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Waist-circumference-to-height-ratio had better longitudinal
agreement with DEXA-measured fat mass than BMI in 7237

children
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BACKGROUND: The absolute agreement of surrogate measures of adiposity with dual-energy X-ray absorptiometry (DEXA)-

measured body composition was examined.

METHODS: Over a 15-year follow-up, 7237 (3667 females) nine-year-old children from the Avon Longitudinal Study of Parents and
Children (ALSPAC) UK birth cohort were included. Total fat mass (FM) and trunk FM were serially measured with DEXA at ages 9, 11,
15, 17, and 24 years. BMI and waist circumference-to-height ratio (WHtR) were computed. Pearson’s correlations, intraclass
correlations (ICC), and area under curve (AUC) analyses were conducted.

RESULTS: Over 15 years, BMI, total FM, and trunk FM, increased but WHtR was relatively stable. WHtR provided a better longitudinal
absolute agreement [males ICC 0.84 (95% Cl 0.84-0.85); females 0.81 (0.80-0.82)] than BMI [(males (0.65 (0.64-0.66); females 0.72
(0.71-0.73)] with total FM as well as trunk FM from ages 9-24 years. WHtR cut-point for predicting excess total FM (75th-95th
percentile) was 0.50-0.53 in males [AUC 0.86-0.94, sensitivity 0.51-0.79 and specificity 0.93-0.95]. WHtR cut-point for predicting
excess total FM (75th-95th percentile) was 0.52-0.54 in females [AUC 0.83-0.95, sensitivity 0.38-0.68 and specificity 0.92-0.95].

Results were similar with trunk FM.

CONCLUSION: WHtR is an inexpensive alternative to BMI for predicting FM in pediatrics.

Pediatric Research (2024) 96:1369-1380; https://doi.org/10.1038/541390-024-03112-8

IMPACT:

® Waist circumference-to-height ratio (WHtR) is a better adiposity surrogate measure than body mass index (BMI) in predicting fat
mass and discriminating lean mass from childhood through young adulthood.

® BMI has been used as an inexpensive surrogate measure of adiposity in children for several decades. However, emerging
findings suggest that BMI fails to discriminate between fat mass adiposity and lean mass.

® This is the first-ever longitudinal study in over 7000 children followed up for 15 years that identified WHtR as an inexpensive
accurate measure that discriminates fat mass from lean mass that could replace BMI measure of obesity in pediatrics.

INTRODUCTION

In 2016, over 340 million children and adolescents aged 5-19
years were overweight or obese necessitating urgent prevention
of obesity and its associated consequences in the pediatric
population.! Excess fat or adiposity from childhood has been
associated with insulin resistance, arterial stiffness, hypertension,
and premature cardiovascular mortality.>® The classifications of
overweight and obesity in the pediatric population have relied on
anthropometrics and growth reference curves.'”> The most
universally accepted inexpensive and non-invasive assessment
of adiposity is body mass index (BMI) for age, however, emerging
studies with gold standard dual-energy Xray absorptiometry
(DEXA) measure of adiposity suggest that increased BMI from
childhood may not reflect fat mass but lean mass (muscle mass)
and could overdiagnose obesity in children."®'" The first ever

American Academy of Pediatrics Clinical Practice Guideline for the
evaluation and treatment of obesity in children published in
January 2023 emphasized areas of knowledge gap such as
research on alternative accurate measurements of adiposity in
primary care.'? Other surrogate measures of adiposity employed
in the pediatric population are waist circumference, waist
circumference-to-height ratio (WHtR), height for age, weight for
age, skin fold thickness, and BMI centiles.”>~"”

The correlations of surrogate measures of adiposity and DEXA
measures of fat mass have largely been cross-sectional with few
short-term longitudinal evidence.'®'”~?2 Moreover, none of these
surrogate measures of adiposity have discriminated between
objectively measured fat mass and lean mass."*'®?° A cross-
sectional study of 5355 children aged 8-19 years from the US
National Health and Nutrition Surveys reported that WHtR
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performed better than BMI in detecting high body fat percen-
tages.?’ It remains controversial, however, whether WHtR better
identifies excess fat mass adiposity than BMI in a longitudinal
study of children and the appropriate cutoff.'*'*'” There is an
increased call to revisit anthropometric indicators in the pediatric
population for better surveillance of overweight and obesity.”
Longitudinal studies with objective and surrogate measures of
body fat are important to account for and clarify the physiological
and/or pathological changes that occur during growth and
maturation from childhood through young adulthood in the
same study population.”’ Prospective studies also help to identify
trends over a long period for which cross-sectional designs are
limited.""?" For example, Kakinami et al. in a 2-year follow-up
study of 8-10-year-old children from Québec, Canada (n=557)
observed that changes in BMI were moderately correlated with
changes in fat mass but waist circumference and WHtR were not
measured.'® There are no existing long-term longitudinal studies
on the relationships between surrogate and DEXA measures of
adiposity from childhood through young adulthood which could
enhance the identification of children at risk of cardiometabolic
alterations during clinical and public health surveil-
lance.>'821222425 This present study longitudinally examined
the agreement of surrogate measures of adiposity with DEXA-
measured fat mass and lean mass from childhood (age 9 years)
through young adulthood (age 24 years) using data from the Avon
Longitudinal Study of Parents and Children (ALSPAC) birth cohort,
England, UK.

METHODS

Study cohort

Details of the ALSPAC birth cohort have been published earlier.®2%-% The
ALSPAC birth cohort investigates factors that influence childhood
development and growth. Altogether, 14,541 pregnancies from women
residing in Avon, southwestern England, UK, who had a total of 14,676
foetuses, were enrolled between April 1, 1991, and December 31, 1992.
When the oldest children were approximately 7 years of age, an attempt
was made to bolster the initial sample with eligible cases who had failed to
join the study originally resulting in 913 additional pregnancies. The total
sample size for analyses using any data collected after 7 years of age was
15,447 pregnancies, resulting in 15,658 foetuses. Of these 14,901 were
alive at 1 year of age. Regular clinic visits of the children commenced at 7
years of age and are still ongoing. Study data at 24 years were collected
and managed using REDCap electronic data capture tools.® For our
analysis, we included 7237 participants who had complete height, weight,
BMI, BMI standard deviation score (BMI-SDS), waist circumference, WHtR,
total body fat mass, trunk fat mass, and total body lean mass at baseline
age 9 years (Supplementary Fig. 1). Ethical approval for the study was
obtained from the ALSPAC Ethics and Law Committee and the Local
Research Ethics Committees. Informed consent for the use of data
collected via questionnaires and clinics was obtained from participants
following the recommendations of the ALSPAC Ethics and Law Committee
at the time. Participants were invited to the clinic at their respective ages,
9, 11, 15, 17 and 24 years. Measurements were conducted at ages 9 years
(baseline) and subsequent follow-up at age 11 years (2-year follow-up), age
15 years (4-year follow-up), age 17 years (8-year follow-up), and age 24
years clinic visits (15-year follow-up).

Anthropometric and body composition

At 9, 11, 15, and 17 years clinic visits, participants’ height (meters) was
measured using a stadiometer (SECA 213, Birmingham, UK) and weight
(kilogram) using electronic weighing scales (Marsden M-110, Rotherham,
UK).57939732 At 24 years clinic visit, standing height to the nearest meters
was measured using a Harpenden wall-mounted stadiometer (Holtain Ltd,
Crosswell, Crymych, UK), and weight to the nearest 0.1 kg at age 24 years
was measured using Tanita TBF-401 (Model A, Tanita Corp., Tokyo, Japan)
electronic body composition scales®”® BMI was computed as weight in
kilograms per height in meters squared. BMI-SDS was derived using
Lambda Mu Sigma & 1990 British Growth Reference at ages 9-, 11-, 15-,
and 17-year clinic visits. Waist circumference was measured at ages 9-, 11-,
15-, and 24 years clinic visits to the nearest mm at the minimum
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circumference of the abdomen between the iliac crests and the lowest ribs,
the tape was kept perpendicular to the long axis of the body, touching the
skin but not compressing the tissue. WHtR for each clinic visit was
computed as the ratio of waist circumference to height.

A Lunar Prodigy narrow fan beam densitometer was used to perform a
whole body DEXA scan where bone content, lean, and fat masses are
measured. Total body fat mass, trunk fat mass, and lean mass were
measured using DEXA (Lunar Prodigy software version 15, GE Medical
Systems, Madison, Wisconsin) at 9, 11, 15, 17, and 24-year clinic visits.®>3-3°
The procedure was clearly explained to the participants and their consent
was obtained before proceeding. The participants were asked to lie on the
Prodigy couch (in light clothing without any metal fastenings), Height,
weight, date of birth, sex, and ethnicity (if appropriate) were entered into
the computer and the machine was started. The arm of the machine
moved over the participants and two sources of X-ray scanned the
participants. Once complete the tester examined the scan to ensure its
quality and a picture of the skeleton part of the scan was printed out and
given to the participant to keep (https://www.gehealthcare.com/products/
bone-and-metabolic-health/body-composition). A daily quality assessment
was performed using the calibration block in accordance with the
manufacturer's recommendations. The radiation protection supervisor or
deputy scanned a spine phantom weekly. Each scan was manually
screened for anomalies, motion, and material artefacts. Subregion edges
and nodes were aligned manually according to specified criteria based on
bony anatomical landmarks. Trunk fat mass was estimated using the
automatic region of interest that included the chest, abdomen, and pelvis.
The scans were visually inspected and realigned where necessary.
Repeated DEXA measurements for 122 participants were performed on
the same day, and the repeatability coefficient (twice the standard
deviation of the difference between measurement occasions) for fat mass
was 0.5 kg.572343¢ At age 17-24 years, participants were excluded from
the DEXA scan if they were pregnant, had a radiological investigation using
contrast media within the week before the scan, had a recent nuclear
medicine investigation with persistent radioactivity, and weight was
greater than 159 kg. All participants attained puberty before age 17-year
clinic visit, based on maturation assessed with time (years) to age at peak
height velocity, an objective measure of pubertal or maturation status
without having to rely on physical examination or self-report.>” This was
derived using Superimposition by Translation And Rotation mixed-effects
growth curve analysis.®”

Statistical analysis

Participant’s body composition characteristics were summarized as means
and standard deviation. The normality of variables and sex differences
were examined using independent t tests.

The cross-sectional and longitudinal correlation of surrogate measures
of height, weight, BMI, BMI-SDS, waist circumference, and WHtR with total
fat mass, trunk fat mass, and lean mass were examined. To assess the
reliability and absolute agreement of different surrogate measures of body
composition with DEXA measures, intraclass correlation coefficients were
calculated in both cross-sectional and longitudinal analyses. Pediatric
research and clinically useful sex-stratified total fat mass and trunk fat mass
percentile cut points were determined at 5th, 10th,15th, 25th, 50th, 75th,
80th, 85th, 90th, and 95th percentiles, for each age at clinic visits and
longitudinal cumulative values. Linear regressions of the longitudinal
relationships between surrogate measures of body composition and DEXA
measures based on sex were examined. The area under the curve from
receiver-operating characteristic (ROC) analyses was used to longitudinally
predict optimal cut points of WHtR to identify distinct excess total fat mass
and trunk fat mass adiposity (75th, 85th, 90th, and 95th percentiles) during
growth from childhood through young adulthood. The current obesity
prevalence of 23% in children and adolescents in the UK was specified in
the ROC model.>” The area under the curve with a 95% confidence interval,
sensitivity, and specificity, as well as the 95% confidence intervals of the
WHtR optimal cut points were presented. All ROC analyses were sex-based.
The DeLong method was used in calculating the standard error of the area
under the curve.3® Confidence interval was calculated using exact binomial
confidence interval for the area under the curve and bootstrap confidence
intervals with 1000 iterations were presented. As proposed by Swets, the
classification of anthropometric indicators in relation to the discriminatory
power by the area under the curve could be interpreted as follows; <0.5 is
considered to have no discriminatory power, >0.5 and <0.7 has low
discriminatory power, >0.7 and <0.9 has excellent discriminatory power,
and 1 is a perfect test.>®
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Table 4.
each clinic visit.

Variables

9 years (N =7237)
Height (m)

Weight (kg)

Body mass index (kg/m?)
Body mass index-SDS
Waist circumference (m)
Waist-to-height ratio

11 years (N = 6004)
Height (m)

Weight (kg)

Body mass index (kg/m?)
Body mass index-SDS
Waist circumference (m)
Waist-to-height ratio

15 years (N =3642)
Height (m)

Weight (kg)

Body mass index (kg/m?)
Body mass index-SDS
Waist circumference (m)
Waist-to-height ratio

17 years (N =3981)
Height (m)

Weight (kg)

Body mass index (kg/m?)
Body mass index-SDS

24 years (N =3035)
Height (m)

Weight (kg)

Body mass index (kg/m?)
Waist circumference (m)
Waist-to-height ratio

Total fat mass (kg)

Male
r (p value)

0.44 (<0.001)

0.93 (<0.0001)
0.94 (<0.0001)
0.87 (<0.0001)
0.93 (<0.0001)
0.86 (<0.0001)

0.40 (<0.001)

0.92 (<0.0001)
0.95 (<0.0001)
0.88 (<0.0001)
0.94 (<0.0001)
0.88 (<0.0001)

0.16 (<0.001)
0.80 (<0.0001)
0.88 (<0.0001)
0.79 (<0.0001)
0.89 (<<0.0001)
0.86 (<0.0001)

0.10 (<0.001)

0.88 (<0.0001)
0.91 (<0.0001)
0.82 (<0.0001)

0.11 (<0.001)

0.88 (<0.0001)
0.89 (<0.0001)
0.92 (<0.0001)
0.88 (<0.0001)

Female
r (p value)

0.46 (<0.001)

0.94 (<0.0001)
0.95 (<0.0001)
0.90 (<0.0001)
0.92 (<0.0001)
0.84 (<0.0001)

0.38 (<0.001)

0.92 (<0.0001)
0.95 (<0.0001)
0.90 (<0.0001)
0.92 (<0.0001)
0.85 (<0.0001)

0.21 (<0.001)

0.92 (<0.0001)
0.92 (<0.0001)
0.88 (<0.0001)
0.93 (<0.0001)
0.78 (<0.0001)

0.16 (<0.001)

0.91 (<0.0001)
0.90 (<0.0001)
0.90 (<0.0001)

0.12 (<0.001)

0.94 (<0.0001)
0.93 (<0.0001)
0.90 (<0.0001)
0.87 (<0.0001)

Trunk fat mass (kg)

Lean mass (kg)

Cross-sectional Pearson’s correlation between surrogate measures of body composition and DEXA measured fat mass and lean mass for

r Pearsons correlation coefficient.

percentile of total fat mass with a sensitivity of 0.51 in males and 0.38
in females and a specificity of 0.95 in both males and females (Table 6
and Fig. 1). The area under the curve of 0.94 identified 0.53 in males
and 0.54 in females as WHtR optimal cutpoints that longitudinally
predicted the 95th percentile of total fat mass with a sensitivity of 0.79
in males and 0.68 in females and a specificity of 0.93 in males and
0.95 in females (Table 6 and Fig. 1). The WHtR optimal cutpoints and
area under the curve steadily increased with increasing percentile of
total fat mass or trunk fat mass. The sex-based total fat mass results
were similar to trunk fat mass results (Table 6).

Percentiles references for WHtR, total fat mass, and trunk
fat mass

The longitudinal 75th percentile for WHtR in males and females is
~0.48, while the total fat mass 75th percentile in males is 14.91 kg
and 21.95 kg in females (Table 7 and Fig. 2). The longitudinal 75th
percentile for trunk fat mass in males and females is 7.05 kg and
10.44 kg in females (Table 7 and Fig. 2).

SPRINGER NATURE

Male Female Male Female
r (p value) r (p value) r (p value) r (p value)
0.41 (<0.001) 0.43 (<0.001) 0.82 (<0.0001) 0.83 (<0.0001)
0.91 (<0.0001) 0.92 (<0.0001) 0.78 (<0.0001) 0.83 (<0.0001)
0.93 (<0.0001) 0.94 (<0.0001) 0.57 (<0.001) 0.61 (<0.0001)
0.85 (<0.0001) 0.89 (<0.0001) 0.58 (<0.0001) 0.59 (<0.0001)
0.93 (<0.0001) 0.92 (<0.0001) 0.59 (<0.0001) 0.64 (<0.0001)
0.88 (<0.0001) 0.85 (<0.0001) 0.33 (<0.001) 0.37 (<0.0001)
0.37 (<0.001) 0.36 (<0.001) 0.83 (<0.0001) 0.83 (<0.0001)
0.90 (<0.0001) 0.91 (<0.0001) 0.76 (<0.0001) 0.80 (<0.0001)
0.94 (<0.0001) 0.94 (<0.0001) 0.53 (<0.001) 0.58 (<0.0001)
0.87 (<0.0001) 0.89 (<0.0001) 0.54 (<0.0001) 0.58 (<0.0001)
0.94 (<0.0001) 0.93 (<0.0001) 0.54 (<0.0001) 0.57 (<0.0001)
0.90 (<0.0001) 0.86 (<0.0001) 0.29 (<0.001) 0.29 (<0.0001)
0.18 (<0.001) 0.19 (<0.001) 0.76 (<0.0001) 0.64 (<0.001)
0.82 (<0.0001) 0.90 (<0.0001) 0.70 (<0.001) 0.65 (<0.001)
0.88 (<0.0001) 0.90 (<0.0001) 0.43 (<0.001) 0.42 (<0.001)
0.79 (<0.0001) 0.86 (<0.0001) 0.50 (<0.001) 0.42 (<0.001)
0.90 (<0.0001) 0.83 (<0.0001) 0.40 (<0.001) 0.41 (<0.001)
0.87 (<0.0001) 0.78 (<0.0001) 0.11 (<0.001) 0.21 (<0.001)
0.09 (<0.001) 0.49 (<0.001) 0.61 (<0.001) 0.61 (<0.001)
0.88 (<0.0001) 0.90 (<0.0001) 0.61 (<0.001) 0.63 (<0.001)
0.91 (<0.0001) 0.89 (<0.0001) 0.40 (<0.001) 0.43 (<0.001)
0.82 (<0.0001) 0.84 (<0.0001) 0.45 (<0.001) 0.42 (<0.001)
0.08 (0.010) 0.09 (<0.001) 0.53 (<0.001) 0.55 (<0.001)
0.87 (<0.0001) 0.92 (<0.0001) 0.79 (<0.001) 0.77 (<0.001)
0.89 (<0.0001) 0.93 (<0.0001) 0.61 (<0.001) 0.60 (<0.001)
0.93 (<0.0001) 0.92 (<0.0001) 0.54 (<0.001) 0.60 (<0.001)
0.90 (<0.0001) 0.88 (<0.0001) 0.39 (<0.001) 0.47 (<0.001)
DISCUSSION

This study presents the first and largest longitudinal correlation
and absolute agreement between surrogate measures of body
composition and gold standard measures of total fat mass, trunk
fat mass, and lean mass from childhood through young
adulthood. While the most universally accepted inexpensive and
non-invasive assessment of adiposity is BMI, it has a lesser
absolute agreement with total fat mass and trunk fat mass
compared to WHtR. Importantly, WHtR had the least correlation,
association, and absolute agreement with DEXA-measured lean
mass suggesting that WHtR may be an inexpensive and non-
invasive assessment specific for fat mass adiposity. BMI measures
of body composition did not significantly distinguish between fat
mass and lean mass. This result fills the knowledge gap on
alternative measures of adiposity recently identified by the
American Academy of Pediatrics in the first-ever clinical practice
guideline for the evaluation and treatment of obesity in children.'?
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Table 6.

ratio optimal cutpoint from ages 9 through 24 years.

Sex AUC (95% ClI) Sensitivity
75th percentile for excess total body fat

Male 0.856 (0.845-0.866) 0.512
Female 0.830 (0.820-0.838) 0.384
85th percentile for excess total body fat

Male 0.885 (0.875-0.896) 0.554
Female 0.878 (0.868-0.887) 0.537
90th percentile for excess total body fat

Male 0.902 (0.890-0.912) 0.577
Female 0.910 (0.900-0.918) 0.651
95th percentile for excess total body fat

Male 0.942 (0.930-0.951) 0.794
Female 0.948 (0.940-0.955) 0.675
75th percentile for excess trunk body fat

Male 0.837 (0.826-0.848) 0.421
Female 0.838 (0.829-0.847) 0.502
85th percentile for excess trunk body fat

Male 0.879 (0.868-0.889) 0.541
Female 0.880 (0.870-0.889) 0.539
90th percentile for excess trunk body fat

Male 0.894 (0.881-0.904) 0.627
Female 0.918 (0.909-0.925) 0.681
95th percentile for excess trunk body fat

Male 0.942 (0.931-0.950) 0.782
Female 0.951 (0.942-0.958) 0.759

Receiver operating curve analysis for longitudinally predicting excess total fat mass or trunk fat mass with waist circumference-to-height

Specificity WHtR optimal cutpoint (95% ClI)
0.946 0.500 (0.488-0.513)
0.948 0.516 (0.501-0.525)
0.937 0.512 (0.497-0.529)
0.932 0.515 (0.506-0.523)
0.944 0.525 (0.514-0.530)
0.924 0.517 (0.505-0.524)
0.929 0.525 (0.524-0.529)
0.953 0.544 (0.517-0.552)
0.961 0.512 (0.504-0.525)
0.919 0.500 (0.497-0.515)
0.933 0.511 (0.490-0.525)
0.932 0.515 (0.509-0.534)
0.919 0.512 (0.496-0.523)
0.922 0.515 (0.504-0.524)
0.929 0.525 (0.513-0.529)
0.941 0.536 (0.520-0.544)

To derive optimal cutpoint, the prevalence of obesity was set at 23% based on the latest evidence in the UK pediatric population.
AUC area under the curve, CI confidence interval, WHtR waist circumference-to-height ratio.

Waist-to-height ratio as a specific inexpensive tool for
predicting fat mass adiposity

The relative stability of WHtR irrespective of age and sex is known
and confirmed in the present study.'”** A cross-sectional study of
5355 children aged 8 to 19 years from the US National Health and
Nutrition Surveys reported that WHtR performed better than BMI
in detecting high body fat percentage.?' A cross-sectional survey
of 14,042 Chinese students aged 6-17 years concluded from
receiver operating curve analyses that WHtR screened children for
obesity better than BMI.** The present study validates WHtR
cutpoint of 0.50 in males and 0.52 in females as longitudinally
optimal to truly identify 4-5 of 10 participants who were
overweight or obese (sensitivity) and 9 out of 10 participants
who were not overweight/obese (specificity). These WHtR
cutpoints in the present longitudinal study represented the
75th percentile of total fat mass in both males and females during
growth from childhood through young adulthood. A slightly
higher WHtR cutpoint of 0.53 in males and 0.54 in females may
potentially identify 8 of 10 participants who were overweight or
obese at 95th percentile of total fat mass and nine out of ten
participants who were not overweight/obese. Among 9-11-year-
old children from Japan, WHtR 85th percentile suggested
cutpoint for detecting high DEXA-measured fat mass was 0.47
in males (n=226) and 0.46 in females (n=196). These values
were slightly lower than the WHtR cut-points in the present study
likely due to participants’ age, sample size (more than 10-fold
smaller), and distinctive ethnic-characterized anthropometry and
body composition.*® Cross-sectional evidence suggests that WHtR
may not accurately predict the risk of insulin resistance in
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Brazilian children and elevated blood pressure in German
children.*’*® This may suggest that WHtR may be specific for
predicting fat mass adiposity. A recent cross-sectional analysis of
24,605 children and adolescents aged 6-18 years from Brazil,
China, Greece, Iran, ltaly, Korea, South Africa, Spain, the UK, and
the USA found that WHtR cutpoint of 0.50 in European and the US
youths and 0.46 in Asian, African, and South American youths
optimally predicted =2 cardiometabolic risk factors.?® The
combination of WHtR in predicting DEXA-measured total and
trunk fat mass with a recent cross-country-validated equation for
predicting deuterium dilution fat-free mass could be useful in the
global surveillance of fat mass overweight and obesity in the
pediatric population.*® With WHtR as a better surrogate estimate
than BMI in measuring adiposity, future research investigating the
mechanism regarding how WHtR correlates highly with fat mass
and not with lean mass is warranted. Moreover, the mechanism
that explains the relatively unchanged WHtR in a normal growing
child until young adulthood in spite of varying BMI necessitates
further studies.

DEXA-measured total fat mass, trunk fat mass, and lean mass
percentile cutpoints

The importance of body composition normative reference data
from gold-standard measures was highlighted a decade ago
among 533 British participants aged 5-20 years.'® However, the
study did not assess waist circumference or WHtR.'® The present
study with 14-fold more participants provides comprehensive
gold standard reference measures of body composition that could
be physiologically and clinically useful in understanding growth,

Pediatric Research (2024) 96:1369 - 1380
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Predicting excess total body fat mass with waist circumference-to-height ratio. Receiver operating characteristics curve analyses of

waist circumference-to-height ratio optimal cut-point for longitudinally predicting excess adiposity at the 75th and 95th percentile of total fat
mass in males (a, b) and females (¢, d), respectively. AUC area under the curve, Cl confidence interval, WHtR waist circumference-to-height
ratio. To derive an optimal cutpoint, the prevalence of obesity was set at 23% based on the latest evidence in the UK pediatric population.

health, and disease."” Importantly, the previous reference values
were significantly different, for instance, the total fat mass 50th
percentile in males and females at age 10 years was 6.10 kg and
8.89 kg, respectively. In the present study, the total fat mass 50th
percentile is 8.36kg in males and 11.28kg in females at an
average of 9.9 years.'® The difference may be attributed to the
combination of several measures of body composition such as
DEXA, magnetic resonance imaging, and bio-impedance in a
calculated 4-component model.'®

Strength and limitation

The present study participants were population-representative
healthy volunteers participating in an ongoing well-phenotyped
prospective birth cohort study (ALSPAC) with repeated and
precise gold standard measures of body composition throughout
the follow-up period. This extensive data is important in providing
normative reference body composition values during growth.
Absolute measures of body composition assessed with DEXA
presented in this study are more accurate than estimations of fat
percentages or equations-derived measures.** The absolute
agreement analysis better informs the predictive ability of BMI
in identifging fat mass rather than correlation or regression
analyses.”” A limitation includes the homogeneity of the study

Pediatric Research (2024) 96:1369 - 1380

population’s race (Caucasian) warranting confirmation in long-
itudinal studies among other racial backgrounds.'>'74’

CONCLUSION

WHtR is a better adiposity surrogate measure than BMI in
predicting total and trunk fat mass and discriminating lean mass
in the pediatric population, and it is unaffected by age and sex.
These findings amplify the call to shift away from proxy weight-
for-height indices such as BMI, which misidentify and misdiag-
nose pediatric population with overweight or obesity, and
towards a more accurate assessment of fat mass obesity. In
males, WHtR cutpoint of 0.50-0.53 could detect 5-8 individuals
out of 10 who are truly obese (sensitivity) and 9 out of 10
individuals who are truly not obese (specificity). In females, WHtR
cutpoint of 0.52-0.54 could detect 4-7 individuals out of 10 who
are truly obese (sensitivity) and 9 out of 10 individuals who are
truly not obese (specificity). WHtR may be universally adopted as
non-invasive and inexpensive fat mass overweight and obesity
surveillance, monitoring, and prevention initiatives in routine
pediatric healthcare practice, particularly, in low-resource set-
tings where more complex fat mass measures are not readily
available.
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Fig.2 The distribution of waist circumference-to-height ratio relative to total body fat mass. Mean distribution of waist circumference-to-
height ratio (WHtR) and total fat mass (FM) during growth from childhood (age 9 years) through young adulthood (age 24 years) in males and
females across different percentiles. Females had significantly higher total fat mass than males as evidenced by the less flat contour ridges in
childhood.

DATA AVAILABILITY

The informed consent obtained from ALSPAC participants does not allow the data to
be made freely available through any third-party maintained public repository.
However, data used for this submission can be made available on request to the
ALSPAC Executive. The ALSPAC data management plan describes in detail the policy
regarding data sharing, which is through a system of managed open access. Full
instructions for applying for data access can be found here: http://www.bristol.ac.uk/
alspac/researchers/access/. The ALSPAC study website contains details of all the data
that are available (http://www.bristol.ac.uk/alspac/researchers/our-data/).

REFERENCES

1.

World Health Organization. Obesity and overweight. Accessed 5 Jan 2023;
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
(2021).

. Cote, A. T. et al. Obesity and arterial stiffness in children: systematic review and

meta-analysis. Arterioscler. Thromb. Vasc. Biol. 35, 1038-1044 (2015).

. Jacobs, D. R. Jr et al. Childhood cardiovascular risk factors and adult cardiovas-

cular events. N. Engl. J. Med. 386, 1877-1888 (2022).

. Davis, S. M,, Sherk, V. D., Higgins, J. Adiposity is the enemy: body composition and

insulin sensitivity. In: Zeitler P. S., Nadeau K. J., eds. Insulin Resistance: Childhood
Precursors of Adult Disease. 133-153. https://doi.org/10.1007/978-3-030-25057-
7_9 (Springer International Publishing, 2020).

. Lister, N. B. et al. Child and adolescent obesity. Nat. Rev. Dis. Prim. 9, 24

(2023).

. Agbaje, A. O., Barker, A. R. & Tuomainen, T. P. Effects of arterial stiffness and

carotid intima-media thickness progression on the risk of overweight/obesity and
elevated blood pressure/hypertension: a cross-lagged cohort study. Hypertension
79, 159-169 (2022).

. Agbaje, A. O., Barker, A. R, Mitchell, G. F. & Tuomainen, T. P. Effect of arterial

stiffness and carotid intima-media thickness progression on the risk of dysgly-
cemia, insulin resistance, and dyslipidaemia: a temporal causal longitudinal study.
Hypertension 79, 667-678 (2022).

. Agbaje, A. O, Saner, C, Zhang, J., Henderson, M., Tuomainen, T. P. DEXA-based fat

mass with the risk of worsening insulin resistance in adolescents: a 9-year tem-
poral and mediation study. J. Clin. Endocrinol. Metab. https://doi.org/10.1210/
clinem/dgae004 (2024).

. Agbaje, A. O., Barker, A. R. & Tuomainen, T. P. Cumulative muscle mass and blood

pressure but not fat mass drives arterial stiffness and carotid intima-media
thickness progression in the young population and is unrelated to vascular organ
damage. Hypertens. Res. 46, 984-999 (2023).

. Wright, C. M. et al. Body composition data show that high BMI centiles over-

diagnose obesity in children aged under 6 years. Am. J. Clin. Nutr. 116, 122-131
(2022).

. Agbaje, A. O, Perng, W. & Tuomainen, T. P. Effects of accelerometer-based

sedentary time and physical activity on DEXA-measured fat mass in 6059 chil-
dren. Nat. Commun. 14, 8232 (2023).

. Hampl, S. E. et al. Clinical Practice Guideline for the evaluation and treatment of

children and adolescents with obesity. Pediatrics. 151 https://doi.org/10.1542/
peds.2022-060640 (2023).

. Martin-Calvo, N., Moreno-Galarraga, L., Martinez-Gonzalez, M. A. Association

between body mass index, waist-to-height ratio and adiposity in children: a

Pediatric Research (2024) 96:1369 - 1380

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

systematic review and meta-analysis. Nutrients. 8 https://doi.org/10.3390/
nu8080512 (2016).

. McCarthy, H. D. & Ashwell, M. A study of central fatness using waist-to-height

ratios in UK children and adolescents over two decades supports the simple
message-'keep your waist circumference to less than half your height. Int. J. Obes.
30, 988-992 (2006).

. Wells, J. C. K. Toward body composition reference data for infants, children, and

adolescents. Adv. Nutr. 5, 3205-329SS (2014).

. Wells, J. C. K. et al. Body-composition reference data for simple and reference

techniques and a 4-component model: a new UK reference child. Am. J. Clin. Nutr.
96, 1316-1326 (2012).

. Alves Junior, C. A, Mocellin, M. C,, Gongalves, E. C. A, Silva, D. A. & Trindade, E. B.

Anthropometric indicators as body fat discriminators in children and adolescents:
a systematic review and meta-analysis. Adv. Nutr. 8, 718-727 (2017).

. Kakinami, L., Henderson, M., Chiolero, A., Cole, T. J., Paradis, G. Identifying the best

body mass index metric to assess adiposity change in children. Arch. Dis. Child.
https://doi.org/10.1136/archdischild-2013-305163 (2014).

. Lindsay, R. S. et al. Body mass index as a measure of adiposity in children and

adolescents: relationship to adiposity by dual-energy X-ray absorptiometry and
to cardiovascular risk factors. J. Clin. Endocrinol. Metab. 86, 4061-4067 (2001).
Jensen, N. S. O., Camargo, T. F. B. & Bergamaschi, D. P. Comparison of methods to
measure body fat in 7-to-10-year-old children: a systematic review. Public Health
133, 3-13 (2016).

Tuan, N. T. & Wang, Y. Adiposity assessments: agreement between dual-energy X-
ray absorptiometry and anthropometric measures in U.S. children. Obesity 22,
1495-1504 (2014).

Amati, F. et al. Infant fat mass and later child and adolescent health outcomes: a
systematic review. Arch. Dis. Child. https://doi.org/10.1136/archdischild-2023-
325798 (2023).

Lelijveld, N. et al. Towards standardised and valid anthropometric indicators of
nutritional status in middle childhood and adolescence. Lancet Child Adolesc.
Heal. 6, 738-746 (2022).

Zapata, J. K. et al. BMI-based obesity classification misses children and adoles-
cents with raised cardiometabolic risk due to increased adiposity. Cardiovasc.
Diabetol. 22, 240 (2023).

Zong, X. et al. Establishing international optimal cut-offs of waist-to-height ratio
for predicting cardiometabolic risk in children and adolescents aged 6-18 years.
BMC Med. 21, 442 (2023).

Boyd, A. et al. Cohort profile: the ‘Children of the 90s'—the index offspring of the
Avon longitudinal study of parents and children. Int. J. Epidemiol. 42, 111-127
(2013).

Fraser, A. et al. Cohort profile: the Avon longitudinal study of parents and chil-
dren: ALSPAC mothers cohort. Int. J. Epidemiol. 42, 97-110 (2013).

Northstone, K. et al. The Avon Longitudinal Study of Parents and Children
(ALSPAQ): an update on the enrolled sample of index children in 2019. Wellcome
Open Res. 4, 51 (2019).

Harris, P. A. et al. Research electronic data capture (REDCap)—a metadata-driven
methodology and workflow process for providing translational research infor-
matics support. J. Biomed. Inf. 42, 377-381 (2009).

Agbaje, A. O., Barker, A. R. & Tuomainen, T. P. Cardiorespiratory fitness, fat mass,
and cardiometabolic health with endothelial function, arterial elasticity, and
stiffness. Med. Sci. Sport Exerc. 54, 141-152 (2022).

SPRINGER NATURE

1379


http://www.bristol.ac.uk/alspac/researchers/access/
http://www.bristol.ac.uk/alspac/researchers/access/
http://www.bristol.ac.uk/alspac/researchers/our-data/
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://doi.org/10.1007/978-3-030-25057-7_9
https://doi.org/10.1007/978-3-030-25057-7_9
https://doi.org/10.1210/clinem/dgae004
https://doi.org/10.1210/clinem/dgae004
https://doi.org/10.1542/peds.2022-060640
https://doi.org/10.1542/peds.2022-060640
https://doi.org/10.3390/nu8080512
https://doi.org/10.3390/nu8080512
https://doi.org/10.1136/archdischild-2013-305163
https://doi.org/10.1136/archdischild-2023-325798
https://doi.org/10.1136/archdischild-2023-325798

A.O. Agbaje

1380

31. Agbaje, A. O. Longitudinal left ventricular mass indexing for DEXA-measured lean
mass and fat mass: normative reference centiles in post-pubertal adolescents and
young adults. Am. J. Physiol. Hear Circ. Physiol. 324, H571-H577 (2023).

32. Agbaje, A. O., Zachariah, J. P,, Bamsa, O., Odili, A. N. & Tuomainen, T. P. Cumulative
insulin resistance and hyperglycaemia with arterial stiffness and carotid IMT
progression in 1779 adolescents: a 9-year longitudinal cohort study. Am. J. Phy-
siol. Endocrinol. Metab. 324, E268-E278 (2023).

33. Agbaje, A. O. Increasing lipids with risk of worsening cardiac damage in 1595
adolescents: A 7-year longitudinal and mediation study. Atherosclerosis. 117440.
https://doi.org/10.1016/j.atherosclerosis.2023.117440 (2023).

34. Agbaje, A. O. Associations of sedentary time and physical activity from childhood
with lipids: a 13-year mediation and temporal study. J. Clin. Endocrinol. Metab.
https://doi.org/10.1210/clinem/dgad688 (2023).

35. Agbaje, A. O. Longitudinal mediating effect of fatmass and lipids on sedentary
time, light PA, and MVPA with inflammation in youth. J. Clin. Endocrinol. Metab.
108, 3250-3259 (2023).

36. Agbaje, A. O. Mediating role of body composition and insulin resistance on the
association of arterial stiffness with blood pressure among adolescents: the
ALSPAC study. Front. Cardiovasc. Med. 9, 939125 (2022).

37. Baker, C. Obesity Statistics in England; House of Commons Library; 2023. https://
researchbriefings.files.parliament.uk/documents/SN03336/SN03336.pdf.

38. Delong, E. R, DelLong, D. M. & Clarke-Pearson, D. L. Comparing the areas under
two or more correlated receiver operating characteristic curves: a nonparametric
approach. Biometrics 44, 837-845 (1988).

39. Swets, J. A. Measuring the accuracy of diagnostic systems. Science 240,
1285-1293 (1988).

40. Golding, G., Pembrey, P. & Jones, J. ALSPAC—The Avon Longitudinal Study of
Parents and Children I. Study methodology. Paediatr. Perinat. Epidemiol. 15,
74-87 (2001).

41. Sun, X. et al. Association between body mass index and body fat measured by
dual-energy X-ray absorptiometry (DXA) in China: a systematic review and meta-
analysis. Glob. Heal. J. 7, 61-69 (2023).

42. Agbaje, A. O, Zachariah, J. P. & Tuomainen, T. P. Arterial stiffness but not carotid
intima-media thickness progression precedes premature structural and func-
tional cardiac damage in youth: a 7-year temporal and mediation longitudinal
study. Atherosclerosis 380, 117197 (2023).

43. Alshahrani, A., Shuweihdi, F., Swift, J. & Avery, A. Underestimation of overweight
weight status in children and adolescents aged 0-19 years: a systematic review
and meta-analysis. Obes. Sci. Pract. 7, 760-796 (2021).

44. Sarkkola, C. et al. Prevalence of thinness, overweight, obesity, and central obesity
in Finnish school-aged children: a comparison of national and international
reference values. Obes. Facts 15, 240-247 (2022).

45. Ye, X. F. et al. Identification of the most appropriate existing anthropometric
index for home-based obesity screening in children and adolescents. Public
Health 189, 20-25 (2020).

46. Fujita, Y., Kouda, K., Nakamura, H. & lki, M. Cut-off values of body mass index,
waist circumference, and waist-to-height ratio to identify excess abdominal fat:
population-based screening of Japanese school children. J. Epidemiol. 21,
191-196 (2011).

47. Kromeyer-Hauschild, K., Neuhauser, H., Schaffrath Rosario, A. & Schienkiewitz, A.
Abdominal obesity in German adolescents defined by waist-to-height ratio and
its association to elevated blood pressure: the KiGGS study. Obes. Facts 6,
165-175 (2013).

48. Lins, P. R. M,, de Arruda Neta, AdaC. P. & Vianna, R. PdeT. Cutoff points in the
waist-height ratio for the prediction of insulin resistance, second stage of sexual
maturation in Brazilian adolescents. Br. J. Nutr. 130, 353-359 (2022).

49. Hudda, M. T. et al. External validation of a prediction model for estimating fat
mass in children and adolescents in 19 countries: individual participant data
meta-analysis. BMJ 378, e071185 (2022).

ACKNOWLEDGEMENTS

We are extremely grateful to all the families who took part in this study, the midwives
for their help in recruiting them, and the whole ALSPAC team, which includes
interviewers, computer and laboratory technicians, clerical workers, research

SPRINGER NATURE

scientists, volunteers, managers, receptionists and nurses. Some parts of the figures
were created with Biorender.

AUTHOR CONTRIBUTIONS

A.O. Agbaje had full access to all the data in the study and took responsibility for the
integrity of the data and the accuracy of the data analysis. Concept and design: A.O.
Agbaje. Acquisition, analysis, and interpretation of data: A.O. Agbaje, Drafting of the
manuscript: A.O. Agbaje. Critical revision of the manuscript for important intellectual
content: A.O. Agbaje. Statistical analysis: A.O. Agbaje. Obtained funding: A.O. Agbaje.
This publication is the work of the authors and A.O. Agbaje will serve as guarantor for
the contents of this paper.

FUNDING

The UK Medical Research Council and Wellcome (Grant ref: 217065/2/19/Z) and the
University of Bristol provide core support for ALSPAC. A comprehensive list of grant
funding is available on the ALSPAC website (http://www.bristol.ac.uk/alspac/external/
documents/grant-acknowledgements.pdf); Dr Agbaje’s research group (UndeRstand-
ing FITness and Cardiometabolic Health In Little Darlings: urFIT-child) was funded by
the Jenny and Antti Wihuri Foundation (Grant no: 00180006); the North Savo regional
and central Finnish Cultural Foundation (Grants no: 65191835, 00200150, and
00230190), Orion Research Foundation sr, Aarne Koskelo Foundation, Antti and Tyyne
Soininen Foundation, Paulo Foundation, Paavo Nurmi Foundation, Yrj6 Jahnsson
Foundation (Grant no: 20217390), Ida Montin Foundation, University of Eastern
Finland Faculty of Health Sciences fund of Eino Rasanen, and Matti and Vappu
Maukonen, the Finnish Foundation for Cardiovascular Research (Grant no: 220021
and 230012) and the Alfred Kordelin Foundation (230082). Open access funding
provided by University of Eastern Finland (including Kuopio University Hospital).

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41390-024-03112-8.

Correspondence and requests for materials should be addressed to
Andrew O. Agbaje.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

By Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Pediatric Research (2024) 96:1369 - 1380


https://doi.org/10.1016/j.atherosclerosis.2023.117440
https://doi.org/10.1210/clinem/dgad688
https://researchbriefings.files.parliament.uk/documents/SN03336/SN03336.pdf
https://researchbriefings.files.parliament.uk/documents/SN03336/SN03336.pdf
http://www.bristol.ac.uk/alspac/external/documents/grant-acknowledgements.pdf
http://www.bristol.ac.uk/alspac/external/documents/grant-acknowledgements.pdf
https://doi.org/10.1038/s41390-024-03112-8
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Waist-circumference-to-height-ratio had better longitudinal agreement with DEXA-measured fat mass than BMI in 7237 children
	Introduction
	Methods
	Study�cohort
	Anthropometric and body composition
	Statistical analysis

	Results
	Cohort study characteristics
	Longitudinal associations of surrogate body composition measures with DEXA measures
	Longitudinal correlations and absolute agreements of body composition measures with DEXA measures
	Receiver operating curve analyses for predicting excess total fat mass adiposity from�WHtR
	Percentiles references for WHtR, total fat mass, and trunk fat�mass

	Discussion
	Comparison with previous studies
	Waist-to-height ratio as a specific inexpensive tool for predicting fat mass adiposity
	DEXA-measured total fat mass, trunk fat mass, and lean mass percentile cutpoints
	Strength and limitation

	Conclusion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




