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Abstract
Objective: In resource-constrained facilities or during resuscitation, immediate
paediatric weight estimation remains a fundamental challenge. We aimed to
develop and validate weight estimation models based on ulna length and forearm
width and circumference measured by simple and portable tools; and to compare
them against previous methods (advanced paediatric life support (APLS), Theron
and Traub–Johnson formulas).
Design: Cross-sectional analysis of anthropometric measurements. Four ulna- and
forearm-based weight estimation models were developed in the training set
(n 1016). Assessment of bias, precision and accuracy was examined in the
validation set (n 457).
Setting: National Children’s Study-Formative Research in Anthropometry
(2011–2012).
Subjects: Multi-racial/ethnic infants and children aged <6 years (n 1473).
Results: Developed Models 1–4 had high predictive precision (R2= 0·91–0·97).
Mean percentage errors between predicted and measured weight were
significantly smaller across the developed models (0·1–0·7%) v. the APLS, Theron
and Traub–Johnson formulas (−1·7, 9·2 and −4·9%, respectively). Root-mean-
squared percentage error was overall smaller among Models 1–4 v. the three
existing methods (range= 7·5–8·7 v. 9·8–13·3%). Further, Models 1–4 were within
10 and 20% of actual weight in 72–87 and 95–99% of the weight estimations,
respectively, which outperformed any of the three existing methods.
Conclusions: Ulna length, forearm width and forearm circumference by simple
and portable tools could serve as valid and reliable surrogate measures of weight
among infants and children aged <6 years with improved precision over the
existing age- or length-based methods. Further validation of these models in
physically impaired or non-ambulatory children is warranted.
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Measurement of weight is one of the most fundamental
anthropometric measures and an essential indictor for
growth and nutritional status in clinical care and pae-
diatric research. Weight is conventionally determined by
a mechanical or electronic scale, if available. However,
immediate and accurate weight measurement remains a

fundamental challenge in situations where the child is
immobilized due to critical illness or acute injury in
emergency settings. Indeed, weight is a vital measure-
ment performed in paediatric emergency departments
and is critical for diagnostic and therapeutic decisions,
such as estimating energy requirements and calculating
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individualized medication dosage, fluid administration
and device sizes. Thus, failure to accurately estimate
paediatric weight could comprise the quality of
paediatric care.

Although parental recall or weight estimation by care-
givers may be available in certain circumstances, the
accuracy varies widely and may lack consistency in dif-
ferent populations(1–7). Therefore, various weight estima-
tion methods have been developed, mostly based on a
child’s age, length or both. Overall, length- or length- and
age-based methods have greater accuracy than solely age-
based ones(8,9); however, accurate measurement of
recumbent length, particularly in infants and young chil-
dren, has its challenges(10). Moreover, most previous
weight estimation methods tend to under- or overestimate
weight in children at the extremes of the weight distribu-
tion(11). Given the childhood obesity epidemic in high-
income countries and the prevalence of both underweight
and overweight/obese children in low- and middle-
income countries(12,13), weight estimation strategies
which accommodate children across weight categories
with consistent, improved precision over the existing
methods are warranted.

In the present study, we examined the accuracy and
reliability of ulna length, a previously validated surrogate
for paediatric length/height(14), and forearm measure-
ments (width and circumference) measured by simple and
portable tools as surrogates of paediatric weight in a multi-
racial/ethnic population of infants and children aged <6
years in the USA. Further, to assess the performance of
these ulna- and forearm-based weight estimation models,
we compared them with several existing age- or length-
based models (i.e. advanced paediatric life support
(APLS), Theron and Traub–Johnson formulas;
Table 1)(15–17).

Methods

Study design and population
The study was a cross-sectional assessment of anthropo-
metric status of infants/children aged <6 years across eight
study centres in the USA (2011–2012). The detailed design

of the study has been described previously(14,18). Briefly,
mother–offspring dyads were recruited at daycare centres,
churches, clinics and community centres (n 1634). Elig-
ibility criteria were: mothers aged 18–49 years and non‐
institutionalized; and offspring who were aged 0–5·9
years, healthy, had not suffered from any illness associated
with weight loss during the past week, and were afebrile at
the time of study visit. If more than one infant/child of the
mother was recruited, the youngest singleton was inclu-
ded in the current analysis to reduce the cluster effect
within the same family (n 1560). The analysis included
infants/children with at least one anthropometric mea-
surement (n 1473).

Data collection
Child’s age, sex and race/ethnicity were reported by the
mother using an interviewer-administered questionnaire.
Anthropometric measurements were obtained by data
collection teams each composed of two trained research-
ers (one measurer, one recorder). Following standard
anthropometric protocols(19), weight was measured to the
nearest 0·01 kg in infants wearing a dry diaper or in chil-
dren wearing underpants on an electronic scale (SECA,
Germany), calibrated daily using a Troemner® weight.
Recumbent length and standing height were measured to
the nearest 0·1 cm using an infantometer and a portable
stadiometer (SECA, Germany) in infants/children aged
0–1·9 and 2–5·9 years, respectively.

All ulna measurements were obtained on the right arm.
After marking the two end points of the ulna (i.e. the
styloid and olecranon processes), ulna length was mea-
sured to the nearest 0·1 cm using a calliper (Rosscraft
Innovations Inc., Canada) while the right arm was placed
in a horizontal plane with the elbow flexed ~90° (see
online supplementary material, Supplemental Fig. 1A).
Forearm width was measured to the nearest 0·1 cm using a
graph paper grid which can be printed on a regular letter-
size paper by: (i) having the participant place his/her arm
on a table or a thin rigid board (such as a clipboard); (ii)
having the right arm straightened and pointing outward
from the body with palm down and lateral aspect of the
forearm aligned along the zero vertical axis of the grid; (iii)
marking two points at the maximal width of the forearm
on the grid; and (iv) reading the maximal width of the
forearm to the nearest 0·1 cm according to the uniform
dimensions on the grid (see online supplementary mate-
rial, Supplemental Fig. 1B). Of note, the grid was coloured
across rows/units of ten boxes to facilitate reading the
measurements. Forearm circumference was measured to
the nearest 0·1 cm using an insertion tape (ShorrTape©,
USA) on the forearm by: (i) having the right elbow
extended and the forearm positioned so that it is free-
standing (not resting on the table or body); (ii) having the
tape measure perpendicular to the long axis of the fore-
arm; and (iii) measuring the maximal forearm

Table 1 Previous age- or length-based methods for weight esti-
mation in children

Method
Age limit
(years) Equation

APLS
formula(15,41)

1–5 Weight (kg)=2× [age (years) + 4]

6–9 Weight (kg)=3× [age (years) + 7]
Theron

formula(16)
1–10 Weight (kg)=exp[0·175571

×age (years) + 2·197099]
Traub-Johnson

formula(17)
1–18 Weight (kg)=2·05× exp[0·02

× length or height (cm)]

APLS, advanced paediatric life support.
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circumference with the tape measure (see online supple-
mentary material, Supplemental Fig. 1C).

Each measurement was taken in duplicate. The mean
value was calculated if the two initial measurements
agreed within 0·2 kg for weight or 0·2 cm for length,
height, and ulna and forearm measurements. Otherwise,
an additional measurement was obtained and the mean of
the two closest recordings was used. To determine the
intra- and inter-observer reliability, replicate measures
were taken by reversing staff’s positions as measurer and
recorder in an approximately 10% random sub-sample
(n 124).

Statistical analysis
Data pre-processing approaches were reported pre-
viously(20). Based on the point biserial model for correla-
tions, the total sample size of 1473 was sufficient to detect
an effect size as small as r= 0·07 between an ulna or
forearm measurement and weight at 80% power with a
two-tailed significance level of α= 0·05. The total sample
was randomly split 2:1 into a training set (n 1016) and
validation set (n 457). Comparison of subject character-
istics and anthropometrics between the two sets was tes-
ted by the Student’s t test for continuous variables or the χ2

test for categorical variables. Intra- and inter-observer
reliability of each anthropometric measure was estimated
by computing CV and intraclass correlation coefficients
(ICC) using a one-way random model and absolute
agreement type(21) in the random sub-sample of 124
infants/children.

Prediction equations for weight were developed in the
training set using multivariable mixed-effects linear
regression analysis with study centre as a random effect.
Initially, parameters for stature (length/height or ulna
length) and body size (forearm width or circumference)
were included as predictors. Given significant age, sex and
racial/ethnic variation in anthropometrics (see online
supplementary material, Supplemental Table 1), we
included these factors as potential predictors. Notably,
racial/ethnic variation was parameterized as a dichot-
omous variable (i.e. Hispanic or not) given the over-
sampling of Hispanics in our study population. Also, we
included a quadratic term for forearm width or cir-
cumference in all models given the non-linear associations
observed between weight and forearm width or cir-
cumference. Final models were reduced by stepwise
elimination using entry (P= 0·10) and removal (P= 0·05)
criteria. The marginal R2 proposed by Nakagawa and
Schielzeth was calculated to represent the proportion of
variance explained by fixed effects(22). Standard error of
estimate was computed for each equation.

In the validation set, mean percentage error (MPE), a
measure of the overall bias estimate of each model, was
calculated as: 100× (predicted weight – measured weight)
/measured weight. Root-mean-squared percentage error

(RMSPE), a measure of precision estimate, was calculated
by taking the square root of the average squared percen-
tage error. Percentages of weight estimates falling within
10 and 20% limits of deviation from actual weight were
calculated to assess the predictive accuracy. Comparison
of the aforementioned estimates between existing meth-
ods and newly developed models were assessed using
paired t tests with Bonferroni–Holm adjustment(23) by:
weight strata (<10, 10–19·9 and ≥20 kg) for all; weight-for-
length Z-score (WLZ) percentile categories (i.e. under-
weight/normal (WLZ< 85th percentile) and overweight/
obese (WLZ≥ 85th percentile)) among infants aged <2
years; and BMI-for-age Z-score (BMIZ) percentile cate-
gories (i.e. underweight/normal (BMIZ< 85th percentile)
and overweight/obese (BMIZ≥ 85th percentile)) among
children aged 2–5·9 years. As recommended by the Cen-
ters for Disease Control and Prevention, BMI is used to
screen for overweight/obesity in children ≥2 years old(24).
Therefore, infants aged <2 years were grouped separately
according to WLZ percentiles derived from the WHO Child
Growth Standards(25).

Further, Bland–Altman plots(26) were constructed to
assess the agreement between the measured and pre-
dicted weight by our models and existing ones(15–17). The
limits of agreement were defined as the mean difference
between the predicted and measured weight ±1·96 SD. We
constructed Bland–Altman plots on the original scale (i.e.
kilograms) given the narrow age and weight range of the
study. This approach however, compared with log-
transformation of the data, also allows direct evaluation
on the original scale of the agreement between predicted
and measured weight, which could facilitate interpretation
within the context of real settings.

All analyses were conducted with the statistical software
package IBM SPSS Statistics version 21 and R software
version 3·3. Statistical significance was set at a two-tailed
P< 0·05.

Results

Among the 1016 infants/children in the training set, 52·3%
were boys; the overall mean age was 1·9 years; and the
ethnic distribution was 45·6% Hispanic, 25·5% non-
Hispanic Black, 20·5% non-Hispanic White and 8·4%
Other groups (Table 2). The validation set did not differ
from the training set by demographic characteristics or
anthropometric measures. All anthropometric measures
including ulna and forearm measurements had high intra-
and inter-observer reliability overall, with CV ranging from
0·08 to 2·16% and ICC ranging from 0·952 to 1·000 (see
online supplementary material, Supplemental Table 2).
Weight measured by calibrated scale had the highest intra-
observer reliability with the smallest CV and greatest ICC,
followed by height, length, forearm circumference, ulna
length and forearm width. Likewise, weight had the
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highest whereas forearm width had the lowest inter-
observer reliability, respectively.

In total, four weight estimation models were empirically
derived as listed in Table 3. Of note, age and sex were not
included in Models 1 and 2 due to the insignificant con-
tribution to the final models according to the stepwise
elimination criteria mentioned above. Overall, models
using total body length/height as a predictor (Models 1
and 2) and models using ulna length as a surrogate for
length/height (Models 3 and 4) had comparable predictive
accuracy, regardless of the surrogate for body size (fore-
arm width or circumference). Further, among the two
models using ulna length as a surrogate for length/height,
the one using forearm circumference as a surrogate for
body size (Model 4) had slightly greater predictive accu-
racy than the one using forearm width (Model 3).

Overall, compared with the three existing formulas, the
performance of Models 1–4 did not differ appreciably
between one another and was superior to the APLS,
Theron and Traub–Johnson formulas (Table 4). Across the
weight strata, the MPE were significantly smaller across
Models 1–4 compared with the existing formulas except
that the Traub–Johnson did not vary from Models 2–4
among infants/children weighing <10 kg (1·2 v. −0·5 to
2·4%); and that the Theron formula did not vary from
Models 1–4 among infants/children weighing ≥20 kg (−6·2
v. −4·8 to −8·1%). Among infants aged <2 years with
WLZ< 85th percentile, the MPE were 0·2 to 1·4% across
Models 1–4, which were significantly smaller than for the
APLS (6·1%), Theron (13·3%) and Traub-Johnson (−2·4%)
formulas. Among infants aged <2 years with WLZ≥ 85th
percentile, all models tended to underestimate weight
except the Theron formula (5·2%); Models 3 and 4 slightly
underestimated weight by −2·4 to −1·7%, followed by
Models 1 and 2 (−6·2 to −4·3%) and the APLS formula

(−4·3%), whereas the Traub–Johnson formula had the
greatest MPE (−14·3%). For underweight/normal-weight
children aged 2–5·9 years, Model 4 and the APLS formula
slightly overestimated weight by 2·3 and 0·8%, respec-
tively, whereas the Theron formula had the largest MPE
(14·3%). Among overweight/obese children aged 2–5·9
years, all models tended to underestimate paediatric
weight; however, Models 2 and 4 yielded the smallest MPE
(−5·2% and −4·1%) and the APLS formula yielded the
greatest (−18·0%). Consistently, the measure of precision
as indicated by RMSPE was overall smaller among Models
1–4 compared with the three existing methods (i.e.
range= 7·5–8·7 v. 9·8–13·3%; Table 4). The differences in
RMSPE across models were more pronounced at weight
extremes, i.e. among children weighing <10 kg or ≥20 kg
or overweight/obese infants or children. Further, estimates
of accuracy as indicated by percentage of agreement
within 10 and 20%% limits of deviation from actual weight
illustrated that the predictive accuracy was greater across
Models 1–4 compared with the three existing methods
(Table 5). Specifically, Models 1–4 were overall within 10
and 20% of actual weight in 72·2–86·9 and 95·2–98·5% of
the weight estimations, respectively, which outperformed
any of the other existing methods (56·5–68·6 and
74·5–83·0% of weight estimations within 10 and 20% of
actual weight, respectively).

Overall, the Bland–Altman plots illustrated no obviously
biased patterns of paediatric weight estimation using
Models 1–4 (mean difference range= − 0·012 to 0·002 kg),
especially among infants (corresponding to the small
values on the x-axis; Fig. 1). In contrast, the APLS, Theron
and Traub–Johnson formulas tended to underestimate
weight (mean difference range= − 0·602 to −0·962 kg) as
the mean values of weight increased. In addition, the limits
of agreement were narrower for Models 1–4 compared

Table 2 Subject characteristics and child anthropometrics in the training and validation sets of multi-racial/ethnic infants and children aged
<6 years; National Children’s Study-Formative Research in Anthropometry, USA (2011–2012)

Training set (n 1016) Validation set (n 457)

n or Mean % or SD n or Mean % or SD P value*

Sex, n and% 0·65
Boys 531 52·3 233 51·0
Girls 485 47·7 224 49·0

Race/ethnicity, n and % 0·74
Non-Hispanic White 208 20·5 88 19·3
Hispanic 462 45·6 200 43·9
Non-Hispanic Black 258 25·5 126 27·6
Other 88 8·4 43 9·2

Age (years), mean and SD 1·9 1·7 1·9 1·7 0·27
Anthropometrics, mean and SD

Weight (kg) 11·5 5·3 11·8 5·0 0·37
Recumbent length (cm)† 70·7 11·9 71·9 12·1 0·15
Standing height (cm)† 100·7 8·8 100·6 8·6 0·96
Ulna length (cm) 12·7 2·9 12·8 2·9 0·48
Forearm width (cm) 5·3 0·7 5·3 0·6 0·99
Forearm circumference (cm) 15·0 2·2 15·1 2·0 0·42

*Obtained by Student’s t test for continuous variables and the χ2 test for categorical variables.
†Recumbent length and standing height were measured among infants and children aged 0–1·9 and 2–5·9 years, respectively.
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with the existing formulas, with the APLS having the
widest range (−5·10 to 3·90 kg).

Discussion

In the current study, ulna and forearm measurements
obtained by simple, portable and convenient tools (i.e.
calliper, paper grid and insertion tape) were accurate and
reliable surrogate measures for paediatric weight among
healthy infants/children aged <6 years in the USA. The
intra- and inter-reliability of ulna and forearm

measurements was high and comparable to or better than
those reported previously(27–29), suggesting their applic-
ability by trained staff in varied settings including daycare
centres, clinics and community centres, as demonstrated in
our study. The estimates of predictive bias, precision and
accuracy of our empirically derived models were com-
parable with one another and significantly superior to the
three examples of existing age- or length-based formulas,
suggesting that they may serve as alternative strategies for
paediatric weight estimation when immediate weight
measurement is unobtainable or unreliable such as in the
emergency room.

Table 3 Regression equations* to estimate weight in infants and children aged 0–5·9 years developed in the training set (n 1016) of multi-
racial/ethnic infants and children aged <6 years; National Children’s Study-Formative Research in Anthropometry, USA (2011–2012)

Equation Rmarginal
2 SEE (kg)

Model 1 Weight (kg)=15·89+0·35×Hispanic + 0·25×L− 10·63×FW+1·12×FW2 0·94 1·23
Model 2 Weight (kg)=6·91+0·40×Hispanic+ 0·21×L−2·51×FC+0·10×FC2 0·97 0·96
Model 3 Weight (kg)=19·45+1·15×A+0·22×Hispanic + 0·76×UL−9·21×FW+1·03×FW2 0·91 1·46
Model 4 Weight (kg)=6·25+1·04×A+0·37×Hispanic + 0·59×UL−1·65×FC+0·09×FC2 0·96 1·09

Rmarginal
2 , coefficient of determination for fixed effects; SEE, standard error of estimate (kg); L, length/height (cm); FW, forearm width (cm); FC, forearm

circumference (cm); A, age (years); UL, ulna length (cm).
*Equations were obtained from mixed-effects linear regression analysis using study centre as a random effect.

Table 4 Mean percentage error (MPE)* between predicted and measured weight and root-mean-squared percentage error (RMSPE) by
weight, weight-for-length percentile and BMI-for-age percentile categories in the validation set (n 457) of multi-racial/ethnic infants and
children aged <6 years; National Children’s Study-Formative Research in Anthropometry, USA (2011–2012)

Model 1 Model 2 Model 3 Model 4 APLS formula Theron formula
Traub–Johnson

formula

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Total (n 457)
MPE 0·2a 9·6 0·1a 7·5 0·7a 11·2 0·2a,b 8·7 − 1·7b 13·2 9·2c 15·1 −4·9d 8·5
RMSPE 8·6 7·5 8·7 8·3 13·3 17·7 10·5

Weight category
<10 kg (n 190)
MPE −0·8a 9·0 − 0·5a,b 8·9 2·4b 11·9 0·7a,b 10·9 14·6c 7·9 22·5d 8·4 1·2b 6·4
RMSPE 8·0 7·9 9·6 9·9 16·6 24·0 8·4

10–19·9 kg (n 244)
MPE 1·7a 9·4 1·2a 6·1 0·5a 10·6 0·2a 6·9 − 1·8b 11·0 9·0c 14·4 −4·9d 7·9
RMSPE 9·2 6·2 7·6 6·8 11·1 17·0 12·3

≥20 kg (n 23)
MPE −8·1a 9·9 − 6·1a 4·3 − 7·0a 10·3 −4·8a 0·2 −22·4b 9·4 −6·2a 13·1 −13·5c 8·9
RMSPE 9·7 7·4 9·3 6·3 24·2 14·3 16·1

Infants aged <2 years
Underweight/normal weight† (n 199)
MPE 1·3a 7·9 1·0a 7·9 0·2a 10·4 1·4a 11·5 6·1b 9·6 13·3c 10·4 −2·4d 5·7
RMSPE 7·1 5·4 7·3 6·2 11·0 20·1 8·6

Overweight/obese† (n 69)
MPE −6·2a 7·2 − 4·3a,b 5·8 − 2·4a 8·8 −1·7a 8·7 − 4·3b 11·5 5·2c 12·4 −14·3d 5·7
RMSPE 8·8 6·9 8·6 7·4 20·5 12·9 16·7

Children aged 2–5·9 years
Underweight/normal weight† (n 144)
MPE 4·6a 7·8 3·2a,b 4·3 3·6a,b 9·6 2·3,c 5·8 0·8c 11·0 14·3d 14·1 −1·6e 6·4
RMSPE 8·0 8·0 9·7 7·4 11·3 16·8 6·8

Overweight/obese† (n 45)
MPE −8·6a 8·2 − 5·2b 4·5 − 8·1a 9·8 −4·1b 6·2 −18·0c 9·9 −6·5a,b 11·3 −15·8c 5·5
RMSPE 9·1 8·9 9·7 8·3 14·0 14·2 15·7

APLS, advanced paediatric life support.
a,b,c,dMean values in a row with unlike superscript letters were significantly different (P< 0·05) using the paired t test with Bonferroni–Holm adjustment for
pairwise comparisons.
*MPE was calculated as: 100× (predicted weight – measured weight)/measured weight.
†Underweight/normal and overweight/obese were defined as <85th percentile and ≥85th percentile for weight-for-length among infants aged <2 years and for
BMI-for-age for among children aged 2–5·9 years, respectively.
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The high comparability of these four models could
provide flexibility and enhance applicability in different
settings. In situations where the child’s age is unknown,
Models 1 and 2 could be utilized for immediate weight
estimation, whereas Models 3 and 4 could be utilized
when the child’s recumbent length or standing height
cannot be measured, given measurements of the ulna and
forearm are usually not impeded by joint deformity and
the ulna is readily accessible even in immobilized patients.
Further, Model 3 had the lowest MPE between predicted
and measured weight across all models of underweight or
normal-weight infants aged <2 years. Taken together, in
field settings where a calibrated scale or level floor is
unavailable, the ulna and forearm measurements obtained
by simple and affordable tools could potentially provide
alternative options for paediatric weight estimation, with
overall exchangeability and also flexibility in varied
settings.

Several strategies for paediatric weight estimation have
been developed with varied degrees of applicability in
specific paediatric sub-populations. The age-based strate-
gies such as the APLS(15) and Theron(16) formulas have
advantages due to their simplicity and lack of additional
anthropometric surrogates. However, the APLS formula
largely underestimates weight among children weighing
more than 20 kg or overweight/obese children by

approximately 20% in our study population, similar to
previous observations(10,30). In contrast, the Theron for-
mula did not vary from our models in terms of predictive
accuracy among heavier children, but tended to over-
estimate weight by 22·5% among children weighing
<10 kg and by 13·3% among underweight/normal-weight
infants aged <2 years. Indeed, the Theron method was
developed among a sample of children of Pacific Island
and Māori origins in New Zealand, whose overweight/
obesity prevalence was significantly higher than their
European counterparts (40–60 v. 24%)(31), potentially
limiting their applicability for other paediatric popula-
tions. There are several other age-based formulas for
paediatric weight estimation, such as the Luscombe for-
mula(32), the finger counting method(33) and the Chinese
age–weight rule(34). As demonstrated in a recent study
assessing twenty age-based weight estimation methods,
the age-based methods had an overall high rate of critical
errors (i.e. percentages of weight estimates falling outside
20% deviation from actual weight) ranging from 25 to
75% and were inferior to any length-based method (e.g.
Broselow tape, paediatric advanced weight-prediction in
the emergency room (PAWPER) tape or the Mercy
method)(9).

The length-based strategies such as the Traub–Johnson
formula(17) and the Broselow tape(35) could be applied

Table 5 Predictive accuracy performance* of Models 1–4 and the three existing methods in multi-racial/ethnic infants and children aged <6
years; National Children’s Study-Formative Research in Anthropometry, USA (2011–2012)

Model 1 (%) Model 2 (%) Model 3 (%) Model 4 (%) APLS formula (%) Theron formula (%)
Traub–Johnson
formula (%)

Total
≤10% 79·0 86·9 72·2 79·9 61·6 56·5 68·6
≤20% 97·8 98·5 95·2 96·5 82·8 74·5 83·0

Weight category
<10 kg
≤10% 81·4 79·8 77·3 76·3 54·8 44·1 65·8
≤20% 96·8 96·8 92·6 92·6 83·0 70·7 89·2

10–19·9 kg
≤10% 79·1 92·2 73·4 85·7 77·8 74·6 87·3
≤20% 98·9 99·6 96·3 99·2 86·8 79·4 88·9

≥20 kg
≤10% 76·5 87·0 76·5 87·0 28·7 47·8 52·2
≤20% 92·0 100·0 92·0 100·0 56·5 82·6 69·6

Infants aged <2 years
Underweight/normal weight†

≤10% 81·9 94·4 73·6 88·9 51·8 31·7 81·0
≤20% 95·8 100·0 94·4 99·3 83·8 60·1 85·6

Overweight/obese†
≤10% 75·6 88·9 80·0 77·8 22·2 51·1 15·6
≤20% 93·3 100·0 98·9 100·0 54·4 73·9 72·2

Children aged 2–5·9 years
Underweight/normal weight†

≤10% 88·0 84·4 72·4 73·4 77·0 67·8 81·9
≤20% 96·9 98·4 96·2 96·2 87·9 80·6 86·6

Overweight/obese†
≤10 71·8 79·6 75·0 76·8 72·5 77·9 56·4
≤20 95·9 92·9 95·9 96·4 81·4 81·4 83·2

APLS, advanced paediatric life support.
*Values presented are percentages of weight estimates within specified limits of deviation (≤10 and ≤20%) from actual weight.
†Underweight/normal and overweight/obese were defined as <85th percentile and ≥85th percentile for weight-for-length among infants aged <2 years and for
BMI-for-age among children aged 2–5·9 years, respectively.
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in situations without knowledge of a child’s exact age.
Although the measurer can directly read weight from the
measuring tape, the Broselow tape is limited to a length
range of 46–143 cm. The Traub–Johnson formula had
similar prediction accuracy as our Models 2 and 4 among
children weighing <10 kg. Nevertheless, its performance
was compromised and inferior to our Models 2 and 4 with
a bias pattern of underestimation among heavier (≥20 kg)
or more obese children. On the other hand, the age- or

length-based equations do not take into account the
child’s body size, which is an important predictor of
paediatric weight(11,36). The Devised Weight Estimation
Method(36), a length- and body size-based method, has
relatively high prediction accuracy, with MPE between
predicted and measured weight ranging from −3·9 to 7·0%
among children weighing <10 to >40 kg. Notably, this
method involves a subjective assessment of body size
(slim, average or heavy), which may have bias as
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Fig. 1 Bland–Altman plots assessing the relative validity of four weight estimation models (based on ulna length and forearm width
and circumference, measured by simple and portable tools) and three previous methods (based on age or length) in predicting
weight in multi-racial/ethnic infants and children aged <6 years; National Children’s Study-Formative Research in Anthropometry,
USA (2011–2012). The difference between measured weight and predicted weight is plotted v. the mean weight from the two
methods for: (a) Model 1 (n 376); (b) Model 2 (n 422); (c) Model 3 (n 386); (d) Model 4 (n 431); (e) the advanced paediatric life
support (APLS) formula (n 285); (f) the Theron formula (n 285); and (g) the Traub–Johnson formula (n 286) in the validation set.
——— indicates the mean difference (bias) between the predicted and measured weight and – – – – – indicate the 95% limits of
agreement
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evidenced by mean intra- and inter-rater agreement of
86% (range= 81–94%) and 78% (58–93%), respec-
tively(10). Similarly, the PAWPER tape involves a two-step
process based on supine length and habitus scoring,
whereas the accuracy and reliability of the habitus eva-
luation in different settings remain to be assessed(37).

Among long bone- and/or mid-upper arm cir-
cumference (MUAC)-based methods, an MUAC-based
formula developed among Hong Kong Chinese children
aged 1–11 years outperformed the Broeselow method
and the age-based APLS formula in older children, but
not among pre-school children under 6 years old(38).
Among predominantly HIV-positive children aged 1·5–12
years in Botswana, over 90% of the predicted weight fell
within 15% of the actual weight using an MUAC- and
tibia or ulna length-based method developed by Wozniak
et al.(39,40). However, due to the limited number of chil-
dren aged <5 years (n 203) and weighing <10 kg (n 28),
no conclusions can be drawn about these sub-
groups(39,40). Further, validity of this method among other
paediatric populations remains to be determined. In
contrast, the recently developed Mercy method relies on
humerus length and MUAC, and has comparable pre-
diction accuracy among children aged 2 months to 16
years to our ulna-/forearm-based models (MPE= − 0·46
v. 0·1–0·7%)(11). Notably, among children with shoulder/
upper arm contractures and/or other physical impair-
ments whose upper arm and total length/height mea-
surements are not feasible, our ulna-/forearm-based
models (Models 3 and 4) could serve as alternative stra-
tegies for weight estimation. Future studies on other
paediatric populations are warranted to further assess the
prediction precision of our developed methods in clinical
settings.

Certain limitations of the present study should be noted.
First, 44·9% of our study population was of Hispanic ori-
gin. Given the limited anthropometric data among His-
panic neonates, infants and young children in the USA, we
oversampled Hispanic infants and young children to
enrich the limited data on anthropometrics, especially
measurements of bone components. The ethnic compo-
nent in Models 1–4 was dichotomized (i.e. Hispanic or
not) given the respective sample size of each ethnic group.
Therefore, the study population was not nationally
representative which may limit the generalizability of our
models. Nevertheless, our models highlight the need for
future research to consider and incorporate race/ethnicity
in weight prediction strategies among multi-racial/ethnic
children. In addition, despite the overall zero bias as
shown in the Bland–Altman plots, Models 1 and 3 exhib-
ited some heteroscedasticity in weight estimation at older
ages. We oversampled neonates and infants aged <1 years
(39%) to address the data gap given that most previous
weight estimation methods are limited to 1 year or
above(11). It is possible that the observed hetero-
scedasticity could be partially attributable to the

insufficient statistical power among older children. Thus,
age-specific weight prediction equations based on these
surrogate measures merit further investigation. Finally, the
impact of human factor and patient factor errors could
be significant, especially for methods including any form
of anthropometric measurements. Thus, these study find-
ings need to be carefully evaluated during real or simu-
lated emergency care.

Conclusion

In conclusion, ulna and forearm components can serve as
accurate and reliable surrogate measures of weight in
healthy infants/children aged 0–5·9 years. The developed
models for paediatric weight estimation could potentially
provide improvement over existing methods, especially
among infants. In addition, the use of ulna length as a
surrogate for length/height provides an alternative strategy
in situations where length/height is not obtainable or
unreliable. Further, ulna and forearm measurements can
be obtained by simple and portable tools (i.e. calliper,
paper grid and tape), which would be valuable in field
settings where calibrated equipment (i.e. infantometer,
stadiometer or electronic scale) is unavailable due to
issues of portability, accessibility and expense. Finally,
further evaluation and validation of these developed
models are warranted in other paediatric populations,
particularly among physically impaired or non-ambulatory
children as well as children in resource-limited settings
such as in low-income countries or rural areas.
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