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OBJECTIVES  To validate the recently described Mercy method for weight estimation in an independent 
cohort of children living in the United States.
METHODS  Anthropometric data including weight, height, humeral length, and mid upper arm circumfer-
ence were collected from 976 otherwise healthy children (2 months to 14 years old). The data were used 
to examine the predictive performances of the Mercy method and four other weight estimation strategies 
(the Advanced Pediatric Life Support [APLS] method, the Broselow tape, and the Luscombe and Owens and 
the Nelson methods).
RESULTS  The Mercy method demonstrated accuracy comparable to that observed in the original study (mean 
error: −0.3 kg; mean percentage error: −0.3%; root mean square error: 2.62 kg; 95% limits of agreement: 0.83-
1.19). This method estimated weight within 20% of actual for 95% of children compared with 58.7% for APLS, 
78% for Broselow, 54.4% for Luscombe and Owens, and 70.4% for Nelson. Furthermore, the Mercy method 
was the only weight estimation strategy which enabled prediction of weight in all of the children enrolled.
CONCLUSIONS  The Mercy method proved to be highly accurate and more robust than existing weight 
estimation strategies across a wider range of age and body mass index values, thereby making it superior 
to other existing approaches.

INDEX TERMS  adolescent, body weight, child, developing countries, infant, life support
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INTRODUCTION

In no other patient population is there more 
calculation and manipulation of drug doses than 
in children. The need to individualize pediatric 
doses introduces the potential for errors along 
the entire process of drug delivery, from pre-
scribing and transcribing the dose to diluting, 
compounding, dispensing, and administering the 
final formulation.1–4 With most pediatric doses 
determined by body weight, interventions aimed 
at minimizing medication errors in children are 
rendered ineffectual if the patient’s weight is 
incorrectly recorded or unavailable. In settings 
where obtaining a child’s weight prior to treat-
ment is simply not feasible (e.g., prehospital/hos-
pital emergency settings, resource-constrained 
facilities in developing countries), the provision 
of age-appropriate, weight-based therapies re-
mains a fundamental challenge.

Apart from parental recall or provider estima-
tion, the most commonly used strategies for 
estimating body weight rely on a child’s age 
or length (Table 1).5–19 These single-parameter 
weight estimation methods can be simple and 
easy to integrate into clinical practice; however, 
most perform well in only a subset of the pe-
diatric population. The utility of many of the 
methods are restricted to children meeting age 
or length criteria (Table 1); most methods overes-
timate weight in children who are underweight 
and underestimate weight in children who are 
overweight/obese,20 and several have been dem-
onstrated to be less robust in children in whom 
race and ethnicity differ from the population in 
which the method was developed.14,17,21–23 Thus, 
there remains an unmet need for pediatric weight 
estimation strategies that are accurate across a 
broad range of ages, weights, heights, and stat-
ures in children of all nationalities.
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Recently, investigators at the Children’s Mercy 
Hospital developed a weight estimation strat-
egy (i.e., the Mercy method) that was designed 
to address limitations inherent in the existing 
weight estimation methods.20 The Mercy method 
incorporates anthropometric surrogates for both 
stature (humeral length [HL]) and body habitus 
(mid-upper arm circumference [MUAC]), which 
provides a more accurate estimate of weight than 
methods that rely on a single variable. It requires 
no subjective assessments and performs robustly, 
independently of age and height, over a broad 
range of weights. This method was developed 
and internally validated using a dataset of 19,266 
children from the National Health and Nutrition 
Examination Survey (NHANES)24; however, 
there have been no prospective studies that have 
evaluated the method in an independent dataset. 
This study describes the external validation of 
the Mercy method in a cohort of children living 
in the midwestern United States.

MATERIALS AND METHODS

Subjects and Study Design
This was a prospective, single-center study of 

otherwise healthy children aged 2 months through 
16 years, with constitutionally normal growth 
and development. Children were enrolled from 
the Children’s Mercy Hospital (CMH), CMH-
affiliated daycare centers, and CMH-sponsored 

family events between July 2009 and June 2011. 
Children with known or apparent limb deformi-
ties, those unable to be positioned for height/
length measurements, and those with an under-
lying pathological condition or pharmacological 
management that could produce abnormal body 
composition for age (e.g., severe edema, chronic 
oral corticosteroid use) were ineligible for partici-
pation. All children were enrolled with informed 
parental permission and assent (if >7 years of age) 
under a protocol that was reviewed and approved 
by the Institutional Review Board at CMH.

Rater Training
All study personnel performing measurements 

(i.e., the principal investigator and seven certified 
clinical research coordinators) were required to 
undergo prequalification prior to their participa-
tion in the study. Raters performed each of the 
study-related anthropometric measurements 
in triplicate on a minimum of three other adult 
raters. Intra-rater variance was required to be 
less than 5% for each measure, and inter-rater 
concordance was required to exceed 90%. Raters 
failing initial prequalification were offered the 
opportunity for remediation, and those failing a 
second quality assessment (QA) were not permit-
ted to participate in the study.

Data Collection
The anthropometric measurements collected 

Table 1. Published Weight Estimation Methods

Method and Study Reference Basis Restrictions

APLS (Mackway-Jones et al6) Age 1-10 yr
ARC (Australian Resuscitation Council7) Age ≥1 yr
Argall et al. formula8 Age 1-10 yr
Best Guess (Tinning and Acworth9) Age ≤14 yr
Broselow method (Lubitz et al10) Height 46-143 cm
Cattermole et al11 MUAC 6-11 yr
DWEM (Garland et al12) Height and stature 50-175 cm
Leffler and Hayes5 Age ≤10 yr
Luscombe and Owens13 Age 1-10 yr
Malawi tape (Molyneux14) Length 45-130 cm
Nelson Textbook of Pediatrics15 Age 3 mo-12 yr
Oakley16 Age and height ≤14 yr and 50-160 cm
Shann17 Age ≥1 yr
Theron17 Age 1-10 yr
Traub and Johnson18 Age and height 1-18 yr
Traub and Kichen19 Age and height 1 - 17 yr and >74 cm

APLS, advanced pediatric life support; ARC, Australian Resuscitation Council; DWEM, devised weight estimation method; MUAC, mid-upper 
arm circumference

Pediatric Weight Estimation
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included height, weight, HL, and MUAC. Chil-
dren who could stand unassisted were positioned 
with their heels, buttocks, and head in contact 
with a wall or a height rule, and their height was 
measured using a traditional tape measure or a 
portable stadiometer. In infants unable to stand, 
recumbent (heel-to-crown) length was measured 
on an examining table using an infantometer or 
traditional tape measure. Each participant was 
weighed with as little outer clothing as possible, 
using a portable electronic scale that was calibrat-
ed daily. HL was measured from the upper edge 
of the posterior border of the acromion process 
to the tip of the olecranon process. MUAC was 
measured at the midpoint of the humerus with 
the arm hanging down at the child’s side. Both 
limb measurements were taken on the child’s 
right side using a standard vinyl tape measure 
and recorded to the nearest millimeter. Family 
members of participating children were given 
verbal instructions describing the location of 
the anatomic landmarks and asked to perform 
the same measurements in an attempt to assess 
whether care givers could reasonably obtain the 
data necessary to apply the Mercy method.

Data Analysis
The Mercy method was applied to HL and 

MUAC data as previously described.20 Briefly, 
both measures were rounded up or down to the 
nearest 1.0 cm, and the corresponding fractional 
weight was determined as shown in Table 2. 
Fractional weights for both measures were 
summed to generate an estimated weight for each 
participant child (e.g., an HL of 21.2 cm and an 
MUAC of 18.6 cm would correspond with frac-
tional weights of 9.1 kg and 9.4 kg, respectively. 
Thus, the estimated weight of this child would 
be 18.5 kg). Four other commonly used weight 
estimation strategies were also evaluated. Three 
calculate weight based on the child’s age. The 
formula described by Advanced Pediatric Life 
Support (APLS) is (2 × [age in years + 4]).6 The 
methods in Nelson’s Textbook of Pediatrics are (age 
in months + 9)/2 for children 3 to 12 months old; 
([age in years × 2] + 8) for children 1 to 6 years 
old; and ([age in years × 7.5]/2) for children 7 
to 12 years old.15 The method of Luscombe and 
Owens is (3 × [age] + 7).13 The Broselow tape 
(2007 edition B) was used to generate a weight 
estimate based on the child’s length.

The predicted weight of each child was com-

pared to their observed weight, and the follow-
ing parameters were generated: slope with 95% 
confidence interval (CI), intercept, Pearson cor-
relation coefficient, and 95% limits of agreement 
(LOA). Mean error (ME) and mean percentage 
error (MPE) were calculated by taking the dif-
ference between predicted and actual weights 
for the former and dividing that value by the 
actual weight after multiplying ×100 to arrive 
at the latter. Root mean square error (RMSE) 
was calculated by taking the square root of the 
average squared error. Bland-Altman plots us-
ing log-transformed data were constructed to 
evaluate agreement between the various weight 
estimation methods and the observed weight. 
Concordance between raters and parents was de-
termined by simple linear regression. Reliability 
between raters as determined by the prequali-
fication measurements was assessed using the 
intraclass correlation coefficient (ICC). All math-
ematical and statistical analyses were performed 
with Excel 2003 (Microsoft) and SPSS version 12 
software. The significance limit established for 
all statistical analyses was α = 0.05.

RESULTS

A total of 976 children were enrolled in this 
study by one of eight different raters. The pedi-
atric participants were equally distributed by sex 
(49% male, 51% female) and averaged 6.2 ± 3.4 
years, 25.4 ± 14.7 kg, 115.8 ± 25 cm, and 17.6 ± 
3.5 kg/m2 for age, weight, height, and body mass 
index (BMI), respectively. BMI percentile for a 
majority of children (60%) was classified “nor-
mal” as defined by the US Centers for Disease 
Control, followed by obese (12.3%), overweight 
(12.1%), and underweight (3%). The remaining 
12.6% of children fell into the “infant” category. 
Study raters consisted of 1 pharmacist, 5 regis-
tered nurses, 1 certificate nurse, and 1 non-health 
care provider, the latter 7 of whom were Certified 
Clinical Research Coordinators. Family mem-
ber raters ranged in age from 7 to 69 years old 
and consisted of parents (88.2%), grandparents 
(6.0%), siblings (2.9%), other first-degree relatives 
(1.9%), and others (0.9%).

Accuracy of the Mercy method in this inde-
pendent cohort of children was comparable to 
that of findings of the original internal validation 
dataset, although the LOA were broader in the 
current investigation (Table 3).20 Performance of 
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each weight estimation strategy in the current 
population is shown in Figure 1. As illustrated, 
there is less scatter around the line of unity and 
tighter limits of agreement for the Mercy method 
than for the other weight estimation methods that 
were evaluated. Moreover, the Mercy method 
was the only weight estimation strategy able to 
predict a weight for every child enrolled in this 
investigation (Figure 1). Segregation of the data 
by BMI percentile category highlights the con-
sistent performance of the Mercy method across 
BMI. In contrast, the APLS, Broselow, Luscombe 

and Owens, and Nelson methods tended to over-
estimate weight in children who are underweight 
and underestimate weight in children that are 
overweight and obese (Figure 2).

In total, the Mercy method estimated weight 
within 10% of the child’s actual weight in 77% 
of the population (Table 3). This is compared to 
34.4% for APLS, 53.5% for Broselow, 29.7% for 
Luscombe and Owens, and 43% for Nelson. The 
Mercy method estimated weight to within 20% 
of actual for nearly all of the children who were 
evaluated (95%) compared with 58.7% for APLS, 

Table 2. Fractional Weight Values for Humeral Length and Mid-Upper Arm Circumference Measures

Rounded Humeral 
Length (cm)

HL partial weight (kg) Rounded MUAC 
Circumference (cm)

MUAC Partial Weight (kg)

9 0.5 10 2.8
10 0.7 11 3.8
11 0.9 12 4.6
12 1.5 13 4.9
13 2.0 14 5.3
14 2.8 15 5.9
15 3.4 16 6.5
16 4.2 17 7.4
17 5.0 18 8.0
18 6.1 19 9.4
19 7.2 20 10.9
20 8.1 21 12.4
21 9.1 22 14.3
22 10.4 23 16.5
23 11.4 24 18.0
24 12.6 25 20.5
25 13.7 26 23.4
26 14.7 27 25.5
27 16.6 28 27.8
28 18.3 29 30.5
29 19.6 30 33.3
30 21.4 31 36.3
31 23.7 32 39.6
32 25.5 33 44.8
33 27.3 34 46.5
34 29.2 35 50.2
35 31.0 36 53.2
36 33.5 37 55.7
37 34.5 38 60.3
38 36.5 39 61.1
39 38.2 40 67
40 40.0 41 74
41 41.5 42 75
42 43 43 77
43 49 44 80
44 50 45 82
45 53 46 84

47 96
A weight estimate was generated by addition of humeral length (HL) and mid-upper arm circumference (MUAC) fractional weight values 
that correspond to a given individual’s measurements.

Pediatric Weight Estimation
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78% for Broselow, 54.4% for Luscombe and Ow-
ens and 70.4% for Nelson.

Although estimates of inter-rater reliability 
determined during the prestudy QA sessions 
were excellent as measured by an ICC of 0.99, 
rater performance during the actual study varied 
(Table 2). Concordance between family members 
and study raters for measures of HL and MUAC 
was good (Figure 3), although predictive per-
formance with family rater-generated measure-
ments was lower than that observed for the study 
rater-generated measurements (ME: −2.2, MPE: 
−7.7 ± 14.4, RMSE: 3.4). Data derived from family 
members demonstrated higher rates of under-
prediction than that from study raters (Figure 3) 
and with only 42% and 80% of estimates within 
10% and 20% of actual, respectively.

DISCUSSION

Health care providers in emergency and 
resource-constrained settings continue to rely 
on weight estimation to facilitate the delivery of 
age-appropriate therapies. Although published 
weight estimation strategies demonstrate value 
in these settings, they are also accompanied by 
well-known limitations. The accuracy of these 
methods 1) decreases with increasing age, 2) sub-
stantially decreases in children at the extremes 
of weight, and 3) varies in children of different 
racial and ethnic backgrounds.8–10,13,17,21,22,25–32 
Those few methods that offer improvements in 
accuracy over expanded age ranges (e.g., Traub-
Johnson18 and Traub-Kichen19) require the user to 
solve more complicated exponential equations.

The Mercy method appears to address many 
of these limitations as reflected by the data from 
the present study, which corroborate the earlier 
findings that this method is accurate over a broad 
range of ages and body compositions.20 We did 
observe broader limits of agreement than were 
reported in the original study. This may have 
been due, in part, to training that was less rigor-
ous than that received by the NHANES staff, 
resulting in slight differences in the designation 
of anatomic landmarks by our study raters. The 
fact that this was not reflected by inter-rater 
agreement in the prestudy QA sessions also sug-
gests that the intermittent nature of enrollment 
by some of the study raters (reflected by the 
imbalance in enrollment numbers [Table 2]) 
could have limited the opportunity to refine their 
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Figure 1. Observed Versus Predicted Weights for Weight Estimation Methods Evaluated in this Study
(Upper panels) Values that fall on the x-axis indicate individuals for whom no weight could be calculated because 
length and/or age exceeded the bounds of the estimation method. (Lower panels) Bland-Altman plots depicting the 
log-transformed difference between predicted weight and observed weight versus average log weight for the children 
in this external validation data set. Dashed lines depict the 95% limits of agreement.

measurement technique. Notably, the level of 
anatomical knowledge accompanying raters who 
were health care professionals did not appear to 
convey greater accuracy in weight determination 
with the Mercy method compared to our trained 
non-clinician rater (Table 3, rater H), who did 
not have a background in pharmacy or nursing.

As expected, predictive performance of the 
Mercy method was lower in family member rat-
ers who were given only brief verbal instructions 
before performing the measurements. Nonethe-
less, the data binning strategy used by the Mercy 
method was able to compensate for the lack of 
familiarity with anatomic landmarks such that 
family member raters predicted weight within 
20% of actual for the majority (80%) of children 
in this study. While we did not examine the reli-
ability of the weight estimates from our family 
raters as a function of educational level, it is 
reasonable to speculate that societal and cultural 
differences might occur. Consequently, more de-
tailed instruction may need to accompany mate-
rials for performing the Mercy method in remote 
communities wherein community members are 
relied upon to perform basic health care func-
tions. Importantly, the Mercy method performed 
no worse in the hands of family members than 
did the other weight estimation methods in the 
hands of trained study raters.

Two of the four weight estimation methods 

selected for comparison in this study, the APLS 
and Nelson equations, were selected because 
they derive from resources, which are readily 
available to pediatric practitioners. The other 
two methods (i.e., Broselow and Luscombe and 
Owens) were selected because they experience 
considerable use in emergency settings. Regard-
less, the Mercy method outperformed each of 
these methods with 1) limits of agreement that 
were narrower, 2) broader age and length ranges 
over which weight could be estimated, 3) less bias 
across BMI percentiles, and 4) a larger proportion 
of children predicted within 10% to 20% of their 
actual weight. Notably, the differences we ob-
served between the Mercy method and the other 
weight estimation methods reflect a more conser-
vative difference than would have been observed 
had we been able to enroll a greater proportion 
of adolescents in this study, a population for 
which larger estimates of bias in methods other 
than the Mercy method are typically observed. 
The population of eligible children presenting 
to CMH during the course of the current study 
was weighted heavily toward preteens, thereby 
restricting the number of children available for 
evaluation at the upper age limit of the Mercy 
method (16.9 years old).

The Mercy method appears to be a simple 
weight estimation strategy that performs ro-
bustly across the continuum of pediatric ages 

Pediatric Weight Estimation
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and weights. However, closer inspection of the 
findings by BMI percentile group suggests a 
wider degree of bias in the infant population 
than with children >2 years of age, regardless of 
BMI. In these patients, a refinement of the Mercy 
method to include different surrogates of girth 
and stature may be required. Additional studies 
of the Mercy method in populations that are older 
(i.e., >12 years old) and composed of a higher 
proportion of children who are underweight, 
overweight, or obese should confirm the findings 
presented herein.

The clinical relevance associated with the 

Mercy method resides primarily with its ac-
curacy and relative ease of use. A method that 
predicts body weight within 10% and 20% of 
actual in most children should have profound 
impact on the efficacy and safety of weight-
based drug doses. Moreover, a reliable weight 
estimation method that can be easily adopted by 
community health care workers in parts of the 
developing world, where scales for weighing 
children do not exist, could do much to improve 
the treatment of serious diseases that claim the 
lives of countless infants and children each year 
(e.g., tuberculosis, human immunodeficiency 

Figure 2. Observed Versus Predicted Weights by BMI Percentile Category for the Weight Estimation Methods Evalu-
ated in this Study
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virus infection, malaria). Ongoing studies evalu-
ating the Mercy method in India, West Africa, 
and China will further delineate the role of the 
Mercy method in children of various ethnic and 
geographic origin.
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