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Purpose: To determine what metabolic abnormalities develop frequently among metaboli-

cally healthy adults over time according to different baseline body mass index (BMI)

categories.

Patients and Methods: A prospective cohort study was performed on 10,805 adults, who

were metabolically healthy at the time of the 2008 survey. Participants were divided into four

groups: metabolically healthy obese (MHO), metabolically healthy overweight (MHOW),

metabolically healthy normal-weight (MHN), and metabolically healthy underweight

(MHU). Modified Poisson regression models were used to evaluate the relationship of

BMI with the development of metabolic abnormalities. Association rule mining was used

to identify the most frequent abnormalities that developed over time.

Results: Compared with the MHN group, the adjusted relative risks of the MHO group were

1.57 (95% CI: 1.09–2.27) and 2.08 (95% CI: 1.59–2.73) for developing elevated fasting

glucose and elevated blood pressure, respectively, after adjusting for lifestyle behaviours and

dietary factors. At the end of follow-up, 33 (19.1%) MHO subjects and 342 (16.6%) MHOW

subjects had elevated blood pressure as the predominant metabolic syndrome component,

whereas 236 (9.0%) MHU subjects had elevated plasma glucose. The results were similar

after stratification by sex.

Conclusion: MHO and MHOW subjects developed elevated blood pressure most fre-

quently, and MHU subjects developed elevated blood glucose most commonly, regardless

of sex.
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Introduction
Coronary artery disease is the leading cause of mortality worldwide.1 The number

of patients suffering from coronary artery disease are 18.2 million and 11 million in

the US and China, respectively.2,3 Metabolic syndrome (MetS), a constellation of

highly heritable risk factors, is an increasingly prevalent predisposing factor for

coronary artery disease.4 These clinical risk factors associated with MetS include

central obesity, high blood pressure, high fasting glucose, high fasting triglyceride

and low high-density lipoprotein cholesterol.5 The global prevalence of MetS is

estimated to be approximately 25%, and over a billion people in the world are now

affected by MetS.6 The prevalence of MetS was 33.9% in China, affecting approxi-

mately 454 million adults.7 Body mass index (BMI) is commonly used to estimate

adiposity to evaluate central obesity in MetS patients. A BMI-based MetS score
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operates similarly to a waist circumstance-based score in

predicting long-term disease outcomes.5

Insulin resistance helps to explain most but not all of

the MetS components. Substantial evidence exists regard-

ing the important role of obesity in the development of

MetS; therefore, obesity is included as a required prere-

quisite in the definition of MetS by the International

Diabetes Federation.8 More importantly, this adds support

to the hypothesis that central obesity may trigger the

pathogenesis of MetS as the core of MetS and is the

antecedent to the development of its other components.8,9

Indeed, both cross-sectional and longitudinal studies have

implicated obesity as a central feature of this multifaceted

condition.9,10 A few longitudinal studies have examined

the temporal relationships between obesity and other com-

ponents, implicating that baseline obesity is a strong pre-

dictor of the worsening of MetS components.11–13

Little is known about the relationship between meta-

bolically healthy obese (MHO) status and the future inci-

dence of individual cardiometabolic abnormalities. The

Atherosclerosis Risk in Communities study, a 9-year fol-

low-up of white and African-American adults aged 45–64

years, showed that MHO and metabolically healthy over-

weight (MHOW) may be related to cardiometabolic

abnormality development, and that elevated blood glucose

develops most rapidly.14

None of these studies, however, have examined a) how

the metabolic status changes over time in metabolically

healthy individuals according to different BMI categories

or b) which metabolic abnormalities dominantly cluster in

MHO and MHOW individuals.

We assumed that the clustering of the metabolic

abnormalities would develop inconsistently in different

BMI categories. It would be expected that one of these

abnormalities would appear first in MHOW people,

whereas another abnormality would be the first to develop

in MHO people. The theoretical model on which this

research is based is that if one of the MetS components

(eg, central obesity) was itself the underlying cause, it

would be expected that this component should initiate

the onset of the other components subsequently.

Therefore, the aims of this study were to investigate a)

how the profiles of MetS components change over time, b)

the effect of BMI on the incidence of MetS and its com-

ponents after adjusting for confounding factors, and c)

which MetS components predominantly appear in MHO,

MHOW and MHU participants at the end of a 7-year

follow-up.

Materials and Methods
Study Population
The Beijing Health Management Cohort (BHMC) study is a

large prospective dynamic cohort study that is investigating

the progression from a healthy status to the development of

metabolic disorders in individuals from urban areas of north-

east China.15 In the present study, the 2008 survey and the

2015 survey of the BHMC study were used as the starting

point and the endpoint of the follow-up, respectively.

Participants without MetS at baseline were included, and

those with metabolic abnormalities or missing values were

excluded. A total of 34,003 individuals were recruited to

participate in this study in 2008. Among these individuals,

23,142 subjects who had any individual metabolic abnorm-

ality, including prediabetes (n=5523), prehypertension

(n=6306), hypertriglyceridemia (n=3398), or lowered high-

density lipoprotein cholesterol (n=7915) at baseline were

excluded. After excluding 56 subjects with missing BMI

values, the final analysis included 10,805 participants who

were followed up from 2008 to 2015.

The study was approved by the Ethics Committee of

Capital Medical University (number 2013SY26), and all

procedures were performed in accordance with the 1964

Declaration of Helsinki and its later amendments, or com-

parable ethical standards.

Data Collection
Physical examination, fasting laboratory measurements,

and a health questionnaire interview were performed by

trained examiners at baseline and at the end of the 7-year

follow-up, after obtaining written informed consent from

the participants.

The physical examination, including the measurements

of height, weight, waist circumference, hip circumference

and blood pressure, was performed by experienced physi-

cians and public health nurses. Both height and body weight

were measured with the participant in the upright position to

the nearest 0.5 cm and 0.1 kg, respectively. Waist circumfer-

ence was measured at the horizontal level between the

xiphisternum and umbilicus yielding the minimum measure-

ment. Hip circumference was taken as the horizontal measure

around the pelvis at the point of maximal protrusion of the

buttocks. Waist and hip circumference were measured twice,

and the means were calculated. If duplicate waist or hip

measurements differed by > 2 cm, a third measure was

taken, and the mean of the closest two was calculated. BMI

and waist-to-hip ratio were calculated to measure the overall
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adiposity. After 5 min of rest in a sitting position, blood

pressure measurements were obtained on the right arm of

the seated subject using an electronic sphygmomanometer.

During the 30 min preceding the measurements, the partici-

pants were required to refrain from smoking or ingesting

caffeine. Three readings of systolic and diastolic blood pres-

sure were recorded at 1–3 min intervals, and the mean of the

last two measurements was used for data analysis.

Fasting laboratorymeasurements included fasting plasma

glucose, triglycerides, and high-density lipoprotein choles-

terol. Participants were instructed to fast overnight for at least

12 hrs before blood samples were collected. Fasting plasma

glucose, triglycerides, and high-density lipoprotein choles-

terol were measured using enzymatic methods on a chemis-

try analyser (Beckman LX 20, America) in the central

laboratory of the hospital. The intra- and inter-assay coeffi-

cients of variation for all laboratory tests were under 5%. All

analyses were performed in accordance with the manufac-

turer’s recommendations.

The general health questionnaire covered family history

of diabetes and information on lifestyle behaviours (physical

activity intensity, sleep duration, alcohol consumption and

smoking) and dietary habit factors (breakfast frequency, diet-

ary patterns and eating speed). For the physical activity

intensity variable, “high intensity”was defined as swimming,

playing ball, or skipping rope; “moderate intensity” was

defined as jogging, cycling, or climbing; and “low intensity”

was defined as walking, tai chi, or dancing. Sleep duration

was recorded according to participants’ responses to the

question “Over the past three months, what time have you

normally gone to bed and woken up?” The speed of eating

was self-reported by the response to the question “How fast is

your speed of eating?” The responses were chosen from three

semi-quantitative categories: “slow”, “medium”, and “fast”.

Previous reports have demonstrated good validity and ade-

quate reproducibility of sleep duration and speed of eating, as

assessed by self-report, and the measurement and classifica-

tion of each variable category have been reported elsewhere

in detail.16 Additionally, some novel confounding factors

were also collected, including breakfast frequency and diet-

ary patterns.17,18

Diagnosis of Metabolic Syndrome and

Metabolic Abnormalities
MetS was defined according to the 2009 Joint Interim

Statement Criteria as the presence of three or more of

the following factors:19,20

1) Obesity, based on BMI ≥30 kg m−2;

2) Elevated fasting plasma glucose (FPG) level ≥
5.6 mmol/L (100 mg/dL) (drug treatment for ele-

vated glucose was an alternative indicator);

3) Elevated blood pressure: systolic pressure ≥ 130 and/

or diastolic pressure ≥ 85 mm Hg (anti-hypertensive

drug treatment in a patient with a history of hyper-

tension was an alternative indicator);

4) Triglyceride level ≥ 1.7 mmol/L (150 mg/dL) or

current medication for dyslipidaemia;

5) Reduced high-density lipoprotein cholesterol

(HDLC) level < 1.0 mmol/L (40 mg/dL) in men

and < 1.3 mmol/L (50 mg/dL) in women (drug

treatment for reduced HDLC level was an alternative

indicator).

As there is no standard definition for MHO, we con-

sidered four metabolic abnormalities for our analyses: (1)

prediabetes was defined as a fasting serum glucose ≥

5.55 mmol −1 or current use of blood glucose lowering

agents; (2) prehypertension was defined as a blood pres-

sure ≥ 130/85 mmHg or current use of blood pressure-

lowering agents; (3) hypertriglyceridemia was defined as

triglycerides ≥ 1.69 mmol−1; and (4) low HDLC was

defined as HDLC < 1.03 mmol.19

Statistical Analysis
Data are presented as the mean ± standard deviation for

continuous variables and count (percentages) for categorical

variables. Baseline characteristics of the participants were

compared by either independent two-sample t tests or Chi-

square tests between MetS statuses (with MetS vs without

MetS) at the end of the 7-year follow-up. Mean change

values of fasting plasma glucose, triglycerides, systolic

blood pressure, diastolic blood pressure and high-density

lipoprotein cholesterol from baseline to the 7-year follow-

up among four BMI categories were assessed by analysis of

variance (ANOVA) tests. The incidence trends among BMI

categories was assessed by the Cochran-Armitage trend

z-test. BMI was categorized based on the WHO criteria: (i)

underweight = BMI <18.5 kg m−2, normal weight = BMI of

18.5–24.9 kg m−2, overweight = BMI of 25.0–29.9 kg m−2,

and obese = BMI ≥30.0 kg m−2.21 We categorized the

patients as follows: metabolically healthy underweight

(MHU), metabolically healthy normal-weight (MHN), meta-

bolically healthy overweight (MHOW) and metabolically

healthy obese (MHO).
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Modified Poisson regression analyses were performed to

examine the association between the development of each

metabolic abnormality and BMI categories, and the adjusted

relative risk (RR) and 95% confidence interval (CI) were

presented. The modified Poisson regression analyses com-

bine a log Poisson regression model with robust error var-

iance estimation, which is reliable for estimating relative

risks from prospective data.22 All potential confounding

variables in the regression analyses were assessed at baseline

in 2008. We present the results of three different models. The

null model was adjusted for age, age squared, age cubed and

sex. Then, based on the null model, nine risk factors were

additionally adjusted separately, including parental history of

diabetes, waist-hip ratio, breakfast frequency, dietary pat-

terns, eating speed, physical activity intensity, sleep duration,

alcohol consumption, and smoking. Last, the full model,

which was based on the null model, was additionally adjusted

for all nine risk factors simultaneously. The extent to which

the nine risk factors attenuated the relationship between BMI

categories and metabolic abnormalities incidence was inves-

tigated by comparing the coefficients before and after adjust-

ing for different risk factors (Δβ percent = 100*(βNull model –

βNull model +risk factor)/βNull model).
23

Association rule mining (ARM) is a data mining

method designed to identify groups of variables with

respect to a specific target variable. ARM has been applied

in assessing the cooccurrence of lifestyle risk behaviours

and in predicting acute myocardial infarction.24,25 The

strength of this analytical method is that ARM measures

the support, confidence, and lift of the rule, as explained

below. For a rule (A⇒B), the support rate is the probability
that the two components occur together, and the confi-

dence rate is the conditional probability of the existence

of component B given that a person has component A.

Then, the lift value is the confidence divided by the sup-

port, which is interpreted as a general measure of the

association between the components of MetS. Lift values

greater than 1 indicate a positive correlation, values equal

to 1 indicate zero correlation, and values less than 1

indicate a negative correlation.

The ARM method was used to analyse the changes in

each MetS component or combinations stratified by sex

and BMI level during the 7-year period of this study. The

data are expressed as transitions of statuses that changed

from baseline to the end of 7-year follow-up, with

“healthy” defined as being free of any MetS components.

Based on the top ten rules (transitions of statuses), we

established a confidence threshold of 5% for men and

1.2% for women as there were fewer rules for women

than men. We set the threshold of lift as “over 1”. The

lift threshold over 1 meant that we accepted the positive

association.

Data were analysed using SAS software version 9.4

(SAS Institute, Cary, NC, USA). Association rule mining

was performed using the “arulesViz” package of R soft-

ware. A two-sided α of 0.05 was considered statistically

significant. Bonferroni adjustment of critical P-values was

adopted when performing multiple comparisons.

Results
Characteristics of Participants
A total of 10,805 eligible participants were included in the

analysis with a median age of 42 years. A total of 5392

(49.9%) males were included, with a median age of 41

years old (43.0 ± 14.5), while 5413 (50.1%) females were

included, with a median age of 39 years old (40.6 ± 12.5).

The average follow-up interval was 6.8 ± 0.4 years. At

baseline, 1.6% of the subjects were MHO, 19.1% were

MHOW, 55.1% were MHN, and 24.2% were MHU. The

detailed baseline characteristics of the study population are

presented according to the MetS status at follow-up

(Table 1). The MetS group tended to be older and had

higher body mass index, fasting plasma glucose, triglycer-

ide, systolic blood pressure, diastolic blood pressure, and

waist-hip ratio values but lower high-density lipoprotein

cholesterol and sleep duration values.

Profiles of Changes in Individual MetS

Components
Profiles of the individual MetS components of all subjects

and of males and females stratified by different BMI cate-

gories were analysed (Table 2). Seven-year changes in fast-

ing plasma glucose were not the same in all four BMI

categories (F =20.69, P <0.001), which was also consistently

shown in the subgroup analysis stratified by sex (Fmen = 4.83,

Pmen = 0.002; Fwomen = 15.50, Pwomen <0.001). Similar

results were found for seven-year changes in systolic blood

pressure and diastolic blood pressure. Seven-year changes in

triglyceride in males were not the same in the four BMI

categories (F =3.27, P =0.020).

The Incidence of Metabolic Abnormalities
At the end of the 7-year follow-up, 1310, 1695, and 1203

participants developed elevated fasting glucose, blood pres-

sure, and triglycerides, respectively, and 2582 participants
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had a reduction in high-density lipoprotein cholesterol. The

incidence of metabolic abnormalities at follow-up was ana-

lysed according to BMI categories at baseline (Figure 1). The

incidence of MetS in all participants and in males and

females was 3.03% (95% CI: 2.70–3.34%), 4.23% (95%

CI: 3.68–4.75%) and 1.83% (95% CI: 1.47–2.18%), respec-

tively. The incidence in males was statistically significantly

higher than that in females (χ2 =53.30, P <0.001). The

incidence of MetS in the MHN, MHU, MHOW and MHO

groups was 1.46% (95% CI: 1.16–1.77%), 2.76% (95% CI:

2.16–3.43%), 6.25% (95% CI: 5.20–7.29%), and 22.54%

(95% CI: 16.32–28.77%), respectively (Z= −6.36, P for

trend < 0.001).

The Association Between BMI Categories

and Incident Metabolic Abnormalities
We examined the association between the development of

each metabolic abnormality and BMI categories, and the

adjusted RR and 95% CIs are presented in Table 3. After

adjusting for potential confounding factors, individuals

with MHO and MHOW had a 1.23-fold (95% CI: 1.15–

1.32), and 1.05-fold (95% CI: 1.03–1.08) greater risk for

developing MetS than individuals in the MHN group.

Individuals with MHO had a 1.57-fold (95% CI: 1.09–

2.27) greater risk for elevated fasting glucose, a 2.08-fold

(95% CI: 1.59–2.73) greater risk for elevated blood pres-

sure, a 1.92-fold (95% CI: 1.08–3.41) greater risk for

elevated triglycerides, and a 1.60-fold (95% CI: 1.26–

2.03) greater risk for low HDLC. Individuals with

MHOW had a 1.46-fold (95% CI: 1.20–1.78) greater risk

for elevated fasting glucose, a 1.68-fold (95% CI: 1.43–

1.98) greater risk for elevated blood pressure, a 2.21-fold

(95% CI: 1.67–2.92) greater risk for elevated triglycerides,

and a 1.38-fold (95% CI: 1.21–1.57) greater risk for low

HDLC.

The extent to which the nine risk factors attenuated the

relationship between BMI categories and metabolic

abnormality incidence was investigated by comparing the

coefficients before and after adjusting for different risk

factors (Δβ) (Table 3). The RR of metabolically healthy

obese individuals for the development of elevated fasting

glucose was 1.85 (95% CI 1.27–2.70). There was modest

attenuation of inequalities when adding risk factors to the

models, with the waist-hip ratio (38%) making the greatest

contribution to the inequalities. Accounting for differences

in all nine risk factors resulted in a 27% attenuation of

coefficients in the model, indicating that the majority of

elevated fasting glucose development remained unex-

plained by these nine risk factors in obese individuals.

Table 1 Distribution of Baseline (2008) Characteristics of

Participants (n=10,805) Grouped by MetS Status at the End of

7-Year Follow-Up

Variables No MetS

(n=10,478)

MetS

(n=327)

P value

Men, n (%) 5163 (49.3) 228 (69.7) <0.001 a

Age (years), mean ± SD 41.73 ± 13.53 43.50 ± 13.78 0.020 b

BMI (kg/m2), mean ± SD 22.95 ± 3.04 26.62 ± 3.43 <0.001 b

FPG (mmol/L), mean ± SD 4.93 ± 0.38 5.10 ± 0.35 <0.001 b

TG (mmol/L), mean ± SD 0.90 ± 0.34 1.18 ± 0.30 <0.001 b

SBP (mmHg), mean ± SD 108.7 ± 9.87 114.0 ± 8.58 <0.001 b

DBP (mmHg), mean ± SD 71.96 ± 6.97 75.34 ± 6.16 <0.001 b

HDLC (mmol/L), mean ± SD 1.50 ± 0.31 1.30 ± 0.22 <0.001 b

Parental history of diabetes, n

(%)

2043 (19.5) 147 (44.9) <0.001 a

Waist-hip ratio, mean ± SD 0.78 ± 0.07 0.83 ± 0.08 <0.001 b

Breakfast frequency, n (%)

Never 1297 (12.4) 47 (14.4) 0.230 a

≤2 times/week 1052 (10.0) 23 (7.0)

3–6 times/week 1350 (12.9) 39 (11.9)

≥7 times/week 6779 (64.7) 218 (66.7)

Dietary patterns, n (%)

Balanced 8194 (78.2) 250 (76.4) 0.246

More meat 2148 (20.5) 69 (21.2)

More vegetarian 136 (1.3) 8 (2.4)

Eating speed, n (%)

Slow 1012 (9.7) 17 (5.2) <0.001 a

Medium 4334 (41.3) 118 (36.1)

Fast 5132 (49.0) 192 (58.7)

Physical activity intensity, n (%)

Large 1351 (12.9) 28 (8.6) 0.044 a

Medium 2985 (28.5) 104 (31.8)

Mild 2794 (26.7) 99 (30.3)

None 3348 (31.9) 96 (29.3)

Sleep duration, mean ± SD 7.5 ± 1.2 7.1 ± 1.2 <0.001 b

Alcohol consumption, n (%)

Never 3478 (33.2) 75 (22.9) <0.001 a

<1.5 kg/month 5479 (52.3) 186 (56.9)

1.5–3 kg/month 1093 (10.4) 40 (12.2)

>3 kg/month 428 (4.1) 26 (8.0)

Smoking, n (%)

Never smoker 4545 (43.4) 95 (29.1) <0.001 a

1–5 cigarettes/day 4467 (42.6) 162 (49.5)

6–20 cigarettes/day 1165 (11.1) 53 (16.2)

>21 cigarettes/day 301 (2.9) 17 (5.2)

Notes: aDetermined by χ2 test; bDetermined by independent two-sample t tests.
Abbreviations: MetS, metabolic syndrome; SD, standard deviation; BMI, body mass

index; FPG, fasting plasma glucose; TG, triglyceride; SBP, systolic blood pressure; DBP,

diastolic blood pressure; HDLC, high-density lipoprotein cholesterol.
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Table 2 Profiles of MetS Components of Subjects, Stratified by Different BMI Categories at Baseline

Variable

(Mean ± SD)

MHU MHN MHOW MHO F P value*

Total n 2612 5955 2065 173

FPG (mmol/L) Baseline 5.0 ± 0.4 4.9 ± 0.4 5.0 ± 0.4 5.0 ± 0.4

Follow-up 5.2 ± 0.4 5.2 ± 0.5 5.3 ± 0.6 5.3 ± 0.6

Δ Follow-up-Baseline 0.2 ± 0.5 0.2 ± 0.5 0.3 ± 0.7 0.4 ± 0.6 20.69 < 0.001

TG (mmol/L) Baseline 0.8 ± 0.3 0.9 ± 0.3 1.1 ± 0.3 1.3 ± 0.3

Follow-up 1.0 ± 0.6 1.1 ± 0.7 1.4 ± 1.1 1.4 ± 0.6

Δ Follow-up-Baseline 0.2 ± 0.5 0.2 ± 0.6 0.3 ± 1.0 0.1 ± 0.6 9.23 < 0.001

SBP (mmHg) Baseline 105.0 ± 10.2 108.6 ± 9.7 113.1 ± 8.1 115.5 ± 8.4

Follow-up 110.8 ± 14.2 113.8 ± 13.2 122.2 ± 13.8 128.6 ± 12.9

Δ Follow-up-Baseline 4.7 ± 12.6 5.2 ± 12.8 9.1 ± 13.8 12.6 ± 13.3 61.14 < 0.001

DBP (mmHg) Baseline 69.6 ± 7.3 71.8 ± 6.8 75.0± 5.9 77.4 ± 4.7

Follow-up 72.2 ± 9.4 71.3 ± 9.3 76.0 ± 9.5 79.5 ± 9.2

Δ Follow-up-Baseline 1.9 ± 8.9 −0.4 ± 9.0 1.0 ± 9.6 2.1 ± 9.2 34.13 < 0.001

HDLC (mmol/L) Baseline 1.6 ± 0.3 1.5 ± 0.3 1.3 ± 0.2 1.3 ± 0.2

Follow-up 1.5 ± 0.3 1.4 ± 0.3 1.2 ± 0.3 1.2 ± 0.3

Δ Follow-up-Baseline −0.1 ± 0.3 −0.1 ± 0.3 −0.1 ± 0.2 −0.1 ± 0.2 4.24 0.005

Men n 553 3123 1575 141

FPG (mmol/L) Baseline 4.9 ± 0.4 5.0 ± 0.4 5.0 ± 0.4 5.0 ± 0.4

Follow-up 5.3 ± 0.5 5.2 ± 0.5 5.3 ± 0.6 5.3 ± 0.6

Δ Follow-up-Baseline 0.4 ± 0.5 0.3 ± 0.5 0.3 ± 0.7 0.4 ± 0.7 4.83 0.002

TG (mmol/L) Baseline 1.0 ± 0.3 1.0 ± 0.3 1.1 ± 0.3 1.3 ± 0.2

Follow-up 1.3 ± 0.8 1.2 ± 0.7 1.4 ± 1.2 1.4 ± 0.6

Δ Follow-up-Baseline 0.3 ± 0.7 0.3 ± 0.7 0.3 ± 1.1 0.1 ± 0.6 3.27 0.020

SBP (mmHg) Baseline 109.2 ± 9.9 111.7 ± 8.4 113.8 ± 7.7 115.4 ± 8.3

Follow-up 118.4 ± 15.9 117.4 ± 12.3 123.0 ± 13.2 129.2 ± 13.4

Δ Follow-up-Baseline 6.2 ± 12.9 5.8 ± 12.6 9.2 ± 13.3 13.5 ± 13.9 33.65 <0.001

DBP (mmHg) Baseline 72.3 ± 7.2 73.6 ± 6.3 75.5 ± 5.7 77.4 ± 4.7

Follow-up 75.7 ± 10.9 73.7 ± 9.1 76.9 ± 9.4 80.3 ± 9.2

Δ Follow-up-Baseline 0.1 ± 8.5 0.1 ± 9.1 1.4 ± 9.4 2.9 ± 9.3 9.13 <0.001

HDLC (mmol/L) Baseline 1.4 ± 0.3 1.4 ± 0.3 1.3 ± 0.2 1.2 ± 0.2

Follow-up 1.3 ± 0.3 1.3 ± 0.3 1.2 ± 0.2 1.1 ± 0.2

Δ Follow-up-Baseline −0.1 ± 0.3 −0.1 ± 0.2 −0.1 ± 0.2 −0.1 ± 0.2 0.62 0.605

(Continued)
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Similarly, the RR of metabolically healthy obese indivi-

duals for the development of elevated blood pressure was 2.51

(95%CI 1.96–3.22). There wasmodest attenuation of inequal-

ities when adding risk factors to the models, with physical

activity (17%) and waist-hip ratio (17%), followed by sleep

(16%), contributing most to the inequalities. Accounting for

differences in all nine risk factors resulted in a total of 20%

attenuation of coefficients in the model, indicating that the

minority of inequalities in the development of elevated blood

pressure can be explained by these nine risk factors.

Common Changes in Metabolic Status
The support rate of the most common status change

(defined as the percentage of participants changing from

the initial status to another status via all possible transi-

tions), confidence rate (defined as the conditional prob-

ability of a specific new-onset component given the

presence of a component) and lift value (greater than 1

indicates a positive correlation) were examined (Table 4).

For visual simplicity, the ten most commonly observed

transitions ranked by confidence rate for all subjects and for

men and women are shown in Figure 2, Figures 3 and 4,

respectively. For example, 553 men were initially MHU at

baseline, and 324 (58.6%) of these men maintained an

absence of any components, while 65 (11.8%) developed

elevated plasma glucose by the end of the observation period.

Thirty-three out of 173 (19.1%) subjects who were MHO

and 342 out of 2065 (16.6%) subjects who were MHOW

developed elevated blood pressure as the primary component,

whereas 236 out of 2612 (9.0%) MHU subjects developed

elevated plasma glucose as the most common component of

MetS. As expected, the most common transition was from

healthy to healthy in the MHU and MHN groups (1898

(72.7%) and 4313 (72.4%), respectively), whereas 39 out of

173 (22.5%) MHO subjects remained unchanged.

Stratified by sex, 29 (20.6%) males who were MHO

and 261 (16.6%) males and 81 (16.5%) females who were

MHOW developed elevated blood pressure as the most

Table 2 (Continued).

Variable

(Mean ± SD)

MHU MHN MHOW MHO F P value*

Women n 2059 2832 490 32

FPG (mmol/L) Baseline 5.0 ± 0.3 4.9 ± 0.4 4.9 ± 0.4 5.0 ± 0.4

Follow-up 5.1 ± 0.4 5.1 ± 0.4 5.3 ± 0.7 5.4 ± 0.5

Δ Follow-up-Baseline 0.2 ± 0.4 0.2 ± 0.4 0.3 ± 0.8 0.5 ± 0.5 15.50 <0.001

TG (mmol/L) Baseline 0.8 ± 0.3 0.8 ± 0.3 1.0 ± 0.3 1.2 ± 0.3

Follow-up 1.0 ± 0.5 0.9 ± 0.5 1.2 ± 0.7 1.2 ± 0.3

Δ Follow-up-Baseline 0.2 ± 0.4 0.2 ± 0.5 0.2 ± 0.6 0.0 ± 0.4 2.00 0.112

SBP (mmHg) Baseline 104.4 ± 10.1 105.2 ± 9.9 111.1 ± 9.0 115.7 ± 9.0

Follow-up 109.0 ± 13.1 109.7 ± 12.9 119.9 ± 15.4 125.1 ± 9.2

Δ Follow-up-Baseline 4.4 ± 12.5 4.6 ± 13.0 8.6 ± 15.5 8.2 ± 7.9 13.73 <0.001

DBP (mmHg) Baseline 69.2 ± 7.2 69.7 ± 6.8 73.5 ± 6.2 77.3 ± 4.9

Follow-up 71.4 ± 8.8 68.8 ± 8.9 73.1 ± 9.6 75.4 ± 8.2

Δ Follow-up-Baseline 2.1 ± 9.0 −0.9 ± 8.9 −0.3 ± 10.0 −2.0 ± 7.0 39.07 <0.001

HDLC (mmol/L) Baseline 1.7 ± 0.3 1.7 ± 0.3 1.6 ± 0.2 1.5 ± 0.1

Follow-up 1.5 ± 0.3 1.5 ± 0.3 1.4 ± 0.3 1.4 ± 0.3

Δ Follow-up-Baseline −0.1 ± 0.3 −0.1 ± 0.3 −0.1 ± 0.3 −0.1 ± 0.2 0.45 0.715

Note: *P-value was based on ANOVA test.

Abbreviations: MetS, metabolic syndrome; BMI, body mass index; SD, standard deviation; FPG, fasting plasma glucose; TG, triglyceride; SBP, systolic blood pressure; DBP,

diastolic blood pressure; HDLC, high-density lipoprotein cholesterol.
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frequent component. Sixty-five (11.8%) males and 100

(4.9%) females who were MHU developed elevated fast-

ing glucose. Among the 141 males with MHO, 31 (22.0%)

remained unchanged, and 29 (20.6%) had elevated blood

pressure as the primary additional component. Males with

MHOW were more susceptible to developing high blood

pressure (261/1575, 16.6%) and high triglyceride (153/

1575, 9.7%), whereas males who were MHU were more

likely to develop elevated plasma glucose (65/553,

11.8%). Females who were MHOW were more likely to

develop high blood pressure (81/490, 16.5%) and high

triglycerides (38/490, 7.8%), and in the MHU group, ele-

vated plasma glucose (100/2059, 4.9%) and high triglycer-

ides (153/2059, 9.7%) were more likely to occur

separately.

Discussion
The current study linked the patterns of longitudinal

changes in MetS components to BMI categories at base-

line in metabolically healthy Chinese urban adults after

adjusting for other well-known metabolic risk factors.

MHO and MHOW were significantly associated with a

greater risk of developing MetS and individual metabolic

abnormalities. Furthermore, subjects who were MHO and

MHOW developed elevated blood pressure most fre-

quently, and MHU subjects developed elevated blood glu-

cose most commonly regardless of sex.

Comparison with Other Studies and

Implications
In our study, MHO or MHOW individuals had a higher

relative risk of developing individual components of MetS

than individuals in the MHN group after adjusting for

lifestyles factors, dietary habits and sleep behaviours and

thus were more susceptible to developing MetS. This

result was consistent with previous studies.26,27 In other

studies, both the severity and duration of obesity were

positively associated with incident MetS, suggesting that

MHO is a transient state in the pathway to MetS.

This study also demonstrated that BMI categories were

associated with profiles of longitudinal changes in fasting

plasma glucose, systolic blood pressure, and diastolic

blood pressure in both males and females. Our findings

were consistent with previous studies. For example, a

prospective 4.5-year cohort study of individuals aged

40–65 years also found that BMI is the central feature of

MetS in both sexes by analyzing BMI change and the

contributions of BMI to MetS components.10

Inflammation could be an underlying factor that deter-

mines the differences in metabolic profiles between sub-

groups of obesity.28 An improved understanding and

characterization of these subgroups should help in the

development of innovative approaches to treat obesity

effectively. Although it is unclear whether there is a uni-

fying pathophysiological mechanism resulting in MetS,

abdominal adiposity appears to be central to MetS and

each of its individual components.29,30 These findings

help to explain the association between subclinical inflam-

mation and the risk of metabolic complications.

In our study, MHO or MHOW people had elevated

blood pressure as a secondary MetS component. Another

study confirmed that in both males and females, MHO

people had higher blood pressure, and people with MetS

tended to have hypertension.31–33 This is mainly a conse-

quence of systemic low-grade inflammation. An important

link between obesity and MetS seems to be the develop-

ment of insulin resistance in peripheral tissues, leading to

an enhanced hepatic flux of fatty acids from dietary

sources, intravascular lipolysis, and adipose tissue resis-

tance to the antilipolytic effects of insulin.34 Previous

reports have indicated that a pro-inflammatory state and

oxidative stress are crucial for evaluating cardiometabolic

risk. Factors including acylation-stimulating protein, thyr-

oid-stimulating hormone, creatinine, serum lipoprotein(a),

platelet-activating factor acetyl hydrolase, and asymmetric

dimethyl arginine are key factors in the triggering of

systemic low-grade inflammation and enhancing autoim-

mune reactions, which may induce obesity and MetS.35

However, the components of MetS are reported to cluster

in a way that varies between different populations.31,36,37

BMI categories
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Figure 1 The accumulated incidence of metabolic abnormalities stratified by BMI

categories at baseline.
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We also found that MHU people had impaired fasting

glucose. The potential inverse relationship between vita-

min D status and MetS may be attributable to the

conjunctive effects of obesity and incident insulin

resistance.38 Most subjects who started off as healthy

remained healthy in the study, which is similar to the result

Table 4 Top Ten Transitions of Metabolic Status from Baseline BMI Categories to Status at Follow-Up

Rules

No.

BMI Categories at

baseline

Metabolic Status at

follow-up

n Confidence

Rate (%)

Support Rate

(%)

Lift

value

Total 1 MHU Absence 1898 72.7 17.5 1.1

2 MHN Absence 4313 72.4 39.7 1.1

3 MHO Obese 39 22.5 0.4 28.8

4 MHO Obese &HBP 33 19.1 0.3 31.9

5 MHOW HBP 342 16.6 3.2 1.7

6 MHOW HTG 191 9.3 1.8 1.4

7 MHU HFPG 236 9.0 2.2 1.2

8 MHOW HFPG &HBP 77 3.7 0.7 1.8

9 MHOW HBP &HTG 64 3.1 0.6 1.7

10 MHOW HFPG &HTG 42 2.0 0.4 1.4

Men 1 MHN Absence 1986 63.6 36.6 1.1

2 MHU Absence 324 58.6 6.0 1.0

3 MHO Obese 31 22.0 0.6 20.6

4 MHO Obese &HBP 29 20.6 0.5 21.5

5 MHOW HBP 261 16.6 4.8 1.3

6 MHU HFPG 65 11.8 1.2 1.4

7 MHOW HTG 153 9.7 2.8 1.1

8 MHO Obese &HFPG &HBP 8 5.7 0.2 15.4

9 MHO Obese &HTG 8 5.7 0.2 12.8

10 MHO Obese &HBP &HTG 7 5.0 0.1 13.5

Women 1 MHN Absence 2327 82.2 42.8 1.1

2 MHO Obese 8 25.0 0.2 50.3

3 MHOW HBP 81 16.5 1.5 2.3

4 MHU HFPG 171 8.3 3.2 1.3

5 MHOW HTG 38 7.8 0.7 1.7

6 MHU HTG 100 4.9 1.8 1.0

7 MHOW HFPG&HBP 11 2.2 0.2 2.3

8 MHOW Obese 8 1.6 0.2 3.3

9 MHU HFPG&HBP 26 1.3 0.5 1.3

10 MHOW Obese &HBP &HTG 6 1.2 0.1 6.7

Abbreviations: BMI, body mass index; MHU, metabolically healthy underweight; MHN, metabolically healthy normal-weight; MHO, metabolically healthy obese; MHOW,

metabolically healthy overweight; HBP, high blood pressure; HTG, high triglyceride; HFPG, high fasting plasma glucose.
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Figure 3 Top ten transitions of metabolic status from baseline BMI categories to status at follow-up in men.

Abbreviations: MHN, metabolically healthy normal-weight; Healthy, with absence of any MetS components; MHU, metabolically healthy underweight; MHO, metabolically

healthy obese; HBP, high blood pressure; MHOW, metabolically healthy overweight; HFPG, high fasting plasma glucose; HTG, high triglyceride.

Figure 2 Top ten transitions of metabolic status from baseline BMI categories to status at follow-up in all subjects.

Abbreviations: MHU, metabolically healthy underweight; Healthy, with absence of any MetS components; MHN, metabolically healthy normal-weight; MHO, metabolically

healthy obese; MHOW, metabolically healthy overweight; HBP, high blood pressure; HTG, high triglyceride; HFPG, high fasting plasma glucose.
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of a previous study in a German population.39 In most

circumstances, “healthy” was the predominant status in

our study, and subjects with a single MetS component

tended to return to a “healthy” status. However, MHO

was shown to be a transient state in Japanese Americans,

with nearly two-thirds developing metabolically unhealthy

obesity over 10 years, with a higher conversion to meta-

bolically unhealthy obesity independently associated with

visceral and abdominal adiposity, higher fasting insulin

level and lower baseline high-density lipoprotein choles-

terol levels.40

In addition to the five components of MetS, the pro-

thrombotic and pro-inflammatory states are essential fea-

tures based on the evidence of impaired function of adipose

tissue. This seems to be an important mechanism determin-

ing the individual risk of developing metabolic and cardio-

vascular comorbidities.41–43 Additionally, an important

study provided evidence for the development of adipose

tissue dysfunction in which adipokine secretion was signif-

icantly altered towards a pro-inflammatory, atherogenic and

diabetogenic pattern.41 These changes in adipokine secre-

tion presumably link impaired adipose tissue function to

insulin resistance and cardiovascular disease.42 Several stu-

dies have shown that a steep increase in BMI towards

overweight and obesity is the major cause of the growing

prevalence of diabetes and vice versa.44

Obesity has been found to be independently and sig-

nificantly related to diabetes, cardiovascular mortality and

coronary artery disease risk.45,46 To prevent increasing

morbidity and mortality due to obesity-related diabetes,

MetS and cardiovascular disease, there is an urgent need

to initiate large-scale community intervention programmes

focusing on increased efforts in the context of lifestyle and

dietary behaviours. Recent studies have focused on sleep

behaviours, sedentary behaviours and low physical activity

levels.47 These behaviours are highly complex, operating

in synergy with each other, disrupting the link between

regulation of the circadian clock and metabolic physiology

and impacting various components of daily energy expen-

diture and feeding behaviours to promote obesity. As such,

the behavioural triad (nutrition, movement and sleep) pre-

sents plenty of opportunities for intervention and optimi-

zation in the context of body weight regulation and MetS

prevention. Another study showed differences in weight

change between MHN and MHO adults, which supports

recommendations for weight loss in MHO individuals to

avoid increasing risk factors associated with weight main-

tenance and weight gain.48

Figure 4 Top ten transitions of metabolic status from baseline BMI categories to status at follow-up in women.

Abbreviations: MHN, metabolically healthy normal-weight; Healthy, with absence of any MetS components; MHO, metabolically healthy obese; MHOW, metabolically

healthy overweight; HBP, high blood pressure; MHU, metabolically healthy underweight; HFPG, high fasting plasma glucose; HTG, high triglyceride.
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Strengths and Limitations
Our study has several strengths. This study is the first to

evaluate the influence of metabolically healthy obesity on

the longitudinal path to MetS and its components in

Chinese urban adults after adjusting for dietary habits,

lifestyles factors and sleep behaviours. The second

strength is that the study collected data from a relatively

large population. Finally, the prospective cohort study

design and relatively long follow-up period help determine

the true relationship between BMI categories and MetS

among metabolically healthy adults. However, several lim-

itations need to be addressed. First, this study was con-

ducted using a sample of the Beijing population, and

therefore our findings have limited generalizability to

other populations. Second, because information regarding

lifestyle was self-reported, measurement errors are inevi-

table. Third, several transitions occurred in a limited num-

ber of participants, which may be a limitation to assessing

the health status transition.

Conclusion
MHO and MHOW statuses were associated with the inci-

dence of metabolic abnormalities. MHO and MHOW par-

ticipants developed elevated blood pressure most

frequently, and MHU subjects developed elevated blood

glucose most commonly regardless of sex. More effective

risk mitigation strategies are needed for MHO people to

prevent them from developing MetS.

Abbreviation
BMI, body mass index; MHO, metabolically healthy

obese; MHOW, metabolically healthy overweight; MHN,

metabolically healthy normal-weight; MHU, metabolically

healthy underweight; MetS, metabolic syndrome; FPG,

fasting plasma glucose; HDLC, high-density lipoprotein

cholesterol; RR, relative risk; CI, confidence interval;

ARM, association rule mining; SD, standard deviation;

TG, triglyceride; SBP, systolic blood pressure; DBP, dia-

stolic blood pressure; HBP, high blood pressure; HTG,

high triglyceride; HFPG, high fasting plasma glucose.
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