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Abstract
This study verified the accuracy of the international BMI references and the allometric BMI reference to diagnose obesity in children and
adolescents from the USA. Data from 17 313 subjects were obtained from the National Health and Nutrition Examination Survey between the
years 1999–2006 and 2011–2018. Fat Mass Index, Allometric Fat Mass Index and fat mass/fat-free mass were calculated. Receiver operating
characteristic curve, AUC, sensitivity, specificity, positive likelihood ratio and negative likelihood ratiowere estimated to evaluate the accuracy of
the growth references for diagnosing obesity. The International Obesity Task Force, MULT BMI 17 years, MULT BMI 18 years and allometric BMI
19 years achieved the best sensitivity-specificity trade-off for boys, with sensitivities ranging from 0·92 to 0·96 and specificities of 0·94, with
positive likelihood ratio of 15·51, 16·17, 13·46 and 18·01, respectively. The negative likelihood ratios were notably low, ranging from 0·04 to 0·08.
In girls, the International Obesity Task Force, MULT BMI 17 years and MULT allometric BMI 17 years also demonstrated high sensitivity (0·95–
0·97) and specificity (0·92), with positive likelihood ratio values of 11·54, 11·82 and 11·77, respectively and low negative likelihood ratio values
(0·03–0·05). In summary, these international growth references presented satisfactory performance to diagnose obesity. However, the MULT
growth reference performed better, and the MULT allometric BMI was the only indicator capable of detecting that girls have a higher proportion
of fat mass than boys for the same index values. These findings suggest that the MULT growth reference may be a better tool to assess the
nutritional status of children and adolescents internationally.
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Monitoring body fat mass (FM) during childhood and adoles-
cence is an important way to identify possible health and
nutritional risks and to predict them into adulthood(1,2). Body
composition analysis is used to detect excessive body FM and
excessive body mass(3,4). Among the existing methods for this
evaluation, dual-energy X-ray absorptiometry (DXA), developed

by Mazess et al.(5), is considered a reference for estimating body
composition and has been used to validate equations based on
anthropometric measurements(3,4). It presents a good accuracy
for predicting body FM, which is associated with cardiometa-
bolic outcomes; however, it is an expensive method and
therefore not used on a large scale in population studies(5,6).
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Body Mass Index (BMI) is the main tool for monitoring
children and adolescent obesity at a population level because it
is not an invasive procedure, is easily applicable and does not
require expensive equipment(2,7,8). Different BMI growth charts
proposed by several institutions for international use were
constructed over the years(7,8). These growth charts have been
developed using longitudinal or cross-sectional data, with
national or international samples and with different inclusion
criteria(7–9).

For instance, the growth references from the Centers for
Disease Control and Prevention (CDC, 2000)(10) and the WHO
(2007)(11) (for children over 5 years old) were constructed based
on the population of the USA, while the ones from the WHO
(2006)(12), the International Obesity Task Force (IOTF,
2012)(13,14) and the MULT (2023)(15) were constructed based
on diverse populations around the world. These methodological
divergences in the construction of these international growth
charts include the composition of the population and the
modelling of the descriptive parameters of the anthropometric
index and the cut-off points(7,8,16). These differences generate
effects on the nutritional classification and make diagnosing and
comparing prevalence difficult(7,8,16).

Considering the effects on the nutritional status of children
and adolescents, the MULT growth reference has recently been
released(15,17,18). This growth reference was constructed using
longitudinal data from ten countries (England, Scotland, Wales,
Northern Ireland, Ethiopia, India, Peru, Vietnam, Brazil and
Portugal), presenting a multi-ethnic sample(15,17,18). Notably, the
MULT growth reference(15,17,19) demonstrates a high degree of
concordance with the 2006 WHO growth standard(12) and the
IOTF growth reference(13,14), which were also based on multi-
ethnic samples(19). The MULT growth reference includes growth
charts for height-for-age and BMI-for-age, and it introduces a
new approach with the allometric BMI (ABMI) for age(15,17,18).

The ABMI growth charts were developed using the formula
weight/heightpt proposed by Ben(20), along with the pt
exponents specified by age and sex as outlined by Mazzeti
et al.(21). These pt exponents were estimated using cross-
sectional data from five countries – Brazil, the USA, Mexico,
South Korea and England – and were validated through DXA(21).
This approach of adjusting the exponents over time was
proposed to more accurately estimate the relationship between
weight and height during development, particularly during
puberty when there is an increase in growth velocity(18,21).

Despite the widespread use of growth references from the
CDC(10), WHO(11) and IOTF(13,14) as tools for assessing obesity
internationally, a systematic review has indicated that they may
not be accurate for several populations(7). Additionally, studies
pointed out that the standard BMI formula may not adequately
capture the complexities of growth velocity and changes in body
composition in children and adolescents(21,22). This limitation
arises because, during certain developmental stages, the
relationship between weight and height cannot be accurately
represented by weight divided by squared height(21,22).
Therefore, the aim of this study was to verify the accuracy of
the CDC(10), WHO(11), IOTF(13,14) and MULT(15) BMI references
and of the MULT ABMI reference(18) to diagnose obesity in US

schoolchildren and adolescents according to their body FM
estimated by DXA.

Subjects and methods

Study design and population

Data from 20 824 children and adolescents from 8 to 20 years
old were obtained from the National Health and Nutrition
Examination Survey (NHANES) between the years 1999–2006
and 2011–2018(23–26). The NHANES of 2007–2008 and 2009–
2010 were not included because they did not have the whole-
body DXA variable available(23–25). NHANES is an ongoing
study coordinated by the National Center for Health Statistics
(which aims to evaluate the health and nutritional status of the
non-institutionalised US population over the years(23–26).
NHANES evaluates a US representative sample of about 5000
people per year, and its survey includes demographic, socio-
economic, dietary and health-related questions, physiological
measurements, body composition examination and laboratory
tests(23–26).

The anthropometric and body composition measurements of
NHANES were collected by trained professionals who followed
a standardised examination protocol to ensure data quality(23–
25,27). All subjects were measured without personal belongings
that could interfere with the anthropometric and DXA assess-
ments(27–29). The analysis of the body composition (whole body)
was performed according to the procedures recommended by
the manufacturer of the equipment, which was the Hologic
Discovery A(28,29). Furthermore, to certify the accuracy of the
body composition estimated by this equipment, the Radiology
Bone Density Group from the University of California, San
Francisco, reviewed and analysed its results using industry-
standard techniques(28,29).

NHANES was conducted according to the guidelines laid
down in the Declaration of Helsinki, and all procedures
involving human subjects were approved by the National
Center for Health Statistics Research Ethics Review Board(30).
Written informed consent was obtained from all participants
aged 18þ years old, and a parent or guardian signed the
permission for minors(23–25,31). Additionally, children aged 7–17
years old also provided documented consent and interpreters
assisted participants who did not speak or read English or
Spanish(23–25). The details of the surveys, as well as their approval
from the Research Ethics Committees, have been described in
their study protocols and in previous studies(23–25,29–31).

The NHANES (1999–2006/2011–2018) provided data from
80 630 subjects(23–26). For the analysis of this study, we selected
demographic (sex, age, ethnicity), body measurements (weight,
height) and body composition (FM, fat-free mass (FFM)) data of
subjects aged up to 20 years old. Moreover, as shown in Fig. 1,
we limited our study to subjects aged between 8 and 20 years old
because there was no DXA examination for children younger
than 8 years old. In the data processing, we excluded 3509
subjects who hadmissing data (demographic, anthropometric or
body composition data) and two subjects with implausible BMI
values, determined as a BMI-for-age z-score below – 5 SD or
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above 5 SD(32,33). This exclusion was performed based on 2007
WHO BMI reference values, as it is a worldwide well-known
criterion validated by several studies(11,32–36).

Data processing and analysis

In order to obtain a reference population sample to estimate the
percentiles for obesity based on the FM estimated by the DXA,
we removed subjects with outlier BMI values. Outlier values
were determined as BMI-for-age z-score below – 3 SD or
aboveþ 3 SD according to the WHO reference values(11,32,33).
This approachwas employed following the recommendations of
the WHO (2006) for constructing growth charts and estimating

cut-offs(12,33). According to these guidelines, unhealthy weight
data should be removed to avoid skewing the growth reference,
and ideally, obesity should affect only 3 % of a healthy
population(12,33). This is particularly important given that US
national data indicates that in 2017–2018, nearly one in five
children and adolescents aged 2–19 years (19·3 %) had
obesity(37). Such trends underscore the necessity of removing
extreme values, especially when estimating cut-offs using data
from countries with high obesity rates(12).

Concerning the obesity classification, the FM was used to
calculate a Fat Mass Index (FMI), as proposed by Kelly et al.(29),
and an Allometric Fat Mass Index (AFMI) as proposed by us. The
FMI is the ratio of FM (kg) to squared height (m2), following the

Initial NHANES Sample (n 80,630)
• NHANES 1999–2000 (n 9,965)
• NHANES 2001–2002 (n 11,039)
• NHANES 2003–2004 (n 10,122)
• NHANES 2005–2006 (n 10,348)
• NHANES 2011–2012 (n 9,756)
• NHANES 2013–2014 (n 10,175)
• NHANES 2015–2016 (n 9,971)
• NHANES 2017–2018 (n 9,254)

NHANES Sample (n 20,824)
• NHANES 1999–2000 (n 3,166)
• NHANES 2001–2002 (n 3,320)
• NHANES 2003–2004 (n 2,994)
• NHANES 2005–2006 (n 3,055)
• NHANES 2011–2012 (n 2,062)
• NHANES 2013–2014 (n 2,238)
• NHANES 2015–2016 (n 2,121)
• NHANES 2017–2018 (n 1,868)

Subjects aged < 8y or > 20y
(n 59,806)

NHANES Sample (n 17,313)
• NHANES 1999–2000 (n 1,596)
• NHANES 2001–2002 (n 3,081)
• NHANES 2003–2004 (n 2,829)
• NHANES 2005–2006 (n 2,886)
• NHANES 2011–2012 (n 1,793)
• NHANES 2013–2014 (n 1,930)
• NHANES 2015–2016 (n 1,800)
• NHANES 2017–2018 (n 1,398)

Subjects with BMI outlier 
measurement

(n 1,170)

Subjects with missing data 
(n 3,509) or

implausible values (n 2)

Subjects included in the final 
analysis

NHANES Sample (n 16,143)
• NHANES 1999–2000 (n 1,509)
• NHANES 2001–2002 (n 2,891)
• NHANES 2003–2004 (n 2,646)
• NHANES 2005–2006 (n 2,676)
• NHANES 2011–2012 (n 1,666)
• NHANES 2013–2014 (n 1,785)
• NHANES 2015–2016 (n 1,683)
• NHANES 2017–2018 (n 1,287)

Subjects included in the analysis to 
determine obesity percentile based 

on the body fat mass

Fig. 1. Flow chart of the subject selection. NHANES, National Health and Nutrition Examination Survey.
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BMI concept but using FM instead of body mass (weight). The
AFMI is the ratio of FM (kg) to height (m) raised to the pt
exponents(29). These exponents, ranging from 1·9 to 3·1 and
varying by age and sex, were previously estimated by Mazzeti
et al.(21) and adapted by De Oliveira et al. in the ABMI growth
reference(18).

The obesity classification based on the body fat was
determined as FMI or AFMI percentile≥ 95th, while the obesity
classification of the BMI and ABMI were assessed according to
the values proposed by the CDC(10), WHO(11), IOTF(13,14) and
MULT(15) BMI references and the MULT ABMI reference(18). For
both sexes, the lowest obesity percentiles for BMI and ABMI
were observed with CDC(10) (95·0th) and WHO(11) (97·0th). For
males, the highest obesity percentile was found with MULT
ABMI(18), with a cut-off estimated at 18 years old (99·1th). For
females, the highest percentiles were observed with MULT
BMI(15), with a cut-off estimated at 17 years old (98·6th) and with
IOTF(14) (98·6th), as shown in Table 1. Additionally, the FM/FFM
was calculated for each participant, and sex-specific scatter plots
for the relation between FMI, AFMI, FM/FFM and the indexes of
BMI and ABMI were plotted(38).

Moreover, to evaluate accuracy of the growth references, the
z-score of each growth chart was calculated using the L
(skewness), M (median) and S (CV) values. Subsequently, these
scores were converted into percentiles, and the obesity
classification was determined based on the percentile cut-offs
of the CDC(10), WHO(11), IOTF(14), MULT BMI(15) and MULT
ABMI(18). The diagnostic accuracy, defined as the proportion of
all tests that give a correct result, was performed for the CDC(10),
WHO(11), IOTF(14) and MULT(15) BMI growth references,
according to the obesity diagnostic criteria classified by the
FMI(29,39). For the MULT ABMI(18), the AFMI was used instead.

Furthermore, sensitivity, specificity and positive likelihood
ratio and negative likelihood ratio were calculated, specified by
sex(39). The positive likelihood ratio indicates how much more
likely subjects who test positive are to actually have the
condition compared with those who test negative(39). The
negative likelihood ratio, on the other hand, measures how
much less likely a negative test result is to occur in individuals
with the condition compared with those without it(39).
Additionally, the receiver operating characteristic curve and its

AUC were calculated and plotted to provide a measure of
discrimination and allow comparison among the growth
references(40). The optimal cut-off for obesity percentiles was
estimated for each growth reference through receiver operating
characteristic curve analysis using the pROC package(40,41). This
optimal cut-off is the threshold that maximises the distance from
the identity (diagonal) line, with the optimality criterion being
themaximumof the sum of sensitivities and specificities(40,41). All
statistical analyses were performed using R software version
4·2·1 for Windows(42).

Results

After the exclusion of subjects with missing data or implausible
values, data from 17 313 subjects (54·5 %males) remained for the
diagnostic analysis, as shown in Fig. 1. For the obesity
classification based on the FMI and AFMI, after removing
subjects with severe obesity or underweight, 16 143 subjects
(54·2 % males) were selected, as presented in Fig. 1. The largest
ethnic group of our sample was non-Hispanic Black (29·24 %),
followed by Mexican American (28·3 %), non-Hispanic White
(26·7 %), other races (including multi-racial) (9·3 %) and other
Hispanic (6·5 %).

In this study, both BMI and ABMI were associated with FM,
with the ABMI presenting greater dispersion compared with
BMI. There was a strong positive correlation between BMI and
FMI and between ABMI and AFMI, as shown in Fig. 2. Moreover,
the analyses with the FM/FFM pointed out that this index is
associated with both BMI and ABMI. Notably, in the scatter plot
between ABMI and FM/FFM (Fig. 2), there is a clear distinction
between sexes, indicating that girls have more FM than FFM in
their body composition than boys for the same ABMI values.

The comparison between the BMI and the ABMI references
through the body composition analysis performed by the
receiver operating characteristic curve and the AUC analysis
are presented for boys and girls, respectively, in Figs. 3 and 4.
Regarding the optimal cut-off for obesity in the MULT BMI
reference(15) (boys), it is at the 98·1th percentile, which is similar
to the obesity percentiles estimated at 18 years (98·3th percentile)
and 19 years (97·8th percentile). For girls, the optimal cut-off in
the MULT BMI reference(15) is at the 98·9th percentile, which
closely aligns with the obesity percentile estimated at 17 years
(98·6th percentile). Similar results were found for theMULTABMI
reference(18), the closest values to the optimal obesity percentile
cut-offs (boys= 98·1th | girls= 98·2th) were at 19 years old (98·4th

percentile) for boys and 18 years old (97·9th percentile) for girls.
The FMI and AFMI values corresponding to the 95th

percentile, as well as the pt exponents per age and sex applied
in the ABMI reference(18), are presented in Table 2. The AFMI
presented lower cut-off values than FMI for males from 5 years
old to 18 years old and for females from 5 years old to 15 years
old. In these age ranges, the exponents in the ABMI were higher
than 2. The opposite occurred for females aged 15 years, and the
AFMI values were higher than the ones from FMI, having the
ABMI exponent lower than 2.

In terms of diagnostic accuracy for boys, the IOTF(14), MULT
BMI 17 years(15), MULT BMI 18 years(15) and ABMI 19 years(18)

Table 1. Obesity percentile corresponding to the value of 30 kg/m2 at 17–
20 years old of the MULT ABMI reference and MULT, CDC, WHO and
IOTF BMI references for boys and girls

Reference Boys Girls

17 years MULT ABMI(18) – 98·3th
MULT BMI(15) 98·7th 98·6th

18 years MULT ABMI(18) 99·1th 97·9th
MULT BMI(15) 98·3th 98·1th
IOTF(14) 98·9th 98·6th

19 years MULT ABMI(18) 98·4th 97·8th
MULT BMI(15) 97·8th 97·5th
WHO(11) 97·0th 97·0th

20 years MULT ABMI(18) 97·6th 97·8th
MULT BMI(15) 97·2th 96·9th
CDC(10) 95·0th 95·0th

ABMI, allometric BMI; IOTF, International Obesity Task Force; CDC, Centers for
Disease Control and Prevention.
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achieved the best sensitivity-specificity trade-off, as shown in
Table 3. The IOTF(14) demonstrated a sensitivity of 0·94 (95 % CI
0·92, 0·95) and specificity of 0·94 (95 % CI 0·93, 0·94). Similarly,
MULT BMI 17 years(15) also showed a sensitivity of 0·94 (95 % CI
0·92, 0·95) and specificity of 0·94 (95 % CI 0·94, 0·95). MULT BMI
18 years(15) achieved a sensitivity of 0·96 (95 % CI 0·95, 0·97) and
specificity of 0·93 (95 % CI 0·92, 0·93), while ABMI 19 years(18)

had a sensitivity of 0·92 (95 % CI 0·91, 0·94) and specificity of
0·95 (95 % CI 0·94, 0·95). These results are reflected in their
positive likelihood ratio, with IOTF(14) at 15·51 (95 % CI 14·23,
16·90), MULT BMI 17 years(15) at 16·17 (95 % CI 14·81, 17·66),
MULT BMI 18 years(15) at 13·46 (95 % CI 12·44, 14·56) and ABMI
19 years(18) at 18·01 (95 % CI 16·40, 19·79). The negative
likelihood ratios were also noteworthy, with IOTF(14) at 0·07
(95 % CI 0·05, 0·08), MULT BMI 17 years(15) at 0·07 (95 % CI 0·05,
0·08), MULT BMI 18 years(15) at 0·04 (95 % CI 0·03, 0·06) and
ABMI 19 years(18) at 0·08 (95 % CI 0·07, 0·10).

For girls, the diagnostic accuracy of the IOTF(14), MULT BMI
17 years(15) and MULT ABMI 17 years(18) demonstrated the best
sensitivity-specificity trade-off, as presented in Table 3. The
IOTF(14) achieved a sensitivity of 0·97 (95 % CI 0·96, 0·98) and a
specificity of 0·92 (95 % CI 0·91, 0·92). Similarly, MULT BMI
17 years(15) reported a sensitivity of 0·97 (95 % CI 0·96, 0·98) and
specificity of 0·92 (95 % CI 0·91, 0·92). MULT ABMI 17 years(18)

showed a slightly lower sensitivity of 0·95 (95 % CI 0·94, 0·97)
and a specificity of 0·92 (95 % CI 0·92, 0·93). Compared with
other growth references such as the CDC(10) and WHO(11), these
references exhibited the highest positive likelihood ratio, with
IOTF(14) at 11·54 (95 % CI 10·67, 12·48), MULT BMI 17 years(15) at
11·82 (95 % CI 10·92, 12·80) andMULT ABMI 17 years(18) at 11·07
(95 % CI 10·86, 12·75). Additionally, all three references
exhibited low negative likelihood ratio, with IOTF(14) at 0·03
(95 % CI 0·02, 0·04), MULT BMI 17 years(15) at 0·03 (95 % CI 0·02,
0·04) and MULT ABMI 17 years(18) at 0·05 (95 % CI 0·04, 0·07).

Additionally, our study pointed out sex differences to
establish the obesity cut-off points in the MULT growth
references(15,18). The BMI value of 30 kg/m2 to diagnose obesity
seems to be accurate to be applied at 19 years old in boys, while
for girls, it seems to bemore adequate to be applied around 17 or
18 years old. These diagnostic accuracy analyses are presented
in Table 3.

Discussion

In our analysis, the BMI and the ABMI showed to be positively
associated with adiposity. However, the relationship between
body composition and human growth is not yet fully
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understood(43). It is influenced by environmental, genetic,
maternal and dietary factors, especially in early childhood(43).
A study involving Iranian children aged 6 years highlighted that
maternal-related factors significantly affect a child’s risk of
developing obesity(44). These factors include gestational dia-
betes, high maternal BMI before pregnancy, high gestational
weight gain, maternal smoking during pregnancy, paternal
smoking, high birth weight and an early introduction of solid
foods, all of which increase the odds of developing obesity in
preschool children(44).

Considering the variety of international growth charts
available and their differing criteria for modelling descriptive
growth parameters, the MULT growth reference(15,17,18) appears
to be an effective tool for screening the nutritional status of
children and adolescents, demonstrating superior performance
among international growth references(19). One reason for this is
that it was developed using more recent longitudinal data from
children who likely reflect the secular trend in height(17).
Moreover, MULT was developed with a more ethnically diverse
sample, which enhances its applicability to US children and
adolescents, given the country’s own ethnic diversity(15,17,18).

Additionally, the application of a dynamic exponent in the
ABMI formula(18,21) better adjusts the relationship between

weight and height, particularly in boys during puberty, when
significant changes in growth velocity and body composition
occur due to the development of secondary sex character-
istics(45). Some studies pointed out that in this life stage, the
exponent 2, which is applied in the BMI formula, does not adjust
the body proportions properly, and to have an adequate
adjustment, the exponent should increase around the value of
3(22,46). Supporting this, a study involving Iranian children aged 6
years found that, although BMI performed well in identifying
general obesity, the tri-ponderal index (weight/height3) dem-
onstrated even greater accuracy(47).

Consequently, a study conducted by Zapata et al.(48) with
white Spanish subjects aged 6–17 years found that a significant
proportion of those classified as normal weight or overweight by
BMI actually had a body fat percentage (%) measured by air
displacement plethysmography within the obesity range.
Subjects not classified as obese by BMI but were classified as
such by BF% showed higher levels of cardiometabolic risk
markers, including high blood pressure, C-reactive protein,
glucose, uric acid, leucocytes count and reduced HDL-
cholesterol(48). Additionally, a study conducted with the Swiss
population (aged 18 years and over) suggested that BMI is highly
influenced by height, as height increases, the probability of an

Fig. 3. Receiver operating characteristic curve and AUC comparison among the four BMI references and the allometric BMI reference to diagnose obesity in boys
according to the body fat mass 95th percentile.

892 M. H. de Oliveira et al.

https://doi.org/10.1017/S0007114524002113  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114524002113


individual being classified in the overweight category (BMI> 25
kg/m2) decreases(49). These findings highlight the limitations of
using BMI to assess nutritional status in children and adolescents.

In this way, the use of BMI seems to be less accurate for
adolescents due to the influence of sexual maturation on body
composition(50). Silva et al.(51) highlight that the non-uniform
variation in the increase in body mass and height gain
throughout adolescence represents a challenge for assessing
nutritional status. This phenomenon makes the interpretation of
anthropometric changes and body composition more complex,
particularly when using one-dimensional indices such as BMI for
nutritional assessment(51).

Moreover, the pt exponents of the ABMI are stratified per sex,
following the growth patterns and pubertal stage of each sex,
which is essential to capture the relation between FM and body
proportion among the sexes(18,21). The ABMI analysis showed
that, proportionally, girls exhibit a higher ratio of FM to FFM
comparedwith boys at the same index values. These findings are
aligned with several studies indicating that girls generally have a
higher percentage of body fat than boys(52,53). During puberty,
this difference between the sexes is evident in the body
composition changes, while girls gain more FM, boys acquire
more FFM and skeletal mass(52,53).

In this way, the highest exponent values of the ABMI
occurred before in girls than in boys, as it is directly correlated to

sexual maturation(18,21). This can explain why the best diagnostic
accuracy for obesity in girls is achieved by applying the BMI
value of 30 kg/m2 at a younger age (17 years old), while for boys,
the best diagnostic accuracy is using this cut-off value around 19
years of age. Another possible explanation for that is the
increased prevalence of early puberty, especially in countries
affected by high rates of childhood obesity, such as theUSA(54,55).
Studies pointed out that nutritional habits are the main factor for
this prevalence increase(54–56). A diet with excessive consump-
tion of processed, high-energy and high-fat food can lead to
precocious puberty(54–56).

Regarding the cut-offs for underweight, overweigh and
obesity, there is a concern in the scientific community about the
values and the proper age to establish them(13). For adults, and to
establish the cut-offs in theWHO growth reference(11), the WHO
applied the BMI values of 25 kg/m2 and 30 kg/m2, as cut-off
points for overweight and obesity, respectively(57). The
IOTF(13,14) also applied the values of 25 kg/m2 and 30 kg/m2

to derive the cut-off percentile for overweight and obesity, but
they applied it at 18 years old, while suggesting the value of 17
kg/m2 to estimate underweight. On the other hand, the CDC(10)

used z-scores and percentiles from the sample to derive their cut-
off points around 20 years of age(58).

An advantage of the MULT BMI(15) and ABMI references(18) is
being constructed using recent longitudinal data of a multi-

Fig. 4. Receiver operating characteristic curve and AUC comparison among the four BMI references and the allometric BMI reference to diagnose obesity in girls
according to the body fat mass 95th percentile.
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ethnic sample and the application of the BMI value of 30 kg/m2

to establish the obesity percentile cut-off. This cut-off point is
well-known as a risk factor for developing non-communicable
diseases(57). Additionally, the MULT references presented high
performance to detect obesity in Brazilian and US children and
adolescents, which are a multi-ethnic countries, which suggests
that the MULT references may fit for international use(19).
Another advantage of the MULT references(15,18) is the various
obesity percentiles based on the adult BMI cut-off of 30 kg/m2 at
ages 17–20 years. This flexibility allows countries to assess and
compare these options, enabling them to select the cut-off that
best aligns with their specific growth patterns. It is important to
note that while both the WHO(11) and IOTF(13,14) applied the
adult BMI cut-off to estimate overweight and obesity percentiles,
they had limitations regarding upper age limits, with IOTF(13,14)

capping at 18 years and WHO(11) at 19 years. Consequently, it is
not possible to estimate these percentile cut-offs in the sameway
as with the MULT growth reference(15,17,18).

Furthermore, in the assessment of optimal cut-offs for obesity
within the MULT BMI reference(15), a notable distinction
emerged between boys and girls. For boys, the values
established at 18 and 19 years old closely approached the
optimal cut-off, whereas for girls, the optimal value aligned
earlier with the cut-off, specifically at 17 years old. This observed
trend persisted when examining the MULT ABMI reference(18),
with optimal obesity percentile cut-offs for boys corresponding
to values at 19 years old, while for girls, it occurred at 17 years
old. This observation may be attributed to the earlier onset of
sexual maturation in girls compared with boys, leading to the

Table 2. FMI and AFMI cut-off points for obesity (95th percentile) and
exponent values applied in the ABMI reference specified by age (years)
and sex

Boys Girls

Age (years) FMI AFMI pt FMI AFMI pt

8·0 7·3 5·9 2·8 9·0 7·0 2·8
8·5 7·7 6·1 2·8 7·0 5·7 2·8
9·0 8·2 6·3 2·9 9·2 6·9 3·0
9·5 8·3 5·8 2·9 9·5 7·0 3·0
10·0 10·3 7·2 3·0 11·2 7·6 3·1
10·5 9·8 7·0 3·0 12·9 8·2 3·1
11·0 11·5 7·5 3·1 11·8 7·8 3·0
11·5 10·4 6·9 3·1 10·9 7·2 3·0
12·0 10·3 6·9 3·0 11·3 7·5 2·8
12·5 11·1 7·1 3·0 12·1 8·6 2·8
13·0 10·3 6·6 2·9 13·9 11·1 2·5
13·5 10·9 7·5 2·9 11·0 8·7 2·5
14·0 9·8 7·0 2·7 13·0 11·8 2·2
14·5 12·0 8·4 2·7 12·9 11·8 2·2
15·0 10·8 8·3 2·5 13·0 13·6 1·9
15·5 10·5 7·9 2·5 13·4 14·0 1·9
16·0 11·1 9·4 2·3 14·1 14·1 2·0
16·5 11·2 9·5 2·3 13·7 13·7 2·0
17·0 10·7 10·1 2·1 15·3 15·3 2·0
17·5 10·9 10·3 2·1 13·0 13·0 2·0
18·0 9·4 9·4 2·0 15·5 15·5 2·0
18·5 9·4 9·4 2·0 13·9 13·9 2·0
19·0 9·7 9·7 2·0 15·4 15·4 2·0
19·5 12·0 12·0 2·0 14·8 14·8 2·0
20·0 12·2 12·2 2·0 13·7 13·7 2·0

FMI, Fat Mass Index (FM/height2); AFMI, Allometric Fat Mass Index (FM/heightpt).
pt: exponents per age estimated previously by Mazzeti et al.(21) and adapted by
De Oliveira et al.(18).

Table 3. Sensitivity, specificity, diagnostic accuracy, LRþ, LR– of the four BMI references and of the ABMI reference according to the body FM

Boys (n 9,432) Sensitivity 95% CI Specificity 95% CI LRþ 95% CI LR– 95% CI Diagnostic accuracy 95% CI

WHO(11) 0·98 0·97, 0·99 0·89 0·88, 0·89 8·58 8·07, 9·11 0·02 0·02, 0·03 0·90 0·89, 0·90
CDC(10) 0·98 0·97, 0·99 0·89 0·88, 0·89 8·78 8·26, 9·34 0·02 0·01, 0·03 0·90 0·89, 0·91
IOTF(14) 0·94 0·92, 0·95 0·94 0·93, 0·94 15·51 14·23, 16·90 0·07 0·05, 0·08 0·94 0·93, 0·94
MULT BMI 17 years(15) 0·94 0·92, 0·95 0·94 0·94, 0·95 16·17 14·81, 17·66 0·07 0·05, 0·08 0·94 0·94, 0·95
MULT BMI 18 years(15) 0·96 0·95, 0·97 0·93 0·92, 0·93 13·46 12·44, 14·56 0·04 0·03, 0·06 0·93 0·93, 0·94
MULT BMI 19 years(15) 0·97 0·96, 0·98 0·91 0·90, 0·92 10·77 10·05, 11·54 0·03 0·02, 0·04 0·92 0·91, 0·92
MULT BMI 20 years(15) 0·98 0·97, 0·99 0·89 0·89, 0·90 9·10 8·55, 9·68 0·02 0·01, 0·03 0·90 0·90, 0·91
MULT ABMI 18 years(18) 0·85 0·83, 0·87 0·97 0·96, 0·97 27·12 24·00, 30·64 0·15 0·13, 0·18 0·95 0·95, 0·96
MULT ABMI 19 years(18) 0·92 0·91, 0·94 0·95 0·94, 0·95 18·01 16·40, 19·79 0·08 0·07, 0·10 0·95 0·94, 0·95
MULT ABMI 20 years(18) 0·96 0·95, 0·97 0·92 0·91, 0·93 11·91 11·06, 12·82 0·04 0·03, 0·06 0·92 0·92, 0·93
Girls (n 7,881) Sensitivity 95% CI Specificity 95% CI LRþ 95% CI LR– 95% CI Diagnostic accuracy 95% CI
WHO(11) 0·99 0·98, 0·99 0·88 0·88, 0·89 8·49 7·96, 9·06 0·01 0·01, 0·02 0·90 0·89, 0·90
CDC(10) 0·99 0·98, 0·99 0·88 0·88, 0·89 8·51 7·98, 9·09 0·02 0·01, 0·03 0·90 0·89, 0·90
IOTF(14) 0·97 0·96, 0·98 0·92 0·91, 0·92 11·54 10·67, 12·48 0·03 0·02, 0·04 0·92 0·92, 0·93
MULT BMI 17 years(15) 0·97 0·96, 0·98 0·92 0·91, 0·92 11·82 10·92, 12·80 0·03 0·02, 0·04 0·92 0·92, 0·93
MULT BMI 18 years(15) 0·98 0·97, 0·99 0·90 0·89, 0·91 9·72 9·06, 10·43 0·02 0·01, 0·03 0·91 0·90, 0·91
MULT BMI 19 years(15) 0·99 0·98, 0·99 0·88 0·87, 0·89 8·32 7·80, 8·87 0·02 0·01, 0·03 0·89 0·89, 0·90
MULT BMI 20 years(15) 0·99 0·98, 1·00 0·86 0·85, 0·87 7·21 6·80, 7, 65 0·01 0·00, 0·02 0·88 0·87, 0·88
MULT ABMI 17 years(18) 0·95 0·94, 0·97 0·92 0·9, 0·93 11·77 10·86, 12·75 0·05 0·04, 0·07 0·91 0·91, 0·92
MULT ABMI 18 years(18) 0·96 0·95, 0·98 0·91 0·90, 0·91 10·27 9·54, 11·06 0·04 0·03, 0·05 0·91 0·91, 0·92
MULT ABMI 19 years(18) 0·96 0·95, 0·97 0·91 0·90, 0·91 10·29 9·55, 11·08 0·04 0·03, 0·06 0·91 0·91, 0·92
MULT ABMI 20 years(18) 0·97 0·96, 0·98 0·90 0·90, 0·91 10·16 9·44, 10·93 0·03 0·02, 0·05 0·91 0·91, 0·92

LRþ, positive likelihood ratio; LR–, negative likelihood ratio; CDC, Centers for Disease Control and Prevention; ABMI, allometric BMI; IOTF, International Obesity Task Force.
Diagnostic accuracy: Correctly classified proportion.
17 years: The cut-off point was calculated using the BMI value of 30 kg/m2 at 17 years old.
18 years: The cut-off point was calculated using the BMI value of 30 kg/m2 at 18 years old.
19 years: The cut-off point was calculated using the BMI value of 30 kg/m2 at 19 years old.
20 years: The cut-off point was calculated using the BMI value of 30 kg/m2 at 20 years old.
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cessation of growth at an earlier stage(17,45). Consequently, it is
reasonable to expect that their cut-off point is attained earlier in
the developmental timeline. These disparities highlight sex
differences in determining the timing of cut-off points, under-
scoring the need for sex-specific considerations in obesity
assessment.

The major strengths of this study are being a representative
sample of a multi-ethnic country (USA); the use of anthropo-
metric data gathered by trained professionals, which is supposed
to reduce the odds of measurement errors and social desirability
bias; and the use of DXA to assess the body composition, which
is an advance technique considered as a reference to estimate
the FM(3,23–25,29). Nevertheless, there are certain limitations in our
study, such as the lack of a reference to determine obesity in
children and adolescents according to their body composition,
especially their FM. Therefore, we utilised the 95th percentile in
our analysis. Additionally, another limitation arises from the
unavailability of body composition data for children younger
than 8 years old, confining our analysis exclusively to school-
children and adolescents.

In summary, the increase in obesity prevalence among
children and adolescents underscores the urgent need for
effective nutritional surveillance. Enhancing the understanding
of obesity in children and adolescents and implementing targeted
interventions can reduce obesity’s long-term impact on people’s
health and well-being. In this way, this study analysed the
accuracy of the international BMI and the ABMI references in
diagnosing obesity, with a focus on FM estimated through body
composition analysis. It is important to highlight that BMI was not
originally designed as a predictor of body fat, even though its cut-
offs havebeen associatedwith obesity-related diseases, leading to
its widespread use as a diagnostic tool for obesity screening(57,59).
Compared with the CDC(10), WHO(11) and IOTF(13,14) BMI
references, the MULT BMI(15) presented the highest performance.
Moreover, the MULT ABMI(18) reference, a new addition to
growth charts, showed pt exponents aligned with the pubertal
stage. It was the only reference capable of detectingmore FM than
FFM in girls than boys for the same index values. These findings
suggest that the MULT BMI(15) and ABMI(15) references may be a
more effective tool than other references for assessing the
nutritional status of multi-ethnic children and adolescents.
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2. Więch P, Sałacińska I, Bączek M, et al. (2022) The nutritional
status of healthy children using bioelectrical impedance and
anthropometric measurement. J Pediatr 98, 161–167.

3. Nana A, Slater GJ, Stewart AD, et al. (2015) Methodology
review: using dual-energy X-ray absorptiometry (DXA) for the
assessment of body composition in athletes and active people.
Int J Sport Nutr Exerc Metab 25, 198–215.

4. Mason J, Morris C, Long DE, et al. (2020) Comparison of body
composition estimates among Norland Elite®, Lunar iDXA®,
and the BodPod® in overweight to obese adults. Meas Phys
Educ Exerc Sci 24, 65–73.

5. Mazess R, Barden HS, Bisek JP, et al. (1990) Dual-energy X-ray
absorptiometry for total-body and regional bone-mineral and
soft-tissue composition. Am J Clin Nutr 51, 1106–1112.

6. Cercato C, Mancini MC, Maria A, et al. (2004) Systemic
hypertension, diabetes mellitus, and dyslipidemia in relation to
body mass index: evaluation of a Brazilian population. Rev
Hosp Clín Fac Med S Paulo 59, 113–118.

7. De Oliveira MH, Dos Santos Pereira D, Melo DS, et al. (2022)
Accuracy of international growth charts to assess nutritional
status in children and adolescents: a systematic review. Rev
Paul Pediatr 40, e2021016.

8. Ferreira AA (2012) Evaluation of the growth of children: path of
the growth charts. Demetra 7, 191–202.

9. Cole TJ (2012) The development of growth references and
growth charts. Ann Hum Biol 39, 382–394.

10. Kuczmarski R, Ogden C & Guo S (2002) 2000 CDC growth
charts for the United States: methods and development. Vital
Heal Stat 266, 1–190.

11. De Onis M, Onyango AW, Borghi E, et al. (2007) Development
of a WHO growth reference for school-aged children and
adolescents. Bull World Health Organ 85, 660–667.

12. WHOMulticentre Growth Reference StudyGroup (2006)WHO
child growth standards: length/height-for-age, weight-for-
age, weight-for-length, weight-for-height and body mass
index-for-age - methods and development. Acta Paediatr
Suppl 450, 76–85.

13. Cole TJ, Bellizzi MC, Flegal KM, et al. (2000) Establishing a
standard definition for child overweight and obesity world-
wide: international survey. BMJ 320, 1240–1243.

14. Cole TJ & Lobstein T (2012) Extended international (IOTF)
body mass index cut-offs for thinness, overweight and obesity.
Pediatr Obes 7, 284–294.

Accuracy of the international growth charts 895

https://doi.org/10.1017/S0007114524002113  Published online by Cam
bridge U

niversity Press

https://wwwn.cdc.gov/nchs/nhanes/
https://doi.org/10.1017/S0007114524002113


15. De Oliveira MH, Araújo J, Severo M, et al. (2023) MULT: a new
BMI reference to assess nutritional status of multi-ethnic
children and adolescents. Am J Hum Biol 35, e23946.

16. Cavazzotto TG, Brasil MR, Oliveira VM, et al. (2014) Nutritional
status of children and adolescents based on body mass index:
agreement between World Health Organization and
international obesity task force. Rev Paul Pediatr 32, 44–49.

17. De Oliveira MH, Araújo J, Ramos E, et al. (2023) MULT: new
height references and their efficiency in multi-ethnic popula-
tions. Am J Hum Biol 35, e23859.

18. De Oliveira MH, Mazzeti CMS, Araújo J, et al. (2024) MULT: an
allometric body mass index (ABMI) reference to assess
nutritional status of multi-ethnic children and adolescents.
PLoS One 19, e0305790.

19. De Oliveira MH, da Costa RF, Fisberg M, et al. (2024)
Comparison of international height and BMI-for-age growth
references and their correlation with adiposity in Brazilian
schoolchildren. Br J Nutr 131,1699–1708.

20. Benn RT (1971) Some mathematical properties of weight-for-
height indices used as measures of adiposity. Br J Prev Soc Med
25, 42–50.

21. Mazzeti CMS, Cumpian-Silva J, Rinaldi AEM, et al. (2018)
The allometric scaling of body mass and height in
children and adolescents in five countries. Am J Hum Biol
30, e23101.

22. Cole TJ (1986) Weight/heightp compared to weight/height2 for
assessing adiposity in childhood: influence of age and bone age
on p during puberty. Ann Hum Biol 13, 433–451.

23. Chen TC, Clark J, Riddles MK, et al. (2020) National health and
nutrition examination survey, 2015–2018: sample design and
estimation procedures. Vital Health Stat 184, 1–35.

24. Curtin LR, Mohadjer LK, Dohrmann SM, et al. (2012) The
national health and nutrition examination survey: sample
design, 1999–2006. Vital Health Stat 155, 1–39.

25. Johnson CL, Dohrmann SM, Burt VL, et al. (2014) National
health and nutrition examination survey: sample design,
2011–2014. Vital Health Stat 162, 1–33.

26. Centers for Disease Control and Prevention (CDC) & National
Center for Health Statistics (NCHS) (n.d.) U.S. Department of
Health and Human Services, Centers for Disease Control and
Prevention. National Health and Nutrition Examination Survey
Data. https://wwwn.cdc.gov/nchs/nhanes/ (accessed January
2023).

27. Centers for Disease Control and Prevention (2017) National
Health and Nutrition Examination Survey (NHANES):
Anthropometry Procedures Manual. Atlanta, GA: CDC.

28. Centers for Disease Control and Prevention (2018) National
Health and Nutrition Examination Survey: Body Composition
Procedures Manual. Atlanta, GA: CDC.

29. Kelly TL, Wilson KE &Heymsfield SB (2009) Dual energy X-ray
absorptiometry body composition reference values from
NHANES. PLoS One 4, 2–9.

30. Centers for Disease Control and Prevention (2022) NCHS Ethics
Review Board (ERB) Approval http://www.cdc.gov/nchs/nha
nes/irba98.htm (accessed January 2023).

31. Paulose-Ram R, Burt V, Broitman L, et al. (2017) Overview of
Asian American data collection, release, and analysis: national
health and nutrition examination survey 2011–2018. Am J
Public Health 107, 916–921.

32. WHO Expert Committee (1995) Physical Status: The Use and
Interpretation of Anthropometry. WHO Library Cataloguing.
Geneva: WHO.

33. World Health Organization & United Nations Children’s Fund
(UNICEF) (2019) Recommendations for Data Collection,
Analysis and Reporting on Anthropometric Indicators in
Children Under 5 Years Old. Geneva: WHO.

34. Freedman DS, Lawman HG, Skinner AC, et al. (2015) Validity
of the WHO cutoffs for biologically implausible values of
weight, height, and BMI in children and adolescents in
NHANES from 1999 through 2012. Am J Clin Nutr 102,
1000–1006.

35. Novotny R, Oshiro CES & Wilkens LR (2013) Prevalence
of childhood obesity among young multiethnic children from a
health maintenance organization in Hawaii. Child Obes 9,
35–42.

36. Ogden CL, Carroll MD, Kit BK, et al. (2014) Prevalence of
childhood and adult obesity in the United States, 2011–2012.
JAMA 311, 806–814.

37. Fryar CD, Carroll MD&Afful J (2020) Prevalence of Overweight,
Obesity, and Severe Obesity Among Children and Adolescents
Aged 2–19 Years: United States, 1963–1965 Through
2017–2018. Hyattsville, MD: NCHS Health E-Stats.

38. Sainani KL (2016) The value of scatter plots. PM R 8, 1213–1217.
39. Van Stralen KJ, Stel VS, Reitsma JB, et al. (2009) Diagnostic

methods I: sensitivity, specificity, and other measures of
accuracy. Kidney Int 75, 1257–1263.

40. Mandrekar JN (2010) Receiver operating characteristic curve in
diagnostic test assessment. J Thorac Oncol 5, 1315–1316.

41. Robin X, Turck N, Hainard A, et al. (2011) pROC: an open-
source package for R and Sþ to analyze and compare ROC
curves. BMC Bioinf 12, 77.

42. R Core Team (2022) R: A Language and Environment for
Statistical Computing. Vienna: R Foundation for Statistical
Computing.

43. Wells JC (2017) Worldwide variability in growth and its
association with health: incorporating body composition,
developmental plasticity, and intergenerational effects. Am J
Hum Biol 29, e22954.

44. Farzaneh M, Fatemeh-Sadat HB, Afsaneh D, et al. (2022)
Comparison of the key modifiable factors in the first 1000 days
predicting subsequent overweight and obesity in pre-school
children in Tehran: a case–control study. Br J Nutr 128,
955–963.

45. World Health Organization (2018) Orientation Programme on
Adolescent Health for Health-Care Providers. Geneva: World
Health Organization.

46. Rolland-Cachera MF, Sempé M, Guilloud-Bataille M, et al. (1982)
Adiposity indices in children. Am J Clin Nutr 36, 178–184.

47. Mardali F, Naziri M, Sohouli MH, et al. (2022) Predictors of
central and general obesity in Iranian preschool children:
which anthropometric indices can be used as screening tools?
BMC Pediatr 22, 320.

48. Zapata JK, Azcona-Sanjulian MC, Catalán V, et al. (2023) BMI-
based obesity classification misses children and adolescents
with raised cardiometabolic risk due to increased adiposity.
Cardiovasc Diabetol 22, 240.

49. Rickenbacher M, Gültekin N, Stanga Z, et al. (2022) The role of
body height as a co-factor of excess weight in Switzerland. Am J
Hum Biol 34, e23754.

50. Cumpian-Silva J, Rinaldi AEM, Mazzeti CMS, et al. (2018) Body
phenotypes in adolescence and sexual maturation. Cad Saude
Publica 34, e00057217.

51. Cumpian-Silva J, Rinaldi AEM, Guedes Vasconcelos FDA, et al.
(2021) Body phenotypes and sexual maturation in Brazilian
and US adolescents: evidence for a change in body mass index
category. Public Health Nutr 24, 5387–5399.

52. Taylor R, Gold E, Manning P, et al. (1997) Gender differences in
body fat content are present well before puberty. Int J Obes 21,
1082–1084.

53. Loomba-Albrecht LA & Styne DM (2009) Effect of puberty on
body composition. Curr Opin Endocrinol Diabetes Obes 16,
10–15.

896 M. H. de Oliveira et al.

https://doi.org/10.1017/S0007114524002113  Published online by Cam
bridge U

niversity Press

https://wwwn.cdc.gov/nchs/nhanes/
http://www.cdc.gov/nchs/nhanes/irba98.htm
http://www.cdc.gov/nchs/nhanes/irba98.htm
https://doi.org/10.1017/S0007114524002113


54. Liu G, Guo J, Zhang X, et al. (2021) Obesity is a risk factor
for central precocious puberty: a case-control study. BMC
Pediatr 21, 509.

55. Soliman A, De Sanctis V & Elalaily R (2014) Nutrition
and pubertal development. na J Endocrinol Metab 18,
S39–S47.

56. Koç N, Yardımcı H, Arslan NN, et al. (2018) Nutritional habits
and precocious puberty in girls: a pilot study. J Pediatr Res 5,
201–207.

57. WHO Consultation on Obesity (2000) Obesity: preventing and
managing the global epidemic. Report of a WHO consultation.
World Health Organ Tech Rep Ser 894, 1–253.

58. Kuczmarski R, Ogden C, Grummer-Strawn L, et al. (2000) CDC
growth charts: United States. Adv Data 8, 1–27.

59. Quetelet LAJ (1869) Physique Sociale ou Essai sur le
Développement des Facultés de L’homme (Social Physics or
Essay on the Development of HumanAbilities), vol. 2, pp.1–485
[J Baillièr and J Issakoff, editors]. Brussels: Muquardt C.

Accuracy of the international growth charts 897

https://doi.org/10.1017/S0007114524002113  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114524002113

	Accuracy of the international growth charts to diagnose obesity according to the body composition analysis in US children and adolescents
	Subjects and methods
	Study design and population
	Data processing and analysis

	Results
	Discussion
	Acknowledgements
	References


