/50140-
6736(17)32478-9 (2017).

Arokiasamy, P. et al. Chronic Noncommunicable Diseases in 6 Low- and Middle-Income Countries: Findings From Wave 1 of the
World Health Organization’s Study on Global Ageing and Adult Health (SAGE). American journal of epidemiology 185, 414-428,
https://doi.org/10.1093/aje/kww125 (2017).

Yu, J. et al. Metagenomic analysis of faecal microbiome as a tool towards targeted non-invasive biomarkers for colorectal cancer. Gut
66, 70-78, https://doi.org/10.1136/gutjnl-2015-309800 (2017).

Zhang, W. et al. Identification of Hypertension Predictors and Application to Hypertension Prediction in an Urban Han Chinese
Population: A Longitudinal Study, 2005-2010. Preventing chronic disease 12, E184, https://doi.org/10.5888/pcd12.150192 (2015).
Chen, Y. et al. Incident hypertension and its prediction model in a prospective northern urban Han Chinese cohort study. Journal of
human hypertension 30, 794-800, https://doi.org/10.1038/jhh.2016.23 (2016).

Qi, Y. et al. Replication of the top 10 most significant polymorphisms from a large blood pressure genome-wide association study of
northeastern Han Chinese East Asians. Hypertension research: official journal of the Japanese Society of Hypertension 37, 134-138,
https://doi.org/10.1038/hr.2013.132 (2014).

SCIENTIFIC REPORTS |

(2020) 10:10615 | https://doi.org/10.1038/s41598-020-64980-8


https://doi.org/10.1038/s41598-020-64980-8
https://doi.org/10.1111/jch.12372
https://doi.org/10.1111/jch.12372
https://doi.org/10.1001/jama.2016.19043
https://doi.org/10.1016/j.jacc.2017.11.006
https://doi.org/10.1371/journal.pmed.0030442
https://doi.org/10.1371/journal.pmed.0030442
https://doi.org/10.1016/S0140-6736(12)61766-8
https://doi.org/10.1016/S0140-6736(12)61766-8
https://doi.org/10.1016/S0140-6736(17)32130-X
https://doi.org/10.1161/CIRCULATIONAHA.117.032380
https://doi.org/10.1038/nrdp.2018.14
https://doi.org/10.3109/10641963.2015.1013121
https://doi.org/10.3109/10641963.2016.1163367
https://doi.org/10.1007/s11739-018-1836-8
https://doi.org/10.1080/10641963.2017.1291659
https://doi.org/10.1590/1516-3180.2015.01150108
https://doi.org/10.1161/JAHA.116.004534
https://doi.org/10.1136/gutjnl-2017-315084
https://doi.org/10.1371/journal.pone.0151131
https://doi.org/10.1371/journal.pone.0151131
https://doi.org/10.1016/S0140-6736(17)31833-0
https://doi.org/10.1016/S0140-6736(17)31833-0
https://doi.org/10.1016/S0140-6736(14)61682-2
https://doi.org/10.1016/S0140-6736(14)61682-2
https://doi.org/10.1016/S0140-6736(17)32152-9
https://doi.org/10.1016/S0140-6736(17)32152-9
https://doi.org/10.1016/S0140-6736(17)32478-9
https://doi.org/10.1016/S0140-6736(17)32478-9
https://doi.org/10.1093/aje/kww125
https://doi.org/10.1136/gutjnl-2015-309800
https://doi.org/10.5888/pcd12.150192
https://doi.org/10.1038/jhh.2016.23
https://doi.org/10.1038/hr.2013.132

www.nature.com/scientificreports/

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

Parikh, N. I et al. A risk score for predicting near-term incidence of hypertension: the Framingham Heart Study. Annals of internal
medicine 148, 102-110 (2008).

Paynter, N. P. et al. Prediction of incident hypertension risk in women with currently normal blood pressure. The American journal
of medicine 122, 464-471, https://doi.org/10.1016/j.amjmed.2008.10.034 (2009).

Kshirsagar, A. V. et al. A hypertension risk score for middle-aged and older adults. Journal of clinical hypertension 12, 800-808,
https://doi.org/10.1111/j.1751-7176.2010.00343.x (2010).

Choi, Y. H., Chowdhury, R. & Swaminathan, B. Prediction of hypertension based on the genetic analysis of longitudinal phenotypes:
a comparison of different modeling approaches for the binary trait of hypertension. BMC proceedings 8, S78, https://doi.
org/10.1186/1753-6561-8-S1-S78 (2014).

Kivimaki, M. et al. Validating the Framingham Hypertension Risk Score: results from the Whitehall II study. Hypertension 54,
496-501, https://doi.org/10.1161/HYPERTENSIONAHA.109.132373 (2009).

Kivimaki, M. et al. Incremental predictive value of adding past blood pressure measurements to the Framingham hypertension risk
equation: the Whitehall IT Study. Hypertension 55, 10581062, https://doi.org/10.1161/HYPERTENSIONAHA.109.144220 (2010).
Fava, C. et al. Prediction of blood pressure changes over time and incidence of hypertension by a genetic risk score in Swedes.
Hypertension 61, 319-326, https://doi.org/10.1161/HYPERTENSIONAHA.112.202655 (2013).

Volzke, H. et al. A new, accurate predictive model for incident hypertension. Journal of hypertension 31, 2142-2150, discussion 2150.
https://doi.org/10.1097/HJH.0b013e328364al6d (2013).

Niiranen, T. J., Havulinna, A. S., Langen, V. L., Salomaa, V. & Jula, A. M. Prediction of Blood Pressure and Blood Pressure Change
With a Genetic Risk Score. Journal of clinical hypertension 18, 181-186, https://doi.org/10.1111/jch.12702 (2016).

Franklin, S. S. et al. Hemodynamic patterns of age-related changes in blood pressure. The Framingham Heart Study. Circulation 96,
308-315 (1997).

Harvey, A., Montezano, A. C. & Touyz, R. M. Vascular biology of ageing-Implications in hypertension. Journal of molecular and
cellular cardiology 83, 112-121, https://doi.org/10.1016/j.yjmcc.2015.04.011 (2015).

Doulougou, B. et al. Factors associated with hypertension prevalence, awareness, treatment and control among participants in the
International Mobility in Aging Study (IMIAS). Journal of human hypertension 30, 112-119, https://doi.org/10.1038/jhh.2015.30
(2016).

Lee, D. H. et al. Age is an Independent Risk Factor for the Early Morning Blood Pressure Surge in Patients Never-Treated for
Hypertension. Korean circulation journal 39, 322-327, https://doi.org/10.4070/kcj.2009.39.8.322 (2009).

Forman, J. P.,, Stampfer, M. J. & Curhan, G. C. Diet and lifestyle risk factors associated with incident hypertension in women. Jama
302, 401-411, https://doi.org/10.1001/jama.2009.1060 (2009).

Blood Pressure Lowering Treatment Trialists, C. et al. Effects of blood pressure lowering on cardiovascular risk according to baseline
body-mass index: a meta-analysis of randomised trials. Lancet 385, 867-874, https://doi.org/10.1016/S0140-6736(14)61171-5
(2015).

Kundi, H. Can Triglyceride to High-Density Lipoprotein Cholesterol Ratio Be an Independent Predictor of Cardiovascular Events
in Patients With Essential Hypertension? Journal of clinical hypertension 19, 103, https://doi.org/10.1111/jch.12903 (2017).

Yeom, H., Kim, H. C,, Lee, J. M., Jeon, Y. & Suh, I. Triglyceride to high density lipoprotein cholesterol ratio among adolescents is
associated with adult hypertension: the Kangwha study. Lipids in health and disease 17, 212, https://doi.org/10.1186/s12944-018-
0861-y (2018).

Zheng, R. & Mao, Y. Triglyceride and glucose (TyG) index as a predictor of incident hypertension: a 9-year longitudinal population-
based study. Lipids in health and disease 16, 175, https://doi.org/10.1186/s12944-017-0562-y (2017).

Cicero, A. E et al. Serum LDL cholesterol levels and new onset of arterial hypertension: an 8-year follow-up. European journal of
clinical investigation 44, 926-932, https://doi.org/10.1111/eci.12325 (2014).

Connelly, P. W. et al. Prevalence of high plasma triglyceride combined with low HDL-C levels and its association with smoking,
hypertension, obesity, diabetes, sedentariness and LDL-C levels in the Canadian population. Canadian Heart Health Surveys
Research Group. The Canadian journal of cardiology 15, 428-433 (1999).

Lee, D. C. et al. Changes in fitness and fatness on the development of cardiovascular disease risk factors hypertension, metabolic
syndrome, and hypercholesterolemia. Journal of the American College of Cardiology 59, 665-672, https://doi.org/10.1016/].
jacc.2011.11.013 (2012).

Fottrell, E. et al. Distribution of diabetes, hypertension and non-communicable disease risk factors among adults in rural
Bangladesh: a cross-sectional survey. BMJ global health 3, €000787, https://doi.org/10.1136/bmjgh-2018-000787 (2018).

Levey, A. S. & Coresh, J. Chronic kidney disease. Lancet 379, 165-180, https://doi.org/10.1016/S0140-6736(11)60178-5 (2012).
Forman, J. P, Fisher, N. D., Schopick, E. L. & Curhan, G. C. Higher levels of albuminuria within the normal range predict incident
hypertension. Journal of the American Society of Nephrology: JASN 19, 1983-1988, https://doi.org/10.1681/ASN.2008010038 (2008).
Yadav, D., Kang, D. R., Koh, S. B., Kim, J. Y. & Ahn, S. V. Association between Urine Albumin-to-Creatinine Ratio within the Normal
Range and Incident Hypertension in Men and Women. Yonsei medical journal 57, 1454-1460, https://doi.org/10.3349/
ymj.2016.57.6.1454 (2016).

Park, S. K., Moon, S. Y., Oh, C. M., Ryoo, J. H. & Park, M. S. High normal urine albumin-to-creatinine ratio predicts development of
hypertension in Korean men. Circulation journal: official journal of the Japanese Circulation Society 78, 656-661 (2014).

Sung, K. C. et al. Urine Albumin/Creatinine Ratio Below 30 mg/g is a Predictor of Incident Hypertension and Cardiovascular
Mortality. Journal of the American Heart Association 5, https://doi.org/10.1161/JAHA.116.003245 (2016).

Wu, . et al. Prevalence and distribution of hypertension and related risk factors in Jilin Province, China 2015: a cross-sectional study.
BM]J open 8, 020126, https://doi.org/10.1136/bmjopen-2017-020126 (2018).

Acknowledgements

We thank all the participants involved in this study. The study was supported by the Henan Province Science
and Technology Project (202102310055 to Zhigang Ren, and 182102310112 to Zujiang Yu), National S&T Major
Project of China (2018ZX10301201-008), and National Key Research and Development Program of China
(2018YFC2000500). The funding sources had no role in the design of this study nor any role during its execution,
analyses, data interpretation, or decision to submit results.

Author contributions
Z.Y. and S.D. designed the study. Z.R., S.X,, A.L., L.W,, TL. and H.Y. collected clinical data; Z.R., A.L. and G.C.
analyzed clinical data; Z.R. and B.R. wrote the manuscript. All authors reviewed and approved the manuscript.

Competing interests
The authors declare no competing interests.

SCIENTIFIC REPORTS |

(2020) 10:10615 | https://doi.org/10.1038/s41598-020-64980-8


https://doi.org/10.1038/s41598-020-64980-8
https://doi.org/10.1016/j.amjmed.2008.10.034
https://doi.org/10.1111/j.1751-7176.2010.00343.x
https://doi.org/10.1186/1753-6561-8-S1-S78
https://doi.org/10.1186/1753-6561-8-S1-S78
https://doi.org/10.1161/HYPERTENSIONAHA.109.132373
https://doi.org/10.1161/HYPERTENSIONAHA.109.144220
https://doi.org/10.1161/HYPERTENSIONAHA.112.202655
https://doi.org/10.1097/HJH.0b013e328364a16d
https://doi.org/10.1111/jch.12702
https://doi.org/10.1016/j.yjmcc.2015.04.011
https://doi.org/10.1038/jhh.2015.30
https://doi.org/10.4070/kcj.2009.39.8.322
https://doi.org/10.1001/jama.2009.1060
https://doi.org/10.1016/S0140-6736(14)61171-5
https://doi.org/10.1111/jch.12903
https://doi.org/10.1186/s12944-018-0861-y
https://doi.org/10.1186/s12944-018-0861-y
https://doi.org/10.1186/s12944-017-0562-y
https://doi.org/10.1111/eci.12325
https://doi.org/10.1016/j.jacc.2011.11.013
https://doi.org/10.1016/j.jacc.2011.11.013
https://doi.org/10.1136/bmjgh-2018-000787
https://doi.org/10.1016/S0140-6736(11)60178-5
https://doi.org/10.1681/ASN.2008010038
https://doi.org/10.3349/ymj.2016.57.6.1454
https://doi.org/10.3349/ymj.2016.57.6.1454
https://doi.org/10.1161/JAHA.116.003245
https://doi.org/10.1136/bmjopen-2017-020126

www.nature.com/scientificreports/

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-64980-8.

Correspondence and requests for materials should be addressed to Z.Y. or S.D.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

o | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS| (2020) 10:10615 | https://doi.org/10.1038/s41598-020-64980-8


https://doi.org/10.1038/s41598-020-64980-8
https://doi.org/10.1038/s41598-020-64980-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A novel predicted model for hypertension based on a large cross-sectional study

	Methods

	Participant information. 
	Definition of hypertension. 
	Measurement method. 
	Biomarker identification and probability of disease (POD) construction. 
	Statistical analysis. 

	Results

	Clinical characteristics of participants. 
	Identification and validation of the predicted model for hypertension by a logistic regression model. 
	Identification and validation of phenotype markers for hypertension by random forest model. 

	Discussion

	Acknowledgements

	Figure 1 Study design and flow diagram.
	Figure 2 The difference and comparison of clinical parameters between the hypertension group (n = 33570) and healthy controls (n = 35410).
	Figure 3 Identification and validation of the predicted model for hypertension by a logistic regression model.
	Table 1 Clinical characteristics of the enrolled participants.
	Table 2 Logistic regression model in the train set.




