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ABSTRACT
Objective The aim of this study was to examine the 
association between age at onset of overweight and 
incident hypertension.
Methods We analysed 4742 participants with new- 
onset overweight from the Kailuan study between 2006 
and 2015 and and 4742 age- matched and sex- matched 
controls selected randomly from the same cohort but 
with normal weight. Participants were compared with 
respect to subsequent risk of hypertension, with sub- HR 
calculated with the Fine and Gray model, according to 
age of onset of overweight.
Results Over a mean follow- up period of 5.17 years, 
1642 overweight participants (34.6%) and 1293 
normal- weight controls (27.3%) were subsequently 
diagnosed with hypertension. The median age at onset 
of overweight was 49.1 years. Compared with normal- 
weight controls, the multivariable- adjusted sub- HR 
for hypertension among participants with onset of 
overweight at 18–39 years of age, 40–49 years of age, 
50–59 years of age and ≥60 years of age was 1.38 
(95% CI 1.11 to 1.72), 1.27 (95% CI 1.09 to 1.49), 
1.23 (95% CI 1.09 to 1.38) and 1.14 (95% CI 0.99 to 
1.32), respectively. Onset of overweight in each age 
range was significantly associated with increased risk 
of hypertension, except for the group with onset at ≥60 
years of age. The risk increased with each decade of 
attenuation of age at onset, peaking at 18–39 years of 
age.
Conclusions Younger age at onset of overweight 
across adulthood was associated with significantly 
increased risk of hypertension, with the highest relative 
risk among participants with onset of overweight at 
18–39 years of age.

INTRODUCTION
The increasing trend in the prevalence of excess 
weight gain is worrisome and a worldwide chal-
lenge.1 2 It is well established that overweight, 
defined as increased body mass index (BMI), is 
associated with increased risk of high blood pres-
sure.3–6 Moreover, because the onset of overweight 
in adulthood is occurring at increasingly younger 
ages,7 this is likely to translate into a high cumulative 
incidence of hypertension. This raises the question 
as to whether younger age at onset of overweight is 
more detrimental to the risk of hypertension than 
weight gain occurring later in life.

Because younger individuals are experiencing 
a greater cumulative exposure to excess adiposity 
over the life course,8 understanding the effect of 

age at onset of overweight on the progression of 
hypertension is important. Emerging evidence has 
demonstrated that individuals who were over-
weight or obese during early adulthood or middle 
age were at higher risk of hypertension later in 
life, although no information on age at onset was 
provided in these studies.9 10 To our knowledge, 
the role of timing of onset of overweight remains 
weakly studied.

In the present study, we analysed longitudinal 
data spanning from early adulthood to older age 
to investigate whether age at onset of overweight 
is associated with differences in subsequent risk of 
hypertension.

METHODS
Study population
The Kailuan study is an ongoing, community- based, 
prospective cohort designed to assess the determi-
nants and progression of cardiovascular disease 
over time in 101 510 adults who were 18–98 years 
old between 2006 and 2007. We recruited partici-
pants from the employee and retiree populations of 
the Kailuan Group, a coal mining company in Tang-
shan, China. Participants were followed up every 
2 years beginning from study inception by means 
of health assessments and questionnaires on demo-
graphic features, lifestyle factors, and medical and 
other health- related information. To date, partic-
ipants have been re- examined 2 (2008–2009), 4 
(2010–2011), 6 (2012–2013), 8 (2014–2015) and 
10 (2016–2017) years after baseline. All partici-
pants provided written informed consent for inclu-
sion in the cohort.

We excluded those with missing data on BMI 
or blood pressure at baseline or who were under-
weight (BMI <18.5 kg/m2), overweight (BMI 25.0–
<30.0 kg/m2) or obese (BMI ≥30.0 kg/m2) at the 
baseline survey performed in 2006. Those whose 
BMI changed from normal weight to obesity (the 
timing of overweight was not recorded), or who 
were diagnosed with hypertension at or before the 
diagnosis of overweight, or who were unavailable 
for follow- up after the date of diagnosis of over-
weight were also excluded. No participants were 
excluded due to previous type 2 diabetes. Of the 
74 254 excluded participants, 1820 (2.5%) were 
underweight, 22 638 (30.5%) were of normal 
weight, 40 328 (54.3%) were overweight, 7998 
(10.8%) were obese and 1470 (2.0%) were missing 
data on BMI at baseline.
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Among the 27 256 participants who had normal weight 
according to the initial survey (2006–2007), 4755 were diag-
nosed with overweight by 31 December 2015 (the fifth survey). 
The date of the examination that initially identified manifesta-
tion of overweight was used to define the age at onset. Each 
overweight participant was age- matched (±1 year) and sex- 
matched with one control selected randomly from the popula-
tion with normal weight (BMI 18.5–<25.0 kg/m2) who attended 
the examination in the same year that overweight was found to 
have manifested. Follow- up for each matched pair began from 
the time when overweight first manifested to the date of incident 
hypertension, death or last available follow- up. For example, for 
a case confirmed with onset of overweight at 55 years of age in 
2008, the matched control was randomly selected from those 
aged 54–56 years and with normal weight when they attended 
the re- examination in 2008 (both initiated the follow- up in 
2008). Ultimately, a total of 4742 normal- weight participants 
and 4742 participants with new- onset overweight formed the 
analysis population (figure 1).

Patient and public involvement
Patients or the public were not involved in the design, or conduct, 
or reporting or dissemination plans of our research.

Ascertainment of new-onset overweight
Weight status in adulthood was ascertained based on BMI 
(weight in kilograms divided by the square of height in metres) 
using cut- off points according to the WHO’s standard ranges 
(underweight, BMI <18.5 kg/m2; normal weight, BMI 18.5–
<25.0 kg/m2; overweight, BMI 25.0–<30.0 kg/m2; obesity, BMI 
≥30.0 kg/m2). New- onset overweight was defined as a partic-
ipant whose BMI changed from normal weight to overweight 
during the 8- year period before the fifth survey. During inperson 
assessments, weight (to the nearest 0.1 kg) and height (to the 
nearest 0.1 cm) were measured with participants wearing light 
clothes but no shoes, using standardised equipment. BMI was 
then calculated as described above. Body weight and height were 
updated every 2 years through examination.

Assessment of hypertension
At clinical examinations, systolic and diastolic blood pressure 
were measured at least twice in the right arm according to stan-
dardised protocols, using calibrated mercury sphygmomanome-
ters, after participants were allowed to rest in a seated position 

for 5 min. Blood pressure was then remeasured if the differ-
ence between the two measurements was ≥5 mm Hg. These 
measurements were averaged for analysis. We defined incident 
hypertension based on a self- reported physician diagnosis, anti-
hypertensive drug use or elevated systolic/diastolic blood pres-
sure (≥140/90 mm Hg).11 Hypertension status was ascertained 
at follow- up examinations after the start of the study. The final 
date for matched pair inclusion in the present study was 31 
December 2015. Participants were followed until 31 December 
2017 for incident hypertension.

Assessment of covariates
Detailed information on cigarette smoking habits, alcohol 
consumption habits, physical activity and several biochem-
ical variables was updated every 2 years. The covariates were 
derived from the examination year at which each matched pair 
was confirmed. Cigarette smoking status and alcohol consump-
tion status were both dichotomised as ever or never based on 
information obtained at each examination. Physical activity was 
defined as aerobic exercise performed three times per week or 
more. Parental history of hypertension was obtained by self- 
report. Fasting blood glucose, total cholesterol, triglycerides and 
serum creatinine were assayed using an autoanalyser (Hitachi 
747, Hitachi, Tokyo, Japan) across all examinations. Estimated 
glomerular filtration rate (eGFR) was calculated using the 
Chronic Kidney Disease Epidemiology Collaboration creatinine 
equation.12

Statistical analysis
The association between overweight and incident hypertension 
was examined according to age at onset of overweight (18–39 
years, 40–49 years, 50–59 years and ≥60 years) compared with 
the matched normal- weight controls in each age range. Regarding 
descriptive analyses, categorical variables are expressed as 
percentages and were compared using χ2, while continuous 
variables are expressed as mean (SD) or median (IQR) and were 
compared using analysis of variance or the Kruskal- Wallis test, 
as appropriate.

We assumed missing data as missing at random (MAR) and 
used the multiple imputations by chained equations method to 
account for missing covariates.13 We generated five imputed data 
sets and used Rubin’s rules to combine estimates across the data 
sets. The number of imputed missing data is shown in online 
supplemental table S1. The incidence rates of hypertension (per 

Figure 1 Flow chart of the study. BMI, body mass index.
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1000 person- years) were calculated as the number of events 
divided by the number of person- years at risk, times 1000. 
The Fine and Gray proportional hazards model of death as a 
competing risk was used to estimate the sub- HR (sHR) asso-
ciated with age at onset of overweight and hypertension.14 15 
Analyses were performed with adjustment for systolic blood 
pressure (continuous), fasting blood glucose (continuous), total 
cholesterol (continuous), triglycerides (continuous), eGFR 
(continuous), parental history of hypertension (yes/no), cigarette 
smoking status (never/ever), alcohol consumption status (never/
ever), physical activity (yes/no) and education attainment (less 
than high school, high school, college or more).

We also performed a number of sensitivity analyses to assess 
the robustness of our findings. First, to assess potential reverse 
causality, we excluded hypertension that occurred within the 
first 2 years of follow- up. Second, we repeated analyses using 
Cox proportional hazards models. Third, we excluded individ-
uals who did not remain overweight following its initial mani-
festation. Fourth, we excluded overweight individuals who 
progressed to obesity. Fifth, we accounted for time- varying 
covariates, including fasting blood glucose, total cholesterol, 
triglycerides and eGFR. Sixth, we also used the definition of over-
weight based on the International Obesity Task Force criteria for 
East Asians (BMI 23.0–<25.0 kg/m2). Lastly, under the missing 
not at random assumption, we applied pattern- mixture model 
approach to multiple imputation to assess the MAR assumption. 
Statistical analyses were performed using SAS V.9.4 software at a 
two- tailed alpha level of 0.05.

RESULTS
Baseline characteristics
Of the 4742 eligible individuals with new- onset overweight 
and 4742 matched controls with normal weight, the number of 
participants in each age at onset category was as follows: 2206 at 
18–39 years of age, 2510 at 40–49 years of age, 2974 at 50–59 
years of age and 1794 at ≥60 years of age. The characteristics 
of the participants according to matching design are shown in 
table 1. According to matching design, the mean age and sex 
distribution of overweight participants and matched controls 
were similar. Compared with the normal- weight controls, over-
weight participants were more likely to have higher systolic 
blood pressure, fasting blood glucose, total cholesterol and 
triglycerides. The characteristics of the participants who devel-
oped overweight stratified according to age at onset are shown 
in table 2. The median age at onset was 49.1 (39.9–57.0) years. 
Among those who gained excess weight, those with younger age 
at onset of overweight were more likely to have higher levels 
of triglycerides and eGFR, to be ever smokers or drinkers of 
alcohol, to be physically inactive, and to have a higher propor-
tion of parental history of hypertension.

Incident hypertension
During a mean follow- up of 5.17 years (49 005.47 person- years), 
1642 overweight participants (34.6%) and 1293 normal- weight 
controls (27.3%) were subsequently diagnosed with hyperten-
sion. The proportion of patients with hypertension by hyper-
tension diagnostic criteria is reported in online supplemental 
table S2. The incidence of hypertension in overweight patients 
was 68.6 per 1000 person- years and in the controls was 51.6 
per 1000 person- years. Figure 2 shows the incidence rates of 
hypertension per 1000 person- years in participants with new- 
onset overweight versus their corresponding controls within 
each age group. The cumulative incidence function curves for 

hypertension are depicted in online supplemental figures S1 and 
S2.

Unsurprisingly, the occurrence of overweight at any age was 
positively associated with increased incidence of hypertension, 
except in those 60 years of age or older. Compared with normal- 
weight controls, the multivariable- adjusted sHR of hypertension 
in participants with onset of overweight at 18–39 years of age 
was 1.38 (95% CI 1.11 to 1.72); in participants with onset of 
overweight at 40–49 years of age, the sHR was 1.27 (95% CI 
1.09 to 1.49); in participants with onset of overweight at 50–59 
years of age, the sHR was 1.23 (95% CI 1.09 to 1.38); and in 
participants with onset of overweight at ≥60 years of age, the 
corresponding sHR was 1.14 (95% CI 0.99 to 1.32). Notably, 
earlier age at onset of overweight was more strongly associated 
with subsequent risk of hypertension and the risk increased 
consistently with each decade of attenuation of age at onset, 
peaking at sHR of 1.38 at 18–39 years of age (figure 3).

Sensitivity analysis
The first sensitivity analysis and Cox proportional hazards 
models yielded results similar to those of the main findings 
(online supplemental tables S3 and S4). Furthermore, when we 
excluded those who did not remain overweight subsequent to its 
initial manifestation, the evidence for associations was largely 
strengthened, and even being overweight from age of 60 years 
or older was significantly associated with an sHR of hyperten-
sion of 1.29 (95% CI 1.07 to 1.57) (online supplemental table 
S5). According to the sensitivity analysis restricted to the subset 
of participants without progression to obesity, the results were 
similar, suggesting that excess weight gain in young adulthood 
affects hypertension risk, even in the absence of subsequent 
obesity (online supplemental table S6). Similar results were 
obtained after adjusting for time- varying covariates (online 

Table 1 Baseline characteristics of participants with new- onset 
overweight and their normal- weight controls

Characteristics Control (n=4742) Case (n=4742) P value

Age (years) 48.6 (11.9) 48.6 (11.9)

Men (%) 3222 (67.9) 3222 (67.9)

BMI (kg/m2) 22.1 (1.6) 26.1 (1.0) <0.001

Systolic blood pressure 
(mm Hg)

115.3 (10.9) 118.0 (10.5) <0.001

Fasting blood glucose 
(mmol/L)

5.3 (1.4) 5.4 (1.2) <0.001

Total cholesterol 
(mmol/L)

4.9 (1.4) 5.0 (1.8) <0.001

Triglycerides (mmol/L) 1.0 (0.7–1.4) 1.3 (0.9–1.8) <0.001

eGFR (mL/min/1.73 m2) 92.8 (20.7) 92.4 (21.6) 0.411

Parental history of 
hypertension (%)

1045 (22.0) 1029 (21.7) 0.691

Never smoking (%) 2894 (62.0) 2956 (63.4) 0.172

Never drinking (%) 2932 (62.3) 2908 (61.9) 0.686

Physical activity (%) 724 (16.3) 715 (16.1) 0.828

Education attainment 
(%)

0.076

  Less than high school 2322 (49.0) 2400 (50.6)

  High school 1378 (29.1) 1279 (27.0)

  College or above 1042 (22.0) 1061 (22.4)

Data are mean (SD) or median (IQR) or number (percentage).
Column counts may not total to the column total due to missing data, and column 
percentages may not total to 100% due to rounding error.
BMI, body mass index; eGFR, estimated glomerular filtration rate.
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supplemental table S7). With the use of alternative definitions 
for overweight, the magnitude of the association was attenuated 
except for the 18–39 years age group (online supplemental table 
S8). The pattern- mixture model sensitivity analysis produced 
nearly identical results, suggesting that MAR assumption for the 
multiple imputation is plausible (online supplemental table S9).

DISCUSSION
This community- based, longitudinal cohort study of 4742 
patients newly diagnosed with overweight and 4472 age- matched 
and sex- matched controls showed that age at onset of overweight 
is an important determinant of incident hypertension. Younger 

age at onset of overweight was associated with higher sHR of 
hypertension, whereas late- onset overweight was not signifi-
cantly associated with subsequent hypertension. Additionally, 
the risk of hypertension was continuously attenuated with each 
decade increase in age at onset of overweight (figure 4).

Studies on hypertension have primarily focused on change in 
weight status during childhood or adulthood,16–19 and studies 
that explicitly considered age at onset of overweight are scarce. 
Consistent with our results were those of the 1946 British birth 
cohort study, which showed that being overweight at a younger 
age was positively associated with higher blood pressure at 53 
years.20 Additionally, results from the Johns Hopkins Precursors 
Study suggested that obesity in young adulthood (age 25 years) 
conferred a threefold risk of hypertension (HR, 2.79, 95% CI 
1.30 to 6.00), whereas the risk was two times higher in men who 
became overweight or obese in midlife (age 45 years) compared 
with those of normal weight (HR, 1.91, 95% CI 1.46 to 2.49).9 

Table 2 Baseline characteristics of participants with new- onset overweight across age groups (n=4742)

Age at onset of overweight (years)

18–39
(n=1103)

40–49
(n=1255)

50–59
(n=1487)

≥60
(n=897) P value

Age (years) 32.3 (4.0) 44.5 (2.8) 54.0 (2.8) 65.4 (5.5) <0.001

Men (%) 830 (75.2) 761 (60.6) 946 (63.6) 685 (76.4) <0.001

BMI (kg/m2) 26.1 (1.0) 26.1 (1.0) 26.1 (0.9) 26.1 (0.9) 0.409

Systolic blood pressure (mm Hg) 116.0 (10.3) 116.4 (10.1) 118.8 (10.3) 121.2 (10.6) <0.001

Fasting blood glucose (mmol/L) 5.1 (0.8) 5.3 (1.1) 5.5 (1.3) 5.6 (1.4) <0.001

Total cholesterol (mmol/L) 4.8 (1.8) 4.9 (1.0) 5.1 (2.1) 5.2 (1.8) <0.001

Triglycerides (mmol/L) 1.4 (1.0–2.0) 1.3 (0.9–1.9) 1.2 (0.9–1.8) 1.2 (0.9–1.7) <0.001

eGFR (mL/min/1.73 m2) 103.1 (22.6) 95.1 (18.8) 88.9 (19.1) 81.1 (21.1) <0.001

Parental history of hypertension (%) 336 (30.5) 325 (25.9) 265 (17.8) 103 (11.5) <0.001

Never smoking (%) 626 (57.3) 771 (62.1) 933 (63.6) 626 (72.4) <0.001

Never drinking (%) 542 (49.5) 724 (58.1) 972 (65.9) 670 (75.8) <0.001

Physical activity (%) 99 (9.4) 143 (12.1) 265 (18.9) 208 (25.6) <0.001

Education attainment (%) <0.001

  Less than high school 101 (9.2) 581 (46.3) 1033 (69.5) 685 (76.5)

  High school 402 (36.4) 376 (30.0) 347 (23.4) 154 (17.2)

  College or above 600 (54.4) 298 (23.7) 106 (7.1) 57 (6.4)

Data are mean (SD) or median (IQR) or number (percentage).
Column counts may not total to the column total due to missing data, and column percentages may not total to 100% due to rounding error.
BMI, body mass index; eGFR, estimated glomerular filtration rate.

Figure 2 Incidence of hypertension per 1000 person- years in 
participants with new- onset overweight versus their corresponding 
controls within each age group. Error bars indicate 95% CI.

Figure 3 Sub- HR for incident hypertension according to age at onset 
of overweight. Analyses were based on the Fine and Gray proportional 
hazards model of death as a competing risk and adjusted for systolic 
blood pressure, fasting blood glucose, total cholesterol, triglycerides, 
estimated glomerular filtration rate, parental history of hypertension, 
cigarette smoking status, alcohol consumption status, physical activity 
and education attainment, with matched controls served as the 
reference group.
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Data from the Nurses’ Health Study and Health Professionals 
Follow- Up Study indicated that weight gain from young adult-
hood (ages 18 years for women and 21 years for men) to middle 
life (age 55 years) was associated with a higher risk of hyper-
tension in both women (incident rate ratio (IRR), 1.24, 95% 
CI 1.20 to 1.28) and men (IRR, 1.21, 95% CI 1.12 to 1.31).10 
Nonetheless, such existing findings may be susceptible to bias 
resulting from self- reporting or recalling body weight, or they 
were restricted to a narrow age window that did not extend 
beyond middle age. Additionally, other studies also observed 
an attenuated relationship between obesity and obesity- related 
hypertension with increasing age across adulthood, although the 
risks according to age at onset were not examined.21–23

The mechanisms underlying how age at onset of overweight 
contributes to hypertension remain unclear. Given that few indi-
viduals with young- onset overweight return to normal weight 
later in life,24 the strong association between hypertension and 
overweight in younger adulthood as opposed to later adulthood 
may be explained by longer duration of exposure to excess 
adiposity.25 It is well known that overweight and obesity arise 
from the interplay between genetic and environmental factors. 
In individuals with a very strong genetic cause, early- onset over-
weight has been associated with multiple genetic variants, which 
may influence susceptibility to hypertension. Another hypoth-
esis is that early- onset overweight in those without a strong 
genetic component may reflect an unhealthy lifestyle, including 
smoking, alcohol consumption and physical inactivity, which 
substantially contributes to the risk of hypertension. Alterna-
tively, the attenuated relationship may reflect decreased validity 
of BMI as a measure of adiposity due to age- related declines in 
height and muscle mass.26 Moreover, the increased prevalence 
of competing risk factors at older ages may reduce the propor-
tional effect of BMI on subsequent risk of hypertension, leading 
to a null or weakened association among those 60 years of age 
or older. Accordingly, caution should be exercised when inter-
preting the results from later- onset participants.

Young adulthood is a neglected period of risk for exces-
sive weight gain. Many adults with early- onset overweight, 

particularly those aged 18–39 years, feel healthy and have no 
medical problems that prompt a visit to a physician. Conse-
quently, prevention of hypertension through control of adult 
weight gain, particularly among young adults between 18 and 
39 years, must be emphasised.

Our study had several strengths, including the large sample 
size, availability of matched controls and repeated measure-
ments of weight and height through adulthood. Furthermore, we 
confirmed cases of incident overweight that occurred during the 
follow- up period, which reduced the influence of the potential 
prevalence- incidence bias that is present when analysing preva-
lent cases.

Our study also had limitations. First, we cannot exclude the 
effects of residual confounding factors due to the observational 
nature of the study. Second, ascertainment of hypertension was 
based on a single measurement of blood pressure or use of antihy-
pertensive medication in adulthood, which likely led to a wrong 
estimation of the incidence of hypertension. Third, recorded age 
at diagnosis was used as a surrogate for age at onset, which is 
vulnerable to inaccuracy because there is lag time between onset 
and diagnosis. More frequent assessments may contribute to a 
more accurate estimation of the ages of manifestation of over-
weight during follow- up. Fourth, we used BMI in adulthood as 
a proxy of overweight and additional studies are required using 
other measures of adiposity, such as waist circumference and 
body fat percentage. Fifth, the cut- off value of BMI 25–30 kg/
m2 is not generally accepted for overweight diagnosis for East 
Asians, but we repeated our analysis using an alternative defini-
tion of overweight to compare our results. Sixth, the generalis-
ability of our evaluations may be limited because the entire study 
population was derived from an occupational cohort. Finally, the 
sample size of women was limited for sex- stratified analyses.

CONCLUSIONS
In the present study, we found that younger age at onset of over-
weight was associated with a higher risk of hypertension and the 
risk increased gradually with each decade of attenuation of age 
at onset of overweight, peaking at 18–39 years of age. Consid-
ering the age at onset of overweight may contribute to risk strati-
fication of hypertension of overweight adults in clinical practice. 

Key messages

What is already known on this subject?
 ► Overweight is strongly associated with higher risk of 
developing hypertension.

 ► Trends in overweight have shown an increase in prevalence 
along with younger age of onset.

 ► However, the association between age at onset of overweight 
across adulthood and risk of hypertension remains unclear.

What might this study add?
 ► Younger age at onset of overweight was significantly 
associated with higher risk of incident hypertension and the 
risk decreased with increase in age at onset of overweight.

How might this impact on clinical practice?
 ► Assessment of age at onset of overweight may hold promise 
to improve risk stratification for developing hypertension.

 ► Prevention or delay of onset of overweight in young 
adulthood may lower the subsequent risk of hypertension.

Figure 4 Key finding of the study
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Greater focus on weight control may be warranted in individuals 
with early- onset overweight to prevent hypertension.

Acknowledgements We thank the dedicated participants and all the investigators 
of Kailuan study for their support and contribution to this work.

Contributors All authors contributed to the study design, acquisition or 
interpretation of data, and critical revision of the manuscript. All authors read 
and approved the final manuscript. SW and YC are guarantors. SW accepts full 
responsibility for the work and conduct of the study, has access to the data and 
controls the decision to publish.

Funding This study was supported by the National Natural Science Foundation of 
China (NSFC) (81870312).

Competing interests None declared.

Patient consent for publication Not required.

Ethics approval This study involves human participants and was approved by 
the Ethics Committee at Kailuan General Hospital (reference number: 2006- 5). 
Participants gave informed consent to participate in the study before taking part.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available upon reasonable request.

Supplemental material This content has been supplied by the author(s). It 
has not been vetted by BMJ Publishing Group Limited (BMJ) and may not have 
been peer- reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY- NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non- commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non- commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Weijian Li http://orcid.org/0000-0003-1774-8368
Shouling Wu http://orcid.org/0000-0001-7095-6022
Youren Chen http://orcid.org/0000-0002-4060-3725

REFERENCES
 1 GBD 2015 Obesity Collaborators, Afshin A, Forouzanfar MH, et al. Health 

effects of overweight and obesity in 195 countries over 25 years. N Engl J Med 
2017;377:13–27.

 2 Chooi YC, Ding C, Magkos F. The epidemiology of obesity. Metabolism 2019;92:6–10.
 3 Jayedi A, Rashidy- Pour A, Khorshidi M, et al. Body mass index, abdominal 

adiposity, weight gain and risk of developing hypertension: a systematic review 
and dose- response meta- analysis of more than 2.3 million participants. Obes Rev 
2018;19:654–67.

 4 Seravalle G, Grassi G. Obesity and hypertension. Pharmacol Res 2017;122:1–7.

 5 Chandra A, Neeland IJ, Berry JD, et al. The relationship of body mass and fat 
distribution with incident hypertension: observations from the Dallas heart study. J Am 
Coll Cardiol 2014;64:997–1002.

 6 Linderman GC, Lu J, Lu Y, et al. Association of body mass index with blood pressure 
among 1.7 million Chinese adults. JAMA Netw Open 2018;1:e181271.

 7 Johnson W, Li L, Kuh D, et al. How has the age- related process of overweight 
or obesity development changed over time? co- ordinated analyses of 
individual participant data from five United Kingdom birth cohorts. PLoS Med 
2015;12:e1001828.

 8 Lee JM, Pilli S, Gebremariam A, et al. Getting heavier, younger: trajectories of obesity 
over the life course. Int J Obes 2010;34:614–23.

 9 Shihab HM, Meoni LA, Chu AY, et al. Body mass index and risk of incident 
hypertension over the life course: the Johns Hopkins precursors study. Circulation 
2012;126:2983–9.

 10 Zheng Y, Manson JE, Yuan C, et al. Associations of weight gain from early to middle 
adulthood with major health outcomes later in life. JAMA 2017;318:255–69.

 11 Chobanian AV, Bakris GL, Black HR, et al. Seventh report of the joint National 
Committee on prevention, detection, evaluation, and treatment of high blood 
pressure. Hypertension 2003;42:1206–52.

 12 Levey AS, Stevens LA, Schmid CH, et al. A new equation to estimate glomerular 
filtration rate. Ann Intern Med 2009;150:604–12.

 13 Sterne JAC, White IR, Carlin JB, et al. Multiple imputation for missing data in 
epidemiological and clinical research: potential and pitfalls. BMJ 2009;338:b2393.

 14 Fine JP, Gray RJ. A proportional hazards model for the subdistribution of a competing 
risk. J Am Stat Assoc 1999;94:496–509.

 15 Austin PC, Lee DS, Fine JP. Introduction to the analysis of survival data in the presence 
of competing risks. Circulation 2016;133:601–9.

 16 Zhao M, Bovet P, Xi B. Weight status change from adolescence to young adulthood 
and the risk of hypertension and diabetes mellitus. Hypertension 2020;76:583–8.

 17 Zhou Y, Wang T, Yin X, et al. Association of weight loss from early to middle adulthood 
and incident hypertension risk later in life. Nutrients 2020;12:2622.

 18 Xie YJ, Ho SC, Su X, et al. Changes in body weight from young adulthood to middle 
age and its association with blood pressure and hypertension: a cross- sectional study 
in Hong Kong Chinese women. J Am Heart Assoc 2016;5:e002361.

 19 Suglia SF, Clark CJ, Gary- Webb TL. Adolescent obesity, change in weight status, and 
hypertension: racial/ethnic variations. Hypertension 2013;61:290–5.

 20 Wills AK, Hardy RJ, Black S, et al. Trajectories of overweight and body mass index 
in adulthood and blood pressure at age 53: the 1946 British birth cohort study. J 
Hypertens 2010;28:679–86.

 21 Canning KL, Brown RE, Jamnik VK, et al. Relationship between obesity and 
obesity- related morbidities weakens with aging. J Gerontol A Biol Sci Med Sci 
2014;69:87–92.

 22 Pikilidou MI, Scuteri A, Morrell C, et al. The burden of obesity on blood pressure is 
reduced in older persons: the Sardinia study. Obesity 2013;21:E10–13.

 23 Zhang M, Zhao Y, Sun H, et al. Effect of dynamic change in body mass index on 
the risk of hypertension: results from the rural Chinese cohort study. Int J Cardiol 
2017;238:117–22.

 24 Ward ZJ, Long MW, Resch SC, et al. Simulation of growth trajectories of childhood 
obesity into adulthood. N Engl J Med 2017;377:2145–53.

 25 Norris T, Cole TJ, Bann D, et al. Duration of obesity exposure between ages 10 and 40 
years and its relationship with cardiometabolic disease risk factors: a cohort study. 
PLoS Med 2020;17:e1003387.

 26 Mitchell WK, Williams J, Atherton P, et al. Sarcopenia, dynapenia, and the impact of 
advancing age on human skeletal muscle size and strength; a quantitative review. 
Front Physiol 2012;3:260.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://heart.bm

j.com
/

H
eart: first published as 10.1136/heartjnl-2021-320278 on 21 F

ebruary 2022. D
ow

nloaded from
 

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0003-1774-8368
http://orcid.org/0000-0001-7095-6022
http://orcid.org/0000-0002-4060-3725
http://dx.doi.org/10.1056/NEJMoa1614362
http://dx.doi.org/10.1016/j.metabol.2018.09.005
http://dx.doi.org/10.1111/obr.12656
http://dx.doi.org/10.1016/j.phrs.2017.05.013
http://dx.doi.org/10.1016/j.jacc.2014.05.057
http://dx.doi.org/10.1016/j.jacc.2014.05.057
http://dx.doi.org/10.1001/jamanetworkopen.2018.1271
http://dx.doi.org/10.1371/journal.pmed.1001828
http://dx.doi.org/10.1038/ijo.2009.235
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.117333
http://dx.doi.org/10.1001/jama.2017.7092
http://dx.doi.org/10.1161/01.HYP.0000107251.49515.c2
http://dx.doi.org/10.7326/0003-4819-150-9-200905050-00006
http://dx.doi.org/10.1136/bmj.b2393
http://dx.doi.org/10.1080/01621459.1999.10474144
http://dx.doi.org/10.1161/CIRCULATIONAHA.115.017719
http://dx.doi.org/10.1161/HYPERTENSIONAHA.120.14882
http://dx.doi.org/10.3390/nu12092622
http://dx.doi.org/10.1161/JAHA.115.002361
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.00214
http://dx.doi.org/10.1097/HJH.0b013e328335de7b
http://dx.doi.org/10.1097/HJH.0b013e328335de7b
http://dx.doi.org/10.1093/gerona/glt026
http://dx.doi.org/10.1002/oby.20010
http://dx.doi.org/10.1016/j.ijcard.2017.03.025
http://dx.doi.org/10.1056/NEJMoa1703860
http://dx.doi.org/10.1371/journal.pmed.1003387
http://dx.doi.org/10.3389/fphys.2012.00260
http://heart.bmj.com/


1 
 

Supplementary material 

 

Title: Association Between Age at Onset of Overweight and Risk of Hypertension 
Across Adulthood 

 

 

Table S1. Number of imputed missing data 

 

Table S2. The proportions of hypertensive patients by hypertension diagnostic criteria  

 

Table S3. Sensitivity analysis excluding incident hypertension within the first two years 
of follow-up (N = 8,564) 
 

Table S4. Sensitivity analysis using Cox proportional hazards models (N = 9,484) 
 

Table S5. Sensitivity analysis excluding individuals who did not remain overweight 
following its initial manifestation (N = 6,096) 
 

Table S6. Sensitivity analysis excluding overweight individuals who progressed to 
obesity (N = 9,132) 
 

Table S7. Sensitivity analysis adjusting for several time-varying covariates (N = 9,484) 
 

Table S8. Sensitivity analysis using International Obesity Task Force of overweight 

for East Asians (N = 8,440) 

 

Table S9. Sensitivity analysis using pattern-mixture model approach to multiple 

imputation (N = 9,484) 

 

Figure S1. Cumulative incidence of hypertension among new-onset overweight cases 

or matched normal-weight controls 

 

Figure S2. The cumulative incidence of hypertension among participants with new-

onset overweight versus controls across onset age groups 

 

 

 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Heart

 doi: 10.1136/heartjnl-2021-320278–6.:10 2022;Heart, et al. Li W



2 
 

Table S1. Number of imputed missing data 

Variables Missing (%) 
Fasting blood glucose 111(1.2) 
Total cholesterol 112(1.2) 
Triglycerides 109(1.1) 
eGFR 297(3.1) 
Parental history of Hypertension 2(0.02) 
Cigarette smoking status 153(1.6) 
Alcohol consumption status 78(0.8) 
Physical activity 589(6.2) 
Education attainment 2(0.02) 

 

 

Table S2. The proportions of hypertensive patients by hypertension diagnostic criteria  

Hypertension diagnostic criteria N (%) 

Incident total hypertension 2935(100) 

Systolic/diastolic blood pressure ≥140/90 mmHg 2804(95.54) 

Self-reported physician diagnosis of hypertension 218(7.43) 

Antihypertensive drugs use 173(5.89) 

 

 

Table S3. Sensitivity analysis excluding incident hypertension within the first two years 
of follow-up (N = 8,564) 

Overweight 
Onset Age 

(years) 

Normal Weight 
Case/Total 

New-Onset 
Overweight  

Case/Total 

Subhazard Ratio 

(95%CI) 

 

p value 

Primary analysis (N = 9,484) 
18-39 149/1103 228/1103 1.38(1.11-1.71) 0.004 

40-49 291/1255 387/1255 1.27(1.09-1.49) 0.002 

50-59 489/1487 627/1487 1.23(1.09-1.38) 0.001 

≥ 60 364/897 400/897 1.14(0.99-1.32) 0.072 

Sensitivity analysis (N = 8,564) 
18-39 125/1048 188/1048 1.30(1.02-1.66) 0.032 

40-49 222/1138 300/1138 1.29(1.08-1.53) 0.005 

50-59 389/1322 503/1322 1.22(1.06-1.39) 0.004 

≥ 60 286/774 306/774 1.10(0.94-1.30) 0.239 

All models were adjusted for systolic blood pressure, fasting blood glucose, total cholesterol, 
triglycerides, eGFR, parental history of hypertension, cigarette smoking status, alcohol consumption 
status, physical activity and education attainment. 
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Table S4. Sensitivity analysis using Cox proportional hazards models (N = 9,484) 
Overweight 
Onset Age 

(years) 

Normal Weight 
Case/Total 

New-Onset 
Overweight  

Case/Total 

Subhazard Ratio 

(95%CI) 

 

p value 

18-39 149/1103 228/1103 1.38(1.11-1.71)   0.003 

40-49 291/1255 387/1255 1.27(1.09-1.49)   0.002 

50-59 489/1487 627/1487 1.23(1.09-1.38) <0.001 

≥ 60 364/897 400/897 1.14(0.99-1.32)   0.071 

All models were adjusted for systolic blood pressure, fasting blood glucose, total cholesterol, 
triglycerides, eGFR, parental history of hypertension, cigarette smoking status, alcohol consumption 
status, physical activity and education attainment. 

 

 

Table S5. Sensitivity analysis excluding individuals who did not remain overweight 

following its initial manifestation (N = 6,096) 
Overweight 
Onset Age 

(years) 

Normal Weight 
Case/Total 

New-Onset 
Overweight  

Case/Total 

Subhazard Ratio 

(95%CI) 

 

p value 

18-39 109/816 194/816 1.61(1.25-2.06) <0.001 

40-49 203/860 298/860 1.43(1.19-1.72) <0.001 

50-59 297/898 440/898 1.40(1.21-1.63) <0.001 

≥ 60 204/474 242/474 1.29(1.07-1.57)  0.009 

All models were adjusted for systolic blood pressure, fasting blood glucose, total cholesterol, 
triglycerides, eGFR, parental history of hypertension, cigarette smoking status, alcohol consumption 
status, physical activity and education attainment. 

 

Table S6. Sensitivity analysis excluding overweight individuals who progressed to 

obesity (N = 9,132) 
Overweight 
Onset Age 

(years) 

Normal Weight 
Case/Total 

New-Onset 
Overweight  

Case/Total 

Subhazard Ratio 

(95%CI) 

 

p value 

18-39 144/1052 214/1052 1.32(1.06-1.65)   0.015 

40-49 276/1210 367/1210 1.27(1.09-1.50) 0.003 

50-59 470/1433 599/1433 1.22(1.08-1.37) 0.002 

≥ 60 348/871 382/871 1.13(0.97-1.31) 0.109 

All models were adjusted for systolic blood pressure, fasting blood glucose, total cholesterol, 
triglycerides, eGFR, parental history of hypertension, cigarette smoking status, alcohol consumption 
status, physical activity and education attainment. 
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Table S7. Sensitivity analysis adjusting for several time-varying covariates (N = 9,484) 
Overweight 
Onset age 

(years) 

Normal Weight 
Case/Total 

New-Onset 
Overweight  

Case/Total 

Subhazard Ratio 

(95%CI) 

 

p value 

18-39 149/1103 228/1103 1.37 (1.08-1.73) 0.008 

40-49 297/1255 387/1255 1.27 (1.07-1.49) 0.005 

50-59 489/1487 627/1487 1.20 (1.06-1.36) 0.004 

≥ 60 367/897 400/897 1.15 (0.99-1.35) 0.068 

Fasting blood glucose, total cholesterol, triglycerides, and eGFR were included as time-varying 
covariates in the model. All models were adjusted for systolic blood pressure, fasting blood glucose, 
total cholesterol, triglycerides, eGFR, parental history of hypertension, cigarette smoking status, 
alcohol consumption status, physical activity and education attainment. 

 

 

Table S8. Sensitivity analysis using International Obesity Task Force of overweight 

for East Asians (N = 8,440) 
Overweight 
Onset Age 

(years) 

Normal Weight 
Case/Total 

New-Onset 
Overweight  

Case/Total 

Subhazard Ratio 

(95%CI) 

 

p value 

18-39 96/998 163/998 1.38(1.07-1.79) 0.015 

40-49 233/1168 275/1168 1.19(1.00-1.42) 0.055 

50-59 384/1304 449/1304 1.16(1.11-1.33) 0.035 

≥ 60 269/750 349/750 1.31(1.11-1.54) 0.001 

All models were adjusted for systolic blood pressure, fasting blood glucose, total cholesterol, 
triglycerides, eGFR, parental history of hypertension, cigarette smoking status, alcohol consumption 
status, physical activity and education attainment. 

 

 

Table S9. Sensitivity analysis using pattern-mixture model approach to multiple 

imputation (N = 9,484) 
Overweight 
Onset Age 

(years) 

Normal Weight 
Case/Total 

New-Onset 
Overweight  

Case/Total 

Subhazard Ratio 

(95%CI) 

 

p value 

18-39 149/1103 228/1103 1.38(1.11-1.71) 0.004 

40-49 291/1255 387/1255 1.27(1.09-1.49) 0.002 

50-59 489/1487 627/1487 1.23(1.09-1.38) 0.001 

≥ 60 364/897 400/897 1.14(0.99-1.32) 0.073 

All models were adjusted for systolic blood pressure, fasting blood glucose, total cholesterol, 
triglycerides, eGFR, parental history of hypertension, cigarette smoking status, alcohol consumption 
status, physical activity and education attainment. 
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