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Editorial on the Research Topic

Association of novel anthropometric indexes with metabolic syndrome
The prevalence of being overweight and obese has been increasing in people living in

both developed and developing countries (1). Obesity is linked to cardiometabolic risk

factors, including insulin resistance, type 2 diabetes, hyperlipidemia, and hypertension,

all of which can lead to cardiometabolic diseases (2, 3). Body Mass Index (BMI), defined

as weight (kg)/height (m)2 has been used since 1970 to classify obesity in adults. One of

the main limitations of BMI is the fact that it measures excess weight rather than excess

fat (4). Recently, novel anthropometric measures, such as body shape index, hip index,

body surface area, vertical trunk circumference, and visceral adiposity index, have been

developed to overcome the BMI limitations (5). Due to the strong association between

obesity and a long list of complications, which all are responsible for the increased risk of

morbidity and mortality, the current Research Topic entitled “Association of Novel

Anthropometric Indexes with Metabolic Syndrome” was initiated. Two main objectives

of the current Research Topic are studying the link between novel anthropometric

indices and cardiometabolic risk factors, and comparing the association between novel

and traditional anthropometric indices and cardiometabolic risk factors.

Overall, the present Research topic collection is compiled from authors from various

countries and examines the relationship between obesity and cardiometabolic risk factors

such as insulin resistance, and type 2 diabetes.

In the first article of this Research Topic, by Xi et al., an association was found

between being overweight and a 94% increased risk of hypertension in 30,617 twin

individuals selected from the Chinese National Twin Registry (CNTR). They comment

that common genetic predisposition and early-life environments are linked with obesity
frontiersin.org01
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and hypertension; the effect of the environment however proved

to be less significant. In a study by Kim et al. non-diabetic

subjects scheduled to undergo bariatric surgery, showed that

increased adiposity, visceral fat area (VFA), and the homeostatic

model for insulin resistance (HOMA-IR) were independent risk

factors of polyneuropathy (PN). As for the participants with

diabetes, however, the role of fibrosis detected as increased

expression of fibrotic genes such as TIMP1 was more

significant. These studies, along with many others, highlight

the need for a more accurate tool to diagnose the high-risk obese

individuals who may benefit from intervention. Despite the

common usage of BMI in determining obesity, many studies

have pointed out its shortcomings, such as incapability in

distinguishing adipose mass from muscle and thus

differentiating between low- and high-risk phenotypes of

obesity. As a result, several articles in this Research Topic (Liu

et al., Khonsari et al., Wang et al., Sun et al., Guo et al., Li et al.)

investigated the association between novel anthropometric

indexes and cardiometabolic risk factors for screening and the

management of obesity.

In this regard, some articles have used a combination of

existing markers with BMI to improve its efficacy. In the Liu

et al. study, BMI is combined with waist circumference to assess

35,557 adults (51.1% women with a total mean age of 44.9 years)

from the National Health and Nutrition Examination Survey

(NHANES 1999-2014). The authors confirm waist-BMI ratio to

be a promising marker for determining the high-risk phenotype

of obesity. They conclude this ratio to be a better discriminatory

proxy of mortality (all cause and cardiovascular mortality)

compared with each of the markers alone.

Another novel anthropometric index is normal weight

obesity (NWO), which shows normal BMI but with high-fat

percentage. Khonsari et al. in their systematic review/meta-

analysis study, pooled the results of the studies assessing the

correlation between NWO and cardiometabolic risk factors. In

their meta-analysis, a significant association is observed between

NWO and cardiometabolic risk factors. They assert body fat

percentage to be a better index than BMI for obesity

risk assessment.

Liu et al. reported an increased risk of diabetes in

hypertensive individuals with high adiposity index, defined by

high waist-to-height ratio (WHtR). They suggest WHtR as a

non-invasive, cost-saving public health tool to assess diabetes

risk among the hypertensive adult population. As pediatric

obesity is also associated with increased incidence of

cardiometabolic risk factors, the usefulness of WHtR is also

assessed in children and adolescents. In a cross-sectional

population-based study, WHtR is used to identify the presence

of left ventricular hypertrophy (LVH) and geometric (LVG) as

markers of cardiac structural damage (Wang et al.). They report

WHtR to be a similar or better predictive tool compared with

BMI and both to be stronger than waist circumference in
Frontiers in Endocrinology 02
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identifying children at risk of subclinical cardiac structural

damage in adulthood.

Others, however, have focused on newer markers to assess body

fat and replace BMI. In a systematic review, Sun et al. studied the

value of tri-ponderal mass index, calculated as weight (kg)/height

(m3) and defined it as a new indicator for adiposity and obesity-

related cardiovascular risk factors (CVRFs) in children and

adolescents. The results of this systematic review revealed that tri-

ponderal mass index had a similar or better ability to predict body

fat compared with BMI. Despite being similar to BMI in identifying

MetS, tri-ponderal mass index is suggested to be a useful tool when

used in combination with other indicators (e.g., BMI and waist

circumference). In addition, limited evidence shows that tri-

ponderal mass index does not perform better than BMI in

identifying specific CVRFs, including insulin resistance, high

blood pressure, dyslipidemia, and inflammation in children and

adolescents, as well as CVRFs in adults.

Visceral adipose (VA) tissue defined as an “ectopic fat” can

increase the risk of metabolic syndrome (MetS) by stimulating

systemic inflammation, insulin resistance, and metabolic

profiles. From among the VA tissue deposits, perirenal fat

thickness can be easily measured using ultrasound, CT, and

MRI scanning. In addition to its special anatomical structure,

perirenal fat thickness can modulate the metabolism system. It

can, thus, be a promising surrogate marker in identifying MetS.

Guo et al. reported a significant association between perirenal fat

thickness andMetS, as well as its components in individuals with

newly diagnosed diabetes.

In the ninth article, Li et al. assessed the association between

four anthropometric indexes including lipid accumulation

products, waist-triglyceride index, visceral obesity index,

triglyceride and glucose index, and MetS in the National

Health and Nutrition Examination Survey (NHANES). The

NHANES, a population-based study conducted between 1996-

2006, is representative of the American adults. The authors

concluded that the products of lipid accumulation were the

strongest predictor of MetS in both sexes, suggesting them to be

a more suitable tool to predict MetS in the clinical setting.

In another attempt, researchers looked into circulating

biomarkers. In the article by Hu et al., increased serum levels

of C1q/TNF-related protein 7 (CTRP7) were reported in MetS

patients, suggesting they are a possible biomarker for detecting

metabolic diseases. This is in line with previous animal studies

that had linked CTRP7 with energy metabolism. In this study,

serum levels of CTRP7 were confirmed to be significantly higher

in MetS patients, showing a positive correlation with waist

circumference, blood pressure, fasting blood glucose, 2h-blood

glucose and triglyceride, but a negative correlation with HDL-C

and adiponectin. They also confirmed a strong link between

CTRP7 and metabolism-related genes and signal pathways by

performing interventional studies (HEC, OGTT and lipid

infusion) in healthy individuals.
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In the eleventh article, an abnormal amino acid profile is

reported in a cohort on the Chinese Han population (Sun et al.).

This finding is the continuation of studies linking certain plasma

amino acids with visceral obesity, insulin resistance, future

development of diabetes, and cardiovascular diseases. Targeted

liquid chromatography/tandem mass spectrometry (LC/MS)

combined with principal component analysis (PCA) suggests a

profile consisting of 12 amino acids (isoleucine, leucine, valine,

tyrosine, tryptophan, glutamic acid, aspartic acid, alanine,

histidine, methionine, asparagine, and proline) as capable of

assessing and monitoring of MetS risk. Reduced taurine levels

show promising results for early diagnosis of the disease.

Galectin-3-binding protein (GAL-3BP) is a glycoprotein

known for its functions in innate immunity and is a potential

mediator of adipose inflammation in obesity. The study by Zhen

et al. showed a positive association between serum GAL-3BP and

MetS in the Chinese population. This association is more

significant among postmenopausal women.

Childhood obesity, regardless of age, results in adulthood

obesity. One of the factors associated with early childhood

obesity is maternal smoking. Hirai et al. reported urinary

cotinine concentration as an accurate and quantitative marker

for maternal smoking and childhood obesity among 89,617

mother-infant singleton pairs. They used the concentrations of

cotinine in the mothers’ urine, rather than their smoking classes,

to predict childhood obesity in a dose-dependent manner.

Infrared thermography (IRT) is a non-contact and non-

invasive technique, in which infrared emanated radiation from

the body is captured and converted into temperature. This is then

used for early screening of numerous diseases such as breast cancer

and diabetic neuropathy. The skin temperature affected by local

blood perfusion can, to some extent, determine tissue activity. For

example, skin temperature of the anterior supraclavicular can

reflect metabolic changes by detecting activated brown adipose

tissue (BAT). Gao et al. assess the association of IRT and

temperature distribution of the face, palms, feet, and the trunk
Frontiers in Endocrinology 03
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area with MetS. They report a positive correlation between the

temperature of face, palms, and dorsum of feet and the number of

MetS components. As for the temperature of the anterior trunk,

they show a negative association.

To conclude, all articles in this Research Topic collection

propose novel anthropometric indexes as well as their

association with MetS. This Research Topic has a great

scientific impact and points out the importance of early

detection of obesity in all ages and both genders. Moreover,

they highlight current research gaps, paving the way for future

research on the topic as well as practical strategies to overcome

the existing shortcomings.
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Objective: Measuring the body mass index (BMI) or waist circumference (WC) alone is
insufficient for assessing possible health risks due to obesity. This study aimed to
investigate whether the quotient of WC and BMI can be used as a proxy of the high-
risk phenotype of obesity.

Methods: Data for analysis were derived from the National Health and Nutrition
Examination Survey (NHANES 1999-2014). The Waist-BMI Ratio was defined as WC
divided by BMI. The associations between Waist-BMI Ratio and mortality were estimated
using Cox regression models. Restricted cubic spline and two-piecewise linear regression
models were used to identify non-linear relationships. The discriminative abilities of
different anthropometric measures were compared using receiver operating
characteristic curves (ROC).

Results: This study is based on data from 35557 adults (51.1% female, mean age 44.9
years). During an average follow-up of 101.8 months, 3680 participants died, including
807 of cardiovascular causes. In fully adjusted models, Waist-BMI Ratio was
independently associated with overall (hazard ratio [HR], 1.78; 95% confidence interval
[CI], 1.48-2.13) and cardiovascular (HR, 1.77; 95% CI, 1.25-2.52) mortality. Spline
analyses revealed that dose-response relationships existed between Waist-BMI Ratio
and death. The mortality risk rises dramatically above the cut-off point of the Waist-BMI
Ratio (HR, 3.22; 95% CI, 2.43-4.26 for overall mortality and HR, 3.07; 95% CI, 1.71-5.52
for cardiovascular mortality). ROC curve analysis suggested that Waist-BMI Ratio was a
better discriminator of mortality (AUC 0.637 for overall and 0.639 for cardiovascular
mortality) than BMI, WC, and waist-to-height ratio (Delong’s test all P <0.001).

Conclusions: Waist-BMI Ratio was independently associated with overall and
cardiovascular mortality in a J-shaped pattern, offering an immense potential risk
marker for obesity in the clinical setting.
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INTRODUCTION

Obesity has been recognized as one of the three gravest threats to
human health and survival (1). It is responsible for 40% of cases
of cardiovascular disease, most cases of type 2 diabetes, and more
than 10% of gastrointestinal as well as urogenital cancer (2).
Although increasing attention is being given to the problem, the
prevalence of overweight and obesity has doubled since 1980
around the world and has shown a continuous increase in most
countries (3). To reverse this growth and reduce the healthcare
burden, accurate assessments of obesity are essential in order to
identify high-risk individuals and thus implement appropriate
behavior modifications and early therapeutic intervention.

Although multiple methods have been developed to assess
obesity, each method has its own strengths and weaknesses.
Imaging-based methods, such as dual x-ray absorptiometry and
magnetic resonance imaging, can offer precise assessments and
body fat quantifications (4). However, these technologically
complex methods are too expensive and time-consuming for
regular screening. The body mass index (BMI) is a simple
anthropometric measure that has been routinely used to
identify overweight individuals and estimate body fat (5).
Nevertheless, BMI fails to describe body fat distribution and
distinguish lean mass from fat mass, which has sparked the
controversy related to “obesity paradox” (6–8). Prior studies
have demonstrated that visceral adipose tissue (VAT) has an
adverse impact on the cardiovascular and metabolic systems (4,
9), while certain types of peripheral fat could actually be
metabolically, immunologically, and mechanically protective,
and act as a cushion for potential health shocks (10, 11). Waist
circumference (WC) and waist-to-height ratio (WtHR) are more
accurate anthropometric measures of VAT but there are
limitations with the use of either measure alone (12, 13).

Integration of BMI withWC/WtHR in clinical assessment has
been recommended, as it may be able to discriminate the higher-
risk phenotype of obesity (14, 15); it has been generally
implemented by BMI stratification or introducing both
variables into regression models. Studies have revealed that
WC is positively correlated with mortality after adjustment for
BMI, and patients with higher WtHR and lower BMI are at the
highest risk of developing cardiovascular events (16–18).
However, no study has yet focused on whether the quotient of
WC and BMI (Waist-BMI Ratio) can be used to distinguish the
high-risk phenotype of obesity. In this study, we evaluated the
relationship of the Waist-BMI Ratio with cause-specific
mortality and compared its predictive capacity with traditional
anthropometric measures, including BMI, WC, and WtHR.
MATERIALS AND METHODS

Study Design and Participants
The study population was drawn from the National Health and
Nutrition Examination Survey (NHANES). The NHANES is a
national, cross-sectional, multistage, probability sampling survey
used to provide representative samples of the non-institutionalized
Frontiers in Endocrinology | www.frontiersin.org 29
US resident population (19). The survey protocols were approved
by the ethics review board of the National Center for Health
Statistics, and informed consent was obtained from all
participants. Our analysis involved all participants who were ≥ 18
years old from NHANES 1999-2000 to NHANES 2013-2014. After
excluding those with missing data and with cancer at baseline, the
final study size comprised 35557 individuals (Figure 1).

Anthropometric Measurements
Height, weight, and waist circumference were measured by
trained personnel following a standard protocol (19). Waist
circumferences were measured at the uppermost lateral border
of the right ilium to the nearest 1 millimeter. BMI was calculated
as weight in kilograms divided by height in meters squared.
Waist-to-height ratio was calculated as waist circumference in
centimeters divided by height in centimeters. Waist-BMI Ratio
was defined as waist circumference in centimeters divided
by BMI:

Waist − BMI ratio = waist circumference (cm)=body mass index (kg=m2) :

Outcomes
Mortality status for NHANES participants was ascertained
through probabilistic record matching with the National Death
Index (20). The primary outcome of this study was overall
mortality and the secondary outcome was cardiovascular
mortality, assessed via underlying causes of death with
International Classification of Diseases, 10th Revision (ICD-10)
codes I00–I09, I11, I13, I20–I51, and I60–I69 (21).

Covariates
Demographic information including age, gender, and race/
ethnicity (categorized as non-Hispanic white, non-Hispanic
black, other Hispanic, Mexican American, and other) was
collected by standard questionnaires. Past medical history,
prescription medication use, and smoking status were self-
reported. Blood pressure was measured by trained personnel.
Lipid profile data were derived from laboratory measurements.
The estimated glomerular filtration rate (eGFR) was calculated
using the Modification of Diet in Renal Disease formula (22).
Cardiovascular disease (CVD) was defined as self-reported
coronary artery disease, angina, heart attack, or stroke.
Diabetes was defined as a self-reported history of diabetes,
diabetes medication use, fasting blood glucose level of at least
7.0 mmol/L, or a hemoglobin A1c (HbA1c) level of at least 6.5%
(23). Hypertension was defined as a self-reported history of
hypertension, receiving blood pressure control medication,
systolic blood pressure of at least 140 mmHg, or diastolic
blood pressure of at least 90 mmHg (24).

Statistical Analysis
To account for the complex survey design of NHANES,
appropriate sampling weights were used to reconstitute data on
the US non-institutionalized population. Participants were
divided into quintile groups by the Waist-BMI Ratio. The
mean or percentage, with standard error (SE), was provided by
May 2021 | Volume 12 | Article 697437
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quintile groups. The linear trend for baseline characteristics was
tested by linear or logistic regression whenever appropriate.
Kaplan-Meier survival analyses were performed to evaluate the
incidence rate of mortality among Waist-BMI Ratio groups, and
discrepancies among groups were evaluated by log-rank test.
Three sets of Cox proportional hazard models were constructed
to evaluate associations with mortality from the date of medical
examination to the date of either death or censoring (December
31, 2015), whichever came first. Tests for linear trends were also
performed, by entering the mean value of each quintile group of
Waist-BMI Ratio as a continuous variable. Restricted cubic
regression splines were employed to examine the associations
of different anthropometric measures with mortality. We used a
two-piecewise linear regression model to evaluate the nonlinear
relationships between Waist-BMI Ratio and mortality, and the
optimal cut-off points were set by testing all possible values and
selecting the cut-off values with the highest likelihood. The
difference between one-line linear regression models and two-
piecewise linear regression models was assessed by means of
logarithmic likelihood ratio tests. To compare the effects of
Frontiers in Endocrinology | www.frontiersin.org 310
different anthropometric measures, we used the receiver
operating characteristic (ROC) curve and the area under the
ROC curve (AUC) to identify the ability of baseline BMI, WC,
WtHR, and Waist-BMI Ratio to predict mortality events. The
statistical significance of the differences in AUC was calculated
with Delong’s test. All analyses were conducted in R version 4.0.3
(R Foundation for Statistical Computing), including the rms,
survey, pROC, and survminer packages. Two-sided P < 0.05 was
regarded as a significant difference.
RESULTS

Baseline Characteristics
Data were analyzed for 35557 adults from the continuous
NHANES survey (1999–2014); 51.1% were females, and the
mean age was 44.9 years. Baseline characteristics stratified by
Waist-BMI Ratio are presented in Table 1. Briefly, during the
average follow-up period of 101.8 months, 3680 deaths were
recorded and 807 of them were attributed to cardiovascular
FIGURE 1 | Study cohort.
May 2021 | Volume 12 | Article 697437
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disease. The ranges of Waist-BMI Ratio were: Q1: 1.80-3.20;
Q2: 3.20-3.39; Q3: 3.39-3.56; Q4:3.56-3.75; Q5: 3.75-5.56.
Individuals in the upper Waist-BMI Ratio quintiles tended
to be older, male, and have higher rates of smoking and
CVD. High density lipoprotein (HDL) cholesterol levels
and mortality risk tended to be higher with the increase
of Waist-BMI Ratio while eGFR and WtHR were decreased
with increasing Waist-BMI Ratio quintiles (all P for trend
< 0.001).
The Association of Waist-BMI Ratio and
Other Anthropometric Measures With
Overall and Cardiovascular Mortality
As shown in Table 2, the crude incidence rate per 1000 person-
years of overall and cardiovascular mortality rose dramatically
with increasing Waist-BMI Ratio categories. Kaplan-Meier
curves for mortality showed significant differences among the
Waist-BMI Ratio quintile groups (Figure 2, both log-rank P <
0.001). After adjustment for all covariables, including age,
gender, race, smoking, systolic blood pressure, HDL-
Frontiers in Endocrinology | www.frontiersin.org 411
cholesterol, total cholesterol, eGFR, hypertension, diabetes,
CVD, antihypertensive drugs, hypoglycemic agents, lipid-
lowering drugs, and antiplatelet drugs, Waist-BMI Ratio was
positively associated with overall (hazard ratio [HR], 1.78; 95%
confidence interval [CI], 1.48-2.13; P < 0.001) and
cardiovascular (HR, 1.77; 95% CI, 1.25-2.52; P = 0.001)
mortality as a continuous linear variable. When using the
lowest Waist-BMI Ratio quintile (Q1) as the reference,
significant association with overall death can be seen for the
upper quintile (HR, 1.40; 95% CI, 1.17-1.67; P < 0.001).
However, the relationship between the highest Waist-BMI
Ratio quintile (Q5) and cardiovascular death was not
significant (HR, 1.34; 95% CI, 0.95-1.88; P = 0.094).

Restricted cubic splines (Figure 3) demonstrated a J-shaped
relationship of Waist-BMI Ratio with overall (non-linear P <
0.001) and cardiovascular mortality (non-linear P =0.017), while
other anthropometric measures, including BMI, WC, and WtHR,
showed asymmetrical U-shaped relationships with mortality (all
non-linear P < 0.001). Significant differences were detected
between the linear regression models and the two-piecewise
regression models (log-likelihood ratio test P<0.001 for overall
TABLE 1 | Baseline characteristics according to Waist-BMI Ratio quintiles.

Variables Total Waist-BMI Ratio P for trend

Q1 Q2 Q3 Q4 Q5

Number 35557 7112 7111 7111 7112 7111
Age, years 44.9 (0.19) 42.7 (0.26) 42.4 (0.27) 44.1 (0.25) 45.7 (0.31) 49.4 (0.31) <0.001
Gender-female, % 51.1 (0.27) 78.8 (0.60) 56.5 (0.86) 44.9 (0.67) 40.2 (0.62) 37.2 (0.85) <0.001
Race, %
Mexican American 8.6 (0.61) 10.5 (0.80) 11.1 (0.86) 9.4 (0.69) 7.6 (0.54) 4.7 (0.43) <0.001
Other Hispanic 5.7 (0.54) 7.7 (0.77) 6.8 (0.72) 5.5 (0.54) 5.1 (0.54) 3.5 (0.46) <0.001
Non-Hispanic White 67.7 (1.17) 56.6 (1.52) 62.5 (1.51) 68.2 (1.26) 72.1 (1.08) 78.2 (1.04) <0.001
Non-Hispanic Black 11.6 (0.64) 20.6 (1.14) 13.5 (0.79) 10.2 (0.65) 7.8 (0.48) 6.6 (0.44) <0.001
Other 6.4 (0.32) 4.6 (0.39) 6.1 (0.47) 6.7 (0.49) 7.5 (0.46) 7.0 (0.49) <0.001

Smoking, % 46.2 (0.56) 36.7 (0.70) 42.8 (0.85) 45.6 (0.80) 49.9 (0.97) 55.4 (1.04) <0.001
Systolic blood pressure, mmHg 121.6 (0.18) 122.5 (0.28) 121.1 (0.29) 121.1 (0.24) 121.3 (0.28) 122.2 (0.33) 0.548
Diastolic blood pressure, mmHg 71.0 (0.16) 71.7 (0.24) 71.2 (0.25) 71.1 (0.23) 70.8 (0.22) 70.2 (0.21) <0.001
eGFR, mg/min/1.73m2 87.6 (0.32) 90.5 (0.49) 89.1 (0.43) 86.7 (0.45) 86.2 (0.45) 85.9 (0.48) <0.001
Total cholesterol, mg/dL 197.9 (0.37) 197.0 (0.59) 198.2 (0.66) 198.7 (0.69) 199.0 (0.65) 196.5 (0.74) 0.903
HDL-cholesterol, mg/dL 52.7 (0.16) 51.2 (0.27) 51.2 (0.28) 51.9 (0.25) 53.6 (0.26) 55.4 (0.26) <0.001
Body Measures
Waist circumference, cm 97.4 (0.18) 107.2 (0.36) 98.9 (0.30) 96.4 (0.24) 93.9 (0.23) 91.3 (0.20) <0.001
Body mass index, kg/m2 28.4 (0.07) 36.1 (0.14) 30.0 (0.09) 27.7 (0.07) 25.8 (0.06) 23.3 (0.05) <0.001
Waist-Height Ratio 0.58 (0.001) 0.66 (0.002) 0.59 (0.002) 0.57 (0.001) 0.55 (0.001) 0.53 (0.001) <0.001
Waist-BMI Ratio 3.48 (0.003) 2.99 (0.003) 3.30 (0.001) 3.48 (0.001) 3.65 (0.001) 3.93 (0.003) <0.001

Comorbidities, %
Diabetes 11.2 (0.22) 14.9 (0.54) 11.6 (0.54) 10.9 (0.45) 8.9 (0.39) 10.2 (0.43) <0.001
Hypertension 36.1 (0.46) 41.7 (0.86) 34.7 (0.77) 33.7 (0.70) 34.0 (0.70) 36.8 (0.84) <0.001
Cardiovascular disease 6.4 (0.19) 5.1 (0.31) 5.2 (0.36) 6.1 (0.33) 6.9 (0.39) 8.9 (0.43) <0.001

Medicine use, %
Antihypertensive drugs 20.7 (0.4) 25.7 (0.81) 18.9 (0.64) 19.1 (0.60) 18.5 (0.64) 21.7 (0.70) <0.001
Hypoglycemic agents 6.0 (0.17) 8.2 (0.41) 6.3 (0.42) 5.5 (0.31) 4.5 (0.29) 5.5 (0.27) <0.001
Lipid-lowering drugs 11.1 (0.28) 9.3 (0.49) 9.7 (0.47) 11.1 (0.50) 12.0 (0.51) 13.4 (0.58) <0.001
Antiplatelet drugs 1.2 (0.08) 1.0 (0.17) 0.9 (0.11) 1.0 (0.17) 1.3 (0.16) 2.0 (0.19) <0.001

Outcomes, %
Cardiovascular disease mortality 1.5 (0.07) 0.9 (0.11) 1.0 (0.13) 1.1 (0.11) 1.6 (0.17) 2.6 (0.22) <0.001
Overall mortality 7.2 (0.21) 5.0 (0.33) 4.8 (0.28) 6.0 (0.31) 7.7 (0.39) 12.3 (0.52) <0.001
May 2021 | Volume 12 | Ar
Q, quintiles; eGFR, estimated glomerular filtration rate; HDL, high density lipoprotein.
Values are mean or percent with standard error.
P for trend was tested by linear or logistic regression.
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mortality and P=0.008 for cardiovascular mortality). The cut-off
points were estimated by piecewise regression models to be at a
Waist-BMI Ratio of 3.72 for overall mortality and 3.66 for
cardiovascular mortality (Table 3). Above the cut-off points, the
risk of overall and cardiovascular death rose steeply with the
increase of Waist-BMI Ratio (HR, 3.22; 95% CI, 2.43-4.26;
P < 0.001 and HR, 3.07; 95% CI, 1.71-5.52; P < 0.001,
respectively). Nonetheless, no significant association was found
below the cut-off points (HR, 1.16; 95% CI, 0.93-1.44; P = 0.188
and HR,1.00; 95% CI, 0.58-1.73; P = 0.999, respectively).
Frontiers in Endocrinology | www.frontiersin.org 512
The Predictive Value of Waist-BMI Ratio
and Other Anthropometric Measures in
Overall and Cardiovascular Mortality
The ROC curve analysis comparing the predictive ability of
different anthropometric measures demonstrated that Waist-
BMI Ratio was the strongest predictor of overall mortality
(AUC, 0.637; 95% CI, 0.627-0.647). As shown in Figure 4, the
AUC of BMI, WC, and WtHR for predicting overall mortality
were 0.523 (95% CI, 0.513-0.533), 0.552 (95% CI, 0.543-0.562),
and 0.572 (95% CI, 0.562-0.581), respectively. Similar results
A B

FIGURE 2 | Kaplan-Meier survival curve for overall (A) and cardiovascular (B) mortality by Waist-BMI Ratio quintiles.
TABLE 2 | Multivariate Cox regression analysis of Waist-BMI Ratio with cause-specific mortality.

Overall mortality Cardiovascular mortality

Event rate/
1000

person-
years

Model I Model II Model III

Event rate/
1000

person-
years

Model I Model II Model III

Waist-BMI
Ratio
As continuous
variables

13.65 3.55 (3.08, 4.09)
<0.001

1.60 (1.34, 1.90)
<0.001

1.78 (1.48, 2.13)
<0.001

2.84 4.11 (3.07, 5.51)
<0.001

1.30 (0.91, 1.85)
0.153

1.77 (1.25, 2.52)
0.001

As categorical
variables
(quintiles)
Q1 7.47 Reference Reference Reference 1.37 Reference Reference Reference
Q2 8.30 0.97 (0.82, 1.15)

0.760
0.89 (0.77, 1.03)

0.105
0.95 (0.81, 1.11)

0.525
1.76 1.09 (0.76, 1.57)

0.631
0.91 (0.65, 1.28)

0.587
1.05 (0.73, 1.51)

0.796
Q3 11.12 1.23 (1.06, 1.43)

0.006
0.92 (0.80, 1.06)

0.262
0.96 (0.82, 1.12)

0.579
1.97 1.19 (0.93, 1.54)

0.171
0.74 (0.56, 0.99)

0.042
0.87 (0.66, 1.15)

0.326
Q4 14.80 1.57 (1.36, 1.83)

<0.001
1.03 (0.89, 1.18)

0.710
1.10 (0.95, 1.28)

0.198
3.30 1.77 (1.29, 2.43)

<0.001
0.90 (0.64, 1.26)

0.539
1.19 (0.85, 1.68)

0.312
Q5 27.84 2.64 (2.28, 3.06)

<0.001
1.27 (1.08, 1.51)

0.005
1.40 (1.17, 1.67)

<0.001
6.11 3.02 (2.30, 3.96)

<0.001
1.02 (0.73, 1.42)

0.913
1.34 (0.95, 1.88)

0.094
P for trend <0.001 <0.001 <0.001 <0.001 0.490 0.026
May
 2021 | Volume 12
Data are hazard ratios (HRs), 95% confidence intervals (95% CIs), and P-value.
Model I adjust for none.
Model II adjust for age, gender, and race.
Model III adjust for age, gender, race, smoking, SBP, HDL-cholesterol, total cholesterol, eGFR, comorbidities (hypertension, diabetes, and cardiovascular disease), and medicine use
(antihypertensive drugs, hypoglycemic agents, lipid-lowering drugs, and antiplatelet drugs).
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A B

C D

E F

G H

FIGURE 3 | Spline analyses of overall (A, C, E, G) and cardiovascular (B, D, F, H) mortality by Waist-BMI Ratio (A, B), body mass index (C, D), waist
circumference (E, F), and Waist-Height Ratio (G, H) and the probability distribution histogram is represented in the background. (Spline analyses were adjusted for
age, gender, race, smoking, SBP, HDL-cholesterol, total cholesterol, eGFR, hypertension, diabetes, and cardiovascular disease, antihypertensive drugs,
hypoglycemic agents, lipid-lowering drugs, and antiplatelet drugs).
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were observed for cardiovascular death. When compared with
other indexes, Waist-BMI Ratio showed significantly better
performance (AUC, 0.643; 95% CI, 0.623-0.663) than BMI
(AUC, 0.516; 95% CI, 0.496-0.535), WC (AUC, 0.566; 95% CI,
0.547-0.585), and WtHR (AUC, 0.582; 95% CI, 0.564-0.601) in
predicting cardiovascular death (all P for difference in AUC <
0.001). The optimal value of the Waist-BMI Ratio was 3.60 for
predicting overall mortality, with a sensitivity of 53.8% and a
specificity of 67.4%; as the optimal value was 3.64 for predicting
cardiovascular mortality, with a sensitivity of 53.4% and
specificity of 69.6%.
DISCUSSION

In this study, we retrospectively investigated the relationship
between a newly defined anthropometric measure and mortality.
The results demonstrated that the Waist-BMI Ratio was
positively associated with overall and cardiovascular mortality
Frontiers in Endocrinology | www.frontiersin.org 714
in a J-shaped pattern. Compared with traditional obesity indices,
the Waist-BMI Ratio can more adequately predict the risk of
death and could be a valuable indicator of the higher-risk
phenotype of obesity.

For decades, BMI has been used as an indicator of obesity and
has been introduced into various predictive models as a
cardiovascular risk factor (25–27). However, a proportion of
people with normal BMI have a series of metabolic risk factors,
and may be described as “metabolically with obesity but of
normal weight” (28), while some individuals with obesity seem
to be protected from or more resistant to the development of
metabolic abnormalities, and are known as “metabolically
healthy but with obesity” (29). One of the reasons may lie in
the inability to describe visceral fat and ectopic fat deposition (8),
because information from a single anthropometric measure
cannot provide sufficient insights into body fat distribution
(12). Adverse metabolic effects of excess body fat, including
insulin resistance and dyslipidemia, are mainly linked to
dysfunctional abdominal subcutaneous adipose tissue and
TABLE 3 | The results of two-piecewise linear regression model between Waist-BMI Ratio and cause-specific mortality.

Overall mortality Cardiovascular mortality

Cutoff value 3.72 3.66
<Cut-off value 1.16 (0.93, 1.44) 0.188 1.00 (0.58, 1.73) 0.999
≥Cut-off value 3.22 (2.43, 4.26) <0.001 3.07 (1.71, 5.52) <0.001

P for log likelihood ratio test <0.001 0.008
May 2021 | V
Data are hazard ratios (HRs), 95% confidence intervals (95% CIs), and P-value.
The two-piecewise linear regression model were adjusted for age, gender, race, smoking, SBP, HDL-cholesterol, total cholesterol, eGFR, comorbidities (hypertension, diabetes, and
cardiovascular disease), and medicine use (antihypertensive drugs, hypoglycemic agents, lipid-lowering drugs, and antiplatelet drugs).
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FIGURE 4 | ROC curves for Body mass index, Waist circumference, Waist to Height Ratio, andWaist-BMI Ratio for predicting overall (A) and cardiovascular (B)mortality.
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visceral adipose tissue accumulation (9). Experimental models
have shown that visceral adipose tissue produces potentially
proinflammatory adipokines and macrophage signals, which
may be involved in myocardial hypertrophy, fibrosis, and
injury (30).

A meta-analysis has revealed that BMI fails to identify half of
individuals with excess body fat (31). Chanchal et al. found that
the joint use of BMI and WtHR could be conducive to
recognizing patients with the highest risk of the composite
outcomes (16). A Consensus Statement from the IAS and
ICCR Working Group claimed that, although waist
circumference is closely linked to overall and cardiovascular
death, the full strength of these associations is revealed only
after adjustment for BMI (12). However, as a statistical term,
“adjustment”might not be easy to understand and use in clinical
applications, which limits the combination of WC and BMI.
Clinicians have been recommended to evaluate WC variation
among patients with similar BMI values, whereas the current
obesity-risk classification system still uses the same WC
threshold values for all BMI categories (32, 33).

Consistent with previous studies, our present analysis
illustrated that individuals in the upper Waist-BMI Ratio
quantile, which corresponds to individuals with high WC but
low BMI, had the highest risk of mortality. Moreover, patients
with low absolute BMI and WC are prone to a higher risk of
mortality (34, 35). Studies have indicated that underweight is
correlated with undernutrition, inflammation, and other
underlying wasting diseases that potentially explain the
enhanced risk of death (11, 36, 37). Therefore, U-shape
relationships and an “obesity paradox” have often been
reported (6, 38). This flaw is circumvented by using Waist-
BMI Ratio as an adiposity indicator and thus J-shape
relationships were observed. Meanwhile, people of normal
weight generally pay less attention to their health indices and
do not take preventive measures against obesity-related diseases.
Compared with costly and time-consuming imaging-based
methods, anthropometric methods such as the Waist-BMI
Ratio form a more convenient, comprehensible, and even
home self-testing monitoring system for early identification of
high-risk individuals and for disease prevention.

Our study had several notable advantages. First, the study was
based on the NHANES dataset, a nationally representative
survey with rigorous methodology and comprehensive quality
control procedures; the large sample size was sufficient to provide
good statistical power. Second, our analysis was adjusted for
study weights and the complex survey design to reduce
estimation errors. Third, the newly defined parameter was
easily obtained and calculated, with a clear and unilateral risk
threshold. Nevertheless, several limitations pertain to our study.
First, we were unable to obtain accurate information about body
composition. Therefore, we could not calculate the correlation
coefficient between Waist-BMI Ratio and abdominal or visceral
adipose tissue. Second, definitive causal inferences cannot be
drawn because of the observational nature of this study. Third,
although our analyses controlled for important confounding
variables, the possibility of residual confounding variables
Frontiers in Endocrinology | www.frontiersin.org 815
remains. For example, we were unable to adjust for alcohol
consumption and physical activity level due to missing covariate
data. Fourth, death certificates may not precisely represent the
real cause of death. Fifth, NHANES data are representative of the
United States population, thus probably limiting the applicability
of our results to other regions and ethnic populations.
CONCLUSION

As a newly defined anthropometric measure, Waist-BMI Ratio
was independently associated with overall and cardiovascular
mortality after mutual adjustment. Compared with other
traditional anthropometric measures, Waist-BMI Ratio had a
better predictive ability and a more certain risk threshold value
for mortality. Because it is convenient, easy to access, and
virtually free cost, Waist-BMI Ratio can be used as a valuable
indicator for the high-risk phenotype of obesity.
DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. This data
can be found here: https://www.cdc.gov/nchs/nhanes/index.htm.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Institutional Review Board of the Centers for
Disease Control and Prevention (Protocol 98–12, 2005–06 and
2011–17). The patients/participants provided their written
informed consent to participate in this study.
AUTHOR CONTRIBUTIONS

Conceptualization, XCL and YQH. Methodology, XCL. Validation,
YQF, YQH and JYC. Formal Analysis, XCL. Investigation, KL.
Resources, YQF. Data Curation, XCL. Writing — Original Draft
Preparation, XCL.Writing – Review and Editing, YH. Visualization,
XCL. Supervision, JYC. Project Administration, YQF. Funding
Acquisition, YQF. All authors contributed to the article and
approved the submitted version.
FUNDING

This research was funded by the National Key Research and
Development Program of China (No. 2017YFC1307603), the
Science and Technology Plan Program of Guangzhou (No.
201803040012), the Key Area R&D Program of Guangdong
Province (No. 2019B020227005), Guangdong Provincial People’s
May 2021 | Volume 12 | Article 697437

https://www.cdc.gov/nchs/nhanes/index.htm
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Liu et al. Novel Obesity Index and Mortality
Hospital Clinical Research Fund (Y012018085), the Fundamental
and Applied Basic Research Foundation Project of Guangdong
Province (2020A1515010738), and the Climbing Plan of
Guangdong Provincial People’s Hospital (DFJH2020022).
Frontiers in Endocrinology | www.frontiersin.org 916
ACKNOWLEDGMENTS

We are grateful to Dr. YS Liu for her invaluable advices that
helped improve this article.
REFERENCES
1. Swinburn BA, Kraak VI, Allender S, Atkins VJ, Baker PI, Bogard JR, et al. The

Global Syndemic of Obesity, Undernutrition, and Climate Change: The
Lancet Commission Report. Lancet (2019) 393:791–846. doi: 10.1016/
s0140-6736(18)32822-8

2. Kumanyika S, DietzWH. Solving Population-Wide Obesity - Progress and Future
Prospects. N Engl J Med (2020) 383:2197–200. doi: 10.1056/NEJMp2029646

3. Collaborators TGO. Health Effects of Overweight and Obesity in 195
Countries Over 25 Years. N Engl J Med (2017) 377:13–27. doi: 10.1056/
NEJMoa1614362

4. Neeland IJ, Poirier P, Despres JP. Cardiovascular and Metabolic
Heterogeneity of Obesity: Clinical Challenges and Implications for
Management. Circulation (2018) 137:1391–406. doi: 10.1161/circulationaha.
117.029617

5. World Health Organization. Obesity. Available at: https://www.who.int/
health-topics/obesity (Accessed January 15, 2021).

6. Antonopoulos AS, Oikonomou EK, Antoniades C, Tousoulis D. From the
BMI Paradox to the Obesity Paradox: The Obesity-Mortality Association in
Coronary Heart Disease. Obes Rev (2016) 17:989–1000. doi: 10.1111/
obr.12440

7. Iliodromiti S, Celis-Morales CA, Lyall DM, Anderson J, Gray SR, Mackay DF,
et al. The Impact of Confounding on the Associations of Different Adiposity
Measures With the Incidence of Cardiovascular Disease: A Cohort Study of
296 535 Adults of White European Descent. Eur Heart J (2018) 39:1514–20.
doi: 10.1093/eurheartj/ehy057

8. Elagizi A, Kachur S, Lavie CJ, Carbone S, Pandey A, Ortega FB, et al. An
Overview and Update on Obesity and the Obesity Paradox in Cardiovascular
Diseases. Prog Cardiovasc Dis (2018) 61:142–50. doi: 10.1016/j.pcad.2018.07.003

9. Piche ME, Poirier P, Lemieux I, Despres JP. Overview of Epidemiology and
Contribution of Obesity and Body Fat Distribution to CardiovascularDisease: An
Update. Prog Cardiovasc Dis (2018) 61:103–13. doi: 10.1016/j.pcad.2018.06.004

10. Tchkonia T, Thomou T, Zhu Y, Karagiannides I, Pothoulakis C, Jensen
Michael D, et al. Mechanisms and Metabolic Implications of Regional
Differences Among Fat Depots. Cell Metab (2013) 17:644–56. doi: 10.1016/
j.cmet.2013.03.008

11. Liu XC, Liu L, Yu YL, Huang JY, Chen CL, Lo K, et al. The Association of
Subscapular Skinfold With All-Cause, Cardiovascular and Cerebrovascular
Mortality. Risk Manag Healthc Policy (2020) 13:955–63. doi: 10.2147/
rmhp.S262300

12. Ross R, Neeland IJ, Yamashita S, Shai I, Seidell J, Magni P, et al. Waist
Circumference as a Vital Sign in Clinical Practice: A Consensus Statement
From the IAS and ICCR Working Group on Visceral Obesity. Nat Rev
Endocrinol (2020) 16:177–89. doi: 10.1038/s41574-019-0310-7

13. Khoury M, Manlhiot C, McCrindle BW. Role of the Waist/Height Ratio in the
Cardiometabolic Risk Assessment of Children Classified by Body Mass Index.
J Am Coll Cardiol (2013) 62:742–51. doi: 10.1016/j.jacc.2013.01.026

14. Wharton S, Lau DCW, Vallis M, Sharma AM, Biertho L, Campbell-Scherer D,
et al. Obesity in Adults: A Clinical Practice Guideline. CMAJ (2020) 192:E875–
E91. doi: 10.1503/cmaj.191707

15. Clinical Guidelines on the Identification, Evaluation, and Treatment of
Overweight and Obesity in Adults–The Evidence Report. National Institutes
of Health. Obes Res (1998) 6 Suppl 2:51s–209s. doi: 10.1002/j.1550-
8528.1998.tb00690.x

16. Chandramouli C, Tay WT, Bamadhaj NS, Tromp J, Teng TK, Yap JJL, et al.
Association of Obesity With Heart Failure Outcomes in 11 Asian Regions: A
Cohort Study. PloS Med (2019) 16:e1002916. doi: 10.1371/journal.
pmed.1002916

17. Janssen I, Katzmarzyk PT, Ross R. Body Mass Index Is Inversely Related to
Mortality in Older People After Adjustment for Waist Circumference. J Am
Geriatr Soc (2005) 53:2112–8. doi: 10.1111/j.1532-5415.2005.00505.x
18. Cerhan JR, Moore SC, Jacobs EJ, Kitahara CM, Rosenberg PS, Adami HO,
et al. A Pooled Analysis of Waist Circumference and Mortality in 650,000
Adults. Mayo Clin Proc (2014) 89:335–45. doi: 10.1016/j.mayocp.2013.11.011

19. Centers for Disease Control and Prevention. Nhanes - National Health and
Nutrition Examination Survey Homepage (2020). Available at: https://www.
cdc.gov/nchs/nhanes/index.htm (Accessed March 15, 2020).

20. National Center for Health Statistics. The Linkage of National Center for
Health Statistics Survey Data to the National Death Index—2015 Linked
Mortality File (LMF): Methodology Overview and Analytic Considerations.
Centers for Disease Control and Prevention (2019) Geneva,Switzerland:World
Health Organization. Available at: https://www.cdc.gov/nchs/data/
datalinkage/LMF2015_Methodology_Analytic_Considerations.pdf (Accessed
March 15, 2020).

21. Liu X-C, He G-D, Lo K, Huang Y-Q, Feng Y-Q. The Triglyceride-Glucose
Index, An Insulin Resistance Marker, Was Non-Linear Associated With All-
Cause and Cardiovascular Mortality in the General Population. Front
Cardiovasc Med (2021) 7:628109. doi: 10.3389/fcvm.2020.628109

22. Inker LA, Schmid CH, Tighiouart H, Eckfeldt JH, Feldman HI, Greene T, et al.
Estimating Glomerular Filtration Rate From Serum Creatinine and Cystatin
C. N Engl J Med (2012) 367:20–9. doi: 10.1056/NEJMoa1114248

23. Chamberlain JJ, Johnson EL, Leal S, Rhinehart AS, Shubrook JH, Peterson L.
Cardiovascular Disease and Risk Management: Review of the American
Diabetes Association Standards of Medical Care in Diabetes 2018. Ann
Intern Med (2018) 168:640–50. doi: 10.7326/m18-0222

24. Chobanian AV, Bakris GL, Black HR, Cushman WC, Green LA, Izzo JL Jr,
et al. The Seventh Report of the Joint National Committee on Prevention,
Detection, Evaluation, and Treatment of High Blood Pressure: The JNC 7
Report. JAMA (2003) 289:2560–72. doi: 10.1001/jama.289.19.2560

25. Wu Y, Liu X, Li X, Li Y, Zhao L, Chen Z, et al. Estimation of 10-Year Risk of
Fatal and Nonfatal Ischemic Cardiovascular Diseases in Chinese Adults.
Circulation (2006) 114:2217–25. doi: 10.1161/CIRCULATIONAHA.105.607499

26. Hajifathalian K, Ueda P, Lu Y, Woodward M, Ahmadvand A, Aguilar-Salinas
CA, et al. A Novel Risk Score to Predict Cardiovascular Disease Risk in
National Populations (Globorisk): A Pooled Analysis of Prospective Cohorts
and Health Examination Surveys. Lancet Diabetes Endocrinol (2015) 3:339–
55. doi: 10.1016/s2213-8587(15)00081-9

27. Hippisley-Cox J, Coupland C, Brindle P. Development and Validation of
QRISK3 Risk Prediction Algorithms to Estimate Future Risk of
Cardiovascular Disease: Prospective Cohort Study. BMJ (2017) 357:j2099.
doi: 10.1136/bmj.j2099

28. Hinnouho GM, Czernichow S, Dugravot A, Nabi H, Brunner EJ, Kivimaki M,
et al. Metabolically Healthy Obesity and the Risk of Cardiovascular Disease
and Type 2 Diabetes: The Whitehall II Cohort Study. Eur Heart J (2015)
36:551–9. doi: 10.1093/eurheartj/ehu123

29. Primeau V, Coderre L, Karelis AD, Brochu M, Lavoie ME, Messier V, et al.
Characterizing the Profile of Obese Patients Who Are Metabolically Healthy.
Int J Obes (Lond) (2011) 35:971–81. doi: 10.1038/ijo.2010.216

30. Murase T, Hattori T, Ohtake M, Abe M, Amakusa Y, Takatsu M, et al. Cardiac
Remodeling and Diastolic Dysfunction in DahlS.Z-Lepr(fa)/Lepr(fa) Rats: A
New Animal Model of Metabolic Syndrome. Hypertens Res (2012) 35:186–93.
doi: 10.1038/hr.2011.157

31. Okorodudu DO, Jumean MF, Montori VM, Romero-Corral A, Somers VK,
Erwin PJ, et al. Diagnostic Performance of Body Mass Index to Identify
Obesity as Defined by Body Adiposity: A Systematic Review and Meta-
Analysis. Int J Obes (Lond) (2010) 34:791–9. doi: 10.1038/ijo.2010.5

32. Despres JP. Excess Visceral Adipose Tissue/Ectopic Fat the Missing Link in
the Obesity Paradox? J Am Coll Cardiol (2011) 57:1887–9. doi: 10.1016/
j.jacc.2010.10.063

33. World Health Organisation. Obesity: Preventing and Managing the Global
Epidemic: Report of a WHO Consultation (World Health Organisation
Technical Report Series 894). Geneva, Switzerland: WHO (2000).
May 2021 | Volume 12 | Article 697437

https://doi.org/10.1016/s0140-6736(18)32822-8
https://doi.org/10.1016/s0140-6736(18)32822-8
https://doi.org/10.1056/NEJMp2029646
https://doi.org/10.1056/NEJMoa1614362
https://doi.org/10.1056/NEJMoa1614362
https://doi.org/10.1161/circulationaha.117.029617
https://doi.org/10.1161/circulationaha.117.029617
https://www.who.int/health-topics/obesity
https://www.who.int/health-topics/obesity
https://doi.org/10.1111/obr.12440
https://doi.org/10.1111/obr.12440
https://doi.org/10.1093/eurheartj/ehy057
https://doi.org/10.1016/j.pcad.2018.07.003
https://doi.org/10.1016/j.pcad.2018.06.004
https://doi.org/10.1016/j.cmet.2013.03.008
https://doi.org/10.1016/j.cmet.2013.03.008
https://doi.org/10.2147/rmhp.S262300
https://doi.org/10.2147/rmhp.S262300
https://doi.org/10.1038/s41574-019-0310-7
https://doi.org/10.1016/j.jacc.2013.01.026
https://doi.org/10.1503/cmaj.191707
https://doi.org/10.1002/j.1550-8528.1998.tb00690.x
https://doi.org/10.1002/j.1550-8528.1998.tb00690.x
https://doi.org/10.1371/journal.pmed.1002916
https://doi.org/10.1371/journal.pmed.1002916
https://doi.org/10.1111/j.1532-5415.2005.00505.x
https://doi.org/10.1016/j.mayocp.2013.11.011
https://www.cdc.gov/nchs/nhanes/index.htm
https://www.cdc.gov/nchs/nhanes/index.htm
https://www.cdc.gov/nchs/data/datalinkage/LMF2015_Methodology_Analytic_Considerations.pdf
https://www.cdc.gov/nchs/data/datalinkage/LMF2015_Methodology_Analytic_Considerations.pdf
https://doi.org/10.3389/fcvm.2020.628109
https://doi.org/10.1056/NEJMoa1114248
https://doi.org/10.7326/m18-0222
https://doi.org/10.1001/jama.289.19.2560
https://doi.org/10.1161/CIRCULATIONAHA.105.607499
https://doi.org/10.1016/s2213-8587(15)00081-9
https://doi.org/10.1136/bmj.j2099
https://doi.org/10.1093/eurheartj/ehu123
https://doi.org/10.1038/ijo.2010.216
https://doi.org/10.1038/hr.2011.157
https://doi.org/10.1038/ijo.2010.5
https://doi.org/10.1016/j.jacc.2010.10.063
https://doi.org/10.1016/j.jacc.2010.10.063
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Liu et al. Novel Obesity Index and Mortality
34. Bhaskaran K, dos-Santos-Silva I, Leon DA, Douglas IJ, Smeeth L. Association of
BMI With Overall and Cause-Specific Mortality: A Population-Based Cohort
Study of 3·6 Million Adults in the UK. Lancet Diabetes Endocrinol (2018) 6:944–
53. doi: 10.1016/s2213-8587(18)30288-2

35. Chen Y, Yang Y, Jiang H, Liang X, Wang Y, Lu W. Associations of BMI and
Waist Circumference With All-Cause Mortality: A 22-Year Cohort Study.
Obesity (Silver Spring) (2019) 27:662–9. doi: 10.1002/oby.22423

36. Wirth R, Streicher M, Smoliner C, Kolb C, Hiesmayr M, Thiem U, et al. The
Impact of Weight Loss and Low BMI on Mortality of Nursing Home
Residents - Results From the Nutrition Day in Nursing Homes. Clin Nutr
(2016) 35:900–6. doi: 10.1016/j.clnu.2015.06.003

37. Nakajima K, Yamaoka H, Morita K, Ebata M, Eguchi S, Muneyuki T, et al. Elderly
People With Low Body Weight May Have Subtle Low-Grade Inflammation.
Obesity (Silver Spring) (2009) 17:803–8. doi: 10.1038/oby.2008.596
Frontiers in Endocrinology | www.frontiersin.org 1017
38. Lavie CJ, Laddu D, Arena R, Ortega FB, Alpert MA, Kushner RF. Healthy
Weight and Obesity Prevention: JACC Health Promotion Series. J Am Coll
Cardiol (2018) 72:1506–31. doi: 10.1016/j.jacc.2018.08.1037

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Liu, Huang, Lo, Huang, Chen and Feng. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
May 2021 | Volume 12 | Article 697437

https://doi.org/10.1016/s2213-8587(18)30288-2
https://doi.org/10.1002/oby.22423
https://doi.org/10.1016/j.clnu.2015.06.003
https://doi.org/10.1038/oby.2008.596
https://doi.org/10.1016/j.jacc.2018.08.1037
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Frontiers in Endocrinology | www.frontiersi

Edited by:
Patricia Khashayar,

Ghent University, Belgium

Reviewed by:
Xiaocao Tian,

Qingdao Municipal Center for Disease
Control and Prevention, China

Xiao-cong Liu,
Guangdong Academy of Medical

Sciences, China

*Correspondence:
Wenjing Gao

pkuepigwj@126.com
Weihua Cao

caoweihua60@163.com

Specialty section:
This article was submitted to

Obesity,
a section of the journal

Frontiers in Endocrinology

Received: 19 July 2021
Accepted: 15 September 2021

Published: 05 October 2021

Citation:
Xi Y’e, Gao W, Zheng K, Lv J, Yu C,
Wang S, Huang T, Sun D, Liao C,

Pang Y, Pang Z, Yu M, Wang H, Wu X,
Dong Z, Wu F, Jiang G, Wang X, Liu Y,
Deng J, Lu L, Cao W and Li L (2021)
The Roles of Genetic and Early-Life

Environmental Factors in the
Association Between Overweight or

Obesity and Hypertension: A
Population-Based Twin Study.
Front. Endocrinol. 12:743962.

doi: 10.3389/fendo.2021.743962

ORIGINAL RESEARCH
published: 05 October 2021

doi: 10.3389/fendo.2021.743962
The Roles of Genetic and Early-Life
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Association Between Overweight
or Obesity and Hypertension:
A Population-Based Twin Study
Yu’e Xi1, Wenjing Gao1*, Ke Zheng1, Jun Lv1, Canqing Yu1, Shengfeng Wang1,
Tao Huang1, Dianjianyi Sun1, Chunxiao Liao1, Yuanjie Pang1, Zengchang Pang2, Min Yu3,
Hua Wang4, Xianping Wu5, Zhong Dong6, Fan Wu7, Guohong Jiang8, Xiaojie Wang9,
Yu Liu10, Jian Deng11, Lin Lu12, Weihua Cao1* and Liming Li1

1 Department of Epidemiology and Biostatistics, School of Public Health, Peking University, Beijing, China, 2 Qingdao
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Prevention, Hangzhou, China, 4 Jiangsu Provincial Center for Disease Control and Prevention, Nanjing, China, 5 Sichuan
Center for Disease Control and Prevention, Chengdu, China, 6 Beijing Center for Disease Prevention and Control,
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10 Heilongjiang Provincial Center for Disease Control and Prevention, Harbin, China, 11 Handan Center for Disease Control
and Prevention, Handan, China, 12 Yunnan Center for Disease Control and Prevention, Kunming, China

Aims/Hypothesis: We aimed to explore whether and to what extent overweight or
obesity could increase the risk of hypertension, and further to estimate the roles of genetic
and early-life familial environmental factors in their association.

Methods: This prospective twin study was based on the Chinese National Twin Registry
(CNTR), which collected information from self-report questionnaires. We conducted
unmatched case-control analysis to examine the association between overweight or
obesity and hypertension. And further to explore whether genetics and familiar
environments shared within a twin pair, accounted for their association via co-twin
matched case-control design. Generalized estimating equation (GEE) models and
conditional logistic regressions were used in the unmatched and matched analyses,
respectively. Then, we used logistic regressions to test the difference in odds ratios (ORs)
between the unmatched and matched analyses. Finally, through bivariate twin model, the
roles of genetic and environmental factors in the body mass index (BMI)- hypertension
association were estimated.

Results: Overall, we included a total of 30,617 twin individuals, of which 7533 (24.6%)
twin participants were overweight or obesity and 757 (2.5%) developed hypertension
during a median follow-up time of 4.4 years. In the GEE model, overweight or obesity was
associated with a 94% increased risk of hypertension (OR=1.94, 95% confidence interval
(CI): 1.64~2.30). In the conditional logistic regression, the multi-adjusted OR was 1.80
(95% CI: 1.18~2.74). The difference in OR between unmatched and matched analyses
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was significant (P=0.016). Specifically, overweight or obesity was not associated with
hypertension risk in the co-twin design when we full controlled genetic and familiar
environmental factors (OR=0.89, 95 CI: 0.46~1.72). After controlling for age and sex, we
found the positive BMI-hypertension association was mainly explained by a genetic
correlation between them (rA= 0.59, 95% CI: 0.44~1.00).

Conclusions/Interpretation: Genetics and early-life environments shared by
participants within a twin pair appear to account for the association between
overweight or obesity and hypertension risk.
Keywords: BMI, hypertension, genetics, early-life environments, twin study
INTRODUCTION

Raised blood pressure remains the leading cause of death
globally, high systolic blood pressure accounted for 10·8
million deaths in 2019 (1). Unfortunately, hypertension has
high prevalence but low rate of control. It is estimated that 1
in 4 men and 1 in 5 women (1.13 billion people), living with
hypertension in 2015, but less than 1/5 have their blood pressure
under control (2).

In the worldwide, a large number of people suffer from higher
body mass index (BMI), including overweight and obesity. In
2016, a total of 39% adults are overweight, with a BMI ≥ 25 kg/
m2, and 13% are obese (BMI ≥ 30 kg/m2) (3). Higher BMI is a
major risk factor of hypertension. In the original Framingham
cohort, Wilson et al. (4) found overweight and obese status were
associated with increased risk of hypertension: the multi-
adjusted risk ratios (RRs) among the overweight was 1.48 in
men and 1.70 in women, while among the obese was 2.23 in men
and 2.63 in women. In another Framingham study, weight loss
led to a 21%~29% reduction in long-term hypertension risk (5).
Mendelian randomization (MR) analysis, using genetic variants
as the instrumental variable, has also demonstrated the causality
between obesity and hypertension (6).

Genetic and early-life environmental factors, including
shared fetal environment, childhood socioeconomic situation
and adolescent environment, might have long-term effects on
the subsequent risk of obesity (7–9) and hypertension (10–12).
However, due to the limitations of general population-based
study, their roles in the obesity-hypertension association are
uncertain. Co-twin case-control analysis could address part of
this difficulty, by controlling for genetic background and key
shared familial environmental factors associated with obesity and
hypertension. Twins are generally raised together, so they share
their early-life environmental factors. They also share the same
genetic predisposition and intrauterine environments. Therefore,
as naturally matched pairs, co-twin case-control analyses provide
an opportunity to explore the role of genetic and early-life
environmental factors in the association between overweight or
obesity and hypertension (13, 14).

The purpose of this study was to examine the association
between overweight or obesity and hypertension, and to explore
whether the association could be explained by genetic and
common environmental factors shared within a twin pair,
n.org 219
based on information from the Chinese National Twin
Registry (CNTR).
METHODS

Study Population
This prospective study enrolled twin participants from the CNTR
(15), a twin population-based cohort study. Briefly, a total of 61,566
twin pairs, including 31,705 monozygotic (MZ) twins and 15,060
same-sex dizygotic (DZ) twins, from 11 provinces and cities in
China were included at the baseline since 2001. Totally, the current
study included 32,197 twins whose age wasmore than 18 years and
participated in the resurvey.

We excluded 14 participants whose sex was missing. We also
excluded 619 twins whose BMI was missing or with extreme
outliers (under 3 or over 3-Z score of the BMI). In addition, we
excluded those who were diagnosed with hypertension at
baseline (892), and those who had no disease information at
baseline or at the time of resurveys (55). Finally, a total of 30,617
twins were included for further association analysis (Figure 1).

We used the method of ‘Peas in the Pod Questionnaire
(PPQ)’ to determine zygosity, asking about the degree of
similarity shared by twins when they were at school age. Two
former studies, based on the data from the CNTR, have verified
its accuracy from 85% to 89% (16, 17).

All participants provided informed consent, and the study
protocol was approved by the Ethics Committee at Peking
University Health Science Center (IRB00001052-11029/14021).

Data Collection
We collected information, including demographics (age, sex,
marital status and educational attainment), lifestyles (smoking
status, drinking status and physical activity), anthropometric
measures (weight and height), twin zygosity and history of
diseases (including diabetes and hypertension), from face-to-
face questionnaire interview by trained interviewers.

Ascertainment of Overweight or Obesity
Self-reported questionnaire was used to attain the information of
height (in centimeter) and weight (in kilograms) at baseline. BMI
was calculated by weight in kilograms divided by squared height
in meters (kg/m2). According to the Chinese criteria of obesity
October 2021 | Volume 12 | Article 743962
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FIGURE 1 | Flow chart of the study population and data analysis. BMI, body mass index; MZ, monozygotic; DZ, dizygotic; GEE, generalized estimating equation;
OR, odds ratio.

Xi et al. Obesity and Hypertension
(18), we categorized BMI into four groups: underweight (<18.5
kg/m2), normal weight (18.5 to 23.9 kg/m2), overweight (24.0 to
27.9 kg/m2) and obesity (≥ 28.0 kg/m2). In the current study,
overweight or obesity was defined as BMI ≥24 kg/m2, that is,
obesity was merged into overweight.

Assessment of Hypertension
We collected the information on hypertension during the follow-
up, asking “Have you ever been diagnosed with hypertension by a
county/district level or above hospital”. Whether the participants
are with hypertension or not depends on the doctor’s definite
diagnosis, not just on their self-reported symptoms.

Assessment of Covariates
Marital status was defined as married (or cohabitating) vs single
(or divorced). Education attainment was categorized as primary,
secondary and tertiary. Smoking status was grouped into never,
former and current smoking. Drinking status was similarly
divided into never, past and current drinking. Adequate
physical activity was defined as exercising at least 30-minute
Frontiers in Endocrinology | www.frontiersin.org 320
moderate to high-intensity physical activity a day, and engaging
in at least 5 days per week (19). Prevalence of diabetes was
dichotomized into diabetes and diabetes-free.

Statistical Analyses
Descriptive Statistics
The characteristics were compared between hypertension and
non-hypertension groups. c2 tests were used for categorical
variables, independent sample t tests for continuous variables
with normal distribution, and Mann Whitney U tests for
continuous variables with non-normal distribution.

Case-Control Analyses
Generalized estimating equation (GEE) models were applied to
assess the overweight-hypertension association, which are
conceptually equivalent to logistic regressions for the classic
case-control analysis, but controlling for the clustering of twins
within a pair. In the co-twin matched case-control design, in
which co-twin (both MZ and DZ twins) without hypertension
was treated as a control for hypertension twin, we used
October 2021 | Volume 12 | Article 743962

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Xi et al. Obesity and Hypertension
conditional logistic regressions to explore the associations. Because
cases and controls are matched for genetics and familial
environments, discordant twin pairs were more informative than
unrelated samples (20). Due to MZ twins share 100% genetic
predisposition, while DZ twins share only 50%, we stratified the
co-twin matched case-control analysis in MZ and DZ twins,
respectively. Finally, logistic regressions were fitted to examine
whether the ORs from the GEE model and conditional logistic
regression are different, by comparing the distribution of
overweight or obesity in the unmatched controls and co-twin
controls (21). If a significant association between overweight
or obesity and hypertension is only found in the GEE analysis, or
OR in the co-twin analysis becomes significantly strengthened or
attenuated, genetic and/or early-life environmental factors might
play roles in their association (22, 23). In contrast, if difference in
ORs between the GEE model and conditional logistic regression is
not significant, then the genetic and shared familiar factors might
not account for the observed association (14, 21, 24).

Age, sex, marital status, education attainment, smoking status,
drinking status, physical activity and diabetes were considered as
potential confounders. The basic-adjusted models were controlled
for age and sex (twins within a pair have the same age, thus only sex
was adjusted in the co-twin analysis). The multi-adjusted models
were further adjusted for marital status, education, smoking,
drinking, physical activity and diabetes.

Twin Modeling
The classical twin method decomposes the phenotype variation,
based on the phenotypic correlations between twin pairs: MZ
twins share 100% genetic materials, whereas DZ twins average
share 50% of their segregating genes; all twins are correlated for
environmental influences to the same extent. In this study, the
liability threshold model, an extension of the classical twin
modelling was used, assuming individual differences in a trait
come from additive genetic (A), nonadditive genetic (D), shared
environmental (C) and nonshared environmental (E) influences.
The bivariate genetic model estimates the influence of A, C, D
and E on each trait (BMI and hypertension), and also explores
how much of the association (phenotypic correlation, rph)
between them can be partitioned into addictive genetic (rA),
nonaddictive genetic (rD), shared environmental (rC), and
unique environmental (rE) correlation. Because of the effects of
C and D are confounded in the classical twin model, including
twin pairs reared together, they cannot be calculated
simultaneously (25). For both BMI and hypertension, the ADE
model was only fitted when the intraclass correlation coefficient
(ICC) of MZ was more than double that of DZ twins. To
investigate how much of the BMI-hypertension association is
attributed to genetic or environmental correlations, we
compared the difference of cross-trait, cross-twin correlations
(CTCTs) between MZ and DZ twin pairs. A higher CTCT in MZ
than in DZ twin pairs indicates that BMI and hypertension are
associated because of correlated genetic influences. Based on the
full ACE models, several nested models, including AE, CE and E,
were fitted by dropping C, A and both components for the
selection of best fitting model.
Frontiers in Endocrinology | www.frontiersin.org 421
The likelihood ratio test was used to assess the fit of nested
models, which approximately follows a c2 distribution in that
the degree of freedom is equal to the difference of the parameters
number between the two models. Each nested model was
compared with the full model to choose the best fitting model.
The Akaike’s information criterion (AIC) was applied for the
model selection, in which lower values suggesting a better
balance between explanatory power and parsimony (26).

Data cleaning and statistical analyses were performed using
Stata/MP 14.0. Structural equation models were fitted in R 3.5.1
with the use of an open source software package named OpenMx
(version 2.14.11) (27).
RESULTS

Characteristics of the Study Population
Overall, a total of 30,617 twin individuals, including 17,571
(57.4%) men and 13,570 (44.8%) DZ twins were included in
the current study. The average age at baseline was 32.6 ± 11.4
years, the median follow-up time was 4.4 years. 7533 participants
(24.6%) were overweight, and 757 (2.5%) participants were
diagnosed with hypertension in the resurvey. And among the
overweight or obesity individuals at baseline, 371 (4.9%) twins
developed hypertension during the follow-up. Participants who
had hypertension were more likely to be older, male, overweight,
current smokers, current drinkers, to have adequate physical
activity, higher education, and to be diagnosed with diabetes,
compared with those who were hypertension-free (Table 1).

Case-Control Analyses
After adjustment of age, sex, marital status, education, smoking,
drinking, physical activity and diabetes, overweight or obesity
increased a 94% risk of hypertension in the GEE model
(OR=1.94, 95% CI: 1.64~2.30) (Table 2). In the multi-adjusted
conditional logistic regression, overweight or obesitywas associated
with an 80% higher hypertension risk (OR=1.80, 95% CI:
1.18~2.74). In the matched analysis of DZ twins, controlling 50%
genetic factors, overweight or obesity increased the risk of
hypertension under the control of confounders (OR=2.86, 95%
CI: 1.57~5.21).However, in the co-twin case-control analysis ofMZ
twins, the association between overweight or obesity and
hypertension was not significant, the multi-adjusted OR was 0.89
(95% CI: 0.46~1.72) (Table 3). When we adjusted for the potential
confounding variables, the difference in ORs between unmatched
and matched case-control analyses was significant in all twin pairs
(P=0.016), suggesting genetic, early-life familial environmental
factors or both of them may partially contribute to the
overweight-hypertension association (Table 4).

Twin Model Fitting
For both BMI and hypertension, the ICCs of MZ twins were
larger than DZ twins, which implied genetic influences on both
traits. Compared with DZ twins (r=0.10, 95% CI: 0.04~0.16), the
CTCT was higher for MZ twins (r=0.18, 95% CI: 0.13~0.23),
suggesting a genetic correlation between BMI and hypertension
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(Table 5). The analysis revealed that the full ACE model was the
best-fitting one, which was therefore used for estimation of
genetic and environmental influences (Supplementary
Table 3). The additive genetic factors explained 45% (95% CI:
41%~49%) and 32% (95% CI: 8%~59%) variance of BMI and
hypertension, respectively. The genetic correlation, which
pointed to what degree genetic variance of BMI predicted the
genetic influences on hypertension, was 0.59 (95% CI:
0.44~1.00). The shared and non-shared environmental
correlations were not significant (Table 6).

Supplementary Analysis
Considering the different effects of overweight and obesity on the
risk of incident hypertension, we also separated participants who
TABLE 1 | Characteristics of the study participants by hypertension diagnosis (N = 30617).

Characteristics Hypertension-free (N = 29860) Hypertension (N = 757) Total (N = 30617) P value

Age, years (mean, SD) 32.2 (11.2) 47.0 (11.3) 32.6 (11.4) <0.001
Male, n (%) 17008 (57.0) 563 (74.4) 17571 (57.4) <0.001
DZ, n (%) 13261 (44.9) 309 (41.1) 13570 (44.8) 0.039
Follow-up time, median (IQR) 4.4 (2.0, 5.9) 5.3 (4.4, 6.0) 4.4 (2.1, 5.9) <0.001
BMI, kg/m2 (%) <0.001
Normal weight (BMI, 18.5–23.9) 20069 (67.2) 375 (49.5) 20444 (66.8)
Underweight (BMI < 18.5) 2629 (8.8) 11 (1.5) 2640 (8.6)
Overweight (BMI ≥ 24) 7162 (24.0) 371 (49.0) 7533 (24.6)

Married, n (%) 16584 (76.7) 664 (91.1) 17248 (77.2) <0.001
Educational attainment, n (%) <0.001
Primary 2717 (12.6) 180 (24.7) 2897 (13.0)
Secondary 12541 (58.0) 477 (65.3) 13018 (58.2)
Tertiary 6366 (29.4) 73 (10.0) 6439 (28.8)

Smoking status, n (%) <0.001
Never 15384 (71.2) 444 (60.8) 15828 (70.8)
Current 5957 (27.6) 268 (36.7) 6225 (27.9)
Former 279 (1.3) 18 (2.5) 297 (1.3)

Drinking status, n (%) <0.001
Never 17092 (79.1) 492 (67.6) 17584 (78.7)
Current 4362 (20.2) 226 (31.0) 4588 (20.5)
Former 159 (0.7) 10 (1.4) 169 (0.8)

Adequate physical activity, n (%) 8568 (42.6) 354 (53.7) 8922 (42.9) <0.001
Diabetes, n (%) 178 (0.6) 17 (2.2) 195 (0.6) <0.001
Octob
er 2021 | Volume 12 | Article
BMI, body mass index; DZ, dizygotic; SD, standard deviation; IQR, interquartile range.
TABLE 2 | ORs (95% CIs) of overweight or obesity-hypertension association
(normal BMI as the reference) from the GEE models.

Models No. of cases OR (95% CI)

Modela 27977 2.03
(1.73,2.39)

Modelb 20888 1.91
(1.62,2.25)

Modelc 19394 1.94
(1.64,2.30)
BMI, body mass index; GEE, generalized estimating equation; OR, odds ratio; CI,
confidence interval.
aAdjusted for age and sex.
bAdjusted for age, sex, marital status and education.
cAdjusted for age, sex, marital status, education, smoking status, alcohol consumption,
physical activity and diabetes.
TABLE 3 | ORs (95% CIs) for the association between overweight or obesity and hypertension in co-twin control analyses using hypertension discordant twin pairs
from the conditional logistic regressions.

Co-twin without hypertension Twin with hypertension

MZ+DZ DZ MZ

Normal BMI Overweight Normal BMI Overweight Normal BMI Overweight

Normal BMI 175 77 72 56 103 21
Overweight 45 128 22 56 23 72
OR (95% CI)a 1.63 (1.12,2.37) 2.39 (1.45,3.95) 0.91 (0.51,1.65)
OR (95% CI)b 1.60 (1.09,2.33) 2.44 (1.46,4.09) 0.84 (0.45,1.54)
OR (95% CI)c 1.80 (1.18,2.74) 2.86 (1.57,5.21) 0.89 (0.46,1.72)
BMI, body mass index; MZ, monozygotic; DZ, dizygotic; OR, odds ratio; CI, confidence interval.
The 425 (206 DZ and 219 MZ) hypertension discordant pairs were divided into four groups with respect to exposure (overweight) status. In 175 (72 DZ and 103 MZ) twin pairs, both had
normal BMI. In 128 (56 DZ and 72 MZ) twin pairs, both were overweight. In 77 (56 MZ and 21 MZ) twin pairs, the healthy (hypertension-free) co-twin had normal weight and the diseased
twin was overweight. In 45 (22 DZ and 23 MZ) twin pairs, the diseased co-twin had normal BMI and the healthy twin was overweight.
aAdjusted for sex.
bAdjusted for sex, marital status, education.
cAdjusted for sex, marital status, education, smoking status, alcohol consumption, physical activity and diabetes.
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were overweight (BMI: 24- 28 kg/m2) and obesity (BMI ≥ 28 kg/
m2) to explore their associations with hypertension. Under the
control of potential influenced factors, both overweight and
obesity increased hypertension risk, the ORs were 1.87 (95%
CI: 1.57~2.24) and 2.64 (95% CI: 1.92~3.61), respectively
(Supplementary Table 1). In the matched case-control study,
overweight was associated with a 72% increased hypertension
risk (OR=1.72, 95% CI: 1.12~2.67). However, due to the limited
sample size, we found a borderline significant obesity-
hypertension association in the matched analyses (OR=9.26,
95% CI: 1.00~85.50) (Supplementary Table 2). The different
in ORs between unmatched and matched designs was significant
for the obesity (P=0.009), but not significant for the overweight
(P=0.075) (Supplementary Table 3).
DISCUSSION

In this large-scale, nationwide Chinese twin study, we found that
both overweight and obesity were significantly associated with
increased hypertension risk. And the associations were different
between unmatched and matched analyses, and even non-
significant in the co-twin analysis of MZ twins, indicating
Frontiers in Endocrinology | www.frontiersin.org 623
genetic or both genetic and environmental factors shared
between co-twins are likely to contribute to the association.
Furthermore, we found a positive correlation between BMI and
hypertension, which was explained by a genetic correlation,
providing evidence for the contribution of overlap genetic
factors on their association.

Consistent with our findings, a growing number of studies have
reported that overweight andobesitywere independently associated
with increasedriskofhypertension.Using5209participantsaged30
to 62 years from the original Framingham cohort, Wilson et al. (4)
found overweight and obese status were positively associated with
hypertension: comparedwith thosewithnormalweight, overweight
increased a 48% (95% CI: 1.24~1.75) and 70% (95% CI: 1.48~1.94)
risk of hypertension in the men and women, respectively; the age-
adjusted RRs were 2.23 (95% CI: 1.75~2.84), and 2.63 (95% CI:
2.20~3.15) inmale and female obese individuals, respectively. After
6.38-year follow-up, Qi et al. (28) reported a positive association
betweenBMI andhypertension in theChines: theRRwas 3.13 (95%
CI: 2.84~3.45) for the obesity. In the Framingham Study, Moore
et al. (5) found weight loss ≥ 6.8 kg led to a 28% (RR=0.72, 95% CI:
0.49~1.05) and a 37% (RR=0.63, 95% CI: 0.42~0.95) reduction in
hypertension risk for middle-aged and older adults, respectively;
And sustained weight loss also reduced the hypertension risk: 22%
TABLE 5 | Correlations (95% CIs) for BMI, hypertension, and BMI-hypertension by zygosity.

Zygosity Within-trait, cross-twin Cross-trait, within-twin Cross-trait, cross-twin

BMI Hypertension

MZ 0.70 (0.68,0.72) 0.73 (0.67,0.79) 0.19 (0.09,0.24) 0.18 (0.13,0.23)
DZ 0.51 (0.48,0.53) 0.57 (0.45,0.67) 0.22 (0.16,0.28) 0.10 (0.04,0.16)
October 2021 | Vo
BMI, body mass index; MZ, monozygotic; DZ, dizygotic; CI, confidence interval.
TABLE 6 | Parameter estimates (95% CIs) from the best-fitting bivariate ACE full model of BMI and hypertension.

Variance components Correlation

BMI Hypertension

rPh 0.21 (0.17,0.25)
A 0.45 (0.41,0.49) 0.32 (0.08,0.59) rA 0.59 (0.44,1.00)
C 0.36 (0.32,0.40) 0.41 (0.15,0.63) rC -0.06 (-1.00,1.00)
E 0.19 (0.19,0.20) 0.27 (0.21,0.33) rE 0.05 (-0.05,0.14)
lume 1
BMI, body mass index; CI, confidence interval; A, Additive genetic factors; C, shared environmental factors; E, non-shared environmental factors; rPh, phenotypic correlation; rA, genetic
correlation; rC, shared environmental correlation; rE, non-shared environmental correlation.
TABLE 4 | Differences in ORs (95% CIs) for the unmatched GEE models and matched co-twin control analyses (the difference in overweight or obesity between
unmatched and co-twin matched controls).

Models MZ+DZ DZ MZ

No. of cases OR (95% CI) P value No. of cases OR (95% CI) P value No. of cases OR (95% CI) P value

Modela 27656 1.26 (1.03,1.55) 0.023 27437 1.22 (0.91,1.63) 0.190 27450 1.30 (0.99,1.72) 0.062
Modelb 20574 1.32 (1.07,1.62) 0.009 20369 1.26 (0.94,1.69) 0.122 20375 1.36 (1.03,1.81) 0.032
Modelc 19115 1.30 (1.05,1.62) 0.016 18924 1.26 (0.92,1.72) 0.146 18936 1.34 (1.00,1.79) 0.052
2 | Article
MZ, monozygotic; DZ, dizygotic; GEE, generalized estimating equation; OR, odds ratio; CI, confidence interval.
aAdjusted for age and sex.
bAdjusted for age, sex, marital status and education.
cAdjusted for age, sex, marital status, education, smoking status, alcohol consumption, physical activity and diabetes.
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and 26% for middle-aged and older adults, respectively. These
studies provided evidence that overweight and obesity were
independently associated with hypertension risk.

The mechanisms underlying the overweight (obesity)-
hypertension association are complex and not completely
understood. Obesity can directly produce a variety of structural
and functional changes of the cardiovascular system, including
lower cardiac output, poorer left ventricular systolic function,
higher peripheral resistance, increased left ventricular mass, left
ventricular wall thickness and internal dimension (29). In
addition, obesity is associated with mechanisms that could
increase sympathetic nervous system (SNS) activity, which is
believed to play an important role in the development of
hypertension. Angiotensin II could increase SNS activity, while
angiotensinogen is expressed in visceral adipocytes (30, 31). In
the obesity, the inhibitory of arterial baroreflex on SNS activity is
reduced, contributing to the increased SNS activity to muscle and
kidney (32, 33). And the dysregulation of the hypothalamic-
pituitary-adrenal axis, characterized by obesity, seems to be
important to the activation of the SNS in obese humans (34).

The co-twin case-control analysis could explore associations,
under the control of genetic and unmeasured early-life
environmental factors. In the current study, we found the
overweight-hypertension association was attenuated in the
matched study, and even disappeared in the co-twin analysis of
MZ twins, indicating that the observed association was fully
explained by genetic and familiar factors shared within a twin
pair. Our results indicate these with family history of obesity may
have high hypertension risk, which showed the important to
prevent hypertension in these population. However, not
consistent with our findings, MR analysis has demonstrated
the causal effect of obesity on hypertension. Including 119,859
participants from UK Biobank, Lee et al. (6) showed a positive
association between genetically instrumented higher BMI and
hypertension risk (OR= 1.64, 95% CI: 1.48~1.83). In a Korea
cohort study, using genetic risk scores (GRS), created by 6 single-
nucleotide polymorphisms associated with BMI, researchers
found a causal effect of BMI on hypertension (OR: 1.13~1.26)
(35). In addition, a large number of studies have investigated the
biological mechanisms underlying obesity-hypertension
association. Therefore, our findings based on statistics analysis
should be interpreted with caution. More large studies from
Chinese population are warranted to verify our results.

Furthermore, using bivariate twin model, we further found
the positive BMI-hypertension association was explained by a
genetic correlation between them, providing evidence for the
contribution of overlap genes on their relationship. Including a
total of 913 subjects from 179 families, Li et al. (36) found waist
circumference (WC) was genetically correlated with systolic
blood pressure (rA=0.27), but found no significant genetic
correlations between BMI and blood pressure. Although we
found no study exploring the genetic link between overweight
(obesity) and hypertension, numerous studies provide evidences
for the pleiotropy between obesity and hypertension. FTO (fat
mass and obesity-associated) gene, the first identified gene for
obesity, is the strongest BMI related genetic factors (37, 38).
Frontiers in Endocrinology | www.frontiersin.org 724
Meta-analysis has demonstrated the associations between FTO
SNPs and obesity risk (39, 40). It is reported that FTO gene is
highly expressed in the hypothalamic nuclei (41, 42), involving in
the control of energy homeostasis (43) and regulation of blood
pressure (44). To date, several studies have investigated the
association between FTO variants and risk of hypertension.
Although the results are inconsistent, many large studies
showed some of FTO genotypes significantly increased risks of
hypertension (45). Many other genes, such as MC4R (46–48),
TNF-a (49–51), LEP (LEPR) (52–56) and b2AR (57, 58), were all
associated with both obesity and hypertension. However, because
of the lack of comparable co-twin studies, the roles of shared
genetic factors in the relationship between overweight or obesity
and hypertension are still needed to be explored.

Although our co-twin analysis reported that early-life
environment might contribute to the overweight-hypertension
association, the common environmental correlation was not
significant in the twin model. Not consistent with our results,
as important parts of early-life environments, a growing body of
studies described that poor fetal and early postnatal growth were
associated with subsequent risk of obesity and hypertension. The
majority of epidemiological studies utilize birth weight and
gestational age as proxy markers for suboptimal utero growth.
Abundant evidences suggested that high birth weight (HBW)
and large for gestational age were associated with an increased
risk of obesity later in life (59–61). In a meta-analysis, including
14 cohort studies, HBW (≥4000g) was associated with higher risk
of obesity (OR=1.43, 95% CI: 1.25~1.64), but not low birth
weight (LBW) (<2500 g) (60). Furthermore, low birth weight
(LBW) was associated with higher hypertension risk (62–65). In
the Shanghai Women’s Health Study and the Shanghai Men’s
Health Study, an excess risk of hypertension was observed for
LBW, hazard ratio (HR) was 1.20 (95% CI: 1.11~1.30) (63). In
the Swedish twin study on the fetal origins of hypertension, Bergvall
et al. (65) provided evidence that LBW was associated with
increased hypertension risk. Although early-life environmental
factors are associated with both obesity and hypertension,
whether those factors confound the overweight (obesity)-
hypertension association is unknown.

Some limitations of this study need to be mentioned. First, we
calculated BMI from self-reported height and weight, which could
have led to an underestimation of the overweight. Besides, we
collected disease information from self-reported questionnaires
without measuring the blood pressure. Because of the higher
proportion of patients who were not aware of their hypertension
(12.3%~24.7%) in the Chinese adults (66, 67), individuals with
undiagnosed hypertension might have been misclassified as
hypertension-free. Both of those could have led to biased
estimation for the overweight-hypertension association. Finally,
despite the large sample sizes, the number of cases for stratification
analyses was small, especially for the co-twin control analysis.
Specifically, we obtained a borderline significant association
between obesity and hypertension, due to the limited sample
sizes. Thus, further investigations are needed to assess whether
the genetics and early-life environmental factors account for
this association.
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Nonetheless, the current study has several strengths. First, the
large nationwide twin cohort allowed us to explore the effects of
overweight and obesity on hypertension, and simultaneously
estimate the potential influence of genetic and early-life
environmental factors in their relationship with sufficient
power. We used GEE models, controlling for the clustering of
twins within a pair, to provide evidence for the overweight-
hypertension association. And further assessing the roles of
genetic and familiar factors on the given association, via co-
twin case-control design. Second, we only included twins who
were diagnosed with hypertension during the follow-up, making
the temporality clear and thus minimize the possibility of reverse
causality. Third, due to DZ twins only share 50% of their genetic
predisposition, co-twin matched case-control analyses including
both MZ and DZ twins do not completely control for genetic
factors. Therefore, we further repeated co-twin design in MZ and
DZ twins separately, which verified our results.

In conclusion, with the current study, we add evidence to the
positive link between overweight (obesity) and hypertension, and
show the importance of genetic and family environmental factors
for their association. That is, due to the common genetic
predisposition, individuals with higher BMI seem to be more
likely to develop into hypertension. A next step would be to
verify our findings in more prospective studies, and find more
genes and environments responsible for the overweight
(obesity)-hypertension association.
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Hongmei Chen1,2, Haixia Guan1,2, Yinghua Xia4, Qun He4 and Jian Kuang1,2*

1 The Second School of Clinical Medicine, Southern Medical University, Guangzhou, China, 2 Department of Endocrinology,
Guangdong Provincial People’s Hospital, Guangdong Academy of Medical Sciences, Guangzhou, China, 3 Department of
Cardiology, Guangdong Cardiovascular Institute, Guangdong Provincial People’s Hospital, Guangdong Academy of Medical
Sciences, Guangzhou, China, 4 Guangdong Provincial Institute of Public Health, Guangdong Provincial Center for Disease
Control and Prevention, Guangzhou, China

Background: Patients with comorbidity of hypertension and diabetes are associated with
higher morbidity and mortality of cardiovascular disease than those with hypertension or
diabetes alone. The present study aimed to identify anthropometric risk factors for
diabetes among hypertensive patients who were included in a retrospective cohort study.

Methods: Hypertensive adults without diabetes were recruited in China. Demographic,
clinical, biochemical, and anthropometric indices were collected at baseline and during the
follow-up. Anthropometric measures included BMI, waist circumference, waist-to-height
ratio (WHtR), and waist-to-hip ratio, and several novel indices. To estimate the effect of
baseline and dynamic changes of each anthropometric index on risk of new-onset
diabetes (defined as self-reported physician-diagnosed diabetes and/or use of
hypoglycemic medication, or new-onset FPG≥7.0 mmol/L during follow-up), Cox
regression models were used.

Results: A total of 3852 hypertensive patients were studied, of whom 1167 developed
diabetes during follow-up. Multivariate Cox regression analyses showed that there was a
graded increased risk of incident diabetes with successively increasing anthropometric
indices mentioned above (all P<0.05). Regardless of the baseline general obesity status,
elevated WHtR was both related to higher risk of diabetes; the HRs (95%CI) of baseline
BMI<24 kg/m2 & WHtR≥0.5 group and BMI≥24 kg/m2 & WHtR≥0.5 group were 1.34
(1.05, 1.72), 1.85 (1.48, 2.31), respectively. Moreover, the dynamic changes of WHtR
could sensitively reflect diabetes risk. Diabetes risk significantly increased when patients
with baseline WHtR<0.5 progressed to WHtR≥0.5 during the follow-up (HR=1.63; 95%
CI, 1.11, 2.40). There was also a decreasing trend towards the risk of incident diabetes
when baseline abnormal WHtR reversed to normal at follow-up (HR=1.93; 95%CI, 1.36,
2.72) compared with those whose WHtR remained abnormal at follow-up (HR=2.04; 95%
CI, 1.54, 2.71).
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Conclusions: Central obesity is an independent and modifiable risk factor for the
development of diabetes among hypertensive patients. Measuring indices of central
obesity in addition to BMI in clinics could provide incremental benefits in the
discrimination of diabetes among Chinese hypertensive patients. Dynamic changes of
WHtR could sensitively reflect changes in the risk of diabetes. Therefore, long-term
monitoring of hypertensive patients using non-invasive anthropometric measures and
timely lifestyle intervention could effectively reduce the development of diabetes.
Keywords: diabetes, hypertension, anthropometric indices, central obesity, waist to height ratio (WHtR),
cohort study
INTRODUCTION

Bothhypertensionanddiabetes represent recognizedoverall global
public health burden (1). Globally, the prevalence of hypertension
and diabetes presents a persistently increasing trend;
Approximately 1.13 billion and 0.42 billion have hypertension
and diabetes, respectively. These two diseases frequently coexist
and are closely related, both existing as major risk factors for
cardiovascular and cerebrovascular diseases (2). Evidence has
revealed that hypertensive patients with diabetes had a two-fold
increased risk for developing cardiovascular diseases (CVD)
compared with those without diabetes (3). As a result, early
recognition of hypertensive patients with a high risk of diabetes
is crucial to preventing further progress to cardiovascular and
cerebrovascular diseases and improving prognosis.

Obesity is a well-recognized major modifiable risk factor for
both diabetes and hypertension. Monitoring the changes in
obesity has crucial medical implications for preventing the
development of diabetes. Anthropometry is an extensively
used, non-invasive, and cost-saving public health tool. Thus, it
is of important clinical and public health significance to dig out
more effective anthropometric indices related to the onset risk of
diabetes among hypertensive patients. BMI is still the most
widely used index of obesity for current. Yet, its reliability for
determining obesity has been questioned (4–6) since it could not
be used to differentiate body composition (fat mass and fat-free
mass). Moreover, central obesity has recently received increasing
attention because it is more closely correlated with metabolic
complications, such as insulin resistance, diabetes, and CVD,
than general obesity (7). Importantly, it is associated with an
increased risk of diabetes among adults within a healthy BMI
range (less than 25kg/m2) (8).

Central obesity includes several established and novel
parameters. Waist circumferences (WC) and waist-to-hip
ratios (WHR) have been frequently used indices in clinical
settings. Since WC considers abdominal obesity but ignores the
height, another index, waist-to-height ratios (WHtR), has also
been used as the alternative anthropometric index for predicting
diabetes (9). Nevertheless, comparisons between BMI, WC, and
WHtR do not seem to provide sufficient information for anyone
of them to have an absolute advantage in predicting diabetes with
great sensitivity or specificity (10, 11). In addition, several novel
anthropometric indices have been proposed and used:
n.org 229
abdominal volume index (AVI) (12), body adiposity index
(BAI) (13), body roundness index (BRI) (14), conicity index
(CI) (15), and weight-adjusted-waist-index (WWI) (16).
Although the mentioned anthropometric indices have been
used in various studies, their usefulness has not been
systematically evaluated. Furthermore, previous studies mostly
are cross-sectional designed and focus on the diabetes risk
among general populations (17, 18), lacking concern for the
hypertensive patients, especially those with normal-weight
central obesity.

Therefore, the present study aimed to compare associations
between baseline and changing trends of anthropometric indices
with the development of diabetes among hypertensive patients in
China. In addition, we examined associations of different
combinations of BMI and established measures of central
obesity (WC, WHR, and WHtR) with occurrences of diabetes
and assessed the magnitude of risk for onset of diabetes from
normal BMI with central obesity.
METHODS

Study Design and Study Population
The retrospective cohort study was conducted in Liaobu Town,
Dongguan City, Guangdong Province, China, from 2011 to 2013.
The Liaobu Town is a suburb of Dongguan, a well-developed city
with a population of 0.42million, next to themegacityGuangzhou.
The subjects were recruited via advertisements from the general
population in Liaobu community health center hospital using
cluster sampling based on the following inclusion criteria: over
18 years old, with hypertension, no history of cancer, willingness to
do at least 1-year follow-up. Exclusion criteria were: with self-
reported diabetes, unable to respond to interviews, and without
valid anthropometric indices or serumbiochemical examination at
baseline or at least one follow-up. Subsequently, potentially eligible
subjects were further assessed based on clinical interviews, health
screening questionnaires, physical examination, and fasting-blood
analyses, and appropriate subjects were then included for
our investigation.

Our study was approved by the Medical Research Ethics
Committee of the Guangdong Provincial People’s Hospital
(Guangzhou, China). All participants provided written informed
consents before their voluntary participation.
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Health Screening Measurements
A structured health screening questionnaire was administered by
healthcare staff to each qualified subject and to acquire
information on demographics (age, sex, and ethnicities),
lifestyle (smoking, alcohol drinking), past medical history
(hypertension, diabetes, and dyslipidemia), and current
medication uses, if any, for these conditions, and family
history of diabetes.

Health Screening Measurements
All health screening measurements were performed by trained
healthcare staff using standard anthropometric techniques.
Participants were asked to wear thin clothing with no footwear
when taking anthropometric measurements. Body weight,
height, WC, and hip circumferences (HC) were each measured
twice with the mean recorded. Body weight and height were
measured by a standard digital weighing scale and stadiometer,
respectively. WC and HC were each measured with the subject
standing and during slight expiration using a calibrated tape
measure. Waist circumference was measured at the midpoint
between the iliac crest and last rib, and hip circumference was
measured at the widest part of the hip at the level of the
greater trochanter.

Based on the above information, other anthropometric
measurements were also collected. BMIs were calculated as
weight (kg)/height2 (m). WHRs were calculated as WC (m)/HC
(m), and WHtRs were calculated as WC (m)/height (m). AVIs
were calculated as (2*WC2 (cm) + 0.7*(WC (cm)–HC (cm))2)/
1000 (12). BAIs were calculated as (HC (cm)/height1.5 (m))–18
(13). BRIs were calculated as 364.2−365.5*sqrt (1-(WC (m)/
(2p))2/(0.5*height (m))2) (14). CIs were calculated as WC (m)/
(0.109*sqrt (weight (kg)/height (m)) (15). WWIs were calculated
as WC (cm)/sqrt (weight (kg)) (16) (Table S1).

Blood pressurewasmeasured usingmercury sphygmomanometers,
and participants were required to sit quietly for 5 minutes before the
measurement. Hypertension was defined as having systolic blood
pressure (SBP)≥140 mmHg, or diastolic blood pressure (DBP)≥
90mmHg, or with a self-reported history of hypertension, or use of
antihypertensive medications.

The health screening measurements as above-mentioned
were conducted at baseline and each annual follow-up.

Laboratory Examinations
Blood samples were collected in the morning after overnight
fasting for at least 8 hours. Serum levels of fasting plasma glucose
(FPG), triglycerides (TG), total cholesterol (TC), high-density
lipoprotein (HDL), low-density lipoprotein (LDL), uric acid
(UA), creatinine (Cr), and urinary albumin excretion rate
(UAER) were measured via a biochemical autonomic analyzer
(OLYMPUS, Tokyo, Japan) in the central laboratory, Liaobu
community health center hospital. The estimated glomerular
filtration rates (eGFR) were calculated using the CKD-EPI
creatinine equation (19).

The laboratory measurements as above-mentioned were
conducted at baseline and each annual follow-up.
Frontiers in Endocrinology | www.frontiersin.org 330
Obesity Definition
Overweight was defined as having BMI≥24 kg/m2 and <28 kg/m2
and obesity as ≥28 kg/m2 according to the Working Group on
Obesity in China (WGOC) (20). Central obesity was defined as
WC≥90 cm for males and WC≥80 cm for females according to
the International Diabetes Federation (21), or WHR≥0.90 for
males and WHR≥0.85 for females according to WHO guidelines
(22). Elevated WHtR was defined as ≥0.5 (9).

Lacking unifying classification standards, cut-off points for
novel anthropometric indices (AVI, BAI, BRI, CI, and WWI)
were selected at the level of 75% according to the distribution
characteristics of BMI in the studied populations (Table S2).

Clinical Outcome
The outcome of the present study was new-onset diabetes,
defined as self-reported physician-diagnosed diabetes and/or
use of hypoglycemic medication during follow-up, or new-
onset FPG≥7.0mmol/L examined at the follow-up examination.
All participants were followed until the date of incident diabetes
or otherwise until the last follow-up date.

Statistical Analyses
As estimated in PASS software version 15.0, 390 events would be
needed in a Cox regression of the log hazard ratio (HR) to provide
90% power at a 0.05 significance level to detect a regression
coefficient equal to 0.20 under an overall event rate of 0.30. For
continuous variables, data in line with normal distribution were
presented as mean ± standard deviation (SD), while data in line
with non-normal distribution were presented as median (1st
quartile, 3rd quartile). Categorical data were presented as
frequencies (percentages). Differences among the groups were
evaluated by the student’s T-test for normally distributed
continuous data, by the Kruskal-Wallis rank-sum test for non-
normally distributed continuous data, and by the chi-square tests
for categorical variables. Univariate Cox regression models were
performed to evaluate associations of demographic, biochemical,
and clinical characteristics, and anthropometric indices with
diabetes. Independent effects of baseline and dynamic changes of
each anthropometric index and different combinations among
BMI,WC,WHR, andWHtR on the risk of diabetes were estimated
using multivariate Cox regression models. Two models with
different sets of covariates were fitted. Stratified and interaction
analyses were also conducted to evaluate the potential interactions
between WHtR and demographic, biochemical and clinical
characteristics, and other anthropometric indices. P<0.05
(two-tailed) was considered statistically significant. All statistical
analyses were conducted using the statistical software packages R
4.0.3 (http://www.R-project.org, The R Foundation).
RESULTS

Characteristics of the Participants
From our initial recruitment effort, 43001 subjects aged at least 18
years old underwent the clinical assessment based on clinical
interviews, health screening questionnaires, physical
October 2021 | Volume 12 | Article 736077
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examination, and a fasting blood sampling. Among these subjects,
35714 valid questionnaires were returned (83.05% response rate).
Based on clinical assessments, 6190 patients with hypertension
were included. Finally, after excluding participants with self-
reported diabetics or newly diagnosed diabetics at baseline and
those who were lost to follow-ups, a total of 3852 participants were
included in this analysis (Figure 1).

Baseline characteristics of the participants are outlined in
Table 1. An overall 3852 subjects were studied, out of which
57.7% were females and 42.3% were males. During the median
follow-up of 2 years, 1167 participants developed diabetes, 734
were females and 433 were males. Their baseline characteristics
as stratified by sex are presented in Table S3 . The
anthropometric indices weight, BMI, WC, WHtR, WHR, AVI,
BAI, BRI, CI, and WWI levels were statistically higher in subjects
who developed diabetes (P<0.001). In addition, compared with
subjects who didn’t develop diabetes, those who developed
diabetes during follow-up were older, had a higher proportion
of females, had higher values of FPG, TG, TC, and SBP, had a
higher prevalence of family history of diabetes, while with lower
eGFR values and smoking rates (P<0.05).

Correlations Between Baseline
Anthropometric Measures and the
Development of Diabetes in Follow-Ups
Correlations between the baseline clinical variables and new-
onset diabetes are displayed in Table S4. The univariate Cox
regression analyses revealed that the development of diabetes
was positively correlated with age, sex, TG, TC, and family
Frontiers in Endocrinology | www.frontiersin.org 431
history of diabetes, and negatively correlated with smoking
status and eGFR (P<0.05).

After fully adjustment for sex, age, smoking status, drinking
status, and family history of diabetes at baseline, and differences
of FPG, TG, TC, HDL, LDL, SBP, DBP between the baseline and
follow-up, the elevation of all indices analyzed in this study were
each independently associated with an increase in risk of incident
diabetes (Tables 2 and S5): elevated weight (HR=1.41; 95%CI:
1.31, 1.51; P<0.001), BMI (HR=1.32; 95%CI: 1.25, 1.40; P<0.001),
WC (HR=1.32; 95%CI: 1.25, 1.40; P<0.001), WHtR (HR=1.27;
95%CI: 1.20, 1.36; P<0.001), WHR (HR=1.21; 95%CI: 1.15, 1.28;
P<0.001), AVI (HR=1.31; 95%CI: 1.23, 1.38; P <0.001), BAI
(HR=1.15; 95%CI: 1.07, 1.23; P<0.001), BRI (HR=1.26; 95%CI:
1.19, 1.33; P <0.001), CI (HR=1.14; 95%CI: 1.07, 1.22; P<0.001),
WWI (HR=1.11; 95%CI: 1.04, 1.19; P=0.003).

Adopting internationally recognized diagnostic for central
obesity, there was a graded increased risk of incident diabetes
with successively increasing WC (HR=1.51; 95%CI: 1.30, 1.74;
P<0.001), WHtR (HR=1.61; 95%CI: 1.32, 1.98; P<0.001) and
WHR (HR=1.47; 95%CI: 1.24, 1.75; P<0.001). Moreover,
selecting the level of 75% for the novel anthropometric indices
as the cut-off point, the new-onset diabetes risk increased when
any of the following conditions was met: AVI≥18 (HR=1.53; 95%
CI: 1.34, 1.73 P<0.001), BAI≥34 (HR=1.25; 95%CI: 1.08, 1.44;
P=0.002), BRI≥5.5 (HR=1.38; 95%CI: 1.21, 1.58; P<0.001),
CI≥1.35 (HR=1.21; 95%CI: 1.04, 1.40; P<0.001), WWI≥11.5
(HR=1.25; 95%CI: 1.08, 1.44; P=0.002) (Figure 2).

New-onset diabetes risk increased significantly with the
baseline WHtR levels above 0.5 whether the BMI, WC, and
WHR were within the normal range (BMI<24kg/m2, WC<90cm
in males or <80cm in females, WHR<0.90 in males or <0.85 in
females) or not at baseline. Elevated WHtR (WHtR≥0.5) at
baseline was significantly associated with increased diabetes risk
with baseline BMI<24kg/m2 (HR=1.37; 95%CI: 1.08, 1.75; P
=0.011), WC<90cm in males or <80cm in females (HR=1.34;
95%CI: 1.06, 1.71; P =0.015), WHR<0.90 in males or <0.85 in
females (HR=1.62; 95%CI: 1.18, 2.22; P=0.003). The risk increased
further when BMI>24kg/m2 (HR=1.85; 95%CI: 1.48, 2.31;
P<0.001), WC≥90cm in males or ≥80cm in females (HR=1.77;
95%CI: 1.43, 2.18; P<0.001), and WHR≥0.90 in males or ≥0.85 in
females (HR=1.84; 95%CI: 1.42, 2.37; P<0.001) at baseline. The
highest risk for incident diabetes (HR=2.28; 95%CI: 1.72, 3.03;
P<0.001) was observed when BMI, WC, WHR, WHtR were all
greater than the critical value (Table 3 and Figure 3). Interaction
and stratified analyses revealed that there were no significant
interactionsbetweenWHtRandother clinical variables (Table S7).
Correlations Between Dynamic Changes
of Anthropometric Measures and the
Development of Diabetes During
Follow-Ups
As shown in Tables 4, S6, and Figure 4, in the fully adjusted
model, compared with the subjects whoseWHtR was less than 0.5
at baseline and follow-up, elevated WHtR (WHtR≥0.5) at
baseline or follow-up was associated with a higher risk of
developing diabetes (P<0.05). When WHtR≥0.5 was detected at
FIGURE 1 | Flow chart of the study population.
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TABLE 1 | Baseline characteristics of subjects who did and didn't develop new-onset diabetes during follow-up.

Total Diabetes (n = 1167) Non-diabetes (n = 2685) P-value

Age (years) 61.8 ± 13.6 62.8 ± 12.3 61.3 ± 14.1 0.002**
Sex (male (n (%)) 1632 (42.37%) 433 (37.10%) 1199 (44.66%) <0.001***
FPG (mmol/L) 5.44 ± 1.68 6.53 ± 2.61 4.97 ± 0.60 <0.001***
TG (mmol/L) 2.12 ± 1.71 1.90 (1.32-2.81) 1.61 (1.14-2.27) <0.001***
TC (mmol/L) 5.06 ± 1.26 5.13 ± 1.19 5.03 ± 1.29 0.025*
HDL (mmol/L) 1.32 ± 0.36 1.32 ± 0.40 1.32 ± 0.33 0.744
LDL (mmol/L) 2.88 ± 0.80 2.88 ± 0.83 2.88 ± 0.79 0.924
UA (mmol/L) 381.71 ± 104.11 382.70 ± 103.89 381.28 ± 104.22 0.702
Scr (mmol/L) 73.00 (62.00-88.00) 72.00 (61.00-88.00) 73.00 (62.00-88.00) 0.587
eGFR (mL/(min·1.73 m²)) 83.62 ± 23.77 81.84 ± 22.43 84.39 ± 24.29 0.002**
Weight (kg) 62.63 ± 12.46 64.36 ± 12.04 61.88 ± 12.57 <0.001***
BMI (kg/m²) 25.37 ± 3.94 26.19 ± 3.92 25.02 ± 3.90 <0.001***
WC (cm) 87.93 ± 9.83 90.22 ± 9.71 86.93 ± 9.71 <0.001***
WHtR 0.56 ± 0.07 0.58 ± 0.07 0.56 ± 0.06 <0.001***
WHR 0.92 ± 0.06 0.93 ± 0.06 0.92 ± 0.06 <0.001***
AVI 15.72 ± 3.48 16.53 ± 3.55 15.37 ± 3.40 <0.001***
BAI 30.91 ± 5.34 31.76 ± 5.46 30.54 ± 5.25 <0.001***
BRI 4.68 ± 1.43 5.02 ± 1.48 4.54 ± 1.39 <0.001***
CI 1.28 ± 0.09 1.30 ± 0.09 1.28 ± 0.09 <0.001***
WWI 11.19 ± 0.94 11.31 ± 0.90 11.14 ± 0.95 <0.001***
SBP 160.40 ± 22.64 161.62 ± 23.27 159.87 ± 22.35 0.027*
DBP 94.54 ± 11.56 94.10 ± 11.72 94.74 ± 11.48 0.119
Smoking (n (%)) 743 (19.29%) 190 (16.28%) 553 (20.60%) 0.002**
Drinking (n (%)) 199 (5.17%) 49 (4.20%) 150 (5.59%) 0.074
Family history of diabetes (n (%)) 91 (2.39%) 55 (4.74%) 36 (1.36%) <0.001***
Frontiers in Endocrinology | www.frontiersin.o
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Continuous data are shown as the mean ± SD or median (Q1-Q3), and categorical data as n (%).
FPG, fasting plasma glucose; TG, triglycerides; TC, total cholesterol; HDL, high-density lipoprotein; LDL, low-density lipoprotein; UA, urid acid; Scr, serum creatinine; eGFR, estimated
glomerular filtration rate; BMI, body mass index; WC, waist circumference; WHtR, waist-to-height ratio; WHR, waist-to-hip ratio; AVI, abdominal volume index; BAI, body adiposity index;
BRI, body roundness index; CI, conicity index; WWI, weight-adjusted-waist index; SBP, systolic blood pressure; DBP, diastolic blood pressure.
*P-value < 0.05; **P-value < 0.01; ***P-value < 0.001.
TABLE 2 | Multivariate cox regression models evaluating the associations of baseline established anthropometric indices with the development of diabetes.

Unadjusted model Model 1 Model 2

HR (95%CI) P-value HR (95%CI) P-value HR (95%CI) P-value

Weight (kg)
As continuous variables (per SD increment) 1.18 (1.12, 1.25) <0.001*** 1.44 (1.35, 1.54) <0.001*** 1.41 (1.31, 1.51) <0.001***
<75 in males or <65 in females 1.0 1.0 1.0
≥75 in males or ≥65 in females 1.40 (1.24, 1.59) <0.001*** 1.56 (1.37, 1.77) <0.001*** 1.52 (1.33, 1.74) <0.001***
BMI (kg/m²)
As continuous variables (per SD increment) 1.27 (1.21, 1.34) <0.001*** 1.33 (1.26, 1.40) <0.001*** 1.32 (1.25, 1.40) <0.001***
<24.0 1.0 1.0 1.0
24.0-28.0 1.40 (1.22, 1.61) <0.001*** 1.46 (1.27, 1.69) <0.001*** 1.37 (1.19, 1.59) <0.001***
≥28.0 1.80 (1.54, 2.09) <0.001*** 1.92 (1.64, 2.24) <0.001*** 1.79 (1.53, 2.11) <0.001***
WC (cm)
As continuous variables (per SD increment) 1.34 (1.26, 1.41) <0.001*** 1.36 (1.28, 1.44) <0.001*** 1.32 (1.25, 1.40) <0.001***
<90 in males or <80 in females 1.0 1.0 1.0
≥90 in males or ≥80 in females 1.64 (1.44, 1.88) <0.001*** 1.62 (1.41, 1.87) <0.001*** 1.51 (1.30, 1.74) <0.001***
WHtR
As continuous variables (per SD increment) 1.33 (1.26, 1.41) <0.001*** 1.31 (1.24, 1.39) <0.001*** 1.27 (1.20, 1.36) <0.001***
<0.5 1.0 1.0 1.0
≥0.5 1.80 (1.48, 2.19) <0.001*** 1.72 (1.41, 2.10) <0.001*** 1.61 (1.32, 1.98) <0.001***
WHR
As continuous variables (per SD increment) 1.22 (1.16, 1.28) <0.001*** 1.23 (1.16, 1.29) <0.001*** 1.21 (1.15, 1.28) <0.001***
<0.90 in males or <0.85 in females 1.0 1.0 1.0
≥0.90 in males or ≥0.85 in females 1.61 (1.37, 1.90) <0.001*** 1.54 (1.30, 1.82) <0.001*** 1.47 (1.24, 1.75) <0.001***
BMI, body mass index; WC, waist circumference; WHtR, waist-to-height ratio; WHR, waist-to-hip ratio.
Model 1: adjusted by sex, age, smoking status, drinking status, and family history of diabetes at baseline.
Model 2: adjusted by model 1 plus differences of FPG, TG, TC, HDL, LDL, SBP, DBP between the baseline and follow-up.
***P -value < 0.001.
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baseline, the risk of diabetes tended to be higher in subjects with
WHtR≥0.5 at follow-up (HR=2.04; 95%CI: 1.54, 2.71; P<0.001)
than those whose WHtR returned to less than 0.5 (HR=1.93; 95%
CI: 1.36, 2.72; P<0.001). The highest risk of diabetes onset was
observed when WHtR≥0.5 both at baseline and follow-up.
Among the subjects with BMI within the normal range at the
baseline, compared with the subjects who remained BMI<24kg/
m2 during the follow-up, subjects whose BMI became overweight
or obese at follow-up were not at a significant increase in risk for
diabetes. The same was observed in WC and WHR.

Other significant associations between the changing trends in
anthropometric indices and the development of diabetes
included elevated AVI (AVI≥18) at baseline and/or follow-up,
elevated BAI, BRI, CI, WWI at baseline (BAI≥34, BRI≥5.5,
CI≥1.35, WWI≥11.5) regardless of returning to less than the
critical value during follow-up or not, weight loss ≥5 kg, and
weight gain ≥5 kg (P<0.05).
DISCUSSION

Diabetes and hypertension frequently coexist in patients, and
both are established risk factors for CVD (2, 23). Individuals with
Frontiers in Endocrinology | www.frontiersin.org 633
diabetes and hypertension have higher morbidity and mortality
of CVD compared with those with either disease alone (3).
Therefore, it is crucial to explore and intervene in the risk
factors for developing diabetes in the hypertension population.
Hypertension could be easily identified by non-invasive BP
measurements, yet diabetes often goes undetected until
patients present with diabetic complications. Anthropometric
measurements have been widely used in clinical screening for
CVD and metabolic syndrome (MetS), owing to their simple,
low-cost, quick, and non-invasive characteristics. The present
study was conducted to compare the strength of associations
between different anthropometric indices with the development
of diabetes in the hypertension population.

In the present cohort of patients with hypertension, our data
indicate that anthropometricmeasurements analyzed in this study,
BMI,WC,WHtR,WHR, AVI, BAI, BRI, CI, andWWI, were each
independently associated with increased risk for the development
of diabetes. Among these indices, WHtR had the strongest
association with the new-onset diabetic risk, with dynamic
changes showing stronger associations than BMI, WC, and
WHR. Additionally, regardless of whether the BMI, WC, and
WHR were within the normal range or not, elevated WHtR at
baseline was associated with an increased risk of diabetes. Our
FIGURE 2 | Association between separate anthropometric indices with the development of diabetes (weight, body mass index [BMI], waist circumference [WC],
waist-to-hip ratio [WHR], waist-to-height ratio [WHtR], abdominal volume index [AVI], body adiposity index [BAI], body roundness index [BRI], conicity index [CI],
weight-adjusted-waist index [WWI]). The correlation was assessed by multivariate cox regression analysis, adjusted by sex, age, smoking status, drinking status,
and family history of diabetes at baseline and differences of FPG, TG, TC, HDL, LDL, SBP, DBP between the baseline and follow-up. Hazard ratios (HRs) of the
anthropometric indices were represented as the squares and 95% confidence intervals (CIs) by the lines through the squares.
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results were consistent with a previous robustmeta-analysis which
shows that measures of abdominal obesity were better indicators
for obesity-related cardiometabolic risk than BMI, andWHtR was
a better screening tool than WC and BMI for diabetes,
hypertension, and CVD (9). Previous studies have considered
mechanisms to explain why measures of central obesity are
better than BMI in predicting diabetes. Yet, there are few related
studies onwhy shouldWHtRbe superior toWC.We speculate that
on the one hand, for the adults whose height is generally stable, the
change of WHtR is essentially the change in WC, whereas WHtR
partially precludes the influence of age and sex. On the other hand,
adverse early life exposures lead to short stature and are also closely
associated with predisposition to abdominal obesity and insulin
resistance in adults (9), which is biologically plausible.

For identification of central obesity, WC, WHR, and WHtR
measurements have often been used. Our data indicated that for
Frontiers in Endocrinology | www.frontiersin.org 734
the population with hypertension, normal weight but central
obesity was also associated with elevated risk for diabetes. Our
finding is consistent with a previous report that Asian
populations are susceptible to develop diabetes despite having
relatively lower BMI than other ethnicities (24). This indicates
that abdominal obesity may be a more useful indicator than BMI
for diabetes, especially for hypertensive patients. Several
potential mechanisms could be used to explain our findings.
To begin with, ectopic fat accumulation, whose marker is
abdominal fat, has been confirmed to increase the risk of
metabolic abnormality and future development of diabetes (25,
26). Additionally, compared with subcutaneous fat, visceral fat
with abdominal cavities is related to higher metabolic and
inflammatory activities, thus prompting the development of
diabetes (27). Further, normal weight with central obesity
indicates that such individuals have excessive visceral fat, and
TABLE 3 | Multivariate cox regression models evaluating the associations of different combinations of BMI and established anthropometric indices of central obesity
(WC, WHR and WHtR) with the development of diabetes.

Unadjusted model Model 1 Model 2

HR (95%CI) P-value HR (95%CI) P-value HR (95%CI) P-value

BMI (kg/m2) & WC (cm)
BMI<24 & WC<90 (male)/80 (female) 1.0 1.0 1.0
BMI≥24 & WC<90 (male)/80 (female) 1.26 (1.00, 1.60) 0.053 1.34 (1.05, 1.71) 0.017* 1.32 (1.04, 1.69) 0.025*
BMI<24 & WC≥90 (male)/80 (female) 1.42 (1.14, 1.76) 0.002** 1.31 (1.05, 1.64) 0.019* 1.27 (1.01, 1.60) 0.042*
BMI≥24 & WC≥90 (male)/80 (female) 1.87 (1.59, 2.19) <0.001*** 1.88 (1.60, 2.22) <0.001*** 1.73 (1.46, 2.05) <0.001***
BMI (kg/m2) & WHtR
BMI<24 & WHtR<0.5 1.0 1.0 1.0
BMI≥24 & WHtR<0.5 1.39 (0.82, 2.37) 0.219 1.61 (0.94, 2.74) 0.081 1.55 (0.89, 2.68) 0.119
BMI<24 & WHtR≥0.5 1.50 (1.18, 1.90) <0.001*** 1.37 (1.08, 1.75) 0.011* 1.34 (1.05, 1.72) 0.020*
BMI≥24 & WHtR≥0.5 2.03 (1.64, 2.52) <0.001*** 2.00 (1.61, 2.48) <0.001*** 1.85 (1.48, 2.31) <0.001***
BMI (kg/m2) & WHR
BMI<28 & WHR<0.90 (male)/0.85 (female) 1.0 1.0 1.0
BMI≥28 & WHR<0.90 (male)/0.85 (female) 1.62 (1.19, 2.19) 0.002** 1.72 (1.26, 2.34) <0.001*** 1.67 (1.21, 2.30) 0.002**
BMI<28 & WHR≥0.90 (male)/0.85 (female) 1.56 (1.22, 2.00) <0.001*** 1.43 (1.11, 1.84) 0.005** 1.43 (1.11, 1.85) 0.006**
BMI≥28 & WHR≥0.90 (male)/0.85 (female) 2.16 (1.73, 2.70) <0.001*** 2.10 (1.68, 2.64) <0.001*** 1.97 (1.56, 2.48) <0.001***
WC (cm) & WHtR
WC<90 (male)/80 (female) & WHtR<0.5 1.0 1.0 1.0
WC≥90 (male)/80 (female) & WHtR<0.5 2.90 (0.92, 9.13) 0.069 2.40 (0.76, 7.62) 0.137 1.95 (0.48, 7.99) 0.351
WC<90 (male)/80 (female) & WHtR≥0.5 1.38 (1.09, 1.74) 0.008** 1.34 (1.06, 1.71) 0.015* 1.31 (1.03, 1.67) 0.030*
WC≥90 (male)/80 (female) & WHtR≥0.5 1.99 (1.63, 2.43) <0.001*** 1.93 (1.57, 2.37) <0.001*** 1.77 (1.43, 2.18) <0.001***
WC (cm) & WHR
WC<90 (male)/80 (female) & WHR<0.90 (male)/0.85 (female) 1.0 1.0 1.0
WC≥90 (male)/80 (female) & WHR<0.90 (male)/0.85 (female) 1.62 (1.16, 2.28) 0.005** 1.66 (1.17, 2.37) 0.005** 1.57 (1.09, 2.26) 0.016*
WC<90 (male)/80 (female) & WHR≥0.90 (male)/0.85 (female) 1.34 (1.06, 1.69) 0.013* 1.31 (1.04, 1.65) 0.023* 1.31 (1.03, 1.66) 0.026*
WC≥90 (male)/80 (female) & WHR≥0.90 (male)/0.85 (female) 1.96 (1.62, 2.37) <0.001*** 1.90 (1.56, 2.32) <0.001*** 1.77 (1.44, 2.17) <0.001***
WHR & WHtR
WHR<0.90 (male)/0.85 (female) & WHtR<0.5 1.0 1.0 1.0
WHR≥0.90 (male)/0.85 (female) & WHtR<0.5 1.53 (1.05, 2.24) 0.028* 1.47 (1.00, 2.16) 0.049* 1.37 (0.92, 2.05) 0.119
WHR<0.90 (male)/0.85 (female) & WHtR≥0.5 1.65 (1.21, 2.25) 0.002** 1.62 (1.18, 2.22) 0.003*** 1.48 (1.07, 2.04) 0.017*
WHR≥0.90 (male)/0.85 (female) & WHtR≥0.5 2.15 (1.68, 2.76) <0.001*** 2.02 (1.57, 2.60) <0.001 1.84 (1.42, 2.37) <0.001***
BMI, WC, WHtR & WHR
All indicators were normal 1.0 1.0 1.0
Any one indicator was abnormal 1.61 (1.14, 2.28) 0.007** 1.60 (1.13, 2.27) 0.008** 1.54 (1.08, 2.19) 0.018*
Any two indicators were abnormal 1.71 (1.23, 2.36) 0.001** 1.65 (1.19, 2.29) 0.003** 1.60 (1.15, 2.23) 0.006**
Any three indicators were abnormal 1.91 (1.42, 2.57) <0.001*** 1.81 (1.35, 2.45) <0.001*** 1.71 (1.26, 2.31) <0.001***
All indicators were abnormal 2.61 (1.98, 3.45) <0.001*** 2.54 (1.92, 3.36) <0.001*** 2.28 (1.72, 3.03) <0.001***
October 2021
 | Volume 12 | Artic
BMI, body mass index; WC, waist circumference; WHtR, waist-to-height ratio; WHR, waist-to-hip ratio.
Model 1: adjusted by sex, age, smoking status, drinking status, and family history of diabetes at baseline.
Model 2: adjusted by model 1 plus differences of FPG, TG, TC, HDL, LDL, SBP, DBP between the baseline and follow-up.
*P-value < 0.05; **P -value < 0.01; ***P -value < 0.001.
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their normal BMI usually means they are at higher risk of less
muscle compared with the same BMI but no central obesity. And
the lack of muscle mass has been confirmed to be associated with
adverse metabolic profiles (28). At the same time, it’s interesting
to note that the increased risk of diabetes among hypertensive
patients with overweight/obesity but with WHtR<0.5 was not
statistically significant, further revealing that the development of
diabetes is more closely related to the distribution rather than the
absolute degree of adiposity per se. Therefore, the indices of
central obesity could be measured in addition to BMI to identify
the patients with normal-weight central obesity who are also at
high risk of diabetes, and thus provide incremental benefit in the
pre-screening of hypertensive patients with diabetes.

Our study revealed a trend to reduce the onset risk of diabetes
when WC, WHR, and WHtR were reversed towards normal
from abnormal levels. In addition, the diabetes risk could also be
observed to be increased with increasing WHtR during follow-
up. Of note, the changing trends of AVI performed similarly in
Frontiers in Endocrinology | www.frontiersin.org 835
reflecting the risk of T2DM as WHtR, showing superior
sensitivity of both its baseline value and dynamic changes on
reflecting the development than other indices, which suggests
that AVI could also be effective predictive indicators of diabetes.
It’s well documented that the development of diabetes could be
delayed or prevented through lifestyle intervention, including
dietary modification, weight loss, and exercise training.
Therefore, through long-term monitoring of these non-invasive
and straightforward measures and applying timely lifestyle
intervention, it’s expected to promote the switch from
abnormal towards normal levels of these established or novel
indices of central obesity, which is essential for preventing or
delaying the development of diabetes.

Our study has important implications for public health and
clinical practice. First, according to the current established
guidelines, individuals with normal weight based on BMI,
regardless of central obesity status, were generally regarded as
normal in clinical practice. This could lead to a missed
FIGURE 3 | Association between different combinations of body mass index (BMI) and established anthropometric indices of central obesity (waist circumference
[WC], waist-to-hip ratio [WHR], waist-to-height ratio [WHtR]) with the development of diabetes. The correlation was assessed by multivariate cox regression analysis,
adjusted by sex, age, smoking status, drinking status, and family history of diabetes at baseline and differences of FPG, TG, TC, HDL, LDL, SBP, DBP between the
baseline and follow-up. Hazard ratios (HRs) of the combined anthropometric indices were represented as the squares and 95% confidence intervals (CIs) by the lines
through the squares.
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TABLE 4 | Multivariate cox regression models evaluating the associations of dynamic changes of established anthropometric indices with the development of diabetes.

djusted model Model 1 Model 2

I) P-value HR (95%CI) P-value HR (95%CI) P-value

1.0 1.0
.55) <0.001*** 1.33 (1.13, 1.56) <0.001*** 1.40 (1.13, 1.74) 0.002**
.76) <0.001*** 1.45 (1.21, 1.74) <0.001*** 1.35 (1.05, 1.73) 0.019*

1.0 1.0
.76) 0.010*** 1.36 (1.07, 1.74) 0.014* 1.30 (1.00, 1.69) 0.053
.68) 0.023* 1.35 (1.06, 1.72) 0.014* 1.32 (1.03, 1.69) 0.031*
.95) <0.001*** 1.76 (1.51, 2.05) <0.001*** 1.70 (1.45, 1.98) <0.001***

1.0 1.0
.65) 0.068 1.35 (1.03, 1.76) 0.029* 1.19 (0.89, 1.58) 0.245
.14) 0.002** 1.60 (1.19, 2.16) 0.002** 1.45 (1.05, 2.00) 0.023*
.51) <0.001*** 2.00 (1.58, 2.53) <0.001*** 1.74 (1.36, 2.24) <0.001***

1.0 1.0
.64) 0.003** 1.71 (1.16, 2.51) 0.006** 1.63 (1.11, 2.40) 0.014*
.84) <0.001*** 1.98 (1.41, 2.78) <0.001*** 1.93 (1.36, 2.72) <0.001***
.07) <0.001*** 2.18 (1.65, 2.88) <0.001*** 2.04 (1.54, 2.71) <0.001***

1.0 1.0
.34) 0.330 1.30 (0.72, 2.33) 0.390 1.44 (0.80, 2.59) 0.229
.60) 0.158 1.21 (0.92, 1.60) 0.164 1.22 (0.92, 1.61) 0.162
.01) <0.001*** 1.60 (1.34, 1.92) <0.001*** 1.56 (1.30, 1.87) <0.001***
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Weight change (kg)
<5 1.0
Loss ≥5 1.32 (1.12,
Gain ≥5 1.47 (1.23,
Dynamic changes of BMI (kg/m2)
<24 at baseline & <24 at follow-up 1.0
<24 at baseline & ≥24 at follow-up 1.38 (1.08,
≥24 at baseline & <24 at follow-up 1.32 (1.04,
≥24 at baseline & ≥24 at follow-up 1.68 (1.45,
Dynamic changes of WC (cm)
<90 (male)/80 (female) at baseline & <90 (male)/80 (female) at follow-up 1.0
<90 (male)/80 (female) at baseline & ≥90 (male)/80 (female) at follow-up 1.27 (0.98,
≥90 (male)/80 (female) at baseline & <90 (male)/80 (female) at follow-up 1.59 (1.18,
≥90 (male)/80 (female) at baseline & ≥90 (male)/80 (female) at follow-up 1.99 (1.58,
Dynamic changes of WHtR
<0.5 at baseline & <0.5 at follow-up 1.0
<0.5 at baseline & ≥0.5 at follow-up 1.80 (1.23,
≥0.5 at baseline & <0.5 at follow-up 2.02 (1.44,
≥0.5 at baseline & ≥0.5 at follow-up 2.33 (1.77,
Dynamic changes of WHR
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BMI, body mass index; WC, waist circumference; WHtR, waist-to-height ratio; WHR, waist-to-hip ratio.
Model 1: adjusted by sex, age, smoking status, drinking status, and family history of diabetes at baseline.
Model 2: adjusted by model 1 plus differences of FPG, TG, TC, HDL, LDL, SBP, DBP between the baseline
*P-value < 0.05; **P-value < 0.01; ***P-value < 0.001.
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opportunity for timely evaluation and intervention for a
subgroup that is at high risk but easily neglected (i.e., those
with normal-weight central obesity). Second, since all the
anthropometric indices of central obesity were calculated based
on WC, which could be easily implemented in different levels of
hospitals with only a tape used and simple standardized training
of the healthcare personnel, WC is recommended to be routinely
obtained in daily clinical practice. Third, our findings suggested
that the dynamic changes of WC, WHR, and WHtR could
sensitively reflect the variation of diabetes onset risk. Thus, the
decrease in WC should be the vital focus for public health
preventive interventions for diabetes since the height remains
nearly unchanged.
Frontiers in Endocrinology | www.frontiersin.org 1037
The following limitations should be taken into account when
interpreting our findings. First, this was a monocentric study.
Although the study was conducted in a representative population
in China, our findings might not be extrapolated to other
populations in China or Asia. Second, some known risk factors
for diabetes, such as dietary habits and physical activity status,
were not collected, and their impact on our study could not be
adjusted. Third, due to the lack of uniform criteria for the novel
anthropometric indices in the Chinese population, the 75% value
was selected as the cut-off point to explore the association with
diabetes risk in the present study. Fourth, the retrospective
nature of the study is a limitation since we could not account
for those with missing data, and those lost to follow-up
FIGURE 4 | Association between dynamic changes of separate anthropometric indices with the development of diabetes (weight, body mass index [BMI], waist
circumference [WC], waist-to-hip ratio [WHR], waist-to-height ratio [WHtR], abdominal volume index [AVI], body adiposity index [BAI], body roundness index [BRI],
conicity index [CI], weight-adjusted-waist index [WWI]). The correlation was assessed by multivariate cox regression analysis, adjusted by sex, age, smoking status,
drinking status, and family history of diabetes at baseline and differences of FPG, TG, TC, HDL, LDL, SBP, DBP between the baseline and follow-up. Hazard ratios
(HRs) of the anthropometric indices were represented as the squares and 95% confidence intervals (CIs) by the lines through the squares.
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(including deaths). Last, the diagnosis of new diabetes is based on
suboptimal criteria. Therefore, further studies with larger sample
size and multicenter design are needed to confirm our findings.
Despite these limitations, our study still has some important
strengths, including the cohort study design, which could
establish the temporal sequencing of a causal association.
Additionally, except for the baseline values of anthropometric
indices, we also examined the associations of different
combinations of BMI and these indices and changing trends of
these indices with diabetes risk, providing deeper insights into
the role of central obesity on diabetes. Last, the anthropometric
measures were collected directly by the trained healthcare
personnel instead of self-reported by the participants.

In conclusion, our study has demonstrated that central obesity
is a significant, independent, and modifiable risk factor for
diabetes among the population with hypertension. Measuring
indices of central obesity, especially WHtR, in addition to BMI
in clinics could provide incremental benefits in the discrimination
of diabetes in Chinese hypertensive patients. Moreover, we suggest
that AVI might be a promising predictor for diabetes screening.
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Because of the limitation of body mass index (BMI) in distinguishing adipose mass from
muscle, the tri-ponderal mass index (TMI) has been proposed as a new indicator for better
assessing adiposity in children and adolescents. However, it remains unclear whether TMI
performs better than BMI or other adiposity indices in predicting obesity status in
childhood and obesity-related cardiovascular risk factors (CVRFs) in childhood or
adulthood. We searched PubMed, Cochrane Library, and Web of Science for eligible
publications until June 15, 2021. A total of 32 eligible studies were included in this
systematic review. We found that TMI had a similar or better ability to predict body fat
among children and adolescents than BMI. However, most of the included studies
suggested that TMI was similar to BMI in identifying metabolic syndrome although TMI
was suggested to be a useful tool when used in combination with other indicators (e.g.,
BMI and waist circumference). In addition, limited evidence showed that TMI did not
perform better than BMI for identifying specific CVRFs, including insulin resistance, high
blood pressure, dyslipidemia, and inflammation in children and adolescents, as well as
CVRFs in adults.

Systematic Review Registration: https://www.crd.york.ac.uk/prospero,
CRD42021260356.

Keywords: children, tri-ponderal mass index, obesity, body fat, cardiovascular risk factors
INTRODUCTION

The age-standardized prevalence of obesity among children and adolescents aged 5 to 19 years has
globally increased from 0.7% in 1975 to 5.6% in 2016 among girls and 0.9% to 7.8% among boys (1).
Obesity in children is a cause of several detrimental health outcomes in childhood and later in
adulthood, such as left ventricular hypertrophy (2), increased carotid intima-media thickness (3),
kidney disease (4), and liver disease (5), cancer, cardiovascular diseases, and death (6–8). Thus, an
early and accurate diagnosis of obesity in children and adolescents is urgently needed, in order to
reduce the short-term and long-term burden of pediatric obesity-related health outcomes.
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Body mass index (BMI, kg/m2) is the most widely used
physical indicator of adiposity in both children (with
overweight/obesity cutoffs based on age and sex percentiles)
and among adults (overweight: BMI 25–29; obesity BMI ≥ 30).
Although BMI is strongly correlated with adiposity, the indicator
cannot distinguish well between excess weight due to increased
fat mass or increased muscle mass (9), especially for changes in
body composition during adolescence, leading to weight increase
being out of proportion of the change in height squared (10, 11).
Although the percentage of body fat is suggested as an accurate
method for identifying obesity in children and adolescents, it is
less applicable for routine health care, as well as in school-based
settings (12).

Tri-ponderal mass index (TMI), calculated as weight (kg)/
height (m3), is an emerging indicator, which has been suggested
to predict percent body fat (10) and metabolic syndrome (MetS)
(13) at least as well as, or better than BMI. However, findings in
other previous studies were inconsistent (14–17). For instance,
the prevalence of overweight and obesity was higher when
identified with BMI (based on standard deviation score, SDS)
than with TMI in children and adolescents aged 6–17 years (14).
It was also found that BMI (or BMI z-score or BMI-SDS)
predicted MetS better than TMI among adolescents aged 10–
17 years (15, 16).

It is however unclear whether the emerging TMI can better
identify adiposity in childhood or adolescence than the
commonly used BMI (10, 14, 18–26) and better predict
obesity-related cardiovascular risk factors (CVRFs) such as
high blood pressure, dyslipidemia, insulin resistance, and the
MetS in childhood (13–16, 18, 21, 26–34) or adulthood (35–37).
The misclassification of obesity may lead to either omissions of
children who are at high risk of obesity-related diseases or
excessive anxiety due to overdiagnosis and then unnecessary
waste of medical resources (38). Identifying potential adiposity-
related indicators that can accurately predict body fat or related
risks has significant implications for prevention, treatment, and
management of pediatric obesity.

Therefore, in order to assess whether TMI can be a substitute
for BMI in routine pediatric clinical practice to estimate obesity
and related CVRFs in children and adolescents or adults, we
reviewed articles on the ability of TMI to identify increased body
fat, in children and adolescents, and to predict CVRFs in both
childhood and adulthood.
METHODS

Search Strategy
This review was performed according to the recommendation
from the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses statement (PRISMA) (http://www.prisma-
statement.org/). We searched relevant articles in PubMed,
Cochrane Library, and Web of Science until June 15, 2021 using
the following search strategy: (“Triponderal mass index” OR “Tri-
ponderal mass index” OR “Tri-ponderal index”) AND (“children”
OR “childhood” OR “adolescents” OR “adolescence” OR
Frontiers in Endocrinology | www.frontiersin.org 241
“teenagers” OR “youth” OR “students”) AND (“body mass
index” OR “obesity” OR “body fat” OR “cardiovascular disease
risk” OR “hypertension” OR “dyslipidemia” OR “insulin
resistance” OR “impaired glucose” OR “metabolic syndrome”
OR “MetS” OR “inflammation”). We also identified eligible
papers from the lists of references in the identified papers. We
have registered on PROSPERO (available at: https://www.crd.york.
ac.uk/prospero/#aboutpage), and the ID is CRD42021260356.

Inclusion Criteria and Exclusion Criteria
Inclusion criteria were as follows: 1) original article; 2) body fat or
adiposity assessed using TMI and BMI in childhood or adolescence;
3) the paper described the association of TMI and BMImeasured in
childhood and adult with selected CVRFs [i.e., hypertension;
dyslipidemia; insulin resistance (IR) or impaired glucose; MetS;
and inflammation] measured either in childhood (e.g., at the same
time of measurement of the BMI/TMI, e.g., in cross-sectional
surveys) or in adulthood (e.g., cohort studies) or both; and
4) cross-sectional, cohort, or retrospective studies. Exclusion
criteria were as follows: 1) obviously irrelevant articles; 2) TMI
measured in adulthood; 3) other languages rather than English;
4) letter or comment; and 5) studies without data of interest.

Identification of Relevant Studies and
Data Extraction
Two independent authors (JS and RY) performed the literature
search and extracted the data. In case of disagreement between
the two authors, a third expert (BX) was consulted to reach an
agreement. The information on the first author, publication year,
country of origin, study design, sample size, age and sex
distribution of the study population, exposures, outcome
definition, adjusted covariates, and results was extracted from
each eligible study.

Study Quality Assessment
An 11-item checklist of the cross-sectional study evaluation scale
recommended by the Agency for Healthcare Research and
Quality (AHRQ) was used to evaluate the quality of cross-
sectional studies (39), with answers coded as “Yes” (1) or “No
or not clear” (0). The total score of the scale is 11 points. A score
of 8 to 11 points is rated as high quality, 4 to 7 points as moderate
quality, and less than 4 points as low quality. The Newcastle–
Ottawa Scale (NOS) star system (range 0 to 9 stars) was used to
evaluate the quality of cohort and case–control studies (40). In
brief, four items related to the selection of participants, two items
to the comparability of participants, and three items to the
exposures or outcomes. A score of “0–3” was regarded as low
quality, “4–6” as moderate quality, and “7–9” as high quality.
RESULTS

Study Selection
A total of 76 articles were initially identified. After excluding 28
duplicate articles, 48 remained for screening. After excluding 11
irrelevant articles, 2 letters/editorials, 1 in adults, 1 with
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overlapping data, 1 in Spanish, and 3 with no data of interest, 28
relevant studies were included. In addition, 4 additional articles
were identified from the lists of references, resulting in a total of
32 articles eligible for the final systematic review. The detailed
PRISMA flowchart of inclusion/exclusion of potential
publications is presented in Figure 1.

Study Characteristics
Table 1 describes the characteristics of the included studies
including 14 for the association between TMI and body fat in
childhood and adolescence (10, 14, 18–26, 41–43), 20 for TMI
and CVRFs in childhood and adolescence (13–18, 21, 26–34, 42–
45), and 4 for the association in adulthood (35–37, 46). Twenty-
five of the included studies used a cross-sectional design (10, 13,
15–28, 30–34, 41–43, 45), 2 a retrospective design (14, 44), 1 a
case-control design (29), and 4 a cohort design (35–37, 46).

Results
As shown in Table 2, All of the 32 included studies were of
moderate to high quality except for one article rated as having a
low quality (quality score = 3) (14).

TMI for Screening Body Fat in Children and
Adolescents
A total of 14 articles evaluated the ability of TMI to identify body
fat mass in children and adolescents compared with BMI
(Table 2) (10, 14, 18–26, 41–43).

It has been shown that percent of body fat (BF%) as a gold
standard was better predicted by TMI than by BMI (10, 25),
Frontiers in Endocrinology | www.frontiersin.org 342
although one study reported that both relative fat mass pediatric
(RFMp) based on height and waist circumference [WC], and
waist-to-height ratio (WHtR) performed better than both TMI
and BMI (25). When WHtR was used to define central obesity as
the gold standard, three articles showed that TMI was better than
BMI correlated with central fat accumulation in both preschool-
aged children aged 2–5 years (24) and children and adolescents
aged 5–17 years (19, 43).

When BMI and TMI were used as continuous variables, TMI
correlated similarly or better than BMI with BF% in children and
adolescents (18, 19, 22, 23, 41, 42). Although TMI and BMI among
children and adolescents aged 5–18 years explained a similar
proportion of the variability for BF%, TMI was recommended to
replace BMI z-score in children and adolescents due to its lower
false-positive rate of obesity than the BMI z-score (boys: 2.9% vs.
21.8%; girls: 17.5% vs. 28.5%) (18, 19, 22). TMI presented a higher
area under the curve (AUC) value than BMI for predicting high
BF% (0.96 vs. 0.93, p < 0.001) measured by dual-energy X-ray
absorptiometry (DEXA) among children and adolescents aged 8–
17 years (23) or more strongly correlated with BF% compared to
BMI in adolescents (41, 42).

The remaining four studies could not conclude about a possible
advantage of either TMI or BMI to identify overweight or obesity
status because of the lack of a gold standard (to objectively assess
adiposity) and inconsistent cutoffs (14, 20, 21, 26). Akcan et al.
found that TMI identified a lower prevalence of overweight and
obesity among children aged 6–17 years compared to BMI-SDS
(14), which was contrary to the finding among children aged 9–13
years, independent of sex (20). When considering overweight and
FIGURE 1 | PRISMA flowchart of study selection.
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TABLE 1 | Study characteristics of the included studies.

Outcome First author,year Study name Country
of origin

and
design

Study design Age,
years

Sample
size

Sex:
(male, %)

Exposures Outcome definition

Body fat
Peterson, 2017 (10) The 1990–2006

US National
Health and
Nutrition
Examination
Survey

USA Cross-
sectional

8–17 2,285 55.1 TMI vs. BMI Continuous:
BF% by DXA
Categorical:
Overweight was based on the
85th–95th percentiles of TMI,
BMI, and BF%

Jiang, 2018 (18) A multicentre
cross-sectional
study in east
and southwest
China

China Cross-
sectional

7–18 1,860 49.7 TMI vs. WHtR,
BMI SDS, WC
SDS

Continuous:
BF% by DXA

Sims, 2018 (19) The Canadian
Study of
Determinants of
Endometabolic
Health in China

Canada Cross-
sectional

5–17 181: 44
SCBT

and 137
non-
cancer
control
children

53.6 TMI vs. BMI Continuous BF% by bioelectrical
impedance, WHtR, WHpR

Akcan, 2019 (14) Study from the
Pediatric
Endocrinology
Outpatient
Clinics of the
Near East
University

Cyprus Retrospective 6.3–17.6 143 42 TMI vs. BMI Overweight: BMI-SDS +1.0 to
+2.0; TMI 16.8 kg/m3 for girls
and 16.0 kg/m3 for boys
obesity: BMI-SDS ≥+2.0; TMI
19.7 kg/m3 for girls and 18.8 kg/
m3 for boys

Moselakgomo,2019
(20)

Study from the
Limpopo and
Mpumalanga
province of
South Africa

South
African

Cross-
sectional

9–13 1,361 49.8 TMI vs. BMI Overweight and obesity were
based on age- and sex-specific
TMI and BMI percentages of the
study population

Ashley-Martin, 2019
(21)

Canadian
Health
Measures
Survey

Canada Cross-
sectional

6–19 5,814 50.7 TMI vs. BMI Overweight and obesity: based
on BMI z-score of the
International Obesity Task Force
and age- and sex-specific 85th
and 95th TMI percentiles of the
National Health and Nutrition
Examination Survey.

Zaniqueli, 2019 (22) Study from the
municipality of
Serra and
Vitória, State of
Espıŕito Santo,
Brazil

Brazil Cross-
sectional

6–18 1,149 53.2 TMI vs. BMI BF% was by bioelectrical
impedance.
Obesity: respectively based on
the 95th percentile of TMI, BMI,
and BF%

De Lorenzo, 2019
(23)

Study from the
University of
Rome Tor
Vergata, Human
Nutrition Unit,
Italy

Italy Cross-
sectional

8–17 485 42.7 TMI vs. BMI BF% by DXA
High adiposity: ≥75th percentile
of BF%

Nascimento, 2019
(24)

Study from
Taubaté, São
Paulo, Brazil

Brazil Cross-
sectional

2–5 919 50.1 TMI vs. BMI WHtR was used to define central
fat accumulation: the upper
tertile of the study population

Woolcott, 2019 (25) The National
Health and
Nutrition
Examination
Survey from
1999 to 2006

USA Cross-
sectional

8–19 10,390 56.8 TMI vs. RFMp
(RFM), BMI,
WHtR

BF% by DXA
Overweight and obesity
diagnoses using BMI, TMI,
RFMp, RFM, and WHtR were
defined based on 85th and 95th
percentiles, respectively (BMI

(Continued)
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TABLE 1 | Continued

Outcome First author,year Study name Country
of origin

and
design

Study design Age,
years

Sample
size

Sex:
(male, %)

Exposures Outcome definition

specific for sex and age, the
others specific for sex).

Park, 2020 (26) Korea National
Health and
Nutrition
Examination
Survey, 2007–
2016

Korea Cross-
sectional

10–20 9,749 51.5 TMI vs. BMI Overweight: BMI or TMI was
≥85th percentile and <95th
percentile
Obesity: BMI or TMI was ≥95th
percentile

Ye, 2020 (41) Data from the
Qibao
Community in
Minhang District
of Shanghai

China Cross-
sectional

6–17 14,042 54.3 TMI vs. BMI,
WHtR, WHR,
WC, body
adiposity index

BF% measured using
bioelectrical impedance analysis
(boys aged 6–18 years: ≥20%;
girls aged 6–14 years: ≥25%;
girls aged 15–18 years: ≥30%)

Alfaraidi 2021 (42) The Improving
Renal
Complications
in Adolescents
with Type 2
Diabetes
Through
Research
cohort Study

Canada Cross-
sectional

10.2–
17.9

116 31.0 TMI vs. BMI z-
score

FM% and WHtR

Malavazos 2021
(43)

The Italian
“Educazione
A limentare
Teenagers”
project survey

Italy Cross-
sectional

12–13 3479 54.3 TMI vs. BMI or
BMI z-score

Central obesity was defined as
WHtR ≥0.5

Obesity-related cardiovascular risk factors
Ramıŕez-Vélez,
2018 (27)

The Fuprecol
Study in
Bogotá,
Colombia

Columbia Cross-
sectional

9–25 4673 42.9 TMI vs. FMI MetS was defined as 3 or more
of following criteria (1):
abdominal obesity: WC ≥90 cm
for men and 80 cm for women;
(2) hypertriglyceridemia: ≥150 g/
dl; (3) low HDL-C: <40 mg/dl for
men and <50 mg/dl for women;
(4) high BP: ≥130/85 mmHg; (5)
high fasting glucose: ≥100 mg/
dl.

Gomes, 2018 (15) Study from the
North and
Central regions
of mainland
Portugal

Portugal Cross-
sectional

10–17 1,324 47.1 TMI vs. BMI,
BMI z-score,
WC, WC/H, and
WC/Hadj.

A standardized metabolic risk
score was computed
by summing of standardized
values for fasting glucose,
triglycerides, high-density
lipoprotein cholesterol, and
mean arterial BP.

Jiang, 2018 (18) A multicentre
cross-sectional
study in east
and southwest
China

China Cross-
sectional

7–18 1,860 49.7 TMI vs. WHtR,
BMI SDS, WC
SDS, and BF%

CMR1 and CMR2 were defined
as 3 or more and 2 or more
following abnormalities:
(1) Hypertension: based on age-
and sex-specific reference of
Chinese children and
adolescents,
(2) Dyslipidemia: TG ≥ 1.76
mmol/l or TC ≥ 5.2 mmol/l or
LDL-C ≥ 3.38 mmol/l, or HDL-C
≤ 1.04 mmol/l,
(3) Elevated fasting blood
glucose ≥ 5.6 mmol/l,
(4) Central obesity:
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TABLE 1 | Continued

Outcome First author,year Study name Country
of origin

and
design

Study design Age,
years

Sample
size

Sex:
(male, %)

Exposures Outcome definition

recommended by the China
children’s obesity working group.

Ashley-Martin, 2019
(21)

The Canadian
Health
Measures
Survey

Canada Cross-
sectional

6–19 5,814 50.7 TMI vs. BMI High TC: ≥ 200 mg/dl, low HDL-
C: <40 mg/dl, TG ≥ 100 mg/dl
for 0–9 years and ≥130 mg/dl
for 10–19 years, C-reactive
protein: >3.0 mg/l, HOMA-IR:
≥90th percentile, and high BP:
SBP and/or DBP ≥90th
percentile.

Shim, 2019 (28) Korea National
Health and
Nutrition
Examination
Survey, 2007–
2016.

Korea Cross-
sectional

10–20 8,464 51.6 TMI MetS was defined as 1 or more
of the following criteria: (1)
elevated WC: ≥90th percentile,
(2) elevated BP: ≥90th
percentile, (3) elevated glucose:
≥110 mg/dl, (4) elevated
TGs:≥110 mg/dl, and (5)
reduced HDL-C: <40 mg/dl.

Akcan, 2019 (14) Study from the
Pediatric
Endocrinology
Outpatient
Clinics of the
Near East
University

Cyprus Retrospective 6.3–17.6 143 42.0 TMI vs. BMI IR:
Prepubertal girls: 2.22;
prepubertal boys: 2.67; pubertal
girls: 3.82; and pubertal boys:
5.22
High liver enzymes:
The threshold for serum glutamic
oxaloacetic transaminase: 5–34
U/l, serum glutamic pyruvic
transaminase: 0–55 U/l
Dyslipidemia:
TC ≥ 200 mg/dl; TG ≥ 150 mg/
dl; HDL < 40 mg/dl; and LDL ≥

100 mg/dl
Arsang-Jang, 2019
(30)

The
Adolescence
Surveillance and
Prevention of
Adult Non-
communicable
disease survey

Iran Cross-
sectional
study

7–18 24,409 50.1 TMI vs. BMI,
TBSI, WC,
WH.5R, WHtR

MetS: abdominal obesity plus at
least 2 of the following risk
factors: (1) high TG ≥ 150 mg/dl;
low HDL-C: males, <40 mg/dl
and females, <50 mg/dl; high
BP, SBP/DBP ≥ 130/85 mm Hg;
high FPG: ≥100 mg/dl or
previously diagnosed as T2DM

Radetti, 2019 (16) Study from the
obesity inpatient
clinic of the
Istituto
Auxologico
Italiano,
Piancavallo,
Verbania, Italy

Italy Cross-
sectional

10–17 1,332 41.6 TMI vs. BMI,
BMI SDS, FFMI,
FMI, WHtR,
BMFI

Mets: abdominal obesity plus at
least 2 of the following risk
factors: (1) high TG ≥ 150 mg/dl;
low HDL-C: males, <40 mg/dl
and females, <50 mg/dl; high
BP, SBP/DBP ≥ 130/85 mm Hg;
high FPG: ≥100 mg/dl or
previously diagnosed as T2DM

Umano, 2019 (31) Obesity
outpatient clinic
in Italy

Italy Cross-
sectional

4–18 1,387 51.4 TMI vs. BMI z-
score, WC z-
score and WHtR

BP, glucose, insulin, and lipid
profile

Wang, 2020 (13) A Chinese
National
School-based
Health Survey
and United
States National
Health and
Nutrition

China
and the
USA

Cross-
sectional

7–18
for

Chinese;
12–18
for

American

57,201
Chinese
children
and

10,441
American
children

51.6 for
Chinese;
50.9 for
American

TMI vs. BMI,
BMI z-score,
weight/height2.5

Impaired FPG:≥5.6 mmol/l;
dyslipidemia: TC ≥ 170 mg/dl;
high LDL-C: ≥110 mg/dl; low
HDL-C: <120 mg/dl; TG ≥ 75
mg/dl for children under 9 years
and ≥90 mg/dl for children more
than 10 years; HBP: BP ≥ 90th
percentile
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TABLE 1 | Continued

Outcome First author,year Study name Country
of origin

and
design

Study design Age,
years

Sample
size

Sex:
(male, %)

Exposures Outcome definition

Examination
Survey

Park, 2020 (26) Korea National
Health and
Nutrition
Examination
Survey, 2007–
2016.

Korea Cross-
sectional

10–20 9,749 51.5 TMI vs. BMI DBP, SBP, HDL-C, LDL-C, TC,
TG, WC

Akcan, 2020 (29) Study from the
Pediatric
Endocrinology
Outpatient
Clinics of the
Near East
University

Cyprus Case–control
study

5.3–17.4 80 42.5 TMI vs. BMI IR: prepubertal girls: 2.22;
prepubertal boys: 2.67; pubertal
girls: 3.82; and pubertal boys:
5.22;
Low HDL-C: <40 mg/dl;
High TG: >150 mg/dl

Matsuo, 2020 (32) Study on the
effectiveness of
multidisciplinary
obesity
treatment
program in
Brazil

Brazil Cross-
sectional

12–18 217 38.7 TMI vs. BMI,
WC, WHtR

HOMA-IR: cutoff point of ≤3.16

Khoshhali, 2020 (33) The fifth survey
of “Childhood
and
Adolescence
Surveillance and
Prevention of
Adult Non-
communicable
Disease”

Iran Cross-
sectional

7–18 3731 52.6 TMI vs. BMI MetS was defined as 3 or more
of following criteria: (1)
abdominal obesity: WHtR ≥0.5,
(2) elevated FBG: ≥100 mg/dl,
(4) high TG: ≥100 mg/dl, (5) low
HDL-C: <40 mg/dl, (6) elevated
BP: ≥ age-, sex-, and height-
specific 90th percentile

Neves, 2020 (34) Study from the
Vitória, Espıŕito
Santo, Brazil

Brazil Cross-
sectional

8–14 296 45.6 TMI vs. BMI z-
score

HOMA-IR: based on b-cell
function
(%) = 20*insulin/(glucose-3.5);
resistance = insulin/(22.5e-
lnglucose)

Leone, 2020 (17) International
Center for the
Assessment of
Nutritional
Status

Italy Cross-
sectional

7–20 403 44.4 TMI vs. BMI z-
score, WHtR,
body shape
index z-score,
and conicity
index

MetS:
7–10 years (three or more of the
following criteria: WC ≥ 90th
percentile; systolic or diastolic
BP ≥ 90th percentile; TG ≥ 90th
percentile or HDL ≤ 10th
percentile; HOMA-IR ≥ 90th
percentile or FPG ≥ 90th
percentile;
10–20 years: IDF criteria

Umano, 2020 (44) A study from an
obesity
outpatient clinic
of the
Department of
Pediatrics of the
University of
Campania Luigi
Vanvitelli of
Naples

Italy Retrospective
study

10.5 ±
2.89

1,900 50.2 TMI vs. BMI z-
score and WHR

Non-alcoholic fatty liver disease
was assessed based on high-
level and abnormally intense
echoes from the liver kidney and
hepatic parenchyma in echo
amplitude

Alfaraidi, 2021 (42) Improving Renal
Complications
in Adolescents
with Type 2

Canada Cross-
sectional

10.2–
17.9

116 31.0 TMI vs. BMI z-
score

HDL

(Continued)
Frontiers in
 Endocrinology | www.
frontiersin.org
 746
 October 20
21 | Volume 12 | Article 694681

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Sun et al. TMI and Cardiovascular Risk Factors
obesity separately, Ashley-Martin et al. found that BMI defined
more overweight than TMI, whereas TMI defined more obesity
than BMI among children and adolescents aged 6–19 years (21),
inversely to the findings among children and adolescents aged 10–
20 years reported by Park et al. (26).
Frontiers in Endocrinology | www.frontiersin.org 847
Overall, studies using a gold standard for comparison and
using BMI and TMI as continuous variables suggested that TMI
performed equally or better than the widely used BMI to predict
BF% and central fat among children and adolescents. TMI was
preferred in adolescence due to its stability.
TABLE 1 | Continued

Outcome First author,year Study name Country
of origin

and
design

Study design Age,
years

Sample
size

Sex:
(male, %)

Exposures Outcome definition

diabetes
Through
Research
cohort study

Calcaterra 2021 (45) Outpatient
clinics in Milan

Italy Cross-
sectional

6–18 585 47.7 TMI vs. BMI or
BMI z-score

HOMA-IR; HOMA-b; quantitative
insulin sensitivity check index;
triglyceride and glucose index

Malavazos 2021
(43)

The Italian
“Educazione A
limentare
Teenagers”
project survey

Italy Cross-
sectional

12–13 3,479 54.3 TMI vs. BMI or
BMI z-score

BP ≥ age-, sex-, and height-
specific 90th percentile of the
NHBPEP Working Group

Adult health conditions
Wu, 2018 (1) (36) The Childhood

Determinants of
Adult Health
Study

Australia Cohort 7–15 at
baseline

2,345 49.1 TMI vs. WC,
WC adjusted for
height, weight
adjusted for
height, HC,
waist–hip ratio,
WHtR, BMI,
conicity index,
AVI, body
adiposity index,
and a body
shape index.

HOMA2-b: beta-cell function and
fasting insulin ≥75th percentile;
HOMA-IR: HOMA index ≥75th
percentile;
High fasting insulin:≥ 5.6 mmol/l

Wu, 2018(2) (35) The
Cardiovascular
Risk in Young
Finns Study

Finland Cohort 3–18 at
baseline

2,626 – TMI and its
combination
with BMI or SST
vs. BMI

T2D: FPG ≥ 126 mg/dl or
hemoglobin A1c ≥6.5%, or used
glucose-lowing medication;
obesity: BMI ≥ 30 kg/m2;
Hypertension: SBP and/or DBP
≥ 140/90 mmHg, abnormal LDL-
C: ≥160 mg/dl, HDL-C:<40 mg/
dl, and high carotid intima-media
thickness: ≥90th percentiles

Wu, 2020 (37) The ongoing
Special Turku
Coronary Risk
Factor
Intervention
Project

Finland Cohort 2–20 432 48.1 TMI vs. BMI Aortic intima-media thickness,
IFG, elevated insulin levels,
HOMA-IR, serum lipids, and
hypertension

Wu, 2021 (46) Taipei City
Hospital
Radiation
Building
Database

Taiwan
(China)

Cohort 13–18 1,387 49.7 TMI vs. BMI-z
score

Diabetes: FPG ≥ 126 mg/dl or
diagnosed by physicians or
current use of diabetes medicine
October 20
AUC, area under the curve; AVI, abdominal volume index; BMI, body mass index; BP, blood pressure; BMFI, body mass fat index; CMR, cardiometabolic risk; FPG, raised fasting plasma
glucose; FMI, fat mass index; FFMI, fat-free mass index; FMI, fat mass index; HC, hip circumference; HOMA-IR, homeostasis model assessment-insulin resistance; HOMA2-b,
homeostasis model assessment of beta-cell function; HOMA2-IR, homeostasis model assessment of insulin resistance; HDL-C, high-density lipoprotein cholesterol; IFG, impaired fasting
glucose; IR insulin resistance; LDL-C, low-density lipoprotein cholesterol; MetS, metabolic syndrome; RFMp: relative fat mass pediatric; SCBT, survivors of childhood brain tumors; SD,
standard deviation; TMI, tri-ponderal mass index; TC, total cholesterol; T2D, type 2 diabetes; TBSI, tri-ponderal body shape index; TG, triglycerides; WC, waist circumference; WC/H, WC/
height ratio; WC/Hadj, WC/H adjusted ratio; WH.5R, WC to height 5; WHtR, waist-to-height ratio; WHR, waist to hip ratio; FM%, percent of fat mass; SGOT, serum glutamic oxaloacetic
transaminase; SGPT, serum glutamic-pyruvic transaminase; SST, subscapular skinfold thickness.
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TABLE 2 | Results of the included studies.

Outcome First author,
year

Results Adjusted covariates Study
quality

Body fat
Peterson, 2017
(10)

(1) For children and adolescents aged 8 to 17 years, TMI was better to estimate BF% than
BMI, especially in boys (boys: R2 = 0.64 vs. 0.38; girls: R2 = 0.72 vs. 0.66).
(2) The misclassification of overweight was less than BMI z-score (8.4% vs. 19.4%, p < 0.001)
but equal to updated BMI percentiles based on the same data set (8.4% vs. 8.0%, p = 0.62).
However, TMI was preferred due to its simplicity with no complicated percentiles.
(3) The results were similar when stratified by sex.

None 6

Jiang, 2018
(18)

(1) WHtR was most strongly correlated with BF% (rho coefficient =0.73, p < 0.001), followed
by WC SDS, TMI, and BMI SDS (rho =0.71 vs. 0.68 vs. 0.68, p < 0.001).
(2) TMI and WHtR were more applicable for public health use than BMI, WC, and BF% due to
their simplicity in calculating and identifying obesity. The AUCs of these indicators remained
similar when stratified by sex.

None 6

Sims, 2018
(19)

After adjusting for potential variables, the correlation between TMI and BF% was equal to BMI
z-score (r= 0.85 vs. 0.85), whereas the correlation between TMI and WHpR (r = 0.46 vs. 0.41)
or WHtR (r= 0.86 vs. 0.78) was stronger than BMI z-score.

Age, sex, treatment, and puberty 6

Akcan, 2019
(14)

TMI revealed less overweight and obesity than BMI. About 22 overweight children and 8
obese children identified by BMI-SDS were regarded as normal-weight children identified by
TMI. 44 obese children (based on BMI) were overweight according to TMI.

None 3*

Moselakgomo,
2019 (20)

TMI revealed more overweight and obesity than BMI (overweight: 5.66% vs. 1.84%; obesity:
1.98% vs. 0.66%).
The classification of overweight and obesity by TMI and BMI were as follows: overweight:
boys: 7.3% vs. 2.6%; 2.2% vs. 0.7%; girls: 4.0% vs. 1.0%; obesity: boys: 2.2% vs. 0.7%;
girls: 1.8% vs. 0.6%.

None 5

Ashley-Martin,
2019 (21)

The prevalence of overweight defined by TMI was lower than that defined by BMI (15% vs.
18%), but the prevalence of obesity defined by TMI was higher than that defined by BMI
(9.7% vs. 8.9%)

None 4

Zaniqueli, 2019
(22)

Although TMI (R2 = 0.73 for boys and R2 = 0.75 for girls) and BMI (R2 = 0.74 for boys and
R2 = 0.75 for girls) performed similar in the portion of the variability for BF%, TMI was
recommended to replace the BMI z-score in children and adolescents due to a lower false-
positive rate of obesity (boys: 21.8% vs. 3.9%; girls: 28.5% vs. 17.5%).

None 6

De Lorenzo,
2019 (23)

TMI was a better predictor for BF% in both sexes than BMI (boys: R2 = 0.67 vs. 0.44; girls:
R2 = 0.79 vs. 0.74). TMI presents a higher AUC value than BMI for predicting high adiposity in
children and adolescents (0.96 vs. 0.93).

None 5

Nascimento,
2019 (24)

The AUC of TMI was higher than BMI for screening central fat accumulation (0.92 vs. 0.87),
regardless of sex.

None 6

Woolcott,
2019 (25)

(1) RFMp and WHtR showed similar linear association with BF%, followed by TMI and BMI in
children and adolescents 8 to 14 years (R2 = 0.77, 0.76, 0.69, 0.55 for boys, R2 = 0.74, 0.74,
0.71, 0.65 for girls).
(2) Similar results in boys aged 15 to 19 years. WHtR (R2 = 0.80 for boys and 0.70 for girls)
showed higher predicting ability than RFM (0.79 for boys and 0.72 for girls) among boys,
followed by BMI and TMI in children and adolescents aged 15-19 years (R2 = 0.70 and 0.69
for boys and 0.73 and 0.72 for girls. However, the predicting ability was similar among girls.
(3) RFMp for children and adolescents 8 to 14 years of age and RFM for adolescents 15 to 19
years of age were useful to estimate whole-body fat percentage and diagnose body fat-
defined overweight or obesity.

None 6

Park, 2020
(26)

The prevalence of overweight defined by TMI was slightly higher than that defined by BMI
(10.6% vs. 10.2%), but the prevalence of obesity defined by TMI was lower than that defined
by BMI (5.3% vs. 10.6%), similar in both sex.

None 5

Ye, 2020 (41) The correlation between BMI and BF% (r = 0.919) was higher than TMI (r = 0.896), WC
(r = 0.842), WHtR (r = 0.830), and WHR (r = 0.522).
For children aged 6–11 years, the AUC values of BMI (0.980 for boys and 0.981 for girls) was
significantly higher than TMI (0.957 and 0.948), WC (0.940 and 0.945), and WHtR (0.939 and
0.921) whereas for adolescents aged 12–17 years, TMI (0.976 for males and 0.945 for
females) performed better than BMI (0.967 and 0.943), WHtR (0.960 and 0.878), and WC
(0.945 and 0.864) to identify obesity

Age and sex 8

Alfaraidi, 2021
(42)

TMI was associated with FM% (r = 0.74, p < 0.0001) and WHtR (r = 0.85, p < 0.0001),
among adolescents with type 2 diabetes, whereas BMI was not.

Age and sex 8

Malavazos,
2021 (43)

TMI was better than BMI and BMI z-score to discriminate central fat among adolescents.
(AUC in boys: TMI 0.96, BMI, 0.95, p < 0.001, BMI z-score 0.95, p = 0.002; AUC in girls:
TMI 0.97, BMI 0.96, p < 0.0001, BMI z-score 0.96, p < 0.0001))
The prevalence of central obesity based on TMI (96.6% in boys and 97.3% in girls) was higher

None 7
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TABLE 2 | Continued

Outcome First author,
year

Results Adjusted covariates Study
quality

than BMI (50.7% in boys and 34.6% in girls) and BMI z-score (52.4% in boys and 38.7% in
girls) among adolescents with overweight

Obesity-related cardiovascular risk factors
Ramıŕez-Vélez,
2018 (27)

The power of TMI to detect MetS was comparable to FMI
9–12 years
AUCs for girls: TMI: 0.674; FMI: 0.698.
AUCs for boys: TMI: 0.755; FMI: 0.752.
13–17 years
AUCs for girls: TMI: 0.684; FMI: 0.699.
AUCs for boys: TMI 0.729; FMI: 0.745

None 5

Gomes, 2018
(15)

BMI z-score (AUC 0.678), BMI (0.683), and WC (0.676) were a stronger predictor for
metabolic risk score than TMI (0.655)

None 4

Jiang, 2018
(18)

TMI showed similar good performance in identifying CMR (AUC of CMR1 and CMR2: 0.88,
95% CI 0.84–0.92; 0.82, 0.79–0.85) to WHtR (0.88, 0.83–0.92; 0.82, 0.79–0.86), BMI SDS
(0.89, 0.85–0.93; 0.84, 0.81–0.87), and WC SDS (0.89, 0.85–0.93; 0.84, 0.81–0.87), but
higher performance than BF% (0.83, 0.78–0.88; 0.77, 0.74–0.80).

None 6

Ashley-Martin,
2019 (21)

Similar to BMI, TMI was a good predictor for HOMA-IR or having more than 3 abnormal tests
(AUC 0.83 and 0.81), but poor for CRP (0.73 and 0.74), high TG (0.67 and 0.68), low-HDL-C
(0.67 and 0.66), high TC (0.60 and 0.62), and high BP (SBP: 0.66 and 0.66; DBP: 0.55 and 0.56).

None 4

Shim, 2019
(28)

Compared with normal weight, overweight defined by TMI was associated with MetS (OR
25.57) and its components, including low HDL-C (2.31), elevated TG (2.55), elevated BP (1.33),
and elevated WC (29.18). The association was stronger for obesity defined by TMI, suggesting
TMI might be used as a screening tool for overweight and obesity in a clinical setting.

Age, sex, alcohol consumption,
smoking, household income,
physical activity, rural residence,
hypertension, diabetes mellitus,
and dyslipidemia

7

Akcan, 2019
(14)

IR:
Compared to BMI, TMI was more likely to overlook IR. Of 22 overweight children defined by
BMI with normal TMI, 22.7% had IR. 2 of 8 obese children (25%) defined by BMI with normal
TMI had IR. Among 44 obese children based on BMI but overweight based on TMI and
40.9% were detected as IR.
High Liver enzymes:
Compared to BMI, TMI was better to predict visceral adiposity
High liver enzymes were not found in any of the children with normal TMI.
Dyslipidemia:
Among overweight children based on BMI but normal with TMI, 9.1% had high TC, 4.5% high
TG and low HDL-C, and 50% high LDL

None 3*

Arsang-Jang,
2019 (30)

Among adolescents, compared with BMI, TMI, WC, WHtR, and WH.5R, the TBSI (WC z-
score/(TMI2/3*Height1/2) was considered the best predictor of MetS. The TBSI was significantly
more accurate than the BMI and TMI (Youden index: 0.85 vs. 0.73 vs. 0.70) for classifying
individuals with MetS and in healthy groups.

None 5

Radetti, 2019
(16)

BMFI (BMI*FM% *WC; AUC female, 0.69; male 0.59) performed marginally better than BMI
(0.68 and 0.58), TMI (0.66 and 0.55), FMI (0.67 and 0.58), FFMI (0.61 and 0.55), WHtR (0.68
and 0.56), and BMI SDS (0.68 and 0.58) in predicting MetS

None 6

Umano, 2019
(31)

WHtR performed best in predicting lipid metabolism markers and glucose, followed by the
TMI, WC z-score, and BMI z-score among children and adolescents with obesity.

Age, gender, and pubertal stage 7

Wang, 2020
(13)

(1) TMI was significantly associated with metabolic variables, the ranges of ORs were 1.09
(95% CI 1.04, 1.14) for impaired FPG, 1.13 for dyslipidemia (95% CI 1.11, 1.15), and 1.23
(95% CI 1.22, 1.25) for high BP. Similar results were found among Americans.
(2) TMI showed similar values to BMI percentiles but were more precise than BMI z-score to
predict cardiovascular risks. However, for specific cardiovascular risks, TMI was similar to BMI
to identify IR, better than BMI to identify high BP, and poor as BMI to identify dyslipidemia.
(3) The ranges of misclassification rates were 19.1% to 34.7% for TMI and 26.3% to 36.8%
for BMI z-score in Chinese, similar for American subjects.

Age and sex 8

Park, 2020
(26)

(1)Among those with normal BMI, boys with overweight TMI had higher TC (174.4 mg/dl vs.
153.6 mg/dl, p = 0.002) and TG (101.9 mg/dl vs. 77.4 mg/dl, p = 0.028), compared with boys
with normal TMI; girls with overweight TMI had lower HDL-C (50.1 mg/dl vs. 53.5 mg/dl,
p = 0.045) and higher TG (102.8 mg/dl vs. 81.4 mg/dl, p = 0.029), compared with girls with
normal TMI.
(2) Among those with overweight BMI, boys with overweight TMI had higher TC (169.8 mg/dl
vs. 157.5 mg/dl, p < 0.001) and LDL-C (101.7 mg/dl vs. 90.8 mg/dl, p < 0.001), girls had
lower HDL-C (49.5 mg/dl vs. 51.9 mg/dl, p = 0.013) and TG (96.5 mg/dl vs. 82.6 mg/dl,
p = 0.004), compared with those with normal TMI.
(3) The obesity-related comorbidities (except for DBP) of the overweight group (based on TMI)
were worse under the same BMI category (normal or overweight).

None 6
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TABLE 2 | Continued

Outcome First author,
year

Results Adjusted covariates Study
quality

Akcan, 2020
(29)

TMI was associated with a similar amount of metabolic markers to BMI. BMI as a continuous
variable seemed to be more strongly associated with TC (R2: 0.32 vs. 0.27), HDL (-0.52 vs.
-0.46), and TG (0.32 vs. 0.27) and TMI was more strongly associated with low-density
lipoprotein-cholesterol (LDL-C) (0.38 vs. 0.33). Leptin, IL-6, and fetuin-A were more closely
correlated with BMI than TMI

None 4*

Matsuo, 2020
(32)

(1) In overweight adolescents, WC presented the most predictive capacity to explain IR and
BMI had a slightly better predictive capacity than TMI, regardless of sex.
(2) In boys, TMI and BMI showed similar values of sensibility (88.4% vs. 88.2%) and specificity
(42.4% vs. 45.5%). Nevertheless, BMI had a better sensibility (57.1% vs. 49.0%) while TMI
had a better specificity (88.1% vs. 81.0%) for girls. WC demonstrated a strong sensibility
(boys: 82.4%; girls: 79.6%) for both sexes.

None 6

Khoshhali,
2020 (33)

Among boys, the AUC in identifying MetS of TMI was similar to BMI for both 7–10 years (0.72
vs. 0.69), 15–18 years (0.70 vs. 0.67), 11–14 years (0.74 vs. 0.74), and 7–18 years (0.72 vs.
0.69), as well as among girls at age 7–18 years (AUC = 0.68 vs. 0.67)

None 5

Neves, 2020
(34)

TMI showed a similar performance in identifying HOMA-IR to BMI z-score for both sex (boys:
TMI = 0.843, BMI z-scores = 0.831; girls: TMI = 0.763, BMI z-scores = 0.756).

None 4

Leone, 2020
(17)

MetS
Children aged <10 years: only BMI z-score was associated with MetS (b = 2.21, p < 0.05)
Children aged ≥10 years: BMI z-score (b = 2.67, p < 0.001), TMI (b = 0.19, p < 0.01), conicity
index (b = 9.02, p < 0.001) and WHR (b = 12.32, p < 0.001) were associated with MetS.
Similar results were found among males, whereas only conicity index (b = 7.37, p < 0.05) and
WHR (b = 7.94, p < 0.05) were associated with MetS among females.
High BP: BMI z-score was the best predictor of high BP in both children and adolescents,
whereas TMI performed better among males.
High TG: conicity index was the best predictor for high TG in females and WHR was best in
males.
Low HDL-C: BMI z-score was the best indicator for low HDL-C.
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Umano, 2020
(44)

The AUC of WHR (0.62) was higher than TMI (0.58) and BMI (0.58). None 7

Alfaraidi, 2021
(42)

TMI was associated with HDL (r = -0.26, p < 0.005) among adolescents with type 2 diabetes,
whereas BMI was not.

Age and sex 8

Calcaterra,
2021 (45)

Among children and adolescents with obesity, TMI was associated with IR indicators only in
females while BMI correlated with all IR indicators except for triglyceride and glucose index in
females and BMI z score correlated with all IR indicators except for HOMA-b in males.

None 7

Malavazos
2021 (43)

TMI was better than BMI and BMI z-score to discriminate hypertension. (AUC in boys: TMI
0.73, BMI, 0.70, p = 0.002, BMI z-score, 0.70, p = 0.020; AUC in girls: TMI 0.76, BMI 0.73, p
= 0.002, BMI z-score, 0.74, p = 0.020)

None 7

Adult health conditions
Wu, 2018a
(36)

TMI of children was significantly correlated with adult HOMA2-IR (RR 1.15, 95% CI 1.02,
1.29), high HOMA2-b (RR 1.25, 95% CI 1.11, 1.40), and high fasting insulin (RR 1.17, 95% CI
1.04, 1.31). However, the predictive ability was low with AUCs of 0.53, 0.56, and 0.54,
respectively, which was lower than other indicators such as abdominal volume index, BMI,
and WC.

None 7*

Wu, 2018b
(35)

(1) Youth TMI, BMI, and subscapular skinfold thickness were significantly associated with adult
T2D, obesity, high carotid intima-media thickness, and high LDL-C level.
(2) Youth TMI was not associated with adult hypertension and low HDL-C
(3) Youth BMI was superior or comparable to TMI and SST in predicting adult T2D (AUC
0.688 vs. 0.682 vs. 0.683), obesity (0.726 vs. 0.673 vs. 0.683), hypertension (0.660 vs. 0.656
vs. 0.660), high carotid intima-media thickness (0.568 vs. 0.554 vs. 0.557), and high LDL-C
level (0.609 vs. 0.608 vs. 0.614).

None 7*

Wu, 2020 (37) (1) BMI had stronger associations with insulin (at age 16 years), SBP (age 5–20 years), and TG
(age 18 years) than TMI.
(2) Between the ages of 14 and 16, BMI outperformed TMI for elevated insulin levels
(difference in AUC = 0.018 and 0.025) and IR (difference in AUC = 0.018–0.024). At age 16–
20 years, BMI outperformed TMI for hypertension (difference in AUC = 0.017–0.022). For other
outcomes of impaired FPG, high aortic intima-media thickness, high LDL-C, low HDL-C, and
high TG, the predictive utilities were similar.

None 7*

Wu, 2021 (46) Persistent increase of TMI during 13–18 years was associated with increased risk of diabetes
in adulthood (hazard ratio: 2.85, 95% confidence interval: 1.01–8.09). No association was
found for BMI z score (2.79, 0.35–22.00)

Age, sex, baseline weight status,
height, family history of diabetes,
smoking, systolic and diastolic
BP, TG, and fasting glucose
cholesterol

8
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TMI and Obesity-Related Cardiovascular Risk
Factors in Children and Adolescents
Twenty articles on the association between TMI andMetS and its
components were included in this systematic review (Table 2)
(13–18, 21, 26–34, 42–45).

MetS
Ten articles have evaluated the association of TMI and other
anthropometric indicators with MetS, metabolic risk score, or
cardio-metabolic risk (13, 15–18, 27–30, 33). Three of the 10
articles showed that TMI was not better than other indicators
such as BMI (or BMI z-score or BMI-SDS) among children and
adolescents aged 10–17 years to predict MetS and a metabolic
risk score (15–17). However, the other seven articles suggested
that TMI could be a useful screening tool or similar to BMI in
predicting MetS or cardio-metabolic risks in children and
adolescents aged 5.3 to 25 years (13, 18, 27–30, 33).

TMI was found to be associated with obesity-related CVRFs,
including MetS and its components [elevated blood pressure
(BP), elevated WC, low high-density lipoprotein cholesterol
(HDL-C), and elevated triglycerides (TG)] in late adolescence
(28). It was reported that TMI performed similarly to FMI (27)
or BMI, or was an auxiliary indicator in addition to BMI, to
identify MetS, a metabolic risk score, or CVRFs among children
and adolescents aged 5–18 years (13, 18, 29, 33). However, the
tri-ponderal body shape index [WC z-score/(TMI2/3*height1/2)]
including TMI and WC z-score components performed more
accurately in predicting MetS than BMI and TMI (Youden index:
0.85 vs. 0.73 vs. 0.70) among children and adolescents aged 7–18
years, suggesting that the combination of TMI and a WC z-score
could be considered as a useful predictor for MetS in children
and adolescents (30).

Overall, TMI performed similarly as compared to BMI and
other indicators in predicting MetS in most of the included
studies, and TMI was also suggested to be a useful tool when used
in combination with other adiposity indicators (e.g., BMI and
WC) for identifying MetS.

Insulin Resistance
Eight articles compared TMI and BMI for identifying insulin
resistance (IR) or impaired glucose in children and adolescents
(Table 2) (13, 14, 21, 29, 31, 32, 34, 45). Among these eight
articles, seven reported that BMI (used as a continuous variable)
performed similarly or marginally better than TMI for
identifying IR (13, 21, 29, 31, 32, 34, 45). In addition,
compared to BMI, TMI was more likely to underestimate IR
(14). The inconsistent cutoffs of TMI and BMI for identifying
overweight might lead to different identification of IR. When
restricted to children and adolescents aged 4–18 years with
overweight or obesity, WHtR or WC, used as continuous
variables, seemed to perform best among the four obesity-
related indicators (TMI, WC z-score, BMI z-score, and BMI)
to predict IR (31, 32).

Overall, TMI did not seem to be superior to BMI for
predicting IR in children and adolescents. However, WHtR or
WC could be a useful indicator for identifying IR among children
and adolescents with overweight and obesity.
Frontiers in Endocrinology | www.frontiersin.org 1251
Blood Pressure
Only five studies compared the correlation of TMI and BMI with
BP, with inconsistent results (Table 2) (13, 17, 21, 33, 43).
Although BMI correlated with BP levels stronger than TMI
(17, 33), one study based on 5,814 children and adolescents
aged 6–19 years showed that, similar to BMI using a continuous
variable, TMI (used as a continuous variable) had a low ability to
identify high BP, with an AUC of only 0.66 to predict systolic BP
and 0.60 to predict diastolic BP (21); similar findings were found
among 57,201 Chinese children and adolescents aged 7–18 years,
among 10,441 American adolescents aged 12–18 years (13) and
among Italian adolescents (43).

Overall, only a few studies examined the question and they
tended to suggest that either TMI or BMI performed poorly in
identifying high BP in children and adolescents, and the ability
varied in different populations.

Dyslipidemia
As shown in Table 2, three articles showed that both TMI and
BMI poorly predicted dyslipidemia (13, 14, 21). Although using
the same BMI classification, total cholesterol (TC) in boys and
HDL-C and TG in girls were worse among children with
overweight defined by TMI than among those with normal
TMI (26), BMI (as a continuous variable) seemed to be more
strongly associated with TC (R2: 0.32 vs. 0.27), HDL (-0.52 vs.
-0.46), and TG (0.32 vs. 0.27) compared to TMI, while TMI (as a
continuous variable) was more strongly associated with low-
density lipoprotein-cholesterol (LDL-C) than BMI (0.38 vs. 0.33)
(29), similar to findings on low HDL-C reported by Leone et al.
(17), but inversely to findings by Alfaraidi et al. (42).

Overall, there are limited studies on the association of TMI
and BMI with dyslipidemia components, and findings suggest
that BMI performs better than TMI to identify high TC and TG,
whereas TMI is superior to BMI to identify high LDL-C. This will
need further evaluation.

Inflammatory and Liver Function Markers
As shown in Table 2, for C-reactive protein (CRP), the
prediction accuracy of TMI and BMI z-score was similar
(AUC: 0.74 vs. 0.73) (21), whereas other inflammatory markers
including leptin, IL-6, and fetuin-A were more closely correlated
with BMI than TMI (29). For liver enzymes, overweight and
obese status based on TMI could significantly predict elevated
serum glutamic oxaloacetic transaminase or elevated serum
glutamic pyruvic transaminase, compared with overweight and
obesity status based on BMI. However, different cutoffs were
defined for BMI vs. TMI, which limits direct comparison (14).
For non-alcoholic fatty liver, the discriminating ability of TMI
was similarly poor as BMI, with AUC values of only 0.58 (44).

Overall, there is only limited evidence about the performance
of TMI and BMI to predict inflammatory markers, which needs
further research.

TMI in Childhood or Adolescence for Prediction of
Specific CVRFs in Adulthood
Only four articles focused on the association of TMI vs. other
obesity-related indicators in childhood or adolescence with
October 2021 | Volume 12 | Article 694681
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CVRFs inadulthood(35–37, 46) (Table2). BMIat ages 2 to 20 years
predicted the presence of CVRFs in young adults aged 20 years as
well or better thanTMI. For example, the ability to predict adult IR,
elevated insulin levels, and hypertension seemed to be stronger for
BMI vs. TMI (as assessed in childhood), but similar for the
prediction in adults of impaired fasting plasma glucose (FPG),
low HDL-C, high LDL-C, high TG, and high aortic intima-media
thickness (37). Similarly, another study showed that theAUCvalues
for TMI, or for combination of TMI and BMI, did not outperform
BMIalone inpredicting adult obesity, diabetes, high carotid intima-
media thickness, high LDL-C, and hypertension (35). The AUCs
were low forTMI (0.53, 0.56, and0.54), aswell as for other adiposity
indicators such as abdominal volume index (0.61, 0.62, and 0.61),
BMI (0.59, 0.60, and 0.59), and WC (0.61, 0.61, and 0.61) in
childhood to predict adult homeostasis model assessment 2-
insulin resistance (HOMA2-IR), HOMA2-b, and high fasting
insulin (36). However, when considering growth trajectory
instead of a single measurement in childhood, a persistently high
TMI during adolescence had predicted diabetes quite well in adults
(AUC value as high as 0.81) (46).

Overall, TMI in childhood or adolescence seems to have a lower
ability than BMI and other adiposity indicators to predict specific
CVRFs in adulthood, whereas TMI trajectory has a higher ability
than BMI trajectory in predicting diabetes in adulthood.

DISCUSSION

Main findings
To the best of our knowledge, this is the first review to summarize
the evidence regarding TMI as a screening tool for body fat and
CVRFs in childhood and adulthood. TMI seemed to perform
similarly or better than BMI for predicting body fat and central
fat and performed similarly well as BMI in identifying MetS.
However, the available evidence on the comparison of TMI and
BMI (measured in childhood) for identifying specific CVRFs (in
childhood or later in adulthood) including IR, high BP,
dyslipidemia, and inflammation was limited and not compelling.

TMI Performed Better Than BMI to
Estimate Body Fat in Children and
Adolescents
Unlike for adults, no standard BF% cutoff was established to
define excess adiposity among children and adolescents until
now (47), and objective measurements of fat mass [e.g., DEXA,
doubly-labeled water (48), and isotope dilution technique (49)]
were much complex and expensive. The components of TMI or
BMI (weight and height) can be simply measured using the
weight scale and the stadiometer that are widely used for routine
pediatric clinical practice. Therefore, in this review, we compared
the performance of TMI and BMI and our study suggested that
TMI performed better than BMI to estimate body fat in children
and adolescents at clinical practice.

The disadvantage of BMI and the advantage of TMI to
estimate body fat are as follows. First, although BMI z-score
seemed to predict well total fat mass, it predicted BF% weakly
with altered body composition among adolescents (50). Second,
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the definition of overweight and obesity using BMI should be
based on sex- and age-specific percentile values in childhood, but
this requires using complex tables (10), which may overestimate
the actual prevalence of adiposity in children, excessively
worrying families and patients (50–53), particularly for
adolescents who may be more prone to fat-shaming and
weight bias (54). Third, TMI (which is defined independently
of age and sex) could be simpler to use compared to age- and sex-
stratified BMI cutoffs and a specific cutoff of TMI has been
proposed (10). A better relation of TMI with body fat mass
across age may be consistent with the fact that BF% may change
largely during adolescence (possibly more among girls) due to
the height spurt in this age range (55). Fourth, compared to BMI,
TMI was more correlated with WHtR, which is a reliable clinical
measure of abdominal obesity and is consistently associated with
CVRFs (56). TMI could therefore help identify children and
adolescents who are overweight or obese based on BMI but also
have central obesity and increased risk of CVRFs.

TMI Was More Simple and Accurate Than
Other Indicators to Estimate Body Fat in
Children and Adolescents
Although the RFMp calculated based on WC and height
performed better to estimate BF% than TMI (25), the inter-
operator variability between WC measurements is significant,
which may cause more misclassification of MetS (57).
Furthermore, for tall and thin people, WHtR may be unusually
high, causing RFMp and RFM to tend to be 0 or negative (25).
Therefore, considering the accuracy and simplicity of the use of
TMI in primary health care services and its constancy in
predicting adiposity at adolescence, TMI may be useful to
evaluate body fat in adolescents. Yet, definite answers about
the performance of BMI vs. TMI to predict adiposity in chidden
and adolescents needs further studies using objective
measurement of body fat mass (e.g., DEXA, isotope dilution)
as the gold standard for comparisons, and do so in several
populations, and within different ethnic, age, and sex groups.

TMI Performed Similarly as Compared to
BMI and Other Indicators in Predicting
MetS and Its Components
Although TMIwas superior to BMI to screen central fat (19, 24), in
this review, it was similar to or not better than BMI to identifyMetS
and specific CVRFs. One possible reason might be that adiposity
defined according toTMI orBMI only accounts for one of theMetS
criteria. Another reasonmight be the inconsistent performances of
three indicators (TMI,BMI, andWC) in identifying specificCVRFs
including IR, high BP, dyslipidemia, and inflammation (13, 14, 21,
29, 31, 32), which are the main components of MetS.

Age and Trajectory Influence the
Association Between TMI vs. BMI in
Childhood or Adolescence and Obesity-
Related Morbidity in Adulthood
Although BMI in childhood or adolescence seemed to perform
marginally better than TMI to predict obesity-related morbidity
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in adulthood (35, 36), the difference disappeared after adjusting
for age (35), suggesting that age might be an important
confounding factor that influences the association between
BMI in childhood and obesity-related morbidity in adulthood.
BMI was better than TMI only in late adolescence to predict
adult IR and hypertension, suggesting that the variation of BMI
during adolescence influences the strength of the association (10,
37). When considering trajectories, persistently high TMI during
13 and 18 years performed better than the BMI trajectory to
predict adult diabetes (46), suggesting that, during adolescence,
TMI trajectory (i.e., repeated measurements) may better reflect
growth and predict adult CVRD outcomes. Therefore, further
prospective studies with large sample sizes, multiethnic
populations, and repeated measurements of anthropometric
indicators are needed to confirm these findings.

Strengths and Limitations
To the best of our knowledge, this is the first comprehensive
review that compared TMI with BMI or other indicators in
children and adolescents to predict obesity-related morbidity in
both childhood and adulthood. Several limitations should be
noted in this review. First, there was high heterogeneity between
studies in the considered variables and how the adiposity cutoffs
were defined, which limits direct comparisons. Second, most
studies on the identification of CVRFs in childhood and
adolescence were cross-sectional, which cannot prove causality
(55). It must be however mentioned that a marker does not
necessarily need to be causally related to an outcome to enable a
good prediction. Third, a majority of the included studies came
from Western countries, which limits the extrapolation of the
results to other populations. Further studies with various ethnic/
race groups are needed to confirm the predictive ability of TMI to
predict adiposity in children and adolescents. Fourth, although
TMI seems better than BMI to predict concomitant fat mass in
children and adolescents, neither TMI nor BMI can distinguish fat
mass from non-fat mass, and these indicators cannot replace
objective measurement of fat mass (e.g., DEXA, isotope
dilution). Again, an ultimate fully valid method to compare how
BMI or TMI predicts adiposity should rely on objectively
measured adiposity as the gold standard (e.g., DEXA, isotope
dilution methods) and use a similar dichotomization of categories
Frontiers in Endocrinology | www.frontiersin.org 1453
of elevated BMI or elevated TMI (e.g., using the same percentile
cutoffs, e.g., p80 or p90) to enable valid comparisons; this was only
rarely performed in the considered studies.
CONCLUSIONS

In conclusion, TMI only requires a single threshold according to
sex (i.e., no need for sex- and age-specific thresholds) and TMI
seems to predict adiposity similarly or better in children and
adolescents than BMI. In addition, TMI seemed to perform
similarly as BMI for identifying MetS. However, the clinical
use of TMI vs. BMI in childhood, in order to predict specific
elevated CVRFs in childhood or later in adulthood, is still not
definitive and needs further studies, particularly those with a
longitudinal design.
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Background: Galectin-3-binding protein (GAL-3BP) is a ubiquitous and multifunctional
secreted glycoprotein, which functions in innate immunity and has been highlighted as a
potential mediator of adipose inflammation in obesity. In this study, we aimed to identify
whether GAL-3BP is a novel biological marker for metabolic syndrome (MetS).

Methods: The biochemical and anthropometric variables of the 570 participants in this
study were evaluated using standard procedures. Their serum GAL-3BP levels were
measured using enzyme-linked immunosorbent assay (ELISA), while the association
between the glycoprotein and MetS was analyzed using multiple logistic regression
analyses. Moreover, an experimental MetS model was established. The expression of
GAL-3BP in serum and adipose tissue was measured using ELISA and western blotting.
Lipid accumulation was determined with the use of immunohistochemistry and
immunofluorescent staining.

Results: The serum GAL-3BP level was found to be positively associated with MetS. The
logistic regression analyses demonstrated that participants expressing the upper levels of
GAL-3BP were more likely to develop MetS than those expressing less of the glycoprotein
(OR = 2.39, 95%CI: 1.49, 3.83). The association between the serum GAL-3BP level and
MetS was found preferentially in postmenopausal women (OR = 2.30, 95%CI: 1.31, 4.05).
In addition, GAL-3BP was increased in the serum and visceral adipose tissue (VAT) of high
fat diet (HFD) mice. Moreover, GAL-3BP was highly expressed in VAT macrophages.

Conclusions: This study confirmed serum GAL-3BP to be positively associated with
MetS, highlighting it as a useful biological marker of MetS in Chinese participants.

Keywords: metabolic syndrome, inflammation, biomarker, sex difference, galectin-3-binding protein
INTRODUCTION

Galectin-3 binding protein (GAL-3BP) is a ubiquitous multifunctional secretory glycoprotein,
which was initially identified as having innate immune function in humans following viral and
bacterial infections (1). GAL-3BP has several targets, such as Galectin-1, Galectin-3, Galectin-7,
Galectin-9, and GAL-3BP, which interact with extracellular matrix proteins and cell surface
receptors such as b1-integrins, calcineurin, and NFATc1, thereby regulating cell–cell and cell–
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matrix interactions (1–5). GAL-3BP is also known to regulate the
activation of cyclophilin C, which regulates phagocytosis through
the activation of NFAT in macrophages (6). GAL-3BP interacts
with a group of target molecules through its multiple functional
domains and participates in a wide range of physiological and
pathological processes such as cell growth, cellular adhesion,
inflammation, and visceral fat increase (1, 4, 7).

Recent studies have suggested that GAL-3BP plays a causal
role in innate immunity (1), insulin resistance (8), and chronic
low-grade inflammation (9). In humans, GAL-3BP is reported to
be elevated in the plasma of obese individuals (10, 11) or those
with several symptoms of metabolic syndrome (MetS) (11, 12).
In addition, the glycoprotein is secreted from visceral adipose
tissues (VAT) (13). In a mouse model, serum GAL-3BP levels
increased under a high-fat high-cholesterol diet (14), and several
studies have shown that serum GAL-3BP levels can predict the
severity of liver disease, especially non-alcoholic fatty liver
disease (NAFLD) (7, 14).

MetS refers to the cluster of biological factors that feature in
type 2 diabetes mellitus, hypertension, dyslipidemia, and
abdominal obesity (15) and is becoming a major public health
issue (16). With the increase in obesity, the incidence of MetS in
the Chinese population has increased rapidly from 29.65% in
2005 to 45.49% in 2014 (17). This increase also elevates the
incidence of arthritis, diabetes, and cardiovascular disease (18,
19). Therefore, it is vital to examine the potential mechanisms
that underlie MetS and identify biomarkers that will help to
assess the risk of developing the syndrome.

Although the relationship between GAL-3BP and human
obesity has been demonstrated (11), the significance of GAL-
3BP as a biomarker for MetS has not been fully examined to date.
The aims of the study were to investigate the clinical significance
of serum GAL-3BP levels in determining the complex phenotype
of MetS and evaluate whether GAL-3BP can act as a suitable
biomarker for MetS by assessing the correlation between them.
MATERIALS AND METHODS

Human Subjects
The study was based on the Major Chronic Diseases Prevention
and Control Cohort in Northeast China, a well-designed
prospective cohort used to investigate environmental and
genetic factors in non-communicable chronic disease. A face-
to-face interview was conducted to collect information using a
standardized questionnaire. The eligibility of the participants was
defined as those who had resided in the area for at least 5 years,
could partake in barrier-free communication, were compliant,
Abbreviations: GAL-3BP, Galectin-3-binding protein; MetS, metabolic
syndrome; WC, waist circumference; SBP, systolic blood pressure; DBP,
diastolic blood pressure; FPG, fasting plasma glucose; TG, triglycerides; HDL-C,
high-density lipoprotein-cholesterol; LDL-C, low-density lipoprotein-cholesterol;
AST, aspartate aminotransferase; ALT, alanine aminotransferase; ECM,
extracellular matrix; ELISA, enzyme linked immunosorbent assay; VAT, visceral
adipose tissue; CD, Control diet; HFD, High fat diet.
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and were 1) free from severe physical disabilities, cancer,
cerebrovascular disease, severe liver and kidney diseases or
psychological disorders or dementia over the past 6 months; 2)
not currently diagnosed with a communicable disease; 3) not
pregnant. All participants provided written informed consent.
Between September and December 2019, a total of 675
participants from Yuhong district were enrolled using a
multistage sampling technique. Sixty-nine participants were
excluding because of hemolysis or chylous blood (fatty blood).
Of the remaining 606 participants, 36 completed only the short
questionnaire. After exclusions, the data for 570 participants
were made available for the current investigation. Participants
provided written informed consent to undergo venipuncture and
were all told of the intended use of the samples. The research was
approved by the Ethics Committee of China Medical
University (CMU).

Waist circumference (WC) was measured at umbilicus level in
the standing position. Systolic (SBP) and diastolic (DBP) blood
pressure readings were taken using an automatic electronic
sphygmomanometer (HEM-907; Omron, Tokyo, Japan). Blood
was collected from the anterior humerus vein in the morning after
12-h of fasting without the intake of medication. Fasting plasma
glucose (FPG), triglyceride (TG), low- and high-density
lipoprotein-cholesterol (LDL- and HDL-C), aspartate
aminotransferase (AST) and alanine aminotransferase (ALT)
levels were determined using standard procedures.

Definition of Metabolic Syndrome
Participants with MetS were defined according to the criteria set
out by the International Diabetes Federation (20). MetS was
diagnosed when subjects presented with abdominal obesity
(defined as WC ≥ 90 cm for males or ≥80 cm for females) and
two or more of the following criteria: 1) high blood pressure (SBP ≥
130mmHg or DBP ≥ 85mmHg); 2) elevated plasma glucose
(FPG ≥ 5.6mmol/L); 3) elevated TG (TG ≥ 1.7mmol/L); or
4) low HDL-C (HDL-C < 1.04mmol/L for males or < 1.3mmol/L
for females).

Covariates
Covariates including age, gender, nationality (Han or other),
educational attainment (illiterate or primary school; junior
middle school; high middle school; and college or higher),
menopausal status (pre- or post-menopausal), AST (U/L), and
ALT (U/L) were collected using face-to-face interviews and
general information questionnaires.

Animals
C57BL/6 mice weighing approximately 20 g at the beginning of
the experimental procedure were used. Mice were housed in a
12 h/12 h light/dark cycle and given distilled water and feed.
Mice over 12–16 weeks-of-age were randomly divided into
two groups. The control diet (CD) group was provided with a
standard CD. The high fat diet (HFD) group was fed on a diet in
which 60% of the calories were obtained from fat (Research diet
#D12492) for 12 weeks. MetS was induced by feeding the animals
with a HFD (Research Diets, New Brunswick, NJ), which was
consistent with previously published work (21). Blood samples
November 2021 | Volume 12 | Article 726154
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were used to measure blood glucose, lipoprotein, and TG levels.
Food intake, water consumption, weight, and body compositions
were measured weekly, and the average food and water
consumption was calculated accordingly. We used gonadal
white adipose tissue for measurements. Before tissue collection,
the mice fasted for 16 h and were weighed, before samples were
excised and fixed in 4% paraformaldehyde buffer for
histopathological assessment. Serum and various tissue samples
were collected and frozen at −80°C. All animal procedures
were approved by the Animal Ethics Committee of China
Medical University.

Measurements of GAL-3BP
Human Galectin-3BP ELISA (2H-KMLJh314728) and Mouse
Galectin-3BP ELISA (2M-KMLJM228552m) kits were
purchased from CAMILO biological (Nanjing, China). Both
kits were used in accordance with the manufacturer’s
instructions. Standards provided with the kits were diluted to
produce a gradient of biomarker concentrations to obtain
standard curves.

Western Blots
Visceral adipose tissues were prepared and lysed according to
standard protocols. Antibodies to G3BP (ab181150, 1:1000) and
GAPDH (ab8245, 1:2000) were purchased from Abcam. Blotting
membranes were incubated with the primary antibody at 4°C
overnight and the secondary anti-rabbit IgG (#32731; 1:10000;
Thermo Scientific) at room temperature for 1 h. The resulting
bands were visualized using a Tanon 5500 imaging system
(Tanon, Shanghai, China). The results were quantified using
ImageJ software (National Institute of Mental Health, USA).

Immunohistochemistry
Tissues were fixed overnight in 4% paraformaldehyde in PBS,
dehydrated in a graded ethanol series, and washed with xylene.
Tissues were embedded in paraffin and sectioned as 5 µm. Single-
label immunohistochemistry was performed on adipose tissues.
Macrophages were detected using a monoclonal antibody against
F4/80 (ab6640, 1:100). Histopathological images were captured by
immunofluorescencemicroscopy (80I, NikonCorporation, Tokyo,
Japan). Three sections per mouse were analyzed and n = 11–20.

Immunofluorescence Staining
After being deparaffinized in xylene and rehydrated using an
ascending ethanol series, the slides were permeabilized with 0.1%
Triton-X 100 for 5 min, blocked with 10% goat serum in PBST
(PBS with 0.05% Tween 20) for 1 h at 37°C, and incubated with
GAL-3BP (1:100) and F4/80 (1:100) at 4°C overnight. After
washing with PBST, the coverslips were mounted with anti-
fade reagent and 4′, 6′-diamidino-2-phenylindole (DAPI) (Life
Technologies, Waltham, MA, USA). Images were acquired using
a Leica DFC310 FX digital camera connected to a Leica DMI4000
B light microscope (Wetzlar, Germany).

Statistical Analysis
Descriptive information was presented is means with standard
deviations. ANOVA tests for continuous variables and chi-
Frontiers in Endocrinology | www.frontiersin.org 358
square tests for categorical variables were used to compare
participants with and without MetS. GAL-3BP concentration
was divided into tertiles, and an increase from T1 to T3 was
assumed (22). The upper strata of GAL-3BP levels were defined
as T2 and T3, whereas and lower strata were defined as T1. The
cut-off value in the present study were 45.13 (ng/ml).

Logistic regression models were used to estimate the odds
ratios (OR) and 95% confidence intervals (95%CI) for MetS and
serum GAL-3BP levels. The age-adjusted model was adjusted for
age, and the multiple-adjusted model was adjusted for gender,
national, educational attainment, AST, and ALT. A P-value <
0.05 indicated statistical significance. Statistical analyses were
carried out using SPSS 25.0 (SPSS, Inc., Chicago, IL) and Stata
13.0 (StataCorp, College Station, TX, USA), while R (R studio,
USA) and Graphpad Prism 5.0 (GraphPad Inc., La Jolla, CA)
were adopted for graph preparation.
RESULTS

Table 1 shows the characteristics of the participants; 25.09% of
participants had MetS. Compared with subjects without MetS,
those with MetS exhibited higher values for WC, BMI, blood
pressure, FPG, TG, HDL-C, LDL-C, and GAL-3BP. The median
overall GAL-3BP concentration was 70.55 ng/ml (SD = 52.12,
SEM = 2.18). The median GAL-3BP concentration for
participants with MetS was 80.31 ng/ml (SD = 68.21, SEM =
5.70), whereas that for participants without MetS was 67.28 ng/ml
(SD = 45.10, SEM = 2.18). The median GAL-3BP concentration in
females was 72.20 ng/ml (SD = 55.35, SEM= 2.80), whereas that in
males was 66.95 ng/ml (SD = 44.17, SEM = 3.30). Further, the
median GAL-3BP concentration in females with MetS was 80.77
ng/ml (SD = 69.74, SEM = 6.56), whereas that in females without
MetS was 68.71 ng/ml (SD = 48.00, SEM = 2.88) (p <0.05). The
median GAL-3BP concentration inmales withMetS was 78.59 ng/
ml (SD = 63.19, SEM = 11.54), whereas that in males without
MetS was 64.61 ng/ml (SD = 39.13, SEM = 3.21) (p >0.05). In
addition, Gal-3BP levels in females and males were shown in
Supplemental Table 1.

The Association Between GAL-3BP
and MetS
After adjusting for confounders, participants with the higher GAL-
3BP levels showed higher odds of having MetS than those in with
lower levels of GAL-3BP (OR = 2.39, 95%CI: 1.49, 3.83). To further
define any sex differences, we compared the results obtained for
male and female subjects. Females with higher levels of GAL-3BP
had higher odds of having MetS than those with lower levels of
GAL-3BP (OR=2.31, 95%CI: 1.35, 3.94), whereas, males with
higher GAL-3BP levels also showed higher odds of having MetS
than those with lower levels of GAL-3BP (OR=3.02, 95%CI: 1.03,
8.34). Further, females were divided into premenopausal and
postmenopausal groups. In the postmenopausal group,
participants with higher GAL-3BP levels had a higher incidence
of MetS than those with lower levels of the glycoprotein (OR=2.30,
95%CI: 1.31, 4.05). These results are shown in Tables 2, 3.
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In addition, the association between GAL-3BP levels and MetS
components were shown in Supplemental Table 2.

GAL-3BP Was Increased in the Serum and
VAT of Mice on a High-Fat Diet
To confirm the GAL-3BP expression pattern in MetS mice, we fed
themice with aHFD. Data on the assessment ofMetS parameter in
micewere shown inSupplementalTable3. As shown inFigure1A,
GAL-3BPwas found tobe increased significantly in the serumof the
HFD group compared with that in the control group. We then
assessedwhether GAL-3BPwas secreted fromVAT and found that
levels were increased in the HFD group compared with the control
group (Figures 1B, C).

GAL-3BP Was Highly Expressed
in VAT Macrophages
To verify the VAT cell types that secreted GAL-3BP, we tested
the expression of the glycoprotein in the IHC. As shown in
Frontiers in Endocrinology | www.frontiersin.org 459
Figure 2A, in HFD group VAT, the adipocytes were bigger in the
HFD group than the CD group. GAL-3BP was highly expressed
as in a crown shape, which indicated that the macrophages may
secrete the protein in the VAT of the HFD group. Next, using the
macrophage marker F4/80 to locate the cells, we found that
GAL-3BP was expressed in cells identified by F4/80 (Figure 2B).
In the VAT of the HFD group, GAL-3BP and F4/80 were more
highly expressed than in the CD group (Figure 2B).
DISCUSSION

In this study, we demonstrated that the serum GAL-3BP levels
were positively correlated with the incidence of MetS in humans,
particularly in postmenopausal females. Serum GAL-3BP may
therefore serve as a useful biological marker for MetS. GAL-3BP
was highly expressed in the VAT of MetS mice, suggesting that
GAL-3BP expression may represent a biological process that
TABLE 2 | Association between Gal-3BP level and MetS.

Level of GAL-3BP P value

Lower Upper

Total (n=570)
Age-adjusted model 1 (Reference) 2.40 (1.52, 3.80) <0.001
Multiple-adjusted model 1 (Reference) 2.39 (1.49, 3.83) <0.001

Male (n=179)
Age-adjusted model 1 (Reference) 3.03 (1.09, 8.39) 0.033
Multiple-adjusted modela 1 (Reference) 3.02 (1.03, 8.34) 0.043

Female (n=391)
Age-adjusted model 1 (Reference) 2.32 (1.37, 3.93) 0.002
Multiple-adjusted modelb 1 (Reference) 2.31 (1.35, 3.94) 0.002
November 2021 | Volume 12 | Article
OR, Odds ratio; CI, confidence interval; Age-adjusted model, adjusted for age (in years); Multiple-adjusted model, additional adjusted for gender, national, educational attainment, AST(U/L)
and ALT(U/L). aMultiple-adjusted model adjusted for age (in years), national, educational attainment, AST(U/L) and ALT(U/L). bMultiple-adjusted model adjusted for age (in years), national,
educational attainment, menopausal, AST(U/L) and ALT(U/L). P-values < 0.05 are bold.
TABLE 1 | Characteristics of study participants with and without MetS.

Characteristic Participants without MetS (n = 427) Participants with MetS (n = 143) P value

Age, Mean (SD) 60.74 (9.95) 64.92 (7.48) <0.001
Female, No. (%) 278 (65.11) 113 (79.02) 0.002
National (Han), No. (%) 368 (86.18) 130 (90.91) 0.141
Educational attainment, No. (%) 0.238
Illiterate or primary school 97 (22.72) 38 (26.57)
Junior middle school 165 (38.64) 49 (34.27)
High middle school 134 (31.38) 51 (35.66)
College or higher 31 (7.26) 5 (3.5)

Anthropometry
WC, (cm), Mean. (SD) 78.84 (8.09) 89.04 (6.76) <0.001
BMI, (kg/m2), Mean. (SD) 24.67 (2.92) 27.71 (3.13) <0.001
SBP, (mmHg), Mean. (SD) 126.90 (14.47) 135.59 (11.81) <0.001
DBP, (mmHg), Mean. (SD) 75.31 (8.80) 77.91 (9.33) 0.003

Laboratory examinations
FPG, (mmol/L), Mean. (SD) 5.34 (1.21) 6.17 (1.78) <0.001
TG, (mmol/L), Mean. (SD) 1.55 (1.33) 2.34 (1.36) <0.001
HDL-C, (mmol/L), Mean. (SD) 1.31 (0.29) 1.22 (0.34) 0.003
LDL-C, (mmol/L), Mean. (SD) 3.25 (0.76) 3.45 (0.77) 0.006
AST, (U/L), Mean (SD) 26.36 (10.04) 26.22 (9.87) 0.882
ALT, (U/L), Mean (SD) 24.67 (17.75) 26.76 (13.47) 0.200
G3BP, (ng/ml), Mean (SD) 67.28 (45.10) 80.31 (68.21) 0.001
P-values < 0.05 are bold.
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underlies MetS. Moreover, we newly identified adipose tissue
macrophages as a source of Gal3-BP under conditions of adipose
tissue expansion.

In this study, we were able to demonstrate the usefulness of
the serum GAL-3BP levels in reflecting the incidence of MetS.
Associations between serum GAL-3BP, abdominal obesity and
lipoprotein levels have been shown previously (9–11), and we
also identified associations between GAL-3BP level, center
obesity and high TG, while further demonstrating the
positive association between GAL-3BP and MetS. In a
previous report, GAL-3BP, a large oligomeric glycoprotein,
was suggested to be the galectin-3 ligand (23). Previous studies
have indicated that the level of galectin-3 is associated with
visceral fat, lipoprotein levels, glucose homeostasis, and even
the presence of MetS (24, 25). Therefore, GAL-3BP may affect
the distribution of body fat, gluconeogenesis, hyperglycemia,
and lipolysis, which may result in the reduced ability to
maintain metabolic homeostasis.

Logistic regression analyses suggested that GAL-3BP is
positively correlated with MetS. The sex difference may be due to
the sexual dimorphisms in adipose tissue biology, including adipose
distribution and function (26–28). Cai et al. reported GAL-3BP
increase inNAFLDpatients between three groups (PostM-NAFLD
vs. PostM-Control, PreM-NAFLD vs. PreM-Control, and PostM-
NAFLD vs. PreM-NAFLD). They hypothesized GAL-3BP may
connect to NALFD and metabolic disorders (7). Our results also
Frontiers in Endocrinology | www.frontiersin.org 560
report the association between GAL-3BP and MetS in
postmenopausal women. Subanalyses of females further suggested
the presence of a robust association betweenGAL-3BP andMetS in
postmenopausal females. Although the mechanism underlying
menopausal status and an association between serum GAL-3BP
and MetS is unclear, several studies have suggested that biological
changes aftermenopausemay lead to the reduced ability of adipose
tissue to expand, leading to additional fat storage (27, 28). The
change in adipose tissue expandability may underlie the significant
association between serumGAL-3BP andMetS in postmenopausal
women. In addition, GAL-3BP was shown to interact with
Complement Factor D, Insulin like Growth Factor 1, and
Albumin directly, and to network with Estrogen Receptor 1
(ESR1), Nitric Oxide Synthase 3 and INS (7). Several studies have
suggested that estrogen is associated with MetS and its related
factors in postmenopausal women (29, 30). In premenopausal
women, intact estrogen dependency might be preserved in the
myometrium, as well as in the uterine endometrium with
characteristic stable expression of ESR1 with ESR2, whereas, in
postmenopausal women with much lower estrogen levels, ESR1 is
decreased (31). An imbalance between ESR1 in the adipose tissue
could therefore affect the development of metabolic diseases (32).
Hormones have critical functions in MetS pathogenesis and
progression, and estrogens have critical functions in lipoprotein
metabolism. Reduced estrogen in postmenopausal women may
enhance the association between the Gal-3BP and MetS.
A B

C

FIGURE 1 | GAL-3BP demonstrated positive correlations with MetS. (A) Serum GAL-3BP concentration. (B) Protein expressions of GAL-3BP and internal control
GAPDH in Visceral Adipose Tissues. (C) Quantification of proteins with normalization to protein levels of GAPDH. Data are represented as mean ± SEM. n = 11-20,
*p < 0.05 vs CD mice.
TABLE 3 | Association between Gal-3BP level and MetS in female subjects.

Level of GAL-3BP P value

Lower Upper

Premenopausal (n=63)
Age-adjusted model 1 (Reference) 1.09 (0.19, 6.28) 0.927
Multiple-adjusted model 1 (Reference) 1.24 (0.17, 9.10) 0.833

Postmenopausal (n=328)
Age-adjusted model 1 (Reference) 2.42 (1.39, 4.22) 0.002
Multiple-adjusted model 1 (Reference) 2.30 (1.31, 4.05) 0.004
November 2021 | Volume 12 | Article
OR, Odds ratio; CI, confidence interval; Age-adjusted model, adjusted for age (in years); Multiple-adjusted model, additional adjusted for national, educational attainment, AST(U/L) and
ALT(U/L). P-values < 0.05 are bold.
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The association between GAL-3BP and ESR1 may thus result in
postmenopausal MetS.

GAL-3BPwas shown to be highly expressed in theVAT,which is
consistent with previous findings (10, 11). Roelofsen et al. reported
that GAL-3BP was secreted from VAT (13). We also found that
serum GAL-3BP was highly expressed in the VAT of MetS mice.
Typically, the increase in visceral fat has been verified to further boost
insulin resistance, while MetS is probably induced by insulin
resistance caused by the association between GAL-3BP levels and
visceral adiposity.Moreover, recent data from reconstituted proteins
in vitro have confirmed the association between GAL-3BP and
adiponectin. GAL-3BP is a novel serum adiponectin binding
protein and may abrogate the anti-inflammatory effects of
adiponectin (9, 11). Hypoadiponectinemia is closely associated
with hypertension, dyslipidemia, diabetes mellitus, and visceral fat
obesity related toMetS (33).Thepresent study showed thatGAL-3BP
was highly expressed in VAT macrophages. Inflammation may also
account for these associations. Previous data have indicated thatGal‐
3BP has immunosuppressive as well as immunostimulatory
functions in vitro (1); the glycoprotein has been implicated in
inflammatory distress, immune response (7), and chronic low-
grade inflammation (9). GAL-3BP is significantly positively
associated with inflammatory markers, including IL6, IL-1b,
together with TNFa (11, 34, 35), and these may participate in MetS
pathogenesis related to GAL-3BP, since inflammationmay probably
result in insulin resistance. Furthermore,Gleissner et al. reported that
GAL-3BP induces a pro-inflammatory transcriptome in human
monocyte-derived macrophages (11). This is in line with our
finding that GAL-3BP was highly expressed in macrophages in
adipose tissues. Simultaneously, several studies have reported that
GAL-3BP is a new biomarker for predicting chronic pancreatitis,
non-alcoholic steatohepatitis (NASH), and NAFLD (7, 34, 36).
Elevated GAL-3BP in patients with MetS is consistent with the
presence of chronic low-grade inflammation as a key characteristic
Frontiers in Endocrinology | www.frontiersin.org 661
ofMetS, pancreatitis andNASH (9, 34).Wemay compareGAL-3BP
with inflammatory parameters in future.

Certain limitations to this study should be noted. First, this
was a cross-sectional study to determine the significance of
serum GAL-3BP as a biological marker of MetS. The cross-
sectional design limited the usefulness of evaluating the serum
GAL-3BP level as a biomarker in predicting the progression of
MetS. A prospective study based on baseline stratified serum
GAL-3BP levels may be necessary. Second, our study does not
clearly demonstrate a mechanism underlying the association
between GAL-3BP and MetS in participants. The murine
model did not fully explain the source of Gal3-BP under
adipose tissue expansion conditions in human subjects. We did
not obtain adipose tissues from participants, who were
community residents. We may delve into the mechanisms and
try to link the findings in the future. Third, we did not include a
perimenopausal group with oligomenorrea and perimenopausal
symptoms. Participants going through menopausal process
(perimenopausal women) were probably self-classified as
menopausal. As menopause is a gradual process, the
perimenopausal period should be included in future studies.
Finally, we did not assess other adipokine (adiponectin or leptin,
etc.) or other biomarkers levels, it is difficult to compare the
GAL-3BP with other biomarkers. Therefore, we may compare
GAL-3BP with adiponectins and other biomarkers in terms of
the receiver operating characteristics for MetS in future.

Our results suggest a significant role for GAL-3BP in reflecting
the complex phenotypes of MetS. In conclusion, the results from
this study demonstrate that GAL-3BP levels show positive
associations with MetS. This finding is particularly important
because of the increasing risk of MetS seen in the Chinese
population. Understanding the role of GAL-3BP in altering MetS
could assist the development of diagnostic tools and treatments for
obesity-related metabolic disorders. Nonetheless, further studies
A

B

FIGURE 2 | The expression of GAL-3BP in the Visceral Adipose Tissues. (A) Representative images of F4/80 staining in VAT after HFD or CD exposure.
100 × (B) Representative images of immunofluorescent staining for F4/80 and GAL-3BP adducts. 100 ×. n = 5.
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should be carried out to clarify the role of GAL-3BP as a biomarker
for MetS.
DATA AVAILABILITY STATEMENT

Data are available upon reasonable request. Requests to access
the datasets should be directed to DW, dlwen@cmu.edu.cn.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by China Medical University. The patients/participants
provided their written informed consent to participate in this
study. The animal study was reviewed and approved by China
Medical University.
AUTHOR CONTRIBUTIONS

YM and DW conceived and designed the study. SZ, RC, and XY
collected, managed, and analyzed the data. SZ drafted the
Frontiers in Endocrinology | www.frontiersin.org 762
manuscript. All authors contributed to the article and
approved the submitted version.
FUNDING

This research was supported by the National Key R&D Program
of China (Grant #2018YFC1311600) and Liaoning Revitalization
Talents Program (Grant #XLYC1808036).
ACKNOWLEDGMENTS

We would like to thank the participants in the study.
SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fendo.2021.726154/
full#supplementary-material
REFERENCES
1. Loimaranta V, Hepojoki J, Laaksoaho O, Pulliainen AT. Galectin-3-Binding

Protein: A Multitask Glycoprotein With Innate Immunity Functions in Viral
and Bacterial Infections. J Leukoc Biol (2018) 104:777–86. doi: 10.1002/
JLB.3VMR0118-036R

2. Stampolidis P, Ullrich A, Iacobelli S. LGALS3BP, Lectin Galactoside-Binding
Soluble 3 Binding Protein, Promotes Oncogenic Cellular Events Impeded by
Antibody Intervention. Oncogene (2015) 34:39–52. doi: 10.1038/onc.2013.548

3. Yamaguchi R, Hosaka M, Torii S, Hou N, Saito N, Yoshimoto Y, et al.
Cyclophilin C-Associated Protein Regulation of Phagocytic Functions via
NFAT Activation in Macrophages. Brain Res (2011) 1397:55–65. doi:
10.1016/j.brainres.2011.03.036

4. Ullrich A, Sures I, D'Egidio M, Jallal B, Powell TJ, Herbst R, et al. The Secreted
Tumor-Associated Antigen 90K Is a Potent Immune Stimulator. J Biol Chem
(1994) 269:18401–7. doi: 10.1016/S0021-9258(17)32322-0

5. Nonaka M, Ma BY, Imaeda H, Kawabe K, Kawasaki N, Hodohara K, et al.
Dendritic Cell-Specific Intercellular Adhesion Molecule 3-Grabbing non-
Integrin (DC-SIGN) Recognizes a Novel Ligand, Mac-2-Binding Protein,
Characteristically Expressed on Human Colorectal Carcinomas. J Biol Chem
(2011) 286:22403–13. doi: 10.1074/jbc.M110.215301

6. Jalkanen K, Leu T, Bono P, Salmi M, Jalkanen S, Smith DJ. Distinct Ligand
Binding Properties of Mac-2-Binding Protein and Mouse Cyclophilin
[Correction of Mousephilin] C-Associated Protein. Eur J Immunol (2001)
31:3075–84. doi: 10.1002/1521-4141(2001010)31:10<3075::AID-
IMMU3075>3.0.CO;2-D

7. Cai H, Lu S, Chen Y, Das Mbbs Mrcog S, Niu Z, Zhuo G, et al. Serum Retinol
Binding Protein 4 and Galectin-3 Binding Protein as Novel Markers for
Postmenopausal Nonalcoholic Fatty Liver Disease. Clin Biochem (2018)
56:95–101. doi: 10.1016/j.clinbiochem.2018.04.017

8. Chen Y, Das S, Zhuo G, Cai H. Elevated Serum Levels of Galectin-3 Binding
Protein Are Associated With Insulin Resistance in non-Diabetic Women
After Menopause. Taiwan J Obstet Gynecol (2020) 59:877–81. doi: 10.1016/
j.tjog.2020.09.014

9. Niinaga R, Yamamoto H, Yoshii M, Uekita H, Yamane N, Kochi I, et al.
Marked Elevation of Serum M2BP-Adiponectin Complex in Men With
Coronary Artery Disease. Atherosclerosis (2016) 253:70–4. doi: 10.1016/
j.atherosclerosis.2016.08.024
10. Sugiura T, Dohi Y, Takase H, Yamashita S, Murai S, Tsuzuki Y, et al. Serum
Levels of Mac-2 Binding Protein Increase With Cardiovascular Risk and
Reflect Silent Atherosclerosis. Atherosclerosis (2016) 251:192–6. doi: 10.1016/
j.atherosclerosis.2016.06.027

11. Gleissner CA, Erbel C, Linden F, Domschke G, Akhavanpoor M, Helmes CM,
et al. Galectin-3 Binding Protein, Coronary Artery Disease and Cardiovascular
Mortality: Insights From the LURIC Study. Atherosclerosis (2017) 260:121–9.
doi: 10.1016/j.atherosclerosis.2017.03.031

12. Melin EO, Dereke J, Hillman M. Female Sex, High Soluble CD163, and Low
HDL-Cholesterol Were Associated With High Galectin-3 Binding Protein in
Type 1 Diabetes. Biol Sex Differ (2019) 10:51. doi: 10.1186/s13293-019-0268-0

13. Roelofsen H, Dijkstra M, Weening D, de Vries MP, Hoek A, Vonk RJ.
Comparison of Isotope-Labeled Amino Acid Incorporation Rates (CILAIR)
Provides a Quantitative Method to Study Tissue Secretomes. Mol Cell
Proteomics (2009) 8:316–24. doi: 10.1074/mcp.M800254-MCP200

14. Iwata A, Kamada Y, Ebisutani Y, Yamamoto A, Ueda Y, Arai H, et al.
Establishment of Mouse Mac-2 Binding Protein Enzyme-Linked
Immunosorbent Assay and its Application for Mouse Chronic Liver Disease
Models. Hepatol Res (2017) 47:902–9. doi: 10.1111/hepr.12819

15. Moore JX, Chaudhary N, Akinyemiju T. Metabolic Syndrome Prevalence by
Race/Ethnicity and Sex in the United States, National Health and Nutrition
Examination Survey, 1988-2012. Prev Chronic Dis (2017) 14:E24. doi:
10.5888/pcd14.160287

16. Kassi E, Pervanidou P, Kaltsas G, Chrousos G. Metabolic Syndrome:
Definitions and Controversies. BMC Med (2011) 9:48. doi: 10.1186/1741-
7015-9-48

17. Jiang B, Li B, Wang Y, Han B, Wang N, Li Q, et al. The Nine-Year Changes of
the Incidence and Characteristics of Metabolic Syndrome in China:
Longitudinal Comparisons of the Two Cross-Sectional Surveys in a Newly
Formed Urban Community. Cardiovasc Diabetol (2016) 15:84. doi: 10.1186/
s12933-016-0402-9

18. Wannamethee SG, Shaper AG, Lennon L, Morris RW.Metabolic Syndrome vs
Framingham Risk Score for Prediction of Coronary Heart Disease, Stroke, and
Type 2 Diabetes Mellitus. Arch Internal Med (2005) 165:2644–50. doi:
10.1001/archinte.165.22.2644

19. Ford ES. Risks for All-Cause Mortality, Cardiovascular Disease, and Diabetes
Associated With the Metabolic Syndrome: A Summary of the Evidence.
Diabetes Care (2005) 28:1769–78. doi: 10.2337/diacare.28.7.1769
November 2021 | Volume 12 | Article 726154

https://www.frontiersin.org/articles/10.3389/fendo.2021.726154/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2021.726154/full#supplementary-material
https://doi.org/10.1002/JLB.3VMR0118-036R
https://doi.org/10.1002/JLB.3VMR0118-036R
https://doi.org/10.1038/onc.2013.548
https://doi.org/10.1016/j.brainres.2011.03.036
https://doi.org/10.1016/S0021-9258(17)32322-0
https://doi.org/10.1074/jbc.M110.215301
https://doi.org/10.1002/1521-4141(2001010)31:10%3C3075::AID-IMMU3075%3E3.0.CO;2-D
https://doi.org/10.1002/1521-4141(2001010)31:10%3C3075::AID-IMMU3075%3E3.0.CO;2-D
https://doi.org/10.1016/j.clinbiochem.2018.04.017
https://doi.org/10.1016/j.tjog.2020.09.014
https://doi.org/10.1016/j.tjog.2020.09.014
https://doi.org/10.1016/j.atherosclerosis.2016.08.024
https://doi.org/10.1016/j.atherosclerosis.2016.08.024
https://doi.org/10.1016/j.atherosclerosis.2016.06.027
https://doi.org/10.1016/j.atherosclerosis.2016.06.027
https://doi.org/10.1016/j.atherosclerosis.2017.03.031
https://doi.org/10.1186/s13293-019-0268-0
https://doi.org/10.1074/mcp.M800254-MCP200
https://doi.org/10.1111/hepr.12819
https://doi.org/10.5888/pcd14.160287
https://doi.org/10.1186/1741-7015-9-48
https://doi.org/10.1186/1741-7015-9-48
https://doi.org/10.1186/s12933-016-0402-9
https://doi.org/10.1186/s12933-016-0402-9
https://doi.org/10.1001/archinte.165.22.2644
https://doi.org/10.2337/diacare.28.7.1769
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Zhen et al. Galectin-3-Binding Protein and Metabolic Syndrome
20. Saely CH, Koch L, Schmid F, Marte T, Aczel S, Langer P, et al. Adult
Treatment Panel III 2001 But Not International Diabetes Federation 2005
Criteria of the Metabolic Syndrome Predict Clinical Cardiovascular Events in
Subjects Who Underwent Coronary Angiography. Diabetes Care (2006)
29:901–7. doi: 10.2337/diacare.29.04.06.dc05-2011

21. Micheli L, Lucarini E, Trallori E, Avagliano C, De Caro C, Russo R, et al.
Extract: Alpha-Amylase Inhibition Against Metabolic Syndrome in Mice.
Nutrients (2019) 11. doi: 10.3390/nu11081778

22. Greer KB, Falk GW, Bednarchik B, Li L, Chak A. Associations of Serum
Adiponectin and Leptin With Barrett's Esophagus. Clin Gastroenterol Hepatol
(2015) 13:2265–72. doi: 10.1016/j.cgh.2015.02.037

23. Grassadonia A, Tinari N, Iurisci I, Piccolo E, Cumashi A, Innominato P, et al.
90k (Mac-2 BP) and Galectins in Tumor Progression and Metastasis.
Glycoconj J (2002) 19:551–6. doi: 10.1023/B:GLYC.0000014085.00706.d4

24. Nayor M, Wang N, Larson MG, Vasan RS, Levy D, Ho JE. Circulating
Galectin-3 Is Associated With Cardiometabolic Disease in the Community.
J Am Heart Assoc (2015) 5. doi: 10.1161/JAHA.115.002347

25. Pugliese G, Iacobini C, Pesce CM, Menini S. Galectin-3: An Emerging All-Out
Player in Metabolic Disorders and Their Complications. Glycobiology (2015)
25:136–50. doi: 10.1093/glycob/cwu111

26. Tan CY, Vidal-Puig A. Adipose Tissue Expandability: The Metabolic
Problems of Obesity may Arise From the Inability to Become More Obese.
Biochem Soc Trans (2008) 36:935–40. doi: 10.1042/BST0360935

27. Gray SL, Vidal-Puig AJ. Adipose Tissue Expandability in the Maintenance of
Metabolic Homeostasis. Nutr Rev (2007) 65:S7–12. doi: 10.1301/nr.2007.
jun.S7-S12

28. Matsuo Y, Tanaka M, Yamakage H, Sasaki Y, Muranaka K, Hata H, et al.
Thrombospondin 1 as a Novel Biological Marker of Obesity and Metabolic
Syndrome.Metab Clin Exp (2015) 64:1490–9. doi: 10.1016/j.metabol.2015.07.016

29. Zhao L, Fan X, Zuo L, Guo Q, Su X, Xi G, et al. Estrogen Receptor 1 Gene
Polymorphisms Are Associated With Metabolic Syndrome in
Postmenopausal Women in China. BMC Endocr Disord (2018) 18:65. doi:
10.1186/s12902-018-0289-4

30. Lo JC, Zhao X, Scuteri A, Brockwell S, Sowers MR. The Association of Genetic
Polymorphisms in Sex Hormone Biosynthesis and Action With Insulin
Sensitivity and Diabetes Mellitus in Women at Midlife. Am J Med (2006)
119:S69–78. doi: 10.1016/j.amjmed.2006.07.009

31. Sakaguchi H, Fujimoto J, Aoki I, Tamaya T. Expression of Estrogen
Receptor Alpha and Beta in Myometrium of Premenopausal and
Frontiers in Endocrinology | www.frontiersin.org 863
Postmenopausal Women. Steroids (2003) 68:11–9. doi: 10.1016/S0039-128X
(02)00111-3

32. Gallagher CJ, Langefeld CD, Gordon CJ, Campbell JK, Mychaleckyj JC, Bryer-
Ash M, et al. Association of the Estrogen Receptor-Alpha Gene With the
Metabolic Syndrome and its Component Traits in African-American
Families: The Insulin Resistance Atherosclerosis Family Study. Diabetes
(2007) 56:2135–41. doi: 10.2337/db06-1017

33. Matsuzawa Y, Funahashi T, Kihara S, Shimomura I. Adiponectin and
Metabolic Syndrome. Arterioscler Thromb Vasc Biol (2004) 24:29–33. doi:
10.1161/01.ATV.0000099786.99623.EF

34. Maekawa T, Kamada Y, Ebisutani Y, Ueda M, Hata T, Kawamoto K,
et al. Serum Mac-2 Binding Protein Is a Novel Biomarker for Chronic
Pancreatitis. World J Gastroenterol (2016) 22:4403–10. doi: 10.3748/wjg.v22.
i17.4403

35. Gagno G, Padoan L, Stenner E, Beleù A, Ziberna F, Hiche C, et al. Galectin 3
and Galectin 3 Binding Protein Improve the Risk Stratification After
Myocardial Infarction. J Clin Med (2019) 8. doi: 10.3390/jcm8050570

36. Kamada Y, Fujii H, Fujii H, Sawai Y, Doi Y, Uozumi N, et al. Serum Mac-2
Binding Protein Levels as a Novel Diagnostic Biomarker for Prediction of
Disease Severity and Nonalcoholic Steatohepatitis. Proteomics Clin Appl
(2013) 7:648–56. doi: 10.1002/prca.201200137
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Zhen, Cai, Yang, Ma and Wen. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
November 2021 | Volume 12 | Article 726154

https://doi.org/10.2337/diacare.29.04.06.dc05-2011
https://doi.org/10.3390/nu11081778
https://doi.org/10.1016/j.cgh.2015.02.037
https://doi.org/10.1023/B:GLYC.0000014085.00706.d4
https://doi.org/10.1161/JAHA.115.002347
https://doi.org/10.1093/glycob/cwu111
https://doi.org/10.1042/BST0360935
https://doi.org/10.1301/nr.2007.jun.S7-S12
https://doi.org/10.1301/nr.2007.jun.S7-S12
https://doi.org/10.1016/j.metabol.2015.07.016
https://doi.org/10.1186/s12902-018-0289-4
https://doi.org/10.1016/j.amjmed.2006.07.009
https://doi.org/10.1016/S0039-128X(02)00111-3
https://doi.org/10.1016/S0039-128X(02)00111-3
https://doi.org/10.2337/db06-1017
https://doi.org/10.1161/01.ATV.0000099786.99623.EF
https://doi.org/10.3748/wjg.v22.i17.4403
https://doi.org/10.3748/wjg.v22.i17.4403
https://doi.org/10.3390/jcm8050570
https://doi.org/10.1002/prca.201200137
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Frontiers in Endocrinology | www.frontiersi

Edited by:
Patricia Khashayar,

Ghent University, Belgium

Reviewed by:
Ying Zhao,

Zhejiang University, China
Djordje S. Popovic,

University of Novi Sad, Serbia
Aleksandra Klisic,

Primary Health Care Center
Podgorica, Montenegro

*Correspondence:
Ling Li

liling@cqmu.edu.cn

†These authors have contributed
equally to this work and share

first authorship

Specialty section:
This article was submitted to

Obesity,
a section of the journal

Frontiers in Endocrinology

Received: 11 September 2021
Accepted: 18 October 2021

Published: 11 November 2021

Citation:
Hu W, Zhan B, Li Q, Yang G, Yang M,
Tan M, Geng S, Liu H, Chen C, Liu D

and Li L (2021) Circulating CTRP7
Is a Potential Predictor for

Metabolic Syndrome.
Front. Endocrinol. 12:774309.

doi: 10.3389/fendo.2021.774309

ORIGINAL RESEARCH
published: 11 November 2021

doi: 10.3389/fendo.2021.774309
Circulating CTRP7 Is a Potential
Predictor for Metabolic Syndrome
Wenjing Hu1†, Bin Zhan2†, Qinge Li1, Gangyi Yang3, Mengliu Yang3, Minghong Tan3,
Shan Geng2, Hua Liu4, Chen Chen5, Dongfang Liu3 and Ling Li1*

1 Key Laboratory of Diagnostic Medicine (Ministry of Education) and Department of Clinical Biochemistry, College of
Laboratory Medicine, Chongqing Medical University, Chongqing, China, 2 Department of Endocrinology, The Thirteenth
People’s Hospital of Chongqing, Chongqing, China, 3 Department of Endocrinology, The Second Affiliated Hospital,
Chongqing Medical University, Chongqing, China, 4 Department of Pediatrics, University of Mississippi Medical Center,
Jackson, MS, United States, 5 Endocrinology, School of Biomedical Science (SBMS), Faculty of Medicine, University of
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Background: Previous animal studies have revealed that CTRP7 is related to energy
metabolism. However, little is known regarding the relationship between CTRP7 and
metabolic diseases in humans. Hence, this study was designed to explore the association
between CTRP7 andMetS through a cross-sectional study andmultiple intervention studies.

Methods: A total of 624 individuals were enrolled in this study. The levels of CTRP7 and
APN were determined by ELISA kit. HEC, OGTT and lipid infusion were performed in
heathy individuals to investigate the association of CTRP7 and glucose, insulin and FFA.
Bioinformatics analysis was then undertaken to identify genes and signaling pathways
associated with CTRP7. The relationship between CTRP7 with MetS components was
also evaluated.

Results: In MetS patients, serum CTRP7 concentrations were significantly higher than in
healthy controls, and was positively correlated with WC, BP, FBG, 2h-BG and TG, but
negatively correlated with HDL-C and APN. Multivariate logistic regression analysis
uncovered that CTRP7 was strongly correlated with the occurrence of MetS. In
addition, circulating levels of CTRP7 in patients with two or more MetS components
were higher than those with one MetS component. In the intervention studies, OGTTs
resulted in a significant reduction in serum CTRP7 concentration. However, the increase in
insulin levels caused by EHC and the increase of FFA caused by lipid-infusion led to the
significant increase of serum CTRP7 concentration. Meanwhile, bioinformatics analysis
revealed that CTRP7 was strongly associated with metabolism-related genes and signal
pathways, which further illustrate the association of CTRP7 with whole-body metabolism.

Conclusions: Serum CTRP7 is increased in MetS patients, which may be a biomarker
related to metabolic diseases.

Clinical Trial Registration Number: ChiCTR2000032878.
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INTRODUCTION

Metabolic syndrome (MetS), also known as insulin resistance
(IR) syndrome, was first described in 1988. It represents an
aggregation of cardiovascular risk factors. At present, IR, obesity,
impaired glucose tolerance (IGT), dyslipidemia, hypertension,
and chronic low-grade inflammation are all considered
characteristics of MetS (1–4).

MetS classification has important clinical significance and
application value for screening metabolic diseases related to
obesity (5). Because characteristics of MetS include chronic
low-grade inflammation and IR, it is important to study the
biomarkers for prevention and diagnosis as well as finding new
drug targets. Recently, we and others have found that members
of the CTRP family, such as c1q/tnf related protein subtype 6
(CTRP6), CTRP5, and CTRP15, are associated with the
occurrence of MetS, type 2 diabetes mellitus (T2DM), and
obesity (6–12). Therefore, the CTRP family may be an
important biomarker of metabolic diseases in humans.

The biological function of CTRP7, a newly discovered
member of the CTRP family, has been elusive since it was first
identified (13). Previous animal studies found that CTRP7
mRNA expression in the fat of ob/ob diabetic mice was
increased at eight-week-old (14). At the age of 12 weeks, blood
glucose in ob/ob mice decreased due to a compensatory increase
of insulin secretion. With decreased blood glucose, the
expression of CTRP7 returned to the level of the control group
(15). These findings suggest that CTRP7 may be involved in
glucose metabolism in vivo. Another study reported that CTRP7
expression was upregulated in skeletal muscle in aged rats and
down-regulated in caloric restricted animals. Therefore, it is
further revealed that CTRP7 is related to energy metabolism
(16). However, there are few studies on the relationship between
CTRP7 and metabolic diseases in humans and animals,
especially in MetS patients.

In this study, we examined serum CTRP7 and adiponectin
(APN), an insulin sensitizer, levels in newly diagnosed MetS
patients and healthy adults, and explored the association between
CTRP7 and IR, APN, and metabolic parameters.
MATERIALS AND METHODS

Study Populations
A cohort of 624 people participated in the study, including 310
males and 314 females aged 21-82 years. These individuals
included 328 newly diagnosed patients with MetS, and 296
age-matched normal adults. MetS patients come from
outpatients and inpatients in the Department of Endocrinology
and Metabolism. MetS was diagnosed according to the criteria of
Abbreviations: MetS, metabolic syndrome; APN, adiponectin; OGTT, oral
glucose tolerance test; EHC, euglycemic-hyperinsulinemic clamps; FFA, free
fatty acid; WC, waist circumference; BP, blood pressure; FBG, fasting blood
glucose; 2h-BG, 2-hour post–glucose load blood glucose; TG, triglyceride; HDL-C,
high-density lipoprotein cholesterol.
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the Chinese Diabetes Association (CDS guidelines 2017) (17).
Individuals who meet three or more of the following conditions
were considered for the diagnosis of MetS: 1) Central obesity,
waist circumference (WC) ≥ 90 cm for men or ≥85 for women; 2)
Triglyceride (TG) ≥ 1.7 mmol/L; 3) High-density lipoprotein-
cholesterol (HDL-C) < 1.04 mmol/L); 4) Blood pressure (BP) ≥
130/85 mmHg or receiving antihypertensive drugs; 5) Fasting
blood glucose (FBG) ≥ 5.6 mmol/L or 2-hour blood glucose (2h-
BG) ≥ 7.8 mmol/L or T2DM. Exclusion criteria include patients
with liver cirrhosis, heart, liver, or renal failure, steroid use,
various malignant tumors, infection, or other diseases.
Individuals who adhered to daily exercise, smoking and
alcohol dependence were also excluded from this study.

Healthy participants were selected through advertising,
routine physical examination, or from the community. The
diagnosis of impaired glucose tolerance (IGT) and T2DM is
based on WHO standards in 1998 (18). In our cohort, MetS
patients were newly diagnosed and did not use drugs or lifestyle
interventions. The healthy controls had normal blood glucose,
no family history of T2DM and hypertension, no clinical
evidence of disease, and no medication. This study was
approved by the Human Research Ethics Committee of
Chongqing Medical University and was registered at chictr.org
(ChiCTR2000032878). In the current study, subjects who met
the inclusion criteria were randomly assigned numbers, and
individuals with or without Mets were selected randomly
according to the number to eliminate the selection bias. all
subjects signed informed consent. The study was performed in
accordance with the Helsinki Declaration.
Anthropometric and
Biochemical Measurements
Weight and height were measured using standardized equipment,
and participants wore light indoor clothing without shoes. Body
mass index (BMI) was calculated as weight divided by height
squared (kg/m2). Waist circumference (WC) was measured by
the lower border of the ribs and the iliac crest. The waist-to-hip
ratio (WHR) was calculated by WC and hip circumstance (HC).
Blood pressurewasmeasuredwith amercury sphygmomanometer.
Right arm blood pressure was measured three times in resting and
sitting posture. The second and third average readings of blood
pressurewere taken for calculating. Body adiposity index (BAI)was
calculated as [HC(cm)/(height (m))1.5− 18] (19).Visceral adiposity
index (VAI) Females= WC/[36.58 + (1.89 × BMI)] × (TG/0.81) ×
(1.52/HDL) or Visceral adiposity index (VAI) Males= WC/[39.68 +
(1.88× BMI)] × (TG/1.03) × (1.31/HDL) (20). After an overnight
fasting, blood samples were collected, refrigerated, and serum
samples were transported to the central laboratory for
biochemical measurements within 12 h. Blood glucose and
HbA1c were measured using a glucose oxidase method and
HPLC, respectively. Insulin, free fatty acids (FFAs), and blood
lipid were measured using an autoanalyzer (Hitachi 747; Hitachi,
Tokyo, Japan) as described previously (21). Homeostasis model
assessment of IR (HOMA-IR) was calculated using the following
equations:HOMA-IR= fasting insulin (FIns,mU/L)× fastingblood
glucose (FBG, mmol/L)/22.5 (22).
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Interventional Tests
Oral Glucose Tolerance Test
An OGTT was engaged in all populations, and blood for CTRP7,
glucose, and insulin measurements were drawn at indicated
times as reported previously (22).

Hyperinsulinemic-Euglycemic Clamps
HECs were engaged on 32 healthy subjects (15 male; age 25.1±
2.3 years; BMI: 22.5 ± 2.7kg/m2) as previously reported (23).
During HEC, regular insulin (1 mU/kg/min) was infused for 2 h,
and a variable infusion of 20% glucose was administered to
maintain blood glucose at baseline concentration. M-values were
determined as the glucose infusion rate (GIR) during the stable
period of the HEC and were related to body weight. Blood
samples for CTRP7 and insulin measurement were obtained at
indicated times (0, 80, 100,110 and 120 min). Serum samples
were stored at -80°C for further analysis.

Lipid Infusion Study
32 healthy subjects were given a lipid infusion (20% Intralipid,
1.5 ml/min) for 4-hour. Blood samples were collected at different
time points as previously published (22).

Cytokine Measurements
Circulating CTRP7 levels were determined with an ELISA kit
(sk00396-09, Aviscerabio science Inc., MA. USA) according to
the manufacturer’s protocol. The detection limit of serum
CTRP7 levels was 5-320 mg/L, and the intra- and inter-assay
coefficients of variation (CV) were less than 5% and 10%,
respectively. The ELISA kit has high sensitivity, good
specificity for human CTRP7 detection without obvious cross-
reaction, and interference. Circulating APN levels were also
measured with an ELISA Kit following the manufacturer’s
protocol (Aviscera Bioscience, sk00010-02). Intra- and inter-
assay CV were 8% and 10%, respectively.

Bioinformatics Analysis
A protein-protein interaction (PPI) network of CTRP7 gene was
established by using the Database Search tool (version 11.0). An
interaction score of 0.4 was considered a cut-off criterion, and the
PPI was visualized. The cluster Profiler package was used for Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analyses (24). REACTOME enrichment analysis
was completed by a STRING database (25). The list of annotated
terms was obtained by GO, KEGG, and REACTION analysis. P-
value < 0.05 was considered a statistical significance in GO, KEGG
terms, and REACTOME analysis.

Statistical Analysis
All statistical analyses were performed using SPSS, version 20.0.
All data were Mean ± SE or median of the interquartile range.
The distribution of data was examined by Kolmogorov- Smirnov
test. The differences between the two groups were compared by
t-test or Mann-Whitney U test. The association between CTRP7
and APN as well as metabolic parameters was determined using
correlation analysis. Multivariate regression analyses were
performed to investigate the associations between variables. A
Frontiers in Endocrinology | www.frontiersin.org 366
Cochran-Armitage trend test was performed to analyze the
tendency of serum CTRP7 levels associated with MetS. We
used receiver operating characteristics (ROC) curve analysis to
determine the cut-off point of CTRP7 for predicting MetS. In the
OGTT, the area under the glucose curve (AUCg) was determined
according to the trapezoidal rule. In statistical analyses, p < 0.05
was considered significant.
RESULTS

Serum CTRP7 Concentration Is Higher in
Individuals With MetS or IR
Table 1 showed the main clinical and biochemical indicators in
MetS patients and healthy controls. As expected, MetS patients
have higher blood pressure (BP), obesity-related indicators (WC
and BMI), glucose metabolism-related parameters [FBG, 2-h
blood glucose after glucose overload (2h-BG), HbA1c and
AUCg], triglyceride (TG), total cholesterol (TC), low-density
lipoprotein cholesterol (LDL-C), FFA, FIns, 2-h serum insulin
after glucose overload (2h-Ins), visceral adiposity index (VAI),
and body adiposity index (BAI) and HOMA-IR than those of
normal controls. However, high-density lipoprotein cholesterol
(HDL-C) and APN levels were lower in MetS patients.

As shown in Figure 1A, the distribution of circulating CTRP7
levels in healthy subjects ranged from 52.4 to 378.1mg/L, and 90%
of the healthy population was between 76.0 mg/L to 231.6 mg/L.
Importantly, circulating CTRP7 levels were significantly higher
in MetS patients than those in control subjects. After adjusting
the gender and age of the study populations, the levels of CTRP7
in patients with MetS were still markedly higher than those in the
control group (Figure 1B and Table 1). In contrast, serum APN
concentrations, an insulin sensor, were lower in MetS patients
compare with those in controls (Table 1 and Figure 1B). There
were no difference in serum CTRP7 levels between males and
females [159.0 (117.4-209.2) vs. 150.0 (119.1-192.8)mg/L].

To investigate the relationship between CTRP7 and IR, study
populations were divided into IR and non-IR according to
HOMA-IR > 3 or ≤ 3 (24). The results showed that IR
population had higher serum CTRP7 levels [195.4 (163.3-
244.7) vs.130.6 (103.1-173.6) mg/L; p < 0.01, Figure 1C] and
lower APN levels [5.19 (2.90-8.76) vs. 8.07 (4.67-1.39) mg/L, p <
0.01) compared with non-IR population (Figure 1C).

Relationship Between Serum CTRP7 and
Other Indexes
Next, we engaged a linear correlation analysis. The results
showed that CTRP7 was positively correlated with WC (r =
0.36,p < 0.01), SBP (r = 0.25,p < 0.01),DBP (r = 0.25, p < 0.01)
FBG (r = 0.65,p < 0.01), 2h-BG (r = 0.66,p < 0.01), and TG (r =
0.37,p < 0.01), but negatively correlated with HDL-C (r = -0.24,
p < 0.01) and APN (r = -0.36,p < 0.01; Figure 1D). In addition,
multiple stepwise regression analysis uncovered that FBG, 2h-
BG, WC, APN and DBP were independent impacted factors with
serum CTRP7 concentration (Figure 1E). The multiple
regression equation was: Ylog (CTRP7)=1.422 + 0.021X2h-BG +
0.041XFBG + 0.003 XWC-0.000023XAPN + 0.001 XDBP.
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FIGURE 1 | Circulating CTRP7 level and its relationship with metabolic markers and Mets in the study population. (A) Distribution of serum CTRP7 in the healthy
population. (B) Serum CTRP7 and APN levels in MetS and healthy subjects. (C) Serum CTRP7 levels, according to HOMA-IR (IR, HOMA-IR > 3; non-IR, HOMA-IR ≤

3). (D) Simple correlation analysis of variables associated with circulating CTRP7. (E) Multiple regression analysis of variables associated with circulating CTRP7.
(F, G) The odds ratio of having MetS (F) and IR (G) in different quartiles of serum CTRP7 and APN. (H) Circulating CTRP7 levels to the number of MetS
components. (I, J) ROC curve analyses for the prediction of MetS (I) and IR (J) according to serum CTRP7 levels. MetS, metabolic syndrome; IR, insulin resistance.
Data are expressed as mean ± SE or median (Interquartile Range). *p < 0.05, **p < 0.01 vs. non-MetS or non-IR. quartile 1 or number 1.
TABLE 1 | Main clinical features and serum CTRP7 levels in MetS and control subjects.

Characteristics Overall (n = 624) MetS p

No (n = 296) Yes (n = 328)

Male 310 145 165 0.749
Age (yr) 53 (49-61) 52 (49-61) 54 (48-61) 0.217
WC (cm) 86.0 (80.0-91.0) 81.0 (77.0-86.0) 90.0 (85.0-94.0) <0.001
BMI (Kg/m2) 24.2 (22.6-26.7) 23.3 (22.0 -24.6) 25.7 (23.7-27.6) <0.001
SBP (mmHg) 130 (120-143) 123 (115-133) 136 (127-152) <0.001
DBP (mmHg) 81 (75-90) 78 (70-84) 86 (80-93) <0.001
FBG (mmol/L) 6.15 (5.34-7.11) 5.45 (5.02-6.23) 6.70 (6.01-7.46) <0.001
2h-BG (mmol/L) 9.30 (7.22-12.69) 7.45 (6.26-11.22) 12.09 (8.78-13.27) <0.001
FIns (mU/L) 9.57 (8.26-12.06) 8.80 (7.93-9.74) 11.09 (9.00-13.15) <0.001
2h-Ins (mU/L) 50.9 (34.1-74.4) 45.3 (31.8-61.1) 56.0 (37.0-85.2) <0.001
TG (mmol/L) 1.82 (1.40-2.24) 1.48 (1.16-1.83) 2.07 (1.79-2.44) <0.001
TC (mmol/L) 5.02 (4.53-5.36) 4.83 (4.46-5.36) 5.09 (4.64-5.36) 0.001
HDL-C (mmol/L) 1.23 (1.15-1.44) 1.34 (1.18-1.53) 1.20 (1.12-1.32) <0.001
LDL-C (mmol/L) 2.85 (2.52-3.12) 2.71 (2.25-3.03) 2.94 (2.68-3.15) <0.001
FFA (µmol/L) 0.60 (0.49-0.70) 0.54 (0.43-0.68) 0.64 (0.55-0.72) <0.001
HbA1c (%) 6.3 (5.6-8.3) 5.8 (5.3-6.9) 7.7 (6.0-8.5) <0.001
HOMA-IR 2.55 (1.99-3.65) 2.10 (1.83-2.62) 3.31 (2.35-4.23) <0.001
AUCg 21.1 (16.8-28.7) 17.3 (14.6-23.4) 26.6 (20.2-31.0) <0.001
AUCi 85.4 (63.7-114.2) 84.3 (66.7-101.2) 87.0 (59.0-131.9) 0.080
VAI 2.27 (1.58-2.97) 1.67 (1.16-2.34) 2.67 (2.17-3.47) <0.001
BAI 28.9 (26.3-31.8) 27.9 (25.6-30.6) 29.9 (27.2-32.6) <0.001
APN (mg/L) 6.81 (4.14-12.35) 8.46 (5.16-14.13) 5.66 (3.22-9.81) <0.001
CTRP7 (mg/L) 155.1 (119.0-197.5) 127.5 (102.1-160.5) 188.7 (139.7-224.3) <0.001
CTRP7 (adjusted)* —— 137.4 ± 3.3 190.9 ± 3.2 <0.001
Frontiers in Endocrinology | www.fron
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Values are given as mean ± SE or median (Interquartile Range). MetS, Metabolic Syndrome; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FBG,
fasting blood glucose; 2h-BG, 2-h blood glucose after glucose overload; FIns, fasting plasma insulin; 2h-Ins, 2-h serum insulin after glucose overload; TG, triglyceride; TC, total cholesterol;
HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; FFA, free fatty acid; HOMA-IR, homeostasis model assessment of insulin resistance; AUCg, the
area under the curve of glucose during oral glucose tolerance test; AUCi, the area under the curve of glucose during insulin tolerance test; VAI, visceral adiposity index; BAI, body adiposity
index; APN, adiponectin; *Mean ± standard error by general linear model with adjustment of age and Sex.
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CTRP7 Is Related to the MetS and IR
Next, we engaged a multivariate logistic regression analysis to
investigate the association of CTRP7 with MetS and IR. This
analysis uncovered that circulating CTRP7 was markedly
associated with MetS and IR, even if controlling for age and
gender. However, BMI and lipids may contribute the most
(Table 2). Using the row mean score difference and Cochran-
Armitage test, we found that the increase of serum CTRP7
concentration showed a linear trend, and CTRP7 was
independently related to MetS and IR (Table S1). In addition,
we divided CTRP7 and APN concentration into four quartiles
(quartile 1, <119.0µg/L; quartile 2, 119.0-155.0 µg/L; quartile
3,155.0-197.5µg/L; quartile 4, > 197.5µg/L for CTRP7 and
tertile1, < 4.14mg/L; quartile 2, 4.14-6.81mg/L; quartile 3,
6.81-12.35 mg/L; quartile 4, >12.35 mg/L for APN). The
relative risk of MetS and IR was calculated by logistic
regression analysis. We found that the odds ratios for MetS
was higher in quartiles 2, 3 and 4 of CTRP7 concentration than
that of quartile 1 (95% CI 1.45-3.83 for quartile 2; 95% CI 3.32 -
8.88 for quartile 3 and 95% CI 8.15-24.33 for quartile 4 vs.
quartile 1, all p < 0.01), while the odds ratio of MetS in the
quartile 2, 3 and 4 of APN concentration was lower than that
in quartile 1 (95% CI 0.34 - 0.88 for quartile 2; 95% CI 0.17 -
0.45 for quartile 3 and 95% CI 0.17- 0.44 for quartile 4; vs.
quartile 1, p < 0.01 or 0.05) (Figure 1F). Additionally, the odds
ratio of CTRP7 and APN concentration for predicting the
development of IR was similar to that of MetS (95% CI 3.65 -
21.71 for quartile 2, 95% CI 10.42 - 59.92 for quartile 3, and 95%
CI 23.93-140.45 for quartile 4 vs. quartile 1 for CTRP7; 95% CI
0.36-0.88 for quartile 2, 95% CI 0.21- 0.54 for quartile 3 and
95% CI 0.14-0.37 for quartile 4 vs. quartile 1 for APN, all p <
001) (Figure 1G). When circulating CTRP7 levels were
stratified by MetS components including BP, blood lipids,
abdominal obesity, and FBG, the circulating CTRP7 levels in
patients with two or more MetS components were higher than
those with one MetS component (Figure 1H). Patients with 2, 3, 4,
or more MetS components had CTRP7 concentration for 118.2
(96.5-142.6), 150.1 (117.4-184.3), 180.6 (133.2 -207.6), 195.9 (163.8
-257.4) and 158.1(126.5-245.2) µg/L, respectively. We further used
the ROC curves of circulating CTRP7 to predict the occurrence of
MetS and IR. The area under the ROC curves for MetS (AUCMetS)
and IR (AUCIR) was 0.76 with 66.5% sensitivity and 74.7%
specificity for MetS (Figure 1I) and 0.81 with 85% sensitivity and
65.6% specificity for IR (Figure 1J), respectively. The optimal cut-
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off points of CTRP7 forMetS and IR were 158.8 mg/L and 148.9mg/
L, respectively.

Alternations of Serum CTRP7
Concentration in Different
Intervention Studies
The different intervention study designs are shown in Figure 2A.
To evaluate whether serum CTRP7 is affected by blood glucose
and insulin, we first conducted an OGTT study in normal men
and women. In response to OGTT induced increases in blood
glucose and insulin levels, the serum CTRP7 levels were
significantly reduced in these subjects (Figure 2B). There was
no significant difference in serum CTRP7 concentration between
normal men and women (Figures 2B, C).

To further identify the regulatory role of blood glucose or
insulin on circulating CTRP7, HECs were performed in 15 young
men and 17 young women (Figures 2D, E). During the HEC, the
blood glucose was clamped at the basal level (~ 5mmol), and
insulin levels were significantly elevated from 48.3 ± 13.2 to 348.3 ±
52.4 pmol/L, indicating hyperinsulinemia in vivo. Our EHC results
showed that exogenous increased insulin led to an obvious increase
in circulating CTRP7 levels (from 135.6 ± 14.0 to 180.9 ± 12.2mg/L
for men; 129.8 ± 29.2 to 164.7 ± 25.0 mg/L for women).

To further explore the relationship between CTRP7 and IR,
we performed a lipid infusion to increase serum FFA levels and
induce an acute IR in vivo (Figures 2F, G). The lipid infusion-
induced increases in serum FFA levels and significantly increased
the levels of circulating CTRP7 [from 127.8 (117.4-133.1) to
163.4 (150.5-181.4) mg/L for men; 119.3 (108.1-129.8) to 165.1
(149.3-174.2) mg/L for women]. Therefore, we believe that FFA-
induced IR promotes the release of CTRP7 in vivo.

Bioinformatics Analysis
To further explore the relationship between CTRP7 and
metabolic disorders, we performed bioinformatics analysis
using Internet big data. As shown in Figure 3A, a PPI network
was constructed. Ten genes (proteins) were involved in this PPI
network, including ZC3H10, PECR, CBLN3, PLTP, CLEC19A,
TMEM69, FAM132A, CCDC137, CD36, and LAMB4. Among
them, some genes were related to lipid metabolisms, such as
CD36 and FAM132A (26–28). For GO analysis, we used p < 0.05
as the screening condition and arranged the results from a large
degree to a small degree. GO analysis revealed that in biological
processes, the top 10 proteins include the positive regulation of
TABLE 2 | Association of circulating CTRP7 with IR and MetS in fully adjusted models.

Model adjust MetS IR

OR 95% CI P OR 95% CI P

Age 2.401 2.029-2.843 <0.001 3.194 2.621-3.893 <0.001
Age, Sex 2.410 2.035-2.855 <0.001 3.335 2.717-4.094 <0.001
Age, Sex, BP 2.206 1.841-2.643 <0.001 3.104 2.523-3.819 <0.001
Age, Sex, BP, BMI 1.880 1.549-2.282 <0.001 2.907 2.347-3.600 <0.001
Age, Sex, BP, BMI, WC 1.912 1.556-2.350 <0.001 2.875 2.319-3.564 <0.001
Age, Sex, BP, BMI, WC, Lipids 1.006 1.001-1.011 0.012 1.014 1.010-1.018 <0.001
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A B
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FIGURE 3 | Bioinformatic analysis for CTRP7-related genes and signaling pathways. (A) Protein-protein interaction (PPI) network. (B) GO enrichment analysis for
biological process (BP) and molecular function (MF). (C) KEGG enrichment analysis of the pathways. The gradual color represents the P-value. The size of the bubble
represents the gene number. (D) REACTOME analysis for enriched pathways. The X-axis represents the number of involved genes. The Y-axis represents the
pathway terms. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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FIGURE 2 | Circulating CTRP7 levels in the interventional studies of healthy individuals. (A) Schematic diagram of intervention study design. (B) Circulating CTRP7
concentrations during the OGTT. (C) Area under the curve of CTRP7 during the OGTT (AUCCTRP7). (D) Schematic diagram of the EHC. (E) Time course of serum
CTRP7 alternations in healthy individuals during the EHC. (F) Schematic diagram of lipid infusion. (G) Time course of serum CTRP7 alternations in healthy subjects
during lipid infusion. OGTT, oral glucose tolerance test; HEC, hyperinsulinemic-euglycemic clamp. Data are means ± SD. **p < 0.01 vs. baseline, or female.
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lipid localization, cholesterol transport, regulation of plasma
lipoprotein particle levels, sterol transport, regulation of lipid
localization, organic hydroxy compound transport, sterol import,
long-chain fatty acid import, response to lipoteichoic acid,
cholesterol import. In the case of cellular components, no protein
is enriched. Finally, in the case of molecular function, the top 10
proteins include the amide binding, Toll-like receptor binding,
ceramide binding, low-density lipoprotein particle receptor activity,
diacylglycerol binding, lipoprotein particle receptor activity,
phosphatidylglycerol binding, low-density lipoprotein particle
binding, high-density lipoprotein particle binding, signaling
pattern recognition receptor activity [Figure 3B].

To explore the relationship between CTRP7 and signal
pathway, we conducted a KEGG analysis. p < 0.05 was used as
the screening condition, and the p-values were ranked from large
to small. We found that CTRP7 related proteins were mainly
enriched in cholesterol metabolism PPAR signaling pathway,
ECM receptor interaction, etc. (Figure 3C). In addition,
REACTOME enrichment analysis revealed that CTRP7-related
genes were mainly enriched in metabolic-related signal
pathways, such as cholesterol transport, HDL remodeling,
lipoprotein remodeling, plasma lipoprotein clearance, and the
relation of insulin secretion, etc. (Figure 3D).
DISCUSSION

In this study, we found that serum CTRP7 levels were
significantly increased in MetS and IR individuals, and CTRP7
levels were associated with the disorder of glucose and lipid
metabolism. Blood glucose, WC, APN, and BP were independent
factors of circulating CTRP7. In addition, logistic regression
analysis showed that high serum CTRP7 concentration was
significantly associated with the occurrence of MetS and IR.
We also found no significant difference in circulating CTRP7
levels between men and women, indicating that there may be no
correlation between CTRP7 and sex hormones in study
population. In the intervention studies, the OGTT test showed
to a decrease in serum CTRP7 level, while the HEC test showed
an increase in CTRP7 level. In addition, lipid infusion also
increased serum CTRP7 levels. Bioinformatics analysis further
showed that CTRP7 was associated with genes and signaling
pathways related to glucose and lipid metabolism.

Cytokines, especially adipocytokines, and genetic and
environmental factors play an important role in the pathogenesis
ofMetS (28, 29). It has beenwell documented thatAPN is an insulin
sensitizer, and plays an important role in the pathogenesis of IR,
diabetes, andmetabolic disease (30–32). LowcirculatingAPN levels
are associated with MetS components, such as hyperglycemia,
hyperinsulinemia, and dyslipidemia (33–36). In the current study,
we find that increased serum CTRP7 levels are significantly
associated with decreased circulating APN levels in MetS patients,
as well as with other MetS components such as BP, blood glucose,
WCandTG, etc. Logistic regression andROCcurve analysis reveals
that circulating CTRP7 is significantly related to the occurrence
of MetS.
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Similar to our results, a small sample study in obese
individuals (n = 37) showed that the level of serum CTRP7 in
obese individuals was significantly increased and positively
correlated with BMI, glucose, insulin, and HOMA-IR (11). In
addition, one study reported decreased circulating CTRP7 levels
in coronary artery disease (CAD) patients and may serve as a
biomarker of CAD (37). Another study revealed that the
production of CTRP7 in muscle tissue was increased and
further increased by caloric restriction in old animals (16).
These data further suggest that CTRP7 is a secretory protein
related to metabolism. Given the previous study in obese
individuals and our above results, including the reverse change
in serum CTRP7 and APN concentration, and the negative
correlation between CTRP7 and APN, we believe that CTRP7
has a negative regulatory effect on metabolism and insulin
sensitivity. Therefore, it may be a metabolic inhibitor in vivo.

To further explore the factors regulating the secretion and
release of CTRP7 in vivo, we conducted a variety of intervention
studies. As a response to the oral glucose challenge, serum CTRP7
levels decreased significantly during the OGTT. Results from
OGTT indicated a relevant link between CTRP7 secretion and
glucose and insulin levels in vivo. Furthermore, HEC resulted in a
significant increase in circulating CTRP7 levels when blood glucose
wasmaintainedat basal levels.We considered that increased insulin
levels may promote the secretion or release of CTRP7 in vivo.
Therefore, combined with the results of the OGTT and EHC, we
believe that hyperglycemia inhibits the secretion and release of
CTRP7. On the other hand, hyperinsulinemia stimulated its
secretion and release. However, the inhibitory effect of blood
glucose on CTRP7 may be stronger than the role of insulin on the
secretion and release of CTRP7.

It is generally believed that the increase of FFA can lead to IR
(36). To further explore whether elevated serum FFA has an
effect on circulating CTRP7 levels, we performed a 4-hour
intralipid infusion plus EHC in normal individuals. The results
showed that the increased serum FFAs stimulated the secretion
and release of CTRP7, resulting in a significant increase of
circulating CTRP7 levels. This result also suggested that
CTRP7 is related to acute-IR induced by elevated FFAs and
maybe a potential nutrient sensor involved in lipid metabolism.

Finally, we used the network gene database and bioinformatics
platformtoevaluate the associationofCTRP7andothermetabolism-
related genes and signal pathways. Bioinformatics analysis showed
thatCTRP7was related to lipid-metabolismgenes, such asCD36and
FAM132A. KEGG analysis also showed that CTRP7 related proteins
were mainly enriched in cholesterol metabolism PPAR signaling
pathway and ECM receptor interaction. Therefore, our
bioinformatics analysis further revealed that CTRP7 is a gene
related to metabolism. This result supports our cohort and
intervention studies. We thus consider that CTRP7 may be used as
a biomarker of MetS and other metabolic diseases.

There are also some limitations in the current study, including
1) the population included in this study was limited to the Han
people. Therefore, our results need to be confirmed in the
population of different races; 2) although we strictly controlled
the selection criteria for the study cohorts, we cannot completely
November 2021 | Volume 12 | Article 774309
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exclude residual confounding factors; 3) our cross-sectional study
did not reflect the changes of circulating CTRP7 levels in the
development of MetS and the impact after treatment. Therefore, a
long-term follow-up study is necessary; Although it is difficult to
find a direct causal relationship with the results of a cross-sectional
study, we believe that the data provided by this study provide an
interesting avenue for further study of the association of CTRP7
with glucose and lipid metabolism.

In conclusion, our data show that MetS patients have high
circulating CTRP7 levels, and lower APN levels when compared to
controls. Circulating CTRP7 is associated with metabolism and
MetS, and is regulated by glucose, insulin and FFA. The novelty of
this study is that circulating CTRP7 levels in MetS patients were
determined for the first time, and the relationship between CTRP7
and glucose and lipid metabolism as well as insulin sensitivity was
evaluated by various intervention methods. Therefore, our data
highlight the role of CTRP7 in MetS and its potential use as a
predictive biomarker of MetS in the future.
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Background: Previous studies have shown that waist-to-height ratio (WHtR)
performed similarly well when compared to body mass index (BMI) and waist
circumference (WC) for identifying cardiovascular risk factors. However, to our
knowledge, the performance of these three adiposity indices for identifying left
ventricular hypertrophy (LVH) and left ventricular geometric (LVG) remodeling in youth
has not been assessed. We aimed to determine the utility of BMI, WC and WHtR for
identifying LVH and LVG in Chinese children.

Methods: This study included 1,492 Chinese children aged 6-11 years. Adiposity indices
assessed were BMI, WC and WHtR. LVH and high relative wall thickness (RWT) were
defined using sex- and age-specific 90th percentile values of left ventricular mass index
and RWT, respectively, based on the current population. LVG remodeling included
concentric remodeling (CR), eccentric hypertrophy (EH) and concentric hypertrophy
(CH), which was defined based on the combination of LVH and high RWT.

Results: The magnitude of association of central obesity defined by WHtR with LVH
[odds ratio (OR) =10.09, 95% confidence interval (CI) =6.66-15.29] was similar with
general obesity defined by BMI (OR=10.49, 95% CI=6.97-15.80), and both were higher
than central obesity defined by WC (OR=6.87, 95% CI=4.57-10.33). Compared with BMI,
WHtR had better or similar predictive utility for identifying LVH, EH, and CH [the area under
the curve (AUC): 0.84 vs. 0.79; 0.84 vs. 0.77; 0.87 vs. 0.88, respectively]; WC had worse
or similar discriminatory utility with AUCs of 0.73, 0.70, 0.83, respectively.
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Conclusion: WHtR performed similarly or better than BMI or WC for identifying LVH and
LVG remodeling among Chinese children. WHtR provides a simple and convenient
measure of central obesity that might improve the discrimination of children with
cardiac structural damage.
Keywords: waist-to-height ratio, body mass index, waist circumference, left ventricular hypertrophy, geometric
remodeling, children
INTRODUCTION

The prevalence of pediatric obesity has greatly increased
worldwide, particularly in low- and middle-income countries
(1, 2). In China, the prevalence of general obesity (3) and
abdominal obesity (4) among children and adolescents has
markedly increased over the past three decades. Obesity is
related to cardiovascular (CV) risk (including hyperglycemia,
elevated blood pressure, dyslipidemia, metabolic syndrome, and
insulin resistance) (5) and short-term target organ damage (6, 7)
in childhood. For example, obesity increases the risk of left
ventricular hypertrophy (LVH) and left ventricular geometric
(LVG) remodeling (8–11) (markers of cardiac structural
damage), which are independent predictors of cardiovascular
disease (CVD) (12, 13).

LVH was independently associated with the long term
adverse CV events, such as coronary heart disease, other CVD
related death, and heart failure (14). Specific abnormal LVG
remodeling also provided distinct prognostic information. For
example, hypertensive patients with concentric hypertrophy
(CH) had the highest CV events and all-cause mortality,
followed by those with eccentric hypertrophy (EH) and
concentric remodeling (CR), compared with those with normal
geometry (15). Importantly, participants converting from CR to
normal geometry had decreased risk of all-cause mortality (16).
LVH has been the most common target organ damage in
children and adolescents with hypertension (17), and obesity is
strongly associated with abnormal LVG modeling (8–11).
Therefore, assessing the presence of LVH and LVG in the early
life using a simple and effective obesity-related indicator could be
helpful to prevent target organ damage such as LVG remodeling
in the short term and the CVD outcomes in the long term.

Although BMI is universally used to determine obesity-
related comorbidity and mortality, as an index of obesity it has
several limitations. For example, sex- and age-specific cut-offs
(18, 19) complicate the use of BMI to define obesity in practice,
and BMI does not accurately discriminate body fat distribution
(20). In contrast, WC and WHtR are markers of abdominal
adiposity that are more closely linked with metabolic
disturbances (21), and more strongly associated with CVD
outcomes (22) and all-cause mortality (23). Sex- and age-
specific cut-offs of WC are also required to define central
obesity, whereas WHtR is standardized for height and
indirectly adjusts for the effect of age, which is a simple and
pragmatic index to correctly assess central obesity (24).

Although recent studies have reported that BMI, WC and
WHtR performed similarly to predict common CV risk factors in
n.org 274
children and adolescents (25–30), how these adiposity indices
comparison when identifying LVH and LVG remodeling in
children is largely unknown. A simplified and effective method
to identify preclinical cardiac remodeling in the pediatric
population is important. Therefore, we aimed to assess the
utility of BMI, WC and WHtR for identifying LVH and LVG
remodeling (including CR, EH and CH) and to determine the
optimal cut-off of WHtR in Chinese children aged 6-11 years.
METHODS

Subjects
This cross-sectional study included 1,492 children aged 6-11
years. Participants were recruited from one primary school in
Huantai County, Zibo City, Shandong Province, China, using a
convenient clustering sampling method from November 2017 to
January 2018. Detailed information has been described elsewhere
(31). Included participants provided written informed consent to
participate in this study after knowing the aim and procedures.
All children underwent physical measurements [height, weight,
WC, and blood pressure (BP)] and an echocardiography
examination at the school. A structured questionnaire was
filled out by the children and their parents/guardians jointly at
home. The study was approved by the Ethics Committees of the
School of Public Health, Shandong University (Approval
number: 20160308).

Measurements
Height, weight and WC were measured twice in accordance with
a uniform procedure and repeated a third time if the first two
values differed by more than 1.0 cm (height), 0.5 kg (weight) or
1.0 cm (WC), with mean of the multiple measurements used for
data analysis. A calibrated electronic weighing scale with
automatic stadiometer (HGM-300; China) was used to
measure height and weight, with children required to stand
erect in bare feet and in light clothes. A non-elastic plastic tape
was used to measure WC in a horizontal plane directly on the
skin above 1 cm of the umbilicus after a normal exhalation. BMI
was calculated as weight (kg) divided by the square of height
(m2). WHtR was calculated as the ratio of WC (cm)/height (cm).
The clinically validated and calibrated upper-arm electronic
sphygmomanometer (Omron HEM-7012; Japan) was used to
measure the BP in seated position, which is accurate at
measuring BP among children aged under 18 years (32). Three
BP readings were measured consecutively at one visit, with
replicate readings performed after approximately 20-seconds,
November 2021 | Volume 12 | Article 762250
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by trained staff following recommendations proposed by the
Chinese working group of blood pressure measurement (33).
Mean values of the last two BP readings were used for data
analysis. Given the effect of children’s growth, the Z-scores for
BMI, WC, WHtR and BP (the original values minus means
specific for sex and age then divided by the standard deviations
specific for sex and age) were calculated to reflect the sex- and
age-specific distribution for these indices in this population and
could be used for direct comparisons between different samples
(e.g., with different ages and sexes).

A portable color Doppler Ultrasonography (CX30; USA) with
2-4 MHz convex array transducers was used to assess left
ventricle structure. One experienced sonographer acquired all
images following recommendations for cardiac chamber
quantification (34). Left ventricular internal dimension (LVID),
interventricular septal thickness (IVST) and left ventricular
posterior wall thickness (LVPWT) were measured during
diastole. In this study, the intra-class correlation coefficients for
repeated measurements on the same 20 participants by the one
operator were 0.92 for IVST and 0.95 for LVPWT. Left
ventricular mass (LVM, g) was calculated as 0.8×1.04×[(LVID
+ IVST + LVPWT)3-(LVID)3] + 0.6 according to the Devereux’s
formula (35). Left ventricular mass index (LVMI) was calculated
as LVM (g) divided by height to the power of 2.7 (m2.7) (36).
Relative wall thickness (RWT) was calculated as (LVPWT +
IVST)/LVID (37).

A self-reported structured questionnaire was administered to
collect information on lifestyle variables, including daily sleep
duration, daily screen time, daily physical activity time,
frequency of daily vegetable/fruit intake and weekly frequency
of soft drink intake. Short sleep duration (< 9 hours per day) (38),
long screen time (> 2 hours per day) (39), insufficient physical
activity (< 1 hour per day) (40) and insufficient intake of
vegetable/fruit (< 5 servings per day) (41) were defined
according to pediatric recommendations. Finally, more
frequent intake of soft drink (≥ 1 time per week) was defined
based the distribution of frequency for our study population. The
frequency of soft drink intake in the past 30 days was assessed
using a self-designed questionnaire with 6 options: ‘never’, ‘less
than once per month’, ‘1-3 times per month’, ‘1-2 times per
week’, ‘3-5 times per week’, and ‘nearly everyday’. According to
the distribution of frequency among this study population, we
defined the more frequent intake of soft drink as more than once
per week.

Definitions of Obesity, LVH and
LVG Remodeling
BMI-obese and WC-obese were defined using sex- and age-
specific cut-offs of BMI and WC for Chinese children (19, 42,
43); WHtR-obese was defined as WHtR ≥ 0.5 (44). LVH was
defined as LVMI ≥ sex- and age-specific 90th percentile and high
RWT was defined as RWT ≥ sex- and age-specific 90th percentile
for this population. LVG patterns were further categorized as:
normal geometry (normal LVMI and normal RWT); CR (normal
LVMI and high RWT); EH (LVH and normal RWT); and CH
(LVH and high RWT) (45). In sensitivity analysis, sex- and age-
Frontiers in Endocrinology | www.frontiersin.org 375
specific 95th percentile values of LVMI and RWT for this
population were used to re-define LVH, CR, EH and CH.

Statistical Analysis
Continuous variables are expressed as means (standard
deviations) and categorical variables as numbers (%); group
differences are examined by the student’s t-test or chi-square
test as appropriate. The proportions of LVH and LVG
remodeling across obesity status subgroups defined by BMI,
WC and WHtR were compared using the chi-square test.
Multivariable logistic regression models were used to examine
the association of obesity with LVH and LVG remodeling;
adjusted odds ratios (ORs) and 95% confidence intervals (95%
CIs) were estimated after adjusting for sex, age, daily sleep
duration, daily screen time, daily physical activity time, daily
frequency of vegetable/fruit intake, weekly frequency of soft
drink intake, Z-scores for systolic and diastolic BP. The
receiver operating characteristic (ROC) curve analysis was used
to compare the performance of BMI, WC and WHtR for
identifying LVH and LVG remodeling, with BMI as the
referent, and the area under the ROC curve (AUC), sensitivity,
specificity, positive predictive value (PPV) and negative
predictive value (NPV) were calculated. Generally, an AUC
value < 0.7 is considered poor, 0.7-0.8 as acceptable and > 0.8
as good (46). The optimal cut-off of WHtR in the present
population was determined by maximizing the Youden index
(sensitivity + specificity - 1) (47). All statistical analyses were
conducted using SAS version 9.4 and R version 4.0.2 with
“pROC” package (48); a two-sided P value < 0.05 was
considered statistically significant.
RESULTS

Participant Characteristics
A total of 1,492 children (boys: 53.2%) aged 6-11 years were
included in this study. Among them, 146 children had LVH.
Compared to children without LVH, those with LVH had higher
levels, on average, of BMI, WC, WHtR, BMI Z-score, WC Z-
score, WHtR Z-score, systolic and diastolic BP, and Z-scores for
systolic and diastolic BP (all P <0.05, Table 1). Besides, sex- and
age-adjusted means for BMI, WC,WHtR were still higher among
children with LVH than those without LVH (BMI: 22.44 vs.
17.74 kg/m 2; WC: 72.88 vs. 61.91 cm; WHtR: 0.53 vs. 0.45).
About two thirds of children with LVH were classified as obese,
irrespective of the indices (BMI, WC or WHtR) used to define
obesity, which was around three times as high as the proportion
for those without LVH. A larger proportion of children without
LVH (16.8%) had a short sleep duration (<9 hours/day) than
those with LVH (8.9%); 8.2% of children with LVH had an
exceeded screen time (>2 hours/day), nearly twice as high as
those without LVH (4.3%) (Table 1). Children with CH had the
highest levels of BMI, WC, WHtR, BMI Z-score, WC Z-score,
WHtR Z-score and systolic BP, and those with normal geometry
had the lowest levels. The proportions of obesity in children with
abnormal geometry (CR: 31.2-42.2%; EH: 60.0-65.0%; CH: 80.4-
November 2021 | Volume 12 | Article 762250
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87.0%) were much higher than those with normal geometry
(15.8-25.8%) (Supplementary Table 1).

Association of Indices of Obesity With LVH
and LVG Remodeling
The prevalence of LVH, CR, EH and CH was higher in children
with obesity, regardless of the measures (BMI, WC or WHtR)
used to define obesity. Among those without obesity, CR was the
prominent phenotype of LVG remodeling, while EH was the
prominent phenotype in those with obesity (Table 2 and
Supplementary Table 2). The magnitude of the association of
WHtR-obese with LVH (OR =10.09, 95% CI =6.66-15.29) was
similar to the association observed for BMI-obese (OR=10.49,
95% CI=6.97-15.80), with both stronger than WC-obese
(OR=6.87, 95% CI=4.57-10.33). WHtR-obese and BMI-obese
Frontiers in Endocrinology | www.frontiersin.org 476
also had a similar magnitude of association with LVG
remodeling, which were both stronger than WC-obese. Besides,
the continuous Z-scores for BMI, WC and WHtR were also
positively associated with LVH and LVG remodeling (Table 3).
Sensitivity analysis showed similar associations of obesity with
LVH and LVG remodeling (Supplementary Table 3).

Utility of Adiposity Indices for Identifying
LVH and LVG Remodeling
Compared with BMI (AUC=0.79, 95% CI: 0.75-0.84), WC
(AUC=0.73, 95% CI: 0.68-0.79) had worse predictive utility for
identifying LVH, while WHtR (AUC=0.84, 95% CI: 0.81-0.88)
outperformed BMI (Table 4 and Figure 1). BMI, WC andWHtR
had similarly poor discriminatory utility for CR (all AUCs
below 0.7) (Table 4 and Figure 1). For identifying EH, WC
TABLE 2 | Prevalence of left ventricular hypertrophy and left ventricular geometric remodeling according to obesity status, n (%).

Obesity status LVH LVG remodeling

CR EH CH

BMI
Normal (n=1165) 49 (4.2) 75 (6.4) 40 (3.4) 9 (0.8)
Obese (n=327) 97 (29.7) 34 (10.4) 60 (18.4) 37 (11.3)
P value* <0.001 0.015 <0.001 <0.001

WC
Normal (n=1022) 41 (4.0) 63 (6.2) 35 (3.4) 6 (0.6)
Obese (n=470) 105 (22.3) 46 (9.8) 65 (13.8) 40 (8.5)
P value* <0.001 0.013 <0.001 <0.001

WHtR
Normal (n=1129) 47 (4.2) 70 (6.2) 38 (3.4) 9 (0.8)
Obese (n=363) 99 (27.3) 39 (10.7) 62 (17.1) 37 (10.2)
P value* <0.001 0.004 <0.001 <0.001
N
ovember 2021 | Volume 12 | Articl
*Differences in the prevalence of LVH or LVG between non-obese and obese groups were assessed using chi-square test.
LVH, left ventricular hypertrophy; LVG, left ventricular geometric; CR, concentric remodeling; EH, eccentric hypertrophy; CH, concentric hypertrophy; BMI, body mass index; WC, waist
circumference; WHtR, waist-to-height ratio.
TABLE 1 | Characteristics of participants according to the presence of left ventricular hypertrophy.

Characteristics Total (n = 1492) LVH (n = 146) Normal (n = 1346) P value*

Age, years 8.90 (1.51) 8.87 (1.55) 8.91 (1.51) 0.750
Boys 793 (53.2) 78 (53.4) 715 (53.1) 0.944
BMI, kg/m 2 18.20 (3.45) 22.42 (4.46) 17.74 (2.99) <0.001
WC, cm 62.98 (9.80) 72.80 (13.19) 61.92 (8.73) <0.001
WHtR 0.46 (0.06) 0.53 (0.06) 0.45 (0.05) <0.001
BMI Z-score 0.00 (1.00) 1.24 (1.17) -0.14 (0.88) <0.001
WC Z-score 0.00 (1.00) 1.05 (1.18) -0.11 (0.90) <0.001
WHtR Z-score 0.00 (1.00) 1.28 (1.04) -0.14 (0.89) <0.001
SBP, mmHg 106.34 (9.20) 108.63 (9.79) 106.09 (9.10) 0.002
DBP, mmHg 63.62 (6.68) 65.29 (7.58) 63.44 (6.55) 0.005
SBP Z-score 0.00 (1.00) 0.26 (0.98) -0.03 (1.00) 0.001
DBP Z-score 0.00 (1.00) 0.26 (1.08) -0.03 (0.98) 0.001
BMI-obese 327 (21.9) 97 (66.4) 230 (17.1) <0.001
WC-obese 470 (31.5) 105 (71.9) 365 (27.1) <0.001
WHtR-obese 363 (24.3) 99 (67.8) 264 (19.6) <0.001
Sleep duration <9 hours/day 239 (16.0) 13 (8.9) 226 (16.8) 0.014
Screen time > 2 hours/day 70 (4.7) 12 (8.2) 58 (4.3) 0.034
Physical activity time < 1 hour/day 859 (57.6) 88 (60.3) 771 (57.3) 0.487
Intake of vegetable/fruit < 5 servings/day 1214 (81.4) 126 (86.3) 1088 (80.8) 0.107
Intake of soft drink ≥ 1 time/week 91 (6.1) 9 (6.2) 82 (6.1) 0.972
*Differences in characteristics between children with and without LVH were assessed using t test or chi-square test.
Continuous variables are expressed as means (standard deviations) and categorical variables as numbers (%).
LVH, left ventricular hypertrophy; BMI, body mass index; WC, waist circumference; WHtR, waist-to-height ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure.
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(AUC=0.70, 95% CI: 0.63-0.77) was inferior to BMI (AUC=0.77,
95% CI: 0.71-0.82), and WHtR (AUC=0.84, 95% CI: 0.80-0.88)
had the best performance (Table 4 and Figure 1). For identifying
CH, WC (AUC=0.83, 95% CI: 0.76-0.90) had a worse utility in
comparison to BMI (AUC=0.88, 95% CI: 0.82-0.94) and WHtR
(AUC=0.87, 95% CI: 0.82-0.92) (Table 4 and Figure 1). Z-scores
of these three adiposity indices showed largely similar
discriminatory utility as those using the original scales
(Table 4 and Figure 2). Similar results were observed in the
sensitivity analysis (Supplementary Table 4).

In addition, the optimal cut-offs of WHtR to identify LVH, CR,
EH and CH were around 0.50 for boys (0.50, 0.50, 0.48, 0.51,
respectively), while the corresponding optimal cut-offs were
somewhat lower than 0.50 for girls (0.46, 0.49, 0.46, 0.47,
respectively) (Figure 3). Except for CR, the sensitivity of WHtR
was above 0.80, suggesting that WHtR could perform well to
correctly identify children with LVH, EH and CH (Table 4).
DISCUSSION

In this population-based study of Chinese children aged 6-11 years,
we found that the magnitude of association of central obesity
Frontiers in Endocrinology | www.frontiersin.org 577
defined by WHtR with LVH and LVG remodeling was similar
with obesity defined by BMI, and both were stronger than central
obesity defined by WC; WHtR performed similarly or better than
BMI or WC for discriminating LVH and LVG remodeling; and
WHtR cut-offs of ~0.5 for boys and <0.5 for girls provided the best
discrimination of those with LVH and LVG remodeling. Our
findings contribute to the evidence base that support the use of
WHtR to identify children at risk of cardio-metabolic outcomes by
extending them to include subclinical cardiac structural damage.

Consistent with previous studies (10, 49–51), we found obesity
was associated with LVH, and the magnitude of the association was
stronger for central obesity defined by WHtR and general obesity
defined by BMI than central obesity defined by WC. A cross-
sectional study including 281 outpatient children aged 6-16 years
found thatWHtR was significantly associated with LVH, while BMI
orWCwas not (51). However, another cross-sectional study among
96 children and adolescents aged 7-15 years showed thatWHtR was
less strongly correlated with LVMI among these three adiposity
indices (52). Differences in demographic characteristics (e.g.,
different distributions of sex and age) and various methods for
measurements of anthropometric and cardiac structural indices
(e.g., different positions and devices during measurements) might
explain these inconsistent results.
TABLE 3 | Association of obesity with left ventricular hypertrophy and left ventricular geometric remodeling.

Model 1 Model 2 Model 3

OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value

LVH
BMI-obese 9.73 (6.70-14.14) <0.001 9.76 (6.70-14.23) <0.001 10.49 (6.97-15.80) <0.001
WC-obese 6.92 (4.73-10.13) <0.001 6.75 (4.60-9.90) <0.001 6.87 (4.57-10.33) <0.001
WHtR-obese 9.58 (6.52-14.08) <0.001 9.75 (6.60-14.39) <0.001 10.09 (6.66-15.29) <0.001
BMI Z-score 3.38 (2.82-4.07) <0.001 3.41 (2.83-4.11) <0.001 3.96 (3.20-4.91) <0.001
WC Z-score 2.80 (2.36-3.32) <0.001 2.81 (2.36-3.34) <0.001 3.15 (2.58-3.85) <0.001
WHtR Z-score 3.69 (3.04-4.48) <0.001 3.76 (3.08-4.58) <0.001 4.30 (3.44-5.38) <0.001

CR
BMI-obese 2.42 (1.57-3.74) <0.001 2.49 (1.61-3.86) <0.001 2.16 (1.36-3.44) 0.001
WC-obese 2.11 (1.41-3.14) <0.001 2.21 (1.47-3.31) <0.001 1.95 (1.26-3.00) 0.003
WHtR-obese 2.62 (1.71-4.02) <0.001 2.74 (1.78-4.22) <0.001 2.45 (1.56-3.86) <0.001
BMI Z-score 1.64 (1.34-2.00) <0.001 1.67 (1.37-2.05) <0.001 1.59 (1.28-1.99) <0.001
WC Z-score 1.74 (1.44-2.10) <0.001 1.78 (1.47-2.16) <0.001 1.73 (1.39-2.15) <0.001
WHtR Z-score 1.54 (1.26-1.89) <0.001 1.58 (1.28-1.94) <0.001 1.49 (1.19-1.86) <0.001

EH
BMI-obese 8.11 (5.27-12.46) <0.001 8.21 (5.32-12.68) <0.001 8.18 (5.12-13.09) <0.001
WC-obese 5.40 (3.51-8.31) <0.001 5.26 (3.41-8.11) <0.001 4.97 (3.13-7.91) <0.001
WHtR-obese 8.27 (5.31-12.89) <0.001 8.51 (5.44-13.33) <0.001 8.28 (5.14-13.35) <0.001
BMI Z-score 3.26 (2.66-4.01) <0.001 3.30 (2.68-4.07) <0.001 3.69 (2.90-4.68) <0.001
WC Z-score 2.75 (2.26-3.35) <0.001 2.77 (2.27-3.39) <0.001 2.99 (2.37-3.77) <0.001
WHtR Z-score 3.67 (2.95-4.55) <0.001 3.75 (3.01-4.69) <0.001 4.17 (3.25-5.35) <0.001

CH
BMI-obese 21.94 (10.40-46.28) <0.001 21.74 (10.26-46.07) <0.001 26.02 (11.72-57.76) <0.001
WC-obese 19.06 (8.00-45.39) <0.001 19.03 (7.95-45.55) <0.001 21.44 (8.69-52.87) <0.001
WHtR-obese 20.24 (9.48-43.21) <0.001 20.56 (9.56-44.23) <0.001 23.17 (10.38-51.73) <0.001
BMI Z-score 4.63 (3.44-6.21) <0.001 4.64 (3.43-6.28) <0.001 5.81 (4.11-8.21) <0.001
WC Z-score 3.73 (2.80-4.98) <0.001 3.72 (2.77-4.99) <0.001 4.48 (3.20-6.28) <0.001
WHtR Z-score 4.50 (3.32-6.08) <0.001 4.56 (3.33-6.23) <0.001 5.47 (3.84-7.78) <0.001
Novem
ber 2021 | Volume 12 | Article
OR, odds ratio; CI, confidence interval; LVH, left ventricular hypertrophy; CR, concentric remodeling; EH, eccentric hypertrophy; CH, concentric hypertrophy; BMI, body mass index; WC,
waist circumference; WHtR, waist-to-height ratio.
Model 1: Adjusted for sex and age.
Model 2: Model 1 + daily sleep duration, daily screen time, daily physical activity, frequency of daily vegetable/fruit intake and frequency of weekly soft drink intake.
Model 3: Model 2 + Z-scores for systolic and diastolic blood pressure.
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In our study, obesity was also associated with LVG
remodeling, and the magnitude of the association of obesity
with CH was the strongest, followed by EH and CR. A study
including 62 normotensive children aged 8-11 years showed that
elevated WHtR increased the odds of any phenotype of LVG
remodeling (8). A study among 526 children aged 6-15 years
found that neither obesity (defined by BMI) nor WC Z-score was
associated with CR, whereas obesity and WC Z-score was
independently associated with EH and CH (11). Another study
including 343 African American youths with a mean age of 13.8
years reported that obesity (defined by BMI) was associated with
CR independent of BP, but not with CH (53). The heterogeneity
of ethnicity, the definition of LVG remodeling patterns and the
consideration of potential covariates might partially explain
these inconsistent findings.

Previous studies have compared the predictive utility of BMI,
WC and WHtR for common CV risk factors in children and
adolescents (25–30, 54–56) with most reporting similar
performance among these three adiposity indices (25–30).
However, few studies have assessed the performance for
identifying LVH and LVG remodeling among children. A
cross-sectional study of 10,907 adults from China reported no
discrimination utility of BMI, WC or WHtR for CR (all AUCs
<0.5), and similarly fair performance for EH and CH (AUCs
ranging from 0.63 to 0.72) (57). Another study including 281
white children aged 6-16 years reported that WHtR performed
Frontiers in Endocrinology | www.frontiersin.org 678
best for identifying LVH compared with BMI or WC, with AUCs
(95% CI) of 0.711 (0.650-0.733), 0.680 (0.616-0.743) and 0.657
(0.593-0.722), respectively (51). Likewise, our study reported that
WHtR performed similarly or better than BMI or WC for
identifying LVH and LVG remodeling; suggesting the use of
WHtR to screen CV risk factors in practice could improve the
ability to identify youth at high risk of cardiac remodeling. It has
been shown that WHtR could outperform BMI and WC to
predict total and trunk adiposity in children and adolescents
(58). And increased adiposity may contribute to cardiac
remodeling by hemodynamic and metabolic pathways,
including increase in stroke volume and cardiac output,
disorder of cardiac metabolism, activation of sympathetic
nervous system, and secretion of adipokines by the adipose
tissue (10, 59).

However, we found that all three adiposity indices had low
predictive utility of CR with the AUCs of around 0.6, suggesting
that a single index alone might have limited value to predict this
remodeling phenotype in children. In addition, generally low
PPVs but high NPVs suggest the better utility for identifying
those without abnormal cardiac structures, which might be
explained by the low prevalence of LVH/LVG remodeling
among children.

It has been generally accepted that a WHtR cut-off of 0.5
might be useful in predicting CV risk in youth, independent of
sex, age or ethnicity (44, 60), whereas a study including children
TABLE 4 | Utility of adiposity indices for identifying left ventricular hypertrophy and left ventricular geometric remodeling.

AUC (95% CI) P value* Sensitivity, % Specificity, % PPV, % NPV, %

LVH
BMI 0.79 (0.75-0.84) Ref. 63.0 87.2 34.7 95.6
WC 0.73 (0.68-0.79) <0.001 55.5 88.6 34.6 94.8
WHtR 0.84 (0.81-0.88) 0.001 89.7 63.7 21.2 98.3
BMI Z-score 0.82 (0.78-0.86) Ref. 73.3 80.8 29.2 96.5
WC Z-score 0.78 (0.73-0.82) <0.001 70.6 78.5 26.2 96.1
WHtR Z-score 0.85 (0.82-0.88) 0.007 91.1 65.1 22.1 98.5

CR
BMI 0.61 (0.56-0.67) Ref. 54.1 67.4 12.8 94.3
WC 0.63 (0.57-0.68) 0.193 62.4 61.8 12.6 94.9
WHtR 0.60 (0.54-0.66) 0.493 34.9 82.8 15.1 93.5
BMI Z-score 0.62 (0.56-0.67) Ref. 52.3 65.6 11.8 94.0
WC Z-score 0.65 (0.59-0.70) 0.011 73.4 49.5 11.4 95.5
WHtR Z-score 0.61 (0.55-0.66) 0.282 35.8 81.9 14.8 93.5

EH
BMI 0.77 (0.71-0.82) Ref. 60.0 86.0 25.8 96.4
WC 0.70 (0.63-0.77) <0.001 50.0 92.0 33.6 95.8
WHtR 0.84 (0.80-0.88) <0.001 92.0 61.9 16.3 99.0
BMI Z-score 0.80 (0.75-0.85) Ref. 67.0 81.8 23.0 96.8
WC Z-score 0.75 (0.70-0.81) 0.001 64.0 79.9 20.5 96.5
WHtR Z-score 0.84 (0.81-0.88) 0.001 91.0 65.4 17.5 98.9

CH
BMI 0.88 (0.82-0.94) Ref. 91.3 75.7 12.2 99.6
WC 0.83 (0.76-0.90) <0.001 82.6 76.2 11.4 99.2
WHtR 0.87 (0.82-0.92) 0.866 80.4 83.4 15.2 99.1
BMI Z-score 0.90 (0.85-0.95) Ref. 84.8 86.5 18.9 99.4
WC Z-score 0.86 (0.81-0.92) 0.033 84.8 80.1 13.7 99.3
WHtR Z-score 0.89 (0.85-0.94) 0.741 80.4 85.6 17.2 99.2
November 2021
 | Volume 12 | Article
LVH, left ventricular hypertrophy; CR, concentric remodeling; EH, eccentric hypertrophy; CH, concentric hypertrophy; BMI, body mass index; WC, waist circumference; WHtR, waist-to-
height ratio; AUC, area under the operating characteristic curve; CI, confidence interval; PPV, positive predictive value; NPV, negative predictive value; Ref, referent.
*Comparisons of AUCs with BMI as the referent.
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and adolescents aged 7-19 years from Europe (13,172; boys:
49.7%) and southern China (14,566; boys: 50.3%) reported that a
WHtR cut-off of 0.5 was not suitable for diverse ethnic groups,
with a lower threshold of WHtR proposed, especially for girls
from southern China (61). Another multicenter study involving
8,130 children and adolescents aged 7-18 years (boys: 53.2%)
from China suggested that the optimal WHtR cut-off of 0.467
would be more accurate to identify the clustering of CV risk
factors in the pediatric population, and that the optimal cut-offs
varied across sex and age with lower cut-offs for girls and those
aged 12 years or older (62). In our study, the optimal cut-offs of
WHtR were ~0.5 for boys and <0.5 for girls, which may support
Frontiers in Endocrinology | www.frontiersin.org 779
the sex dependent cut-offs of WHtR. Besides, there were some
differences in basic characteristics between boys and girls in our
study (Supplementary Table 5). For example, boys had higher
BMI, WC, WHtR, and SBP than girls, and boys tended to have
unhealthy eating habits (such as insufficient intake of vegetable/
fruit and more frequent intake of soft drink) compared with girls.
Sex hormones (e.g., estrogens and androgens) and genetic
mechanisms could regulate glucose and lipid homeostasis,
energy metabolism and gene expression in a sexually
dimorphic manner resulting in sex-specific cardio-metabolic
disorders (63). Therefore, sex dependent cut-offs for
identifying LVH/LVG are necessary according to these
FIGURE 1 | Receiver operating characteristic curves of BMI, WC and WHtR for identifying left ventricular hypertrophy and left ventricular geometric remodeling.
*Statistically significant difference in area under the operating characteristic curves as compared with BMI. LVH, left ventricular hypertrophy; CR, concentric
remodeling; EH, eccentric hypertrophy; CH, concentric hypertrophy; BMI, body mass index; WC, waist circumference; WHtR, waist-to-height ratio.
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different sex-specific features in cardio-metabolic disorders.
Importantly, a simple and effective index for screening obesity
in youth could be useful to identify obesity-related CV risk
factors and to prevent the target organ damage in the early
stage, and further cohort studies with a large sample size are
needed to confirm our findings.

The strengths of our study were that we compared the
discriminatory capability of BMI, WC and WHtR and
determined the optimal cut-off of WHtR based on more clinically
relevant markers of target organ damage, LVH and LVG
remodeling, among children in a relatively large sample. However,
Frontiers in Endocrinology | www.frontiersin.org 880
our study has several limitations. First, the design of this study was
cross-sectional and the interpretation of predictive utility of these
three adiposity indices should be made with caution as we are
unable to discount reverse causation. Second, the present study only
included children aged 6-11 years from one primary school, which
limits the generalizability of our findings. Third, despite a standard
questionnaire being used to collect lifestyle variables, only diet
frequency was assessed without more details about food quality
and quantity, and puberty status was not evaluated in the present
study. Therefore, it is possible that our estimates might be biased
due to unmeasured or residual confounding.
FIGURE 2 | Receiver operating characteristic curves of BMI Z-score, WC Z-score and WHtR Z-score for identifying left ventricular hypertrophy and left ventricular
geometric remodeling. *Statistically significant difference in area under the operating characteristic curves as compared with BMI Z-score. LVH, left ventricular
hypertrophy; CR, concentric remodeling; EH, eccentric hypertrophy; CH, concentric hypertrophy; BMI, body mass index; WC, waist circumference; WHtR,
waist-to-height ratio.
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B

FIGURE 3 | The optimal cut-off of WHtR for identifying left ventricular hypertrophy and left ventricular geometric remodeling for boys (A) and girls (B). LVH, left
ventricular hypertrophy; CR, concentric remodeling; EH, eccentric hypertrophy; CH, concentric hypertrophy; BMI, body mass index; WC, waist circumference; WHtR,
waist-to-height ratio. The optimal cut-off is the threshold corresponding to the maximum of Youden Index (sensitivity + specificity -1).
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In summary, WHtR performed similarly well or better than
BMI or WC for identifying LVH and LVG remodeling, with a
WHtR cut-off of ~0.5 for boys and <0.50 for girls shown to have
the best discriminatory utility. Our data suggest that WHtR
could be used to identify children at risk of having subclinical
cardiac structural damage.
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Objective: Recent studies have found that the levels of plasma amino acids, such as
branched-chain amino acids and aromatic amino acids, were associated with visceral
obesity, insulin resistance, future development of diabetes and cardiovascular diseases.
However, few studies have involved a Chinese Han population. This study aimed to
examine the association between amino acid profile and metabolic syndrome (MetS) and
its components in the Chinese Han population.

Methods: This is a cross-sectional study, which enrolled a cohort of 473 participants from
a community. We employed the isotope internal standard method to determine the
plasma concentrations of 28 amino acids using high-performance liquid chromatography-
tandem mass spectrometry (LC/MS). Participants were divided into MetS (n = 72) and
non-MetS groups (n = 401) to analyze the association between amino acids andMetS and
its components.

Results: The prevalence of MetS was 15.2% according to the criteria. Plasma
concentrations of isoleucine (Ile), leucine (Leu), valine (Val), tyrosine (Tyr), tryptophan (Trp),
phenylalanine (Phe), glutamic acid (Glu), aspartic acid (Asp), alanine (Ala), histidine (His),
methionine (Met), asparagine (Asn), and proline (Pro) were significantly higher in the MetS
group than those in the non-MetS group (P < 0.05), but taurine (Tau) was significantly lower
(P < 0.05). When MetS components were increased, the concentrations of these 13 amino
acids significantly increased (P < 0.05), but Tau concentration was significantly decreased
(P < 0.05). We extracted the amino acid profile by principal component analysis (PCA), PC1
and PC2, which extracted from the 14 amino acids, were significantly associated with MetS
(odds ratio, 95% confidence interval: 1.723, 1.325–2.085 and 1.325, 1.043–1.684,
respectively). A total of 260 non-MetS participants were followed up effectively, and 42
participants developed new-onset MetS within 5 years. We found that the amino acid profile
of PC1 was linked to the occurrence of future MetS. Decreased Tau was correlated with the
future development of MetS.
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Conclusion: Participants with MetS exhibit an abnormal amino acid profile, and its
components gradually increase when these amino acids are altered. Amino acid PCA
profile can be employed for assessing and monitoring MetS risk. Finally, decreased Tau
may be linked to the future development of MetS.
Keywords: amino acid, metabolic syndrome, component, biomarkers, amino acid profile
INTRODUCTION

Rapid lifestyle and dietary changes have contributed to a rise in
the global prevalence of metabolic syndrome (MetS). MetS is a
cluster of risk factors that increase the risk of an individual
developing heart disease, diabetes, stroke, and chronic
neurodegenerative disease (1–4). MetS diagnosis increases the
relative risk for cardiovascular disease over 5 to 10 years by
approximately 2-fold and type 2 diabetes mellitus (T2DM) by at
least 5-fold (5). Current research on MetS pathogenesis mainly
focuses on abdominal obesity, lipotoxicity, and insulin resistance.
Recent studies have demonstrated that insulin resistance is
strongly linked to amino acid metabolism, and it is believed
that plasma amino acid levels may increase during insulin
resistance. Branched-chain and aromatic amino acids (BCAAs
and AAAs), in particular, are closely associated with the risk of
visceral obesity, insulin resistance, and development of DM in
the future. Plasma amino acid alterations in the early stage of
lifestyle-related diseases are due to obesity and insulin resistance-
related inflammation, and these alterations are reversed by
appropriate (nutritional, pharmaceutical, or surgical)
interventions that improve insulin sensitivity (6–10).

Accumulating evidence suggests that some amino acids could
regulate various metabolic processes, including glucose and lipid
metabolism. Evidence from American, Northern European, and
Japanese populations link BCAAs and AAAs to insulin
resistance, T2DM, and cardiometabolic risk. Research has
demonstrated that the BCAAs and AAAs are positively
correlated with body mass index (BMI), waist circumference,
visceral fat, systolic blood pressure (SBP), diastolic blood
pressure (DBP), fasting blood glucose, insulin and triglyceride
levels, and insulin resistance, but inversely linked to high-density
lipoprotein-cholesterol (HDL-c) in cross-sectional analyses of
large prospective cohort studies (11–15). Interactions of excess
BCAAs and lipids may cause b-cell dysfunction, accelerating the
transition from an obese, insulin-resistant state to T2DM (16).
Numerous studies have demonstrated that humans possess
amino acid sensors that detect changes in amino acid levels
and trigger corresponding metabolic responses, such as those
mediated by serine/threonine-protein kinase general control
non-derepressible 2 (GCN2), activating transcription factor 4
(ATF4), mechanistic target of rapamycin (mTOR), and 5′-
adenosine monophosphate-activated protein kinase (AMPK)
(17–19). Tremblay and Marette (20) demonstrated that BCAAs
could downregulate glucose transport via the mTOR kinase
pathway in skeletal muscle cells. Although little is known
about the mechanisms underlying the increase in AAAs, it has
been hypothesized that Tyr aminotransferase is repressed during
n.org 286
states of insulin resistance and DM, resulting in elevations of
circulating Tyr and Phe (21). Glycine (Gly) levels are lower
among obese subjects compared with those with normal weight
(22), and Gly has been inversely associated with BMI, waist
circumference (WC) (23), and insulin resistance (24). Serine
(Ser) and Asn are inversely linked to insulin resistance (24).
Ornithine (Orn), His, and Pro are positively correlated with an
adverse cardiometabolic risk profile in cross-sectional analyses.
In addition, Pro and His have been positively associated with
insulin resistance (24). Ntzouvani et al. (14) investigated
potential patterns in amino acid plasma concentrations using
principal component analysis (PCA). They discovered that MetS
participants had significantly higher levels of BCAAs, AAAs,
Glu, Asp, and Ala, and these amino acid patterns were
significantly linked to MetS.

Tau is a sulfur-containing amino acid widely distributed in
many tissues and organs. It is involved in various physiological
processes. Many studies revealed that Tau effectively reduces
cholesterol, triglycerides, blood glucose, and blood pressure (25–
28). In a clinical trial with non-diabetic men, who were
overweight or obese, oral Tau ameliorates lipid-induced
functional b-cell decompensation and insulin resistance by
reducing oxidative stress (29). Wu et al. (30) demonstrated
that ameliorated hepatic insulin resistance by Tau might be
associated with the inhibiting c-Jun N-terminal kinase (JNK1)
activation and improving insulin signaling in the liver.

Although studies in other countries have revealed a
correlation between amino acids and MetS, few studies existed
involving the Chinese Han people. Accordingly, this study
discussed the correlation between amino acid profile and MetS
and its components in Chinese Han people.
MATERIALS AND METHODS

Research Subjects and Groups
Our study enrolled participants through community-based
survey of MetS prevalence. Inclusion criteria include the
following: residents from a community, aged 40–65 years, part
of the Han population, and have not been intervened with MetS-
related components previously. Exclusion criteria include the
following: a history of previous cardiovascular events, the use of
oral/intravenous glucocorticoids, liver cirrhosis and ascites,
kidney damage, hyperthyroidism or hypothyroidism,
malignancies, pregnant, or lactating women. We conducted
physical examinations, biochemical examinations, and oral
glucose tolerance tests. A total of 473 residents were surveyed,
and the inclusion criteria for MetS followed the 2009 guidelines
January 2022 | Volume 12 | Article 795044
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of the International Diabetes Federation (IDF) and the American
Heart Association/National Heart, Lung, and Blood Institute
(AHA/NHLBI) (31). We divided participants into MetS and
non-MetS groups and compared the amino acid levels between
the two groups.

Diagnostic Criteria
MetS was defined according to the 2009 guidelines of the IDF
and AHA/NHLBI, which include three of the following five
items: 1) elevated waist circumference: population and country-
specific, a waist circumference of ≥90 cm (Chinese men) or ≥80
cm (Chinese women); 2) elevated triglycerides (or drug
treatment for elevated triglycerides) ≥150 mg/dl (1.7 mmol/L);
3) reduced HDL-c (or drug treatment for reduced HDL-c) <40
mg/dl (1.0 mmol/L) in men and <50 mg/dl (1.3 mmol/L) in
women; 4) elevated blood pressure (or antihypertensive drug
treatment in a patient with a history of hypertension): systolic
≥130 mmHg and/or diastolic ≥85 mmHg; and 5) elevated fasting
glucose (or drug treatment of elevated glucose) ≥100 mg/dl (5.6
mmol/L).

Detection Method
Participants who were not diagnosed with diabetes received a 75-
g oral glucose tolerance test (OGTT), whereas those who were
previously diagnosed with diabetes were administered a 100-g
carbohydrate (steamed bread meal) test. Venous blood samples
were obtained at 0 and 2 h following either OGTT or steamed
bread meal test. Following standard blood processing, serum and
plasma aliquots were stored at −80°C until subsequent use. Using
Abbott C16000 automatic biochemical analyzer (Chicago, IL,
USA), several biochemical tests were analyzed, including fasting
blood glucose (FBG), triglyceride (TG), total cholesterol (TC),
low-density lipoprotein-cholesterol (LDL-c), HDL-c, alanine
aminotransferase (ALT), aspartate aminotransferase (AST),
serum creatinine (CREA), urea nitrogen (BUN), uric acid
(UA), and urine albumin-to-creatinine ratio (UACR).
Glycosylated hemoglobin (HbA1c) was detected using high-
performance liquid chromatography (Hemoglobin Testing
System; Bio-Rad, CA, USA). Serum levels of insulin were
measured by radioimmunoassay using an insulin detection kit
(Beijing North Institute of Biological Technology, China). The
homeostatic model assessment of insulin resistance (HOMA-IR)
value was employed to evaluate the level of insulin sensitivity and
was calculated as follows: fasting blood glucose (mmol/L) ×
fasting serum insulin (FINS; mU/L)/22.5 (32). Plasma
concentrations of 28 amino acids were identified using LC/MS
with isotope internal standard method by Beijing Emino Medical
Research (Beijing, China). This method is accurate, reliable, and
highly reproducible (33, 34). The main instruments used were as
follows: the liquid phase model was an HPLC Ultimate3000
(Dionex Liquid Factory, CA, USA), and the mass spectrometer
model was a 3200 Q TRAP LC-MS/MS (AB Company,
CA, USA).

All participants underwent physical examinations by
physicians using standard procedures, including taking
measurements of their height, weight, WC, hip circumference
(HC), and blood pressure. Blood pressure was measured three
Frontiers in Endocrinology | www.frontiersin.org 387
times (2 min between each measurement), and the average value
was calculated. BMI was calculated by dividing body weight by
height squared. Body fat percentage (Fat%) was measured using
bioelectrical impedance analysis (TBF-300, Tanita Co., Tokyo,
Japan). MRI scans were performed at the umbilicus level between
L4 and L5 with the subject in a supine position. The abdominal
visceral fat area (VFA) and abdominal subcutaneous fat area
(SFA) were calculated using the SliceOmatic software (version
4.2). Smokers were defined as those who smoked at least one
cigarette per day during the past year or recently stopped
smoking (within the last 12 months); the remaining
participants were defined as non-smokers. Alcohol drinkers
were defined as those who consumed alcohol more than 3 days
a week. Moderate exercise was defined as 30 min of exercise each
time, 3–5 days a week.

All participants were interviewed face-to-face by trained
medical staff to collect demographic data, baseline lifestyle, and
health status data using a standardized questionnaire. This study
was approved by the Ethics Committee of Sir Run Run Shaw
Hospital. Written informed consent was obtained from
all participants.

Statistical Methods
Data were analyzed using SPSS 26.0 (SPSS Inc., Chicago, IL, USA)
and GraphPad Prism (version 7.0; GraphPad Software, Inc.).
Categorical variables are expressed as frequencies [n (%)]. All
continuous variables are reported as mean ± standard deviation
(SD), while not normally distributed variables are expressed as
median value (interquartile range). The Student’s t-test was used to
estimate differences in the distribution of demographic
characteristics between case and control subjects for continuous
variables. The Wilcoxon–Mann–Whitney U test was used for not
normally distributed variables. One-way analysis of variance was
used for intergroup comparisons of MetS components. The
association between MetS and categorical variables was evaluated
using Fischer’s exact test. A single-factor logistic regression model
was employed to assess the correlation between plasma amino acids
and MetS to calculate OR value and the corresponding 95%
confidence interval, and the difference was statistically significant
with P <0.05. Following that, logistic regression was deployed to
evaluate the linkbetweenaminoacids andMetSand its components
after adjusting for potential covariates, including age, gender,
alcohol drinking, current smoking status, and moderate exercise.

Furthermore, Pearson’s correlation coefficients were
calculated by using amino acids and metabolic-related
variables. The side dendrogram represents the hierarchical
clustering of 14 amino acids based on Pearson correlation. Due
to the strong correlation between amino acids, PCA extracted the
main factors to investigate the link between the amino acid
profile and MetS.
RESULTS

Population Characteristics
Table 1 summarizes the clinical and biochemical characteristics
of all participants, with an average age of 53.20 ± 6.7 years. The
January 2022 | Volume 12 | Article 795044
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mean age for MetS and non-MetS groups were 56.13 ± 6.40 and
53.15 ± 6.64 years, respectively. Age, BMI, WC, waist-to-hip
ratio (WHR), Fat%, SFA, VFA, SBP, DBP, FPG, 2h-PG, FINS,
2h-insulin, HOMA-IR, HbA1c, CHOL, TG, ALT, AST, uric acid
(UA), and UACR were higher in the MetS group than in the non-
MetS group, but HDL-c was lower. The difference was
statistically significant (P < 0.05; Table 1).

Altered Plasma Amino Acid Levels in MetS
Plasma levels of Ile, Leu, Val, Tyr, Trp, Phe, Glu, Asp, Ala, His,
Met, Asn, and Pro were all significantly higher, whereas Tau was
significantly lower in the MetS group than those in the non-MetS
group, with a statistically significant difference (P < 0.05;
Table 2). The other 14 amino acids were unrelated to MetS.

Altered Plasma Amino Acid Profile With
MetS Components
All participants were divided into groups according to the
number of MetS components (WC, blood glucose, increased
TG, decreased HDL-c, and blood pressure). The groups were as
follows: 0-component group, 1-component group, 2-
components group, and 3–5-components group. The
participant who had 3–5 components belonged to the MetS
Frontiers in Endocrinology | www.frontiersin.org 488
group. As the number of components increased, plasma levels of
Ile, Leu, Val, Tyr, Trp, Phe, Glu, Asp, Ala, His, Met, Asn, and Pro
increased progressively, but Tau decreased. Compared with the
0-component group, one-way analysis of variance revealed that
the other groups exhibited statistically significant higher plasma
levels of Ile, Leu, Val, Tyr, Trp, Phe, Glu, Asp, Ala, His, Met, Asn,
and Pro and lower plasma levels of Tau (P < 0.05; Table 3). The
other 14 amino acids were unrelated to MetS components.

Amino Acid Profiles Extracted by
PCA Were Associated With MetS
and Its Components
Pearson’s correlation coefficients were calculated between the 14
amino acids and the metabolic variables linked to MetS
(Figure 1). As illustrated in Figure 1, Ile, Leu, Val, Tyr, Trp,
Glu, Ala, and Met showed strong positive correlations with BMI,
WC, WHR, VFA, insulin, SBP, DBP, TG, and UA, but a strong
negative correlation with HDL-c. Only Tau had negative
correlations with metabolic variables. The side dendrogram
represents the hierarchical clustering of the 14 amino acids
based on Pearson correlation, and we can see a strong
correlation with the amino acids (Figure 2). Multivariate
regression analysis cannot be used, and the PCA method was
TABLE 1 | Comparison of general clinical characteristics and biochemical indicators between the MetS group and non-MetS group.

Variables Non-MetS group
n = 401

MetS group
n = 72

P-value

Female, N (%) 238 (59.35%) 45 (62.50%) 0.617
Current smoker, N (%) 118 (29.35%) 22 (30.56%) 0.982
Alcohol drinker, N (%) 163 (40.65%) 32 (44.44%) 0.689
Moderate exercise, N (%) 184 (45.77%) 35 (48.61%) 0.655
Age (years) 53.15 ± 6.64 56.13 ± 6.40 <0.001*
BMI (kg/m2) 23.04 ± 2.55 26.81 ± 2.58 <0.001*
WC (cm) 77.03 ± 8.11 89.49 ± 6.23 <0.001*
WHR 0.86 ± 0.06 0.93 ± 0.05 <0.001*
Fat% (%) 28.36 ± 6.63 35.06 ± 6.91 <0.001*
SFA (cm2) 145.6 (113.05, 192.05) 210 (167.93, 258.30) <0.001*
VFA (cm2) 65.08 (46.21, 103.3) 123.1 (96.06, 151.5) <0.001*
SBP (mmHg) 120.57 ± 15.35 133.91 ± 15.14 <0.001*
DBP (mmHg) 80.58 ± 13.27 86.00 ± 9.49 0.001*
FPG (mmol/L) 5.02 ± 1.10 5.95 ± 1.81 <0.001*
2h-PG (mmol/L) 6.07 ± 3.14 8.77 ± 4.33 <0.001*
FINS (mIU/L) 10.85 (7.65, 14.16) 16.45 (10.96, 22.88) <0.001*
2 h insulin (mIU/L) 40.25 (25.86, 62.29) 58.87 (37.86, 100.14) <0.001*
HOMA-IR 2.37 (1.70, 3.25) 3.66 (2.47, 5.54) <0.001*
HbA1c (%) 5.67 ± 0.70 6.04 ± 1.00 <0.001*
CHOL (mmol/L) 5.55 ± 1.04 5.86 ± 1.08 0.024*
TG (mmol/L) 1.25 (0.92, 1.65) 1.86 (1.40, 2.60) <0.001*
LDL-c (mmol/L) 2.41 ± 0.56 2.52 ± 0.63 0.125
HDL-c (mmol/L) 1.48 ± 0.37 1.31 ± 0.31 <0.001*
ALT (IU/L) 18 (14, 26) 24.5 (19, 35.75) <0.001*
AST (IU/L) 20 (17, 23) 21 (18, 25) 0.005*
CREA (mg/dl) 0.79 ± 0.15 0.80 ± 0.19 0.557
BUN (mmol/L) 16.50 ± 3.84 16.90 ± 5.13 0.447
UA (mg/dl) 4.67 ± 1.39 5.40 ± 1.31 <0.001*
UACR (mg/mmol) 4.59 (3.11, 6.79) 6.99 (4.59, 17.54) 0.001*
January 2022 | Volume 12 | Article
Statistical differences between MetS and no MetS are shown as *P < 0.05.
MetS, metabolic syndrome; BMI, body mass index; WC, waist circumference; WHR, waist-to-hip ratio; Fat%, body fat percentage; SFA, subcutaneous fat area; VFA, visceral fat area;
SBP, Systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting blood glucose; 2h-PG, 2-h postprandial glucose; FINS, fasting serum insulin; HOMA-IR, homeostasis model
assessment for insulin resistance; HbA1c, glycosylated hemoglobin A1c; TC, total cholesterol; TG, triglyceride; LDL-c, low-density lipoprotein-cholesterol; HDL-c, high-density lipoprotein-
cholesterol; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CREA, serum creatinine; BUN, serum urea nitrogen; UA, uric acid; UACR, urine albumin-to-creatinine ratio.
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used to investigate their potential patterns. The varimax rotation
method was performed to produce interpretable components.
Components with an eigenvalue ≥1.0 were extracted. Items with
a factor loading ≥│0.4│ were considered as composing a given
factor. Factor scores were calculated using the regression method
and used in subsequent analyses investigating correlations
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between extracted factors and MetS components. The amino
acid profile, including Ile, Leu, Val, Tyr, Trp, Glu, Asp, Ala, His,
Met, Asn, and Pro, denoted “PC1,” was the dominant factor
(accounting for 43.29% of the variance in PCA, Table 4). This
amino acid profile was linked to MetS and its components,
related to MetS, abdominal obesity, abnormal glucose,
TABLE 3 | Amino acid association with MetS components.

0 component 1 component 2 components 3–5 components

n = 124 n = 165 n = 112 n = 72

Ile 50.58 ± 11.60 55.16 ± 12.81** 56.96 ± 13.67*** 65.31 ± 17.15***
Leu 125.48 ± 22.54 135.18 ± 23.47*** 139.41 ± 24.10*** 153.39 ± 28.15***
Val 175.45 ± 34.77 192.22 ± 35.02*** 196.96 ± 36.39*** 208.67 ± 44.91***
Tyr 68.72 ± 14.92 73.67 ± 13.63** 77.60 ± 17.34*** 79.68 ± 17.59***
Trp 29.76 ± 5.41 30.92 ± 4.62 31.64 ± 4.65** 33.75 ± 6.50***
Phe 139.42 ± 47.50 139.33 ± 40.37 140.09 ± 35.97 167.43 ± 49.32***
Glu 34.91 ± 6.40 36.51 ± 5.50* 37.70 ± 5.90*** 39.76 ± 7.51***
Asp 6.64 ± 1.78 7.04 ± 1.63 7.03 ± 1.61 7.98 ± 2.29***
Ala 185.69 ± 40.88 209.05 ± 40.20*** 216.81 ± 41.42*** 236.25 ± 34.73***
His 94.27 ± 26.63 97.23 ± 26.62 102.68 ± 26.98* 107.57 ± 38.77*
Met 42.96 ± 12.09 44.43 ± 10.05 45.77 ± 11.90* 46.89 ± 12.94*
Asn 48.55 ± 12.96 49.12 ± 9.72 51.07 ± 11.56 52.86 ± 14.35*
Pro 304.41 ± 116.67 302.49 ± 75.54 326.38 ± 79.00* 335.00 ± 86.17**
Tau 1.59 ± 0.66 1.57 ± 0.51 1.50 ± 0.51 1.39 ± 0.51**
January 2022 | Volume 1
All participants have been divided into four groups according to MetS components and the 14 amino acids associated with MetS in each group. One-way analysis of variance was used,
compared with the 0-component group; the statistical differences of other groups are shown as *P < 0.05, **P < 0.01, and ***P < 0.001.
Ile, isoleucine; Leu, leucine; Val, valine; Tyr, tyrosine; Trp, tryptophan; Phe, phenylalanine; Glu, glutamic; Asp, aspartic; Ala, alanine; His, histidine; Met, methionine; Asn, asparagine; Pro,
proline; Tau, taurine.
TABLE 2 | Comparison of amino acid determination results between the MetS group and non-MetS group (unit: mmol/L).

Non-MetS group
n = 401

MetS group
n = 72

P-value OR (95% CI)

Isoleucine (Ile) 54.26 ± 12.87 62.50 ± 17.57 <0.001* 1.040 (1.022–1.058)
Leucine (Leu) 133.03 ± 23.87 150.34 ± 28.49 <0.001* 1.026 (1.016–1.037)
Valine (Val) 187.09 ± 35.53 210.27 ± 45.38 <0.001* 1.015 (1.009–1.022)
Tyrosine (Tyr) 72.68 ± 15.10 81.01 ± 18.72 <0.001* 1.031 (1.015–1.046)
Tryptophan (Trp) 30.63 ± 4.94 33.77 ± 6.09 <0.001* 1.113 (1.061–1.168)
Phenylalanine (Phe) 138.91 ± 42.40 158.88 ± 46.43 <0.001* 1.009 (1.004–1.015)
Glutamic (Glu) 36.18 ± 5.99 39.88 ± 7.13 <0.001* 1.090 (1.049–1.134)
Aspartic (Asp) 6.92 ± 1.74 7.70 ± 1.98 <0.001* 1.243 (1.092–1.415)
Alanine (Ala) 202.92 ± 42.25 233.58 ± 38.49 <0.001* 1.017 (1.011–1.023)
Lysine (Lys) 150.43 ± 33.38 156.95 ± 31.31 0.124 1.006 (0.998–1.013)
Arginine (Arg) 124.23 ± 28.03 130.50 ± 29.44 0.083 1.007 (0.999–1.016)
Histidine (His) 97.20 ± 26.30 109.21 ± 38.16 0.001* 1.013 (1.005–1.022)
Methionine (Met) 44.05 ± 11.16 48.16 ± 13.09 0.008* 1.029 (1.008–1.050)
Threonine (Thr) 83.44 ± 23.23 84.64 ± 21.22 0.684 1.002 (0.992–1.013)
Glycine (Gly) 396.11 ± 86.29 391.84 ± 87.80 0.700 0.999 (0.996–1.002)
Serine (Ser) 101.23 ± 17.70 103.37 ± 19.94 0.354 1.007 (0.993–1.020)
Taurine (Tau) 1.57 ± 0.57 1.41 ± 0.52 0.019* 0.559 (0.345–0.905)
Asparagine (Asn) 49.16 ± 11.18 54.33 ± 14.41 <0.001* 1.034 (1.014–1.054)
Citrulline (Cit) 36.08 ± 9.81 37.22 ± 12.27 0.383 1.011 (0.987–1.035)
Ornithine (Orn) 153.15 ± 49.64 161.69 ± 44.26 0.173 1.003 (0.999–1.008)
Glutamine (Gln) 1065.36 ± 314.14 1073.22 ± 274.96 0.842 1.000 (0.999–1.001)
Cysteine (Cys) 143.39 ± 74.01 152.48 ± 66.94 0.331 1.002 (0.998–1.005)
Homocysteine (tHcy) 4.95 ± 1.12 4.68 ± 1.26 0.064 0.809 (0.648–1.010)
a-Aminobutyric acid 2.04 ± 0.66 2.04 ± 0.77 0.992 0.997 (0.689–1.443)
Hydroxyproline 19.44 ± 7.51 20.80 ± 9.19 0.172 1.022 (0.990–1.054)
1-Methylhistidine 33.23 ± 13.48 35.81 ± 14.79 0.141 1.013 (0.996–1.031)
3-Methylhistidine 1.66 ± 2.08 1.92 ± 2.03 0.329 1.054 (0.947–1.173)
Proline (Pro) 308.82 ± 92.76 336.59 ± 83.17 0.018* 1.003 (1.000–1.005)
Statistical differences between MetS and no MetS are shown as *P < 0.05.
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dyslipidemia, and elevated blood pressure after adjustment for
age, gender, current smoking, alcohol drinking, and moderate
exercise (P < 0.05; Table 5). Additionally, we identified “PC2”—a
Tau-related amino acid profile—as being associated with MetS,
abnormal glucose, and dyslipidemia (P < 0.05; Table 5). PC3 was
unrelated to MetS.

Amino Acid Profiles Were Associated
With Future Development of MetS
Within 5 Years
To confirm the correlation of amino acid profiles and future
development of MetS, we followed up 401 non-MetS. Finally, 260
participants were followed up effectively from 2010 until 2015
(another 141 participants were lost to follow-up due to moving to
another house, requesting to withdraw from the study, etc.), and
42 participants developed new-onset MetS. The basal clinical and
biochemical characteristics were compared according to whether
participants developed new-onset MetS or not within 5 years. We
found that the baselines of BMI, WC, WHR, Fat%, VFA, SBP,
FINS, 2h-insulin, HOMA-IR, TG, and UA were significantly
higher in the subsequent new-onset MetS group than in the
subsequent non-MetS group, while HDL-c was significantly
Frontiers in Endocrinology | www.frontiersin.org 690
lower (P < 0.05; Table 6). Ile, Leu, Tyr, and Ala were elevated,
and Tau was reduced in the new-onset MetS group at baseline,
exhibiting a statistically significant difference (P < 0.05; Table 7).
After adjusting for age, gender, current smoking, alcohol
drinking, and moderate exercise, the “PC1” and Tau were
significantly correlated with MetS (P < 0.05). After adjusting
for BMI, WC, WHR, Fat%, VFA, SBP, FINS, 2h-insulin, TG,
HDL-c, and UA, Tau was significantly negatively correlated with
MetS (P = 0.016). Decreased Tau could be associated with future
development of MetS within 5 years.
DISCUSSION

Using the 2009 diagnostic criteria of the IDF and AHA/NHLBI,
we examined the association between amino acids and MetS.
First, we found evidence that amino acid profiles are beneficial in
identifying individuals who are at high risk of MetS in a Chinese
Han population. It has been demonstrated that increased levels
of Ile, Leu, Val, Tyr, Trp, Phe, Glu, Asp, Ala, His, Met, Asn, and
Pro and decreased Tau levels were linked to an increased risk of
MetS and its components.
FIGURE 1 | Pearson’s correlation coefficients were calculated between 14 amino acids and metabolic-related variables. BMI, body mass index; WC, waist circumference;
WHR, waist-to-hip ratio; Fat%, body fat percentage; VFA, visceral fat area; SFA, subcutaneous fat area; FINS, fasting serum insulin; HOMA-IR, homeostasis model
assessment for insulin resistance; FPG, fasting blood glucose; 2h-PG, 2-h postprandial glucose; HbA1c, glycosylated hemoglobin A1c; SBP, systolic blood pressure; DBP,
diastolic blood pressure; TC, total cholesterol; TG, triglyceride; HDL-c, high-density lipoprotein-cholesterol; ALT, alanine aminotransferase; AST, aspartate aminotransferase; UA,
uric acid; UACR, urine albumin-to-creatinine ratio; Ile, isoleucine; Leu, leucine; Val, valine; Tyr, tyrosine; Trp, tryptophan; Phe, phenylalanine; Glu, glutamic; Asp, aspartic; Ala,
alanine; His, histidine; Met, methionine; Asn, asparagine; Pro, proline; Tau, taurine. Statistical differences between 14 amino acids and metabolic-related variables are shown as
*P < 0.05 and **P < 0.01.
January 2022 | Volume 12 | Article 795044

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Sun et al. Amino Acids and Metabolic Syndrome
As revealed in this study, we have stated that BCAAs, AAAs,
Glu, and Ala were positively associated with BMI, WC, WHR,
VFA, FINS, 2h-insulin, 2h-PG, SBP, DBP, TG, and UA and
negatively associated with HDL-c. Our study also discovered that
His was positively associated with WC and insulin resistance.
Met and Pro were positively linked to BMI, WC, and VFA. Gly
and Cys did not differ significantly in the Chinese Han
population in this study. However, we discovered that Tau was
significantly lower in MetS and was negatively correlated with
metabolic-related variables. Numerous studies with rats, mice,
Frontiers in Endocrinology | www.frontiersin.org 791
and rabbits revealed that Tau effectively reduces TC, TG, blood
glucose, and blood pressure (35–39).

While interethnic differences in the pathophysiology of insulin
dysregulation and visceral obesity between Asian and Western
populations are well known, few studies have examined the
relationship between amino acids and lifestyle-related disease
risks in Chinese populations (40). Our research has extracted
“PC1” using PCA. It was the dominant factor (accounting for
43.29% of the variance in PCA) and was mostly constituted of
BCAAs, Tyr, Trp, Glu, Asp, Asn, Ala, His, Met, and Pro. After
adjusting for age, gender, smoking, drinking, and moderate
exercise, the amino acid profile of PC1 was linked to abdominal
obesity, abnormal glucose, dyslipidemia, elevated blood pressure,
and MetS. After a 5-year follow-up, this amino acid profile
remained significantly correlated with the future incidence of
MetS within 5 years. BCAAs and AAAs (except Phe) exhibited
the highest loadings in PC1, consistent with previous research from
other countries indicating that BCAA/AAA pattern was connected
with MetS and its components. However, the correlation between
Phe andMetS is not strong inChineseHan populations. Yamakado
et al. (11) used a method other than PCA to calculate a plasma free
amino acid (PFAA) index but also discovered that indices that
included BCAAs and AAAs were positively associated with VFA
andcirculating insulin levels in cross-sectional analyses, confirming
that plasma free amino acid profiles could predict the future
development of DM, MetS, and dyslipidemia in the Japanese
population, even within a relatively short period (4 years). Other
studies performed a systems metabolomics approach to predict
MetS development, but these predictive models are specific to the
T2DM component of MetS. Therefore, the prediction of MetS
subjects without a T2DM component reveals a high rate of
misclassified subjects (around 30%), implying poor prediction
TABLE 4 | The result from principal component analysis exploring amino acid
profiles.

PC

1 2 3

His 0.545 −0.654 0.027
Ile 0.761 0.359 −0.224
Leu 0.854 0.321 −0.103
Met 0.688 −0.369 −0.075
Phe 0.083 0.373 0.746
Trp 0.815 0.116 0.115
Val 0.750 0.248 −0.166
Tau −0.066 0.435 0.264
Tyr 0.722 0.001 −0.105
Asn 0.675 −0.541 0.181
Asp 0.616 −0.124 0.600
Glu 0.828 0.071 0.036
Ala 0.701 0.36 −0.034
Pro 0.459 0.295 −0.307
% of variance 43.289 11.438 8.826
Extraction method: principal component analysis (PCA) with varimax rotation; items with a
loading ≥│0.4│ were reported as composing a given factor (bold font type).
FIGURE 2 | The side dendrogram represents the hierarchical clustering of the 14 amino acids based on Pearson correlation, and we can see a strong correlation
with the amino acids. Ile, isoleucine; Leu, leucine; Val, valine; Tyr, tyrosine; Trp, tryptophan; Phe, phenylalanine; Glu, glutamic; Asp, aspartic; Ala, alanine; His,
histidine; Met, methionine; Asn, asparagine; Pro, proline; Tau, taurine.
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capacity of MetS hypertension and dyslipidemia components (41).
Our amino acid profile was associated with MetS and its
components (abdominal obesity, abnormal glucose, dyslipidemia,
and elevated blood pressure). It can be employed as a potential
biomarker for assessing MetS risk.

The amino acid profile, which mainly included Tau, His, and
Asn, denoted “PC2,” accounted for 11.44% of PCA variance. This
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amino acid profile was associated with abnormal glucose,
dyslipidemia, and MetS after adjustment for age, gender,
smoking, drinking, and moderate exercise. After a 5-year follow-
up, PC2 exhibited no significant difference with future
development of MetS. However, Tau was significantly negatively
correlated with MetS after adjusting for age, gender, smoking,
drinking, exercise, BMI, WC, Fat%, VFA, SBP, FINS, TG, HDL-c,
TABLE 6 | Comparison of the baseline of general clinical characteristics and biochemical indicators between 42 subsequent new MetS and 218 subsequent non-MetS.

Variables Subsequent non-MetS
n = 218

Subsequent new MetS
n = 42

P-value

Female, N (%) 131 (60.09%) 20 (47.62%) 0.198
Current smoker, N (%) 48 (22.02%) 11 (26.19%) 0.531
Alcohol drinker, N (%) 88 (40.37%) 18 (42.86%) 0.749
Moderate exercise, N (%) 107 (49.08%) 17 (40.48%) 0.334
Age (years) 53.01 ± 6.34 53.49 ± 7.46 0.856
BMI (kg/m2) 22.44 ± 2.47 25.07 ± 1.96 <0.001*
WC (cm) 75.35 ± 7.71 83.19 ± 6.04 <0.001*
WHR 0.85 ± 0.06 0.90 ± 0.05 <0.001*
Fat% (%) 27.58 ± 6.76 30.95 ± 5.06 0.007*
SFA (cm2) 141.3 (110.3, 189.35) 155.3 (126.6, 203.9) 0.112
VFA (cm2) 63.66 (36.42, 89.54) 104.5 (66.68, 128.75) <0.001*
SBP (mmHg) 119.27 ± 14.90 125.50 ± 15.26 0.023*
DBP (mmHg) 80.65 ± 16.08 84.01 ± 9.35 0.268
FPG (mmol/L) 4.95 ± 0.84 5.09 ± 0.97 0.361
2h-PG (mmol/L) 5.91 ± 2.79 6.55 ± 3.39 0.225
FINS (mIU/L) 10.39 (6.87, 13.33) 13.67 (8.61, 18.64) <0.001*
2 h insulin (mIU/L) 37.25 (24.60, 60.30) 56.29 (32.17, 87.59) 0.034*
HOMA-IR 2.13 (1.49, 3.07) 3.09 (1.99, 4.20) <0.001*
HbA1c (%) 5.65 ± 0.63 5.61 ± 0.59 0.689
CHOL (mmol/L) 5.52 ± 1.09 5.58 ± 0.85 0.738
TG (mmol/L) 1.19 (0.80, 1.54) 1.62 (1.26, 2.47) 0.002*
LDL-c (mmol/L) 2.41 ± 0.56 2.40 ± 0.53 0.948
HDL-c (mmol/L) 1.51 ± 0.38 1.28 ± 0.34 0.001*
ALT (IU/L) 19 (14, 26) 21 (16, 27.75) 0.657
AST (IU/L) 20 (17, 23) 20 (17.25, 24.75) 0.688
CREA (mg/dl) 0.80 ± 0.16 0.84 ± 0.26 0.709
BUN (mmol/L) 16.76 ± 3.59 16.11 ± 3.55 0.318
UA (mg/dl) 4.58 ± 1.39 5.34 ± 1.84 0.002*
UACR (mg/mmol) 4.43 (2.79, 12.09) 4.59 (3.13, 7.03) 0.15
January 2022 | Volume 12 | Article
After a 5-year follow-up, 260 non-MetS were followed up effectively, of which 42 developed new MetS. Statistical differences between subsequent new MetS and subsequent non-MetS
are shown as *P < 0.05.
MetS, metabolic syndrome; BMI, body mass index; WC, waist circumference; WHR, waist-to-hip ratio; Fat%, body fat percentage; SFA, subcutaneous fat area; VFA, visceral fat area;
SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting blood glucose; 2h-PG, 2-h postprandial glucose; FINS, fasting serum insulin; HOMA-IR, homeostasis model
assessment for insulin resistance; HbA1c, glycosylated hemoglobin A1c; TC, total cholesterol; TG, triglyceride; LDL-c, low-density lipoprotein-cholesterol; HDL-c, high-density lipoprotein-
cholesterol; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CREA, serum creatinine; BUN, serum urea nitrogen; UA, uric acid; UACR, urine albumin-to-creatinine ratio.
TABLE 5 | The odds ratios for abdominal obesity, abnormal glucose, dyslipidemia, elevated blood pressure, and MetS adjusting for additional factors.

PC1 P-value PC2 P-value

OR (95% CI) OR (95% CI)

Abdominal obesity 1.499 (1.283–1.752) <0.001*** 0.922 (0.776–1.094) 0.352
Abnormal glucose 1.264 (1.077–1.483) 0.004** 1.332 (1.082–1.641) 0.007**
Dyslipidemia 1.339 (1.168–1.535) <0.001*** 1.238 (1.052–1.457) 0.01*
Elevated blood pressure 1.154 (1.011–1.316) 0.033* 0.954 (0.813–1.12) 0.566
MetS 1.723 (1.424–2.085) <0.001*** 1.325 (1.043–1.684) 0.021*
Values are odds ratios (95% confidence intervals) as a continuous variable per SD increment for developing from abdominal obesity, abnormal glucose, dyslipidemia, abnormal blood
pressure, and MetS logistic regressions. Adjustment for age, gender, current smoking, alcohol drinking, and physical activity level. Statistical differences between disease and non-disease
subjects are shown as *P < 0.05, **P < 0.01, and ***P < 0.001. PC1 (isoleucine, leucine, valine, tryptophan, tyrosine, histidine, methionine, aspartic, asparagine, glutamic, alanine, proline);
PC2 (taurine, histidine, asparagine).
MetS, metabolic syndrome; OR, odds ratio.
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and UA. Decreased Tau could be linked with the future
development of MetS within 5 years. Other investigations have
demonstrated that patientswith obesity (42) and diabetes (43) have
lowerTau levels in their bodies, consistentwith ourfinding thatTau
decreased inMetS. The decrease in blood Tau levels was associated
with a decrease in cysteine dioxygenase expression, a rate-limiting
enzyme in taurine synthesis (42). In contrast, Tau supplementation
increases plasma Tau levels, reduces plasma levels of inflammatory
and oxidative markers, and increases plasma adiponectin levels in
humans. Research studies have indicated that Tau prevents obesity
mainly due to increasing energy expenditure by upregulating
relative factor expression involved in fatty acid oxidation. It also
prevents hypercholesterolemia by promoting bioconversion of
cholesterol to bile acids, promoting bile acid excretion in feces,
and suppressingbile acid absorption fromthe ileum. It alsoprevents
diabetes mellitus by exerting antioxidant and anti-inflammatory
effects, protecting pancreatic b cells, promoting insulin secretion,
improving insulin resistance by inhibiting JNK1 activation,
improving insulin signaling in the liver, and preventing
hypertension by suppressing RAAS. Tau may be beneficial for
preventing MetS (30, 44, 45).
CONCLUSION

This cross-sectional study of a cohort investigated the correlation
between amino acids and MetS in a Chinese Han population. In
the present study, we extracted the amino acid profile using PCA,
which can be used as biomarkers to assess and monitor MetS
risk. Tau may be beneficial for preventing MetS. Decreased Tau
levels were associated with the future development of MetS.
Frontiers in Endocrinology | www.frontiersin.org 993
However, this study has shortcomings, such as that it only
involved participants aged 40–65 years old and the number of
samples with clinical follow-up was small, implying that more
samples are required to verify these results.
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Objective: Increasing evidence suggested that perirenal fat thickness (PrFT) was
associated with metabolic risk factors. This study aimed to assess the association
between PrFT and metabolic syndrome (MetS) in Chinese newly diagnosed type 2
diabetes (T2DM), further evaluating the ability of PrFT in identifying MetS.

Method: A total of 445 Chinese newly diagnosed T2DM were enrolled in this study from
January to June 2021. Demographic and anthropometric information were collected.
PrFT was evaluated by CT scan on Revolution VCT 256. MetS was based on the Chinese
Diabetes Society definition. Receiver operating characteristic (ROC) curve was conducted
to assess the optimal cutoff value of PrFT in identifying MetS.

Results: Overall, the prevalence of MetS was 57.5% (95% CI: 54.0–64.0%) in men and
58.9% (95% CI: 52.3–65.5%) in women separately. The correlation analysis showed that
PrFT was significantly correlated with metabolic risk factors like body mass index, waist
circumference, triglycerides, high-density lipoprotein cholesterol, systolic blood pressure,
diastolic blood pressure, uric acid, and insulin resistance. PrFT was also shown to be
independently associated with MetS after adjustment for other confounders. The odds
ratios (ORs, 95% CI) were 1.15 (1.03–1.38) in men and 1.31 (1.08–1.96) in women (P <
0.05). The ROC curves showed a good predictive value of PrFT for MetS. The areas under
the curve of PrFT identifying MetS were 0.895 (95% CI: 0.852–0.939) in men and 0.910
(95% CI: 0.876–0.953) in women (P < 0.001). The optimal cutoff values of PrFT were 14.6
mm (sensitivity: 83.8%, specificity: 89.6%) for men and 13.1 mm (sensitivity: 87.6%,
specificity: 91.1%) for women.

Conclusions: PrFT was significantly associated with MetS and showed a powerful
predictive value for it, which suggested that PrFT can be an applicable surrogate marker
for MetS in Chinese newly diagnosed T2DM.

Clinical Trial Registration: This study was registered in clinicaltrials.gov
(ChiCTR2100052032).

Keywords: perirenal fat thickness, metabolic syndrome, newly diagnosed type 2 diabetes, optimal cut-off value,
visceral adipose tissue
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INTRODUCTION

Metabolic syndrome (MetS) is the common pathological basis and
early stage of many major diseases that is characterized by the
simultaneous presence of obesity, hypertension, dyslipidemia, and
hyperglycemia in individuals, leading to increased prevalence of
cardiovascular disease (CVD) and stroke and risk of diabetes (1).
Type 2 diabetes (T2DM) is a kind of metabolic disease
characterized by chronic hyperglycemia due to the failure of
pancreatic islet b-cells to sustain the hyperinsulinemia required
to compensate for insulin resistance and often accompanied with
other metabolic disorders. The prevalence of MetS has rapidly
increased in China. A cross-sectional survey reported the
prevalence of MetS in diabetes which is in the range from 53 to
68.1% (2). Due to the great harm and high prevalence of MetS in
newly diagnosed T2DM, early diagnosis is urgently needed,
whereas the diagnosis and awareness rate are suboptimal in
clinical diagnosis and treatment (3). The diagnostic process for
MetS in patients with diabetes is cumbersome and thus may limit
the early diagnosis of MetS (4). An effective surrogate marker for
MetS can help clinicians in identifying MetS in newly
diagnosed T2DM.

Visceral adipose tissue is considered to be a type of “ectopic
fat” which has adverse influences on systemic inflammation,
insulin resistance, and metabolic profiles and, finally, increases
the risk of developing MetS and CVD (5–7). Among visceral
adipose tissue deposits, perirenal fat is located around and
enclosed from the inner side of the abdominal musculature to
the surface of the kidney, which can be easily measured by
ultrasound, CT, and MRI scanning (8). Anatomical studies
demonstrated that perirenal fat may modulate the metabolism
system through neural reflexes, adipokine secretion, and
adipocyte interactions due to its unique structure compared
with other connective tissues (9–11). Thus, these features may
provide a basis for the involvement of perirenal fat in MetS
regulation. Cross-sectional studies also observed that perirenal
fat thickness (PrFT) is associated with the components of MetS,
such as hypertension, obesity, and dyslipidemia (12, 13). Based
on the above-mentioned anatomical and cross-sectional studies,
it may indicate to us that PrFT can be a surrogate marker for
MetS. Hence, we design a cross-sectional study to assess the
association between PrFT and MetS in Chinese newly diagnosed
T2DM, further evaluating the ability of PrFT in identifying MetS.
STUDY DESIGN AND METHODS

Study Design and Participants
This cross-sectional study consecutively enrolled individuals
from the Department of Endocrinology Clinic who were
screened for diabetes at the Longyan First Affiliated Hospital of
Fujian Medical University and who fulfilled the study criteria
between January 2021 and June 2021. The study inclusion
criteria were as follows: (1) newly diagnosed T2DM using the
World Health Organization (WHO) 2019 criteria (fasting
plasma glucose ≥126 mg/dl or 2-h postprandial ≥200 mg/dl
Frontiers in Endocrinology | www.frontiersin.org 297
during oral glucose tolerance test (OGTT) or HbA1C ≥6.5%
or a patient with classic symptoms of hyperglycemia or
hyperglycemic crisis or with random plasma glucose ≥200 mg/
dl and (2) autoimmune antibodies like glutamic acid
decarboxylase antibody (GADA), insulin autoantibody (IAA),
and islet cell autoantibody (ICA) negative. Participants were
excluded if they were any of the following cases: (1) pregnancy at
diagnosis or gestational diabetes mellitus, (2) secondary or
special type of diabetes, (3) presence of acute diseases that
could interfere with glucose metabolism, (4) with renal
structure abnormalities (tumors and cysts or history of renal
region surgery), and (5) currently receiving lipid-lowering
therapies. In this study, we estimated the sample size according
to the requirement of multiple binomial logistic regression
model; 10–12 variables may be put into the logistic regression
model according to the principle of 5–10 events per variable (14),
and the prevalence of MeTS is about 53 to 68.1% (2). Thus, we
planned a sampling size of 400–500 patients. The definition of
newly diagnosed T2DM is as follows: previous unknown
hyperglycemia status and diagnosed with T2DM for the first
time (15). Metabolic and hormonal parameters were assessed,
and demographic and anthropometric information were
evaluated. Then, a CT scan was performed on all participants
to measure PrFT. All procedures were conducted in accordance
with the Declaration of Helsinki. This study was approved by the
Ethical Committee of Longyan First Affiliated Hospital of Fujian
Medical University (LY-2020–069) and registered in
clinicaltrials.gov (ChiCTR2100052032). All participants
enrolled in the study provided informed consent.

Definition of Metabolic Syndrome
MetS was defined according to the Chinese guideline for diabetes
with MetS management (16). Patients who meet three or more of
the following criteria are considered to have MetS: (1) abdominal
obesity: waist circumference (WC) ≥90 cm in men or ≥85 cm in
women, (2) hyperglycemia: fasting blood glucose (FBG) ≥6.1
mmol/L or (OGTT) 2-h blood glucose ≥7.8 mmol/L or
previously diagnosed diabetes with treatment, (3) hypertension:
blood pressure ≥130/85 mmHg or currently under anti-
hypertension therapy, (4) fasting triglycerides (TGs) ≥1.70
mmol/L (without lipid-lowering therapies), (5) fasting high-
density lipoprotein cholesterol (HDL-c) <1.04 mmol/L. All
patients in this study fulfilled the criteria for hyperglycemia
and were diagnosed as newly diagnosed T2DM.

Anthropometric Measurements and
Metabolic Parameters
Demographic information was collected through a standard
questionnaire via face-to-face interviews by a physician
(mainly including gender, age, history of medication, disease,
surgery, family diabetes, and current or ever-smoking).
Information was also obtained by a review of medical records
and laboratory data. Physical examination was conducted by the
research nurses (including height, weight, WC, and blood
pressure). Body mass index (BMI) was calculated as the weight
(kg, rounded to the nearest kilogram) divided by the square of
March 2022 | Volume 13 | Article 850334
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height (m, rounded to the nearest centimeter). WC was
measured at the anatomical waist (the natural depression
between the iliac crest and the 10th rib), which should be the
narrowest part of the abdomen. Systolic and diastolic blood
pressure (SBP and DBP) were recorded on at least three different
occasions by an electronic sphygmomanometer with an
appropriate cuff size after the patients have rested for more
than 5 min, and the three readings were calculated.

Serum FBG, insulin, glycosylated hemoglobin, autoimmune
antibodies (GADA, IAA, and ICA), total cholesterol (TC), HDL-c,
LDL-c, TGs, uric acid (UA), and high-sensitivity C-reactive
protein were measured by standard methods using fasting
venous blood samples that were taken between 8 and 9 a.m. after
overnight fasting for at least 12 h. Homeostasis model assessment
(HOMA-IR) was used to assess insulin resistance. The estimate of
HOMA score was calculated with the formula: fasting serum
insulin (µU/ml) fasting plasma glucose (mmol/l)/22.5 (17).

Measurement of Perirenal Fat Thickness
CT scan was performed on all patients using Revolution VCT
256 (General Electric, Milwaukee, WI, USA) while in a supine
position to measure PrFT. Images were reconstructed with
Advantage work station 4.7 software (GE, Milwaukee, WI,
USA) to obtain 1.25-mm-thick consecutive slices. The CT-
scanned area covered was between the pubic symphysis and
the 10th thoracic vertebra. Perirenal fat was differentiated from
other tissues by density (HU). The center of the window is set in
-100 HU, and the window widths ranged from 50 to 200 HU for
further analysis. Each compartment is drawn by using a
manually controlled trackball cursor. PrFT was measured on
both sides for each patient according to a recent study (8). The
adipose area of the renal sinus was separated by a tangent line
touching the outer limits of the kidney and crossing over the
renal hilum. Moreover, perirenal fat was separated by tracing the
boundaries of the kidney, the aforementioned tangent line, and
the perirenal fascia. The average of the maximal distance between
the posterior wall of the kidney and the inner limit of the
abdominal wall across the renal venous plane on both kidneys
was calculated as the PrFT (Figure 1). Two radiologists were
involved in the measurement of PrFT to reduce the inter-
operator variability. The inter-operator agreement between the
two radiologists is 0.92.

Statistical Analysis
Data were analyzed by using SPSS 23.0 software (SPSS Inc., IBM).
Descriptive data were expressed as means ± standard deviation
(SD). Discrete variables were summarized in frequency tables (N,
%). The patients enrolled in this study were divided into three
groups based on the tertiles of PrFT. The Cohen k statistic was
used to assess the agreement of the PrFT measurements between
the two radiologists. Statistical differences among groups were
established with one-way analysis of variance (ANOVA), followed
by Tukey test for multiple comparisons. Chi-square (c2) test or
Fisher’s exact test was used for the comparison of categorical
variables. Student’s t-test was used to compare the mean PrFT
between the two genders. The relationship between PrFT and the
metabolic parameters was assessed using Pearson’s or Spearman’s
Frontiers in Endocrinology | www.frontiersin.org 398
correlation analysis. A multiple binomial logistic regression model
was used to estimate the independent effect of PrFT on the MetS
after adjusting for other covariates by gender. The ROC curve was
used to evaluate the identifying value of PrFT for MetS in newly
diagnosed T2DM. The optimal cutoff value was based on the
greatest value of the Youden index. A two-tailed value of P <0.05
was considered statistically significant.
RESULTS

Overall, a total of 470 patients were screened; 445 patients meeting
the inclusion and exclusion criteria were enrolled in this study. The
flow diagram of the excluded and included patients is presented in
Figure 2. Among the 445 patients, 226 (50.8%) patients were men.
Themean age was 53.3 ± 7.9 years, ranging from 32 to 70 years old.
The mean PrFT was 12.8 ± 4.8 mm. The prevalence of MetS was
57.5% (95% CI: 54.0–64.0%) in men and 58.9% (95% CI: 52.3–
65.5%) in women separately. There was a significant difference in
the mean PrFT between men and women (13.3 ± 5.1 vs. 12.2 ±
4.3 mm, P < 0.001). The characteristics of the patients divided into
three groups based on tertiles of PrFT in men and women are
shown inTables 1 and 2. There was a significant difference in BMI,
WC, TG, HDL-c, LDL-apolipoprotein B, UA, SBP, DBP,
and HOMA-IR among groups both in men and women (P <
0.05). Patients in the higher-PrFT groups showed a higher level of
BMI,WC, TG, UA, SBP, DBP, and HOMA-IR and a lower level of
HDL-ccomparedwith the lower-PrFTgroups (P<0.05).Moreover,
patients in the higher-PrFT groups showed more patients that had
MetS and hypertension (P < 0.05).

The main correlations betweenmetabolic parameters and PrFT
in the subgroup divided by sex are presented inTable 3. The results
showed that PrFT was significantly and positively correlated with
WC, BMI, TG, LDL-c, UA, SBP, DBP, and HOMA-IR in men and
women groups. Moreover, PrFT was significantly and negatively
correlated with HDL-c in both groups.

The association between MetS and PrFT was further
investigated by binomial logistic regression analysis divided by
sex (Table 4). The PrFT was shown to be independently associated
with MetS after adjustment for age (model 1). The ORs (95% CI)
were 1.53 (1.38–1.70) in men and 1.66 (1.47–1.88) in women.
After further adjustment for BMI, TC, LDL-c, UA, and HOMA-IR
(model 2), the PrFT was shown to be independently associated
with MetS. The ORs (95% CI) were 1.33 (1.16–1.53) in men and
1.50 (1.27–1.78) in women. After further additional adjustment for
TG, WC, HDL-c, SBP, and DBP (model 3), the ORs remained
significant. The ORs (95% CI) were 1.15 (1.03–1.38) in men and
1.31 (1.08–1.96) in women (P < 0.05).

The ROC curve analysis was used to further evaluate the
ability of PrFT in identifying MetS divided by sex. From the ROC
curve analysis, the results showed a good predictive value of PrFT
for MetS. The areas under the curve of PrFT in identifying MetS
were 0.895 (95% CI: 0.852–0.939, P < 0.001) in men and 0.910
(95% CI: 0.876–0.953, P < 0.001) in women (Figure 3). The
optimal cutoff values of PrFT were 14.6 mm (sensitivity: 83.8%,
specificity: 89.6%) for men and 13.1 mm (sensitivity: 87.6%,
specificity: 91.1%) for women (Table 5).
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DISCUSSION

Diabetes is a metabolic disease characterized by chronic
hyperglycemia that is often accompanied with MetS at the first
diagnosis. MetS is a cluster of conditions that can increase the risk of
cardiovascular diseases, heart disease, and stroke, whichmay increase
all-cause mortality. Due to the complexity of MetS diagnosis, leading
Frontiers in Endocrinology | www.frontiersin.org 499
clinical practice often overlooked it. In the present study, the results
confirmed that PrFT shows a close correlation with metabolic risk
factors. Moreover, PrFT was significantly associated with higher
odds of MetS after adjustment for other confounders. The ROC
curves also showed a good predictive value of PrFT for MetS. The
optimal cutoff values of PrFT in identifying MetS for Chinese newly
diagnosed T2DM was 14.6 mm for men and 13.1 mm for women.
FIGURE 2 | Flow diagram of the patients excluded and included in this study.
FIGURE 1 | The average of maximal thickness values (blue line) between the posterior wall of the kidney and the inner limit of the abdominal wall across the renal
venous plane was calculated as the PrFT.
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It indicated that PrFT can be a surrogate marker forMetS in Chinese
newly diagnosed T2DM.

Visceral fat and subcutaneous fat are the most important and
common categories in adipose biology based on the anatomical
and physiological characteristics of fat depots. Clinical evidences
demonstrated that Asians are more likely to have more obesity-
related consequences in patients with lower WC and BMI due to
Frontiers in Endocrinology | www.frontiersin.org 5100
more visceral fat mass deposition compared with Caucasians (18).
CT scan is a reliable tool to quantify adipose tissue depots. The
density of adipose tissue in Hounsfield unit (HU) can be used to
distinguish visceral fat from other tissues. Among visceral adipose
tissue deposits, perirenal fat located in the retroperitoneal space
and surrounding the kidneys can be quantitatively measured by
radiological diagnosis for renal positioning, and the posterolateral
TABLE 2 | The characteristics of newly diagnosed T2DM were divided into three groups based on tertiles of PrFT in women.

Total T1 (< 10.2 mm) T2 (10.2–14.9 mm) T3 (> 14.9 mm) P

Age (year) 54.2 ± 7.5 53.5 ± 7.7 54.1 ± 7.5 54.8 ± 7.3 0.569
WC (cm) 85.1 ± 6.7 80.4 ± 3.8ab 84.6 ± 5.0ac 90.2 ± 6.8bc < 0.001
BMI (kg/m2) 24.2 ± 2.9 22.1 ± 2.1ab 24.1 ± 2.2ac 26.3 ± 2.6bc < 0.001
HbA1c (%) 8.7 ± 1.0 8.7 ± 1.1 8.8 ± 0.9 8.7 ± 1.0 0.624
TG (mmol/L) 2.0 ± 1.1 1.3 ± 0.5ab 1.8 ± 0.6ac 2.9 ± 1.3bc < 0.001
TC (mmol/L) 5.1 ± 1.1 4.9 ± 1.1b 5.2 ± 1.2 5.2 ± 1.0b 0.089
HDL-c (mmol/L) 1.1 ± 0.2 1.3 ± 0.2ab 1.1 ± 0.2ac 0.9 ± 0.2bc < 0.001
LDL-c (mmol/L) 3.4 ± 0.9 3.1 ± 0.8ab 3.6 ± 0.9a 3.5 ± 1.0b 0.001
APOA (g/L) 1.3 ± 0.3 1.3 ± 0.3 1.3 ± 0.2 1.2 ± 0.3 0.519
APOB (g/L) 1.0 ± 0.3 0.9 ± 0.3ab 1.0 ± 0.3a 1.0 ± 0.3b 0.001
UA (umol/L) 348.9 ± 86.8 281.8 ± 62.3ab 352.5 ± 66.3ac 411.5 ± 76.8bc < 0.001
SBP (mmHg) 132.3 ± 16.6 119.5 ± 12.2ab 132.6 ± 16.6ac 144.6 ± 9.7bc < 0.001
DBP (mmHg) 81.0 ± 88.0 74.6 ± 5.7ab 82.0 ± 9.4ac 86.5 ± 6.5bc < 0.001
HOMA-IR 10.7 ± 5.4 6.5 ± 3.7ab 11.4 ± 4.3ac 14.0 ± 5.1bc < 0.001
hs-CRP (mg/L) 2.9 ± 0.8 3.0 ± 0.9 2.8 ± 1.2 2.8 ± 0.9 0.692
Hypertension, n (%) 81 (37.0) 11 (15.1)ab 24 (33.3)ac 46 (62.2)bc < 0.001
Smoking, n (%) 6 (2.7) 3 (4.1) 3 (4.2) 0 (0) 0.207
MetS, n (%) 129 (58.9) 9 (12.3)ab 50 (69.4)ac 70 (94.6)bc < 0.001
Ma
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BMI, body mass index; WC, waist circumference; HbA1c, glycated hemoglobin; UA, uric acid; TG, triglyceride; TC, total cholesterol; HDL-c, high-density lipoprotein cholesterol; LDL-c,
low-density lipoprotein cholesterol; SBP, systolic blood pressure; DBP, diastolic blood pressure; HOMR-IR, Homeostasis Model Assessment—Insulin Resistance; hs-CRP, high-sensitivity
C-reactive protein; MetS, metabolic syndrome.
aP < 0.05: T1 vs. T2.
bP < 0.05: T1 vs. T3.
cP < 0.05: T2 vs. T3.
TABLE 1 | The characteristics of newly diagnosed T2DM were divided into three groups based on tertiles of PrFT in men.

Total T1 (< 10.7 mm) T2 (10.7–16.1 mm) T3 (> 16.1 mm) P

Age (year) 52.5 ± 8.2 52.4 ± 8.9 52.3 ± 7.7 52.8 ± 8.1 0.618
WC (cm) 86.6 ± 7.0 80.3 ± 3.3ab 86.9 ± 4.8ac 92.4 ± 6.4bc < 0.001
BMI (kg/m2) 24.8 ± 3.1 22.0 ± 1.9ab 25.0 ± 1.9ac 27.2 ± 2.9bc < 0.001
HbA1c (%) 8.8 ± 0.9 8.8 ± 1.0 8.7 ± 0.8 8.9 ± 0.9 0.327
TG (mmol/L) 2.3 ± 1.5 1.5 ± 1.0ab 2.0 ± 0.7ac 3.3 ± 1.9bc < 0.001
TC (mmol/L) 5.4 ± 1.3 5.1 ± 1.1ab 5.5 ± 1.4a 5.6 ± 1.2b 0.026
HDL-c (mmol/L) 1.1 ± 0.2 1.3 ± 0.2ab 1.1 ± 0.1ac 0.9 ± 0.1bc < 0.001
LDL-c (mmol/L) 3.6 ± 1.0 3.4 ± 0.9ab 3.8 ± 1.1a 3.7 ± 0.9b 0.014
APOA (g/L) 1.3 ± 0.3 1.4 ± 0.2ab 1.3 ± 0.2a 1.2 ± 0.3b 0.003
APOB (g/L) 1.1 ± 0.3 1.0 ± 0.3ab 1.1 ± 0.3a 1.1 ± 0.3b 0.018
UA (umol/L) 360.4 ± 86.2 307.5 ± 60.1ab 372.4 ± 77.2ac 401.4 ± 90.5bc < 0.001
SBP (mmHg) 134.3 ± 18.4 119.1 ± 11.4ab 137.2 ± 10.2ac 146.1 ± 19.4bc < 0.001
DBP (mmHg) 82.5 ± 10.3 76.6 ± 6.1ab 83.4 ± 12.2ac 87.5 ± 7.2bc < 0.001
HOMA-IR 11.5 ± 6.5 6.3 ± 3.7ab 12.4 ± 4.7ac 15.6 ± 6.8bc < 0.001
hs-CRP (mg/L) 3.4 ± 1.1 3.3 ± 0.9 3.4 ± 1.0 3.5 ± 0.9 0.218
Hypertension, n (%) 84 (37.2) 9 (12.0)ab 27 (36.5)ac 48 (62.3)bc < 0.001
Smoking, n (%) 120 (53.1) 38 (50.7) 40 (54.1) 42 (54.5) 0.683
MetS, n (%) 130 (57.5) 11 (14.7)ab 24 (32.4)ac 69 (89.6)bc < 0.001
BMI, body mass index; WC, waist circumference; HbA1c, glycated hemoglobin; UA, uric acid; TG, triglyceride; TC, total cholesterol; HDL-c, high-density lipoprotein cholesterol; LDL-c,
low-density lipoprotein cholesterol; SBP, systolic blood pressure; DBP, diastolic blood pressure; HOMR-IR, Homeostasis Model Assessment—Insulin Resistance; hs-CRP, high-sensitivity
C-reactive protein; MetS, metabolic syndrome.
aP < 0.05: T1 vs. T2.
bP < 0.05: T1 vs. T3.
cP < 0.05: T2 vs. T3.
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TABLE 4 | Binomial logistic regression analysis adjusted odds ratios (95% CIs) of PrFT in newly diagnosed T2DM divided by sex.

Parameter Men (n = 226) Women (n = 219)

OR (95% CI) P OR (95% CI) P

Model 1 1.53 (1.38–1.70) < 0.001 1.66 (1.47–1.88) < 0.001
Model 2 1.33 (1.16–1.53) < 0.001 1.50 (1.27–1.78) < 0.001
Model 3 1.15 (1.03–1.38) 0.046 1.31 (1.08–1.96) 0.034
Frontiers in Endocrinology | www.fron
tiersin.org 6101
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Model 1 was adjusted for age. Model 2 was adjusted for BMI, TC, LDL-C, UA, and HOMA-IR. Model 3 was additionally adjusted for TG, WC, HDL-c, SBP, and DBP.
BMI, body mass index; WC, waist circumference; HbA1c, glycated hemoglobin; UA, uric acid; TG, triglyceride; TC, total cholesterol; HDL-c, high-density lipoprotein cholesterol; LDL-c,
low-density lipoprotein cholesterol; SBP, systolic blood pressure; DBP, diastolic blood pressure; HOMR-IR, Homeostasis Model Assessment Insulin Resistance.
TABLE 3 | Main correlations between metabolic parameters and PrFT in newly diagnosed T2DM divided by sex.

Parameter Men (n = 226) Women (n = 219)

R P R P

WC (cm) 0.770 < 0.001 0.674 < 0.001
BMI (kg/m2) 0.779 < 0.001 0.690 < 0.001
HbA1c (%) 0.018 0.798 0.115 0.084
TG (mmol/L) 0.602 < 0.001 0.726 < 0.001
TC (mmol/L) 0.128 0.068 0.131 0.051
LDL-c (mmol/L) 0.156 0.019 0.190 0.005
HDL-c (mmol/L) -0.592 < 0.001 -0.507 < 0.001
APOA (g/L) -0.055 0.417 -0.046 0.528
APOB (g/L) 0.078 0.246 0.122 0.066
UA (umol/L) 0.494 < 0.001 0.665 < 0.001
SBP (mmHg) 0.695 < 0.001 0.713 < 0.001
DBP (mmHg) 0.538 < 0.001 0.611 < 0.001
hs-CRP (mg/L) -0.067 0.364 -0.086 0.204
HOMA-IR 0.688 < 0.001 0.656 < 0.001
BMI, body mass index; HbA1c, glycated hemoglobin; WC, waist circumference; TG, triglyceride; TC, total cholesterol; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density
lipoprotein cholesterol; UA, uric acid; SBP, systolic blood pressure; DBP, diastolic blood pressure; hs-CRP, high-sensitivity C-reactive protein; HOMR-IR: Homeostasis Model Assessment
—Insulin Resistance.
FIGURE 3 | Receiver operating characteristic curves for the cutoff value of PrFT to identify MetS. In men, the area under the curve was 0.895 (95% CI: 0.852–
0.939). In women, the area under the curve was 0.910 (95% CI: 0.876–0.953). The optimal cutoff values of PrFT were 14.6 mm (sensitivity: 83.8%, specificity:
89.6%) for men and 13.1 mm (sensitivity: 87.6%, specificity: 91.1%) for women.
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perirenal fat thickness measured by CT scanning had shown a
positive correlation with perirenal fat mass (8). The anatomical
structure and location of perirenal fat determined its specific
biological characteristics. Compared with other adipose tissues
classified as loose connective tissues, perirenal fat has a complete
system of blood supply, lymph fluid drainage, innervation, and
other special morphological features, which make it similar to
other internal organs and different from traditionally classified
connective tissues (9). These special anatomical structure ensured
that perirenal fat can modulate the metabolic system through
neural reflexes (19), adipokine secretion (20), adipocyte
interactions (21), and paracrine substance (22). Among them,
adipokines (leptin, adiponectin, apelin, and nesfatin) play
important regulatory roles in endocrine metabolic systems,
insulin sensitivity, and lipolysis via the autocrine, paracrine, and
endocrine pathways (23, 24). In addition, other bioactive factors,
such as leptin, adiponectin, tumor necrosis factor-a, interleukin-6,
interleukin-8, and MCP-1, can also be released from perirenal fat,
which is involved in the pathogenesis of CVD, metabolic
disorders, and T2DM (25, 26). Thus, these specific biological
and anatomical characteristics provided a basis for the
involvement of perirenal fat in MetS regulation.

Clinical studieshave also observed the associationbetweenPrFT
and metabolic risk factors. A study that enrolled overweight and
obese subjects showed thatPrFTwas independently associatedwith
HDL-c andWC (13). Another study has also shown that PrFT was
significantly correlated withmetabolic risk factors such as UA, TG,
and WC in patients with chronic kidney disease (27). Moreover,
PrFT also showed a positive independent association between PrFT
and mean 24-h diastolic blood pressure levels in overweight and
obese subjects (28). The results in our study also showed a positive
correlation between PrFT andHOMA-IR, which was confirmed to
participate in the occurrence and development ofMetS and T2DM
(29). Meanwhile, PrFT is also reported to be associated with other
metabolic diseases and T2DM complications. Satsuki K et al. have
also demonstrated that PrFT can be a reliable method for the
quantificationoffatty liver aswell as for thequantificationofvisceral
fat (30). Increasing evidence have suggested that the accumulation
of perirenal fat increases the risk for the development of chronic
kidneydisease throughdecreasing the eGFR level and increasing the
excretion rate of urinary protein (31–33). The results in our study
were consistent with these previous studies. PrFT was correlated
with metabolic risk factors like WC, TG, HDL-c, SBP, DBP, UA,
and HOMA-IR. As expected, PrFT was significantly independent
with higher odds (95% CI) of MetS after adjustment for other
confounders. The ROC curve analysis results in our study showed a
Frontiers in Endocrinology | www.frontiersin.org 7102
good predictive value of PrFT for MetS both in men and women,
which indicated that PrFT can be a surrogate marker for MetS in
newly diagnosed T2DM.

To our knowledge, this is the first study to have confirmed the
predictivevalueofPrFTforMetS inChinesenewlydiagnosedT2DM.
Thereare some limitations inour study.Firstly,due to the fact that the
prevalenceofMetSmayvary ingeographicdistributionandrace (34),
theoptimal cutoff values ofPrFTmaynotbe applicable toother races.
Secondly, although CT scanning can accurately measure the PrFT,
the radiation may limit its use in clinical practice. In conclusion, in
this cross-sectional study, a surrogate marker for MetS in Chinese
newly diagnosed T2DM was found. PrFT was significantly
independent with MetS and showed a powerful predictive value for
MetS, which suggested that PrFT can be a surrogatemarker forMetS
in Chinese newly diagnosed T2DM.
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TABLE 5 | Receiver operating characteristic curve analysis of PrFT in identifying MetS in newly diagnosed T2DM divided by sex.

AUC (95% CI) Cut-off value Sensitivity (%) (95% CI) Specificity (%) (95% CI) PPV (%) (95% CI) NPV (%) (95% CI)

Men (n = 226)
0.895
(0.852–0.939)

14.6 83.8
(79.3–88.9)

89.6
(85.3–92.4)

91.6
(86.5–96.7)

80.4
(72.7–88.0)

Women (n = 219)
0.910
(0.876–0.953)

13.1 87.6
(83.3–92.1)

91.1
(87.0–94.7)

93.4
(88.9–97.9)

83.7
(76.2–91.1)
March 2022 | Volume
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Background: Obesity is one of the most significant causes of morbidity and mortality
worldwide. Current studies suggest a new type of obesity, normal weight obesity (NWO),
which is defined as having a normal body mass index (BMI), but a high-fat percentage
increases the risk of cardiometabolic risk factors (CMRFs). This systematic review and
meta-analysis aimed to pool the association between NWO with CMRFs.

Methods: A systematic search of the literature in all available electronic databases,
including Scopus, Web of Science, EMBASE, and PubMed, was performed until October
2021. All English studies that assessed the association of NWOs [compared to normal
weight non-obese (NWNO)] and the CMRFs were included. Two investigators extracted
data and performed a quality assessment. The heterogeneity between studies was
assessed with I-squared and Cochran’s Q tests. Odds ratio (OR) was used as an effect
size to pool the association of NWO with CMRFs.

Results: Twenty-five articles that met the inclusion criteria entered the study. The total
number of participants was 177,792, with an age range of 13 to 75 years. Most studies
were conducted on the general population (adults) and were from China. The result of
fixed-effect model meta-analysis indicated an increased odds of hyperglycemia (OR:1.50,
95%:1.23, 1.76), high TG (OR:1.90, 95% CH:1.44, 2.35), low HDL (OR: 1.28, 95%
CI:1.06, 1.49) and diabetes (OR:1.39, 95% CI:1.30, 1.49). Moreover, the random effect
meta-analysis showed that NWO increased the odds of dyslipidemia (OR:1.83, 95%
CI:1.61, 20.4), HTN (OR:1.40, 95% CI:1.28, 1.51) and metabolic syndrome (OR:1.92,
95% CI:1.58, 2.26). Moreover, the mean of all CMRFs except plasma glucose in NWO
subjects was statistically higher than NWNO subjects (p-value<0.05).
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Conclusion: The present study showed that NWO increased the odds of CMRFs. These
findings indicate the inadequacy of the BMI measurement and the need for body fat
assessment for a better obesity risk assessment.
Keywords: normal weight obesity, central obesity, obesity, cardiometabolic, metabolic syndrome
BACKGROUND

Obesity is one of the most significant causes of morbidity and
mortality worldwide (1, 2). In literature, obesity is usually
defined as a body mass index (BMI) above 30 Kg/m2 (2). The
prevalence of obesity is increasing throughout the globe. This
disease imposes a significant burden on the affected population
and the health system. It is also considered a fulcrum of other
conditions, such as cardiometabolic conditions, that arise from
obesity and are the leading cause of death worldwide (1–3).
Although the prevalence of these supposedly obesity-related
complications (e.g., diabetes, hypertension, dyslipidemia, etc.)
and cardiometabolic diseases is exceptionally higher among
obese individuals, their prevalence has been increased in the
past few decades, among the non-obese population (BMI under
30 Kg/m2) and even in those considered healthy based on their
BMI levels (BMI between 18.5 to 24.9 Kg/m2) (4–6). This shows
that BMI, long known as a great assessment tool, cannot
determine an individual ’s body composition, and fat
percentage, lacking the adequate properties to identify those
with a high body fat percentage or disproportionate body fat
distribution (e.g. abdominal obesity) (7) Recent studies suggest
the percentage of body fat is directly related to cardiometabolic
and obesity-related conditions. This is a new type of obesity in
which an individual with normal BMI levels is considered as
obese based on their body composition and fat percentage (8, 9).
Normal weight obesity (NWO) has different definitions based on
the studies, population, and gender; however, it is usually defined
as a body fat percentage above 30% (10). Due to the lifestyle
changes, lack of proper physical activity and the use of processed
food, the numbers of obese individuals are on the rise (11, 12);
accordingly, the number of the normal weigh obese might be
increasing; however, due to their normal BMI they will remain
undiagnosed, and no proper preventive measure is taken until it
is too late (13). Since there has been no new individual data or
aggregated systematic reviews and meta-analyses on this
relatively novel subject, we conducted this study to assess the
cardiometabolic risk factors (CMRFs) and anthropometric
measurements in the NWO individuals and compare them
with the normal population. This study aims to give a realistic
esity; CMRFs, cardio-metabolic risk
ese; M, male; F, female; TC, total
Assessment for Insulin Resistance;
density lipoproteins; TG, triglyceride;
blood pressure; BMI, body mass index;
ic syndrome; DM, diabetes mellitus;
F, International Diabetes Federation;
dds ratio; SD, Standard Deviation; CI,
nt.
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overview of the emerging obesity-related conditions so that
health authorities can take proper action and implement
appropriate preventive measures.
METHODS

This study was conducted according to the Preferred Reporting Items
for Systematic Review and Meta-Analysis (PRISMA) guidelines.

Search Strategy
We conducted a systematic search of the literature in all available
electronic databases, including Scopus, Web of Science,
EMBASE, and PubMed, until October 2021. The terms used
for the search was “NWO”, “central obesity”,” high-fat
percentage”, and their equivalent terms based on MesH terms.
The search strategy is presented in the Supplementary Table 1.
Moreover, one investigator conducted the search, and another
investigator reviewed the search results.
Eligibility Criteria and Selection Study
AllEnglish studies that assessedanthropometricmeasurementsand
theCMRFs [BMI, lean bodymass, body fatmass, waist, hip, plasma
glucose level, total cholesterol, Homeostatic Model Assessment for
Insulin Resistance (HOMA), low-density lipoprotein (LDL), High-
density lipoprotein (HDL), Triglyceride (TG), Total cholesterol
(TC), systolic blood pressure (SBP), diastolic blood pressure (DBP),
hypertension (HTN)] among NWO individuals were included. All
studies had to represent the target population and compare them
with the normal-weight non-obese (NWNOs) individuals and
adjust for possible confounders to be included in our study. Only
the most recent studies were included in our research if multiple
studies used the same data source. All definitions of NWO,
Regardless of their variety (e.g. normal BMI with high body fat
percentage, normal BMI with high waist circumference (central
obesity), high waist to hip/height ratio and etc.) were included in
this study.

After removing the duplicates using EndNote X7, two
investigators independently assessed the titles, abstracts, and
finally, the full texts of the remaining articles. In addition,
hand searching was performed to find relevant studies from
the reference list of the included articles. Any discrepancies were
referred to the third investigator for resolution.

Data Extraction Strategy
Two investigators independently extracted the data using an
electronic data extraction sheet. The extracted data included the
March 2022 | Volume 13 | Article 857930
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name of the first author, the year of the study, sample size, sex, age
(mean or range), NWO definition, CMRFs, Odds ratios (OR) or
standard mean difference (SMD), and 95% confidence interval (CI)
as an effect size of dichotomous and continuous data respectively.
Two other investigators helped resolve any discrepancy.
Quality Assessment (QA)
The Newcastle-Ottawa Scale was used for the quality assessment
of the included articles. This seven-item scale scores the
selection, exposure (case-control study) and outcome (cohort
study), and comparability of the studies. The total score, which is
the sum of each item score, ranges from 0 to 9, with greater
scores indicating lower bias risk. The scores were categorized as 0
to 4, 5 and 6, 7 to 9, meaning unsatisfactory, satisfactory, and
good quality, respectively. All of the above steps were assessed
independently by two investigators. Finally, any discrepancies
were referred to the third investigator for resolution.
Statistical Analysis
The heterogeneity between the studies was assessed using the
I-squared and Cochran’s Q tests if heterogeneity was statistically
significant (P-value<0.1) (14). a random effect model was used;
otherwise, a fixed model was applied. Odds Ratio (OR) and 95%
confidence interval (CI) were used as an effect size of meta-
analysis to pool the association of NWO with CMRFs as a
dichotomous variable. We also calculated and pooled the
standardized mean difference (SMD) as an effect size for NWO
association with the means of CMRFs. Meta-analysis was done
for outcomes that were reported in more than three studies. Sub-
group analysis was performed for the CMRFs. Publication bias
was assessed using Egger’s test for each CMRF; if publication bias
was seen, sensitivity analysis was performed. STATA version 11
(Stata Corporation, College Station, Texas, USA) was used for
the analysis.
RESULTS

Search Results
From the 523 studies of the initial search, 270 were duplicates;
thus, 253 articles were evaluated, and 201 were considered
irrelevant based on the title and abstract. The remaining 52
articles’ full text was then assessed and evaluated for eligibility
criteria, and 27 articles were excluded. Twenty-three articles met
the inclusion criteria. Two studies with unadjusted data for
potential confounders were included due to their exceptionally
high, quality assessment score; however, these two studies were
not included in the Quantitative synthesis. This process is
illustrated in Figure 1.
General Characteristics
These studies were conducted worldwide (United States of
America, Sweden, Korea, Colombia, West Indies, China, India,
Iran, Japan, Iceland, Malaysia, Switzerland, Brazil, and Finland).
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The total number of participants was 177,792, with an age range of
13 to 75 years. These data, alongside other study characteristics,
are presented in Table 1. Most of these studies were conducted on
the general population (adults) and were from china (5 studies)
and Korea (4 studies).With one study, Sweden,West Indies, India,
Iran, Japan, Iceland, Malaysia, Switzerland, and Finland had the
lowest number of studies. The largest sample size was from Japan
with 117163 participants, and the smallest was from Iceland with
182 participants (4, 6, 8, 15–36).. These general characteristics of
included studies for NWO association with CMRFs are shown
in Table 1.

Qualitative Synthesis
The association of NWO with the means of CMRFs compared to
NWNO in included studies is shown in Table 2 alongside their
effect size. As illustrated, most anthropometric components
among NWOs significantly differed from that of NWNOs with
the most significant, regarding the fat mass [effect size: -1.9
95%.CI (-2.01_-1.8)]. The reported mean range of the associated
cardiometabolic parameters are as follows, plasma glucose 81.96
to 95.7 mg/dL for NWNOs and 80.47 to 99.1 mg/dL for NWOs.
Total cholesterol, 181.61 to 204.97 mg/dL for NWNOs and
189.61 to 216.55 mg/dL for NWOs, HOMA, 0.6 to 3.32 for
NWNOs and 0.8 to 3.18 for NWOs, LDL, 105.3 to 121.8 mg/dL
for NWNOs and 117.67 to 132.64 mg/dL for NWOs, HDL mg/dL,
42.09 to 72.7 mg/dL for NWNOs and 45.72 to 69.5 mg/dL for
NWOs, TG, 76.72 to 116.03 mg/dL for NWNOs and 85.32 to
136.4 mg/dL for NWOs, SBP, 107.81 to 129 mmHg for NWNOs
and 110.58 to 134 mmHg for NWOs, DBP, 71 to 80 mmHg for
NWNOs and 72.1 to 85 mmHg for NWOs. As for
anthropometrics, the mean ranges of lean mass were 40.21 to
57.5 kg in NWNOs and 39.9 to 57.4 kg in NWOs, waist, 59.12 to
84.4 cm for NWNOs and 63.94 to 89.9 in NWOs, hip 93.2 to 96.1
cm in NWNOs and 94.6 to 98.9 cm NWOs. Association of NWO
with CMRFs as categorical data in included studies are shown in
Table 3. As illustrated, most reported ORs are statistically
significant. The greatest reported OR was of elevated waist
circumference (WC) among NWOs [OR: 26.61 95%.CI (4.75-
149.14)] and the odds of metabolic syndrome (MetS) among
NWOs [OR:8.89 95%.CI (3.32-4.47)].

Quantitative Synthesis
The overall and sex-stratified pooled ORs of the relationship
between NWO and CMRFs are shown in Table 4. The result of
the meta-analysis showed that the overall odds ratio
of hyperglycemia increased by 50% (OR:1.50, 95%:1.23, 1.76), of
high TG by 90% (OR:1.90, 95% CH:1.44, 2.35), of low HDL by 28%
(OR: 1.28, 95% CI:1.06, 1.49) and of diabetes by 39% (OR:1.39, 95%
CI:1.30, 1.49) among NWO individuals. Also, the random effect
meta-analysis showed increased odds of dyslipidemia by 83%
(OR:1.83, 95% CI:1.61, 20.4), of HTN by 40% (OR:1.40, 95%
CI:1.28, 1.51) and of metabolic syndrome by 92% (OR:1.92, 95%
CI:1.58, 2.26) in the same population (Figure 2).

The overall and sex-stratified association between NWO
and the mean of CMRFs are shown in Table 5. A low to high
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heterogeneity was seen among included studies based on the
CMRFs. Based on the fixed-effect model meta-analysis, the
overall mean of TC (SMD: 0.22, 95% CI: 0.16, 0.28) and LDL
(SMD: 17, 95% CI: 0.13, 0.12) was higher in NWO individuals
compared to the normal weight none obese (NWNO)
individuals. Based on the random effect meta-analysis, being
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NWO statistically increased the mean of HOMA (SMD: 0.12,
95% CI: 0.09, 0.32), TG (SMD: 0.13, 95% CI: 0.05, 0.20), SBP
(SMD: 0.15, 95% CI: 0.07, 0.23), DBP (SMD: 0.16, 95% CI:
0.03, 0.29). However, the relationship between plasma
glucose , HDL and lean mass was not stat i s t ica l ly
significant (Figure 3).
FIGURE 1 | Studies search and review flowchart.
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Publication Bias
Except for HTN (coefficient =1.70, p-value=0.003), no publication
biaswasobserved inarticles studying the associationbetweenNWO
and CMRFs for dichotomous and continuous data.
Sensitivity Analysis
The sensitivity analysis result indicated that the pooled OR of the
relationship between NWO and HTN was not substantially
affected by each study (OR:1.23, 95% CI:1.19, 1.27).
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DISCUSSION

To our knowledge, this is the first systematic review and meta-
analysis that compared CMRFs among NWO and NWNO
individuals across the entire population. We found 50% and 42%
increased odds of hyperglycemia and diabetes among NWO
individuals compared to the NWNOs, respectively. NWO
individuals also have 40%, 83%, and 32% increased odds of HTN,
dyslipidemia, and reduced HDL levels, respectively. Interestingly,
NWOindividuals alsohad an increasedoddsof hypertriglyceridemia
TABLE 1 | General Characteristics of included studies for association of NWO with CMRFs.

Author Year Country sample size Mean Age/
Age Range

Study Population Definition of NWO* Q.A

Total M F NWNO NWO

Bellissimo 2019
(15)

USA 289 63 116 26 43 47 Adults/general population BF: 23% men, 30% women 6

Berg 2015 (16) Sweden 1471 581 890 1080 266 25-74 Adults /general
population

BF: 25% men , 38% women 8

W. K. Cho 2015
(17)

Korea 1700 888 812 1266 144 13-18 Adolescents upper highest quartile (Q4) of age and
sex specific Waist-to-height ratio

8

M. Correa 2020
(18)

Colombia 1354 528 826 961 393 18-32 Adults /general
population

BF: 25.5% men , 38.9% women 9

Ramsaran 2017
(19)

West
Indies

236 76 160 189 74 18-32 Adults /general
population

BF: 23% men , 33% women 6

A. Garcıá 2020
(20)

Colombia 1919 955 964 1035 884 13 Children and Adolescents BF: boys > 23.4%–28.3% and girls >
31.0%–34.1%

7

H. He 2019 (21) China 2654 (–) (-) 1916 729 46.9 ± 1380 Adults /general
population

BF: 21.4% men , 31.4% women 9

A. Jia 2018 (22) China 15291 1492 13799 9988 1771 under 75 Adults / general
population

BF: ≥24% for men and ≥33% for women 10

Kapoor 2020
(23)

India 1147 619 528 200 364 47.3 ± 7.5 Adults /general
population

BF: , ≥20.6% men, ≥33.4% women, 9

Kim 2014 (24) Korea 12217 5313 6904 3382 1575 44 Adults /general
population

BF: ≥20.6% men, ≥33.4% women 8

Kim 2018 (25) Korea 3949 (–) (-) 2213 868 (-) Adults /general
population

BF: ≥23.1% men, ≥33.1% women 6

Sohee Kim
2015 (26)

Korea 2078 1141 937 1795 283 53.4 Adults /general
population

BF: ≥25.4 % men, ≥31.4 % women 8

H. Zhao 2012
(27)

China 407 (-) (-) (-) (-) (-) (-) BF: ≥25 % men, ≥35 % women 5

Tayefi 2019 (28) Iran 2439 (–) (-) 1311 1128 47 Adults /general
population

BF: > 25%men, >30% women 9

T. Shirasawa
2019 (8)

Japan 117163 82487 34676 43055 12877 40-64 Adults /general
population

Waist-to-height ratio ≥ 0.5 10

A. Romero
2010 (6)

USA 4116 2089 2027 2054 2062 41.3 Adults /general
population

BF: ≥23.1 % men, ≥33.3 % women 8

A. S. Olafsdottir
2016 (29)

Iceland 182 96 86 106 76 17.7-18.9 High-school students/
adolescents

BF: > 17.6% men , >31.6% women 5

F. M. Moy 2015
(30)

Malaysia 858 0 858 511 237 40.47 ± 8.9 Adults /teachers BF: >28.52% 6

K. E. Martinez
2017 (31)

USA 3600 (-) (-) 1624 288 adults Adults /general
population

BF: 27.8 ± 0.2% men, 40.5 ± 0.2 %
women

5

P. Marques-
Vidal 2010 (32)

Switzerland 2301 0 2301 1667 173 35-75 Adults/general population
whites

BF: ≥38% 7

F. B. Madeira
2013 2013 (4)

Brazil 1222 546 676 1111 111 23-25 young adults BF: ≥23% men, ≥30% women 10

P. J. Liu 2017
(33)

China 412 0 412 214 198 55.72 Post menopause general
population women

third tertile of normal weight body fat 6

C. C. N. Da
Silva 2021 (34)

Brazil 787 346 441 553 47 23-25 Young adults >90th percentile body fat 10
March 2022 | Volume 13 | Article 857
CMRFs, cardio-metabolic risk factors; M,male; F, female; NWNO, normal weight none obese; NWO, normal weight obese; BF, body fat (based on percentage); USA, United State; Q.A,
quality assessment based on the Newcastle Ottawa scale (out of 10 points); * all NWOs had BMIs within normal range.
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TABLE 2 | Association of NWO with mean of CMRFs in included studies.

Adjustment

CI

_0.59 Sex, age and ethnicity
_0.19
_0.34
_0.16
_0.21
_0.93
_0.16
_0.55
_0.43
_0.40
_0.92
_-0.02
_0.08 Age
_-0.18
_-0.1
_0.52
_0.13
_-0.06
_-0.32
_-0.32
_0.21
_-1.4
_-0.49
_-0.31
_0.19
_-0.04
_0.03
_0.19
_0.04
_0.19
_0.19
_-0.54
_0.16
_-1.16
_-0.48
_-0.37
_0.22 Age, BMI and pubertal stage
_0.44
_-0.12
_0.13
_-0.59
_0.22
_0.32
_-0.09
_-0.1
_-0.75
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Author, year Outcome NWNO NWO Effect size

Mean SD Mean SD SMD 95

Bellissimo, 2019 (15) Plasma glucose 95.7 24 93.1 26.2 0.1 -0.3
Plasma insulin 2.7 2.5 3.6 3.2 -0.3 -0.7
TC 193.9 47 201.4 52.4 -0.15 -0.6
HOMA 0.6 0.5 0.8 0.65 -0.33 -0.8
LDL 105.3 41 117.8 45.85 -0.28 -0.7
HDL 72.7 19 63.5 21.61 0.44 -0.0
TG 81.1 57 101.2 62.22 -0.33 -0.8
SBP 119.4 18 118.1 20.3 0.07 -0.4
DBP 74.7 12.5 75.5 13.75 -0.06 -0.5
BMI 23.9 4.59 24.3 4.55 -0.09 -0.5
Lean mass* 50.3 7.65 44.4 16.25 0.43 -0.0
Fat mass* 16.5 9.18 21.5 9.75 -0.52 -1.0

berg, 2015 (16) (male) Plasma glucose 91.8 17.83 93.6 10.82 -0.11 -0.3
TC* 201.08 38.33 216.55 46.52 -0.38 -0.5
LDL* 119.69 33.28 131.27 50.07 -0.3 -0.
HDL* 61.78 0 57.92 23.24 0.32 0.1
TG* 88.57 307.09 106.28 53.29 -0.07 -0.2
SBP* 129 19.81 134 18.04 -0.26 -0.4
DBP* 80 9.9 85 9.02 -0.52 -0.7
BMI* 22.8 2.47 24.1 2.7 -0.51 -0.7
Lean mass 57.5 5.94 57.4 5.41 0.02 -0.1
Fat mass* 15 2.97 20.6 4.51 -1.62 -1.8
Waist* 84.4 7.92 89.8 7.51 -0.69 -0.8
Hip* 96.1 5.44 98.9 5.71 -0.51 -0.

Berg, 2015 (16) (female) Plasma glucose 88.2 12.17 88.2 10.34 0 -0.1
TC* 204.97 52.28 216.55 33.34 -0.23 -0.4
LDL* 111.97 52.21 119.69 33.29 -0.16 -0.3
HDL 69.5 26.1 69.5 22.19 0 -0.1
TG* 88.57 59.92 97.42 50.91 -0.15 -0.3
SBP 125 13.52 125 17.24 0 -0.1
DBP 80 13.52 80 8.62 0 -0.1
BMI* 22.1 2.7 24.1 2.87 -0.73 -0.9
Lean mass 42.8 4.05 42.9 4.02 -0.02 -0.2
Fat mass* 17.6 4.05 23.3 4.88 -1.36 -1.5
WC* 60.6 8.11 66 7.76 -0.67 -0.8
Hip* 94.8 7.44 98.9 6.61 -0.56 -0.7

A. Garcıá, 2020 (20) (male) Plasma glucose 83.36 14.95 81.91 17.04 0.09 -0.0
HDL 49.6 12.99 45.72 11.75 0.31 0.1
TG* 76.72 30.8 85.32 38.13 -0.25 -0.3
SBP 111.44 14.98 111.46 13.34 0 -0.1
WC* 61.78 5.12 65.85 6.13 -0.73 -0.8

A. Garcıá, 2020 (20) (female) Plasma glucose 81.96 15.16 80.47 16.86 0.09 -0.0
HDL 49.63 12.51 47.15 12.21 0.2 0.0
TG* 87.16 36.61 97.86 62.59 -0.21 -0.3
SBP 107.81 12.31 110.58 12.36 -0.22 -0.3
WC* 59.12 5.07 63.94 5.89 -0.88 -1.0
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TABLE 2 | Continued

Adjustment

CI

_-0.87
_-0.71
_-0.07 Age, sex, and smoking status
_-0.08
_-0.1
_0.24
_-0.03
_-0.27
_-0.17
_-0.22
_-0.05 Age and sex
_-0.12
_-0.05
_-0.3
_0.05
_-0.02
_0.13
_-0.12
_-0.06
_-0.26
_0.03 Age and race
_-0.23
_-0.13
_0.22
_0.11
_-0.1
_-0.09
_-0.54
_-0.57
_0.51
_-1.73
_-0.25
_0.13
_-0.13
_-0.05
_0.12
_-0.12
_-0.02
_-0.02
_-1.13
_-0.69
_0.17
_-1.8
_-0.62
_-0.13 Age, sex, race, and year of

assessment. moderate physical
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A. Garcıá, 2020 (20) BMI* 17.86 1.85 19.67 1.91 -0.96 -1.06
Fat mass* 7.24 3.09 9.89 3.56 -0.8 -0.89

Sohee kim, 2015 (26) Plasma glucose * 95.7 17.5 99.1 15.9 -0.2 -0.32
TC* 192.5 34.6 199.6 35.5 -0.2 -0.33
LDL* 117.1 30.6 123.9 32.2 -0.22 -0.35
HDL* 51 12.8 49.6 11.3 0.11 -0.01
TG* 106.4 65.1 116.6 63.3 -0.16 -0.28
SBP* 122.5 15.5 128.6 15.7 -0.39 -0.52
DBP* 76.6 10.1 79.6 9.3 -0.3 -0.43
BMI* 22.53 4.3 23.9 0.8 -0.34 -0.47

Tayefi, 2019 (28) Plasma glucose 86.38 35.66 91.3 40.4 -0.13 -0.21
TC 181.93 38.16 189.61 39.14 -0.2 -0.28
LDL 113.19 33.54 117.67 35.06 -0.13 -0.21
HDL* 42.09 9.8 45.74 9.43 -0.38 -0.46
TG* 105 738.93 126 753.96 -0.03 -0.11
SBP* 116.26 16.39 118.1 19.9 -0.1 -0.18
DBP* 76.35 11.84 75.75 11.85 0.05 -0.03
BMI* 22.62 3.38 23.39 4.18 -0.2 -0.28
WC* 84.52 9.89 86.01 11.53 -0.14 -0.22
Hip* 94.22 6.91 96.88 8.86 -0.34 -0.42

A. Romero, 2010 (6) (male) Plasma glucose 95.6 15.92 96.8 22.32 -0.06 -0.15
HOMA* 0.84 0.31 1 0.63 -0.32 -0.41
LDL* 121.8 49.03 132.64 49.11 -0.22 -0.31
HDL* 49.11 12.1 47.56 12.11 0.13 0.04
TG* 116.03 84.38 113.75 84.51 0.03 -0.06
SBP 122 15.92 125 15.94 -0.19 -0.28
DBP 74 12.73 76 9.57 -0.18 -0.26
BMI* 22.7 1.27 23.5 1.27 -0.63 -0.72
WC* 84.8 6.05 88.9 6.37 -0.66 -0.75
Lean mass* 55.4 5.73 53 5.74 0.42 0.33
Fat mass* 14.6 1.59 18.5 2.55 -1.83 -1.94
Hip* 93.2 4.13 94.6 4.14 -0.34 -0.43

A. Romero, W2010 (6) (female) Plasma glucose 92 22.57 91.1 22.62 0.04 -0.05
HOMA* 0.87 0.32 0.98 0.64 -0.22 -0.3
LDL* 116.4 49.66 124.13 62.39 -0.14 -0.22
HDL 58 12.25 57.62 12.28 0.03 -0.05
TG* 100.97 85.46 136.4 228.87 -0.2 -0.29
SBP 117 19.34 119 20.04 -0.1 -0.19
DBP 71 9.67 72.1 10.34 -0.11 -0.2
BMI* 22.1 1.29 23.5 0.97 -1.23 -1.32
WC* 78.3 6.45 83.3 6.46 -0.77 -0.86
Lean mass* 40.21 4.19 39.9 3.55 0.08 -0.01
Fat mass* 18.1 1.93 22.1 2.26 -1.9 -2.01
Hip* 94.4 4.51 97.7 4.85 -0.7 -0.79

K. E. Martinez, 2017 (31) HOMA* 1.1 2.01 1.6 1.52 -0.26 -0.38
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as high as 90%. The results of other studies, such as Yu et al. (37) on
CMRFsacrossvarious typesofobesity, arecomparable to thatofours.
In the aforementioned study, the odds of hyperglycemia anddiabetes
were 40% and 103% in those with central obesity, 78% odds of HTN,
and 142% hypertriglyceridemia (37). Although it seems that NWO
imposes less a CMRF, some of its complications are comparable to
that of obesity (central, general, and combined) (34); furthermore,
despite being in a relatively better status than the obese, NWO
individuals have a significantly greater CMRFs in comparison to
the NWNOs. Moreover, the assessment of NWO-related
comorbidities is of particular importance since the prevalence of
NWOis exceptionally high (ranging from5 to 45%based on sex, age,
and the definition of NWO) (29, 38, 39). With a prevalence of 45%
even among adolescents, NWO acts as a potent risk factor for future
comorbidities; Hence, preventing and treating NWO can drastically
reduce these comorbidities as well as obesity in adulthood;
nonetheless, seemingly, due to lifestyle changes, unhealthy diets
and lack of adequate physical activity, and sedentary lifestyle, the
prevalence of NWO is increasing in a worrisome manner (40).
However, these NWO individuals will go unnoticed and
undiagnosed due to the inadequacies of BMI measurement, and
despite their high body fat, due to their normal BMI levels, no
treatment and preventive measure will be taken until it is too late.
Furthermore, although obesity is a well-known associate of
metabolic dysregulation, and there have been numerous studies
on conditions that can result from obesity, yet the new concept of
obesity (in which the weight itself is not as important as the body’s
fat percent) is not well known nor studied. There have been studies
on normal weight obesity regarding the conditions that can arise
from it; however, compared to obesity, the number of studies are
preliminary andmore studiesneed tobedoneso thatnormalweight
obesity gets the recognition that it needs as it is imperative for
individuals to be well aware of their condition in order to take
preventivemeasures. The publicmust be educated on the subject of
NWOandmust know that anormalBMIdoesnotnecessarilymean
that they are not obese; in fact, they might have normal weight
obesity, and regardless of their normal BMI, they are at increased
risk of cardiometabolic conditions.
Limitations and Strength
To the best of our knowledge, this is the first systematic review and
meta-analysis comparing CMRFs among NWO and NWNO
individuals in the entire population (age range 13 to 75), with a
sample size of 177,792 proper research methods, it gives a realistic
status of NWOglobally. Our limitations were the use ofmanuscripts
with anEnglish full text. Furthermore, the unequal number of studies
in different countries and differences in measurement and
methodological aspects of the included studies resulting in high
heterogeneity were among our limitations.
CONCLUSION

The present study illustrated the significant odds of CMRFs
among NWO individuals compared to subjects with NWNO.
Indicating the inadequacy of the BMI measurement and the need
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TABLE 3 | Association of NWO with CMRFs in included studies.

Author Year Outcome Definition of outcome OR (95% CI)** Adjustment

W. K. Cho 2015 (17)
(Male)

HOMA Fasting glucose (in millimoles per liter) ×
fasting insulin (in milliunits per liter)/22.5

2.46 (1.21-4.99) Age, weight, and ALT

W. K. Cho 2015 (17)
(Female)

HOMA 1.51 (0.83-2.75)

M. Correa 2020 (18) hyperglycemia FBS ≥5.6 mmol/L [100 mg/dL] 1.31 (0.73-2.33) Age and sex
HTN ≥130 mm Hg SBP and/ or DBP 85 mm

Hg
1.42 (0.89-2.27)

Elevated TG ≥1.7 mmol/L [151 mg/dL] 1.31 (0.62-2.76)
Elevated LDL ≥2.6 mmol/L [100 mg/dL] 1.27 (0.85-1.90)
Reduced HDL low HDL: < 1 mmol/L [38.7 mg/dL] in men

and 1.3 mmol/L [50.3 mg/dL] in women
2.34 (1.61-3.93)*

Cardiometabolic risk Z-score + 1 SD above the mean 3.10 (2.06-4.67)*
obesity Waist to hip ratio > 0.49 in men and >

0.50 in women
2.61 (0.69-9.87)

Abdominal Obesity WC ≥ 90 cm in men, and ≥ 80 cm in
women

7.27 (1.09-48.60)*

Ramsaran 2017 (19) Elevate DBP high SBP and DBP systolic ≥120 mm Hg
and the diastolic ≥80 mm Hg

0.98 (0.39-2.48) Not adjusted
Elevate SBP 1.85 (0.52-5.52)
Elevated WC men ≥94 cm and women ≥80 cm 26.61 (4.75-

149.14)*
H. He 2019 (21) HTN SBP≥ 140 and,or DBP ≥90 1.82 (1.43-2.30)* Age, sex, social economic profiles,

lifestyle factors, family history of HTN
and other disease status, etc.

A. Jia 2018 (22) DM FBS 7.0 ≥ mmol/L; blood glucose 2 h
after an OGTT ≥ 11.1 mmol/L; a previous
diagnosis of diabetes; or current use of

hypoglycemic agents

1.44 (1.10–1.88)* Age , sex, ethnicity, smoking, alcohol
use, exercise, education, yearly family
income, family history of disease, and
WC

HTN SBP≥ 130 and,or DBP ≥85 1.53 (1.27–1.84)*
MetS IDF1 1.48 (1.22–1.79)*
Elevated Framingham risk Score ≥ 10% 2.36 (1.76–3.17)*

Kapoor 2020 (23) DM FBS ≥ 126 mg/dl and/or 2-h plasma
glucose value of ≥ 200 mg/dl were

diagnosed to have diabetes/

2.72 (1.46–5.08)* Age, sex, tobacco use and alcohol
intake

HTN SBP≥ 140 and, or DBP ≥90 1.89 (0.92–3.86)
Dyslipidemia taking lipid-lowering medications and/or

TC >200 mg/dl and/or LDL >100 mg/dl
and/or HDL <40 mg/dl in men and <50
mg/dl in women and/ or TG >200 mg/dl.

2.37 (1.55–3.64)*

Kim, 2014 (24) (Male) DM fasting blood glucose ≥ 126 mg/dl or
treatment of the disease

1.38 (1.04 -1.83)* Age and lifestyle factors

HTN SBP≥ 140 and, or DBP ≥90 1.70 (1.42 - 2.02)*
dyslipidemia total cholesterol ≥ 240 mg/dl and/or high-

density lipoprotein (HDL) cholesterol <40
mg/dl and/or triglyceride ≥ 150 mg/dl or

treatment of dyslipidemia**

2.69 (2.29 - 3.17)*

MetS 2.50 ( 2.10 - 2.97)*
Mets risk factor above 1 plus 1 metabolic risk odds 3.54 ( 2.89 -

4.34)*
Kim, 2014 (24) (Female) DM fasting blood glucose ≥ 126 mg/dl or

treatment of the disease
1.72 (1.30 - 2.29)*

HTN SBP≥ 130 mmHg and, or DBP ≥85
mmHg

1.52 (1.25 - 1.86)*

dyslipidemia total cholesterol ≥ 240 mg/dl and/or high-
density lipoprotein (HDL) cholesterol <40
mg/dl and/or triglyceride ≥ 150 mg/dl or

treatment of dyslipidemia**

1.70 (1.40 - 2.06)*

MetS 1.80 (1.48 - 2.20)*
Mets risk factor above 1 plus 1 metabolik risk odds 2.47 (2.01 - 3.03)*

Kim 2018 (25) MetS IDF 1.83 (1.21 - 2.76)* Potential confounders
Plaque formation risk (–) 1.46 (1.027 -

2.07)*

(Continued)
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TABLE 3 | Continued

Author Year Outcome Definition of outcome OR (95% CI)** Adjustment

H. Zhao 2012 (27) HTN risk (-) 2.18* Age and sex
Hyperglycemia 2.12*
dyslipidemia 2.08*
Hyperuricemia 3.49*

Tayefi 2019 (28) Risk of metabolically abnormal
phenotype

(-) 2.02 (1.68-2.42)* Age and sex

Cardiac risk (Q) QRISK calculated online by using the
Framingham risk equation

6 (4.45-8.08)*

T. Shirasawa 2019 (8)
(Male)

DM FBS ≥ 126mg/dl, random plasma glucose
≥ 200mg/dl, HbA1c (National

Glycohemoglobin Standardization
Program) ≥ 6.5%, or receiving medical

treatment for DM

1.35 (1.25-1.46)* Age, weight, smoking status, alcohol
intake, and physical activity

HTN SBP≥ 140 and, or DBP ≥90 or taking
medication for HTN

1.22 (1.17-1.27)*

Dyslipidemia as LDL-C ≥ 140mg/dl, HDL-C < 40mg/
dl, TG ≥ 150mg/dl, or taking medication

for dyslipidemia

1.84 (1.74-1.89)*

T. Shirasawa 2019 (8)
(Female)

DM FBS ≥ 126mg/dl, random plasma glucose
≥ 200mg/dl, HbA1c ≥ 6.5%, or receiving

medical treatment for DM

1.60 (1.35-1.90)*

HTN SBP≥ 140 and,or DBP ≥90 or taking
medication for hypertension

1.23 (1.16-1.31)*

dyslipidemia as LDL-C ≥ 140mg/dl, HDL-C < 40mg/
dl, triglycerides ≥ 150mg/dl, or taking

medication for dyslipidemia

1.60 (1.52-1.69)*

A. S. Olafsdottir (29) Mets IDF 2.2 (1.2-3.9) not adjusted
F. M. Moy 2015 (30) Elevated TG TG ≥ 1.7 mmol/L 2.51 (1.47–4.29)* age and ethnicity

Reduced HDL HDL-C ≤ 1.3 mmol/L in women 1.09 (0.75–1.58)
Hypertension systolic ≥130 mmHg and/or diastolic ≥85

mmHg or on antihypertensive treatment
1.63 (1.15–2.31)*

Hyperglycemia FBG ≥ 5.6 mmol/L 1.67 (0.90–3.08
Mets IDF 1.70 (0.87–3.32)
Hypercholesterolemia (–) 2.22 (0.21–23.20)
Diabetes Hyperglycemia: FBG ≥ 5.6 mmol/L. 1.28 (0.34–4.92)

P. Marques-Vidal 2010
(32)

Elevated TG TG ≥ 1.7 mmol/L [151 mg/dL] and/or LDL
≥ 2.6 mmol/L [100 mg/dL] (in the

presence of myocardial infarction, stroke,
coronary artery disease or diabetes) and ≥

4.2 mmol/L [163 mg/dL] in other cases
and/or hypolipidaemic drug treatment

2.21 (1.43-3.42)*

Low HDL 1 mmol/L in men and 1.3 mmol/L in
women

2.10 (1.23-3.57)*

HTN (–) 1.38 (0.97-1.98)*
Hyperglycemia fasting hyperglycemia; HOMA > 4.88

(90th percentile in men) or >3.57 (90th
percentile in women)

1.63 (1.10-2.42)*

dyslipidemia HDL < 1 mmol/L in men and 1.3 mmol/L
in women and/or TG ≥ 1.7 mmol/L [151
mg/dL] and/or LDL ≥ 2.6 mmol/L [100
mg/dL] (in the presence of myocardial

infarction, stroke, coronary artery disease
or diabetes) and ≥ 4.2 mmol/L [163 mg/
dL] in other cases and/or hypolipidaemic

drug treatment

1.90 (1.34-2.68)*

CMRF the presence of at least two of the
following: HTN ; TG ≥ 1.7 mmol/L; HDL
cholesterol < 1 mmol/L [38.7 mg/dL] in
men and 1.3 mmol/L [50.3 mg/dL] in

women; fasting hyperglycemia; HOMA >
4.88 (90th percentile in men) or >3.57

(90th percentile in women) and CRP > 5.2
mg/L (90th percentile in men) or >6.1 mg/
L (90th percentile in women) , definition 1.

1.37 (0.97-1.95)*

(Continued)
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TABLE 3 | Continued

Author Year Outcome Definition of outcome OR (95% CI)** Adjustment

A second definition of metabolic risk was
also applied, using the same criteria but
with HOMA > 5.0 and CRP > 4.0 mg/L

Abdominal obesity (–) 2.64 (1.73–4.04)*
F. B. Madeira 2013 (4) Elevated TG TG ≥ 150 mg/dL, use of lipid medications

or self-reported diagnosis of
hypertriglyceridemia

1.89 (0.97-3.70) age, sex, skin colour, early and adult
life variables (alcohol consumption,
family income, schooling, marital
status, smoking, percentage of fat in
the diet and physical activity

Reduced HDL HDL < 40 mg/dL for men and ,50 mg/dL
for women

1.53 (1.00-2.34)

HTN SBP ≥ 130 mmHg and/ DBP ≥ 85 mmHg,
current usage of antihypertensive drugs or

previous diagnosis of hypertension

1.17 (0.65-2.13)

Hyperglycemia high fasting blood glucose (≥100 mg/dL),
current use of anti-diabetic medication or

previously diagnosed diabetes

2.68 (1.01-7.12)*

HOMA (–) 4.91 (1.85-13.04)*
Mets IDF 8.89 (3.32-4.47)*
Elevated WC central obesity (WC ≥ 90 cm for men and

≥ 80 cm for women
9.27 (5.32-16.15)*

P. J. Liu 2017 (33) Elevated TG TGs ≥1.7 mmol/L 2.13 (1.10-4.12)* age, smoking status ,drinking status,
total cholesterol, LDL-c, high
sensitivity C-reactive protein, and the
remaining non-adipose MetS
components, body fat percentage

Reduced HDL HDL <1.30 mmol 1.04 (0.61-1.75)
HTN blood pressure ≥130/85 mmHg or current

antihypertensive medication use
2.06 (1.09-3.90)*

Hyperglycemia FBS ≥5.6 mmol/L, type 2 diabetes
mellitus previously diagnosed by a
physician, or current antidiabetic

medication use

1.44 (0.77-2.68)

Mets risk factor above 2 IDF 2.00 (1.19-3.33)*
C. C. N. Da Silva 2021
(34)

Elevated TG TG levels above 150 mg/dL or use of
lipid-lowering drugs

1.77 (1.12-2.79)* total calories, family income, added
sugar intake, total lipids intake, and
physical activityReduced HDL <40 mg/dL for men and <50 mg/dL for

women or use of lipid-lowering drugs
1.27 (0.98-1.65)

HTN SBP > 130 mmHg, DBP > 85 mmHg, or
use of antihypertensive drugs

1.44 (0.94-2.21)

Hyperglycemia FBS > 100 mg/dL or use of glucose-
lowering drugs

1.48 (0.96-1.65)

Mets IDF 1.87 (1.36-2.57)*
Elevated WC WC 90 cm for men and 80 cm for women 9.27 (5.32-16.15)*
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NWO, Normal weight obesity, M, male, F, female, TC, total cholesterol, HOMA, Homeostatic Model Assessment for Insulin Resistance, LDL, low-density lipoproteins, HDL, high-density
lipoproteins, TG, triglyceride, SBP, systolic blood pressure, DBP, diastolic blood pressure, BMI, body mass index, WC, waist circumference, Mets, metabolic syndrome, DM, diabetes
mellitus, HTN, hypertension, CM, centimeters, IDF, International Diabetes Federation, OR, odds ratio, CI, Confidence Interval.
*Statistically significant (p-value < 0.05).
**OR calculated for NWO compare to NWNO.
1MetS is defined based on the criteria of IDF.
TABLE 4 | Stratified meta-analysis of association between NWO with CMRFs according to sex.

variables No study Sample size Pooled odds ratio (95% CI) Heterogeneity assessment

I-squared % Model P-value

Hyperglycemia
Overall 6 6,934 1.50 (1.23, 1.76)* 0.00 Fixed 0.958
Both sexes 3 3,363 1.46 (1.15, 1.78) 0.00 Fixed 0.684
Female 3 3,571 1.58 (1.10, 2.07)* 0.00 Fixed 0.937
HTN
Overall 13 155,397 1.40 (1.28, 1.51)* 57.30 Random 0.005
Both sexes 5 21,659 1.56 (1.35, 1.78)* 0.00 Fixed 0.587
Male 2 87,800 1.43 (0.96, 1.90) 89.50 Random 0.002
Female 6 45,938 1.25 (1.18, 1.33)* 25.80 Fixed 0.241
High TG
Overall 6 6,934 1.90 (1.44, 2.35)* 0.00 Fixed 0.785

(Continued)
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TABLE 4 | Continued

variables No study Sample size Pooled odds ratio (95% CI) Heterogeneity assessment

I-squared % Model P-value

Both sexes 3 3,363 1.65 (1.05, 2.24)* 0.00 Fixed 0.746
Female 3 3,571 2.26 (1.55, 2.98)* 0.00 Fixed 0.924
Low HDL
Overall 6 6,934 1.28 (1.06, 1.49)* 29.80 Fixed 0.212
Both sexes 3 3,363 1.38 (1.09, 1.67)* 38.20 Fixed 0.198
Female 3 3,571 1.15 (0.82, 1.47) 27.40 Fixed 0.252
Diabetes
Overall 7 146,676 1.39 (1.30, 1.49)* 9.30 Fixed 0.358
Both sexes 2 16,438 1.49 (1.11, 1.87)* 45.5 Fixed 0.175
Male 2 87,800 1.35 (1.25, 1.45)* 0.00 Fixed 0.886
Female 3 42,438 1.62 (1.38, 1.86)* 0.00 Fixed 0.878
Metabolic syndrome
Overall 6 36,854 1.92 (1.58, 2.26)* 68.40 Random 0.002
Both sexes 5 23,688 1.82 (1.38, 2.26)* 66.40 Random 0.018
Female 2 7,762 1.79 (1.44, 2.13)* 0.00 Fixed 0.878
Dyslipidemia
Overall 7 135,276 1.83 (1.61, 2.04)* 80.00 Random <0.001
Both sexes 3 2,737 1.73 (0.86, 2.60)* 45.70 Random 0.159
Male 2 87,800 2.23 (1.40, 3.06)* 92.80 Random <0.001
Female 4 44,739 1.61 (1.52, 1.69)* 80.00 Random <0.001
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*Statistically significant (P-value < 0.05)
HDL, high-density lipoproteins; TG, triglyceride; HTN, hypertension; No, number; CI, confidence interval; CMRFs, cardio-metabolic risk factors; NWO, Normal weight obesity; HDL, high-
density lipoproteins; TG, triglyceride; HTN, hypertension; No, number; CI, confidence interval; CMRFs, cardio-metabolic risk factors; NWO, Normal weight obesity.
FIGURE 2 | Forest plot detailing the pooled association between NWO with CMRFs.
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TABLE 5 | Stratified meta-analysis of association between NWO with mean of CMRFs according to sex.

Variables No study Sample size SMD (95% CI) Heterogeneity assessment

I-squared % Model P-value

Plasma glucose
Overall 9 12,312 0.03 (-0.04, 0.10) 66.30 Random 0.003
Both sexes 3 4,806 0.14 (0.07, 0.21)* 0.00 Fixed 0.410
Male 3 3,510 0.02 (-0.04, 0.09) 54.90 Fixed 0.109
Female 3 3,996 -0.05 (-0.11, 0.01) 0.00 Random 0.672
Total cholesterol
Overall 5 6,277 0.22 (0.16, 0.28)* 0.00 Fixed 0.559
Both sexes 3 3,132 0.20 (0.13, 0.26)* 0.00 Fixed 0.976
HOMA
Overall 5 10,306 0.21 (0.09, 0.32)* 73.10 Random 0.005
Both sexes 2 3,889 0.26 (0.14, 0.38)* 0.00 Fixed 0.765
Female 2 4,390 0.10 (-0.13, 0.34) 85.9 Random 0.008
LDL
Overall 7 10,393 0.17 (0.13, 0.21)* 0.00 Fixed 0.503
Both 3 4,806 0.15 (0.09, 0.22)* 0.00 Fixed 0.437
Male 2 2,608 0.23 (0.15, 0.34)* 0.00 Fixed 0.465
Female 2 2,979 0.14 (0.06, 0.21)* 0.00 Fixed 0.865
HDL
Overall 8 12,312 -0.08 (-0.26, 0.10) 94.70 Random <0.001
Both sexes 3 4,806 -0.01 (-0.44, 0.41) 95.90 Random <0.001
Male 2 3,510 -0.21 (-0.39, -0.03) 80.70 Random 0.023
Female 3 3,996 -0.08 (-0.20, 0.04) 94.70 Random <0.001
TG
Overall 9 12,312 0.13 (0.05, 0.20)* 70.30 Random 0.001
Both sexes 3 4,806 0.09 (-0.02, 0.21) 50.30 Fixed 0.133
Male 3 3,510 0.05 (-0.09, 0.12) 83.20 Random 0.003
Female 3 3,996 0.20 (0.13, 0.26)* 0.00 Fixed 0.858
SBP
Overall 6 12,312 0.15 (0.07, 0.23)* 71.80 Random <0.001
Both sexes 3 4,806 0.19 (-0.06, 0.44) 87.20 Random <0.001
Male 3 3,510 0.14 (0.01, 0.28)* 70.80 Random 0.033
Female 3 3,996 0.12 (0.05, 0.19)* 55.20 Fixed 0.107
DBP
Overall 5 10,393 0.16 (0.03, 0.29)* 86.50 Random <0.001
Both sexes 3 4,806 0.10 (-0.18, 0.40) 90.60 Random <0.001
Male 2 2,608 0.33 (0.004, 0.66)* 89.50 Random 0.002
Female 2 2,979 0.09 (0.01, 0.17)* 7.10 Fixed 0.300
Lean mass
Overall 5 5,876 -0.16 (-0.37, 0.04) 90.20 Random <0.001
Male 2 2,608 -0.22 (-0.62, 0.16) 92.60 Random <0.001
Female 2 2,979 -0.06 (-0.14, 0.01) 0.00 Fixed 0.323
Fat mass
Overall 6 7,795 1.36 (0.89, 1.82)* 98.50 Random <0.001
Both sexes 2 2,208 0.79 (0.69, 0.88)* 12.00 Fixed 0.284
Male 2 2,608 1.75 (1.54, 1.95)* 66.30 Random 0.085
Female 2 2,979 1.63 (1.10, 2.17)* 95.50 Random <0.001
Waist circumference
Overall 8 12,246 0.62 (0.42, 0.83)* 95.80 Random <0.001
Male 3 N.R 0.68 (0.61, 0.75) 0.716 Fixed 0.716
Female 4 N.R 0.71 (0.56, 86.50) 80.30 Random 0.002
Hip circumference
Overall 5 12,246 0.44 (0.28, 0.60)* 91.00 Random <0.001
Male 2 3,510 0.36 (0.24, 0.55) 57.80 Fixed 0.124
Female 2 6,297 0.49 (0.18, 0.80) 93.10 Random <0.001
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*Statistically significant (P-value < 0.05).
HOMA, Homeostatic Model Assessment for Insulin Resistance; LDL, low-density lipoproteins; HDL, high-density lipoproteins; TG, triglyceride; SBP, systolic blood pressure; DBP,
diastolic blood pressure; HTN, hypertension; No, number; CI, confidence interval; CMRFs, cardio-metabolic risk factors; NWO, Normal weight obesity; HDL, high-density
lipoproteins; TG, triglyceride; HTN, hypertension; No, number; CI, confidence interval; CMRFs, cardio-metabolic risk factors; NWO, Normal weight obesity; SMD, Standardized Mean
Difference; N.R, Not Reported.
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for body fat assessment instead, for a better risk assessment.
Furthermore, the necessity of preventive measures and
interventions to significantly reduce the burden of the
aforementioned condition is essential to avoid the upcoming
obesity pandemic.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

NK, MQ, and OT-M designed the study. NK and SN searched
the databases. NK and SN screened and extracted the data. ES
Frontiers in Endocrinology | www.frontiersin.org 14118
screened and analyzed the data. MQ, NK, OTM, RK, and MHB
prepared the results. NK, MQ, and ZA wrote the paper. All other
authors read and approved the final manuscript.
FUNDING

This study was funded by Alborz University of Medical Sciences.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fendo.2022.857930/
full#supplementary-material
REFERENCES

1. Kelly T, Yang W, Chen C-S, Reynolds K, He J. Global Burden of Obesity in
2005 and Projections to 2030. Int J Obes (2008) 32(9):1431–7. doi: 10.1038/ijo.
2008.102

2. Apovian CM. Obesity: Definition, Comorbidities, Causes, and Burden. Am J
Manag Care (2016) 22(7 Suppl):s176–85.
3. Tremmel M, Gerdtham U-G, Nilsson PM, Saha S. Economic Burden of
Obesity: A Systematic Literature Review. Int J Environ Res Public Health
(2017) 14(4):435. doi: 10.3390/ijerph14040435

4. Madeira FB, Silva AA, Veloso HF, Goldani MZ, Kac G, Cardoso VC, et al.
Normal Weight Obesity Is Associated With Metabolic Syndrome and Insulin
Resistance in Young Adults From a Middle-Income Country. PloS One (2013)
8(3):e60673. doi: 10.1371/journal.pone.0060673
FIGURE 3 | Forest plot detailing the pooled association between NWO with mean CMRFs.
March 2022 | Volume 13 | Article 857930

https://www.frontiersin.org/articles/10.3389/fendo.2022.857930/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2022.857930/full#supplementary-material
https://doi.org/10.1038/ijo.2008.102
https://doi.org/10.1038/ijo.2008.102
https://doi.org/10.3390/ijerph14040435
https://doi.org/10.1371/journal.pone.0060673
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Mohammadian Khonsari et al. Normal Weight Obesity and Cardiometabolic
5. Jean N, Somers VK, Sochor O, Medina-Inojosa J, Llano EM, Lopez-Jimenez F.
Normal-Weight Obesity: Implications for Cardiovascular Health. Curr
Atheroscl Rep (2014) 16(12):1–8. doi: 10.1007/s11883-014-0464-7

6. Romero-Corral A, Somers VK, Sierra-Johnson J, Korenfeld Y, Boarin S,
Korinek J, et al. Normal Weight Obesity: A Risk Factor for Cardiometabolic
Dysregulation and Cardiovascular Mortality. Eur Heart J (2010) 31(6):737–
46. doi: 10.1093/eurheartj/ehp487

7. Rothman KJ. BMI-Related Errors in the Measurement of Obesity. Int J Obes
(2008) 32(3):S56–S9. doi: 10.1038/ijo.2008.87

8. Shirasawa T, Ochiai H, Yoshimoto T, Nagahama S, Kobayashi M, Ohtsu I,
et al. Associations Between Normal Weight Central Obesity and
Cardiovascular Disease Risk Factors in Japanese Middle-Aged Adults: A
Cross-Sectional Study. J Health Population Nutr (2019) 38(1):1–7.
doi: 10.1186/s41043-019-0201-5

9. Suliga E, Kozieł D, Głuszek S. Prevalence of Metabolic Syndrome in Normal
Weight Individuals. Ann Agric Environ Med (2016) 23(4):631–5. doi: 10.5604/
12321966.1226858

10. Oliveros E, Somers VK, Sochor O, Goel K, Lopez-Jimenez F. The Concept of
Normal Weight Obesity. Prog Cardiovasc Dis (2014) 56(4):426–33.
doi: 10.1016/j.pcad.2013.10.003

11. Finkelstein EA, Khavjou OA, Thompson H, Trogdon JG, Pan L, Sherry B,
et al. Obesity and Severe Obesity Forecasts Through 2030. Am J Prev Med
(2012) 42(6):563–70. doi: 10.1016/j.amepre.2011.10.026

12. Luhar S, Timæus IM, Jones R, Cunningham S, Patel SA, Kinra S, et al.
Forecasting the Prevalence of Overweight and Obesity in India to 2040. PloS
One (2020) 15(2):e0229438. doi: 10.1371/journal.pone.0229438

13. Robinson E. Overweight But Unseen: A Review of the Underestimation of
Weight Status and a Visual Normalization Theory. Obes Rev (2017) 18
(10):1200–9. doi: 10.1111/obr.12570

14. Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring Inconsistency in
Meta-Analyses. Bmj (2003) 327(7414):557–60. doi: 10.1136/bmj.327.7414.557

15. Bellissimo MP, Cai Q, Ziegler TR, Liu KH, Tran PH, Vos MB, et al. Plasma
High-Resolution Metabolomics Differentiates Adults With Normal Weight
Obesity From Lean Individuals. Obesity (2019) 27(11):1729–37. doi: 10.1002/
oby.22654

16. Berg C, Strandhagen E, Mehlig K, Subramoney S, Lissner L, Björck L. Normal
Weight Adiposity in a Swedish Population: How Well is Cardiovascular Risk
Associated With Excess Body Fat Captured by BMI? Obes Sci Pract (2015)
1:50–8. doi: 10.1002/osp4.4

17. Cho WK, Kim H, Lee HY, Han KD, Jeon YJ, Jung IA, et al. Insulin Resistance
of Normal Weight Central Obese Adolescents in Korea Stratified by Waist to
Height Ratio: Results From the Korea National Health and Nutrition
Examination Surveys 2008–2010. Int J Endocrinol (2015) 2015:158758.
doi: 10.1155/2015/158758
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Zong-jun Chen1, Yin-chun Shi1, Yong-hua Xiao4* and Wen-zheng Zhang4*

1 The First Clinical Medical School, Beijing University of Chinese Medicine, Beijing, China, 2 Beijing Wholelife Medical Science
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Objective: To explore the temperature distribution characteristics of the face, palms, feet
and the trunk area of metabolic syndrome (MS) through infrared thermography (IRT) and
provide evidence for the application of IRT in the assistant evaluation of MS population.

Methods: We collected thermographs of 184 participants (91 males, 93 females) and
further divided participants of each gender into 4 groups according to the number of
abnormal metabolic indexes. Mean temperatures of 6 Region of Interests (ROIs) (face,
anterior trunk, bilateral palms and dorsum of feet) were calculated. Comparisons of the
mean temperatures between genders, among groups and ROIs were carried out.

Results:Male participants had higher mean temperature in their face, palms (P<0.01) and
dorsum of feet (P<0.05), and lower mean temperature in the anterior trunk (P<0.01).
Female participants with MS had higher mean temperature in their palms and dorsum of
feet (P<0.01) and lower mean temperature in the anterior trunk (P<0.01) than normal
participants. Similar tendencies were shown in the mean temperature of the left palms and
trunk of MS males. With the increase of the number of abnormal metabolic indexes, it
seems that the mean temperature gradually increased in palms and dorsum of feet, and
decreased in the anterior trunk.

Conclusion: The thermograph of MS exhibits certain characteristics. This may help reveal
the correlations between Infrared thermography and metabolic disorders.

Keywords: metabolic syndrome, infrared thermography, temperature, evaluation method, hypertension,
hyperglycemia, abdominal obesity
1 INTRODUCTION

Metabolic Syndrome (MS) is a clinical syndrome characterized by the presence of a group of
metabolic disorders, including hyperglycemia (Diabetes Mellitus, DM, or Impaired Glucose
Regulation, IGR), dyslipidemia (hypertriglyceridemia and/or low high density lipoprotein
cholesterol), hypertension and central obesity (1). Evidence indicates that MS significantly
promotes the onset and progression of type 2 diabetes mellitus (T2DM), cardiovascular and
cerebrovascular diseases. Compared with patients without MS, MS patients had a higher risk and
mortality of cardiovascular disease (CVD) (with a relative risk of 2.35 and 2.40, respectively) (2). In
2013-2014, the prevalence of MS adults was 31.5% in the US (3). In Mainland China, the prevalence
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of MS among the population aged 15 years and older has reached
24.5% in 2016 (4). According to the Yearbook issued by China’s
National Health and Family Planning Commission, the total cost
of hospitalization for diabetes, acute myocardial infarction and
cerebral infarction in China has reached RMB 49.1 billion in
2016 (5), more than three times higher than that in 2012 (6). The
increasing prevalence of MS implicates a heavy global health
burden and socioeconomic cost, making it of great significance
for early diagnosis and intervention of MS.

Nevertheless, in China, 2015, the awareness rate, treatment
rate, and control rate of hypertension among adults were 51.6%,
45.8%, and 16.8%, respectively (7). In the 2013 national survey,
undiagnosed diabetics accounted for 63% of the total (8). In
2010, the awareness rate, treatment rate, and control rate of
dyslipidemia in Chinese adults were 10.93%, 6.84%, and 3.53%,
respectively (9). The unsatisfying control station of MS might be
the results due to asymptomatic MS patients of early-stage and
complicated diagnostic procedure, which involves multiple
assessments of body indexes such as blood glucose, blood lipid,
blood pressure, waist circumference, etc., some of which are
invasive examination and inconvenient to patients. Hence, it’s
meaningful to explore a method that can effectively and quickly
pick out MS patients as well as the high-risk groups of MS from
so-called “healthy people”, assisting early detections and
evaluation of the MS population.

Infrared thermography (IRT) is a technique capable of
capturing infrared radiation emanating from the human body
and converting it to temperature with the output of thermal maps
(10). This accurate (with a thermal resolution of 0.03-0.1°C), non-
contact and non-invasive technique has been used to early
screening and efficacy evaluation of numerous diseases such as
breast cancer, diabetic neuropathy, liver metastases, cardiovascular
disease and so on (11, 12). The body surface temperature is mainly
affected by local blood perfusion, but the influence of muscle
activity and metabolic activity cannot be excluded (13). It might
serve as an indicator of the function of corresponding parts of the
body. Therefore, it’s possible to detect diseases before the
noticeable occurrence of structural changes.

According to recent studies, the metabolic indexes which are
used in the diagnosis of MS do have correlations with skin
temperature: temperature of palms of DM patients tend to be
lower than that of normal people (14). While overweight females
have lower mean abdominal temperature and higher hand
temperature than the lean ones (15), and average skin surface
temperature (°C) waveform of hypertension participants varies
from normal participants (16). Besides, skin temperature of the
anterior supraclavicular shows the ability to detect brown
adipose tissue (BAT) activation, which is involved in the body
weight, glucose and lipid regulation, reflecting the metabolic
changes (17, 18). Therefore, IRT exhibits the potential of
indicating metabolic disorders, and may have some advantages
and application prospects in MS screening.

Based on the current findings, we conducted this study which
sought to explore the temperature distribution characteristics of
the face, trunk, palms and feet of MS, hope to establish the
correlation between specific thermograph patterns and metabolic
Frontiers in Endocrinology | www.frontiersin.org 2122
disorder, and provide reference to further studies and the
application of IRT in early assistant diagnosis and evaluation
of MS population.
2 MATERIALS AND METHODS

2.1 Participants
The data of this retrospective study were collected from patients
who visited the Health Management Center of the International
Department of Dongzhimen Hospital and the endocrinology
department of Dongzhimen Hospital, Beijing University of
Chinese Medicine from June 2016 to April 2019. After
reviewing the inclusion, exclusion and rejection criteria, 184
Asian participants aged between 18 and 70 were brought into the
study, including 91 males and 93 females. This study has been
waived the requirement for informed consent by the institutional
Ethics Committee of Dongzhimen Hospital because of its
retrospective nature (No. DZMEC-KY-2020-12).

The MS diagnostic criteria used in the study was published
in Guidelines for the prevention and control of type 2 diabetes in
China (2017 Edition) (19) by Chinese Diabetes Society:
1) Abdominal obesity: waist circumference ≥ 90 cm in males
and 85 cm in females; 2) Hyperglycemia: fasting plasma glucose
≥6.1 mmol/L or 2-hour plasma glucose ≥ 7.8mmol/L following a
75 g oral glucose load and (or) diabetes diagnosis has been
confirmed; 3) Hypertension: blood pressure≥130/85 mmHg and
(or) hypertension diagnosis has been confirmed; 4) Fasting
TG≥1.70 mmol/L; 5) Fasting HDL-C<1.04 mmol/L; 3 out of 5
factors above are required.

Exclusion criteria: 1) Coronary heart disease, cerebral
vascular disease, hypertensive nephropathy, diabetic
retinopathy, diabetic peripheral neuropathy, diabetic peripheral
vascular disease, diabetic nephropathy or other severe chronic
complications caused by MS constituents (hypertension,
hyperlipidemia, diabetes); 2) Menstruation, pregnancy or
lactation; 3) Diseases that may affect body temperatures, such
as cold and thyroid disease; 4) Medical histories of hepatic and
renal insufficiency, hematopathy, tumor, severe trauma or major
surgery; 5) Critical illness such as diabetic ketoacidosis,
hypertensive crisis and hypertensive encephalopathy.

Rejection criteria: 1) Data with obvious error, low creditability
or omissions; 2) Thermal maps taken in non-standard positions,
blurring or interfered by sweat or medical ultrasonic couplant.

2.2 Groups
The participants were grouped by their gender (group M for
males and group F for females) and further divided into four
groups according to the number of abnormal metabolic indexes.

1) Two normal groups (M0, F0) with no abnormal metabolic
index, consist of 26 participants in group M0 and 50 participants
in group F0;

2) Two groups with 1 abnormal index (M1, F1), consist of 18
participants in group M1 and 21 participants in group F1;

3) Two groups with 2 abnormal indexes (M2, F2), consist of
16 participants in group M2 and 10 participants in group F2;
April 2022 | Volume 13 | Article 851369
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4) Two MS groups (M3, F3) with 3 or more abnormal
indexes, consist of 31 participants in group M3 and 12
participants in group F3.
2.3 Methods
The following data of all participants were collected: demographics
(gender, age), medical history, body measurement indexes (height,
body mass, BMI, waist circumference, hip circumference), systolic
blood pressure (SBP) and diastolic blood pressure (DBP), fasting
plasma glucose (FPG), total cholesterol (TC), triglyceride (TG),
high density lipoprotein cholesterol (HDL-C), low density
lipoprotein cholesterol (LDL-C), serum uric acid (UA), etc.

Thermography and all those data above of each participant
were obtained on the same day. Thermography was captured by
an HIR-2000A (FLIR detector) medical infrared camera
produced by Beijing Yuetian Optoelectronics Technology Co.,
Ltd, with the emissivity of 0.98, spectral range of 8-14mm, frame
rate of 9 frames/second, pixels/frame of 256×324×14 Bits,
thermal resolution of 0.05°C, and spatial resolution of 0.95
mrad. The detector had gone through blackbody correction
Frontiers in Endocrinology | www.frontiersin.org 3123
and temperature calibration before leaving the factory. The
ambient temperature was controlled at 22.0°C ± 2.0°C, and the
relative humidity was 60% - 70%. There were no other electronic
devices, no air convection nor direct illumination of strong light
in the cabin. The participants were informed to avoid taking in
foods that were too cold or too hot one hour before the
conduction of thermography, loosen the clothing, take off hats
and glasses, avoid pressing or scratching the body, and rest for 15
minutes before the examination. The participants were
unclothed and kept 2 meters away from the detector. Both
anterior and posterior views were captured in the anatomical
position (the gesture of standing erect with palms
facing forward).

The analysis of thermography was carried out by TMI-W
Infrared Medical Imaging Workstation V1.0 produced by Beijing
Wholelife Medical Science Co., Ltd. Mean temperature of the
anterior trunk was generated automatically by the workstation.
The other five regions of interest (ROIs) (face, bilateral palms
and bilateral dorsum of feet) were manually delimited (Figure 1).
Then mean temperature (Tmean ± SD) of each ROI were
calculated (represented as Tf for the face, Tt for the anterior
FIGURE 1 | Delimitation of ROI.
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trunk, Trp/Tlp for the right/left palm, Trf/Trf for the right/left
dorsum of the foot).

2.4 Outcomes
The primary objectives of the analysis were to compare the mean
temperature of six ROIs within each group to find out the
temperature distribution characteristics of each group that
conform to different numbers of indexes in MS diagnostic criteria,
and to compare themean temperature of four groups in each gender
to explore the fluctuation trends of temperature along with the
progress of metabolic disorders. And the secondary objective of the
analysis was to probe into the correlation of the mean temperature
of the ROIs with the measurement and laboratory data that relevant
to metabolic disorders.

2.5 Statistical Analysis
Statistical analysis was carried out using IBM®SPSS®Statistics
(version 24). Data were tested for normality using the Shapiro –
Wilk test (a=0.1). Variable transformation was performed for
data not conforming to normal distribution. With regard to the
quantitative data with normal distribution, differences between
two groups were tested using the two-sample t-test for data
with homogeneity and t’-test for data with heterogeneity of
variance. One-way analysis of variance (ANOVA) followed by
Bonferroni’s post-hoc test was used to compare multiple groups.
For the data which did not conform to the normal distribution or
homogeneity of variance, differences between two groups or
multiple groups were tested using Wilcoxon rank-sum test and
Kruskal-Wallis test, respectively. The measurement data were
expressed as mean ± standard deviation (�x ± SD). Correlation
analysis was performed using the Pearson correlation test. Then
perform unary linear regression or multiple stepwise regression
to analyze the correlations between Tmean of ROI and correlated
measurement and laboratory data. In regression analysis, Tmean

of each ROI was set as the dependent variable, and independent
variables were corresponding data. For all statistical analyses, a
p-value lower than 0.05 was assumed significant. The complete
study process is shown in Figure 2.
3 RESULTS

3.1 Baseline Characteristics
Demographic and clinical data are summarized in Table 1. The
age distribution was similar in male groups while having
significant differences (P<0.05) in female groups. With the
increase of the number of abnormal metabolic indexes, except
the age of women increased significantly, some of the body
measurement and laboratory data also showed increasing trend
among four subgroups in both genders (Table 1).

3.2 Characteristics of Tmean of 6 ROI in
Different Gender Groups
Compared with females, males had higher mean temperatures in
the areas of face, palms and dorsum of feet, and lower mean
temperature in anterior trunk (P<0.05). These diversities indicated
Frontiers in Endocrinology | www.frontiersin.org 4124
that gender difference significantly influences Tmean of each ROI.
Therefore, it is necessary to discuss characteristics of each ROI
grouping by gender (Figure 3 and Supplementary Table 1).

3.2.1 Characteristics of Tmean of ROI in Male Groups
Within each male group, mean temperature exhibited a
decreasing trend in the order of the face, anterior trunk,
bilateral palms, bilateral dorsum of feet, and the differences
among these temperature values were significant (P<0.01)
(Table 2 and Figure 4). With the increase of the number of
abnormal metabolic indexes, Tt decreased successively from
group M0 to M3. In Tmean of other ROIs, slightly increasing
trends with no significant difference in the order of M0, M1 &
M2, M3 can be recognized (Table 2 and Figure 5). When
focusing on the differences between group M0 and M3, MS
males had higher mean temperature in their left palms and
lower mean temperature in their anterior trunks (P<0.05)
(Supplementary Table 2).

3.2.2 Characteristics of Tmean of 6 ROI in Female
Groups
In female groups, characteristics of the temperature distribution
of each ROI differ between groups with the different numbers of
abnormal indexes. Along with the increase of abnormal
metabolic indexes, the Tmean of bilateral palms and dorsum of
feet increased, while the Tmean of anterior trunk decreased. In the
normal group, the anterior trunk had the highest mean
temperature, followed by the face, then palms and feet; in
groups with 1 or 2 abnormal indexes, Tt became lower than Tf;
in the MS group, Tt continuously decreased, and Tmean of the
palms increased to a level slightly higher than Tt (Table 2 and
Figure 6). Tf was the only ROI that showed no significant
differences among the four female groups (Table 2 and
Figure 7). Compared with the normal female group, female
MS patients had higher mean temperature in their bilateral
palms and dorsum of feet, lower mean temperature in their
anterior trunks (P<0.01) (Supplementary Table 2).

3.3 Correlation Analysis and Linear
Regression Between Mean Temperature
of ROI and Measurement Data &
Laboratory Data
3.3.1 Male Participants
For male participants, the results of correlation analysis showed
positive correlations between Tf and DBP (r=0.256, P=0.014), Trp

& Tlp and BMI (with r-values of 0.239 and 0.234, respectively,
P<0.05) and negative correlations between Tt and SBP, DBP, UA,
TG, hip circumference, body mass, BMI and waist circumference
(Supplementary Table 3). Unary linear regression was done
between Tf & DBP, Trp & BMI and Tlp & BMI (Supplementary
Table 4 and Supplementary Figure 1), details on the regression
equations were listed in Supplementary Data.

3.3.2 Female Participants
Correlation analysis on Tmean of each ROI and measurement &
laboratory data of female participants are shown in Table 3.
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FIGURE 2 | Study flow chart.
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Multiple stepwise regression was carried out between Tmean and
correlated indexes, details on the regression equations were listed
in Supplementary Data.
4 DISCUSSION

Our study demonstrated that: With the increasing number of
abnormal metabolic indexes, the mean temperature gradually
increased in the face, bilateral palms and dorsum of feet, and
decreased in the anterior trunk. And for the MS patients, the
temperature of the anterior trunk and bilateral palms became
approximated. This specific tendency may indicate the severity of
metabolic disorders.

The gender difference in temperature distribution was the
basis of our subsequent analysis. In this study, there were obvious
gender differences that the mean temperatures of face, palms and
dorsum of feet were significantly higher in males than in females,
while the mean temperature of anterior trunk showed the
contrary characteristic. Several studies have also reported
gender differences in temperature distribution. A study on
Frontiers in Endocrinology | www.frontiersin.org 6126
healthy participants showed that the mean temperature of the
chest was significantly higher in women than in men, while in the
other analyzed body surface areas, including back, abdomen, and
four limbs (anterior and posterior), the mean temperatures were
significantly lower in women, which may be related to less
skeletal muscle and thicker subcutaneous fat in females (20).
Since we did not separate the anterior trunk region into chest and
abdomen, the temperature characteristics of the anterior trunk of
these two studies are not comparable, while the results that males
have higher temperature in palms and dorsum of feet are
consistent with this study. Another study found lower mean
temperatures in the trunk and four limbs in the female group,
which may have a bearing on higher body fat rates in females
(21). The result of the lower mean temperature of the anterior
trunk in females did not conform to our study. Consequently,
further researches refer to the gender difference in body surface
temperature distribution with a more detailed delimitation of
ROI remain to be done.

The features of the thermal maps of the MS population were
the key points of our study. And we did observe specific
characteristic changes in the thermal maps of the MS
TABLE 1 | Baselines of age, measurement and laboratory data in groups (mean, minimum-maximum).

Groups M0 M1 M2 M3 c2/F4 P F0 F1 F2 F3 c2/F4 P
n 26 18 16 31 50 21 10 12

Age (years) 36.46 (23-
58)

36.60 (25-
63)

41.00 (24-
61)

43.16 (28-
66)

2.7881 0.045 33.50 (21-
55)

41.76 (27-
60)

44.10 (28-
61)

55.58 (38-
69)

16.0271 0.000

Height (cm) 172.55
(165.5-
181.8)

174.13
(167.0-
185.4)

173.24
(160.0-
184.1)

173.64
(155.0-
187.0)

0.3052 0.822 161.82
(150.5-
177.8)

161.88
(147.7-
170.3)

163.40
(155.8-
171.0)

160.07
(155.2-
166.4)

2.7083 0.439

Body mass
(kg)

68.20
(60.6-79.75)

71.18
(59.5-82.1)

79.03
(64.0-99)

88.31
(65.0-110.0)

46.5863 0.000** 54.74
(43.6-72.6)

57.79
(43.8-74.6)

66.84
(56.1-78.8)

64.62
(52.0-82.2)

19.5483 0.000**

BMI (kg/m2) 22.85
(20.84-
27.15)

23.49
(21.04-
25.89)

26.28
(21.94-
32.18)

29.31
(23.34-
38.51)

51.8943 0.000** 20.90
(16.52-
26.63)

22.03
(15.97-
25.90)

25.10
(20.52-
31.39)

25.30
(20.06-
33.78)

20.2433 0.000**

Waist circum-
ference (cm)

81.24
(72.0-87.0)

86.22
(73.0-93.0)

93.06
(78.0-111.0)

100.20
(88.0-124.0)

58.2193 0.000** 72.11
(60.0-84.0)

77.50
(68.0-91.0)

82.40
(70.0-101.0)

85.75
(72.0-99.0)

30.9653 0.000**

Hip circum-
ference (cm)

94.87
(87.0-103.0)

97.26
(92.0-103.0)

101.68
(92.0-112.0)

103.73
(93.3-116.0)

37.0623 0.000** 91.69
(81.0-104.0)

94.13
(84.0-107.0)

98.90
(91.0-110.0)

95.00
(87.0-105.0)

5.7002 0.001**

SBP (mmHg) 115.89
(101-129)

119.78
(107-137)

123.88
(100-151)

134.84 (99-
172)

19.9023 0.000** 110.00 (97-
127)

119.05 (94-
145)

126.80
(102-151)

124.08
(107-140)

17.7293 0.001**

DBP (mmHg) 68.85 (61-
78)

72.00 (60-
87)

77.56 (59-
97)

85.48 (53-
112)

27.8523 0.000** 66.86 (53-
85)

73.19 (57-
96)

78.40 (65-
94)

77.25 (55-
110)

7.7432 0.000**

FPG (mmol/L) 5.09 (4.38-
5.74)

5.57 (4.58-
10.74)

5.73 (4.37-
8.54)

7.27 (4.53-
17.06)

21.1563 0.000** 4.96 (4.28-
5.86)

5.14 (4.34-
7.11)

5.56 (5.07-
6.23)

7.58 (4.94-
11.19)

30.4193 0.000**

UA (mmol/L) 352.0
(328.1-
375.9)

364.7
(281.5-
485.9)

402.8
(309.5-
488.6)

414.7
(271.4-
552.5)

4.8312 0.004** 253.9
(119.4-
459.1)

252.3
(137.7-
414.5)

289.8
(231.1-
365.5)

306.1
(206.7-
434.33)

10.6833 0.014*

TC (mmol/L) 4.95 (3.71-
6.39)

4.98 (3.82-
7.57)

5.06 (3.56-
7.00)

5.08 (3.16-
8.84)

0.7193 0.869 4.87 (3.22-
7.62)

4.83 (3.52-
6.01)

5.44 (3.15-
7.02)

5.18 (4.20-
7.25)

6.4833 0.090

TG (mmol/L) 0.91 (0.32-
1.69)

1.25 (0.65-
2.58)

1.65 (0.73-
4.17)

2.88 (0.71-
9.64)

46.2533 0.000** 0.78 (0.27-
1.33)

1.22 (0.46-
2.59)

1.40 (0.84-
2.23)

2.20 (0.80-
4.83)

33.7673 0.000**

HDL-C (mmol/
L)

1.41 (1.07-
2.57)

1.29 (0.88-
3.14)

1.18 (0.71-
1.85)

1.07 (0.63-
2.18)

23.9753 0.000** 1.57 (1.16-
2.54)

1.45 (0.95-
1.90)

1.38 (0.79-
2.40)

1.17 (0.84-
1.52)

18.8063 0.000**

LDL-C (mmol/
L)

2.79 (1.84-
4.07)

2.91 (1.13-
5.00)

3.02 (1.47-
4.24)

2.82 (0.78-
5.61)

0.3722 0.773 2.60 (1.40-
4.75)

2.56 (1.81-
3.87)

3.12 (1.82-
4.31)

3.17 (0.79-
4.84)

8.0633 0.045*
April 202
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1ANOVA performed on the age of both gender groups (with variable transformation), Post-Hoc tests (Bonferroni method) showed no significance in ages between four male groups (P >
0.05), female group F1, F2 (P = 1.000), and F2, F3 (P = 0.106).
2For data that conformed to the normal distribution and homogeneity of variance, ANOVA was implemented.
3For data that did not conform to the homogeneity of variance, Kruskal-Wallis test was used.
4c2/F refers to the c2 value in Kruskal-Wallis test/F value in ANOVA.
*P < 0.05, ** P < 0.01.
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population. There were few articles in allusion to the
characteristic of infrared thermography of the MS population.
Still, several studies on thermal characteristics of obesity,
hyperlipidemia, hyperglycemia and hypertension have been
done. Eduardo Borba Neves et al. (21) have discovered that, in
males, the temperature in hands (anterior and posterior) had a
tendency of increasing along with the body fat rate (BF%).
Besides, BF% had a negative correlation with temperature in
the anterior trunk, which was basically consistent with the results
of our study. Eun-Mo Song et al. (22) found that the visceral fat
area (VFA) was negatively correlated with the temperature of the
acupoint CV4, which is located in the lower abdomen. This also
corroborated the correlation between obesity and the decrease of
temperature in the abdomen. Thiruvengadam J et al. (12)
Frontiers in Endocrinology | www.frontiersin.org 7127
demonstrated that HDL was negatively correlated with the
surface temperature of the left hand and anterior feet, which
coincide with the conclusion of this study that severer metabolic
disorder leads to higher mean temperature in palms and dorsum
of feet. Aleck Ovechkin et al. (23) found the body surface
temperature of the “Yin-Tang” acupuncture point which is
located in the forehead negatively correlates with the severity
of intracranial hypertension syndrome. This observation
suggests varied temperature distribution characteristics of the
face in hypertension patients compared with normal ones. While
in this study, no change in the mean temperature of the face was
found in MS participants, suggesting changes in body surface
temperature of certain diseases might take place in some
particular small areas, which could be covered when chosen
TABLE 2 | Comparison of Tmean of each ROI among four groups in each gender (C;  �x ± s).

Groups M0 M1 M2 M3 c2/F4 P F0 F1 F2 F3 c2/F4 P
n 26 18 16 31 50 21 10 12

Tf 33.14 ± 0.72 33.41 ± 0.69 33.20 ± 0.46 33.40 ± 0.53 1.1572 0.331 32.76 ± 0.84 32.88 ± 0.71 32.73 ± 0.47 32.93 ± 0.36 1.8513 0.604
Tt 33.12 ± 0.50 32.76 ± 0.63 32.31 ± 0.50 32.00 ± 0.73 17.4052 0.000** 33.14 ± 0.67 32.74 ± 0.69 32.56 ± 0.88 32.33 ± 0.79 13.4263 0.004**
Trp 30.95 ± 2.16 31.48 ± 1.60 31.07 ± 1.78 32.06 ± 1.46 5.1553 0.161 29.88 ± 1.98 30.59 ± 1.93 30.64 ± 2.60 32.49 ± 1.56 14.6283 0.002**
Tlp 30.81 ± 2.18 31.34 ± 1.67 31.03 ± 1.64 31.87 ± 1.51 5.4303 0.143 29.61 ± 1.94 30.19 ± 2.04 30.37 ± 2.71 32.54 ± 1.53 17.6603 0.001**
Trf 29.26 ± 1.95 29.41 ± 1.76 29.42 ± 1.49 29.74 ± 1.70 2.3303 0.507 28.43 ± 1.32 29.02 ± 0.87 28.95 ± 1.76 30.89 ± 1.14 23.7423 0.000**
Tlf 29.33 ± 2.07 29.41 ± 1.82 29.59 ± 1.51 29.77 ± 1.71 2.1283 0.546 28.39 ± 1.28 29.18 ± 0.95 28.84 ± 1.87 30.82 ± 1.10 23.3783 0.000**
c2 82.0621 60.0801 56.4961 97.6981 200.3261 67.4551 23.6181 29.3221

P1 0.000** 0.000** 0.000** 0.000** 0.000** 0.000** 0.000** 0.000**
April 20
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1Kruskal-Wallis test was used for comparing Tmean of six ROI within each gender group.
2ANOVA followed by Bonferroni’s post-hoc test was implemented for comparing Tmean of each ROI between four male groups. In post-hoc test, significance was found between Tt of
group M0/M2, M0/M3, M1/M3 (adjusted P<0.05).
3When comparing Tmean of each ROI between four groups in each gender, for data that did not conform to the normal distribution, Kruskal-Wallis test was used. Bonferroni correction
showed significance between Tt and Trp of group F0/F3, Tlp of group F0/F3, F1/F3, Trf and Tlf of group F0/F3, F1/F3, F2/F3 (adjusted P < 0.05).
4c2/F refers to the c2 value in Kruskal-Wallis test/F value in ANOVA. ** P < 0.01.
FIGURE 3 | Comparison of Tmean of each ROI between different genders. *: P < 0.05 **: P < 0.01.
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ROIs are quite bigger. In summary, the characteristics of
higher mean temperatures in palms and dorsum of feet,
and lower mean temperature in the anterior trunk might be
results of multiple pathological mechanisms as above. Studies
on one particular metabolic disorder like hyperlipidemia,
Frontiers in Endocrinology | www.frontiersin.org 8128
hypertension, and hyperglycemia may help in understanding
the underlying mechanism of characteristic changes. However,
clinical trials on large scales are still in lack, which conduces to a
more accurate interpretation of the thermography characteristic
of MS.
FIGURE 5 | Tmean of each ROI of male groups - grouped by ROI. **: P < 0.01.
FIGURE 4 | Tmean of each ROI of male groups - grouped by number of abnormal indexes. **: P < 0.01.
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Through correlation analysis and linear regression, in both
male and female groups, we found a positive correlation between
the mean temperature of the palms and BMI, and negative
correlations between mean temperature of the trunk and DBP,
UA, TG, waist circumference, hip circumference, weight and BMI.
Frontiers in Endocrinology | www.frontiersin.org 9129
These patterns can be consistent with the above-mentioned law of
increasing palm temperature and decreasing trunk temperature
with the aggravation of metabolic abnormalities. The unique
results in male groups are: a positive correlation between Tf and
DBP, and a negative correlation between Tt and SBP. In females,
FIGURE 6 | Tmean of each ROI of female groups - grouped by number of abnormal indexes. **: P < 0.01.
FIGURE 7 | Tmean of each ROI of female groups - grouped by ROI. **: P < 0.01.
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the unique results are: Tf was positively correlated with height and
weight, the mean temperature of palms and dorsum of feet was
positively correlated with hip circumference, UA, weight, BMI,
waist circumference, FPG, TG and age, negatively correlated with
HDL-C, and the average temperature of the trunk was negatively
correlated with FPG, LDL-C, age and height. In general, the
correlation between Tt and multiple metabolic indexes is
obvious regardless of gender. While the mean temperature of
palms and dorsum of feet showed correlations with a sizable
amount of indexes only in the female group, and correlated with
age at the same time. Given the uneven age baseline of female
subjects, the relationship between palms and feet temperature and
metabolic abnormalities still needs to be verified based on more
homogeneous sample studies.
5 LIMITATIONS

It is also of note that heterogeneity was found among the age of
four female groups. The average age of the female MS group was
55.58 ± 10.431 years old, mostly in perimenopausal and
postmenopausal stages (start at 47.5 years old on average (24)).
The particular age of this group may be due to the prevalence
increase of MS in perimenopausal and postmenopausal women. A
meta-analysis carried out by Hallajzadeh et al. (25) found the
prevalence of MS among postmenopausal women was 37.17% and
the pooled OR for MS in postmenopausal women in comparison
with the premenopausal was 3.54. In perimenopausal and
postmenopausal women, decreased estradiol level attenuates the
protective effect of estradiol, which may account for the inclination
of carbohydrate and lipid metabolism disorder and contribute to
the development of MS (26, 27). However, due to the small sample
size of this group, there remains the possibility that the sampling
error led to the elder age of women in this group. Accordingly,
further study with an enlarged sample size is necessary.

Owing to the retrospective nature of this study, the results
could be influenced by time, temperature, humidity and state of
equipment, etc. Due to the lack of research on MS using IRT, the
Frontiers in Endocrinology | www.frontiersin.org 10130
sample size was not calculated in advance. While we calculated the
sample size afterward based on the results of this study. Except for
the comparison of Tlp between M0 andM3, Tt between F0 and F3,
Trf and Tlf between F2 and F3, the statistical powers of the other
comparisons were higher than 0.80. Moreover, the sample size and
age of each group were not evenly distributed, which may also
have some bearing on the outcome. A methodological problem is
that we did not capture the thermograph of the dorsum of feet in a
vertical angle, for the retrospective nature, also. This could affect
the output temperatures with camera (28), while since all of the
thermographs were captured in approximate angles, the tendency
of temperature changes we observed is still advisable.
6 CONCLUSION

This work was a pilot study of temperature characteristics in the
MS population, and it proved the feasibility of screening and
evaluating metabolic disorders through IRT. The key findings of
this work were the gender difference in temperature distribution,
the sequences of the mean temperature of the face, anterior
trunk, palms and dorsum of feet in subjects of different metabolic
conditions, the trends of the temperature changes in the above
body parts with increasing number of abnormal metabolic
indexes, and the certain differences in mean temperature of
these body parts between the normal group and MS group.
And the secondary findings are the correlations between
measurement or laboratory data related to metabolic disorders
and the mean temperature of different body parts. With the
popularization of IRT and the deepening of the research, this
correlation may help screen patients with metabolic disorders,
further postponing the development of diseases.
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TABLE 3 | Pearson correlation analysis between Tmean of each ROI and measurement data & laboratory data in female groups.

Pearson Correlation Coefficient (r)

Tf Tt Trp Tlp Trf Tlf

Age (years) -0.157 -0.392** 0.410** 0.421** 0.526** 0.481**
Height (cm) 0.229* 0.344** 0.014 -0.007 -0.013 0.018
Body mass (kg) 0.207* -0.378** 0.340** 0.369** 0.319** 0.315**
BMI (kg/m2) 0.127 -0.514** 0.343** 0.381** 0.334** 0.317**
Waist circumference (cm) 0.069 -0.494** 0.308** 0.342** 0.297** 0.298**
Hip circumference (cm) 0.185 -0.346** 0.239* 0.253* 0.190 0.196
SBP (mmHg) -0.001 -0.177 0.023 0.025 0.116 0.112
DBP (mmHg) -0.071 -0.231* 0.043 0.049 0.081 0.071
FPG (mmol/L) 0.028 -0.219* 0.261* 0.274** 0.388** 0.384**
UA (mmol/L) 0.107 -0.224* 0.201 0.223* 0.236* 0.188
TC (mmol/L) -0.124 -0.157 0.044 0.024 0.036 0.026
TG (mmol/L) 0.104 -0.374** 0.365** 0.377** 0.342** 0.356**
HDL-C (mmol/L) -0.161 0.274** -0.372** -0.376** -0.425** -0.371**
LDL-C (mmol/L) -0.101 -0.218* 0.145 0.132 0.187 0.141
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Bold r-values mean that the correlations between the corresponding Tmean and measurement data and laboratory data are statistically significant.
*P < 0.05, ** P < 0.01.
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Background: Clinical or epidemiological conclusions remain undecided on the direct
effects of active and second-hand smoking during pregnancy on childhood obesity.
Urinary cotinine (UC) concentration, an accurate and quantitative marker for smoking, may
elucidate the dose-dependent relationship between smoking during pregnancy and
childhood obesity. To analyze the relationship between UC concentration and smoking
questionnaire (SQ) classes for active and second-hand smoking in pregnant mothers and
trajectory of infant Kaup index (body mass index: BMI).

Methods: This multicenter prospective cohort study was conducted using a list-wise
complete set of 35829 among 89617 mother-infant singleton pairs, recruited between
2011 and 2014, in the Japan Environment and Children’s Study (JECS). Pairs were
categorized according to UC levels (1 to 4 classes) or SQ (0 to 4 classes).

Results: Maternal BMI at delivery was the highest in UC class 4 (highest). Maternal and
paternal education of ≥16 years and annual household income were lowest in UC class 4.
Infant BMI was lower at birth, but trends in BMI and DBMI were higher from six to 36
months step-wise in the UC classes. The above tendency was observed in the list-wise
complete dataset but was emphasized after multiple imputations and corrections of
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cofounders. UC concentration in five SQ classes largely fluctuated, and the relationship
between SQ classes and trends in BMI and DBMI was not statistically significant.

Conclusion: Infants from high UC mothers had a low BMI at birth, increasing from six to
36 months of age. UC concentrations, but not smoking questionnaire classes, predict
infant BMI trajectory, suggesting that active and second-hand smoking affect child obesity
in a dose-dependent manner.
Keywords: body mass index - BMI, infant obesity, cotinine concentrations, maternal smoking during pregnancy,
second-hand smoking (SHS)
INTRODUCTION

Childhood obesity is often carried over into adulthood (1), leading
to an increased risk of atherosclerotic cardiovascular disease
(ASCVD) in early life (2). Over 60% of prepubertal childhood
obesity results in adulthood obesity and lifestyle-related diseases,
which account for 86% of premature death (3). Childhood obesity
can be grouped into infancy (0–1.9 years), preschool age (2·0–4·9
years), school-age (5·0–12·9 years), and adolescence (13·0–18·0
years), and either case causes adulthood obesity (4). Factors
associated with early childhood (newborn to preschool age)
obesity such as birth weight, artificial milk, maternal smoking,
and low socioeconomic status have been reported (4). Active or
second-hand smoking during pregnancy (5) is a well-known factor
in increasing infant Kaup index (body mass index: BMI) trajectory
after birth (6–8). Riedel et al. indicated that maternal and paternal
smoking during pregnancy increased the odds ratio for childhood
obesity (8).

Childhood obesity due to such active or second-hand smoking is
associated with lower birth weight and a compensatory increase in
BMI (catch-up-growth) (9–11); the direct effects of tobacco
substances on postnatal feeding behavior have also been suggested
(12, 13). However, clinical or epidemiological conclusions remain
undecided on the direct impact of smoking during pregnancy on
childhood obesity. The reasons for the undecided conclusions: first,
low socioeconomic status followed by low birth weight and less
breast milk in smoking mothers can be confounded with childhood
obesity; second, there are no standardized methods for quantifying
smoking doses, and the difficulty in estimating concentrations of
smoking substances by questionnaires limits the interpretations of
tobacco substances. Measuring the urinary concentration of cotinine,
a nicotine metabolite, is useful for estimating accurate tobacco intake
(6, 7, 14). Therefore, the relationship between tobacco substances
and BMI trajectory in childhood can be interpreted more precisely
by minimizing the above confounding factors.

This study aims to analyze the relationship between urinary
cotinine (UC) concentration and smoking questionnaire (SQ)
classes for active and second-hand smoking in pregnant mothers
riance; ANOVA, analysis of variance;
isease; BMI, body mass index; IQR,
nment and Children’s Study; ROC,
D, standard deviation; SQ, smoking
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and infant BMI trajectory using a large Japanese mother-infant
longitudinal dataset.
MATERIAL AND METHODS

Study Design and Participants
The protocol for the Japan Environment and Children’s Study
(JECS), an ongoing Japanese nationwide birth cohort study, has
been published elsewhere (15). Briefly, 15 nationwide, regional
centers were responsible for recruiting pregnant women who lived
in study areas (city, town, or village) between 2011 and 2014. The
current report is based on the dataset of jecs-ta-20190930, which
included 104,062 datasets of fetal records up to three years of age
(Dataset 1, Supplement 1). Pairs of abortion, stillbirth, other causes
of unbirth, multiple births, and missing data for infant BMI and
maternal UC or SQ classes were excluded, and 89617 pairs were
eligible for (Dataset 2, Supplement 1). Further, missing for infant
BMI at zero, six, 12, 18, 24, 30, and 36 months, mother’s age at
delivery (years), body weight gain during pregnancy, pre-pregnancy
BMI, regular alcohol drinking, maternal and paternal education,
and household income were excluded, and 35829 pairs were eligible
for (Dataset 3, Supplement 1).

The JECS protocol was reviewed and approved by the
Ministry of the Environment’s Institutional Review Board on
Epidemiological Studies and the Ethics Committees of all
participating institutions. The JECS was conducted according
to the principles of Helsinki Declaration and other nationally
valid regulations and guidelines. Written informed consent was
obtained from all participants.

Measurement of Infant BMI
The primary outcomes of this study were infant BMI trajectories
and differences in the BMI (DBMI) at six, 12, 18, 24, 30, and 36
months from baseline according to the class of UC levels of
pregnant mothers. BMI was calculated as weight (kg)/length or
height (m)2. Weight and length or height were collected by
records of the infant’s caregivers.

Questionnaire and Measurement
of Covariates
Mothers completed a baseline questionnaire during the first
trimester of pregnancy. The questionnaire included maternal
information regarding age, height, weight before pregnancy,
April 2022 | Volume 13 | Article 850784
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parity, drinking and smoking during pregnancy, gestational age,
and medical history of mothers during pregnancy such as
hypertension, gestational diabetes, infant sex, single or multiple
births, live birth, stillbirth, or abortion. SQ, annual household
income, and parental educational background were interviewed
in the second/third trimester of pregnancy.

Measurement and Classification of
UC Concentrations
A maternal urine sample was collected at the second or third
trimester of pregnancy, transferred to a contract laboratory at 1–
10°C, and stored at −80°C until analysis. UC concentrations were
determined using a high-performance liquid chromatography-
tandem mass spectrometer (16). In brief, 100 µL aliquots of
urine were used to measure the concentrations. The 1.4%
ammonia solution (400 mL) and internal standard solution
including 3 ng/mL of 13C3-cotinine (10 mL) were added in and
mixed with the urine subject. The mixtures were loaded into 96-
well preconditioned plates. The cartridge was centrifuged (1000
times/minute, 4°C) and cleaned with ammonia. After repeated
centrifugations, elution was performed in 50% (v/v) methanol.
Finally, the elute was dissolved in water of 300 mL, and a 10 mL
aliquot was injected into the HPLC system. JECS Native Mixture
solution 500 ng/mL in water (ES-5536) https://shop.isotope.com/
productdetails.aspx?itemno=ES-5536 and JECS Labeled Mixture
solution in water (ES-5535) https://shop.isotope.com/
productdetails.aspx?itemno=ES-5535 were purchased from CIL
(Cambridge isotope laboratories, Inc. Cambridge, England). The
minimum reporting level was 0.03 ng/mL. Reproducibility and
intermediate precision for cotinine analysis were 4.0% and 4.7%,
respectively (16). UC concentrations normalized relative to
creatinine concentrations were log10-transformed (16). Then,
participants were categorized into four classes according to the
log10 UC levels [log (ng/mL)]: UC class 1 (UC1), <−1; UC class 2
(UC2), <−1 to 0; UC class 3 (UC3), <0–1; and UC class 4 (UC4).

Questionnaire on Smoking Status
Active smoking status and exposure to second-hand smoke
were evaluated using self-administered questionnaires during
the second or third trimester when samples of UC levels were
collected. A mother was asked to choose an active smoking
status from the following questionnaire: 1 = never, 2 =
previously did, but quit before realizing current pregnancy, 3
= previously did, but quit after realizing current pregnancy,
and 4 = currently smoking. For second-hand smoking, mothers
answered how often they inhaled tobacco smoke at home,
workplace, or any other indoor places before and during
pregnancy and from whom, including husbands, cohabitants,
and colleagues at workplaces. To quantitatively assess exposure
to active and second-hand smoking (6) simultaneously, we
made a classification by combining two above questionnaires:
SQ class 0 (SQ0), no second-hand smoking; SQ class 1 (SQ1),
second-hand smoking <7 hours/week; SQ class 2 (SQ2),
second-hand smoking <7–14 hours/week; SQ class 3 (SQ3),
second-hand smoking >14 hours/week, and SQ class 4 (SQ4),
active smoking.
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Statistical Analysis
Parametric variables were presented as mean ± standard deviation
(SD), and non-parametric variables were presented as median
(interquartile range [IQR]). For multi-group comparison,
parametric variables were analyzed using the one-way or two-way
analysis of variance (ANOVA), and non-parametric variables were
analyzed using the Kruskal-Wallis test. The frequencies of
categorical variables were reported as percentages, and the
Pearson c2 test was used for multi-group comparison. Trends in
the BMI and the absolute increase in BMI (DBMI) from the baseline
were calculated for overall, four UC classes, and five SQ classes and
were evaluated using repeated measures ANOVA. The null
hypothesis for equal distribution among four or five classes was
assessed using theMauchly’s sphericity test. If the sphericity was not
satisfied, the P values in repeated measures ANOVA were adjusted
using the Greenhouse–Geisser ϵ correction. BMI was evaluated as
the main effect, and BMI × UC classification was assessed as the
interaction. After comparing the four and five classes in the
complete set (n = 35829), BMI and DBMI were analyzed using
repeated measures analysis of covariance (ANCOVA) corrected for
the covariates: mother’s age at delivery (years), pre-pregnancy BMI
(kg/m2), regular alcohol drinking (yes or no), hypertension (yes or
no), diabetes mellitus (yes or no), infant sex, pregnancy period,
maternal education of ≥16 years (yes or no), paternal education of
≥16 years (yes or no), household income in Japanese Yen (class 1,
<4million; class 2, ≥4million and <8million; class 3, ≥8million and
<12 million; class 4, ≥12 million). Post-hoc group comparisons were
made after the Bonferroni correction. For the sensitivity analysis, the
missing values and multiple imputations were evaluated. The
dropout rates in BMI at 36 months after birth were calculated.
The visualization of missing and imputed values was performed
using the R statistical software (R-4.0.2, The R Foundation Vienna,
Austria) with VIM package 6.0.0 and ggplot2 package 3.3.2.
Multiple imputations for the missing data were performed using
the Bayesian method with the minimum and maximum values set
for each variable. To create and analyze 89617 records, the missing
confounders were imputed for BMI at six, nine,12,18, 24, and 36
months, maternal age, BMI before pregnancy, body weight gain
during pregnancy, alcohol drinking during pregnancy, maternal
and paternal education of ≥16 years, and an annual class of
household income. The receiver operating characteristic curve
(ROC) analysis of UC levels was done from the area under the
curve (AUC) for active and second-hand smoking.

Unless otherwise indicated, statistical analyses were performed
using SPSS version 25.0 (SPSS, Chicago, Illinois, USA). A value of
P <0.05 was considered statistically significant using a two-
sided test.
RESULTS

Distribution of Maternal UC Levels
The median UC concentration in the list-wise dataset (Dataset 3,
Supplement 1, n = 35829) was 0.12 ng/mL (IQR, 0.05–0.39 ng/mL),
minimum was 0.03 ng/mL, maximum was 6,030 ng/mL, and
approximately 86% was distributed below 1 ng/mL. Since there was
April 2022 | Volume 13 | Article 850784
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no normal distribution in UC concentration, data were converted to
log10. In Dataset 3, Supplement 1, UC levels in log10 had a median
value of −0.92 (IQR, −1.30 to −0.41] and a bimodal
distribution (Figure 1).

Characteristics of Participants in the
UC Classes
The general characteristics of 35829 records in the classes of UC levels
are shown in Table 1. Participants were categorized into four classes
according to log10 UC levels [log (ng/mL)]: UC1, <−1; UC2, <−1 to 0;
UC3, <0–1; andUC4 [log (ng/mL)] and their corresponding frequencies
were 45.4%, 40.7%, 8.5%, and 5.4%, respectively. Gestational body
weight gain, and BMI at delivery were highest in UC4. The age at
delivery was lower in UC3 and UC4. UC1, UC2, UC3, and UC4 had
83.5%, 62.2%, 27.2%, and 13.0% of no active or secondhand smoking
(SQ0), respectively. Regular alcohol consumption was highest in UC4.
The rates of hypertension and diabetes mellitus were slightly higher in
UC3 and UC4. Maternal and paternal education of ≥16 years and
household income were the lowest in UC4.
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FIGURE 1 | Distribution of urinary cotinine (UC) levels in Dataset 2
(n = 89617) and Dataset 3 (n = 35829) Bars represent numbers in individual
UC concentration in log10 (ng/mL) and are categorized by UC classes. Please
see detail in the text and Supplement 1.
TABLE 1 | General characteristics of 35,829 list-wise participants in classes of urine cotinine (UC) concentration.

Factors Definition Overall Classes by UC concentration P

UC1 UC2 UC3 UC4

Numbers of pairs (%) 35,829 16,264 (45.4) 14,579 (40.7) 3,045 (8.5) 1,941 (5.4)
Mothers
Pre-pregnancy body weight, kg 52.9 (8.49) 52.7 (8.16) 52.8 (8.42) 53.6 (9.45) 53.8 (9.98) 0.001
Pre-pregnancy BMI, kg/m2 21.11 (3.15) 21.02 (3.03) 21.08 (3.10) 21.44 (3.52) 21.51 (3.70) <0.001
Gestational body weight gain, kg 10.09 (5.90) 9.65 (6.45) 10.29 (5.67) 10.85 (4.18) 11.02 (4.42) <0.001
BMI at delivery (kg/m2) 25.1 (3.63) 24.9 (3.71) 25.2(3.53) 25.8 (3.46) 26.0 (3.64) <0.001
Pregnancy period (days) 275.19 (9.92) 274.85 (10.00) 275.54 (9.72) 276.04 (9.82) 274.08 (10.67) <0.001
Age of mother at derlivery (years) 31.90 (4.68) 32.72 (4.35) 31.47 (4.69) 30.25 (5.16) 30.96 (5.21) <0.001
Numbers of pairs by SQ class (%) SQ0 No active nor SHS

smoking
23,720 (66.2) 13,573 (83.5) 9,068 (62.2) 827 (27.2) 252 (13.0) <0.001

SQ1 SHS < 7h/week 10,047 (28.0) 2,645 (16.3) 5,140 (35.3) 1,711 (56.2) 551 (28.4)
SQ2 SHS 7h≤ and <14/

week
692 (1.9) 24 (0.1) 254 (1.7) 304 (10.0) 110 (5.7)

SQ3 SHS14h≤/week 433 (1.2) 21 (0.1) 114 (0.8) 201 (6.6) 97 (5.0)
SQ4 Active smoking 937 (2.6) 1 (0.0) 3 (0.0) 2 (0.1) 931 (48.0)

UC (ng/mL) 0.12 [0.05,
0.39]

0.05 [0.03,
0.07]

0.23 [0.15,
0.42]

1.86 [1.32,
3.04]

574.00 [183,
1240]

<0.001

UC log10 (ng/mL) -0.92 [-1.30,
-0.41]

-1.34 [-1.52,
-1.17]

-0.63 [-0.83,
-0.38]

0.27 [0.12,
0.48]

2.76 [2.26,
3.09]

<0.001

Regular alcohol drinking (%) 850 (2.4) 304 (1.9) 350 (2.4) 80 (2.6) 116 (6.0) <0.001
Hypertention (%) 429 (1.2) 195 (1.2) 153 (1.0) 45 (1.5) 36 (1.9) 0.008
Diabetes mellitus (%) 368 (1.0) 149 (0.9) 143 (1.0) 47 (1.5) 29 (1.5) 0.002
Maternal education ≥ 16 years (%) 9,314 (26.0) 5302 (32.6) 3,494 (24.0) 385 (12.6) 133 (6.9) <0.001
Paternal education ≥ 16 years (%) 13,561 (37.8) 7,702 (47.4) 4,971 (34.1) 623 (20.5) 265 (13.7) <0.001
Numbers of pairs by household

income class (%)
1 < 4 million Japanese

Yen
12,814 (35.8) 4,789 (29.4) 5,443 (37.3) 1,561 (51.3) 1,021 (52.6) <0.001

2 4 ≤ and <8 18,682 (52.1) 9,239 (56.8) 7,429 (51.0) 1,236 (40.6) 778 (40.1)
3 8 ≤ and < 12 3,683 (10.3) 1,903 (11.7) 1,467 (10.1) 201 (6.6) 112 (5.8)
4 12 ≤ 650 (1.8) 333 (2.0) 240 (1.6) 47 (1.5) 30 (1.5)

Infants
Male gender (%) 18,280 (51.0) 8,271 (50.9) 7,435 (51.0) 1,576 (51.8) 998 (51.4) 0.810
Length or height at birth (cm) 49.0 (2.1) 48.97 (2.12) 49.01 (2.13) 49.01 (2.21) 48.49 (2.25) <0.001
Body weight at birth (g) 3,026 (399) 3,025 (398) 3,035 (394) 3048 (412) 2,929 (407) <0.001
April 2022 | Volume 13 | Article
Data are number (%), mean (standard deviation), or median [25%, 75%]. UC, urine cotinine; BMI, body mass index; UC1, UC class 1; UC2, UC class 2; UC3, UC class 3; UC4, UC class 4;
SQ, smoking questionnaire; SQ0, SQ class 0; SQ1, SQ class 1; SQ2, SQ class 2; SQ3, SQ class 3; SQ4, SQ class 4; SHS, second-hand smoke; P, probability by ANOVA.
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Association of UC Class and Infant
BMI Trajectory
Trends in BMI of participants in the UC classes before (n = 35829)
and after (n = 89617) multiple imputations are shown in Table 2
and Figure 2. BMI data showed normal distributions at birth and
six, 12, 18, 24, 30, and 36 months. Overall, the 35829 records
including four UC classes showed an increase in the mean BMI
from 12.6 (SD 1.17) kg/m2 at birth to peak 17.2 (1.50) kg/m2 at six
months, which gradually decreased to 16.0 (1.23) kg/m2 at 36
months, and DBMI from baseline peaked at 0.37 (0.15) kg/m2 at
six months and decreased to 0.28 (0.14) kg/m2 at 36 months.

Since the null hypothesis for equal distribution among the
four classes was rejected by the Mauchly’s sphericity test, P
values in repeated measures ANOVA were adjusted using the
Greenhouse–Geisser ϵ correction (Table 2). The main effect was
BMI (P = 0.000), and BMI × UC class (P = 0.000) was the
interaction. BMI and DBMI were comparable before and after
correction (Table 2B). In the 35829 records, UC4 showed the
lowest BMI at birth and the highest BMI at six months, gradually
decreasing to comparable levels to that of the other three classes
at 18, 24, 30, and 36 months (Table 2A, Figure 2A upper panel).
DBMI from baseline was the highest at 0.41 (0.16) kg/m2 at six
months and decreased gradually but remained highest at 36
months (Figure 2A lower panel). Trends in BMI and DBMI
corrected by bellow covariates were compared using repeated
measures ANCOVA (Table 2B, Figure 2B). The covariates
included were maternal age at delivery (years), pre-pregnancy
BMI (kg/m2), regular alcohol drinking (yes or no), hypertension
(yes or no), diabetes mellitus (yes or no), infant sex, maternal
education of ≥16 years (yes or no), paternal education of ≥16
years (yes or no), and household income (class 1 to 4).

Multiple Imputation Analyses
The missing rate in BMI data of 89617 participants was
significantly different among the four UC classes (Table 3): the
missing rates at 36 months were the lowest in UC1 (17.6%) and
the highest in UC4 (42.6%). Because the missing patterns of
variables were considered to be missing not at random (MNAR)
(Supplement 2), the database was used after multiple
imputations (Table 3). There were no significant differences in
the general characteristics before and after multiple imputations.
In Dataset 2, UC levels in log10 showed a bimodal distribution as
in Dataset 3 (Figure 1). The trends in BMI of participants in UC
classes before (n = 35829) and after (n = 89617) multiple
imputations are presented in Table 2C and Figure 2C. After
multiple imputations, the statistical differences were largely
enhanced, indicating that the trend in BMI was step-wise
increased according to the class of UC levels (UC1 < UC2 <
UC3 < UC4). The trends in BMI and DBMI in the multiple
imputation datasets were comparable before and after correction
by covariates (Table 2D and Figure 2D).

Association Between Self-Reported
Smoking Status and UC Levels
As shown in Table 4, UC levels (median) increased in a stepwise
manner for SQ classes [log10 (ng/mL)]: SQ0, −1.09 [IQR, −1.41
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to −0.72]; SQ1, −0.57 [−1.03 to −0.06]; SQ2, 0.20 [−0.30 to 0.69];
SQ3, 0.38 [−0.12 to 0.94]; and SQ4, 2.89 [2.57 to 3.18]. However,
as shown in Figure 3A, fluctuations in UC levels were large. In
SQ0, 42.8% showed UC2–4 and in UC1, UC2, and UC3, 73.7%,
96.5%, and 95.1% showed UC2–4, respectively. In SQ4, 99.4%
showed UC4. There was a strong discrepancy between the UC
classes and SQ classes.

Trends in BMI and DBMI of 35829 list-wise participants in
the SQ class are shown in Table 5 and Figures 3B, C. After the
corrections for covariates, the trends in BMI and DBMI were not
significantly different between the four classes (Table 5).
DISCUSSION

In the current study, we observed that BMI was lower at birth,
but the trends in BMI and DBMI were higher from six to 36
months step-wise according to UC levels during pregnancy. The
effects were observed in the list-wise complete dataset (35829
records), but it was emphasized after multiple imputations and
corrections of confounders. In addition, the relationship between
the SQ class and trends in BMI and DBMI was not statistically
significant after the corrections of confounders. Since UC
concentration in the five SQ classes largely fluctuated, the self-
reported smoking status such as active and second-hand
smoking could not be shown to be linked to infant BMI.
Collectively, the results suggested that UC concentrations, but
not self-reported smoking status, directly affect the BMI
trajectory in a dose-dependent manner.

In a study with 630 multi-ethnic offspring, Moore et al.
reported that infants exposed prenatally to active or second-
hand smoking experience an increase in BMI until three years of
age (6), which agrees with our findings. In recent decades,
childhood obesity has been considered a major cause of obesity
globally (17, 18). Obesity and obesity-related ASCVD have
become a major health problem not only in Europe (3) and
the United States (4) but also in Asian countries (19).

Previous studies have reported that urinary or serum
concentrations of cotinine are related to parents’ low
educational background and low income (6, 7, 20), which
agrees with our findings. However, our study first confirmed
that UC levels are strongly linked to postnatal BMI trajectory
after correcting socioeconomic statuses, such as parental
education and household income. Since the missing rate in
BMI was vastly different (UC1, 17.6% vs. UC4, 42.6%), and the
missing pattern was MNAR, the analysis in the list-wise
complete dataset for 36 months may have caused bias. A
multiple imputation model for correcting missing patterns was
adopted to minimize this bias, confirming that UC levels were
strongly linked to postnatal BMI trajectory. Altogether, our
results support that tobacco substances, not via altered
socioeconomic statuses and other confounding factors, largely
change BMI trajectory.

Previous studies have reported underestimating smoking
status using a questionnaire and difficulty quantifying active
and second-hand smoking (7). There was also a large
April 2022 | Volume 13 | Article 850784
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TABLE 2 | Trends in body mass index (BMI) of participants in urinary cotinine (UC) classes before (n=35,829) and after (n= 89,617) multiple imputation.

vs UC2 vs UC3

UC3 UC 4 UC4

00 P = 0.040 P = 0.172 P = 1.000

vs UC2 vs UC3

UC3 UC 4 UC4

16 P = 1.000 P = 0.853 P = 1.000

vs UC2 vs UC3

UC3 UC 4 UC4

00 P = 0.000 P = 0.000 P = 0.014

vs UC2 vs UC3

UC3 UC 4 UC4

00 P = 0.059 P = 0.000 P = 0.004
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A. Complete set (n = 35,829).

BMI (kg/m2) Classes by UC concentration vs UC1

UC1 UC2 UC3 UC4 UC2 UC3 UC4

at birth 12.58 (12.56–12.60) 12.60 (12.58–12.62) 12.65 (12.61–12.69) 12.41 (12.36–12.46)

P = 0.000 P = 0.000 P = 0.

at 6 month 17.09 (17.07–17.12) 17.19 (17.16–17.21) 17.28 (17.23–17.33) 17.43 (17.36–17.49)
at 12 month 16.98 (16.96–17.00) 17.05 (17.03–17.07) 17.12 (17.07–17.16) 17.23 (17.17–17.29)
at 18 month 16.56 (16.54–16.58) 16.64 (16.61–16.66) 16.69 (16.64–16.75) 16.70 (16.64–16.77)
at 24 month 16.35 (16.33–16.37) 16.42 (16.40–16.44) 16.44 (16.40–16.49) 16.42 (16.36–16.48)
at 30 month 16.23 (16.21–16.25) 16.26 (16.24–16.28) 16.28 (16.24–16.33) 16.28 (16.22–16.34)
at 36 month 15.98 (15.96–16.00) 16.00 (15.98–16.02) 16.05 (16.01–16.10) 16.04 (15.99–16.10)

B. ANCOVA (n = 35,829)

BMI (kg/m2) Classes by UC concentration vs UC1

UC1 UC2 UC3 UC4 UC2 UC3 UC4

at birth 12.60 (12.58–12.61) 12.59 (12.57–12.61) 12.60 (12.56–12.64) 12.43 (12.38–12.48)

P = 0.007 P = 0.012 P = 0.0

at 6 month 17.12 (17.10–17.15) 17.18 (17.15–17.20) 17.21 (17.16–17.27) 17.36 (17.29–17.42)
at 12 month 17.00 (16.98–17.02) 17.04 (17.02–17.07) 17.08 (17.03–17.13) 17.19 (17.13–17.25)
at 18 month 16.57 (16.55–16.60) 16.63 (16.61–16.66) 16.66 (16.61–16.71) 16.67 (16.61–16.74)
at 24 month 16.36 (16.34–16.38) 16.41 (16.39–16.44) 16.43 (16.38–16.47) 16.40 (16.34–16.46)
at 30 month 16.23 (16.21–16.25) 16.26 (16.24–16.28) 16.27 (16.22–16.32) 16.27 (16.21–16.33)
at 36 month 15.98 (15.97–16.00) 16.00 (15.99–16.02) 16.04 (15.99–16.08) 16.03 (15.98–16.09)

C. Multiple imputation (n = 89,617)

BMI (kg/m2) Classes by UC concentration vs UC1

UC1 UC2 UC3 UC4 UC2 UC3 UC4

at birth 12.59 (12.58–12.61) 12.63 (12.61–12.64) 12.66 (12.63–12.68) 12.47 (12.44–12.49)

P = 0.000 P = 0.000 P = 0.0

at 6 month 17.14 (17.12–17.16) 17.23 (17.21–17.24) 17.34 (17.31–17.37) 17.49 (17.46–17.53)
at 12 month 17.00 (16.99–17.02) 17.07 (17.05–17.08) 17.16 (17.13–17.18) 17.31 (17.28–17.34)
at 18 month 16.56 (16.55–16.58) 16.63 (16.61–16.64) 16.68 (16.65–16.71) 16.79 (16.76–16.83)
at 24 month 16.35 (16.34–16.36) 16.40 (16.39–16.41) 16.43 (16.40–16.45) 16.48 (16.45–16.51)
at 30 month 16.22 (16.21–16.24) 16.25 (16.23–16.26) 16.29 (16.26–16.32) 16.32 (16.29–16.35)
at 36 month 15.98 (15.97–15.99) 16.00 (15.99–16.01) 16.04 (16.01–16.06) 16.07 (16.04–16.09)

D. Multiple imputation + ANCOVA (n = 89,617)

BMI (kg/m2) Classes by UC concentration vs UC1

UC1 UC2 UC3 UC4 UC2 UC3 UC4

at birth 12.62 (12.60–12.63) 12.61 (12.60–12.62) 12.62 (12.59–12.64) 12.48 (12.45–12.50)

P = 0.001 P = 0.000 P = 0.0

at 6 month 17.18 (17.17–17.20) 17.22 (17.21–17.24) 17.27 (17.24–17.30) 17.42 (17.39–17.46)
at 12 month 17.02 (17.00–17.04) 17.07 (17.05–17.08) 17.12 (17.09–17.14) 17.26 (17.23–17.29)
at 18 month 16.58 (16.57–16.60) 16.62 (16.61–16.64) 16.65 (16.62–16.68) 16.76 (16.73–16.79)
at 24 month 16.36 (16.34–16.37) 16.40 (16.39–16.41) 16.42 (16.39–16.45) 16.46 (16.44–16.49)
at 30 month 16.23 (16.21–16.24) 16.25 (16.23–16.26) 16.28 (16.25–16.31) 16.31 (16.28–16.34)
at 36 month 15.99 (15.97–16.00) 16.00 (15.99–16.01) 16.03 (16.00–16.05) 16.06 (16.03–16.08)

Data are mean (95% confidenctial interval). UC, urine cotinine; BMI, body mass index; UC1, UC class 1; UC2, UC class 2; UC3, UC class 3; UC4, UC class 4. P, provability for group d
repeated measures ANOVA adjusted using the Greenhouse–Geisser ϵ correction.
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Hirai et al. Maternal Smoking and Infant BMI Trajectory
discrepancy between the classes categorized by UC levels and the
smoking status questionnaire in our research. In the absence of
active or second-hand smoking (SQ0), 42.8% showed UC2–4. In
contrast, UC4 included 48.0% active smoking class (SQ 4) and
52.0% no active smoking class (SQ0, SQ1, SQ2, and SQ3). These
results indicate that smoking status by SQ includes potential
uncertainty. Combined, although urinary cotinine can estimate
active smoking, it would be challenging to accurately detect
passive smoking based on smoking questionnaires. Therefore,
it may be reasonable to consider urinary cotinine as desirable for
evaluating true smoking status (especially passive smoking and
second-hand smoke) because interview alone is insufficient, as
claimed in this paper. Clearly, the validity and reliability of this
self-reported SQ class need to be evaluated compared to the UC
classes in future studies of different ethnicities and populations.
In our study, the ROC analysis of UC levels showed that the AUC
for active smoking was 0.980 [95% CI 0.979–0.982], and the
AUC for second-hand smoking was 0.762 [95% CI 0.759–0.766],
Frontiers in Endocrinology | www.frontiersin.org 7139
which are similar to the findings of the previous profile paper
(16). Therefore, it is considered that the accurate assessment of
smoking during pregnancy needs a smoking status questionnaire
and an evaluation of cotinine levels.

In our study, BMI was lower at birth, but trends in BMI and
DBMI were higher from six to 36 months of age with the levels of
maternal UC. This indicates that the catch-up-growth in infants
from mothers exposed to active or second-hand smoking occurs
six months after birth (11). A hypothesis concerning the
mechanism that causes a rapid rise in BMI after delivery of
low birth weight infants includes the effects of the
neuroendocrine system, including growth hormone (9, 21) and
acceleration of compensatory cell proliferation (22). An earlier
BMI peak has been reported contributing to an increased risk of
future obesity and ASCVD (23, 24). Lindström et al. said in an
observational study in Sweden that the catch-up-growth rate of
children born small for gestational age from smoking mothers
was greater than that of children from nonsmoking mothers (11).
A B C D

FIGURE 2 | Trends in body mass index (BMI) of participants in urinary cotinine (UC) classes before and after multiple imputations Participants were categorized into
four classes according to log10 UC levels [log10 (ng/mL)]: class 1: <−1, class 2: <−1 to 0, class 3: <0–1, class 4: ≥1. The trend in BMI and the differences from
baseline (DBMI) are shown according to UC class before and after multiple imputations. Values are shown in (A) a complete set (n = 35829); (B) complete set plus
repeated measured analysis of covariance (ANCOVA) corrected by covariates: mother’s age at delivery (years), pre-pregnancy BMI (kg/m2), regular alcohol drinking
(yes or no), hypertension (yes or no), diabetes mellitus (yes or no), infant sex, pregnancy period, maternal education of ≥16 years (yes or no), paternal education of
≥16 years (yes or no), household income (1, <4 million; 2, ≥4 million and <8 million; 3, ≥8 million and <12 million; 4, ≥12 million in Japanese Yen); (C) dataset
(n = 89617) imputed the missing confounders on BMI at six, nine, 12, 18, 24, and 36 months, maternal age, BMI before pregnancy, body weight gain during
pregnancy, alcohol drinking during pregnancy, maternal and paternal education of ≤16 years, and class of annual household income; and (D) dataset imputed as in
(C) plus ANCOVA done as in (B).
April 2022 | Volume 13 | Article 850784
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TABLE 3 | General characteristics of 89,617 participants in classes by urine cotinine (UC) concentration before and after multiple imputation.

Multiple imputation

verall UC1 UC2 UC3 UC4 P

.1 (8.87) 52.9 (8.31) 53.0 (8.65) 53.6 (9.89) 54.0 (10.57) <0.001

.2 (3.30) 21.1 (3.07) 21.2 (3.21) 21.5 (3.69) 21.6 (3.95) <0.001

.32 (4.93) 9.77 (5.21) 10.44 (4.76) 11.13 (4.44) 11.20 (4.68) <0.001

.4 (3.47) 25.0 (3.39) 25.4 (3.38) 26.0 (3.59) 26.1 (3.76) <0.001

.88 (11.22) 274.52 (11.53) 275.32 (10.63) 275.50 (11.54) 273.81 (11.93) <0.001

.19 (5.02) 32.48 (4.46) 30.88 (4.91) 28.92 (5.48) 29.68 (5.60) <0.001

578 (60.9) 29,412 (83.2) 21,866 (60.4) 2,359 (24.4) 941 (11.2) <0.001

532 (29.6) 5,828 (16.5) 13,255 (36.6) 5,311 (55.0) 2,138 (25.5)

509 (2.8) 74 (0.2) 731 (2.0) 1,114 (11.5) 590 (7.0) 　

756 (2.0) 39 (0.1) 328 (0.9) 828 (8.6) 561 (6.7)

242 (4.7) 4 (0.0) 27 (0.1) 45 (0.5) 4,166 (49.6) 　

15 [0.06,
0.64]

0.05 [0.03,
0.07]

0.24 [0.15,
0.44]

1.99 [1.37,
3.42]

626 [188,
1,370]

<0.001

81 [-1.24,
-0.19]

-1.33 [-1.52,
-1.16]

-0.61 [-0.82,
-0.36]

0.30 [0.14,
0.53]

2.80 [2.27,
3.14]

<0.001

6.8 (2.82) 745.2 (2.11) 925.9 (2.56) 305.2 (3.16) 550.6 (6.56) <0.001

092 (1.2) 405 (1.1) 402 (1.1) 144 (1.5) 141 (1.7) <0.001
64 (1.1) 349 (1.0) 366 (1.0) 135 (1.4) 114 (1.4) <0.001

9,372.5
(21.62)

10,659.8
(30.14)

7,441.2
(20.55)

914.7 (9.47) 356.9 (4.25) <0.001

9,685.1
(33.12)

16,067.8
(45.44)

11,184.0
(30.89)

1,519.4
(15.73)

914.0 (10.89) <0.001

6,553.6
(40.79)

11,063.3
(31.29)

14,796.5
(40.87)

5,593.5
(57.92)

5,100.3
(60.75)

<0.001

3,531.6
(48.58)

19,657.6
(55.60)

17,579.1
(48.55)

3,443.4
(35.66)

2,851.6
(33.96)

80.4 (8.79) 3,860.1
(10.92)

3,179.7 (8.78) 501.9 (5.20) 338.8 (4.04) 　

51.5 (1.84) 776.2 (2.20) 651.7 (1.80) 118.3 (1.22) 105.4 (1.26)

955 (51.3) 18,120 (51.2) 18,542 (51.2) 4,957 (51.3) 4336 (51.6) 0.911
.96 (2.2) 48.98 (2.20)　 49.03 (2.16) 49.00 (2.21) 48.47 (2.30) <0.001

,030.1
406.17)

3,032.5
(408.26)

3,043.9
(400.23)

3,047.8
(407.35)

2,940.5
(410.12)

<0.001

.6 (1.19) 12.6 (1.18) 12.6 (1.20) 12.7 (1.19) 12.5 (1.22) <0.001

.2 (1.51) 17.1 (1.50) 17.2 (1.50) 17.3 (1.55) 17.5 (1.54) <0.001

.1 (1.36) 17.0 (1.34) 17.1 (1.35) 17.2 (1.38) 17.3 (1.40) <0.001

.6 (1.50) 16.6 (1.47) 16.6 (1.49) 16.7 (1.54) 16.8 (1.62) <0.001

.4 (1.35) 16.4 (1.33) 16.4 (1.35) 16.4 (1.35) 16.5 (1.40) <0.001

.2 (1.34) 16.2 (1.31) 16.2 (1.33) 16.3 (1.38) 16.3 (1.42) <0.001

.0 (1.26) 16.0 (1.23) 16.0 (1.26) 16.0 (1.28) 16.1 (1.33) <0.001

Q0, SQ class 0; SQ1, SQ class 1; SQ2, SQ class 2; SQ3, SQ class 3; SQ4, SQ class 4; SHS,
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Factors Definition Classes by UC concentration Missing

Overall UC1 UC2 UC3 UC4 P Overall UC1 UC2 UC3 UC4

Numbers of pairs
(%)

89,617 35,357 (39.5) 36,207 (40.4) 9,657 (10.8) 8,396 (9.4)

Mothers
Pre-pregnancy body
weight (kg)

53.1 (8.87) 52.9 (8.32) 53.0 (8.65) 53.6 (9.89)　 54.0 (10.57) <0.001 39 (0.0) 7 (0.0) 17 (0.0) 7 (0.1) 8 (0.1) 5

Pre-pregnancy BMI
(kg/m2)

21.2 (3.30) 21.1 (3.08) 21.2 (3.21) 21.5 (3.69) 21.6 (3.95) <0.001 51 (0.1) 9 (0.0) 20 (0.1) 12 (0.1) 10 (0.1) 2

Gestational body
weight gain (kg)

10.3 (4.94) 9.74 (5.23) 10.42 (4.76) 11.14 (4.43) 11.20 (4.67) <0.001 1,538 (1.7) 724 (2.0) 609 (1.7) 121 (1.3) 84 (1.0) 10

BMI at delivery (kg/
m2)

25.4 (3.49) 25.0 (3.42) 25.4 (3.40) 26.0 (3.61) 26.1 (3.77) <0.001 1,516 (1.7) 719 (2.0) 596 (1.6) 121 (1.3) 80 (1.0) 2

Pregnancy period
(days)

274.88 (11.23) 274.52 (11.53) 275.32 (10.63) 275.50 (11.54) 273.81 (11.93) <0.001 0 0 0 0 0 274

Age of mother at
derlivery (years)

31.19 (5.03) 32.48 (4.46) 30.88 (4.91) 28.92 (5.48) 29.68 (5.60) <0.001 5 (0.0) 3 (0.0) 2 (0.0) 0 0 31

Numbers of pairs by
SQ class (%)

SQ0 No 54,578 (60.9) 29,412 (83.2) 21,866 (60.4) 2,359 (24.4) 941 (11.2) <0.001 0 0 0 0 0 54

SQ1 SHS <
7h/week

26,532 (29.6) 5,828 (16.5) 13,255 (36.6) 5,311 (55.0) 2,138 (25.5) 0 0 0 0 0 26

SQ2 SHS 7h≤
and <14/
week

2,509 (2.8) 74 (0.2) 731 (2.0) 1,114 (11.5) 590 (7.0) 　 0 0 0 0 0 2

SQ3 SHS14h≤/
week

1,756 (2.0) 39 (0.1) 328 (0.9) 828 (8.6) 561 (6.7) 0 0 0 0 0 1

SQ4 Maternal
smoking

4,242 (4.7) 4 (0.0) 27 (0.1) 45 (0.5) 4,166 (49.6) 　 0 0 0 0 0 4

UC (ng/mL) 0.15 [0.06,
0.64]

0.05 [0.03,
0.07]

0.24 [0.15,
0.44]

1.99 [1.37,
3.42]

626 [188,
1,370]

<0.001 0 0 0 0 0 0

UC log10 (ng/mL) -0.81 [-1.24,
-0.19]

-1.33 [-1.52,
-1.16]

-0.61 [-0.82,
-0.36]

0.30 [0.14,
0.53]

2.80 [2.27,
3.14]

<0.001 0 0 0 0 0 -0

Regular alcohol
drinking (%)

2,510 (2.8) 739 (2.1) 923 (2.6) 303 (3.2) 545 (6.6) <0.001 703 (0.8) 268 (0.8) 256 (0.7) 90 (0.9) 112 (1.3) 25

Hypertention (%) 1,092 (1.2) 405 (1.1) 402 (1.1) 144 (1.5) 141 (1.7) <0.001 0 0 0 0 0 1
Diabetes mellitus
(%)

964 (1.1) 349 (1.0) 366 (1.0) 135 (1.4) 114 (1.4) <0.001 0 0 0 0 0

Maternal education
≥ 16 years (%)

19,291 (21.6) 10,620 (30.2) 7,409 (20.6) 909 (9.5) 353 (4.2) <0.001 464 (0.5) 141 (0.4) 172 (0.5) 63 (0.7) 88 (1.0)

Paternal education
≥ 16 years (%)

29,451 (33.2) 15,961 (45.5) 11,098 (30.9) 1,497 (15.8) 895 (10.9) <0.001 1,014 (1.1) 268 (0.8) 331 (0.9) 196 (2.0) 219 (2.6)

Numbers of pairs by
household income
class (%)

1 < 4 million
Japanese
Yen

33,581 (40.3) 10,356 (31.1) 13,671 (40.5) 5,006 (57.3) 4,548 (60.2) <0.001 6,233 (7.0) 2,055
(5.8)

2,425
(6.7)

918 (9.5) 835 (9.9)

2 4 ≤ and
<8

40,784 (48.9) 18,547 (55.7) 16,482 (48.8) 3,155 (36.1) 2,600 (34.4)

3 8 ≤ and <
12

7,456 (8.9) 3,661 (11.0) 3,011 (8.9) 468 (5.4) 316 (4.2) 7,8

4 12 ≤ 1,563 (1.9) 738 (2.2) 618 (1.8) 110 (1.3) 97 (1.3) 1,6
Infants
Male gender (%) 45,955 (51.3) 18,120 (51.2) 18,542 (51.2) 4,957 (51.3) 4336 (51.6) 0.897 0 0 0 0 0 45
Length or height at
birth (cm)

48.96 (2.2) 48.98 (2.20)　 49.03 (2.16) 49.00 (2.21) 48.47 (2.30) <0.001 0 0 0 0 0 4

Body weight at birth
(kg)

3,030.1
(406.17)

3,032.5
(408.26)

3,043.9
(400.23)

3,047.8
(407.35)

2,940.5
(410.12)

<0.001 0 0 0 0 0

BMI (kg/m2)
at birth 12.6 (1.19) 12.6 (1.18) 12.6 (1.20) 12.7 (1.19) 12.5 (1.22) <0.001 0 0 0 0 0 1
at 6 month 17.2 (1.51) 17.1 (1.50) 17.2 (1.50) 17.3 (1.56) 17.5 (1.54) <0.001 7,807 (8.7) 2,064

(5.8)
2,892
(8.0)

1,185
(12.3)

1,666
(19.8)

1

at 12 month 17.0 (1.35) 17.0 (1.34) 17.0 (1.34) 17.1 (1.39) 17.3 (1.39) <0.001 28,226 (31.5) 9,614
(27.2)

11,155
(30.8)

3,480
(36.0)

3,977
(47.4)

1

at 18 month 16.6 (1.50) 16.6 (1.46) 16.6 (1.49) 16.7 (1.55) 16.8 (1.68) <0.001 19,563 (21.8) 5,993
(16.9)

7,555
(20.9)

2,767
(28.7)

3,248
(38.7)

1

at 24 month 16.4 (1.35) 16.4 (1.33) 16.4 (1.35) 16.4 (1.35) 16.5 (1.41) <0.001 18,336 (20.5) 5,493
(15.5)

7,066
(19.5)

2,567
(26.6)

3,210
(38.2)

1

at 30 month 16.2 (1.34) 16.2 (1.31) 16.3 (1.33) 16.3 (1.40) 16.3 (1.46) <0.001 21,316 (23.8) 6,428
(18.2)

8,303
(22.9)

3,026
(31.3)

3,559
(42.4)

1

at 36 month 16.0 (1.25) 16.0 (1.22) 16.0 (1.25) 16.0 (1.29) 16.1 (1.37) <0.001 20,815 (23.2) 6,212
(17.6)

8,043
(22.2)

2,985
(30.9)

3,575
(42.6)

1

Data are number (%), mean (standard deviation), or median [25%, 75%]. UC, urine cotinine; BMI, body mass index; UC1, UC class 1; UC2, UC class 2; UC3, UC class 3; UC4, UC class 4; SQ, smoking questionnaire;

second-hand smoke; P, probability by ANOVA.

140
O

3

1

5

,

,

,

,

,

.

.

2

,
9

1

2

3

4

,
8

3
(

2
7

7

6

6

6

6

S

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


TABLE 4 | General characteristics of 35,829 list-wise participants in classes by smoking questionnaire (SQ).

Classes by SQ P

SQ1 SQ2 SQ3 SQ4
SHS < 7h/week SHS 7h≤ and <14/

week
SHS14h≤/

week
Active

smoking

10,047 (28.0) 692 (1.9) 433 (1.2) 937 (2.6)

53.41 (8.98) 53.65 (9.75) 54.11 (10.20) 53.75 (9.77) <0.001
21.3 (3.35) 21.4 (3.55) 21.7 (3.70) 21.5 (3.66) <0.001
10.35 (7.81) 11.03 (4.18) 11.18 (5.05) 11.16 (4.42) <0.001
25.5 (4.22) 25.8 (3.55) 26.2 (3.61) 26.0 (3.58) <0.001

275.34 (9.93) 275.89 (10.11) 275.54 (9.95) 274.00 (10.83) <0.001
31.32 (4.82) 30.52 (5.29) 30.30 (5.45) 31.13 (5.22) <0.001

0.27 [0.09, 0.86] 1.60 [0.50, 4.89] 2.39 [0.77,
8.72]

769 [370,
1520]

<0.001

-0.57 [-1.03,
-0.06]

0.20 [-0.30, 0.69] 0.38 [-0.12,
0.94]

2.89 [2.57,
3.18]

<0.001

2,645 (26.3) 24 (3.5) 21 (4.8) 1 (0.1) <0.001
5,140 (51.2) 254 (36.7) 114 (26.3) 3 (0.3)

1,711 (17.0) 304 (43.9) 201 (46.4) 2 (0.2)
551 (5.5) 110 (15.9) 97 (22.4) 931 (99.4)
260 (2.6) 21 (3.0) 18 (4.2) 81 (8.6) <0.001
132 (1.3) 12 (1.7) 6 (1.4) 18 (1.9) 0.610
114 (1.1) 11 (1.6) 6 (1.4) 12 (1.3) 0.209

1,944 (19.3) 67 (9.7) 37 (8.5) 49 (5.2) <0.001
2,935 (29.2) 135 (19.5) 74 (17.1) 105 (11.2) <0.001
4,099 (40.8) 367 (53.0) 244 (56.4) 510 (54.4) <0.001

4,903 (48.8) 269 (38.9) 153 (35.3) 367 (39.2)
886 (8.8) 49 (7.1) 28 (6.5) 48 (5.1)
159 (1.6) 7 (1.0) 8 (1.8) 12 (1.3)

5,093 (50.7) 345 (49.9) 237 (54.7) 478 (51.0) 0.508
48.97 (2.15) 48.96 (2.23) 49.09 (2.23) 48.24 (2.25) <0.001
3,029 (402) 3,043 (408) 3,040 (419) 2,893 (402) <0.001

onnaire; SQ0, SQ class 0; SQ1, SQ class 1; SQ2, SQ class 2; SQ3, SQ class 3; SQ4, SQ class 4; SHS,
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Factors Definition Overall

SQ0
No active nor SHS

smoking

Numbers of pairs (%) 35,829 23,720 (66.2)
Mothers
Pre-pregnancy body weight (kg) 52.9 (8.49) 52.61 (8.13)
Pre-pregnancy BMI (kg/m2) 21.1 (3.15) 21.0 (3.00)
Gestational body weight gain (kg) 10.10 (5.90) 9.90 (4.99)
BMI at delivery (kg/m2) 25.1 (3.63) 24.9 (3.33)
Pregnancy period (days) 275.19 (9.92) 275.14 (9.87)
Age of mother at derlivery (years) 31.90 (4.68) 32.25 (4.52)
UC (ng/mL) 0.12 [0.05, 0.39] 0.08 [0.04, 0.19]

UC log10 (ng/mL) -0.92 [-1.31,
-0.41]

-1.09 [-1.41, -0.72

Numbers of pairs by UC class (%) UC1 <-1 log (ng/mL) 16,264 (45.4) 13,573 (57.2)
UC2 -1≤ and <0 log (ng/

mL)
14,579 (40.7) 9,068 (38.2)

UC3 0≤ and <1 log (ng/mL) 3,045 (8.5) 827 (3.5)
UC4 1≤ log (ng/mL) 1,941 (5.4) 252 (1.1)

Regular alcohol drinking (%) 850 (2.4) 470 (2.0)
Hypertention (%) 429 (1.2) 261 (1.1)
Diabetes mellitus (%) 368 (1.0) 225 (0.9)
Maternal education ≥ 16 years (%) 9,314 (26.0) 7,217 (30.4)
Paternal education ≥ 16 years (%) 13,561 (37.8) 10,312 (43.5)
Numbers of pairs by household income class
(%)

1 < 4 million Japanese
Yen

12,814 (35.8) 7,594 (32.0)

2 4 ≤ and <8 18,682 (52.1) 12,990 (54.8)
3 8 ≤ and < 12 3,683 (10.3) 2,672 (11.3)
4 12 ≤ 650 (1.8) 464 (2.0)

Infants
Male gender (%) 18,280 (51.0) 12,127 (51.1)
Height at birth (cm) 49.0 (2.1) 48.98 (2.13)
Body weight at birth (g) 3,026 (399) 3,030 (395)

Data are number (%), mean (standard deviation), or median [25%, 75%]. UC, urine cotinine; BMI, body mass index; SQ, smoking quest
second-hand smoke; P, probability by ANOVA.

141
]

i

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Hirai et al. Maternal Smoking and Infant BMI Trajectory
It has been hypothesized that overeating in obese individuals shares,
at least partly, common mechanisms with addiction to nicotine as well
as to alcohol and narcotics in the brain reward system (25, 26).
Richardson and Tizabi reported that neonates from nicotine-treated
rats showed altered dopaminergic pathways in the striatum and ventral
tegmental area of the reward system (27). Romoli et al. reported that
neonatal nicotine exposure primes the reward system to display
increased susceptibility to nicotine and alcohol consumption in
adulthood (28). Furthermore, Thomas et al. described that nicotine
exposure during adolescence affects the reward system of mice and
increases alcohol abuse (29). Although the direct effects of maternal
smoking on neonatal overeating and obesity remain undetermined,
exposure of the fetus and neonate to nicotinemay be linked to excessive
eating behavior via alteration in the reward system (25, 26), and it needs
to be evaluated whether high UC levels during pregnancy alter BMI
trajectory via modified eating behavior.

Strengths and Limitations
A strength of our study is its size, covering almost the whole area of
Japan and nearly 100,000 pairs of mother and infant. However, our
study has several limitations. First, there is an issue regarding the
reproducibility of UC levels. This studymeasured only the UC levels
Frontiers in Endocrinology | www.frontiersin.org 10142
in the second or third trimester. The half-life of UC was reported to
be approximately 72–96 hours (30), and it might be considered
valuable even once. Future studies need to evaluate the
reproducibility, effectiveness, and usefulness of UC measurements.
Second, there were many missing cases because of the large
observational cohort. Particularly, there were many cases of
dropouts in the high UC group. This was addressed by
supplementing the missing values and conducting a sensitivity
analysis. Third, quantification of milk intake immediately after
delivery and evaluation of nutritional aspects were insufficient.
Energy intake exceeding energy expenditure is a primary cause of
BMI rise, and it is a problem that needs to be evaluated as much as
possible in the future. BMI, height, weight-for-height, and upper
arm circumference are nutritional indices in infants (31), but only
BMI was evaluated as a nutritional index in the current study,
limiting the interpretation. Although there have been discussions
about developing infant nutrition indicator tools in recent years, no
representative tools have been established (32). While validating
nutrition assessment indicators, it is asked in future studies to clarify
the effects of maternal smoking on outcomes and infant growth
through the analysis of these nutrition indicators. Fourth, the
observation period was as short as three years after birth. In this
A B C

FIGURE 3 | Urinary cotinine (UC) levels during pregnancy and trends in body mass index (BMI) of 35829 list-wise participants in classes by smoking questionnaire
(SQ) (A) UC levels in SQ classes. Participants were categorized into five SQ classes for active and second-hand smoking: SQ class 0 (no active nor second-hand
smoking); SQ class 1 (second-hand smoking, <7 hours/week); SQ class 2 (second-hand smoking, ≥7 hours, and <14 hours/week); SQ class 3 (second-hand
smoking, ≥14 hours/week); SQ class 4 (active smoking). According to SQ classes, trends in BMI and the differences from baseline (DBMI) are shown. Values are
shown in (B) complete set (n = 35829) and (C) complete set plus repeated measured analysis of covariance corrected by covariates: mother’s age at delivery
(years), pre-pregnancy BMI (kg/m2), regular alcohol drinking (yes or no), hypertension (yes or no), diabetes mellitus (yes or no), infant sex, pregnancy period, maternal
education of ≥16 years (yes or no), paternal education of ≥16 years (yes or no), household income (1, <4 million; 2, ≥4 million and <8 million; 3, ≥8 million and <12
million; 4, ≥12 million in Japanese Yen).
April 2022 | Volume 13 | Article 850784
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regard, the JECS is still continuously conducting an observational
study for the mother-infant relationship. Sixth, length at birth is
rather overestimated as no proper neonatal length equipment is
used for measurements performed inside the delivery rooms
settings (33). We did not use identical measuring equipment at
multiple recruitment sites because of the large numbers. The child’s
length is used instead of height 1.5-2 cm higher than height (33).
We did not assess the supine position (length) or the standing
position (height) in the current study. Thus, BMI calculated from
length in our measurements might be lower. Assessing a BMI
trajectory from 0-3 years of age must be carefully interpreted.
Seventh, the question that remains open is whether more children
from mothers with active or second-hand smoking present or not
an early adiposity rebound, even before the age of 3 years earlier
than the one observed in small for gestational age (SGA) children.
Although we could not answer this question in the current study,
future studies need to clarify the underlyingmechanisms for the link
between mothers’ UC levels and infant BMI trajectory. Eighth, we
did not collect “participants’ medication history,” which may affect
body weight.

In conclusion, BMI was lower at birth, but the trends in BMI and
DBMIwere higher from six to 36months step-wise according to UC
levels during pregnancy. The effects were observed in the list-wise
complete dataset, but it was emphasized after multiple imputations
and corrections of confounders. The relationship between the
categorical class of smoking status questionnaire and trends in
BMI was not statistically significant. In mothers, UC concentrations,
but not self-reported smoking status for active and second-hand
smoking, can predict infant BMI trajectory in a dose-dependent
manner. The study findings have important implications for
mothers with active or second-hand smoking, healthcare
professionals, and policymakers.
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Aim: We aimed to investigate the association between obesity-related parameters and
polyneuropathy (PN) and to evaluate inflammatory and fibrotic gene expression of fat as a
potential mediator in subjects scheduled to undergo metabolic bariatric surgery (MBS).

Methods: This was a cross-sectional study of MBS cohort. Body composition and
visceral fat area (VFA) were quantified by bioimpedance analysis and computed
tomography scan. PN was defined by Michigan Neuropathy Screening Instrument–
Physical Examination score was > 2. We measured mRNA expression level of FN1,
TIMP1, CCL2, and CXCL8 in omental fat tissue.

Results: Of 189 subjects (mean age, 39.4 years; 69 [36.5%] male; mean body mass
index, 38.5 kg/m2), prevalence of PN was 9.1% in subjects without diabetes (n = 110) and
20.3% in those with diabetes (n = 79). Nondiabetic subjects with PN had higher
homeostatic model assessment-insulin resistance (6.8 ± 3.5 vs 4.5 ± 2.8, p = 0.041),
and increased fat mass (58.5 ± 12.5 kg vs 50.5 ± 10.7 kg, p = 0.034), and VFA (309.4 ±
117.6 cm2 vs 243.5 ± 94.2 cm2, p = 0.046) compared to those without PN. These
obesity-related parameters were significantly associated with the presence of PN after
adjusting for conventional risk factors of PN only in subjects without diabetes. In contrast,
a fibrotic gene such as TIMP1 was independently associated with PN (adjusted odds ratio
of 1.56; 95% confidence interval 1.06, 2.30) only in subjects with diabetes.

Conclusion: Increased adiposity was independently associated with PN in obese
subjects without diabetes. In contrast, this association was not significant after
adjusting conventional risk factors of PN in obese subjects with diabetes but increased
fibrotic gene expression in fat was associated with PN in this group.
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INTRODUCTION

Polyneuropathy (PN), one of the most common types of
peripheral neuropathy, is prevalent in subjects with diabetes
and even in those with prediabetes. While increased duration
of diabetes and poor glycemic control are established risk factors
for diabetic PN (1, 2), intensive glycemic control shows limited
efficacy in prevention of PN in type 2 diabetes (3). This suggests
that risk factors other than glucose, such as the components of
metabolic syndrome, might contribute to nerve damage to a
considerable extent.

The Cooperative Health Research in the Region of Augsburg
(KORA) study (4) and the Anglo–Danish–Dutch study of
Intensive Treatment in People with Screen-Detected Diabetes
in Primary Care (ADDITION) study (5) revealed an association
between general and abdominal obesity (weight and waist
circumference) and development of PN. Besides the amount of
fat, the quality of the fat tissue could induce detrimental effects
on the metabolic milieu. Considering that chronic adipose tissue
inflammation was associated with obesity-related metabolic
complications (6) and adipose tissue is the main site where
systemic inflammation begins (7), it is logically reasonable to
investigate an association of the expression level of inflammatory
and fibrosis genes in fat tissue with PN.

Meanwhile, a previous observational study showed that 11.1% of
obese subjects already had PN despite normoglycemia, and that the
presence of PN is positively associated with waist circumference (8).
This suggests that the association between obesity and PN needs to
be analyzed in a subgroup stratified by diabetes status.

Therefore, in this study, we aimed to investigate the
association between obesity-related parameters and PN in
obese subjects stratified by diabetes status. We used computed
tomography scan to assess the quantity of VAT, and analyzed
mRNA levels of inflammatory and fibrosis genes such as FN1 (9),
TIMP1 (10), CCL2 (11), and CXCL8 (12) from omental fat tissue.
These genes have been studies as a driver of systemic
inflammation and insulin resistance.
METHODS

Population
We recruited subjects scheduled to undergo metabolic bariatric
surgery (MBS) and intensively evaluated metabolic parameters
Abbreviations: ADDITION, Anglo–Danish–Dutch study of Intensive Treatment
in People with Screen-Detected Diabetes in Primary Care; BMI, Body mass index;
BP, Blood pressure; CI, confidence interval; CT, Computed tomography; DNER,
Delta/Notch-like epidermal growth factor-related receptor; eGFR, Estimated
glomerular filtration rate; FPG, Fasting plasma glucose; HbA1c, Glycated
hemoglobin; HDL, High-density lipoprotein; HOMA-IR, Homeostasis model
assessment-insulin resistance; KORA, Cooperative Health Research in the
Region of Augsburg; LBM, Lean body mass; LDL, Low-density lipoprotein;
MBS, Metabolic bariatric surgery; MNSI-PE, Michigan Neuropathy Screening
Instrument-Physical Examination; MNSI-Q, Michigan Neuropathy Screening
Instrument-Questionnaire; OR, odds ratio; PN, Polyneuropathy; SAT,
Subcutaneous adipose tissue; SNUBH, Seoul National University Bundang
Hospital; VAT, Visceral adipose tissue; VFA, Visceral fat area.
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and the presence of diabetic vascular complications. A total of
205 obese subjects were enrolled from Seoul National University
Bundang Hospital (SNUBH), a tertiary academic hospital from
April 2019 to December 2020, the aim of original prospective
observational study is to discover predictive markers for weight
loss and metabolic improvement after MBS. The original cohort
study has been registered at Clinical research Information
Service (CRIS Registration No. KCT0005777). Inclusion
criteria were age ≥ 20 years old and a body mass index (BMI)
≥ 35 kg/m2 with no comorbidity; BMI ≥ 30 kg/m2 with at least
one comorbidity; or BMI ≥ 27.5 kg/m2 with medically
uncontrolled type 2 diabetes. Type 2 diabetes was defined
according to the criteria of American Diabetes Association:
fasting plasma glucose (FPG) ≥ 7.0 mmol/l or HbA1c ≥ 6.5%
(48 mmol/mol) (13). Subjects on diabetes medications were also
considered to have diabetes. We excluded the subjects who did
not meet the indication of MBS according to the local guideline
(14). We also excluded the subjects who previously underwent
MBS. This study was a cross-sectional study analyzing data of
189 participants (Figure 1) after excluding subjects with missing
information of PN (n = 16). We applied 2:1 propensity score
matching using age, sex, and BMI to compare mRNA expression
levels in omental fat tissue between subjects without PN and
those with PN. However, values were excluded in analysis if
quality of cDNA sample was unacceptable. The study was
approved by the Institutional Review Board of SNUBH (no. B-
2111-718-301), and each participant provided written informed
consent. The study was conducted in accordance with the
Declaration of Helsinki.
Anthropometric and Biochemical Analyses
Anthropometric indices were measured by a well-trained research
nurse. BMI was calculated as weight (kg) divided by the square of
the height in meters. Waist circumference was measured at the
midpoint between the margin of the lowest rib and the iliac crest.
Systolic blood pressure (BP) and diastolic BP were measured by an
electronic BP monitor after 10 minutes of rest in a sitting position.
Smoking status was classified as never smoker (< 100 cigarettes in
a lifetime and currently a nonsmoker), ex-smoker (≥ 100 cigarettes
in a lifetime and currently a nonsmoker), and current smoker (≥
100 cigarettes in a lifetime and currently a smoker). We defined
drinkers as those who drank any alcoholic beverage more than
once a month. Positive exercise was defined as exercising for > 150
min/week. Blood samples were collected after an overnight fast.
FPG levels were measured by the hexokinase method, and glycated
hemoglobin (HbA1c) levels were measured by high-performance
liquid chromatography (Bio-Rad, Hercules, CA, USA). Serum
insulin levels were measured by immunoradiometric assay
(DIAsource, Nivelles, Belgium). Total cholesterol, triglyceride,
high-density lipoprotein (HDL) cholesterol, and low-density
lipoprotein (LDL) cholesterol were measured by enzymatic
colorimetric assay. Creatinine was measured by the protocol of
the central laboratory of SNUBH, and estimated glomerular
filtration rate (eGFR) was calculated by the Modification of Diet
in Renal Disease equation (15). Homeostasis model assessment-
insulin resistance (HOMA-IR) was calculated using the following
May 2022 | Volume 13 | Article 881093

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Kim et al. Fat Mass, Fibrosis, and Polyneuropathy
formula: HOMA-IR = (fasting insulin [mU/ml] × FPG [mmol/l]/
22.5) (16).

Body Composition Measurements
Body fatmass, fat percent, and lean bodymass (LBM)were estimated
by a bioimpedance analysis (InBody770, InBody, Seoul, Korea).
Regarding the visceral fat area (VFA), cross-sectional abdominal
computed tomography (CT) images at the level of the third lumbar
vertebral body (L3) were acquired, and VFA was calculated from
areas within a range of –150 to –50 Hounsfield units (17).

Assessment of PN
We used the Michigan Neuropathy Screening Instrument
(MNSI), which includes two separate assessments, a 15-item
self-administered questionnaire (MNSI-Q) and a lower-
extremity physical examination (MNSI-PE) (18). PN was
diagnosed when the MNSI-PE score was > 2. A trained nurse
performed all neurologic examinations.

Measurement of Inflammatory and
Fibrosis Markers
Omental fat tissue was obtained during MBS and stored at –80°C.
Total RNA was extracted from frozen human fat tissue samples
using TRIzol (Thermo Fisher Scientific, Waltham, MA, USA). For
quantitative real-time PCR analysis, 1 mg of total RNA was reverse-
transcribed using the High-Capacity cDNA Reverse Transcription
kit (Thermo Fisher Scientific, Waltham, MA, USA). SYBR Green
reactions using the SYBR Green PCR Master mix (Enzynomics,
Daejeon, Korea) were assembled along with primers according to
the manufacturer’s instructions and were performed using the
QuantStudio 7 Flex Real-Time PCR System (Thermo Fisher
Scientific, Waltham, MA, USA). Relative mRNA levels were
calculated using the comparative threshold cycle method and
normalized to cyclophilin mRNA. All primers used are listed with
their sequences in Supplementary Table 1.
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Statistical Analysis
Data were expressed as the mean ± standard deviation or
number (%). For checking normality of distribution of
variables, Kolmogorov-Smirnov and Shapiro-Wilk tests were
used. Categorical variables were compared using c2 tests, and
continuous variables were compared using Student’s unpaired
t tests for parametric data or Mann–Whitney U tests for
nonparametric data. Since variables were not normally
distributed, Spearman’s correlation coefficient was used to
evaluate the correlation between variables. Univariable and
multivariable logistic regression models were used to analyze
the associations between obesity-related parameters and PN. In
all cases, p < 0.05 was considered statistically significant.
Statistical analyses were performed using IBM SPSS version
25.0 (IBM Inc., Armonk, NY, USA). Figures were drawn using
GraphPad Prism software (version 9.1.2; GraphPad Software
Inc., CA, USA).
RESULTS

Among 189 subjects who were candidates for MBS, 79 (41.8%)
had diabetes. Prevalence of PN was 9.1% in subjects without
diabetes and 20.3% in those with diabetes. Among subjects
without diabetes, insulin and HOMA-IR were higher in
subjects with PN compared with those without PN. Among
subjects with diabetes, body weight, BMI, waist circumference,
eGFR, and the proportion of subjects taking insulin therapy were
higher in subjects with PN compared with those without PN.
However, diabetes duration, FPG, and HbA1c were comparable
between subjects with PN and those without PN (Table 1). Body
composition analysis showed that fat mass and VFA were higher
in subjects with PN compared with those without PN,
irrespective of diabetes status. Among subjects with diabetes,
FIGURE 1 | Flow chart of the selection of subjects for the analysis. Among 205 obese subjects, after excluding subjects with missing information of polyneuropathy,
189 subjects were included in the final analysis. They were divided into two groups according to diabetes status.
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LBM was higher in subjects with PN compared with those
without PN (Table 1).

Among subjects without diabetes, unadjusted odds ratio (OR)
(95% confidence interval [CI]) for PN was 1.23 (1.02, 1.49) for
HOMA-IR and 1.06 (1.00, 1.12) for fat mass. Among subjects
with diabetes, unadjusted OR (95% CI) for PN was 1.05 (1.01,
1.09) for waist circumference, 1.13 (1.03, 1.23) for BMI, 1.04
(1.01, 1.08) for fat mass, and 1.01 (1.00, 1.02) for VFA. After
adjustment of known risk factors for PN (19), adjusted OR (95%
CI) for PN was 1.47 (1.10, 1.95) for HOMA-IR, 1.08 (1.00, 1.16)
for fat mass, and 1.01 (1.00, 1.02) for VFA in subjects without
diabetes. In contrast, waist circumference, BMI, fat mass, and
VFA showed no significant association with PN in subjects with
diabetes after adjustment of covariates (Table 2).

Among subjects without diabetes, any mRNA expression of
omental fat was not different according to the presence of PN.
Frontiers in Endocrinology | www.frontiersin.org 4149
In contrast, among subjects with diabetes, mRNA expression of
TIMP1 and CXCL8 was significantly higher in subjects with PN
(Figure 2), and positively correlated with MNSI-PE scores
(rho = 0.469, p = 0.001; rho = 0.454, p = 0.002) (Figure 3). In
addition, adjusted OR (95% CI) for PN was 1.56 (1.06, 2.30) for
TIMP1 in subjects with diabetes (Table 2).
DISCUSSION

In this study, we found increased fat mass and VFA, and higher
HOMA-IR in subjects with PN compared with those without PN
among subjects without diabetes. These variables were still
significantly associated with PN even after adjusting for known
risk factors for PN in this group. On the other hand, among subjects
TABLE 1 | Baseline characteristics of obese subjects stratified by diabetes and polyneuropathy.

Variable Diabetes (–) (n = 110) p value Diabetes (+) (n = 79) p value

PN (–) (n = 100) PN (+) (n = 10) PN (–) (n = 63) PN (+) (n = 16)

Male, n (%) 34 (34.0) 3 (30.0) 1.000 24 (38.1) 8 (50.0) 0.386
Age (years) 36.5 ± 9.3 38.3 ± 15.9 0.983 42.6 ± 10.6 45.1 ± 12.7 0.490
Body weight (kg) 107.8 ± 20.2 121.2 ± 28.4 0.154 101.6 ± 23.5 118.7 ± 22.7 0.003
BMI (kg/m2) 38.7 ± 5.2 42.1 ± 7.7 0.206 36.8 ± 5.9 42.3 ± 7.5 0.005
Obesity classes, n (%) 0.496 0.144
Class I (BMI 25–29.9) 1 (1.0) 0 (0.0) 5 (7.9) 0 (0.0)
Class II (BMI 30–34.9) 26 (26.0) 1 (10.0) 23 (36.5) 3 (18.8)
Class III (BMI ≥ 35) 73 (73.0) 9 (90.0) 35 (55.6) 13 (81.3)
Waist circumference (cm) 115.2 ± 12.3 117.8 ± 11.0 0.571 113.2 ± 14.4 124.7 ± 15.9 0.007
Systolic BP (mmHg) 134.0 ± 15.8 134.2 ± 13.6 0.743 136.3 ± 19.0 145.1 ± 15.7 0.089
Diastolic BP (mmHg) 80.4 ± 12.0 78.3 ± 10.8 0.685 83.0 ± 13.4 80.3 ± 15.2 0.526
Diabetes duration (years) NA NA NA 4.5 ± 5.3 10.0 ± 10.8 0.074
FPG (mmol/l) 5.5 ± 0.6 5.5 ± 0.5 0.720 8.5 ± 3.1 8.9 ± 3.0 0.522
HbA1c (%) 5.5 ± 0.4 5.6 ± 0.7 0.707 7.8 ± 1.8 7.3 ± 1.3 0.490
HbA1c (mmol/mol) 36.5 ± 4.0 37.1 ± 7.7 0.707 61.7 ± 19.5 56.4 ± 14.4 0.490
Triglyceride (mmol/l) 1.8 ± 1.5 1.9 ± 0.9 0.491 2.1 ± 1.4 2.1 ± 0.9 0.357
HDL cholesterol (mmol/l) 1.4 ± 0.3 1.2 ± 0.2 0.091 1.3 ± 0.2 1.3 ± 0.2 0.877
LDL cholesterol (mmol/l) 3.4 ± 0.6 3.2 ± 0.4 0.574 2.9 ± 0.9 3.0 ± 0.7 0.353
eGFR (mL min-1 [1.73 m]2) 115.6 ± 24.0 124.5 ± 34.6 0.743 110.8 ± 24.8 94.7 ± 28.6 0.025
Insulin (pmol/l) 126.5 ± 72.8 190.2 ± 94.7 0.042 126.0 ± 91.8 136.0 ± 100.6 0.829
HOMA-IR 4.5 ± 2.8 6.8 ± 3.5 0.041 6.6 ± 4.4 7.0 ± 4.7 0.830
10-g monofilament, Right 9.8 ± 0.5 9.4 ± 0.7 0.013 9.6 ± 0.6 9.3 ± 0.9 0.148
10-g monofilament, Left 9.8 ± 0.5 9.3 ± 0.8 0.012 9.7 ± 0.6 9.4 ± 0.7 0.198
MNSI-Q 2.2 ± 1.8 3.3 ± 2.1 0.076 3.2 ± 2.1 4.6 ± 2.0 0.019
MNSI-PE 0.4 ± 0.7 3.3 ± 0.5 <0.001 0.6 ± 0.7 3.2 ± 0.5 <0.001
Smoking status 0.768 0.201
Never smoker, n (%) 67 (67.0) 6 (60.0) 27 (42.9) 10 (62.5)
Ex-smoker, n (%) 12 (12.0) 2 (20.0) 14 (22.2) 4 (25.0)
Current smoker, n (%) 21 (21.0) 2 (20.0) 22 (34.9) 2 (12.5)
Alcohol, n (%) 74 (74.0) 7 (70.0) 0.784 38 (60.3) 10 (62.5) 0.873
Exercise, n (%) 43 (43.0) 4 (40.0) 0.834 30 (47.6) 3 (18.8) 0.048
Hypertension, n (%) 36 (36.0) 5 (50.0) 0.383 39 (61.9) 12 (75.0) 0.328
Dyslipidaemia, n (%) 37 (37.0) 4 (40.0) 0.852 45 (71.4) 10 (62.5) 0.488
Insulin therapy, n (%) NA NA NA 10 (15.9) 7 (43.8) 0.015
Fat mass (kg) 50.5 ± 10.7 58.4 ± 12.5 0.034 44.2 ± 13.8 54.0 ± 16.4 0.028
Fat percent (%) 46.1 ± 6.5 48.5 ± 4.0 0.165 43.2 ± 6.3 44.9 ± 7.6 0.390
LBM (kg) 58.0 ± 12.8 62.9 ± 17.1 0.431 57.1 ± 13.1 64.6 ± 12.2 0.012
VFA (cm2) 243.5 ± 94.2 309.4 ± 117.6 0.046 271.7 ± 78.7 334.2 ± 113.4 0.020
May 2022 | Volume 13 | Article
Data are expressed as the mean ± standard deviation or number (%).
BMI, body mass index; BP, blood pressure; eGFR, estimated glomerular filtration rate; FPG, fasting plasma glucose; HbA1c, glycated haemoglobin; HDL, high-density lipoprotein;
HOMA-IR, homeostasis model assessment-insulin resistance; LBM, lean body mass; LDL, low-density lipoprotein; MNSI-PE, Michigan Neuropathy Screening Instrument-Physical
Examination; MNSI-Q, Michigan Neuropathy Screening Instrument-Questionnaire; NA, not applicable; PN, polyneuropathy; VFA, visceral fat area.
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with diabetes we found no difference in HOMA-IR between subjects
with or without PN, and the association of fat mass and VFA with
PNwas not significant after adjusting covariates. In contrast to these
insignificant associations, TIMP1 gene expression as a marker of fat
fibrosis was significantly higher in the presence of PN in the
diabetes subgroup.

Hyperglycemia is a major risk factor for PN (19), and glucose
control is the mainstay of prevention and management of PN
(20). However, enhanced glucose control modestly reduced (21),
or did not reduce the incidence of PN in type 2 diabetes (22, 23).
Therefore, it is necessary to identify other risk factors for PN in
subjects with type 2 diabetes or at high risk for type 2 diabetes.
From the data of obese subjects without diabetes, we confirmed
that obesity is the main metabolic driver of PN. Furthermore,
insulin resistance assessed by HOMA-IR was also an
independent risk factor for PN in this population. Considering
that insulin is a neurotrophic factor responsible for neuronal
growth, survival, and differentiation (24, 25), it is possible that
disruption of insulin signaling due to insulin resistance
contributed to the pathogenesis of PN. However, the
association between HOMA-IR and PN was not significant in
subjects with overt diabetes, a finding that might be due to the
strong influence of severe insulin resistance in these subjects who
Frontiers in Endocrinology | www.frontiersin.org 5150
were candidates for MBS. Therefore, the impact of obesity on PN
might depend on whether the severity of insulin resistance of
subjects caused diabetes.

A prospective study of the general population with and
without diabetes from the KORA cohort showed that serum
levels of CCL7, CXCL10, and DNER partly mediated the
association between obesity and PN (4). Another prospective
study of subjects with diabetes showed an association of plasma
levels of TNF and ICAM1 with development of PN (26). A cross-
sectional study showed associations of plasma levels of MMP9
and TIMP1 with PN in type 1 diabetes (27). Considering that
adipose tissue is the main site where systemic inflammation
begins (7), it is reasonable to investigate an association of the
expression level of inflammatory and fibrosis genes in fat tissue
with PN. In our analysis, including subjects with diabetes, mRNA
levels of TIMP1 and CXCL8 were significantly higher in subjects
with PN compared with their counterparts. These results suggest
the possibility that inflammatory cytokines released from VAT
during tissue inflammation and fibrosis contribute to the
pathogenesis of PN in diabetes. In contrast, no significant
association between inflammatory gene expression in the
omental fat and PN was found in the nondiabetic subgroup.
Therefore, inflammation or fibrosis of fat tissue might contribute
TABLE 2 | ORs and 95% CIs for polyneuropathy stratified by diabetes.

Variable Diabetes (-) (n = 110) Diabetes (+) (n = 79)

Unadjusted OR (95%
CI)

p
value

Adjusted OR (95%
CI)

p
value

Unadjusted OR (95%
CI)

p
value

Adjusted OR (95%
CI)

p
value

Age 1.02 (0.96–1.09) 0.585 – – 1.02 (0.97–1.07) 0.415 – –

Sex
Female 1.20 (0.29–4.95) 0.799 – – 0.62 (0.20–1.86) 0.389 – –

Male (Reference) 1 1 – – 1 1 – –

BMI 1.11 (0.99–1.23) 0.067 1.12 (0.98–1.28) 0.095 1.13 (1.03–1.23) 0.006 1.12 (0.99–1.27) 0.066
Waist circumference 1.02 (0.96–1.08) 0.547 1.04 (0.96–1.12) 0.372 1.05 (1.01–1.09) 0.014 1.04 (0.98–1.09) 0.180
Systolic BP 1.00 (0.96–1.04) 0.966 – – 1.03 (1.00–1.06) 0.096 – –

Diabetes duration – – – – 1.01 (1.02–1.18) 0.012 – –

HbA1c 1.49 (0.29–7.59) 0.634 – – 0.82 (0.56–1.20) 0.303 – –

Triglyceride 1.00 (1.00–1.01) 0.878 – – 1.00 (1.00–1.01) 0.937 – –

HDL cholesterol 0.95 (0.88–1.01) 0.114 – – 1.00 (0.94–1.06) 0.917 – –

HOMA-IR 1.23 (1.02–1.49) 0.031 1.47 (1.10–1.95) 0.009 1.02 (0.90–1.16) 0.751 1.06 (0.90–1.25) 0.521
Smoking status
Current smoker 0.94 (0.19–4.76) 0.941 – – 0.27 (0.06–1.28) 0.098 – –

Ex-smoker 1.86 (0.33–10.33) 0.478 – – 0.77 (0.21–2.91) 0.702 – –

Never smoker
(Reference)

1 1 – – 1 1 – –

Alcohol status
Drinker 0.82 (0.20–3.41) 0.785 – – 1.10 (0.35–3.40) 0.873 – –

Non-drinker
(Reference)

1 1 – – 1 1 – –

Exercise 0.87 (0.23–3.27) 0.835 – – 0.25 (0.07–0.98) 0.046 – –

Fat mass 1.06 (1.00–1.12) 0.040 1.08 (1.01–1.16) 0.034 1.04 (1.01–1.08) 0.025 1.04 (0.99–1.10) 0.137
VFA 1.01 (1.00–1.01) 0.052 1.01 (1.00–1.02) 0.031 1.01 (1.00–1.02) 0.021 1.00 (1.00–1.01) 0.440
TIMP1a 1.13 (0.82–1.57) 0.459 1.41 (0.77–2.56) 0.262 1.34 (1.09–1.66) 0.007 1.51 (1.02–2.23) 0.040
CXCL8b 0.97 (0.85–1.11) 0.705 1.14 (0.88–1.47) 0.317 1.68 (1.04–2.70) 0.033 1.90 (0.92–3.92) 0.081
May 20
22 | Volume 13 | Article
Data are presented as ORs and 95% CIs.
Adjusted analysis: adjustment for age, sex, systolic blood pressure, glycated haemoglobin (HbA1c), triglyceride, HDL cholesterol, smoking status, alcohol status, and exercise (+ diabetes
duration in diabetes (+) group). In diabetes (+) group, for TIMP1 and CXCL8, VFA was adjusted additionally.
aDiabetes (–) (n = 26), Diabetes (+) (n = 47).
bDiabetes (–) (n = 27), Diabetes (+) (n = 46).
BMI, body mass index; BP, blood pressure; CI, confidence interval; HDL, high-density lipoprotein; HOMA-IR, homeostasis model assessment-insulin resistance; OR, odds ratio; VFA,
visceral fat area.
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to PN differently according to diabetes status, however this
hypothesis needs to be investigated in further study.

The current study has a number of strengths. First, we
performed analysis of PN stratified by diabetes status, thereby
suggesting the step-wise contribution of hyperglycemia and
obesity involved in the pathogenesis of PN. Second, VFA was
measured by CT scan, the gold standard method. Finally, we
directly measured gene expression from omental fat tissue. To
the best of our knowledge, this study is the first analysis
combining gene expression of fat tissue and PN. Nevertheless,
this study has some limitations. First, there were no lean controls,
and we analyzed the mRNA data in the subgroup due to the
Frontiers in Endocrinology | www.frontiersin.org 6151
availability of fat tissue. Second, a neurophysiological study was
not used to confirm PN. Therefore, the diagnosis of PN is not
confirmative, but possible PN was adopted. Third, we cannot
establish a causal relationship based on the cross-sectional study
design. Fourth, because the original cohort is based on a single
center in Korea, results cannot be generalized to other races or
ethnicities. Finally, we did not separate subjects with prediabetes
from subjects without diabetes.

In conclusion, fat mass, VFA (“quantity of fat”), and HOMA-
IR were independent risk factors for PN in obese subjects
without diabetes. In contrast, advanced pathology of fat tissue
such as fibrosis (“quality of fat”) might be a considerable
A

B

FIGURE 2 | mRNA expression of inflammatory and fibrotic genes of omental fat tissue in subjects without diabetes (A) and those with diabetes (B). *p < 0.05.
A B

FIGURE 3 | Correlations between mRNA expression level of TIMP1 (A) or CXCL8 (B), and MNSI-PE scores in subjects with diabetes.
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abnormality for PN in obese subjects who already have diabetes.
Therefore, the early evaluation of PN and the early management
of obesity might be necessary in obese subjects at high risk of
diabetes. Future studies are needed to test whether weight loss
intervention can prevent and delay PN in these high-
risk subjects.
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China, 2 Department of Critical Care Medicine, Sir Run Run Shaw Hospital, School of Medicine, Zhejiang University,
Hangzhou, China

Objective: To study the association between anthropometric indexes [lipid accumulation
products (LAP), visceral obesity index (VAI), triglyceride and glucose index (TyG) and waist
triglyceride index (WTI)] and metabolic syndrome (MetS) in a representative sample of
American adult population surveyed by National Health and Nutrition Examination
Survey (NHANES).

Methods: Cross-sectional data from the NHANES were used. Participants were adults
aged 18–80 y from 1996–2006. MetS were defined by the updated National Cholesterol
Education Program/Adult Treatment Panel III criteria (NCEP-ATP III) for Americans.
Receiver operating characteristic (ROC) curve was drawn and the areas under the
curve (AUC) were used to assess the ability of these indexes in screening MetS.
Statistical differences among the AUC values of these indexes were compared. The
association between the anthropometric indexes and MetS was investigated using
weighted multivariable-adjusted logistic regression.

Results: 560 (35.2%) males and 529 (26.4%) females were diagnosed with MetS. LAP
was the strongest predictor of MetS for men (AUC=0.87, 95% CI 0.85-0.89), and also
was the strongest for women [AUC=0.85, 95% confidence interval (CI) 0.83-0.86],
according to the ROC curve analysis. In men, differences in AUC values between LAP
and other anthropometric indicators were also significant (all P<0.001). In women, there
was a significant difference in AUC values between LAP and WTI (P<0.001), but
differences in AUC values between LAP and TyG, VAI were not significant.

Conclusion: The present study indicated that LAP is a better predictor in the clinical
setting for identifying individuals with MetS in the American adult population.

Keywords: metabolic syndrome, triglyceride and glucose index (TyG), adiposity index (VAI), lipid accumulation
product (LAP), waist-triglyceride index (WTI), anthropometric indexes
Abbreviations: BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; TMFA, total
monounsaturated fatty acids; TPFA, total polyunsaturated fatty acids; TSFA, total saturated fatty acids; eGFR, estimated
glomerular filtration rate; HDL-C, high density lipoprotein cholesterol; CRP, C-reactive protein; LAP, lipid accumulation
product; VAI, visceral adiposity index; TyG, triglyceride and glucose index; WTI, waist-triglyceride index; AUC, area under
the curve.
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INTRODUCTION

Metabolic syndrome (MetS) is a complicated disorder
characterized by impaired glucose tolerance, dyslipidemia,
elevated blood pressure, abdominal obesity (1–3). MetS is
associated with higher risks of cardiovascular diseases, type 2
diabetes, some cancers, and all-cause mortality and has become
one of the major challenges facing global and national public
health institutions (4, 5). According to the National Health and
Nutrition Examination Survey, more than one-third of adults
suffer from MetS (6).

Obesity as the core manifestation of MetS has attracted more
and more attention (7). There is some evidence to support the
assumption that abdominal visceral fat has a stronger correlation
with MetS (8, 9). Hence, it is reasonable to define visceral fat as a
predictor of MetS. Magnetic resonance imaging (MRI) and
computed tomography (CT) are considered as the gold
standard for evaluating visceral fat (10). However, they cannot
be used in epidemiological studies and clinical routine due to
expensive, time-consuming, and exposure patients to radiation
and contrast agents. Thus, it is very important to identify a
simple and clinically suitable visceral obesity substitute indicator.
Body mass index (BMI) is the most commonly used indicator of
obesity, but it has limitations in assessing fat distribution (11,
12). Therefore, anthropometric indexes have been suggested to
evaluate the amount and location of body fat to track metabolic
disorders (13). Recently, visceral obesity index (VAI) and lipid
accumulation products (LAP) have been recommended as
reliable indicators of visceral obesity. VAI is calculated based
on waist circumference (WC), high-density lipoprotein
cholesterol (HDL-C), BMI, and triglyceride (TG) and has a
separate formula for men and women (14). It has been
reported to have a good ability to predict metabolic syndrome
in Chinese and Iranian populations (15, 16). LAP is an index of
abdominal fat over-accumulation based on TG and WC (13),
which is considered as the best predictor of MetS in middle-aged
and elderly people in Korea (17).

Insulin resistance (IR) is another core issue of MetS (7).
Hyperinsulinaemic-euglycaemic clamp (HEC) is the gold
standard for testing IR (18), but this approach is time-consuming
and is not suitable for clinical application. The triglyceride and
glucose (TyG) index combined with fasting plasma glucose (FPG)
and TG has been proposed as an effective substitute for IR and has
been reported to have a good predictive ability for MetS in Korean
and Chinese populations (17, 19). Recently, inspired by the formula
of the TyG index, Liu et al. combinedWCwith TG to develop a new
index called waist-triglyceride index (WTI), which showed a strong
ability to distinguish MetS (20).

Even though several papers on the association between
anthropometric indicators and the MetS have been published
(13), it is still hard to determine explicitly which indicator is the
most predictable indicator of MetS. And these studies have
limitations in adjusting confounding factors, most of them do
not adjust the factors that may affect MetS, such as smoking,
drinking, exercise, and socioeconomic factors (21).
Postmenopausal women tend to deposit more visceral fat have
shown by a large number of studies. Thus, gender may affect the
Frontiers in Endocrinology | www.frontiersin.org 2155
relationship between anthropometric indicators and MetS. As far
as we know, up to now, there are limited research on comparing
anthropometric indicators of the American population with the
predicted strength of MetS by gender. Accordingly, the purpose
of this study was to investigate the relationship between
anthropometric indicators (VAI, LAP, TyG, WTI) and MetS in
American adults and to compare their predictive ability
according to gender.
MATERIALS AND METHODS

Data Source
The NHANES is a repeated national representative cross-
sectional health examination survey conducted in the United
States (US), on behalf of the non-institutionalized population of
the US civilian population, which provides estimate of the
lifestyle, nutritional status, and health of the US civilian
population (22). Since 1999, NHANES has become a
continuous survey, with data released every two years. During
the survey, participants will complete a questionnaire survey, a
series of tests, and offer blood and other biological samples at the
mobile screening center (23). Five main parts make up the
NHANES database, including demographic, questionnaire,
laboratory, diet, and examination data.

More details are available on the official website (https://www.
cdc.g-ov/nchs/nhanes/index.htm). The NHANES datasets
(1999–2006) were downloaded from DataDryad (https://doi.
org/10.5061/dryad.d5h62). Participants provided written
informed consents. The National Center for Health Statistics
(NCHS) Ethics Review Board approved the collection of the
NHANES data.

Participants Selection
We conducted a secondary data analysis based on data extracted
from NHANES cycles: 1999-2000, 2001-2002, 2003-2004, and
2004-2006. After a series of screenings, 3894 subjects were
included in the final data analysis. Subjects were filtered based
on the following exclusion criteria, and were shown in Figure 1:

(1) subjects without components of metabolic syndrome data
(n=33786);

(2) people aged < 18 years or aged >80 years (n=2342);

(3) drug therapy (diuretics or corticosteroids) that could
influence weight (n=207);

(4) with a suspected renal or liver insufficiency: an estimated
glomerular filtration rate (eGFR) ≤60 mL/minute/1.73 m2

(n=182) or serum total bilirubin concentration ≥1.5 mg/L
(n=131), or alanine aminotransferase (ALT) level ≥120 U/L
(n=45).

(5) any cancer or malignancy (n= 905).
Anthropometric Indexes Measurement
Each participant had a home interview and finished a physical
examination at a mobile examination center (MEC). Participants
May 2022 | Volume 13 | Article 889785

https://www.cdc.g-ov/nchs/nhanes/index.htm
https://www.cdc.g-ov/nchs/nhanes/index.htm
https://doi.org/10.5061/dryad.d5h62
https://doi.org/10.5061/dryad.d5h62
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Li et al. Anthropometric Indexes and Metabolic Syndrome
were required to fast at least 9 hours before the health
examination (22). Height and weight were measured at the
MEC by a standardized protocol. BMI was calculated by
dividing the weight in kilograms by the square of the height in
meters and then rounding to the nearest 1/10 cm. WC was
measured by an inelastic ruler with a minimum scale of one
millimeter at the end of a normal exhalation, and when standing
naturally with legs opened about 25-30 cm apart. Placed the ruler
at the midpoint of the connecting line between the upper edge of
the top of the iliac crest and the lower edge of the 12th rib
(usually the natural narrowest part of the waist) and horizontally
circled the abdomen, and then rounded to 0.1cm (24). After at
least 5 minutes of rest at the MEC, using a standardized mercury
sphygmomanometer to measure blood pressure in a sitting
position (25).

LAP, VAI, TyG, and WTI were calculated by using the
following formulas (14, 20, 26, 27):

LAP ¼  WC  cmð Þ − 65½ � � TG mmol=Lð Þ
 for male and  WC  cmð Þ − 58½ � � TG

mmol=Lð Þ for female

VAI ¼  WC  cmð Þ=39:68 +
1:88� BMI kg=m2ð Þð Þ

2
64

3
75� TG mmol=Lð Þ=1:03ð Þ

� 1:31=HDL − C mmol=Lð Þð Þ for male and ½ WC  cmð Þ=36:58 + (1:89� BMI

(kg=m2))�  TG mmol=Lð Þ=0:81ð Þ � 1:52=HDL − C mmol=Lð Þð Þ for female

TyG ¼ Ln  TG mg=dLð Þ � FPG  mg=dLð Þ=2½ �

WTI ¼ Ln  TG mg=dLð Þ �WC cmð Þ=2½ �
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Biochemical Measurements
Total cholesterol (TC), TG, low-density lipoprotein cholesterol
(LDL-C), and HDL-C were estimated in subjects who fasted for
at least 8.5 hours but less than 24 hours. Venous blood samples of
participants were collected and processed in MECs following the
NHANES protocols.

According to the established protocols, the samples were
packed in cold bags or dry ice, and directly transported to the
Collaborative Studies Clinical Laboratory by Federal Express and
stored at-70°C for analysis (28). Johns Hopkins University
School of Medicine Lipoprotein Analytical Laboratory tested
the blood samples of lipid. Interlaboratory quality control
carried out by the laboratories met the Centers for Disease
Control and Prevention (CDC) program’s acceptable
performance of allowable bias and imprecision.

HDL-C was determined using a nephelometric immunoassay
on the Hitachi 717 Analyzer (Hitachi Global Storage
Technologies, California). The FPG was measured using the
enzyme hexokinase (HK) method. TG was measured using an
automatic direct chemiluminescence analyzer (Beckman
Synchron LX20, USA). All laboratory measurements met the
requirements of the standardization and certification program.
More detailed information about the analyzers and methods
used can be obtained from the laboratory method file available
on the NHANES website.

MetS Definition
MetS was defined according to the updated National Cholesterol
Education Program/Adult Treatment Panel III criteria (NCEP-
ATP III) for Americans, that was, meeting the following three or
more components: WC ≥102cm for male or ≥88cm for female;
blood pressure ≥130/85mmHg or treated with anti-hypertensive
FIGURE 1 | Flow chart.
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drugs; or FPG ≥5.6 mmol/L or drugs used for treating diabetes;
TG ≥150mg/dL or treated with drugs for this lipid abnormality;
HDL-C <40mg/dL for male or <50mg/dL for female or treated
with drugs for this lipid abnormality (29).

Variables
In this study, the independent variables were VAI, LAP, TyG,
and WTI respectively. The dependent variable was MetS.
Covariates were prioritized according to the previous research
on risk factors for MetS (29–32). Socio-demographic
characteristics such as sex, education, race/ethnicity were
collected. A self-reported questionnaire was applied to evaluate
medication use (glucose-lowering drugs, lipid-lowering drugs,
and anti-hypertensive drugs). According to the self-completed
questionnaire, physical activities were divided into four
categories (moderate, low, moderate, and high), and smoking
was separated into current smokers, former smokers, and non-
smokers. We also collected a series of laboratory data such as
homocysteine, glucose, insulin, hs-CRP, TG, TC, HDL-C, LDL-
C, albumin, total bilirubin, total protein, uric acid, and BUN, and
a set of the dietary condition like alcohol intake, energy, total
saturated fatty acids (TSFA), total polyunsaturated fatty acids
(TPFA), total monounsaturated fatty acids (TMFA), total fat,
protein. The physical activity categories were based on the
distribution of MET-minute levels for the present NHANES
sample. Diabetes was defined as a self-reported physician
diagnosis of diabetes or a fasting glucose concentration >126
mg/dL. Hypertension was defined by ≥1 of the following criteria:
systolic blood pressure ≥140 mmHg or diastolic blood pressure
≥90 mmHg or self-reported physician diagnosis of hypertension.
Drink consumption is defined as 5 gm or more drinks per day.
Insulin resistance (HOMA-IR) was calculated as following
formula (33):

HOMA − IR ¼ ½fasting insulin concentration  mIU=mLð Þ � FPG

mml=Lð Þ=22:5� 

Statistical Methods
The statistical analysis was conducted by the guidelines of the
CDC (https://www.cdc.gov/nchs/nhanes/tutorials/default.aspx).
All analyses used EmpowerStats (http://www.empower.stats.
com, X&Y Solutions, Inc., Boston, MA) and the statistical
software packages R (http://www.R-project.org, The R
Foundation R.3.4.3).

In this study, sample weights were adjusted according to the
recommendations of the NCHS. To present nationally
representative estimates, survey analysis procedures were used
to account for the sample weights (MEC exam weight),
stratification, and clustering of the complex sampling design
(34). We calculated the sample weight for the 8 years of data
from 1999 to 2006 as WT99–06 = (1/4) × WT05–06+ (1/
4) × WT03–04+(1/2) × WT99–02, WT99–02 is the variable
WTMEC4YR from the NHANES 1999–2000 and NHANES
2001–2002; WT03–04and WT05–06 were the variable
WTMEC2YR from the NHANES 2003–2004 and NHANES
2005–2006 demographic file, respectively (35, 36). Data were
Frontiers in Endocrinology | www.frontiersin.org 4157
expressed as weighted proportions (± Standard Error (SE)) for
categorical variables and as weighted means ± SE for continuous
variables depending on their type. In estimating standard errors,
the complex sample design was incorporated by using Taylor
series linearization with provided survey design variables (37).
We tested differences in characteristics between the MetS group
and the non-MetS group with a one-way analysis of variance for
continuous variables and with chi-square tests for categorical
variables. Weighted logistic regression was applied to analyze the
relationship between anthropometric indicators (VAI, LAP,
TyG, WTI) and MetS. We selected these confounders on the
basis of their associations with the MetS or a change in effect
estimate of more than 10% (38). Further, the receiver operating
characteristic (ROC) curve was drawn and the area under curve
(AUC) value was calculated to evaluate the predictive ability of
LAP, TyG, VAI, and WTI for MetS. DeLong et al’s non-
parametric method was performed to compare the AUC
between LAP and other indexes (32). According to the
maximum value of the sum of sensitivity and specificity, the
best cutoff values of LAP, VAI, TyG, and WTI for predicting
MetS were determined. All statistical significance was set
to P<0.05.
RESULTS

Baseline Characteristics of the Subjects
As shown in Figure 1, according to the exclusion criteria, 3794
subjects (1893 males and 2001 females) were finally included in
this study. Table 1 describes the baseline characteristics of the
population. At baseline, 560 (35.2%) males and 529 (26.4%)
females were diagnosed with MetS. The average age of included
subjects was 38.17± 0.47 years for the non-MetS group and 47.25
± 0.42 years for the MetS group. Significantly higher levels of
mean systolic, mean diastolic, glucose-plasma, TC, HOMA-IR,
TG, LDL-C, uric acid, alanine aminotransferase, aspartate
aminotransferase, and gamma-glutamyl transferase were
observed in subjects with MetS. But they had significantly
lower levels of HDL-C, albumin than those without MetS.

In addition, as shown in Table 1, all of the anthropometric
indexes in the MetS group, including VAI, LAP, TyG, WTI, BMI,
WC, height, BMI, and weight were significantly increased.

The Anthropometric Indexes for
Predicting MetS
What can be seen in Figure 2 is LAP, VAI, TyG, and WTI
increased in proportion to the number of MetS components.
Table 2 and Figure 3 show the AUC values [95% confidence
interval (CI)] of the anthropometric indexes used to screen
American adults with MetS. Of the four indexes examined, the
highest AUC was LAP, 0.8458 for women (95% CI: 0.8272-
0.8645) and 0.8685 for men (95% CI: 0.8504-0.8865). The
optimum cutoff values of LAP predicted were 52.4291
(sensitivity 0.8117, specificity 0.7677) in women and 53.3125
(sensitivity 0.8013, specificity 0.7852) in men. The optimal cut-
off points for TyG were 8.8221 in men and 8.6897 in women.
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TABLE 1 | Baseline characteristics of the participants.

Non-MetS Group MetS Group P value

Age (yr) 38.17 ± 0.47 47.25 ± 0.42 <0.0001
Sex, % 0.0037
Female 50.86 ± 0.80 45.58 ± 1.85
Male 49.14 ± 0.80 54.42 ± 1.85

Race, % 0.006
Non-Hispanic Black 11.24 ± 1.10 7.28 ± 1.12
Mexican American 8.82 ± 1.04 7.99 ± 1.15
Other Hispanic 6.03 ± 1.22 6.47 ± 1.72
Non-Hispanic White 69.1 ± 0.83 73.06 ± 2.62
Other race 4.8 ± 0.62 5.2 ± 1.13

Education, % <0.0001
< high school 18.22 ± 1.13 21.56 ± 1.30
High school 24.13 ± 1.20 29.91 ± 1.77
> high school 57.65 ± 1.68 48.53 ± 1.74

Poverty to income ratio 3.0 3 ± 0.07 3.11 ± 0.07 0.3338
Smoking, % <0.0001
Never 51.84 ± 1.49 46.54 ± (2.17
Former 20.42 ± 1.22 27.39 ± 1.68
Current 27.74 ± 1.20 26.07 ± 1.65

Drink consumption, % <0.0001
No 70.35 ± 1.52 78.59 ± 1.51
Yes 29.65 ± 1.52 21.4 1 ± 1.51

Physical activity, % 0.013
Sedentary 15.9 ± 1.00 18.21 ± 1.71
Low 28.22 ± 1.61 31.49 ± 2.12
Moderate 20.63 ± 0.86 16.84 ± 1.71
High 35.24 ± 1.38 33.46 ± 2.20

Medication use
Glucose-lowering drugs, % <0.0001
No 99.43 ± 0.15 92.95 ± 0.92
Yes 0.57 ± 0.15 7.05 ± 0.92

Lipid-lowering drugs, % <0.0001
No 98.19 ± 0.29 85.53 ± 1.17
Yes 1.81 ± 0.29 14.47 ± 1.17

Antihypertensive drugs, % <0.0001
No 96.94 ± 0.43 79.58 ± 1.32
Yes 3.06 ± 0.43 20.42 ± 1.32

Laboratory data
Triglyceride (mg/dL) 109.92 ± 1.56 235.24 ± 9.63 <0.0001
LDL-cholesterol (mg/dL) 118.33 ± 0.92 127.25 ± 1.73 <0.0001
Albumin (g/dL) 4.36 ± 0.01 4.26 ± 0.01 <0.0001
Alanine aminotransferase ALT (U/L) 23.44 ± 0.28 29.73 ± 0.7 <0.0001
Aspartate aminotransferase AST (U/L) 23.19 ± 0.20 24.82 ± 0.49 0.003
Gamma glutamyl transferase (U/L) 24.37 ± 0.53 37.2 ± 2.07 <0.0001
Glucose, serum (mg/dL) 89.43 ± 0.40 106.81 ± 1.07 <0.0001
Total bilirubin (mg/dL) 0.69 ± 0.01 0.68 ± 0.01 0.3674
Total protein (g/dL) 7.330 ± 0.02 7.29 ± 0.02 0.2184
Triglycerides (mg/dL) 101.23 ± 1.64 222.2 ± 10.33 <0.0001
Uric acid (mg/dL) 5.05 ± 0.02 5.83 ± 0.06 <0.0001
Plasma glucose (mmol/L) 5.19 ± 0.02 6.23 ± 0.07 <0.0001
HDL-cholesterol (mg/dL) 54.37 ± 0.34 42.03 ± 0.60 <0.0001
HOMA-IR 2.09 ± 0.04 5.12 ± 0.20 <0.0001

Dietary
Energy (kcal) 2330.21± 22.24 2255.53 ± 31.96 0.0984
Total monounsaturated fatty acids (gm) 32.54 ± 0.46 32.71 ± 0.69 0.8449
Total polyunsaturated fatty acids (gm) 18.01 ± 0.25 17.57 ± 0.41 0.3831
Protein (gm) 85.99 ± 0.96 85.05 ± 1.64 0.645
Total saturated fatty acids (gm) 28.43 ± 0.40 28.54 ± 0.62 0.8887
Total fat (gm) 86.78 ± 1.12 86.78 ± 1.60 0.9993

Anthropometry
Weight (kg) 75.37 ± 0.38 92.64 ± 0.88 <0.0001
Standing height (cm) 169.79 ± 0.24 170.84 ± 0.38 0.0113
Body mass index (kg/m^2) 26.07 ± 0.13 31.61 ± 0.25 <0.0001

(Continued)
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This study also reported other details of all the anthropometric
indexes such as negative predictive value (NPV) and positive
predictive value (PPV) in Table 2.

Comparison of AUC Values Between LAP
and Other Indexes in Men and Women
Table 3 shows the differences in AUC values between LAP and
other indexes for screening MetS. In men, differences in AUC
values between LAP and TyG, WTI, VAI were significant (all
P<0.001). In women, the AUC value between LAP and WTI was
significantly different (P<0.001), but the statistical difference
between LAP and TyG, VAI was not significant. The above
results showed that LAP had a stronger ability to identify MetS
than other anthropometric indexes.

Associations Between Four
Anthropometric Indexes and MetS
Table 4 shows the adjusted odds ratios (ORs) (95% CIs) of
anthropometric indexes for MetS in women and men. After
adjusting for age, education, alcohol, current or a past cigarette
smoker, poverty to income ratio, physical activity, uric acid, energy
intake, protein intake, TMFA intake, TPFA intake, TSFA intake,
total fat intake, glucose-lowering drugs, lipid-lowering drugs and
anti-hypertensive drugs, the prevalence of MetS is higher in the
third and fourth quartiles (Q3 and Q4) of LAP, TyG, VAI, andWTI
Frontiers in Endocrinology | www.frontiersin.org 6159
in women. For VAI, Q3 was at 6.084 (2.320, 15.955) and Q4 was at
71.681 (26.334, 195.112), showing a higher risk for MetS compared
to Q1. Q3 of LAP was at 24.174 (5.690, 102.698) and Q4 was at
199.843 (46.394, 860.825), which indicated that MetS was risker
than the first quartile (Q1) of LAP. For TyG, Q3 was at 6.058 (2.871,
12.783) and Q4 was at 37.708 (17.214, 82.598), revealing that the
risk of MetS was higher than Q1. For WTI, Q3 was at 4.747 (2.269,
9.929) and Q4 was at 38.472 (17.723, 83.513), indicating a higher
risk for MetS compared to Q1.

In the fully adjusted model in men, each 1 unit increase in
VAI increased the MetS risk by 237.5%. LAP increased by 1 unit,
the incidence of MetS increased by 5.2%. The fully adjusted OR
(95%CI) for TyG and WTI in men, respectively, were 14.796
(8.771, 24.961) and 20.115 (11.454, 35.325).

For sensitivity analysis, we converted VAI, LAP, TyG, WTI
from continuous variables to categorical variables. The P for the
trend of VAI, LAP, TyG, WTI with categorical variables was
consistent with the result when VAI, LAP, TyG, WTI was a
continuous variable.
DISCUSSION

This study assessed the capability of four low-cost, non-invasive
and easily-calculated anthropometric indicators, including VAI,
TABLE 1 | Continued

Non-MetS Group MetS Group P value

Waist circumference (cm) 90.18 ± 0.32 106.83 ± 0.56 <0.0001
mean systolic 114.44 ± 0.34 123.8 ± 0.55 <0.0001
mean diastolic 70.26 ± 0.27 75.2 ± 0.49 <0.0001
VAI 1.44 ± 0.03 4.33 ± 0.25 <0.0001
LAP 34.15 ± 0.77 110.23 ± 4.55 <0.0001
TyG. 8.32 ± 0.01 9.18 ± 0.03 <0.0001
WTI 8.29 ± 0.01 9.16 ± 0.03 <0.0001

MetS Components
Elevated BP, % <0.0001
No 86.86 ± 0.75 46.68 ± 1.81
Yes 13.14 ± 0.75 53.32 ± 1.81
Elevated TG level, % <0.0001
No 88.26 ± 0.72 34.05 ± 1.84
Yes 11.74 ± 0.72 65.95 ± 1.84
Reduced HDL-C level, % <0.0001
No 76.76 ± 1.05 21.47 ± 1.82
Yes 23.24 ± 1.05 78.53 ± 1.82
Drugs used for low level of

high-density lipoprotein cholesterol, %
<0.0001

No 98.19 ± 0.29 85.76 ± 1.19
Yes 1.81 ± 0.289 14.24 ± 1.19
Drugs used for high level of triglyceride, % 0.0047
No 100 ± 0 99.72 ± 0.14
Yes 0 ± 0 0.28 ± 0.14
Elevated WC, %
No 70.23 ± 1.18 15.16 ± 1.54
Yes 29.77 ± 1.18 84.84 ± 1.54
HDM, % <0.0001
No 85.41 ± 0.89 32.8 ± 2.12
Yes 14.59 ± 0.89 67.2 ± 2.12
May 2022 | Volume 13 | Art
Data are expressed as weighted proportions [± Standard Error (SE)] for categorical variables and as weighted means ± Standard Error for continuous variables depending on its type.
Variables between groups with and without MetS were compared using one-way analysis of variance for continuous variables and with chi-square tests for categorical variables.
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LAP, TyG, and WTI, to predict MetS. In this cross-sectional
analysis of American adults, LAP, VAI, TyG, and WTI were
significantly associated with MetS in both genders. Furthermore,
ROC curve analysis showed that all parameters could distinguish
subjects with MetS, and the AUC values were higher than
0.7 in both genders, of which LAP showed the greatest
diagnostic accuracy.

To the best of our knowledge, this was the first study to
explore the relationship between anthropometric parameters
Frontiers in Endocrinology | www.frontiersin.org 7160
(LAP, VAI, TyG, and WTI) and MetS in the American
population according to different genders, and their ability to
diagnose MetS has been further evaluated.

LAP is reported to be associated with MetS, cardiovascular
disease, and type 2 diabetes (13, 39, 40). Among these four
indicators, LAP has the advantages of simplicity, low cost, and
wide applicability to different populations. Shin et al. (17).
reported that among the middle-aged and elderly people (aged
40 years or older) in South Korea, LAP was the best index for
A B

C D

FIGURE 2 | The values of (A) visceral adiposity index (VAI), (B) triglycerides and glucose (TyG), (C) waist-triglyceride index and (D) lipid accumulation product (LAP)
according to MetS components in both genders.
TABLE 2 | The anthropometric indexes for predicting Mets.

Test AUC 95%CI
low

95%CI
upp

Cutoff
Value

Specificity Sensitivity PPV NPV

Women VAI 0.8261 0.8038 0.8483 2.0786 0.7901 0.7332 0.5274 0.9026
LAP 0.8458 0.8272 0.8645 52.4291 0.7677 0.8117 0.5403 0.9238
TyG 0.8315 0.8093 0.8537 8.6897 0.7770 0.7983 0.5527 0.9178
WTI 0.8179 0.7961 0.8396 8.8231 0.8206 0.7043 0.5787 0.8880

Men VAI 0.8309 0.8088 0.8530 1.8196 0.7590 0.7862 0.5656 0.8989
LAP 0.8685 0.8504 0.8865 53.3125 0.7852 0.8013 0.5940 0.9097
TyG 0.8237 0.8016 0.8458 8.8221 0.7937 0.7330 0.5668 0.8898
WTI 0.8335 0.8121 0.8550 8.8820 0.8296 0.7063 0.6078 0.8831

Overall VAI 0.8263 0.8106 0.8420 2.0798 0.8063 0.7183 0.5691 0.8893
LAP 0.8565 0.8435 0.8695 53.3255 0.7805 0.7989 0.5689 0.9146
TyG 0.8279 0.8123 0.8435 8.8478 0.8337 0.7096 0.5718 0.8901
WTI 0.8251 0.8098 0.8404 8.8233 0.8036 0.7256 0.5718 0.8901
May 2022 | Volum
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predicting MetS comparing with VAI, WHtR, and TyG. Similar
results were observed in subsequent studies, which compared
more different anthropometric indicators (41). In the present
study, the best threshold of LAP for predicting MetS was 53.3125
in males and 52.4291 in females. In Argentinian healthy
individuals, a similar value was achieved (53.63 in all subjects).
However, a slightly lower best threshold was suggested in the
Iranian population (49.71 for females and 39.89 females) (42)
and in Spanish adults (48.09 for males and 31.77 for females)
(43).The optimal threshold of MetS predicted by LAP is different
from other studies, which may be due to the ethnic modification
of insulin resistance and abdominal fat distribution, age of the
enrolled population, as well as the diagnostic criteria of
MetS used.

VAI is an important indicator for insulin resistance and
visceral obesity and is associated with CVD risk (14, 19). In
this study, the AUC values of VAI predicting MetS were 0.8309
and 0.8261 in males and females, respectively. The best cutoff
point for VAI to predict MetS in female was 2.0786 and in male
was 1.8196, close to the optimal critical point 2 of VAI for
predicting MetS in the middle-aged and elderly in China (44).
Frontiers in Endocrinology | www.frontiersin.org 8161
However, the cutoff in overweight and obese Turkish patients
was higher with a value of 2.205 (45).

The results of our analysis also revealed the relatively high
usefulness of TyG in identifying individuals with MetS. TyG
is an index that combines FPG and TG and is considered to
be a substitute for insulin resistance. Its ability to identify
MetS has been confirmed by several studies. In middle-aged
and elderly Chinese (44), TyG was suggested to be a credible
surrogate marker for identifying MetS with the AUC of
0.802, and the best cut-off values were 8.9 and 8.7 for
males and females, respectively. In the present population,
the optimal cut-off values for males and females were 8.8221
and 8.6897 respectively, which was similar to their results.
Furthermore, in the present study, the difference between
TyG and LAP in pred ic t ing MetS o f women was
not significant.

In both genders, the predictive ability of WTI was
significantly different from that of LAP, which suggested that
WTI was weaker than LAP in predicting MetS. Inspired by the
TyG, WTI was first proposed by Liu et al. (20). Their study
showed that WTI and MetS risk in the Chinese population was
associated, the AUC of WTI predicting MetS is 0.881 in women
and 0.830 in men. In the present study, with the increase of the
number of components of MetS, the value of WTI increases
gradually. WTI has a good ability to predict MetS, and AUC is
0.8335 and 0.8179 in men and women, respectively, although it is
weaker than LAP. And considering that the formulas of WTI and
LAP are both combinations of TG and WC, and the calculation
of WTI is more complex, WTI may not be the best index in
identifying MetS.

Strength and Limitations
One advantage of the study is that, first and foremost, the
analysis included several confounders associated with MetS,
such as smoking, alcohol consumption, physical activity,
A B

FIGURE 3 | Receiver operating characteristic curves of LAP and other indexes in women (A) and men (B) for identifying MetS.
TABLE 3 | Comparison of AUC values between LAP and other indexes in both
genders.

Difference between Area (95%CI) P-value

Women
LAP vs TyG 0.0016 (-0.0015-0.0046) 0.8409
LAP vs WTI 0.0215 (0.0187-0.0243) <0.001
LAP vs VAI 0.0087 (0.0055-0.0120) 0.2628
Men
LAP vs TyG 0.0553 (0.0506-0.0600) <0.001
LAP vs WTI 0.0429 (0.0391-0.0468) <0.001
LAP vs VAI 0.0521 (0.0469-0.0573) <0.001
Delong. Clarke-Pearson’s nonparametric approach was used to compare the AUCs
of indexes.
May 2022 | Volume 13 | Article 889785
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dietary intake, and socioeconomic factors. Moreover, the data
analyzed in this study were from the NHANES database, which
was national and representative in scope, the anthropometric
data and laboratory data are of high quality.

The limitations of this study need to be pointed out (1). This
was a cross-sectional study and cannot draw any conclusions
about the anthropometric index changes over time (2). The study
was limited to American adults, the applicability of these results
to other populations may be limited. (3) For females, due to the
lack of data on menopause, their menopausal status cannot be
taken into account in data analysis. (4) This study defined MetS
using NCEP-ATP III criteria. Thus, whether a consistent
conclusion can be obtained under other criteria requires
further studies. (5) A common problem in observational
studies is unmeasured confunders. Although we have adjusted
many potential confounding factors, we can’t rule out the
possibility of residual confounding caused by unmeasured or
unidentified factors.

The results of this study showed that LAP, VAI, TyG, WTI
were reliable predictors of MetS for American adults, and LAP
has the largest AUC in predicting MetS. Among females, the
difference in AUC between LAP and TyG, VAI was not
significant. We suggest that LAP is a useful screening indicator
to identify MetS at a minimum cost in the clinical setting,
considering the superiority and simplicity of LAP in
identifying MetS.
Frontiers in Endocrinology | www.frontiersin.org 9162
CONCLUSIONS

The present study indicated that LAP is a better predictor in the
clinical setting for identifying individuals with MetS in the US
adult population.
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TABLE 4 | Associations between MetS and LAP, VAI, TyG and WTI.

Exposure Adjusted Odds Ratio (95%CI) P-value Adjusted Odds Ratio (95%CI) P-value

Women Men
VAI (continuous variable) 4.174 (3.224, 5.404) <0.001 3.375 (2.716, 4.194) <0.001
VAI Quartile
Q1 0.479-0.968 Reference Reference
Q2 0.968-1.543 2.838 (1.044, 7.716) 0.041 2.288 (0.969, 5.407) 0.059
Q3 1.544-2.510 6.084 (2.320, 15.955) <0.001 5.622 (2.532, 12.482) <0.001
Q4 2.510-5.963 71.681 (26.334, 195.112) <0.001 36.702 (16.414, 82.067) <0.001
P for trend <0.001 <0.001
LAP (continuous variable) 1.047 (1.038, 1.056) <0.001 1.052 (1.043, 1.061) <0.001
LAP Quartile
Q1 8.337-22.744 Reference Reference
Q2 22.761-40.577 11.817 (2.734, 51.083) <0.001 4.865 (1.245, 19.005) 0.023
Q3 40.626-68.526 24.174 (5.690, 102.698) <0.001 23.137 (6.320, 84.704) <0.001
Q4 68.542-161.564 199.843 (46.394, 860.825) <0.001 125.125 (33.737, 464.075) <0.001
P for trend <0.001 <0.001
TyG (continuous variable) 27.128 (14.724, 49.983) <0.001 14.796 (8.771, 24.961) <0.001
TyG Quartile
Q1 7.593-8.163 Reference Reference
Q2 8.164-8.545 1.582 (0.712, 3.513) 0.260 3.452 (1.266, 9.407) 0.015
Q3 8.546-8.952 6.058 (2.871, 12.783) <0.001 6.354 (2.476, 16.306) <0.001
Q4 8.954-9.785 37.708 (17.214, 82.598) <0.001 38.935 (15.069, 100.601) <0.001
P for trend <0.001 <0.001
WTI (continuous variable) 20.556 (11.610, 36.395) <0.001 20.115 (11.454, 35.325) <0.001
WTI Quartile
Q1 7.514-8.132 Reference Reference
Q2 8.133-8.543 1.535 (0.697, 3.378) 0.287 2.109 (0.759, 5.861) 0.153
Q3 8.543-8.968 4.747 (2.269, 9.929) <0.001 5.976 (2.346, 15.228) <0.001
Q4 8.969-9.698 38.472 (17.723, 83.513) <0.001 38.645 (15.085, 99.003) <0.001
P for trend <0.001 <0.001
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Adjusted for age (years); race; education; alcohol; smoker; poverty to income ratio; physical activity; uric acid; energy; total monounsaturated fatty acids; total polyunsaturated fatty acids;
protein; total saturated fatty acids; total fat; glucose-lowering drugs; lipid-lowering drugs; antihypertensive drugs.
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