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ABSTRACT

Aims/introduction: Metabolic syndrome (MS) has been increasing worldwide. The sec-
ular change in MS components, however, remains unclear. This study aimed to examine
the dynamic change in metabolic health status in Chinese adults.

Materials and methods: Three population-based surveys using multistage stratified
sampling were performed in Chinese aged 3574 years in Shanghai in 2002—2003

(n =12302), 2009 (n = 7,400), and 2017 (n = 19,023). MS was defined according to the
Adult Treatment Panel lll criteria for Asian-Americans. Generalized Estimating Equations
and Cochran-Armitage Trend Test was used to assess the prevalence trend over the years.
Results: The prevalence of MS doubled in Chinese adults over the period (P for trend <
0.001). The largest increase occurred in younger men. Among MS components, the preva-
lence of high waist-circumference (HWC), high blood glucose (HBG) and high blood pres-
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sure (HBP) increased in all subjects, whereas the prevalence of high triglycerides (HTG)
and low high-density lipoprotein cholesterol (LHC) increased in men but decreased in
women. The increase in HBP contributed most to elevated MS, followed by HBG and

HWC, resulting in the HBP-HBG-HWC the most common cluster of MS components.

J Diabetes Investig 2021; 12: 1784—
179

Metabolically unhealthy overweight also grew over the period.
Conclusions: Metabolic health status has been exacerbating in Chinese adults and

may increase burden of non-communicable diseases.

doi: 10.1111/jdi.13556

INTRODUCTION
Metabolic syndrome (MS), a constellation of cardio-metabolic
risk factors including abdominal obesity, hypertension, dyslipi-
demia and insulin resistance, is widely used to define individuals’
metabolic health status. MS has been increasing around the
world"?, including in China, a country experiencing a rapid
nutritional transition characterized with sedentary lifestyle and
high energy food intake over past decades’. Due to the significant
associations of MS with the risk of type 2 diabetes mellitus and
cardiovascular disease (CVD), as well as all-cause mortality%,
the global epidemic of MS may have imposed a heavy public
health burden in both developed and developing countries'.
Recent years, evidence is accumulating that the effect of
metabolic health status, incorporating components of MS, is
heterogeneous on the risk of CVD and all-cause mortality. In
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the Framingham Heart Study, a specific cluster of MS compo-
nents (e.g., central obesity, high blood pressure and hyper-
glycemia) was found to confer a 2.36-fold increase in incident
cardiovascular events and a 3-fold increased risk of mortality”.
Data also suggest that the metabolic health status predicts CVD
risk better than body mass index (BMI), an indicator for overall
overweight / obesity. The CVD risk was observed lower in
overweight/obese people at an absence of MS components, but
higher in normal weight people in the presence of one/more
MS components® '°. At the same time, the presentation of MS
and MS components varied with race and ethnicity''. For
example, Asian Americans had a higher prevalence of MS than
their non-Hispanic White counterparts at a same level of
BMI'%, highlighting the more importance role of metabolic
health status in Asian populations.

MS is a dynamic status that changes over time, which can
be observed at both individual and population levels. A subject
can switch from metabolically healthy to metabolically
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unhealthy status and vice versa, while a population may vary in
cluster of MS components over time due to the changes in risk
exposure and in distribution of sex and age'> ™. So far, the
upward trend in prevalence of MS over past decades has been
well documented®'®!”. The unbalanced change in components
of MS was also observed. However, no previous study has
specifically examined the shift of MS components and the
potential impact on disease burden of non-communicable dis-
eases (NCDs). Therefore, we hypothesized that the metabolic
health status may change over time and shape the disease bur-
den of CVD.

To test the hypothesis, we took advantage of the data from
three population-based cross-sectional studies conducted in
Shanghai, China, to describe the prevalence trend of MS and
its components in the population by sex and age group. Our
results may help to identify determinants of the trends, estimate
the disease burden of CVD and develop more targeted inter-
ventions for specific high-risk individuals.

MATERIALS AND METHODS

Study population

Three population-based surveys were conducted in Chinese
adults in Shanghai, China, in 2002-2003, 2009 and 2017,
respectively, aimed to estimate prevalence of type 2 diabetes
mellitus, detect undiagnosed type 2 diabetes mellitus and iden-
tify common modifiable risk factors for the disease.

The details of the three surveys using multistage stratified
sampling procedure were described in our previous reports'® .
Briefly, a representative sample of the general population was
randomly selected through a multistage sampling process in the
2002-2003 survey. First, four districts and two counties were
randomly selected from a total of 12 districts and seven coun-
ties in Shanghai, China. Next, 1-2 sub-districts or towns were
randomly selected from each selected district or county. And
then, 1-2 communities or villages were randomly selected from
each selected sub-district or town. Finally, 1,000-2,000 eligible
subjects (permanent residents of Shanghai, 15-74 years old and
having been in the city for at least 5 years) were randomly
selected from each selected community or village and invited to
participate in the survey. Pregnant women, individuals with
type I diabetes, and physically or mentally disabled persons
were excluded from the participation. A total of 17,526 eligible
subjects were recruited, and 14,401 (82.2%) participated the
survey (Figure S1A).

The 2009 survey and the 2017 survey used a similar sam-
pling method. Due to the rapid urbanization in Shanghai, the
counties in rural areas were transferred into districts in urban
areas gradually, which led to the changes of the sampling
framework (Figure S1). The inclusion and exclusion criteria
were also similar to those in the 2002-2003 survey, except that
only those at age of 35-74 years old were eligible for the 2009
survey. Among 11,844 eligible adults contacted in the 2009 sur-
vey, 7,414 were interviewed, yielding a response rate of 62.6%
(Figure S1B). In the 2017 survey, 21,625 of 23,993 eligible
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subjects (90.1%) completed the interview, in which 1,789 sub-
jects were the participants of the 2009 survey (Figure S1C).

To make the three surveys comparable, we excluded 2,099,
14 and 2,602 subjects younger than 35 years or older than
74 years from the 20022003, the 2009 and the 2017 surveys,
respectively. Therefore, the final analysis included 12,302 sub-
jects (5,023 men and 7,279 women) of the 20022003 survey,
7,400 subjects (3,454 men and 3,946 women) of the 2009 sur-
vey and 19,023 subjects (7,616 men and 11,407 women) of the
2017 survey.

The Institutional Review Board (IRB) in the Shanghai
Municipal Center for Disease Control and Prevention approved
the study. Informed consent was obtained from each partici-
pant before data collection.

Data collection

A similar protocol was followed in the three surveys. Informa-
tion on demographic and socioeconomic factors, diagnoses of
diabetes, hypertension, dyslipidemia, coronary heart disease and
stroke, tobacco and alcohol use, physical activity and family his-
tory of diabetes was collected by trained interviewers in com-
munity healthcare centers located in the residential areas of the
participants. Smoking was defined as more than 100 cigarettes
in whole lifetime. Alcohol drinking referred to drinking at least
once per month for at least 6 months. Information on occupa-
tion was collected in the 20022003 and the 2009 survey only
while the data on mental disorders was obtained in the 2009
and the 2017 survey only.

At the interview, each participant was measured for his/her
blood pressure (BP), body weight, standing height and waist
circumference (WC) by trained staff. BP was measured on the
right arm in the sitting position using standard mercury sphyg-
momanometer after at least 5 min of rest. The participants
were advised to refrain from coffee, tea or alcohol intake, cigar-
ette smoking and vigorous exercise for 30 min before their
examination. The first and fifth Korotkoff sounds were
recorded as systolic BP and diastolic BP, respectively. Body
weight and standing height were recorded while the subject
was in light clothing and without shoes. Body weight was mea-
sured with electronic scales to the nearest 0.1 kg. Body height
was measured to the nearest 0.1 cm by using a stadiometer.
WC, recorded to the nearest 0.1 cm, was taken with a cloth
tape and was measured on bare skin at the midline between
the lower border of the ribs and the iliac crest in the horizontal
plane after a normal expiration. BMI was calculated as weight
in kilograms divided by height in meters squared (kg/m?) using
the direct measurements.

Two measurements were taken and the mean of the repli-
cates was used in the following analyses. Between two measure-
ments of blood pressure, there was a period of at least 2 min.

Laboratory measurements
Biochemical assays were conducted in the three surveys follow-
ing a similar protocol. All subjects were asked to maintain their
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usual physical activity and diet for at least 3 days before the
measurements. After at least 10 h of overnight fasting, a 1—
1.5 mL venous blood specimen was collected in a vacuum tube
containing sodium fluoride for the measurement of plasma glu-
cose and a 3-3.5 mL non-anticoagulated venous blood speci-
men was collected for the measurement of triglyceride (TG)
and high-density lipoprotein cholesterol (HDLC). Fasting
plasma glucose (FPG) was measured with glucose oxidase-per-
oxidase (GOD-PAP) method and serum cholesterol and triglyc-
eride levels were assessed enzymatically using commercial
reagents. HDLC was measured by PTA-Mg method. The sub-
jects with any abnormal results in the assays and their family
doctors were informed of the results for early treatment.

Definition of metabolic health and overweight status
Overweight (BMI > 25 kg/m”) was defined using the criteria
of the World Health Organization Western Pacific Regional
Office?’. MS was defined by the revised NCEP ATP III criteria
for Asian-Americans as having three or more of the following
components: (i) high WC (HWC): WC > 90 cm in men and
>85 cm in women; (i) high BP (HBP): systolic/ diastolic
BP > 130/85 mmHg or taking antihypertensive drugs; (iii) high
blood glucose (HBG): FPG > 5.6 mmol/L or taking antidiabetic
drugs; (iv) high TG (HTG): TG >1.70 mmol/L; or (v) low
HDLC (LHC): HDLC < 1.03 mmol/L in men and
<1.30 mmol/L in women**%’,

Based on these criteria, all study participants were categorized
into one of four groups based on BMI (non-overweight
<25 kg/m®> vs overweight >25 kg/m®) and the presence or
absence of MS: (i) metabolically healthy, normal weight
(MHNW); (i) metabolically unhealthy normal weight
(MUNW); (iii) metabolically healthy overweight (MHO); and
(iv) metabolically unhealthy overweight (MUO).

Statistical analyses

Data are presented as median (Interquartile range, IQR) for
continuous variables or as percentages for categorical variables.
We calculated the prevalence and 95% confident interval (CI)
of MS and each component according to sex and age group in
each survey. Age-standardized prevalence was calculated using
the direct method based on the World Standardized Population
presented by Segi** and modified by Doll et al.*>. The distribu-
tion curve and LMS (lambda, mu, sigma) methods were used
to profile the percentile curves of BMI and WC over the three
surveys' >, Nightingale diagram was used to present the clus-
ters of MS components in all subjects and in those with MS.
Due to the overlapping in subjects in the 2009 and the 2017
surveys, we used the generalized estimating equations (GEE) to
test the time trend of the prevalence. The time was used as
independent and continuous variable in the GEE model with
an exchangeable working correlation matrix’’. We also esti-
mated increasing economic burden of CVD caused by upward
trend of MS and its components in Chinese adults in Shanghai
(Methods S1).

http://wileyonlinelibrary.com/journal/jdi

Sensitivity analysis was conducted based on the 2017 survey
data by excluding those also participating in the 2009 survey.
Cochran-Armitage Trend test was used to test the trend of
prevalence. A two-sided P value <0.05 indicated statistical sig-
nificance. All data analyses were performed using R 4.0.0 (The
R Foundation for Statistical Computing, Vienna, Austria) and
SAS 9.4 (SAS Institute, Cary, NC, USA).

RESULTS

Participant characteristics

Table 1 shows the characteristics of the participants. The sub-
jects of the three surveys significantly differed in age, educa-
tional level, income per capita, alcohol drinking, and diagnoses
of hypertension, type 2 diabetes mellitus and dyslipidemia. The
subjects were also significantly different in average levels of
body measurements, biochemical assays like FPG and HDLC,
with all P values for trend <0.001. However, no significant dif-
ference was observed for TG level in men and women over the
three surveys.

More men (26.0%) and women (20.2%) in the 2009 survey
engaged professional job than those (17.3% in men and 10.3%
in women) in the 2002-2003 survey (all P values <0.001). The
prevalence of depression, insomnia, anxiety and other mental
disorders were higher in the 2017 survey than in the 2009 sur-
vey in both men (1.0, 33.2, 2.5 and 8.1% vs 0.1, 4.7, 1.2 and
4.6%, respectively) and women (1.8, 41.4, 4.8 and 10.0% vs 0.1,
9.9, 2.3 and 7.1%, respectively) (all P values <0.001) (data not
shown in tables).

Prevalence and trend of MS

As shown in Figure la, the prevalence of MS was significantly
higher in men than in women in three surveys. In men, the
crude and age-adjusted prevalence were 23.0% (95% CI: 21.9—
242) and 215% (95% CIL: 20.2-22.9) in 2002-2003, 29.6%
(95% CI: 28.0-31.1) and 26.6% (95% CI: 24.8-28.5) in 2009,
and 45.3% (95% CI: 44.2-46.4) and 44.2% (95% CI: 41.8-46.7)
in 2017, respectively. In women, the age-adjusted prevalence of
MS were much lower than the crude prevalence, with the val-
ues being 20.2% (95% CI: 19.1-21.2) vs 21.8% (95% CI: 20.8—
22.7) in 2002-2003, 25.3% (95% CI: 23.7-27.1) vs 29.6% (95%
CL: 282-31.0) in 2009, and 323% (95% CIL 30.8-33.9) vs
41.5% (95% CI: 40.6-42.4) in 2017.

Figure 1b shows the sex- and age-specific prevalence of MS
at the three surveys. Generally, the prevalence of MS increased
with age in both men and women at each survey (P for trend
<0.05). The increase over the three survey was also observed at
each age group and appeared more pronounced in men than
in women, particularly in younger age-groups.

Prevalence and trend of MS components

The prevalence of HBP was the dominant component of MS
in both men and women in all the three surveys (Figure 2a).
The prevalence of HBP, HBG and HWC, both crude and age-
adjusted, increased over the three surveys in men and women
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Figure 1 | Prevalence of metabolic syndrome in Chinese men and women in the 2002—-2003, 2009 and 2017 population-based surveys. (a) Crude
and age-standardized prevalence; (b) Age-specific prevalence. Generalized estimating equations were used to test the prevalence trend. Bars
indicate 95% Cls. ***P for trend <0.001; ** P for trend <001; * P for trend <0.05.

(P for trend <0.001), and the increases appeared more pro-
nounced from 2009 to 2017 than those from 2002-2003 to
2009. The changes in prevalence of dyslipidemia, on the other
hand, varied by sex, with the age-adjusted prevalence of HTG
increasing in men but decreasing in women. The crude preva-
lence of LHC was the highest in the 2009 survey in both men
and women.

The prevalence of HWC, HBG and HBP were observed to
increase with age in both men and women in each survey (P
for trend <0.05), as presented in Figure 2b. Regarding the dys-
lipidemia, the prevalence of HTG increased with age in women,
but was observed to increase and then decrease with age in
men. The prevalence of LHC decreased with age in men and
remained stable in women.
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Figure 3 shows the distribution curves of BMI and WC
in men and women. The curves of BMI were almost
overlapped in the three surveys, particularly in women,
and the BMI level remained relevant stable along with
age in both men and women (Figure 3a). On the other
hand, the curves of WC in both sexes were shifted to the

http://wileyonlinelibrary.com/journal/jdi

right from 2002-2003 to 2009 and 2017, with the mean
WC increasing from 83.0 to 84.8 and 88.2 cm for men
and from 77.7 to 80.3 and 83.1 cm for women. Stratified
analysis by age groups observed a similar change pattern
and an increasing trend of WC along with age in women
(Figure 3b).
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Figure 3 | Shifts in body mass index (a) and waist circumference (b) in
based surveys. BMI, body mass index; WC, waist circumstance.
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Changes in clusters of MS components

As presented in Figure 4a, most subjects had one or two com-
ponents of MS. The proportions of subjects with 0 or 1 compo-
nents decreased over the three surveys while those with 2 or
more components increased in both men and women.

The details of the changed clusters of the components over
the three surveys in all subjects and in subjects with MS were
presented in Figure S2A,B. Overall, the clusters of MS compo-
nents differed between men and women and changed over
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time, but with HBP and related clusters remaining the most
common abnormalities. In subjects with MS, the cluster HBP-
HBG-HWC was the dominant one in the 2002-2003 [15.0%
(95%CL 13.0-17.1) in men and 11.0% (95%CL 9.4-12.5) in
women] and the 2017 surveys [26.0% (95%CI: 24.6-27.5) in
men and 21.5% (95%CI: 20.3-22.7) in women] (Figure S2B).
The simultaneous alteration in all the five MS components had
a considerably lower prevalence in the 20022003 survey [5.0%
(95%CL: 3.7-6.2) in men and 7.0% (95%CIL: 5.7-8.2) in

(a)
5. 0
3 K
1 B
kS I 3
M B
P Men Women
2 .
2002-20034 216 304 m 249 31.2
1.1
20094 179 269 219 250
23
54 56
0 25 50 75 1000 25 50 75 100
Proportion of number of components (%)
(b)
O MHNW
o MHO 2002-2003 2009 2017
B MUNW
mMUO b
Men 532 508 363
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Women 55.2 424
51.8
230
18.6 161

Figure 4 | Percentage of the number of metabolic syndrome components (a) and the metabolic type of overweight (b) among Chinese men and
women in the 2002—2003, 2009 and 2017 population-based surveys. MHNW, metabolically healthy normal weight; MHO, metabolically healthy
overweight, MUNW, metabolically unhealthy normal weight; MUO, metabolically unhealthy overweight.
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women], but was higher in the 2009 [7.6% (95%CI: 6.0-9.3) in
men and 9.9% (95%CI: 8.1-11.6) in women] and the 2017 sur-
veys [(11.9% (95%CIL: 10.8-13.0) in men and 13.6% (95%CIL
12.6-14.6) in women)].

Prevalence and trends of metabolically unhealthy overweight
Figure 4b presents the prevalence of MHNW, MUNW, MHO
and MUO in the three surveys. The prevalence of MUO were
16.8% (95%CL 15.7-17.8), 19.9% (95%CI: 18.5-21.2) and
33.2% (95% CI: 32.1-34.2), respectively, in 2002-2003, 2009
and 2017 in men (P for trend <0.05) and increased from
15.4% (95% CI: 14.6-16.2), 19.7% (95% CI: 18.5-20.9) to 26.6%
(95% CI: 25.8-27.5) in women over the three periods (P for
trend <0.05). The prevalence of MUNW also increased in both
men (6.3% (95% CI 5.6-6.9), 9.7% (95% CIL: 8.7-10.7) and
12.1% (95% CIL 11.4-12.9)) and women (6.4% (95% CI: 5.8—
6.9), 9.9% (95% CIL: 9.0-10.8) and 14.9% (95% CIL: 14.2-15.5),
respectively) over the three surveys.

Analysis of increases in medical costs for CVD

Using previously reported sex- and age-adjusted relative risk
(RR) and calculated population attributable fraction (Table S1),
we estimated the direct medical costs of CVD in the whole
population of Shanghai based on the changes in prevalence of
MS, MS components and metabolic type of overweight, respec-
tively. As shown in Table 2, MS contributed to 24.9, 30.6 and
39.1% of incident CVD in 2002-2003, 2009 and 2017 in

http://wileyonlinelibrary.com/journal/jdi

Chinese adults of Shanghai, respectively, equivalent to about
$216 million increases in direct medical costs. The contribution
of individual component to direct medical cost ranged from
$36 million (HDL-C) to $320 million (hypertension). The
increases in prevalence of HBP-HBG cluster and MUO
accounted for approxiamately $170 and $69 million increases
in direct medical expenditure, respectively.

Sensitivity analysis

Although 1,789 subjects of the 2017 survey who also partici-
pated in the 2009 survey had lower levels of education and
income, and were more likely to smoke and drink (in men
only), excluding these subjects from analysis did not change the
estimates of prevalence of MS and MS components in 2017.
The crude and age-standardized prevalence of MS were 45.7%
(44.5-46.9%) and 44.8% (423-47.4%) in men, and 41.7%
(40.8-42.7%) and 32.5% (30.9-34.1%) in women, respectively,
in sensitivity analysis, very close to those in the main analyses.
The estimates for prevalence of each MS component, clusters
of components and metabolic type of overweight did not
change substantially, either (data not shown). The crude and
age-standardized prevalence of MS, HWC, HBG and HBP sig-
nificantly increased along the three surveys.

DISCUSSION
Consecutive population-based surveys are usually conducted to
observe the secular trend of prevalence of NCDs and related

Table 2 | Estimated direct medical cost for cardiovascular diseases related to upward trend of prevalent metabolic syndrome, metabolic syndrome
components and metabolic type of overweight in the whole population in Shanghai

Direct medical cost each year (USD)

Changes in direct medical cost (USD)

In 2002 In 2009 In 2017 From 2002 From 2009 From 2002
to 2009 to 2017 to 2017

MS 24,303,428 71,913,068 240,308,866 47,609,640 168,395,798 216005438
Individual components

HBP 45288315 115389923 365,072,804 70,101,608 249,682,881 319,784/489

HBG 12,981,349 32,901,404 143,201,958 19,920,055 110,300,555 130,220,609

HWC 8,686,767 27,026,153 92,804,703 18339386 65,778,550 84,117,935

HTG 19618430 55462366 124,763,938 35,843,937 69,301,572 105,145,508

LHC 7,222,705 19270822 43,636,648 12048117 24,365,826 36413943
Main clusters of MS components

HBP-HWC 12,102,912 38,541,644 156,108,573 26438733 117,566,928 144,005,661

HBP-HBG 13,762,182 36,191,544 183,765,603 22429362 147,574,059 170,003,421

HBG-HWC 12,786,141 37,601,604 180,692,600 24815464 143,090,996 167,906,459
Metabolic type of overweight

MUO 6,515,356 19/459,777 75272511 12944422 55,812,734 68,757,156

MUNW 1314457 4,890,892 17997374 3576436 13,106,482 16682918

MHO 7,580,646 14,955,569 34,782,210 7374923 19,826,641 27,201,564

CVD, cardiovascular disease; HBG, high blood glucose; HBP, high blood pressure; HTG, high triglyceride; HWC, high waist circumference; LHC, low
high-density lipoprotein cholesterol; MHO, metabolically healthy overweight; MS, metabolic syndrome; MUNW, metabolically unhealthy, normal
weight; MUO, metabolically unhealthy overweight; PAF, population attributable fraction.

1792 J Diabetes Investig Vol. 12 No. 10 October 2021

© 2021 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd



http://wileyonlinelibrary.com/journal/jdi

factors. This approach also helps to recognize the drives behind
the trend and predict the disease burden in the populations. In
this study, the prevalence of MS defined by the revised NCEP
ATP III criteria continues to exceed 20% in most sex- and age-
specific groups of Chinese adults and increased significantly
over the 15-year period from 2002 through 2017. These esti-
mates are based on a large sample size from representative sur-
veys that included metabolic measurements following
standardized procedures.

MS has been epidemic globally over the past decades. Based on
the NCEP ATP III criteria, the crude prevalence reported in other
populations varied greatly, ranging from 9.0 to 52.6% in 2002—
2003, from 10.0 to 36.3% in 2009, and from 35.1 to 44.4% in
2017 in men; and from 10.3 to 46.9% in 2002—2003, from 14.6 to
62.6% in 2009 and from 34.3 to 37.1% in 2017 in women
(Table S2). MS has been climbing rapidly in low- and middle-in-
come countries’’, but increasing slowly or even decreasing in
high-income countries'**’, suggesting the role of economic
development, rapid urbanization and epidemic of sedentary life-
style''*. In our population, the prevalence of MS was at a mod-
erate level in 2002-2003 and 2009, but was at a high level in 2017
in global view, showing a speeding-up upward trend.

The observed discrepancy between the crude and age-stan-
dardized prevalence of the MS indicates the contribution of pop-
ulation ageing. MS is considered as an ageing-related disease, for
risk exposure may be accumulated in individual as one gets older.
In this study, however, the increase in the prevalence of MS was
more pronounced in men below 60 years old. This was consis-
tent with the findings in a Japanese cohort, where the MS preva-
lence in men increased until 60 years old and kept stable in the
older generation®'. The situation may be shaped by both global
drives and local environments involving cultural, economic, and
social factors. One possible reason is that this population were
more likely to expose to high-stress jobs, which may disturb their
neuroendocrine system and increase the risk of MS™.

The fact that the MS components did not change at a same
speed may provide clues for potential drives for the trend. The
prevalence of HWC, HBG and HBP substantially increased in
both sexes, whereas the prevalence of HTG and LHC did not
change much. This change pattern was also observed in the
Framingham Heart Study” and Tehran lipid and glucose
study™®. In other studies, however, parallel changes in dyslipi-
demia and other components were observed®>°. Of the five
components of MS, LHC was the one increasing the most in
Korean population'®. These findings indicate different risk
exposures across populations.

There are several possible explanations for the unbalanced
changes in cardio-metabolic risk factors in our population.
First, the different trajectories of the metabolic factors with age
may explain the discrepancy. Distinct from the WC which
increases with age in humans®, the TG level peaks at middle
age’>” and the HDLC level tends to decrease along with age
or remains stable**!. The nature of biological phenomena
involves age-related changes in inflammation and hormones™,
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as well as the differences in consumption, absorption and meta-
bolisms of dietary fat’>*. Therefore, due to the rapid popula-
tion ageing in China, the average level of WC would be
observed to increase along with the calendar year of the sur-
veys, whereas those of TG and HDLC might not. Second,
China has being experiencing a significant nutritional transition,
resulting in the epidemic of western lifestyles characterized with
reduced carbohydrates and increased protein and fat intake,
decreased but still high level of sodium consumption, and
sedentary behaviors*>**. These factors were associated with ele-
vated risk of obesity, hyperglycemic, dyslipidemia or hyperten-
sion, but in greatly varied magnitudes*. Moreover, it has been
reported that fat intake from animals has been decreasing in
nine provinces of China since 2009, whereas fat intake from
plants was observed to increase*’, which may have resulted in
increased formation of HDLC*. Tobacco and alcohol use may
also contribute to the prevalent metabolic phenotypes*’ and
explained the sex difference in prevalence trend of MS due to
much higher consumptions in men than in women. Finally,
awareness, treatment and control rates of each component of
MS were greatly improved, but the improvements differed by
the type of metabolic abnormalities*® .

Since we know little about the drives underlying the trends in
prevalence of MS and its components, we could not make a rea-
sonable prediction by establishing predictive models. The projec-
tion of prevalence using time series analysis needs to be based on
a hypothesis that MS and its components would remain a certain
climbing rate over time>"*>. However, the apparent speeding up
trends and unbalanced changes in MS components observed in
this study cast doubt on the assumption and accuracy of the fore-
casting. Therefore, we could not forecast the prevalence of MS
using time series analysis, either. Future studies are warranted to
extend the time frame to make a prediction.

The upward trends in prevalence of MS and its components
may lead to an increasing burden of NCDs in this population.
The increases in prevalence of MS and its components were
estimated to cause additional millions of annual direct medical
cost for CVD. The rising prevalence of MS was associated with
additional 216,005,438 USD in direct medical cost for CVD,
equivalent to 0.05% increases in GDP in Shanghai at the same
period. The growth in disease burden was much higher from
2009 to 2017 than from 2002 to 2009. The estimated change in
direct medical cost for MUO ($69 million) was the largest one
among the metabolic types of overweight, but much lower than
that contributed by elevated BP alone. A multicomponent strat-
egy has been supposed to manage MS risk factors™. The evi-
dence-based measures such as structured lifestyle interventions,
introduction of sugar-sweetened beverage taxes, provision of
increasing space for physical activity and design of more
health-related curriculum in communities and schools are
expected highly effective in our population to lower disease
burden of CVD, particularly through control of HBP.

There are several strengths in this study. First, the three
cross-sectional studies followed a similar multistage stratified
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sampling procedure, ensuring the representation of the subjects.
Second, the vigorous personnel training, data collection process
and standard laboratory assays guarantee the high quality of
the data. Moreover, the trend analyses were conducted in sub-
groups classified by sex and age group, and illustrated in vari-
ous styles, allowing us to describe the trends comprehensively.
Finally, the extensive inter-population comparisons of preva-
lence and trends of MS and its components make it possible to
estimate and predict the disease burden of CVD, the main
NCDs caused by metabolic abnormalities.

This study has several limitations. First, the three surveys
were incomparable in sampling framework, sample size and
response rate of investigation, which may have introduced
selection bias. For example, due to the changed sampling
framework in 2009, less subjects with educational level of col-
lege or above were selected in the 2009 survey. Considering
the sex heterogeneity in relations of metabolic disorder with
socioeconomic status (SES)***’, the prevalence of MS in the
year may have been underestimated in men but overesti-
mated in women. Second, although we used a standardized
protocol for body measurement and biochemistry assays in
the three surveys, we could not exclude the possible bias of
batch. Moreover, lack of information on lifestyles and treat-
ment limited our ability to evaluate the contributions of these
factors to the upward trend of MS and its components. The
differences in response rates of the three survey may also
have biased the estimated upward trend of MS and its com-
ponents. Finally, due to the cross-sectional design, we did not
follow-up the subjects for incident CVD and other NCDs,
and thus were unable to directly evaluate the associations of
MS and its components with these outcomes for disease bur-
den estimation and projection.

In conclusion, the prevalence of MS was at a high level and
shows a speeding-up upward trend over past decades in Chi-
nese adults. The increasing trend of MS, changed clusters of
MS components and elevated metabolically unhealthy over-
weight, as well as the population ageing, predict a huge burden
of CVD in the population and suggest the importance to
address the accumulating metabolic disorders in the population.
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Methods S1 | Estimating direct medical costs for cardiovascular diseases (CVD) in Chinese adults in Shanghai.
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