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Glossary 

 
BCPE The Box-Cox power exponential distribution. 

µ The median of the Box-Cox power exponential distribution. 

σ The approximate coefficient of variation of the Box-Cox power 
exponential distribution — related to the variance. 

ν The power of the Box-Cox transformation (to the normal 

distribution) of the Box-Cox power exponential distribution — 

related to the skewness. 

τ The power exponential parameter of the Box-Cox power 
exponential distribution — related to the kurtosis. 

λ The power of the age (or length/height) transformation. 

Body mass index (BMI) The ratio weight (in kg) / recumbent length or standing height 

(in m2). 

Box-Cox transformation A power transformation to the normal distribution. 

Coefficient of variation The ratio of the standard deviation to the mean. 

Cubic spline A piecewise third-order polynomial function that passes through 

a set of m (or degrees of freedom) control points; it can have a 

very simple form locally, yet be globally flexible and smooth.  

Cut-off A designated limit beyond which a subject or observation is 
classified according to a pre-set condition.  

Degrees of freedom (df) The number of control points used to fit the cubic splines. 

Kurtosis An attribute of a distribution describing "peakedness". A high 

kurtosis portrays a distribution with fat tails in contrast to a low 

kurtosis, which portrays a distribution with skinny tails. 

P-value The probability of falsely rejecting the hypothesis being tested. 
In this report all p-values were compared to a level of 

significance set to 0.05. 

Q-test A statistical test which combines overall and local tests 

assessing departures from the normal distribution with respect to 

median, variance, skewness and kurtosis. 

Skewness A statistical term used to describe a distribution's asymmetry in 
relation to a normal distribution. 

Standard deviation score (SD) See z-score. 

Worm plots A set of detrended Q-Q plots — plots that compare the 

distribution of a given set of observations to the normal 

distribution. 

Z-score The deviation of an individual's value from the median value of 

a reference population, divided by the standard deviation of the 

reference population (or transformed to normal distribution).  
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Executive summary 

In 1993 the World Health Organization (WHO) undertook a comprehensive review of the uses and 

interpretation of anthropometric references. The review concluded that the NCHS/WHO growth 

reference, which had been recommended for international use since the late 1970s, did not adequately 

represent early childhood growth and that new growth curves were necessary. The World Health 

Assembly endorsed this recommendation in 1994. In response WHO undertook the Multicentre 

Growth Reference Study (MGRS) between 1997 and 2003 to generate new curves for assessing the 

growth and development of children the world over.  

The MGRS combined a longitudinal follow-up from birth to 24 months and a cross-sectional survey of 
children aged 18 to 71 months. Primary growth data and related information were gathered from 8440 

healthy breastfed infants and young children from widely diverse ethnic backgrounds and cultural 

settings (Brazil, Ghana, India, Norway, Oman and USA). The MGRS is unique in that it was 

purposely designed to produce a standard by selecting healthy children living under conditions likely 

to favour the achievement of their full genetic growth potential. Furthermore, the mothers of the 
children selected for the construction of the standards engaged in fundamental health-promoting 

practices, namely breastfeeding and not smoking.  

This report presents the second set of WHO Child Growth Standards (i.e. head circumference-for-age, 

arm circumference-for-age, triceps skinfold-for-age and subscapular skinfold-for-age) and describes 

the methodical process followed in their development. The first step in this process was a consultative 

expert review of some 30 growth curve construction methods, including types of distributions and 

smoothing techniques to identify the best approach to constructing the standards. Next was the 
selection of a software package flexible enough to allow the comparative testing of the alternative 

methods used to generate the growth curves. Then the selected approach was applied systematically to 

search for the best models to fit the data for each indicator.  

The Box-Cox-power-exponential (BCPE) method, with curve smoothing by cubic splines was selected 

for constructing the WHO child growth curves. The BCPE accommodates various kinds of 

distributions, from normal to skewed or kurtotic. The age-based indicators originating at birth required 

a power-transformation to stretch the age scale (x-axis) as a preliminary step to fitting the curves. For 
each set of curves, the search for the best model specification began by examining various 

combinations of degrees of freedom to fit the median and variance estimator curves. When data had a 

non-normal distribution, degrees of freedom for parameters to model skewness and kurtosis were 

added to the initial model and adequacy of fit evaluated. Apart from head circumference-for-age, 

which followed a normal distribution, the other standards in the second set required the modelling of 

skewness, but not kurtosis. The diagnostic tools used iteratively to detect possible model misfits and 
biases in the fitted curves included various tests of local and global goodness of fit, worm plots and 

residual plots. Patterns of differences between empirical and fitted percentiles were also examined, as 

were proportions of observed versus expected percentages of children with measurements below 

selected percentiles.  

The sample used for the construction of the second set of growth standards was the same one used for 

the construction of the first set of standards. The methodology described above was followed to 

generate ─ for boys and girls ─ percentile and z-score curves for head circumference-for-age (0 to 60 
months), arm circumference-for-age (3 to 60 months), triceps skinfold-for-age (3 to 60 months) and 

subscapular skinfold-for-age (3 to 60 months).   

The data of the longitudinal and cross-sectional samples were merged without any adjustments and a 

single model was fitted to generate one continuous set of curves constituting each sex-specific 

standard.  
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Head circumference followed a normal distribution. The data for arm circumference and skinfold 

thicknesses were skewed, so in specifying the model, the parameter related to skewness was fitted in 

addition to the median and the coefficient of variation. Results from the final model for girls' 

subscapular skinfold suggested the need to investigate potential improvements in the curves by 
modelling kurtosis. Adjustment for kurtosis, however had a negligible impact on the final centiles. 

Therefore, considering that modelling the fourth parameter would increase complexity in application 

of the standards and create inconsistency between the sexes, the final curves were generated without 

adjusting for kurtosis.  

The power transformation of age was applied to stretch the age scale for each of the sexes before 

fitting cubic splines to generate the growth curves. The same power transformation of age was applied 

to both boys' and girls' head and arm circumferences. For the skinfold thicknesses, boys required a 

higher power transformation than did girls.    

Cubic spline fitting was achieved with variable degrees of freedom for each indicator and sex. For the 
median curves, different degrees of freedom were required for boys and girls for arm circumference 

and subscapular skinfold. For the coefficient of variation curves, the degrees of freedom varied 

between sexes for head circumference and subscapular skinfold. For the indicators that required fitting 

skewness, all but the subscapular skinfold required different degrees of freedom for the parameter 

modelling skewness.   

Overall, concordance between smoothed curves and empirical centiles was free of bias in both the 

median range and the tails, indicating that the resulting curves provide an adequate description of the 

true growth of healthy children.  

The method used to construct the WHO standards generally relied on the Box-Cox power exponential 
distribution and the final selected models simplified to the LMS model. As a result, the computation of 

percentiles and z-scores for these standards uses formulae based on the LMS method. However, as 

was done for the construction of the first set of growth standards, a restriction was imposed on all 

indicators to enable the derivation of percentiles only within the interval corresponding to z-scores 

between -3 and 3. The underlying reasoning is that percentiles beyond ±3 SD are invariant to changes 

in equivalent z-scores. The loss accruing to this restriction is small since the inclusion range 

corresponds to the 0.135th to 99.865th percentiles. 

The arm circumference and skinfold thicknesses presented right-skewed distributions. When modelled 

correctly, right skewness has the effect of making distances between positive z-scores increase 

progressively the farther away they are from the median, while distances between negative z-scores 

decrease progressively. The LMS method fits skewed data adequately by using a Box-Cox normal 

distribution, which follows the empirical data closely. The drawback, however, is that the outer tails of 

the distribution are highly affected by extreme data points even if only very few. A restricted 
application of the LMS method was thus used for the construction of the indicators with skewed 

distributions, limiting the Box-Cox normal distribution to the interval corresponding to z-scores where 

empirical data were available (i.e. between -3 SD and 3 SD). Beyond these limits, the standard 

deviation at each age was fixed to the distance between ±2 SD and ±3 SD, respectively. This approach 

avoids making assumptions about the distribution of data beyond the limits of the observed values. 

All four indicators presented in this report are a new addition to the previously available set of 

indicators in the NCHS/WHO reference. Head circumference-for-age is often used in clinical settings 
as part of health screening for potential developmental or neurological disabilities in infants and young 

children. Very small and very large circumferences are both indicative of health or developmental risk. 

Arm circumference-for-age is used as an alternative indicator of nutritional status when the collection 

of length/height and weight measurements is difficult, as happens in emergency humanitarian 

situations due to famine or refugee crises. Triceps and subscapular skinfold measurements assess the 
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thickness of subcutaneous tissue and reflect fatness primarily. The skinfold indicators are thus a useful 

addition to the battery of growth standards for assessing childhood obesity.  

The WHO Child Growth Standards provide a technically robust set of tool that represents the best 

description of physiological growth for children under five years of age. The standards depict normal 

early childhood growth under optimal environmental conditions and can be used to assess children 

everywhere, regardless of ethnicity, socioeconomic status and type of feeding. 
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1. INTRODUCTION 

Growth charts are an essential component of the paediatric toolkit. Their value resides in helping to 
determine the degree to which physiological needs for growth and development are met during the 

important childhood period. Beyond their usefulness in assessing children's nutritional status, many 

governmental and United Nations agencies rely on growth charts to measure the general well-being of 

populations, formulate health and related policies, and plan interventions and monitor their 

effectiveness.   

The origin of the WHO Child Growth Standards dates back to the early 1990s when a group of experts 

was appointed to conduct a meticulous evaluation of the National Center for Health Statistics/World 
Health Organization (NCHS/WHO) growth reference that had been recommended for international use 

since the late 1970s (WHO, 1995). The limitations of the NCHS/WHO reference have been 

documented (WHO Working Group on Infant Growth, 1994; de Onis and Habicht, 1996; de Onis and 

Yip, 1996). The data used to construct the reference covering birth to three years of age came from a 

longitudinal study of children of European ancestry from a single community in the USA. These 

children were measured every three months, which is inadequate to describe the rapid and changing 
rate of growth in early infancy. Also, the statistical methods available at the time the NCHS/WHO 

growth curves were constructed were too limited to correctly model the pattern and variability of 

growth. As a result, the NCHS/WHO curves do not adequately represent early childhood growth. 

The initial phase of the expert group's work documented the deficiencies of the reference and led to a 

plan for developing new growth charts that would show how children should grow in all countries 

rather than merely describing how they grew at a particular time and place. The experts underscored 

the importance of ensuring that the new growth charts were consistent with "best" health practices 

(Garza and de Onis, 2004).  

A logical outcome of this plan was the WHO Multicentre Growth Reference Study (MGRS), which 
was implemented between 1997 and 2003 (de Onis et al., 2004a). The MGRS is unique in that it was 

purposely designed to produce a standard rather than a reference. Although standards and references 

both serve as a basis for comparison, each enables a different interpretation. Since a standard defines 

how children should grow, deviations from the pattern it describes are evidence of abnormal growth. 

A reference, on the other hand, does not provide as sound a basis for such value judgments, although 

in practice references often are mistakenly used as standards.  

The MGRS data provide a solid foundation for developing a standard because they are based on 
healthy children living under conditions likely to favour achievement of their full genetic growth 

potential. Furthermore, the mothers of the children selected for the construction of the standards 

engaged in fundamental health-promoting practices, namely breastfeeding and not smoking (de Onis 

et al., 2004b).  

A second feature of the study that makes it attractive as a basis for an internationally applicable 

standard is that it included children from a diverse set of countries: Brazil, Ghana, India, Norway, 

Oman and the USA. By selecting privileged, healthy populations the study reduced the impact of 
environmental variation (WHO Multicentre Growth Reference Study Group, 2006a). Another key 

characteristic of the new standards is that they explicitly identify breastfeeding as the biological norm 

and establish the breastfed child as the normative model for growth and development (WHO 

Multicentre Growth Reference Study Group, 2006b). In addition, the new standards include windows 

of achievement for six gross motor developmental milestones which are presented elsewhere (WHO 

Multicentre Growth Reference Study Group, 2006c). Although WHO in the past issued 
recommendations concerning attained physical growth, it had not previously made any 

recommendations for assessing motor development.  
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This report presents the second set of WHO Child Growth Standards and describes the methods used 

to construct the standards for head circumference-for-age, arm circumference-for-age, triceps skinfold-

for-age and subscapular skinfold-for-age. The standards based on length or height, weight and age are 

presented in an earlier publication (WHO Multicentre Growth Reference Study Group, 2006d; Web 

site www.who.int/childgrowth/publications/technical_report_pub/en/index.html). Electronic copies of 

the WHO growth charts and tables together with tools developed to facilitate their use are available on 

the Web: www.who.int/childgrowth/en. 
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2. METHODOLOGY 

2.1 Design of the WHO Multicentre Growth Reference Study 

The Multicentre Growth Reference Study (MGRS) (July 1997–December 2003) was a population-
based study that took place in the cities of Davis, California, USA; Muscat, Oman; Oslo, Norway; and 
Pelotas, Brazil; and in selected affluent neighbourhoods of Accra, Ghana and South Delhi, India. The 
MGRS protocol and its implementation in the six sites are described in detail elsewhere (de Onis et al., 
2004a). Briefly, the MGRS combined a longitudinal component from birth to 24 months with a cross-
sectional component of children aged 18–71 months. In the longitudinal component, mothers and 
newborns were screened and enrolled at birth and visited at home a total of 21 times on weeks 1, 2, 4 
and 6; monthly from 2–12 months; and bimonthly in the second year. In the cross-sectional component, 
children aged 18–71 months were measured once, except in the two sites (Brazil and USA) that used a 
mixed-longitudinal design in which some children were measured two or three times at three-month 
intervals. Both recumbent length and standing height were measured for all children aged 18–30 
months. Data were collected on anthropometry, motor development, feeding practices, child morbidity, 
perinatal factors, and socioeconomic, demographic and environmental characteristics (de Onis et al., 
2004b). 

The study populations lived in socioeconomic conditions favourable to growth and where mobility 

was low, ≥20% of mothers followed WHO feeding recommendations and breastfeeding support was 
available (de Onis et al., 2004b). Individual inclusion criteria were: no known health or environmental 
constraints to growth, mothers willing to follow MGRS feeding recommendations (i.e. exclusive or 
predominant breastfeeding for at least 4 months, introduction of complementary foods by the age of 
6 months, and continued partial breastfeeding up to at least 12 months), no maternal smoking before 
and after delivery, single term birth, and absence of significant morbidity (de Onis et al., 2004b).   

As part of the site-selection process in Ghana, India and Oman, surveys were conducted to identify 
socioeconomic characteristics that could be used to select groups whose growth was not 
environmentally constrained (Owusu et al., 2004; Bhandari et al., 2002; Mohamed et al., 2004). Local 
criteria for screening newborns, based on parental education and/or income levels, were developed 
from those surveys. Pre-existing survey data for this purpose were available from Brazil, Norway and 
the USA. Of the 13 741 mother-infant pairs screened for the longitudinal component, about 83% were 
ineligible (WHO Multicentre Growth Reference Study Group, 2006e). Families’ low socioeconomic 
status was the most common reason for ineligibility in Brazil, Ghana, India and Oman, whereas 
parental refusal was the main reason for non-participation in Norway and the USA (WHO Multicentre 
Growth Reference Study Group, 2006e). For the cross-sectional component, 69% of the 21 510 
subjects screened were excluded for reasons similar to those observed in the longitudinal component.  

Term low-birth-weight (<2500 g) infants (2.3%) were not excluded. Since it is likely that in well-off 
populations such infants represent small but normal children, their exclusion would have artificially 
distorted the standards’ lower percentiles. Eligibility criteria for the cross-sectional component were 
the same as those for the longitudinal component with the exception of infant feeding practices. A 
minimum of three months of any breastfeeding was required for participants in the study’s cross-
sectional component.  

2.2 Anthropometry methods 

Data collection teams were trained at each site during the study's preparatory phase, at which time 
measurement techniques were standardized against one of two MGRS anthropometry experts. During 
the study, bimonthly standardization sessions were conducted at each site. Once a year the 
anthropometry expert visited each site to participate in these sessions (de Onis et al., 2004c). Results 
from the anthropometry standardization sessions have been reported elsewhere (WHO Multicentre 
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Growth Reference Study Group, 2006f). For the longitudinal component of the study, screening teams 
measured newborns within 24 hours of delivery, and follow-up teams conducted home visits until 
24 months of age. The follow-up teams were also responsible for taking measurements in the cross-
sectional component involving children aged 18–71 months (de Onis et al., 2004b). The MGRS data 
included weight and head circumference at all ages, recumbent length (longitudinal component), 
height (cross-sectional component), and arm circumference, triceps and subscapular skinfolds (all 
children aged ≥3 months). This report presents only the standards based on head circumference, arm 
circumference and skinfolds. The standards based on length or height and weight are presented in an 
earlier publication (WHO Multicentre Growth Reference Study Group, 2006d; web site 
http://www.who.int/childgrowth/publications/technical_report_pub/en/index.html).  

Observers working in pairs collected anthropometric data. Each observer independently measured and 
recorded a complete set of measurements, after which the two compared their readings. If any pair of 
readings exceeded the maximum allowable difference for a given variable (e.g. head circumference, 
5 mm; arm circumference, 5 mm; skinfold thickness, 2 mm), both observers once again independently 
measured and recorded a second and, if necessary, a third set of readings for the variable(s) in question 
(de Onis et al., 2004c).  

All study sites used identical measuring equipment. Instruments needed to be highly accurate and 

precise. A self-retracting, 0.7 cm-wide, flat metal tape with blank lead-in strip (range, 0–200 cm, 

calibrated to 1 mm), was used to measure circumferences. Metal tapes were chosen because they are 

more robust and accurate, and stay in a single plane around the head. They were replaced on a regular 

basis when the grading marks faded. The Holtain/Tanner-Whitehouse skinfold caliper (jaw face area, 

35 mm2; pressure between the jaws, 10 ± 2 g/mm2; range, 0–40 mm; calibrated to 0.2 mm) was used to 

measure skinfolds. The skinfold calipers, being particularly fragile, were checked before each use with 

calibration blocks of various widths for accuracy and to ensure that the needle moved smoothly and 

continuously with the opening of the caliper jaws. Full details of the instruments used and how 

measurements were taken are provided elsewhere (de Onis et al., 2004c).  

2.3 Sample description 

The total sample size for the longitudinal and cross-sectional components from all six sites was 8440 

children. A total of 1743 children were enrolled in the longitudinal sample, six of whom were 
excluded for morbidities affecting growth (4 cases of repeated episodes of diarrhoea, 1 case of 

repeated episodes of malaria, and 1 case of protein-energy malnutrition) leaving a sample of 1737 

children (894 boys and 843 girls). Of these, the mothers of 882 children (428 boys and 454 girls) 

complied fully with the MGRS infant-feeding and no-smoking criteria and completed the follow-up 

period of 24 months (96% of compliant children completed the 24-month follow-up). The other 855 

either failed to comply with the study's infant-feeding and no-smoking criteria or dropped out before 

24 months. These children, whose size at birth was similar to that of the compliant sample, contributed 

only birth measurements. The increased sample size at birth served to minimize the left-edge effect in 

the head circumference-for-age curves. For arm circumference and the skinfolds, which were 

measured starting at age 3 months, the data did not allow for this correction in the corresponding 

standards. The total number of records for the longitudinal component was 19 900.  

The cross-sectional sample comprised 6697 children. Of these, 28 were excluded for medical 

conditions affecting growth (20 cases of protein-energy malnutrition, five cases of haemolytic anaemia 

G6PD deficiency, two cases of renal tubulo-interstitial disease, and one case of Crohn disease) leaving 

a final sample of 6669 children (3450 boys and 3219 girls). The total number of records in the cross-

sectional component was 8306 as some children in Brazil and the USA were measured two or three 

times at three-month intervals. A full description of the MGRS sample with regard to screening, 
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recruitment, sample attrition and compliance, as well as the baseline characteristics of the study 

sample is provided elsewhere (WHO Multicentre Growth Reference Study Group, 2006e). 

2.4 Data cleaning procedures and exclusions 

Data cleaning 

The MGRS data management protocol (Onyango et al., 2004) was designed to create and manage a 
large databank of information collected from multiple sites over a period of several years. Data 

collection and processing instruments were prepared centrally and used in a standardized fashion 

across sites. The data management system contained internal validation features for timely detection of 

data errors and its standard operating procedures stipulated a method of master file updating and 

correction that maintained a clear trail for data-auditing purposes. Each site was responsible for 
collecting, entering, verifying and validating data, and for creating site-level master files. Data from 

the sites were sent to WHO/HQ every month for master file consolidation and more extensive quality 

control checking. All errors identified were communicated to the site for correction at source. 

After data collection was completed at a given site, a period of about 6 months was dedicated to in-

depth data quality checking and master file cleaning. Detailed validation reports, descriptive statistics 
and plots were produced from the site’s master files. For the longitudinal component, each 

anthropometric measurement was plotted for every child from birth to the end of his/her participation. 

These plots were examined individually for any questionable patterns. Query lists from these analyses 

were sent to the site for investigation and correction, or confirmation, as required. As with the data 

collection process, the site data manager prepared correction batches to update the master files. The 

updated master files were then sent to WHO/HQ and this iterative quality assurance process continued 
until all identifiable problems had been detected and corrected. The rigorous implementation of what 

was a highly demanding protocol yielded very high-quality data. 

Data exclusions 

In addition to exclusions of data based on weight-for-height (WHO Multicentre Growth Reference 

Study Group, 2006d), a few influential observations outside ±4 SD were excluded when constructing 

the individual standards included in this report. These were, for head circumference-for-age: boys, all 

21 observations belonging to one boy in the longitudinal sample (0.15%) and one single observation 
(0.01%) among girls; for triceps skinfold-for-age: boys, 7 (0.06%) and girls, 9 (0.08%); for 

subscapular skinfold-for-age: boys, 17 (0.16%) and girls, 19 (0.17%) observations. These observations 

were set to missing in the final data set and therefore did not contribute to the construction of the 

corresponding standards. The final number of observations used in the construction of the WHO child 

growth standards is shown in Table 1. 

Table 1 Number of observations used in the construction of the WHO child growth standards 

by sex and anthropometric indicator 

Indicator Girls Boys Total 

Head circumference-for-age 13 798 13 541 27 339 

Arm circumference-for-age 10 970 10 770 21 740 

Triceps skinfold-for-age 10 943 10 762 21 705 

Subscapular skinfold-for-age 10 934 10 757 21 691 
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2.5 Statistical methods for constructing the growth curves 

The underlying methodology used for constructing the head circumference-for-age, arm circumference 

-for-age, triceps skinfold-for-age and subscapular skinfold-for-age standards was the same used to 
construct the standards for length/height-for-age, weight-for-age, weight-for-length, weight-for-height 

and body mass index-for-age. The growth curve fitting method and diagnostic tools used to select the 

best models for each of the indicators are described in detail in the report of the first set of standards 

(WHO Multicentre Growth Reference Study Group, 2006d, 2006g).  

The Box-Cox-power-exponential (BCPE) method (Rigby and Stasinopoulos, 2004), with curve 

smoothing by cubic splines was selected for constructing the WHO child growth curves. The BCPE 

accommodates various kinds of distributions, from normal to skewed or kurtotic. All the indicators in 
this second set standards required a power-transformation to stretch the age scale (x-axis) as a 

preliminary step to fitting the curves. For each set of curves, the search for the best model specification 

began by examining various combinations of degrees of freedom to fit the median and variance 

estimator curves. When data had a non-normal distribution, degrees of freedom for parameters to 

model skewness and kurtosis were added to the initial model and adequacy of fit was evaluated. Apart 
from head circumference-for-age, which followed a normal distribution, the other standards required 

the modelling of skewness, but not kurtosis. The diagnostic tools used iteratively to detect possible 

model misfits and biases in the fitted curves included various tests of local and global goodness of fit, 

like Q-tests (Royston and Wright, 2000), worm plots (van Buuren and Fredriks, 2001) and residual 

plots. Patterns of differences between empirical and fitted percentiles were also examined, as were 

proportions of observed versus expected percentages of children with measurements below selected 
percentiles. The curves were constructed using all available data (i.e. from birth to 71 months) but the 

final standards were truncated at 60 completed months to avoid the right-edge effect (Borghi et al., 

2006).  

The GAMLSS package (Stasinopoulos et al., 2004) was used for the construction of the growth curves. 
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3. CONSTRUCTION OF THE HEAD CIRCUMFERENCE-FOR-AGE STANDARDS 

3.1 Indicator-specific methodology 

The same approach as that described to select the best model for the length/height-for-age growth 
curves (WHO Multicentre Growth Reference Study Group, 2006d) was followed to select the best 

model to construct the head circumference-for-age growth standards. The BCPE method was used and, 

starting from the simplest model (i.e. with the normal distribution), the best model was sought and its 

goodness of fit evaluated. The diagnostic tools applied to evaluate and compare candidate models were 

the same as those used for constructing the first set of indicators. All data up to 71 months were used 
for modelling the head circumference-for-age growth curves and the standards afterwards truncated at 

60 completed months to correct for the right-edge effect (Borghi et al., 2006). 

3.2 Head circumference-for-age for boys  

3.2.1 Sample size 

There were 13 541 head circumference observations for boys. The longitudinal and cross-sectional 

sample sizes by visit and age are shown in Tables 2 and 3. 

Table 2 Longitudinal sample sizes for head circumference-for-age for boys 

Visit Birth 1 2 3 4 5 6 

Age 0 2 wk 4 wk 6 wk 2 mo 3 mo 4 mo 

N 893 424 423 423 422 418 417 

Visit 7 8 9 10 11 12 13 

Age 5 mo 6 mo 7 mo 8 mo 9 mo 10 mo 11 mo 

N 419 422 418 418 413 409 420 

Visit 14 15 16 17 18 19 20 

Age 12 mo 14 mo 16 mo 18 mo 20 mo 22 mo 24 mo 

N 420 418 417 416 422 416 421 

 

Table 3 Cross-sectional sample sizes for head circumference-for-age for boys 

Age (mo) <18 18–20 21–23 24–26 27–29 30–32 33–35 

N 3 184 191 244 267 229 261 

Age (mo) 36–38 39–41 42–44 45–47 48–50 51–53 54–56 

N 274 254 263 244 245 229 233 

Age (mo) 57–59 60–62 63–65 66–68 69–71 >71  

N 245 236 221 224 221 4  

3.2.2 Model selection and results 

The model BCPE(x=ageλ, df(µ)=9, df(σ)=4, ν=1, τ=2) served as a starting point to construct the head 

circumference-for-age growth curves. Improvement of the model's fit was investigated by studying 

changes in global deviance at varying levels of the age-transformation power λ. Table 4 shows the 

global deviance for a grid of λ values. The smallest global deviance corresponded to age-

transformation power λ=0.20.  
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Table 4 Global deviance (GD) for models within the class BCPE(x=age
λ
, df(µ)=9, df(σ)=4, ν=1, 

τ=2) for head circumference-for-age for boys 

λ 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 

GDa 735.7 735.9 735.8 735.5 735.9 738.6 744.9 755.6 769.6 783.6 

λ 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00 

GDa 793.4 795.7 791.3 786.9 795.4 835.5 929.0 NA NA NA 

a  In excess of 45 000; NA: not available (method did not converge with this power). 

Having chosen the age-transformation power λ=0.20, the search for the best df(µ) and df(σ) followed, 
comparing models in which the parameters ν and τ had the fixed values 1 and 2, respectively, i.e. 

adjusting neither for skewness nor for kurtosis. For this, all possible combinations of df(µ) ranging 

from 5 to 15 and df(σ) from 2 to 10 were considered. Partial results are presented in Table 5.  

Table 5 Goodness-of-fit summary for models using the BCPE distribution with fixed ν=1 and 

τ=2 for head circumference-for-age for boys 

df(µ) df(σ) GD
a 

AIC
a 

GAIC(3)
a 

Total df 

3 758.7 778.7 788.7 10 

4 747.4 769.4 780.4 11 

5 743.6 767.6 779.6 12 

6 741.9 767.9 780.9 13 

7 

7 741.1 769.1 783.1 14 

3 750.3 772.3 783.3 11 

4 739.0 763.0 775.0 12 

5 735.2 761.2 774.2 13 

6 733.6 761.6 775.6 14 

8 

7 732.7 762.7 777.7 15 

3 746.9 770.9 782.9 12 

4 735.5 761.5 774.5 13 

5 731.8 759.8 773.8 14 

6 730.1 760.1 775.1 15 

9 

7 729.3 761.3 777.3 16 

3 745.2 771.2 784.2 13 

4 733.8 761.8 775.8 14 

5 730.1 760.1 775.1 15 

6 728.5 760.5 776.5 16 

10 

7 727.7 761.7 778.7 17 

3 744.2 772.2 786.2 14 

4 732.9 762.9 777.9 15 

5 729.2 761.2 777.2 16 

6 727.6 761.6 778.6 17 

11 

7 726.7 762.7 780.7 18 

GD, Global Deviance; AIC, Akaike Information Criterion; 

GAIC(3), Generalized AIC with penalty equal to 3;  
a  In excess of 45 000. 

The best combination of AIC and GAIC(3) corresponds to df(µ)=9 and df(σ)=5. Further evaluations of 
this model were carried out by examining the fit of the µ and σ curves and the patterns of the centile 

residuals (the empirical minus the fitted centiles) across age. 
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Model 1: BCPE(x=age
0.20

, df(µ)=9, df(σ)=5, ν=1, τ=2) 

The fitted parameter curves showed adequate smoothing despite an erratic coefficient of variation in 
the cross-sectional sample (Figure 1). The residual plots of the fitted centiles for the period 

0 to 24 months (Figure 2) showed some bias at the upper centiles (90th, 95th and 97th), but the 

underestimation represents only 1 mm on average, which was considered negligible in practical terms. 

The lower centiles (3rd, 5th, 10th) showed no biased pattern. For the age range 24 to 71 months, 

residuals of the fitted centiles showed a non-random pattern only for the 3rd centile, the average bias 

was about 2 mm (Figure 3).  

Table 6 shows the proportions of children with head circumference below the fitted centiles. Age 
group labels correspond to the same age intervals provided in Table 7. There was indication of 

underestimation at the upper percentiles (90th and above) as well as the 1st percentile for some age 

groups. For the other percentiles, no biases were observed.  
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Figure 1 Fitting of µ and σ curves of Model 1 for head circumference-for-age for boys (dotted 

line) and their respective sample estimates (points with solid line) 
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Figure 2 Centile residuals from fitting Model 1 for head circumference-for-age  

from 0 to 24 months for boys 
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Figure 3 Centile residuals from fitting Model 1 for head circumference-for-age  

from 24 to 71 months for boys 
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The worm plots for Model 1 are shown in Figure 4. There are only three groups for which worms 

present slight upward or downward shifts (40 mo, 52 mo and 58 mo), but overall, the fit of the median 

is adequate. Groups at birth and 42 d present U-shaped worms, indicating residual skewness to the left. 

There are no worms with a slope, which would indicate misfit in the variance curve. S-shaped worms 

indicate a misfit in the curve of the parameter related to kurtosis as is the case in the 40 mo age group 

only. Despite the slight deviances present in a few groups, overall, the worms fitted to the points (solid 

red line) are all contained within the 95% confidence interval (dotted curves). 

Birth 14 d 28 d 42 d 2 mo 3 mo

4 mo 5 mo 6 mo 7 mo 8 mo 9 mo

10 mo 11 mo 12 mo 14 mo 16 mo 18 mo

20 mo 22 mo 24 mo 28 mo 34 mo 40 mo

46 mo 52 mo 58 mo 64 mo 70 mo

Birth 14 d 28 d 42 d 2 mo 3 mo

4 mo 5 mo 6 mo 7 mo 8 mo 9 mo

10 mo 11 mo 12 mo 14 mo 16 mo 18 mo

20 mo 22 mo 24 mo 28 mo 34 mo 40 mo

46 mo 52 mo 58 mo 64 mo 70 mo

Birth 14 d 28 d 42 d 2 mo 3 mo

4 mo 5 mo 6 mo 7 mo 8 mo 9 mo
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46 mo 52 mo 58 mo 64 mo 70 mo

 

Figure 4 Worm plots of z-scores for Model 1 for head circumference-for-age for boys 
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The Q-test was performed to assess the overall significance of deviations that were noted based on the 

worm plots (Table 7). Absolute values of z3 larger than 2 were observed only in the age groups birth 

and 42 d, and for z4 in 40 mo. The overall tests (p-values shown for each statistic in the last row of the 

table) did not suggest any significant departures of the fitted model z-scores from normality at the 5% 

level of significance. 

Table 7 Q-test for z-scores from Model 1 [BCPE(x=age
0.20

, df(µ)=9, df(σ)=5, ν=1, τ=2)] for 

head circumference-for-age for boys 

Age (days) Group N z1 z2 z3 z4 

0 Birth 893 0.2 -0.1 2.3 -1.4 

1 to 16 14 d 418 -0.6 1.0 1.1 -0.7 

17 to 34 28 d 426 0.1 0.2 1.3 -0.4 

35 to 49 42 d 422 0.2 0.7 2.1 0.2 

50 to 69 2 mo 422 -0.5 -0.2 0.5 0.5 

70 to 99 3 mo 418 -0.4 -0.8 0.1 -0.6 

100 to 129 4 mo 414 -0.3 -0.2 0.7 -0.1 

130 to 159 5 mo 415 0.2 -0.6 0.7 0.1 

160 to 189 6 mo 417 0.1 -0.3 -0.2 -0.6 

190 to 219 7 mo 409 0.2 -0.8 0.9 -0.8 

220 to 249 8 mo 423 0.7 0.4 0.6 -1.2 

250 to 279 9 mo 396 -0.4 -0.5 0.6 -0.7 

280 to 309 10 mo 401 0.5 0.8 0.7 -1.6 

310 to 349 11 mo 463 0.5 0.4 1.0 -1.0 

350 to 379 12 mo 415 0.3 -0.1 1.5 -1.3 

380 to 439 14 mo 420 0.4 0.4 0.7 -1.4 

440 to 499 16 mo 415 -0.1 0.3 0.8 -1.2 

500 to 559 18 mo 443 -0.1 0.1 0.8 -1.8 

560 to 619 20 mo 527 -0.6 -0.2 0.7 -0.6 

620 to 679 22 mo 551 -0.8 -0.3 0.5 -0.8 

680 to 749 24 mo 597 -0.6 -0.1 1.1 -0.4 

750 to 929 28 mo 489 0.2 -0.5 -0.6 0.9 

930 to 1119 34 mo 531 1.3 0.3 0.8 -0.2 

1120 to 1309 40 mo 524 -1.1 0.6 0.3 -2.5 

1310 to 1499 46 mo 523 0.8 -0.1 1.1 -0.9 

1500 to 1689 52 mo 506 1.4 -0.5 0.1 -1.4 

1690 to 1879 58 mo 494 -1.3 0.5 0.6 1.5 

1880 to 2069 64 mo 474 -0.7 0.3 0.2 -1.1 

2070 to 2249 70 mo 295 0.3 -0.4 -0.3 -0.4 

Overall Q stats  13 541 11.6 6.7 25.6 32.4 

degrees of freedom   20.0 26.0 29.0 29.0 

p-value   0.9301 >0.99 0.6447 0.3015 

Note: Absolute values of z1, z2, z3 or z4 larger than 2 indicate misfit of, respectively, mean,  

variance, skewness or kurtosis. 

 

Considering local goodness of fit, the Q-test and worm plots based on Model 1 indicated minor 

departures from normality in very few age groups, but overall deviations were not significant. Thus, 

there was no reason to fit a more complex model, since there was neither remaining skewness nor 

kurtosis.  
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Model 1 was selected and a new iteration was done using the values df(µ)=9 and df(σ)=5 to re-search 

for the best age-transformation power λ. The smallest global deviance in this case was for λ=0.05 

(GD=45 731.0), but with only a very minor difference from the model using λ=0.20 (GD=45 731.8). 

There was thus no need to update λ, and the selected model for constructing the head circumference-

for-age growth curves for boys remained BCPE(x= age0.20, df(µ)=9, df(σ)=5, ν=1, τ=2). Figures 5 to 8 

show the fitted centile curves derived from the selected model against empirical head circumference-

for-age values. 
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3.2.3 WHO standards 

This section presents the final WHO head circumference-for-age z-score and percentile charts (Figures 

9 and 10) and tables (Tables 8 and 9) for boys.  
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3.3 Head circumference-for-age for girls  

The choice of the model to construct the head circumference-for-age standard for girls followed the 

steps described for the corresponding standard for boys. In principle, unless a clear inadequacy is 

detected, models used for constructing the standards for both sexes should belong to the same class.  

3.3.1 Sample size 

There were 13 798 head circumference observations for girls. The longitudinal and cross-sectional 

sample sizes by visit and age are presented in Tables 10 and 11. 

Table 10 Longitudinal sample sizes for head circumference-for-age for girls 

Visit Birth 1 2 3 4 5 6 

Age 0 2 wk 4 wk 6 wk 2 mo 3 mo 4 mo 

N 841 449 449 447 447 448 447 

Visit 7 8 9 10 11 12 13 

Age 5 mo 6 mo 7 mo 8 mo 9 mo 10 mo 11 mo 

N 450 448 448 445 449 446 446 

Visit 14 15 16 17 18 19 20 

Age 12 mo 14 mo 16 mo 18 mo 20 mo 22 mo 24 mo 

N 452 452 445 449 445 439 449 

 
Table 11 Cross-sectional sample sizes for head circumference-for-age for girls 

Age (mo) <18 18–20 21–23 24–26 27–29 30–32 33–35 

N 2 164 177 249 220 237 230 

Age (mo) 36–38 39–41 42–44 45–47 48–50 51–53 54–56 

N 226 242 254 218 232 208 239 

Age (mo) 57–59 60–62 63–65 66–68 69–71 >71  

N 241 223 205 230 210 0  

3.3.2 Model selection and results 

Using the model BCPE(x=age
λ
, df(µ)=9, df(σ)=4, ν=1, τ=2) as the starting point, the best age-

transformation power (λ) was sought. As for boys, the same value λ=0.20 corresponded to the smallest 

value of global deviance and was selected as the age-transformation power (Table 12). A search 

followed for the best combination of degrees of freedom for the cubic splines to fit the BCPE 

distribution parameter curves. 
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Table 12 Global deviance (GD) for models within the class BCPE(x=age
λ
, df(µ)=9, df(σ)=4, ν=1, 

τ=2) for head circumference-for-age for girls 

λ 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 

GD
a 

989.1 988.7 988.3 988.1 988.9 991.7 997.4 1006.3 1017.3 1027.3

λ 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00 

GD
a 

1033.0 1031.8 1024.8 1018.4 1024.3 1058.8 1140.1 NA NA NA 

a In excess of 46 000; NA: not available (method did not converge with this power). 

The search for the best combination of degrees of freedom for the cubic splines to fit the µ and σ 

parameter curves started from the simplest class of models using the BCPE distribution and fixing ν=1, 

τ=2, and λ=0.20. Table 13 shows various combinations that were considered. The best combination of 

AIC and GAIC(3) supported the model with df(µ)=9 and df(σ)=2. The properties of this model were 

evaluated using the same set of diagnostic tools as those used for boys' head circumference-for-age. 

Table 13 Goodness-of-fit summary for models using the BCPE distribution with fixed ν=1 and 

τ=2 for head circumference-for-age for girls 

df(µ) df(σ) GD
a 

AIC
a 

GAIC(3)
a 

Total df 

1 1077.7 1093.7 1101.7 8 

2 1002.9 1020.9 1029.9 9 

3 1000.9 1020.9 1030.9 10 

4 1000.2 1022.2 1033.2 11 

7 

5 998.9 1022.9 1034.9 12 

1 1069.9 1087.9 1096.9 9 

2 994.8 1014.8 1024.8 10 

3 992.9 1014.9 1025.9 11 

4 992.1 1016.1 1028.1 12 

8 

5 990.8 1016.8 1029.8 13 

1 1066.0 1086.0 1096.0 10 

2 990.9 1012.9 1023.9 11 

3 988.9 1012.9 1024.9 12 

4 988.1 1014.1 1027.1 13 

9 

5 986.8 1014.8 1028.8 14 

1 1063.8 1085.8 1096.8 11 

2 988.7 1012.7 1024.7 12 

3 986.6 1012.6 1025.6 13 

4 985.9 1013.9 1027.9 14 

10 

5 984.6 1014.6 1029.6 15 

1 1062.4 1086.4 1098.4 12 

2 987.2 1013.2 1026.2 13 

3 985.2 1013.2 1027.2 14 

4 984.4 1014.4 1029.4 15 

11 

5 983.1 1015.1 1031.1 16 

GD, Global Deviance; AIC, Akaike Information Criterion;  

GAIC(3), Generalized AIC with penalty equal to 3; 
a In excess of 46 000. 
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Model 1: BCPE(x=age
0.20

, df(µ)=9, df(σ)=2, ν=1, τ=2) 

The two fitted parameter curves, i.e. the median and coefficient of variation appeared to be adequately 

smoothed, considering the substantial variation observed in the empirical coefficient of variation 

pattern in the cross-sectional sample (Figure 11). With respect to the differences between empirical 

values and fitted centiles (Figures 12 and 13), there was some evidence of bias for a few of the 

considered percentiles. There seemed to be underestimation around the 3rd
 centile and overestimation 

around the 10
th
 centile between birth and 24 months. The average bias was approximately 1 mm. 

Fitted centile residuals for the age interval 24 to 71 months showed a mild systematic underestimation, 

only for the 25
th
 centile curve, of less than 2 mm on average (Figure 13). These biases were very small 

when compared to the SD values that varied from 1.2 cm to 1.4 cm in the entire age range. Examining 

Table 14, the proportions of children in the sample that were below the 1st
 and 3

rd
 fitted centiles 

confirmed some underestimation in the lower tail. For the other centiles, the distribution of the 

proportions below each of the fitted centiles did not indicate any systematic bias.  
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Figure 11 Fitting of the µ and σ curves of Model 1 for head circumference-for-age for girls 

(dotted line) and their respective sample estimates (points with solid line) 

Figure 14 showed the worm plots for Model 1. For only two age groups, the shapes of the 

worms departed from the flat shape. The group 28 mo presented a slope, indicating misfit of 

the variance, and the worm corresponding to group 52 mo was slightly S-shaped, suggesting 

remaining kurtosis. Group 70 mo presented a worm that was U-shaped which would indicate 

skewness, yet the worm lay within the 95% confidence interval.  
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Figure 12 Centile residuals from fitting Model 1 for head circumference-for-age  

from 0 to 24 months for girls 
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Figure 13 Centile residuals from fitting Model 1 for head circumference-for-age  

from 24 to 71 months for girls 
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Figure 14 Worm plots of z-scores for Model 1 for head circumference-for-age for girls 

Results of the Q-test presented in Table 15 showed that only the misfit of the variance (group 28 mo) 

was significant, i.e. the corresponding z2 absolute value was above 2. For the same age group, the Q-

test suggested remaining kurtosis (z4 absolute value greater than 2), likely a consequence of the misfit 

of the variance. However, Q-test results for the z-scores derived from the selected model when applied 

across all age groups bore evidence of the model's overall adequacy (p-values corresponding to overall 

statistics are all greater than 0.30). More complex modelling (e.g. fitting parameter ν) was therefore 

not pursued.  

A new iteration was done to re-search for the best λ with df(µ)=9 and df(σ)=2. This exercise did not 

result in any notable changes to the previous findings. The model BCPE(x= age
0.20

, df(µ)=9, df(σ)=2, 

ν=1, τ=2) was thus chosen to construct the head circumference-for-age growth curves for girls. Figures 

15 to 18 show the empirical and fitted centiles derived from the selected model for the head 

circumference-for-age (0 to 60 months) growth standard. 
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Table 15 Q-test for z-scores from Model 1 [BCPE(x=age
0.20

, df(µ)=9, df(σ)=2, ν=1, τ=2)] for 

head circumference-for-age for girls 

Age (days) Group N z1 z2 z3 z4 

0 Birth 841 0.1 0.9 1.4 0.5 

1 to 16 14 d 447 -0.7 1.0 0.3 1.4 

17 to 34 28 d 451 0.3 -0.4 1.3 0.4 

35 to 49 42 d 444 0.3 -0.5 1.6 0.5 

50 to 69 2 mo 445 -0.4 -0.7 1.9 -0.4 

70 to 99 3 mo 446 -0.5 -1.0 0.6 -1.3 

100 to 129 4 mo 447 -0.4 -0.3 0.9 -0.5 

130 to 159 5 mo 444 0.1 -0.7 0.7 -0.6 

160 to 189 6 mo 444 0.1 -0.2 0.6 -1.0 

190 to 219 7 mo 436 0.4 -0.1 1.0 -1.0 

220 to 249 8 mo 440 0.3 0.0 0.6 -0.9 

250 to 279 9 mo 442 0.5 0.1 0.6 -0.6 

280 to 309 10 mo 446 -0.1 0.2 1.7 -0.4 

310 to 349 11 mo 482 0.4 -0.5 0.7 -0.7 

350 to 379 12 mo 454 0.1 0.2 1.2 -0.4 

380 to 439 14 mo 449 0.3 0.1 1.0 -0.8 

440 to 499 16 mo 447 0.3 1.1 1.5 -0.6 

500 to 559 18 mo 472 0.0 0.7 1.3 -0.1 

560 to 619 20 mo 549 -0.4 0.5 0.9 -0.3 

620 to 679 22 mo 548 -1.3 0.4 1.3 -1.1 

680 to 749 24 mo 602 -0.7 -0.2 0.4 -0.9 

750 to 929 28 mo 474 1.2 -2.2 0.5 -2.3 

930 to 1119 34 mo 485 0.8 -0.9 0.9 -1.1 

1120 to 1309 40 mo 489 0.1 -0.4 0.8 0.4 

1310 to 1499 46 mo 472 -0.4 1.0 0.2 1.6 

1500 to 1689 52 mo 468 0.0 1.5 1.6 2.0 

1690 to 1879 58 mo 503 0.1 -0.4 -0.3 1.1 

1880 to 2069 64 mo 424 0.2 -0.2 -0.5 -0.1 

2070 to 2191 70 mo 307 -0.9 1.0 -1.2 -0.6 

Overall Q stats  13 798 7.5 16.8 32.3 27.3 

degrees of freedom   20.0 27.5 29.0 29.0 

p-value   0.9947 0.9440 0.3074 0.5551 

Note: Absolute values of z1, z2, z3 or z4 larger than 2 indicate misfit of, respectively, mean, variance, 

skewness or kurtosis. 
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3.3.3 WHO standards  

This section presents the final WHO head circumference-for-age z-score and percentile charts (Figures 

19 and 20) and tables (Tables 16 and 17) for girls.  
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3.4 Comparisons between boys and girls 

This section presents the head circumference-for-age z-score comparisons between boys and girls for 

the WHO standards (Figure 21). 
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4. CONSTRUCTION OF THE ARM CIRCUMFERENCE-FOR-AGE STANDARDS 

4.1 Indicator-specific methodology 

Similar steps to those described for the head circumference-for-age growth curves were followed to 

construct the arm circumference-for-age growth curves. The diagnostic tools applied to evaluate and 

compare candidate models were also similar. All data up to 71 months were used for modelling the 

arm circumference-for-age growth curves and the standards afterwards truncated at 60 completed 

months to correct for the right-edge effect (Borghi et al., 2006). 

4.2 Arm circumference-for-age for boys  

4.2.1 Sample size 

There were a total of 10 770 arm circumference observations for boys. The longitudinal and cross-

sectional sample sizes by visit and age are presented in Tables 18 and 19. The measurement of arm 

circumference started at 3 months of age (de Onis et al., 2004b). 

Table 18 Longitudinal sample sizes for arm circumference-for-age for boys 

Visit 5 6 7 8 9 10 

Age 3 mo 4 mo 5 mo 6 mo 7 mo 8 mo 

N 413 407 412 417 415 415 

Visit 11 12 13 14 15 16 

Age 9 mo 10 mo 11 mo 12 mo 14 mo 16 mo 

N 409 407 418 414 416 417 

Visit 17 18 19 20   

Age 18 mo 20 mo 22 mo 24 mo   

N 416 422 415 421   

Table 19 Cross-sectional sample sizes for arm circumference-for-age for boys 

Age (mo) <18 18–20 21–23 24–26 27–29 30–32 33–35 

N 3 177 183 236 257 218 252 

Age (mo) 36–38 39–41 42–44 45–47 48–50 51–53 54–56 

N 266 249 255 237 237 221 225 

Age (mo) 57–59 60–62 63–65 66–68 69–71 >71  

N 241 228 216 217 214 4  

4.2.2 Model selection and results 

To construct the arm circumference-for-age growth curves, the model BCPE(x=age
λ
, df(µ)=9, df(σ)=4, 

df(ν)=4, τ=2) was used as a starting point to search for the best value of the age-transformation power 

λ by examining changes in global deviance. Note that, the empirical distribution clearly indicated 

right-skewness, thus the starting arbitrary model included degrees of freedom for ν. Table 20 shows 

the global deviance for values of λ from 0.05 to 1. The smallest value of global deviance was 

associated with λ=0.35 and thus this age transformation power was selected. 
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