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Abstract

Background/Aims: While several prediction equations which combine anthropomet-

ric, demographic, and/or bioelectrical impedance (BIA) variables to estimate childhood

fat mass (FM) are available, comprehensive comparisons of their performance are

lacking. We validated FM estimates for children from a range of published equations

against reference-standard deuterium dilution observed FM.

Methods: This cross-sectional study was based on 323 children (42% male) from

South Africa of Black African ethnic origins aged 5 to 8 years with information on

age, sex, ethnicity, height, weight, deuterium dilution observed FM, triceps and sub-

scapular skinfold thickness, and BIA observed FM, resistance, and impedance. We

extracted all equations from three systematic reviews of childhood FM prediction

equations that used the above available predictors and were developed on more than

100 males and females. FM estimates from each equation were calculated and the

performance of each, as well as FM reported from the BIA manufacturer software,

was compared with deuterium dilution observed FM using statistics of R2, Calibration

(slope and calibration-in-the-large), and root mean square error (RMSE).

Results: Nineteen equations (1 based on basic anthropometry, 12 on skinfold thick-

ness, 6 on BIA) were validated. R2 and RMSE values ranged between 58.3% (BIA

manufacturer equation) and 89.0% (Britz et al. (2017) skinfold thickness equation),

and between 1.1 kg (Wendel et al. (2016) skinfold thickness equation) and 3.4 kg

(Horlick et al. (2002) BIA equation), respectively. Calibration varied considerably

across the equations. From the basic anthropometry, skinfold thickness, and BIA
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categories, the best performing equations from each category were by: Hudda et al.

(2019) (basic anthropometry), Wickramasinghe et al. (2008) (skinfold thickness), and

Ramirez et al. (2012) (BIA).

Conclusions: The performance of published equations varied considerably upon

external validation in this South African childhood population. Notably, the Hudda

et al. (2019) equation, which relies solely on readily available information of weight,

height, sex, age and ethnicity, produced one of the highest R2 values, was well cali-

brated, and produced a low RMSE value (1.4 kg). Alternative equations which also

performed very well relied on additional measurements of skinfold thickness and/or

BIA which require equipment, training, extra costs and additional time to obtain.
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meta-analysis, obesity care, observational study, population study

1 | INTRODUCTION

Assessment of body composition is an important component in asses-

sing health and nutritional status, including monitoring fat mass

(FM) at one timepoint and changes in FM over time.1,2 Overweight

and obesity are defined by the World Health Organization as exces-

sive fat accumulation that presents a risk to health.3 Historically, due

to the absence of direct body composition assessment techniques,

proxy indirect markers of body fat such as body mass index (BMI;

weight/height2), waist circumference and skinfold thickness were

adopted.4–7 Thresholds of BMI-for-age have been used to define

overweight and obesity in children.8,9

However, several more direct techniques now exist to assess

body composition which utilize underlying prediction equations to

estimate body composition.4 Examples of such approaches include

magnetic resonance imaging (MRI) scanning, dual-energy X-ray

absorptiometry (DXA), bioelectric impedance (BIA), the four-

component model and the deuterium dilution technique.4–7 While

MRI, the four-component model and deuterium dilution approaches

have been shown to produce estimates of body composition with

very low errors,10,11 these methods are costly, time consuming,

and/or require specialised expertise and thus may not be feasible for

implementation at routine field, clinical, or population level.4,7,12,13

The use of BIA in the assessment of body composition has

increased as the technology has advanced in recent years. Assessment

is safe, relatively inexpensive, rapid, and observer independent, requir-

ing little training. However, despite it being used more frequently,

concerns have been raised about the precision and accuracy of BIA in

children,4,10,14,15 which may vary by the choice of the underlying soft-

ware/equations.10,16,17 It is for this reason, as well as potential age

and sex variations in the chemical maturity of children, that many

population-, age-, sex-, and ethnic-specific BIA prediction equations

have been developed and discussed in the literature.18–20 Thus, the

published BIA equations, in addition to the several published algo-

rithms for the prediction of body composition based on anthropome-

try (e.g., height, weight, BMI, skinfold thickness),21 require validation

against a reference-standard technique for FM assessment, such as

the four-component model or deuterium dilution, to assess their per-

formance in new populations.

We therefore aimed to validate the available equations for pre-

dicting childhood FM based on skinfold thickness, BIA, and anthro-

pometry, using deuterium dilution observed FM as the reference

standard.

2 | METHODS

This study is reported in accordance with The Transparent Reporting

of a multivariable prediction model for Individual Prognosis Or Diag-

nosis (TRIPOD) reporting guidelines.22 All analyses were conducted in

Stata (version 18).

2.1 | Model selection process

To increase research efficiency and avoid duplication, as opposed to

conducting a new review of existing prediction models, existing pre-

diction models for estimation of FM using predictors obtained from

BIA in children were identified from a literature summary by Kyle

et al.20 and a systematic review conducted by Chula de Castro et al.19

In addition, we validated FM estimates reported from the Bodystat

1500MDD BIA machine (Bodystat Inc., Douglas, UK). Prediction equa-

tions based on anthropometric predictors (height, weight, BMI, skin-

fold thickness) were obtained from a systematic review conducted by

Cerqueira et al.21 Full details of the search strategy and selection pro-

cedures are given in the reports of the original reviews.18–21

For the present study, two researchers (E van Niekerk, MT

Hudda) sought initial publications of the studies included in the three

reviews and independently extracted model details (included vari-

ables, outcome definition, model equation) from each study. Studies

were included in this external validation study if their suggested

model(s): (i) were developed on study populations of more than
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100 individuals, (ii) were developed on both males and females,

(iii) included predictors of readily available basic anthropometry

(weight, height, BMI), and/or skinfold thickness (triceps and/or sub-

scapular) and/or variables obtained from BIA (resistance, impedance).

Where eligible studies proposed more than one model that were all

using the same predictors with differing coefficients, only the model

with the highest reported performance was selected for validation. If,

however, studies proposed more than one model where models uti-

lized different predictors (i.e. one model using skinfold thickness pre-

dictors and one using BIA predictors), then both were selected for

validation.

2.2 | Data source and study population used for
external validation

A total of 323 African children 5 to 8-year-olds of predominantly

Sotho-Tswana ethnic group, who are part of the larger body compo-

sition using isotope technique (BC–IT study) study, were selected

from four urban township primary schools in North West Province,

South Africa. More details of the BC–IT study are published else-

where.23 A sample was randomly selected from children within the

5 to 8-year age range between 2017 and 2018; whereby every third

healthy (i.e., not on chronic medications, no form of physical disor-

ders, no heart and lung disorders) child had an opportunity to partici-

pate in the study. The International Atomic Energy Agency (IAEA)

protocol for administering the isotope technique to assess total body

water (and then body composition thereafter) was followed. In sum-

mary, after an overnight fast, pre-dose saliva samples were obtained

from participants. Based on their respective body weights, the

appropriate dose of deuterium oxide-labelled water was calculated

and given to the children to consume using drinking straws to avoid

potential spillage. Each child's dose bottle was rinsed twice with

water (50 mL per rinse) and the rinsing water was consumed to

ensure complete intake of the dose. The time of dose administration

was recorded for each child. Two further saliva samples were col-

lected at 2 and 3 h post-dose. Between the first and last saliva sam-

ple collections, children were asked to stay in the study location and

were required to avoid physical activity. Children were not allowed

to eat or drink anything apart from the light snack provided after

completion of the sample collection, but they were permitted to go

to the bathroom at any time. After the saliva samples were pro-

cessed using Fourier transform infrared spectroscopy and total body

water was estimated, fat-free mass was estimated using age- and

gender-specific Lohman constants for hydration factors for chil-

dren.24,25 Finally, FM was estimated as fat-free mass/weight * 100.

Permission was received from the Department of Education, school

principals and parents of the participating schools. The parents and

their children gave consent and assent to participate in the study.

The study was granted permission by the Health Research Ethics

Committee (Ethic no: NWU-00025-17-S1) of the Faculty of Health

Sciences (HREC) of the North-West University.

2.3 | Outcome and predictor assessment

All eligible identified and included models were applied to this popula-

tion of South African children to evaluate their performance by asses-

sing the generalizability of each model to this population. All

participants in the external validation data underwent body composi-

tion assessments using the reference-standard isotope deuterium

dilution method. This method involves administering a known dose of

deuterium enriched water and measuring its equilibrium concentration

to estimate total body water. Using the assumed percent hydration of

fat-free mass, the amount of total body water is used to estimate fat-

free mass, and thereafter FM by subtraction from weight.4,26 Details

of the standardized protocol used are published elsewhere.24 The out-

comes of included models were either FM (kg) or BF% (FM/weight *

100). To make fair comparisons across all the models and to ease

interpretation, the external validation of the models was performed in

terms of FM on the kilograms scale. Height (cm), weight (kg), triceps

and subscapular skinfolds (mm) were measured by the same individual

for all participants according to standard procedures.23 BIA was per-

formed using the Bodystat 1500MDD machine with a measurement

frequency of 50 kHz. BIA involves the passing of a low-level current

through the body to measure the resistance and reactance of different

tissues. These values are then used to estimate total body water and

thereafter fat-free mass (using assumed percent hydration of fat-free

mass) and FM.4,6,27 In accordance with standard procedures, prior to

the BIA assessment, each child participant was instructed to empty

their bladder. Measures of body mass, height, sex and age were

entered manually. Body mass was automatically adjusted by 0.5 kg for

clothing weight in all subjects. The Bodystat1500 software required

predictors of FM and impedance (resistance and reactance). One indi-

vidual had missing FM from BIA and was excluded from analysis.

2.4 | Statistical analysis: Assessment of predictive
performance

The predictive performance of each model equation was assessed in

the validation data through comparison of the predicted values, on

the FM scale, with the observed outcome (deuterium dilution

observed FM). Model performance was quantified through the follow-

ing measures of calibration and overall model fit:

1. Calibration

a. Calibration slope—a measure of the spread of predicted FM

values in relation to the observed FM values.

b. Calibration-in-the-large (CITL)—a measure of the average

under- or over-estimation of FM from the prediction across the

range of observed FM values. A CITL of zero implies no system-

atic under- or over-estimation is observed, while CITL values

greater than or less than zero imply predicted FM values from

the equation are systematically too low or too high

respectively.
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c. Calibration plot—a scatter plot of observed deuterium dilution

observed FM values against predicted values of FM, with a

smoothed curve through the data points.

2. R2—the percentage of the variation in the observed deuterium

dilution observed FM values that can be explained by the pre-

dicted value of FM.

3. Root mean squared error (RMSE): the average distance between

predicted FM values from the model and the observed deuterium

dilution observed FM, in kg.

Predictive performance was first assessed overall and then sepa-

rately by sex and age (5 to 6-years-olds, 7-year-olds, and 8-year-olds)

subgroups. To assess heterogeneity in model performance by subgroups,

performance in each subgroup was pooled via random-effects meta-

analyses using restricted maximum likelihood estimation (REML)28 with

the Hartung-Knapp29 approach used to derive confidence intervals.

Tau,2 the estimate of between-study variance, was used to summarise

heterogeneity for the three pooled performance measures.30

3 | RESULTS

3.1 | Included model equations

Of the 742 model equations identified from the three earlier

reports19,20,29 (58 by Kyle et al.,20 91 by De Castro et al.,19 and

593 by Cerqueira et al.29), 18 equations from 17 independent publica-

tions met the inclusion criteria of this study and were included for

external validation (Figure S1).31–47 Of the 18 equations meeting our

inclusion criteria, 1 included only predictors of basic anthropometry,47

12 equations additionally included predictors of skinfold

thicknesses,31–42 and 5 equations included predictors obtained from

BIA in addition to basic anthropometry.40,43–46 The Bodystat manu-

facturer BIA equation was also validated, resulting in a total of

19 equations for external validation (Figure S1). The model equations

included for external validation are detailed in Table S1.

3.2 | External validation study population

Characteristics of the external validation population are summarised,

by sex, in Table 1. The external validation data consisted of 323 chil-

dren (42% males) with an average age of 7.7 years. While the average

height and weight was similar among males and females,

average levels of deuterium dilution observed FM were higher on

average amongst females (median = 6.0 kg) compared to males

(median = 4.9 kg).

3.3 | Assessment of predictive performance

FM estimates were obtained in the external validation data using each

of the 19 equations. Table 2 provides a summary of the overall

predictive performance of each of the model equations grouped by

the primary predictor type on which the model equation is based

upon (basic anthropometry only, Skinfold thicknesses, or BIA).

There was only one equation, the model by Hudda et al.,47 which

was based on basic anthropometry only and it provided a very high R2

value (86.93%), excellent calibration of observed and predicted FM,

and a low RMSE of 1.4 kg. Calibration plots, presented in Figure 1,

graphically demonstrate the calibration performance of the equation.

Of the 12 equations utilizing skinfold thicknesses (Table 2,

Figure 2), the vast majority provided R2 values above 80%. However,

the majority of the equations were miscalibrated in terms of the slope

term and/or the CITL, with only five of the 95% confidence intervals

for the calibration slope containing the ideal value of 1 and none of

the 95% confidence intervals for the CITL values containing the ideal

value of 0. The equation by Wickramasinghe et al.36 provided the best

overall calibration with a slope of 0.96 (95% CI: 0.90–1.03) and a CITL

value of 0.71 (95% CI: 0.54–0.87). The RMSE values were relatively

low from the majority of the equations, ranging between 1.1 kg

(Wendel et al.)41 and 3.2 kg (Yao et al.).33

The six equations which incorporated BIA assessed predictors

had variable predictive performance (Table 2, Figure 3). Four of the

model equations produced R2 values of >80%, but the majority dem-

onstrated marked miscalibration in terms of the slope and/or CITL.

Models by Wickramasinghe et al.45 and Ramírez et al.40 had the high-

est predictive performance overall, with R2 values of 84.69% and

82.83%, calibration slopes of 0.91 and 1.00, calibration-in-the-large

values of �0.35 and 0.40 kg, and RMSE values of 1.2 and 1.2 kg,

respectively. Notably, the Bodystat manufacturer BIA equation had

poor predictive performance of FM, with a low R2 value (58.98%), a

poor calibration slope which is far from the ideal value of

1 (slope = 0.67), and a RMSE of 2.1 kg. However, the calibration-in-

the-large value from this equation of 0.09 kg was very close to the

ideal value of 0.

Sex-specific analyses demonstrated that for the majority of model

equations from all three of the predictor type models, there were sex

differences in the predictive performance. R2 values were higher

amongst females than males (Tables S2, S3, Figures S2–S4),

TABLE 1 Summary statistics of external validation analysis
population.

Variable

Males (n = 136) Females (n = 187)

Median (lower quartile—upper quartile)

Age (years) 7.7 (6.9–8.3) 7.7 (6.8–8.3)

Height (m) 1.21 (1.17–1.25) 1.20 (1.14–1.26)

Weight (kg) 22.3 (20.3–25.2) 22.2 (19.2–26.0)

BMI z-score �0.25 (�0.93 to 0.44) �0.16 (�0.88 to 0.64)

D2O total body

water (L)

13.13 (12.15–14.86) 12.26 (11.18–13.89)

D2O fat mass (kg) 4.90 (4.03–6.05) 5.99 (4.55–7.94)

D2O lean mass (kg) 17.09 (15.78–19.33) 15.91 (14.50–18.11)

Note: D2O fat mass and lean mass relate to fat mass and lean mass

observed using the deuterium dilution technique.
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calibration slopes from some models demonstrated greater mis-

calibration amongst males, while others among females (Tables S2, S3,

Figures S1, S2, S5, S6), CITL values were largely closer to the ideal

value of zero amongst males than females (Tables S2, S3, Figures S2,

S7, S8), and RMSE values were lower amongst males compared to

females for the majority of equations (Tables S2, S3). Model perfor-

mances by age groups (5- to 6-year-olds, 7-year-olds, and 8-year-olds)

are presented in Tables S4–S6. Model equations generally performed

better in terms of their R2 and calibration slope values at older ages

compared to the youngest age group. CITL was generally similar

across each age group with low levels of variation. However, the

RMSE was marginally higher in the older age groups compared to

the youngest children.

4 | DISCUSSION

4.1 | Summary of principal findings

In this study, we perform a systematic external validation of an exten-

sive number of published prediction model equations for the estima-

tion of childhood FM, in order to assess their performance and

generalizability in this South African population of children of Black

African ethnic origins. Model equations that were validated were of

three groups: those based upon basic anthropometric predictors only,

those that additionally used skinfold thickness measurements as pre-

dictors, and those that additionally used predictors obtained from BIA.

The equations with the highest predictive performance from each of

the three categories of equations were by Hudda et al.,47 Wickrama-

singhe et al.,36 and Ramírez et al.40 The overall predictive perfor-

mances of these three equations were similar, with excellent

calibration (agreement) of model estimated FM with deuterium dilu-

tion observed FM, and relatively low levels of average error. Notably,

one of the highest performing model equations is the one by Hudda

et al., which was based on basic anthropometry and demographics

alone.

4.2 | Comparison with other studies

The majority of studies did not report model calibration statistics and typi-

cally just the R2 and RMSE values were available, making comparisons dif-

ficult. Comparable statistics were available for the Hudda et al.,47,48

Dezenberg et al.,34 Wickramasing et al.,36 and Pallaro et al.39 models. The

performance of the Hudda et al. model was very similar to that observed

from earlier external validations within the United Kingdom (R2 = 90.0%,

calibration slope = 1.02, CITL = �1.58 kg, RMSE = 2.6 kg)47 and

South African (R2 = 83.3%, calibration slope = 1.03, CITL = 0.82 kg,

TABLE 2 Performance statistics of all equations for estimation of fat mass in kilograms.

Fat mass equation, author, year N R2 (%) Calibration slope Calibration-in-the-large (kg) RMSE (kg)

Basic anthropometry

Hudda et al.47 323 86.93 (84.27, 89.59) 1.04 (0.99, 1.08) 0.98 (0.87, 1.09) 1.42

Skinfold thickness

Frerichs et al.31 323 86.03 (83.20, 88.86) 1.14 (1.09, 1.19) 0.17 (0.04, 0.29) 1.12

Slaughter et al.32 322 84.41 (81.28, 87.54) 1.18 (1.12, 1.23) 2.79 (2.66, 2.92) 3.03

Yao et al.33 323 85.34 (82.39, 88.30) 1.57 (1.49, 1.64) 2.82 (2.67, 2.98) 3.17

Dezenberg et al.34 323 87.33 (84.75, 89.91) 1.03 (0.99, 1.07) 1.62 (1.51, 1.73) 1.91

Bray et al.35 323 84.23 (81.07, 87.38) 1.14 (1.09, 1.19) 1.80 (1.67, 1.93) 2.15

Wickramasinghe et al.36 323 72.22 (67.07, 77.37) 0.96 (0.90, 1.03) 0.71 (0.54, 0.87) 1.66

Kriemler et al.37 323 87.79 (85.29, 90.28) 1.04 (0.99, 1.08) 1.15 (1.04, 1.26) 1.52

Yeung and Hui38 323 84.58 (81.49, 87.67) 1.00 (0.95, 1.04) 1.18 (1.06, 1.31) 1.62

Pallaro et al.39 323 85.88 (83.03, 88.73) 0.98 (0.93, 1.02) 1.33 (1.21, 1.45) 1.71

Ramírez et al.40 323 86.01 (83.18, 88.84) 0.88 (0.84, 0.92) 1.96 (1.84, 2.09) 2.26

Wendel et al.41 323 88.06 (85.62, 90.50) 1.11 (1.06, 1.15) 0.35 (0.24, 0.46) 1.07

Britz et al.42 323 89.04 (86.78, 91.30) 1.06 (1.02, 1.10) 1.02 (0.91, 1.12) 1.39

BIA

BIA manufacturer equationa 322 58.98 (52.10, 65.86) 0.67 (0.61, 0.74) 0.09 (�0.14, 0.32) 2.10

Deurenberg et al.43 323 87.38 (84.80, 89.95) 1.27 (1.21, 1.32) 0.15 (0.02, 0.28) 1.16

Horlick et al.44 323 86.84 (84.17, 89.52) 0.87 (0.83, 0.91) 3.26 (3.14, 3.38) 3.44

Wickramasinghe et al.45 323 84.69 (81.61, 87.76) 0.91 (0.86, 0.95) �0.35 (�0.47, �0.22) 1.19

Khan et al.46 323 58.34 (51.40, 65.28) 0.87 (0.79, 0.95) 1.70 (1.50, 1.91) 2.52

Ramírez et al.40 323 82.83 (79.42, 86.23) 1.00 (0.95, 1.05) 0.40 (0.27, 0.53) 1.24

aManufacturer equation from Bodystat1500MDD, MultiScan 5000 software.
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RMSE = 1.4 kg)48 childhood settings. The performance of the Dezenberg

et al.,34 Wickramasing et al.,36 and Pallaro et al.39 models was marginally

poorer in this validation population compared to within their respective

original development populations, which is likely due to model overfitting

(and optimism) in the performance of models when assessed in the data

used to develop them. Furthermore, differences in model performance

across development and validation data can also occur due to underlying

differences in the respective populations.22 For example, models devel-

oped on populations of white European origins may not perform as well

in this population of black African children. Of all included models, only

those proposed by Hudda et al. and Dezenberg et al. included ethnicity

as a predictor within their model equations. The findings of this study re-

emphasise the poor performance of BIA manufacturer model equations

reported in earlier studies.10,15,19 In particular, the calibration slope of

0.67 reported here in this population when assessing the BIA manufac-

turer model equation further strengthens previous findings that these

manufacturer equations overestimate FM for children with lower levels

of FM and underestimate FM at the upper end of the FM

distribution.14,15,49

4.3 | Strengths and limitations

The present study has several strengths in its approach to validating

several published childhood FM prediction equations in this specific

South African childhood population. Firstly, each prediction equation

was assessed by comparing its performance at predicting FM to FM

observed from the deuterium dilution of stable nuclear reference-

standard technique. This technique is known to provide accurate, safe,

and minimally invasive measurements of total body water (and fat-

free mass) with very low error.10,11 The IAEA standard protocol for

administering the isotope technique was followed to ensure. Sec-

ondly, the sample size of 323 is suitable enough to provide predictive

performance metrics with a high level of precision as per recent sam-

ple size guidelines for the external validation of prediction models

with a continuous outcome, within which FM models were used as an

applied example.50 Thirdly, this study validated a large number of

available prediction equations which used predictors of basic anthro-

pometry, skinfold thickness measurements, or BIA. Finally, we fol-

lowed the TRIPOD guideline for the reporting of studies validating a

multivariable prediction model22 to ensure robust statistical methods

were used for the calculation of the prediction performance statistics.

However, there are some limitations of this study to note. The valida-

tion population contained black children of South African origin and

of a fairly narrow age group only, and thus findings need further vali-

dation in data resources with a wider age range and South African

children of other ethnic origins. There were several additional predic-

tion models based on predictors of skinfold thickness, which could

not be included as they required four skinfold measurements to have

been taken, whereas the external validation data used in this study

only contained two of the four measurements. Moreover, the system-

atic reviews which were used to source the available skinfold thick-

ness and BIA prediction models18–20 were published between 2013

and 2017, and thus there may be additional more recent prediction

equations which were not included here. However, the addition of

these equations is unlikely to have changed the conclusion and rec-

ommendation that the Hudda et al. equation should be utilized in this

population due to its high predictive performance at the individual

level (due to its low RMSE value) and population level (due to its high

R2 value and high levels of calibration) and crucially, that it only

requires basic anthropometry predictors of weight, height, sex, age,

and ethnicity. The systematic review by Cerqueira et al.21 which was

used to source prediction equations based on anthropometric predic-

tors was performed more recently (December 2019). Finally, the cur-

rent validation dataset contained a wide range of FM values across

the distribution, which allowed us to examine the performance of the

models across the whole distribution for children of this age range.

Therefore, although the data were collected in 2017 to 2018, it is

likely model performance would be the same in more

contemporary data.

4.4 | Implications

BMI-for-age is widely used because of its simplicity and reliance solely

on measures of height and weight though its limitations are widely

recognised.51–59 As a weight-based proxy marker of body fat, BMI is

unable to discriminate between FM and fat-free/lean mass, which has

F IGURE 1 Calibration plot of equations based on basic
anthropometry predictors. Deuterium dilution fat mass relates to fat
mass observed using the deuterium dilution technique. RMSE from
this model is 1.42 kg. Dashed line represents the line of equality. Solid
line is a symmetric nearest neighbour through the individual data
points. Slope = calibration slope; CITL = calibration-in-the-large.
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been shown to vary markedly in individuals with a given BMI.53 Addi-

tionally, the use of weight-for-height classifications enforces the mis-

conception that body weight is more important than fatness.

However, there is an important distinction to be made between being

thin and being lean. While thinness is related to body weight, leanness

is associated with body composition. Thin individuals may weigh less

than the recommended value in height-weight tables, whereas lean

individuals with little body fat may weigh more than the ideal.60 Cru-

cially, childhood BMI is not a consistent marker of body fat across dif-

ferent ethnic groups, underestimating body fat among South Asian

children and overestimating it amongst Black African chil-

dren.16,56,61,62 Given the World Health Organization's definition of

obesity is “excessive fat deposits that can impair health,”63,64–66 accu-
rate yet simple methods for direct FM assessment are crucial for the

advancement of the field of childhood adiposity. All in vivo techniques

to assess FM (such as DXA, MRI or BIA) are based upon a predictive

model equation which each require validation to assess their perfor-

mance. The findings of this study demonstrate that out of all 19 equa-

tions externally validated within this South African population, the

model proposed by Hudda et al. (which only requires information on

childhood age, sex, weight, height, and ethnicity) has great potential

for both individual/clinical- and population-level implementation for

the assessment of childhood FM in South African children due to its

high accuracy and simplicity. Notably, this model has demonstrated

very good performance upon external validation within several multi-

ethnic childhood settings including from South Africa.48,67,68 While

models by Wickramasinghe et al.36 and Ramírez et al.40 also produced

similar accuracy in terms of their FM estimates in this population,

these equations required additional measurements of skinfold thick-

ness and bioimpedance respectively making them more difficult to

recommend for clinical or population health practice where these

parameters are often not available.

4.5 | Further Research

Further validation of the included models within a wider age range

and children of additional ethnic origins among South African children

would add to the generalizability of the findings. Additionally,

population-, sex-, and age-specific reference values of childhood FM

are needed, based upon prospectively associated disease risks as

opposed to current centile-based approaches,69 would allow individ-

uals to be classified into groups based on future disease risk attribut-

able to their current FM levels.

F IGURE 2 Calibration plot of equations based on skinfold thickness measurements. Deuterium dilution fat mass relates to fat mass observed
using the deuterium dilution technique. Dashed line represents the line of equality. Solid line is a symmetric nearest neighbour through the
individual data points. Slope = calibration slope; CITL = calibration-in-the-large.
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