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OBJECTIVES: The association between metabolically healthy abdominal obesity (MHO) and subclinical cardiovascular outcomes in
the general pediatric population remains largely unexplored. We aimed to investigate the relationship of MHO with left ventricular
geometric (LVG) remodeling in Chinese children.
METHODS: Data were obtained from two school-based cross-sectional studies in China, involving 2866 children aged 6–11 years.
Abdominal obesity was defined using waist-to-height ratio (WHtR) or waist circumference references. The metabolically healthy
phenotype was defined by the absence of four cardiovascular risk factors: elevated blood pressure, elevated triglycerides, elevated
fasting blood glucose, and decreased high-density lipoprotein cholesterol. LVG was categorized into four patterns (normal
geometry, concentric remodeling, eccentric hypertrophy, and concentric hypertrophy) based on two indices including left
ventricular mass index and relative wall thickness.
RESULTS: Using WHtR to define abdominal obesity, 543 (18.9%) children were classified as MHO. In the multivariable logistic
regression models, compared with children with metabolically healthy normal WHtR, the adjusted odds ratios (95% confidence
intervals) of children with MHO were 4.78 (3.44–6.64) for left ventricular hypertrophy, 1.81 (1.33–2.47) for high relative wall
thickness, 1.45 (1.01–2.08) for concentric remodeling, 4.37 (3.01–6.33) for eccentric hypertrophy, and 7.50 (3.77–14.91) for
concentric hypertrophy. In contrast, children with metabolically unhealthy normal WHtR did not exhibit increased odds of any type
of LVG remodeling. Similar results were observed when defining abdominal obesity based on waist circumference.
CONCLUSIONS: MHO is associated with a higher likelihood of LVG remodeling, suggesting that this phenotype may not be benign
for the heart in children. Due to its simplicity and practicality, WHtR may be a preferable tool for the rapid screening of children with
abdominal obesity and associated cardiac risk.
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INTRODUCTION
Obesity is a well-established major risk factor for cardiovascular
disease (CVD) and has become a worldwide public health issue [1].
Obesity-related metabolic abnormalities, including elevated blood
pressure (BP), dyslipidemia, and hyperglycemia, further exacerbate
the risk of CVD. However, obesity does not always entail metabolic
dysfunction, and this phenotype is often termed as metabolically
healthy obesity (MHO) [2]. The health implications of MHO remain
a subject of ongoing debate. While some studies report no
significant difference in cardiovascular risk between adults with
MHO and those with metabolically healthy normal weight [3, 4],
accumulating evidence indicates that MHO is associated with an
increased risk of CVD in adults [5, 6].
Given that CVD in adulthood often originates from childhood

and that the prevalence of pediatric obesity has increased
dramatically, particularly in China [7] (where the prevalence of
overweight and obesity among children aged 7–18 years surged
from 1.2% in 1985 to 23.4% in 2019 [8]), it is critically important to
address the potential cardiovascular risk of MHO during child-
hood. However, published studies on MHO in children have
focused primarily on its determinants and clinical characteristics
[9–11], with limited data on its association with cardiovascular risk
[12, 13]. This represents a significant research gap, especially
considering the current Expert Consensus in Chinese children,
which emphasizes the importance of distinguishing children with
MHO from those with metabolically unhealthy obesity and
recommends screening only for the latter group [14].
Another important issue in MHO research is the use of body

mass index (BMI) as the primary index for defining obesity. BMI is
derived from weight and height and does not reflect the
distribution of body fat. The inconsistent findings regarding
MHO (defined based on BMI) in relation to the risk of CVD also
questioned the accuracy of BMI as an obesity measure. In contrast,
waist-to-height ratio (WHtR) and waist circumference (WC), which
are measures of abdominal obesity, have shown to be strongly
correlated with CVD [15, 16]. Previous studies, including our own,
have demonstrated that abdominal adiposity is closely linked with
left ventricular geometric (LVG) remodeling in children [17, 18]. As
is known, LVG remodeling is an independent predictor of
cardiovascular morbidity and mortality in adults [19]. Nevertheless,
no studies to date have investigated the association between
MHO (obesity was assessed using WHtR or WC) and LVG
remodeling in the general pediatric population.
With this background, we aimed to examine the association of

metabolically healthy abdominal obesity (MHO; obesity was
determined by WHtR or WC) with the odds of LVG remodeling
among children aged 6–11 years using data from two school-
based studies in China.

METHODS
Study population
Data were from two cross-sectional studies in two centers of China (Beijing
and Shandong). In Beijing, the study included 1711 children aged 6–8
years in six primary schools (selected using a community-based census-like
design) of Shunyi district, Beijing, from October 2018 to June 2019. In
Shandong, the study included 1515 children aged 6–11 years in one
primary school (selected using a convenient cluster sampling method) in
Huantai county, Zibo city, Shandong province, from November 2017 to
January 2018. Detailed information about the two studies has been
described elsewhere [12, 20]. After excluding children with missing data on
anthropometric variables, metabolic factors and cardiac structure para-
meters, a total of 2866 children (Beijing: 1449; Shandong: 1417) were
included in this study (Supplementary Fig. 1).

Ethics approval and consent to participate
For each center, written informed consent was obtained from each child
and his/her parents or guardians. The study protocols were approved by
the Ethics Committee of Capital Medical University (approval number:

2018SY82) and the Ethics Committee of Shandong University (approval
number: 20160308), respectively. All methods were performed in
accordance with the relevant guidelines and regulations.

WC, WHtR and metabolic factors measurements
In each center, WC of each child was measured to the nearest 0.1 cm by
trained staff using an inelastic tape at the level of 1 cm above the
umbilicus, and was recorded at the end of a normal expiration. WC was
measured twice and the averaged values were used for data analysis.
WHtR was calculated as WC (in cm) divided by height (in cm). BP was
measured using a validated sphygmomanometer in each center (Beijing:
OMRON-HBP 1300, Dalian, China; Shandong: OMRON-HEM 7012, Osaka,
Japan) with an appropriate arm cuff at the heart level of the right arm.
BP was measured three times and the mean of the last two values was
used for data analysis. Fasting venous blood samples were obtained
after at least 10-hour fast, and high-density lipoprotein cholesterol
(HDL-C), triglycerides (TG), and fasting blood glucose (FBG) were
measured using an autoanalyser in each center (Beijing: Beckman
Coulter AU5800, Shizuoka, Japan; Shandong: Cobas c702 instrument,
Mannheim, Germany).

Cardiac structure measurements
In each center, cardiac ultrasound examinations were performed by one
experienced sonographer following the American Society of Echocardio-
graphy Recommendations. The sonographer was blinded to participant
details. In Beijing, cardiac parameters were assessed using the Aplio 500
ultrasound device (Canon, Tochigi, Japan) equipped with a 2.5–4MHz
transducer. In Shandong, measurements were performed using the Philips
Doppler ultrasound device CX30 (Philips, Bothell, WA, USA) with a 2–4MHz
transducer. Left ventricular mass (LVM) was calculated based on the
Devereux’s formula, LVM (in grams) = 0.8 × [1.04 × ((left ventricular end-
diastolic internal diameter + interventricular septal thickness + left
ventricular posterior wall thickness)3 – left ventricular end-diastolic internal
diameter3)] + 0.6. Left ventricular mass index (LVMI) was calculated as LVM
(in grams) divided by 2.7 power of height (in meters). Relative wall
thickness (RWT) was calculated as (interventricular septal thickness + left
ventricular posterior wall thickness)/ left ventricular end-diastolic internal
diameter.

Definition of abdominal obesity and metabolic status
WC status was classified as normal WC and abdominal obesity using the
WC 90th percentile references for Chinese children aged 7–18 years
released by the National Health Commission (WS/T 611–2018; available at
http://www.nhc.gov.cn/ewebeditor/uploadfile/2018/07/201807041451305
74.pdf). For participants aged below 7 years, abdominal obesity was
determined using the WC criteria proposed by the Chinese Expert
Consensus [21]. The WHtR cut-offs of 0.48 for boys and 0.46 for girls were
used to define abdominal obesity [22].
The metabolically healthy phenotype was defined according to the

modified National Cholesterol Education Program criteria [23] as having
none of the following four cardiovascular risk factors: (1) elevated systolic/
diastolic BP (≥ sex-, age-, and height-specific 90th percentile cut-offs for
Chinese children aged 7–18 years released by the National Health
Commission [WS/T 610–2018; available at https://www.ndcpa.gov.cn/jbkzzx/
c100202/common/content/content_1666364801643515904.html]; for partici-
pants aged below 7 years, the BP references proposed by the Chinese Expert
Consensus [24] were used instead); (2) elevated TG (≥ 1.24mmol/L); (3)
decreased HDL-C (≤ 1.03mmol/L); and (4) elevated FBG (≥ 6.1mmol/L).
Based on abdominal obesity (defined by WHtR or WC) and metabolic

status, participants were classified as having: metabolically healthy normal
WHtR (or WC); metabolically unhealthy normal WHtR (or WC); MHO; and
metabolically unhealthy abdominal obesity.

Definition of LVG remodeling
Left ventricular hypertrophy (LVH) was defined as LVMI ≥ sex-, age-, and
study center-specific 90th percentile values, and high RWT was defined
as RWT ≥ sex-, age-, and study center-specific 90th percentile values
[12, 18]. Based on the combinations of LVH and high RWT, four LVG
patterns were defined: normal geometry (normal LVMI and normal RWT),
concentric remodeling (normal LVMI and high RWT), eccentric hyper-
trophy (LVH and normal RWT), and concentric hypertrophy (LVH and
high RWT).
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Covariates
Potential covariates included demographic characteristics (age and sex)
and lifestyle behaviors (sleep duration, physical activity, screen time, and
intake of fruits and vegetables), which were collected using a validated
structured questionnaire. These covariates were selected based on existing
literature [9, 10, 25, 26] regarding their known or hypothesized associations
with both the exposure and outcomes, as well as their availability in both
study centers.
In Beijing, lifestyle information was provided by parents, while in

Shandong, this information was reported by children with parental
assistance. In each center, sleep duration was determined by subtracting
bedtime from wake-up time for both weekdays and weekends. The
average daily sleep duration was calculated using the formula: (5 ×
weekday sleep duration + 2 × weekend sleep duration) / 7. Participants
were then classified into two groups based on sleep duration: < 9 h/d and
≥ 9 h/d [27]. In Beijing, physical activity time was evaluated using the
Children’s Leisure Activities Study Survey Questionnaire. In Shandong,
participants reported the frequency (days per week) and duration of light,
moderate, and vigorous activities separately. Daily physical activity time
was computed as (weekly frequency × daily duration) / 7, with insufficient
activity defined as < 1 h/d [28]. Screen time included time spent on
watching television, using a computer or playing video games, and long
screen time was defined as > 2 h/d [29]. In Beijing, the intake of fruits and
vegetables was measured using the Mediterranean Diet Quality Index for
children, and categorized as sufficient (≥ 4/d) or insufficient (< 4/d) [30]. In
Shandong, the intake over the past 30 days was assessed through a self-
designed questionnaire and classified as either < 5 servings/d or
≥ 5 servings/d [31].

Statistical analysis
Continuous variables were presented as mean (standard deviation) or
median (interquartile range), and categorical variables were expressed as
number (percentage). Differences across the combined groups of
abdominal obesity (defined by WHtR or WC) and metabolic status were
compared using the variance analysis, the Kruskal-Wallis rank sum test, or
the Chi-square test. Multivariable logistic regression models were used to
estimate the odds ratios (ORs) and 95% confidence intervals (CIs) of LVH,
high RWT, and LVG remodeling (concentric remodeling, eccentric
hypertrophy, and concentric hypertrophy) for each combined group of
abdominal obesity (defined by WHtR or WC) and metabolic status, using
normal WHtR (or WC) with healthy metabolic status as the reference.

Models were initially adjusted for age, sex, and study center, and then
further adjusted for sleep duration, screen time, physical activity, and
intake of fruits and vegetables. Due to the limited number of LVG
remodeling cases in certain combined groups of abdominal obesity
(defined using WHtR or WC) and metabolic status when stratified by study
center (Supplementary Tables 1 and 2), we conducted all logistic
regression analyses using pooled data from two centers. Power analysis
indicated that there was 99% power to detect an OR (e.g., MHO associated
with LVH) of 2.00 at a significance level of 0.05 using a two-sided test.
To examine the robustness of our main results, we then performed

several sensitivity analyses. First, we used the international WC 90th
percentile cutoffs [32] or the static WHtR cut-off of 0.46 to define
abdominal obesity [33], respectively, and the 2017 American Academy of
Pediatrics BP guidelines [34] to define elevated systolic/diastolic BP.
Second, we used the modified International Diabetes Federation
criteria [35] to define metabolic health as having none of the following
risk factors: elevated systolic/diastolic BP (≥ 120/80mmHg [children aged
6–9 years] or ≥ 130/85mmHg [children aged ≥ 10 years] [36]), elevated TG
(≥ 1.7 mmol/L), decreased HDL-C (< 1.03 mmol/L), and elevated FBG (≥
5.6 mmol/L). Third, we used the modified 2018 consensus-based criteria
[37] to define metabolic health: systolic/diastolic BP < sex-, age- and
height-specific 90th percentile values [34], TG ≤ 1.7 mmol/L, HDL-
C > 1.03mmol/L, and FBG < 5.6 mmol/L. Fourth, we used LVMI ≥ sex-,
age-, and study center-specific 95th percentile values to define LVH and
RWT ≥ sex-, age-, and study center-specific 95th percentile values to define
high RWT, and LVG remodeling was then re-defined accordingly. Fifth, we
performed a meta-analysis to synthesize the findings from two studies
using separate analysis. Finally, we further explored the potential
association independent of general adiposity.
All analyses were performed using SAS version 9.4 (SAS Institute Inc.,

Cary, NC) and R version 4.4.1 (R Foundation for Statistical Computing,
Vienna, Austria) with statistical significance setting at two-sided P < 0.05.

RESULTS
Participant characteristics
A total of 2866 children aged 6–11 years were included in the
study, and 543 (18.9%) were identified as having MHO phenotype
based on WHtR, while 460 (16.1%) were identified as MHO based
on WC. Table 1 presents participant characteristics by combined

Table 1. Characteristics of the study participants according to combined groups of abdominal obesity (defined by WHtR) and metabolic status.

Characteristics Overall Normal WHtR Abdominal obesity P
value

Metabolically
healthy

Metabolically
unhealthy

Metabolically
healthy

Metabolically
unhealthy

N 2866 1489 413 543 421

Boys, n (%) 1470 (51.3) 756 (50.8) 214 (51.8) 271 (49.9) 229 (54.4) 0.523

Age, years 7.3 (1.6) 7.2 (1.5) 7.4 (1.7) 7.2 (1.5) 7.6 (1.7) <0.001

Height, cm 129.3 (10.9) 127.6 (10.2) 130.2 (10.8) 130.0 (11.3) 133.6 (11.7) <0.001

WC, cm 59.7 (9.4) 54.6 (4.8) 56.3 (5.0) 67.0 (8.4) 71.4 (9.7) <0.001

WHtR 0.5 (0.1) 0.4 (0.0) 0.4 (0.0) 0.5 (0.0) 0.5 (0.1) <0.001

SBP, mmHg 103.6 (9.2) 99.7 (6.7) 111.7 (8.1) 101.3 (7.5) 112.4 (8.9) <0.001

DBP, mmHg 59.6 (7.4) 57.3 (6.1) 63.8 (7.3) 58.9 (6.9) 64.9 (8.3) <0.001

TGa, mmol/L 0.6 (0.5, 0.8) 0.6 (0.5, 0.7) 0.7 (0.5, 0.9) 0.7 (0.5, 0.9) 0.9 (0.6, 1.4) <0.001

HDL-C, mmol/L 1.6 (0.4) 1.7 (0.3) 1.6 (0.4) 1.5 (0.3) 1.4 (0.4) <0.001

FBG, mmol/L 4.9 (0.5) 4.9 (0.5) 5.0 (0.6) 4.9 (0.5) 4.9 (0.6) <0.001

Short sleep duration, n (%) 581 (20.3) 291 (19.5) 84 (20.3) 119 (21.9) 87 (20.7) 0.355

Long screen time, n (%) 116 (4.0) 48 (3.2) 19 (4.6) 23 (4.2) 26 (6.2) 0.051

Insufficient physical activity,
n (%)

1593 (55.6) 821 (55.1) 228 (55.2) 322 (59.3) 222 (52.7) 0.450

Insufficient fruits and
vegetables,
n (%)

1746 (60.9) 895 (60.1) 244 (59.1) 326 (60.0) 281 (66.7) 0.064

DBP diastolic blood pressure, FBG fasting blood glucose, HDL-C high-density lipoprotein cholesterol, SBP systolic blood pressure, TG triglycerides, WC waist
circumference, WHtR waist-to-height ratio.
Continuous variables are presented as mean (standard deviation), and categorical variables are presented as number (percentage).
aData are presented as median (interquartile range).
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groups of abdominal obesity (defined by WHtR) and metabolic
status. Compared with children with metabolically healthy normal
WHtR, those with MHO had worse metabolic profiles, including
higher levels of systolic BP, diastolic BP, TG, and lower levels of
HDL-C (all P < 0.05). Similar results were obtained by study center
(Supplementary Table 3).

LVMI and RWT levels according to combined groups of
abdominal obesity and metabolic status
Based on pooled data, compared with children with metabolically
healthy normal WHtR, those with MHO had significantly increased
LVMI (adjusted mean difference: 3.311 g/m2.7, 95% CI:
2.686–3.935) and RWT levels (adjusted mean difference: 0.006,
95% CI: 0.001–0.011) (Table 2). Corresponding values were
4.520 g/m2.7 (95% CI: 3.828–5.212) and 0.010 (95% CI:
0.004–0.015), respectively, for LVMI and RWT levels among
children with metabolically unhealthy abdominal obesity. In
contrast, children with metabolically unhealthy normal WHtR
showed no significant differences in LVMI (adjusted mean
difference: 0.138 g/m2.7, 95% CI: −0.555–0.831) and RWT levels
(adjusted mean difference: 0.002, 95% CI: −0.004–0.007) com-
pared with their counterparts with metabolically healthy normal
WHtR. Similar patterns were observed when using WC to define
abdominal obesity (Table 2).

Prevalence of LVG remodeling according to combined groups
of abdominal obesity and metabolic status
Children with MHO exhibited higher prevalence of LVH (18.2% vs.
4.5%), high RWT (13.8% vs. 8.1%), and each type of LVG
remodeling (concentric remodeling: 8.7% vs. 7.3%; eccentric
hypertrophy: 13.1% vs. 3.7%; and concentric hypertrophy: 5.2%
vs. 0.8%) than children with metabolically healthy normal WHtR
(Fig. 1). Children with metabolically unhealthy abdominal obesity
also had significantly increased prevalence of LVH, high RWT, and
all forms of LVG remodeling compared to those with metabolically
healthy normal WHtR, whereas no significant differences were
observed among children with metabolically unhealthy normal
WHtR. Consistent results were obtained when abdominal obesity
was defined using WC (Fig. 1).

Associations between combined groups of abdominal obesity
and metabolic status and LVG remodeling
Compared with children with metabolically healthy normal WHtR,
those with MHO had higher odds of LVH, high RWT, concentric
remodeling, eccentric hypertrophy, and concentric hypertrophy.
The fully adjusted ORs (95% CIs) were 4.78 (3.44–6.64), 1.81
(1.33–2.47), 1.45 (1.01–2.08), 4.37 (3.01–6.33), and 7.50
(3.77–14.91), respectively. Corresponding ORs (95% CIs) were
7.38 (5.28–10.31), 2.16 (1.56–2.99), 1.56 (1.04–2.34), 6.71
(4.60–9.80), and 12.09 (6.11–23.93), respectively, for children with
metabolically unhealthy abdominal obesity. In contrast, children
with metabolically unhealthy normal WHtR did not possess
increased odds of these adverse cardiac outcomes, with adjusted
ORs (95% CIs) of 1.09 (0.65–1.82), 0.88 (0.58–1.34), 0.83 (0.53–1.30),
1.00 (0.56–1.79), and 1.43 (0.50–4.10), respectively (Fig. 2). The
results were similar based on WC (Fig. 3).

Sensitivity analyses
Sensitivity analyses showed similar results to our main analyses,
including using the international children WC (or WHtR) references
to define abdominal obesity and using the 2017 American
Academy of Pediatrics BP guidelines to define elevated BP
(Supplementary Tables 4 and 5), using the modified International
Diabetes Federation criteria to define metabolic status (Supple-
mentary Tables 6 and 7), using the modified 2018 consensus-
based criteria to define metabolic status (Supplementary Tables
8 and 9), using the 95th percentile values to define LVH, high RWT,
and LVG remodeling (Supplementary Tables 10 and 11), and using Ta
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meta-analysis to synthesize the findings from two studies
(Supplementary Tables 12 and 13). In addition, after additional
adjustment for general obesity, the association of MHO (defined
by WHtR) with LVH or eccentric hypertrophy was attenuated but
remained statistically significant; however, the association for WC
became non-significant (Supplementary Table 14).

DISCUSSION
In this large population-based study of more than 2800 Chinese
children, we found that children with MHO (defined based on
WHtR or WC) were at increased odds of LVH, high RWT, and each
type of LVG remodeling, including concentric remodeling,
eccentric hypertrophy, and concentric hypertrophy, compared
with their counterparts with metabolically healthy normal WHtR
(or WC). Conversely, children with metabolically unhealthy normal
WHtR or WC did not show a significantly increased risk of these
conditions.
The cardiovascular risk associated with MHO remains contro-

versial. Some early studies in adults reported that individuals with
MHO did not have an increased risk of CVD compared with those
with metabolically healthy normal weight [3, 4]; however, growing
evidence demonstrated that MHO was not a low-risk condition
[5, 6]. Most previous studies have used BMI only to define obesity,
a metric that may inadequately capture adiposity status, which
could partially account for the inconsistent results. Our study
extended this question to the pediatric population by using
abdominal obesity measures (WHtR or WC) and demonstrated
that children with MHO had a higher likelihood of abnormal LVG

patterns than their peers with metabolically healthy normal WHtR
or WC. Consistently, the International Childhood Vascular Struc-
ture Evaluation Consortium study (children aged 6–17 years,
N= 3497) reported that MHO (defined based on WHtR) was
associated with higher odds of increased carotid intima-media
thickness (another subclinical CVD measure; OR: 3.95, 95% CI:
3.00–5.21) compared with metabolically healthy normal WHtR
[12]. Moreover, the Tehran Lipid and Glucose Study, which
included 6430 Iranian adults (≥ 30 years), found that MHO
(defined based on WC) was linked to a higher risk of
cardiovascular events (hazard ratio: 1.64, 95% CI: 1.09–2.47)
compared with individuals with metabolically healthy normal
WC [38]. Despite differences in study design, population
characteristics, and outcome measures, these findings collectively
suggest that having a normal metabolic profile does not
guarantee a lower cardiovascular risk among individuals with
abdominal obesity, and call into question the clinical usefulness of
stratifying obesity by metabolic status in both children and adults.
Interestingly, we found that children with metabolically

unhealthy normal WHtR or WC did not exhibit an increased risk
of abnormal left ventricular structure. This finding aligns with one
prior study involving 459 children with obesity, where the
prevalence of LVH in those with metabolically unhealthy obesity
(defined by BMI) was not significantly higher than in those with
MHO (40.0% vs. 31.1%; P= 0.06) [13]. Similarly, a cohort study of
1220 children reported no significant association between
metabolically unhealthy normal weight (defined based on BMI)
and increased carotid intima-media thickness in early adulthood
(risk ratio: 1.02, 95% CI: 0.45–2.30) [39]. The Bogalusa Heart Study

Fig. 1 Prevalence of left ventricular geometric remodeling according to combined groups of abdominal obesity and metabolic status in
Chinese children. A Abdominal obesity was defined by WHtR. B Abdominalobesity was defined by WC. LVH left ventricular hypertrophy,
RWT relative wall thickness, WC waist circumference, WHtR waist-to-height ratio.
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and the Cardiovascular Risk in Young Finns Study also demon-
strated that pediatric metabolic syndrome did not predict adult
increased carotid intima-media thickness or diabetes better than
BMI alone [40]. All these data indirectly support our findings,
suggesting that abdominal or general obesity may be a more
important determinant of cardiovascular risk than metabolic
status.

It is worth mentioning that WHtR was equally effective as WC in
identifying subclinical cardiac structural damage in this study,
consistent with several previous studies [41]. Defining pediatric
abdominal obesity using WC requires multiple sex- and age-
specific percentile cut-offs, which can be cumbersome for routine
clinical practice and challenging for children and their caregivers
to understand. In contrast, WHtR offers a more straightforward

Fig. 2 Odds ratios and 95% confidence intervals of left ventricular geometric remodeling according to combined groups of abdominal
obesity (defined by WHtR) and metabolic status in Chinese children. CI confidence interval, LVH left ventricular hypertrophy, OR odds ratio,
RWT relative wall thickness, WHtR waist-to-height ratio. Model 1: Adjusted for sex, age, and study center. Model 2: Adjusted for sex, age, study
center, sleep duration, screen time, physical activity, and intake of fruits and vegetables.
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method by using static cut-offs to assess abdominal obesity.
Indeed, static WHtR cut-offs have already been incorporated into
the definition of pediatric metabolic syndrome as a simpler
alternative to the complex WC percentile-based thresholds [42].
Furthermore, the association between MHO defined by WHtR and
LVH or eccentric hypertrophy remained significant even after
adjusting for general obesity, whereas the association for WC
became non-significant. Based on these findings, we advocate for
the use of static WHtR cut-offs to identify adiposity, irrespective of

metabolic status, in pediatric population. This simplified definition
is expected to facilitate quick assessment and treatment in both
clinical and public health settings.

STRENGTHS AND LIMITATIONS
Our study has several strengths including the relatively large sample
size, the use of WHtR and WC to define abdominal obesity (as one
component of MHO), and the use of several sensitivity analyses to

Fig. 3 Odds ratios and 95% confidence intervals of left ventricular geometric remodeling according to combined groups of abdominal
obesity (defined by WC) and metabolic status in Chinese children. CI confidence interval, LVH left ventricular hypertrophy, OR odds ratio,
RWT relative wall thickness, WC waist circumference. Model 1: Adjusted for sex, age, and study center. Model 2: Adjusted for sex, age, study
center, sleep duration, screen time, physical activity, and intake of fruits and vegetables.
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validate main results. However, our study also has several limitations.
First, because our study was based on cross-sectional data, the causal
association of MHO with LVG remodeling could not be determined.
However, it is unlikely that LVG remodeling can influence abdominal
obesity or metabolic status. Second, given that MHO is a transient
condition, there is a potential risk of exposure misclassification. Third,
since our study did not measure insulin levels or inflammation-
related markers [43, 44], we could not account for these metabolic
factors, which may compromise the accuracy of metabolically
healthy classification. Fourth, our study only included Chinese
children aged 6–11 years, and the results may not be applicable to
other age groups and populations from other races/ethnicities.
Finally, although we have adjusted for several potential covariates,
we could not completely exclude residual confounding related to
unmeasured variables, such as genetic factors, cardiorespiratory
fitness, pubertal status, and drug treatment.

CONCLUSION
In conclusion, children with MHO (obesity was determined by
WHtR or WC) had increased odds of LVH, high RWT, and abnormal
LVG patterns (concentric remodeling, eccentric hypertrophy, and
concentric hypertrophy), compared with children with metaboli-
cally healthy normal WHtR (or WC). Our findings suggest that MHO
is not a healthy condition in the pediatric population, emphasizing
the importance of maintaining a normal waist size (irrespective of
metabolic status) to promote cardiac health in children. Moreover,
WHtR is recommended as an alternative to WC for quickly
screening children with abdominal obesity and associated cardiac
risk in clinical practice.
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