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ABSTRACT
Introduction  Children’s growth status is an important measure 
commonly used as a proxy indicator of advancements in a 
country’s health, human capital and economic development. 
We aimed to assess the feasibility of using Super-Imposition 
by Translation And Rotation (SITAR) models for summarising 
population-based cross-sectional height-by-age data of 
children under 5 years across 64 countries.
Methods  Using 145 publicly available Demographic and 
Health Surveys of children under 5 years across 64 low-income 
and middle-income countries from 2000 to 2018, we created a 
multicountry pseudo-longitudinal dataset of children’s heights.
Results  SITAR models including two parameters (size and 
intensity) explained 81% of the between-survey variation 
in mean boys’ height and 80% in mean girls’ height. Size 
parameters for boys and girls (relative to the WHO child growth 
standards) were distributed non-normally around a mean of 
−5.2 cm for boys (range: −7.9 cm to −1.6 cm) and −4.9 cm for 
girls (range: −7.7 cm to −1.2 cm). Boys exhibited 10% slower 
linear growth compared with the WHO (range: 19.7% slower to 
1.6% faster) and girls 11% slower linear growth compared with 
the WHO (range: 21.4% slower to 1.0% faster). Variation in the 
SITAR size parameter was ≥90% explained by the combination 
of average length within the first 60 days of birth (as a proxy for 
fetal growth) and intensity, regardless of sex, with much greater 
contribution by postnatal intensity (r≥0.89 between size and 
intensity).
Conclusions  SITAR models with two random effects can be 
used to model child linear growth using multicountry pseudo-
longitudinal data, and thereby provide a feasible alternative 
approach to summarising early childhood height trajectories 
based on survey data. The SITAR intensity parameter may 
be a novel indicator for specifically tracking progress in the 
determinants of postnatal growth in low-income and middle-
income countries.

INTRODUCTION
The remarkable increases in average height 
of adults across all countries in the last 
century1 2 have been mainly attributed to 
improvements in nutrition, health and living 

conditions.2 These increases have been also 
notable in fundamental secular changes in 
the pattern of child and adolescent growth.3–5 
Children are growing taller than previous 
cohorts, experiencing earlier pubertal growth 
spurt (and earlier general maturation) as 
well as faster rates of growth, especially in 

Key questions

What is already known?
►► Child height is widely used as an indicator of health, 
human capital and economic development.

►► Country progress towards achieving the Sustainable 
Development Goals and WHO global targets is con-
ventionally demonstrated by analysing secular 
trends in stunting and/or, less frequently, using mean 
height/length-for-age z-scores (HAZ/LAZ) over time.

What are the new findings?
►► Super-Imposition by Translation And Rotation (SITAR) 
can be applied to modelling child linear growth using 
cross-sectional data from multicountry Demographic 
and Health Surveys, providing a feasible alternative 
approach to summarising linear growth trajectories 
using cross-sectional data.

►► SITAR parameters are strongly correlated with stunt-
ing and mean height-for-age.

►► Postnatal size is explained by the combination of 
average starting length within the first 60 days of 
birth (proxy for fetal growth) and postnatal growth 
intensity.

What do the new findings imply?
►► The SITAR intensity parameter may be a novel and 
informative indicator for specifically tracking prog-
ress in the determinants of postnatal growth in low-
income and middle-income countries.

►► Further research should be conducted on the useful-
ness of the SITAR intensity for describing variations 
in postnatal growth between countries as well as 
within countries over time.
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high-income countries.6 Understanding how and why 
child growth patterns have changed is necessary for char-
acterising global health inequalities as well as predicting 
future secular changes in population height.7

Child height is widely used as an indicator of health, 
human capital and economic development.1–3 The most 
commonly used population indicator based on child 
height is the under-5 stunting prevalence (stunting), 
defined as the proportion of all children between the 
ages of 0 and 5 years whose height-for-age is more than 
2 SD below the median of the WHO child growth stan-
dards for age and sex.8 Reducing the prevalence of 
child stunting is a global public health priority that is 
embedded within the Sustainable Development Goals 
(SDGs)9 and the WHO global targets for 2025, which 
include a 40% reduction in the number of stunted chil-
dren under 5 years.10

Country progress towards achieving SDGs and WHO 
global targets is conventionally demonstrated by analysing 
secular trends in stunting and/or, less frequently, using 
mean length/height-for-age z-scores (LAZ/HAZ) over 
time.1 6 11 12 Most low/middle-income countries (LMICs) 
have high stunting prevalences as well as low mean LAZ/
HAZ,11 13 14 indicating nearly all children in these popula-
tions are, on average, attaining a suboptimal size for age 
and sex relative to healthy children growing in optimal 
conditions.13 Using 179 Demographic and Health Survey 
(DHS) datasets from 64 LMICs (1993–2015), we previ-
ously showed that linear growth faltering is a whole-
population phenomenon characterised by downward 
shifts in the entire population HAZ distribution rather 
than deviations limited to a small, high-risk subgroup, 
as may be implied by the binary stunting indicator.13 
Stunting is a population-level statistical indicator of chil-
dren’s social and economic deprivation and does not 
equate to malnutrition as commonly used in nutritional 
and epidemiological studies of child health and public 
health programmes.15–18 In addition, binary indicators, 
such as stunting, are more likely to be affected by the 
quality of anthropometric measurements which can vary 
within and between surveys.19 20

We hypothesise that Super-Imposition by Transla-
tion And Rotation (SITAR) random parameters convey 
between-country variations in linear growth in more 
detail than what is captured by conventional cross-
sectional indicators such as under-5 stunting preva-
lence. Height-derived indicators that capture the whole 
population distribution have potential advantages over 
indicators that identify a subgroup of affected or at-risk 
children, by characterising more nuanced variations in 
age-related linear growth trajectories.

Our goal was to apply the SITAR models to summarise 
and compare population-level child height data across 
a sample of LMICs. The SITAR modelling approach 
for growth data has been demonstrated to efficiently 
summarise growth trajectories relative to an underlying 
population-average height-by-age growth curve and three 
child-specific random effects that reflect between-child 

variations in absolute size (average vertical displace-
ment of a child’s growth curve relative to the population 
mean), intensity (a scaling factor applied to the age scale, 
that reflects relative expansion or contraction of the time 
period of growth), and timing of growth (average lateral 
shift in the child’s growth curve on the age axis).21 An 
advantage of SITAR growth curve analysis is that these 
estimated random parameters are easily interpretable, 
in the original units of the modelled parameter (eg, 
size parameter is expressed in centimetres), and esti-
mates are specific values along a continuous scale that 
can be used in further analyses of child linear growth 
such as exploring their associations with exposures or 
outcomes.22–24 Furthermore, the intensity parameter 
reflects a uniquely postnatal pattern, in contrast to the 
majority of child growth indicators that are expres-
sions of attained size, which reflect both fetal and post-
natal growth. SITAR models have been recently used to 
describe population-average trajectories using country 
cross-sectional data in Japan and South Korea,7 25 but the 
model has not been applied to multicountry survey data 
such as the DHS from LMICs.

The goal of this study was to demonstrate the appli-
cation of SITAR to derive alternative metrics for 
summarising population-level child height data across a 
sample of cross-sectional surveys from LMICs.

METHODS
Data source
We used publicly available DHS anthropometric data 
(length/height, age and sex) for children under 5 years 
across 145 surveys from 64 countries conducted between 
2000 and 2018.26 All available DHS surveys for the study 
period were accessed through the DHS programme 
online repository.26 As described in detail elsewhere,27 28 
children under 2 years were measured in supine position 
(recumbent length), whereas children between 2 and 
5 years were measured standing up (height). We used 
DHS surveys conducted since 2000 because that is when 
the DHS programme employed a standardised ques-
tionnaire and a unified anthropometry data collection 
process across all surveys and all children in the sampled 
households were surveyed. The DHS data are the largest 
nationally representative data available for many LMICs 
as they cover all administrative divisions and districts 
within countries. The DHS are usually conducted every 
3–5 years per country, with the exception of a few coun-
tries that implement continuous DHS, with annual data 
collection. The DHS surveys are cross-sectional studies 
that follow a two-stage stratified random sampling of 
enumeration areas (first stage) and households (second 
stage). All DHS samples are representative at least at 
national and regional levels in all included countries.

Statistical methodology
Many child growth models assume parametric non-linear 
functions (usually exponential) which often fit data 
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poorly, especially during the first year of life.29–31 In 2007, 
Beath32 introduced a considerable simplification to the 
analysis of growth curves by applying previously proposed 
shape invariant models (SIMs)33 to describe infant weight 
trajectories from birth to 2 years of age. SIMs fit a single 
function to a trajectory, and transform it, by shifting and 
scaling, to improve its fit to each subject. This results in a 
single growth curve which can be applied to all subjects 
using three subject-specific translation and rotation para-
maters of the population-average curve to fit individual 
growth curves. This model was later named by Cole et al21 
as the SITAR model.

A key assumption of SITAR is that height trajectories 
assume a common shape when developmental age is used 
as the time scale. In contrast to chronological age (time 
since birth), developmental age is based on markers of a 
child’s growth and development to convey the extent of 
biological maturation from conception to their current 
status. A single population mean curve is fitted as a cubic 
spline function with all individuals assumed to have the 
same underlying shape of the growth curve subject to 
three simple transformations estimated as subject-specific 
random effects that represent deviations from the popu-
lation mean curve.21 In the present study, we considered 
the primary unit of analysis to be the survey, for which 
data (mean height) were available at multiple age inter-
vals between ages 0 and 5 years, and we compared curves 
derived from individual surveys to the WHO child growth 
standards. Applying SITAR, an individual survey-specific 
growth curve has a relationship with the global mean 
curve that is estimated by its deviation up or down from 
the mean curve (differences in mean size represented 
by the random intercept on the height scale) and left or 
right (differences in growth timing represented by the 
random intercept on the chronological age scale), and 
by shrinking or stretching the curve on the age scale to 
indicate how fast average growth is in the survey setting 
(differences in growth rate represented by the random 
slope of growth rate using the chronological age scale). 
Size is expressed in units of the measurement (cm), 
timing in units of age (months) and intensity as a frac-
tion or percentage of the mean growth rate. The SITAR 
growth model is defined by the following equation:

Length/heightit=αi+h[exp(γi)×(t−βi)]+ϵit Equation 1
where length/heightit is the measurement for subject i at 

age t; h(.) is a natural cubic B-spline function in trans-
formed age defining the mean spline curve chosen to 
minimise the Bayesian Information Criterion (BIC); 
αi, βi and γi are survey-specific random effects for size, 
timing and intensity, respectively; and the ϵit are normally 
distributed residuals. Fixed effects for αi, βi and γi are also 
included to ensure the mean random effects are set to 
zero. Note that γ is exponentiated to provide a multi-
plier centred on one. For all surveys, trajectories are 
estimated separately for each sex and for countries with 
multiple surveys, trajectories were modelled by year as 
well. The SITAR model fit is based on a non-linear mixed-
effect (NLME) model and estimation is by maximum 

likelihood.34 A best linear unbiased prediction of each of 
the random effects for each survey (equivalent to subjects 
in the conventional application of SITAR) was used to 
obtain survey-specific predicted curves.35

Data analysis
The dataset includes 1 351 926 individual children across 
the surveys. Of the total number of eligible children 0–59 
months of age, 37 671 (2.8%) were excluded as they were 
not de facto members of the household (ie, had not slept 
in the household the previous night).36 Age was consid-
ered missing if month and/or year of birth was missing. 
If month and year of birth was only available, the day 
of birth was imputed as 15. Exclusions due to missing 
age, sex or height data totalled 77 131 (5.7%) children 
(figure  1). We then applied the 2006 WHO standard37 
macro to the raw DHS height data to derive estimates for 
HAZ and prevalence of stunting among children 0–59 
months of age. Data were excluded if a child’s HAZ was 
below −6 SD or above +6 SD (most likely a result of errors 
in measurement or data entry), as recommended by the 
WHO,38 for a total of 28 641 (2.1%) excluded children, 
resulting in a sample size of 1 208 483 (89%) children 
(figure  1). All estimates of mean HAZ and prevalence 
of stunting were calculated accounting for DHS sample 
survey weights to make sample data representative of the 
entire population.

A pseudo-longitudinal dataset was created from cross-
sectional data by summarising all observations of chil-
dren’s heights within each survey into a single trajectory 
from birth to 5 years of age for each sex (and survey year 
in the case of countries with multiple surveys). To account 
for sampling variations by age and across surveys and also 
ensure height measurements increased monotonically 
with age, individual child-level height data in each DHS 
were binned in 2-month child age intervals and a mean 
height was obtained for each interval. Each country, 
survey year and sex was thus represented by 30 interval-
specific mean heights. For 41 countries, more than one 
survey was available. For example, we included six surveys 
from Peru (in survey years 2005, 2007, 2008, 2009, 2010 
and 2012), thereby generating six growth trajectories (ie, 
curves) for boys and six trajectories for girls.

To enable expression of survey-specific parameters rela-
tive to the WHO child growth standards rather than the 
empirical sample mean (of all 145 surveys), we included 
the mean height for boys and girls according to the WHO 
child growth standards for ages 0–5 years8 as one of the 
surveys (total n=146 surveys). The mean heights of WHO 
child growth standards included were estimated for the 
same 30 intervals used for the DHS. The SITAR growth 
models were then applied to the dataset comprised of 
4380 height data points for boys and 4380 for girls (ie, 
30 data points across 146 ‘surveys' for each sex) to esti-
mate the SITAR parameters for the WHO reference data 
along with those from 145 DHS data. Separate models 
were fit for boys and girls.39 We re-parameterised the 
SITAR random effects in relation to the WHO reference 
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by subtracting the WHO SITAR random effects from the 
random effects of each of the 145 DHS (online supple-
mental file 1).

We experienced convergence issues for some models 
and in such instances we applied commonly recom-
mended transformation approaches such as log transfor-
mation of either height, age or both, and also explored 
dropping one of the random effects.25 40 In addition, the 
SITAR models were optimised by choosing the df for 
the cubic B-spline curve to minimise the BIC.41 SITAR 
model convergence was not achieved for the full model 
with three random effects. The timing parameter was 
dropped because it showed the least variability across 
the surveys leading to a simplified SITAR model given 
by:

Length/heightit=αi + h[exp(γi)×t]+ϵit. Equation 2
where length/heightit is the measurement for subject i at 

age t; h(.) is a natural cubic B-spline function in trans-
formed age defining the mean spline curve; and αi and γi 
are survey-specific random effects for size and intensity, 
respectively, and the ϵit are normally distributed resid-
uals. The difference between equation 2 of SITAR and 
the more conventional mixed-effects model, the random-
intercept-random-slope (RIRS) model, is that SITAR 
applies the scale factor to the age axis whereas RIRS 
scales the height axis.

Models were evaluated by comparing the BIC of 
different models. We quantified the percentage variance 
in height that was explained by each SITAR model using:

% variance in height explained=100×(1−(σ2/σ1)
2) 

where σ1 is the fixed-effects residual SD (RSD) and σ2 the 
SITAR random-effects RSD, that is, the SD of the spread 
of the data points around the fitted curve.42

The BIC penalises the deviance by loge(n) units for each 
additional df where n is the sample size. Better models 
have a lower BIC value. Height was modelled in the orig-
inal scale (centimetres) whereas age in months was log 
transformed for all models. We used the dfset command 
available in the sitar package in R43 to determine the 
appropriate number of df (knots) for a natural spline 
curve that minimised the BIC for our fitted models. All 
models were fit with 4 df.

Having obtained the SITAR-fitted random effects for 
each survey-year and sex, we correlated the two SITAR 
parameters with each other, and also with stunting preva-
lence and mean HAZ. As age was aggregated in 2-month 
child age intervals, the earliest aggregated mean length 
was within the first 60 days of birth and therefore used 
as a proxy for ‘starting size’ (reflecting fetal growth). To 
partition postnatal size into its components of ‘starting 
size’ (reflecting fetal growth) and postnatal velocity, we 
performed correlation analyses of the SITAR size and 

Figure 1  Flow chart for 145 Demographic and Health surveys from 64 countries between 2000 and 2018. de facto children 
refer to members of the household 0 to 59 months of age who slept in the household the previous night whereas de jure refer 
to members of the household 0 to 59 months of age who did not sleep in the household the previous night. HAZ, height-for-
age z-scores.
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intensity parameters with mean length within the first 60 
days of birth. We then estimated a multiple linear regres-
sion model with SITAR size parameter as the outcome 
and both intensity and average length within the first 60 
days of birth as covariates.

Since 41 countries contribute more than one trajec-
tory, we performed sensitivity analyses by repeating the 
analysis using only the most recent survey from each 
country. Additional subgroup analyses were performed 
by fitting SITAR models to DHS data classified according 
to World Bank regions.44

The models were fit in statistical software R using the 
nlme package,34 Tim Cole’s sitar package43 (https://​
rdrr.​io/​cran/​sitar/) and STATA V.15 (College 
Station, Texas, USA). The R-code used to perform all 
the analyses is provided in online supplemental file 2.

Patient and public involvement
Our study does not involve the participation of 
patients or any members of the public. All data used in 
this study are aggregated and publicly available DHS 
anthropometric data and can be accessed through the 
DHS programme online repository.26

RESULTS
The weighted median sample size, median age in 
months and percentage of boys for each of the six 
world regions are summarised in table 1. Most surveys 
were from the sub-Saharan Africa region followed 
by Latin America and the Carribean, Europe and 
Central Asia, South Asia, North Africa and the Middle 
East (table  1). The median number of children per 
survey was 5473 (~90 children in each month); 82% 
included between 1000 and 10 000 children, and the 
median age was 29.6 months (IQR: 14.6–44.4 months) 
(online supplemental file 3).

Of the models that achieved convergence, those 
containing two random effects (size and intensity) fit 
best based on the BIC (table  2). The final selected 
models (table  3) explained 81% and 80% of the 
between-survey variation in mean height for boys 
and girls, respectively (table 2; Figures 2 and 3). Two 
example surveys and the WHO child height standards 
were used to illustrate that the modelled trajectories 
closely fit the observed data (online supplemental file 
4). As expected, there were negligible differences in 
size (maximum difference was <0.05 cm for girls and 
boys) and intensity (maximum difference was <0.2% 
for boys and girls) between the random effects gener-
ated with and without inclusion of the WHO data in 
the multicountry dataset (online supplemental files 5 
and 6).

Fitted growth trajectories for boys and girls were 
below the WHO child growth standards for all surveys 
(figure  4). Sex-specific height-by-age and velocity-
by-age curves were similarly shaped although boys 
were, as expected, taller at every age (figure 4). Size Ta
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parameters for boys (relative to the WHO growth 
reference) were distributed non-normally with a 
mean of −5.2 cm (shorter) compared with the refer-
ence (figure  5), and ranging from −7.9 cm (Niger 
2006) to −1.6 cm (Armenia 2016). Girls were, on 
average, −4.9 cm below the WHO reference median 
(figure 5), ranging from −7.7 cm (Nepal 2001) to −1.2 
cm (Armenia 2016). Across all surveys, boys’ intensity 
parameter was 10% below the WHO intensity refer-
ence, ranging from 19.7% below (Niger 2006) to 1.6% 
above the reference (Armenia 2016). Similarly, girls 
exhibited 11% lower intensity, on average, compared 
with the WHO reference (figure 5), with cross-survey 
values ranging from 21.4% below (Ethiopia 2000) to 
1.0% above the reference (Armenia 2016).

Size and intensity parameters were highly correlated 
(r=0.91 for boys; r=0.89 for girls) (online supple-
mental file 7), such that intensity explained ~80% of 
the variability in size for boys and girls. The mean HAZ 
was perfectly correlated with the SITAR size param-
eter (r=1) for boys and girls. Prevalence of stunting 
was highly correlated with the SITAR size parameter 
(r=−0.96 for boys and r=−0.97 for girls). The correla-
tion of stunting with SITAR intensity parameter was 
also strong (r=−0.91 for boys; r=−0.90 for girls) and 
the mean HAZ was highly correlated with the SITAR 
intensity (r=0.89 for girls and r=0.91 for boys) (online 
supplemental files 8 and 9).

Results of the sensitivity analyses to evaluate the 
impact of varying number of surveys between coun-
tries (145 surveys compared with 64 latest surveys) 
were remarkably similar to the main findings despite 
the more than 50% reduction in the number of surveys 
(online supplemental file 10). The subgroup anal-
yses of fitted SITAR models to DHS data according to 
World Bank regions showed the percentage variability 
in mean height ranged between 70%–84% in boys and 
69%–82% in girls. Model convergence was not achieved 
for two regions (East Asia and Pacific and Europe and 
Central Asia) which had the least number of countries, 
that is, ≤10 countries (online supplemental file 11).

The correlation of the size parameter with average 
length within the first 60 days of birth was moderate 
(r=0.41 for boys and r=0.43 for girls), but the correla-
tion of intensity with average length within the first 
60 days of birth was low (r=0.14 for boys and r=0.16 
for girls). The combination of average starting length 
within the first 60 days of birth and postnatal inten-
sity in both models for boys and girls explained more 
than 90% of the variability in postnatal size (online 
supplemental file 12).

Table 2  Comparison of SITAR models applied to Demographic and Health Survey data from 145 surveys (64 countries) from 
2000 to 2018

Model specification Fixed effects Random effects

Bayesian 
Information 
Criteria

Percentage 
of variance 
explained

Boys’ height

 � M1 Absolute size Absolute size 14 298 68.5

 � M2* Absolute size+intensity Absolute size+intensity 12 471 80.6

 � M3 Absolute 
size+timing+intensity

Absolute 
size+timing+intensity

No convergence N/A

Girls’ height

 � F1 Absolute size Absolute size 14 253 67.7

 � F2* Absolute size+intensity Absolute size +Intensity 12 421 80.2

 � F3 Absolute 
size+timing+intensity

Absolute 
size+timing+intensity

No convergence N/A

Age in months was log transformed for all models; all models were fit using 4 df.
*Final model selected.
N/A, not applicable; SITAR, Super-Imposition by Translation And Rotation.

Table 3  Best-fitting SITAR models for boys and girls 
applied to Demographic and Health Survey mean height 
data from 145 surveys (64 countries) from 2000 to 2018

Mean height (cm)
Estimate±SE

Fixed coefficients Boys Girls

Size (cm) 58.97±1.14 53.47±1.71

Intensity (fractional) 0.30±0.06 0.08±0.08

Random coefficients

Standard deviations (SD)

 � Size 1.46 1.42

 � Intensity 0.05 0.05

Residual SD 0.90 0.89

Degrees of freedom 4 4

All models were adjusted for age in months (log transformed).
.SE, Standard error; SITAR, Super-Imposition by Translation And 
Rotation.
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DISCUSSION
We have demonstrated that a commonly used statis-
tical method for modelling adolescent growth at 
individual level (SITAR) can be feasibly applied to 
describe population-average patterns of early child 
linear growth across a set of anthropometric survey 
datasets. The SITAR random effects efficiently summa-
rise country-specific height trajectories for children 
0–5 years of age using cross-sectional survey data. The 
final model, including two random effects (size and 
intensity) explained over 80% of the between-survey 
variability in mean height for boys and girls, high-
lighting a between-country consistency of the shape 
of the mean postnatal linear growth trajectory despite 
the surveys being conducted in diverse geographical 
contexts and over a span of 18 years.13 45 Sensitivity 
analyses performed using only the most recent survey 
for each country with much improved data quality 
revealed minimal differences between the fitted 
population mean curves, providing confidence in the 
robustness of our final selected SITAR models.

A subgroup analyses performed separately on each of 
the six defined World Bank regions showed substantial 
differences in the amount of variability in mean height 
(in both boys and girls) that was explained by the fitted 
SITAR models that converged. The percentage vari-
ance in mean height (in both boys and girls) that was 
explained was lowest in sub-Saharan Africa and South 

Asia. We do not know the reason for the lowerpercentage 
variability explained in these two regions but note that 
(1) sub-Saharan Africa and South Asia have the highest 
prevalence of stunting and shorter height on average 
compared with the other regions; and (2) each country 
dataset includes cohorts of children across 5 different 
years, such that any acute health shock (eg, humanitarian 
disaster) affecting one cohort more than others would 
affect the age-related trajectories and could therefore 
affect how much variability is explained by the SITAR 
models; such health shocks are likely more common 
in sub-Saharan Africa and South Asia than other world 
regions.

SITAR was originally developed to model individual 
child or adolescent trajectories using longitudinal data. 
However, Cole and Mori25 and Schneider and Ogasawara7 
have recently demonstrated the application of SITAR to 
cross-sectional height and weight data by sex between the 
ages of 1 and 20 years (Cole and Mori), and also for cross-
sectional height data among children aged 6–18 years 
(Schneider and Ogasawara). In both examples, the data 
have been grouped in 1-year bins for modelling. Here, we 
extend this application of the SITAR model to population-
based cross-sectional surveys of children under-5 years 
from 64 LMICs with high prevalence of linear growth 
deficits.11 13 46 Characterisation of the population-average 
child growth trajectories using the SITAR parameters in 
our study confirmed that in resource-limited settings, 

Figure 2  Mean height trajectories for boys (top panels) and girls (bottom panels) before (left panels) and after (right panels) 
adjustment using SITAR size and intensity parameters, for 145 Demographic and Health Surveys from 64 countries. SITAR, 
Super-Imposition by Translation And Rotation.
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mean population heights and mean growth intensity 
are below those expected using the WHO child growth 
reference, and the deficits worsen with age.13 46 Our esti-
mates based on raw length/height-for-age data reveal 
that the size and growth intensity deficits continue to 
accrue through to age 5 years, corroborating inferences 
from studies using height-for-age difference that suggest 
that linear growth faltering continues past the point at 
which HAZ trajectories appear to plateau.47 The intensity 
parameter is a proxy for speed of maturation and conse-
quently, low intensity reflects linear growth faltering.

The main motivation for using SITAR in this context 
was to identify alternative or complementary metrics for 
summarising child linear growth and tracking country prog-
ress. In contrast to conventional cross-sectional indicators such 
as under-5 stunting prevalence and mean HAZ, the SITAR 
parameters are derived by explicitly assuming that there is 
a linear relationship between chronological age and devel-
opmental age and subsequently modelling each component 
on the proper scale (size on the height scale, and intensity 
and timing on the age scale), thereby estimating biologically 
relevant non-linear trajectories for each component. We had 
hypothesised that these parameters would convey between-
country variations in linear growth in more detail than what is 
captured by traditional cross-sectional aggregated measures, 
such as under-5 stunting prevalence. However, empirically 
we found very high correlations between the prevalence of 

stunting (and mean HAZ) and the size and intensity param-
eters; in fact, the correlations were nearly perfect for the 
size parameter. The near perfect correlation between the 
size parameter and the prevalence of stunting (and mean 
HAZ) suggests that inequities in size between countries esti-
mated using SITAR are identical to those observed when 
comparing mean HAZ or stunting prevalences. Since the 
SITAR size parameter is nearly exchangeable with those indi-
cators, there may be no advantage to estimating SITAR solely 
to derive the size parameter, particularly given the relative 
complexity of SITAR modelling. In contrast, the intensity 
parameter had a somewhat weaker correlation with mean 
HAZ and stunting prevalence and therefore may provide 
complementary information. We found that in both boys 
and girls, more than 90% of the variability in postnatal size 
represented by the SITAR size parameter was explained by 
the combination of average length within the first 60 days of 
birth and postnatal intensity. Most of the variation was attrib-
utable to postnatal intensity, which was nearly independent 
of very early postnatal size (a proxy for fetal growth). Thus, 
unlike conventional height-derived indicators that are based 
on attained size alone, SITAR partitions size into two compo-
nents—fetal growth (captured by size at or near birth) and 
postnatal growth (represented by the intensity parameter). 
We have demonstrated that the intensity parameter on its 
own may serve as a specific measure of the postnatal experi-
ence to a much greater extent independent of the prenatal 

Figure 3  An illustration of the SITAR transformation of a crude height trajectory for a given survey to the population-level 
average modelled trajectory shown using height trajectory for boys in Malawi in the 2004 survey before SITAR adjustment 
(solid green line, left panel) and after SITAR adjustment (dotted green line, left panel); Egypt 2014 survey for boys, before 
SITAR adjustment (solid green line, right panel) and after SITAR adjustment (dotted green line, right panel). The fitted SITAR 
population-mean curve is shown by solid black line in both plots. SITAR, Super-Imposition by Translation And Rotation.
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period compared with the size parameter; the size param-
eter (similar to stunting prevalence and mean HAZ) is a 
composite of both the prenatal (fetal growth) and postnatal 
period (infant/child growth) periods.

In the assessment of our primary objective which was to 
assess the feasibility of using SITAR models for summarising 
multicountry comparisons of population-based cross-
sectional data from 0 to 5 years, we experienced some chal-
lenges with SITAR regarding convergence issues for some of 
the models. The random effect that represents timing did 
not vary across surveys and convergence was only achieved 
after excluding this random effect from the model. Notably, 
this parameter has no clear meaning for the linear growth 
of children below 5 years of age where peak velocity is not 
present as a prominent feature within the observation period 
in contrast with growth during adolescence, where SITAR is 
more commonly applied. SITAR is a complex non-linear 
model that may require a combination of variable transforma-
tions and model fit optimisation in order to achieve conver-
gence. Convergence was not achieved in all world regions, 
and the lower variability explained in sub-Saharan Africa 
and South Asia suggests that perhaps additional parameters 
are required (eg, a timing parameter). SITAR assumes no 
measurement error when in fact there is probably differential 

measurement error across surveys due to differences in data 
quality across surveys (both across years and across coun-
tries), whether children were measured lying down or 
standing up, difficulty to obtain accurate measurements of 
length/height of children in the field especially for younger 
children, and the impact of associated measurement errors 
in age and height.19 20 Our analyses combined children born 
at different years to form a cohort and this approach could 
potentially introduce bias especially if selected cohorts were 
exposed to health shocks to a greater extent than other chil-
dren included in the same survey. Furthermore, the current 
formulation of SITAR does not account for survey design or 
clustering of observations as the number of surveys differed 
by country.

In conclusion, we applied SITAR for modelling child 
height-for-age based on cross-sectional data from multi-
country surveys, and demonstrated that SITAR models with 
two random effects provide a feasible alternative approach 
to summarising child length/height trajectories for popula-
tions based on survey data. Although the estimated SITAR 
parameters (size and intensity) were strongly correlated 
with more conventional indicators such as prevalence of 
stunting and mean HAZ, the SITAR intensity parameter 
may be a novel indicator for specifically tracking progress 

Figure 4  Smoothed-fitted height curves for each survey for boys (grey, top-left panel) and the median WHO boys height 
trajectory (solid blue line, top-left panel); girls (grey, top-right panel) and the median WHO girls height trajectory (solid red line, 
top-right panel). The bottom-left panel shows a comparison of the fitted mean population height-by-age curve for boys (blue) 
and girls (red), and the bottom-right panel shows the corresponding height velocity-by-age curve for boys (blue) and girls (red).
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in the determinants of postnatal growth in LMICs. Further 
research will therefore focus on whether the intensity param-
eter is practically useful for describing variations in postnatal 
growth between countries as well as within countries over 
time, that are not fully captured by traditional indicators 
such as stunting prevalence and mean HAZ.

Author affiliations
1Centre for Global Child Health & Child Health Evaluative Sciences, Hospital for Sick 
Children, Toronto, Ontario, Canada
2Centre for Tropical Medicine and Global Health, Nuffield Department of Medicine, 
University of Oxford, Oxford, UK, Oxford, UK
3Dalla Lana School of Public Health, University of Toronto, Toronto, Ontario, Canada
4Department of Pediatrics, Hospital for Sick Children & University of Toronto, 
Toronto, Ontario, Canada
5Department of Epidemiology, Biostatistics, and Occupational Health, McGill 
University, Montreal, Canada, Montreal, Quebec, Canada
6Department of Nutritional Sciences, University of Toronto, Toronto, Ontario, Canada

Twitter Eric O Ohuma @ohumaeric

Acknowledgements  We acknowledge Professor Tim Cole for his help with SITAR-
related questions and for his valuable comments on an earlier submission of the 
manuscript, Dr Anna Heath for useful discussions on the project and R statistical 
software-related questions, and Dr Liina Mansukoski for reviewing the R script. 
We would also like to thank Sorrel Namaste at the DHS programme for her help in 
obtaining the data and provision of insights on DHS data-related questions.

Contributors  EOO, DER and DGB designed the research. HQ performed data 
manipulation, cleaning and data curation. EOO conducted the research and 
analysed the data with input from DER, DGB, HQ and SY. EOO wrote the paper with 
input from all authors. EOO had primary responsibility for final content. All authors 
have read and approved the final manuscript.

Funding  EO was supported by the Sick Kids Centre for Global Child Health Growth 
and Development Fellowship.

Map disclaimer  The depiction of boundaries on this map does not imply the 
expression of any opinion whatsoever on the part of BMJ (or any member of its 

group) concerning the legal status of any country, territory, jurisdiction or area or of 
its authorities. This map is provided without any warranty of any kind, either express 
or implied.

Competing interests  None declared.

Patient consent for publication  Not required.

Ethics approval  This work is a secondary analysis of publicly available de-identified 
data which are exempt from ethical review at the Hospital for Sick Children Ethics 
Review Board.

Provenance and peer review  Not commissioned; externally peer reviewed.

Data availability statement  Data are available in a public, open access 
repository. The data used are DHS and are publicly available at https://​dhsprogram.​
com/​data/​available-​datasets.​cfm.

Supplemental material  This content has been supplied by the author(s). It has 
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been 
peer-reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the 
use is non-commercial. See: http://​creativecommons.​org/​licenses/​by-​nc/​4.​0/.

ORCID iD
Eric O Ohuma http://​orcid.​org/​0000-​0002-​3116-​2593

REFERENCES
	 1	 NCD Risk Factor Collaboration (NCD-RisC). A century of trends in 

adult human height. Elife 2016;5:e13410.

Figure 5  Distribution of SITAR size (top panel) and intensity (bottom panel) parameters for boys (blue) and girls (red) in 145 
Demographic and Health Surveys from 64 countries. SITAR, Super-Imposition by Translation And Rotation.

B
M

J G
lobal H

ealth: first published as 10.1136/bm
jgh-2020-004107 on 1 M

arch 2021. D
ow

nloaded from
 https://gh.bm

j.com
 on 13 F

ebruary 2026 by guest.
P

rotected by copyright, including for uses related to text and data m
ining, A

I training, and sim
ilar technologies.

https://twitter.com/ohumaeric
https://dhsprogram.com/data/available-datasets.cfm
https://dhsprogram.com/data/available-datasets.cfm
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-3116-2593
http://dx.doi.org/10.7554/eLife.13410


Ohuma EO, et al. BMJ Global Health 2021;6:e004107. doi:10.1136/bmjgh-2020-004107 11

BMJ Global Health

	 2	 Baten J, Blum M. Growing tall but unequal: new findings and 
new background evidence on anthropometric welfare in 156 
countries, 1810–1989. Economic History of Developing Regions 
2012;27:S66–85.

	 3	 Cole TJ. The secular trend in human physical growth: a biological 
view. Econ Hum Biol 2003;1:161–8.

	 4	 Steckel RH. Growth depression and recovery: the remarkable case 
of American slaves. Ann Hum Biol 1987;14:111–32.

	 5	 Cameron N. The growth of London schoolchildren 1904-1966: an 
analysis of secular trend and intra-county variation. Ann Hum Biol 
1979;6:505–25.

	 6	 Cole TJ. Secular trends in growth. Proceedings of the Nutrition 
Society 2000;59:317–24.

	 7	 Schneider EB, Ogasawara K. Disease and child growth in 
industrialising Japan: critical windows and the growth pattern, 
1917–39. Explor Econ Hist 2018;69:64–80.

	 8	 World Health Organization. Who multicentre growth reference study. 
who child growth standards based on length/height, weight and age. 
Acta Pædiatrica 2006:76–85.

	 9	 Harnden D, Kumar R, Holick MF, et al. Side chain metabolism of 
25-hydroxy-[26,27-14C] vitamin D3 and 1,25-dihydroxy-[26,27-14C] 
vitamin D3 in vivo. Science 1976;193:493–4.

	10	 Holick MF, de Blanco MC, Clark MB, et al. The metabolism 
of [6-3H]1alpha, hydroxycholecalciferol to [6-3H]1alpha,25-
dihydroxycholecalciferol in a patient with renal insufficiency. J Clin 
Endocrinol Metab 1977;44:595–8.

	11	 de Onis M, Branca F. Childhood stunting: a global perspective. 
Matern Child Nutr 2016;12:12–26.

	12	 Stevens GA, Finucane MM, Paciorek CJ, et al. Trends in mild, 
moderate, and severe stunting and underweight, and progress 
towards mdg 1 in 141 developing countries: a systematic analysis of 
population representative data. Lancet 2012;380:824–34.

	13	 Roth DE, Krishna A, Leung M, et al. Early childhood linear growth 
faltering in low-income and middle-income countries as a whole-
population condition: analysis of 179 demographic and health 
surveys from 64 countries (1993-2015). Lancet Glob Health 
2017;5:e1249–57.

	14	 United Nations Children’s Fund (UNICEF), World Health 
Organization, International Bank for Reconstruction and 
Development/The World Bank. Levels and trends in child 
malnutrition: key findings of the 2019 edition of the joint child 
malnutrition estimates. Geneva: World Health Organization, 
2019Licence: CC BY-NC-SA 3.0 IGO.

	15	 Finaret AB, Masters WA. Can shorter mothers have taller children? 
nutritional mobility, health equity and the intergenerational 
transmission of relative height. Econ Hum Biol 2020;39:100928.

	16	 Leroy JL, Frongillo EA. Perspective: what does stunting really mean? 
A critical review of the evidence. Adv Nutr 2019;10:196–204.

	17	 Perumal N, Bassani DG, Roth DE. Use and misuse of stunting as a 
measure of child health. J Nutr 2018;148:311–5.

	18	 Scheffler C, Hermanussen M, Bogin B, et al. Stunting is not a 
synonym of malnutrition. Eur J Clin Nutr 2020;74:377–86.

	19	 Assaf S, Kothari MT, Pullum T. An assessment of the quality of DHS 
anthropometric data, 2005-2014. DHS methodological reports No. 
16. Rockville, Maryland, USA: ICF International, 2015.

	20	 Corsi DJ, Perkins JM, Subramanian SV. Child anthropometry data 
quality from demographic and health surveys, multiple indicator 
cluster surveys. and National Nutrition Surveys in the West Central 
Africa region: are we comparing apples and oranges? Global health 
action 2017;10:1328185.

	21	 Cole TJ, Donaldson MDC, Ben-Shlomo Y. SITAR—a useful 
instrument for growth curve analysis. Int J Epidemiol 
2010;39:1558–66.

	22	 Cole TJ, Kuh D, Johnson W, et al. Using Super-Imposition by 
translation and rotation (SITAR) to relate pubertal growth to 
bone health in later life: the medical Research Council (MRC) 
national survey of health and development. Int J Epidemiol 
2016;45:dyw134–34.

	23	 Ong KK, Ahmed ML, Emmett PM, et al. Association between 
postnatal catch-up growth and obesity in childhood: prospective 
cohort study. BMJ 2000;320:967–71.

	24	 Mansukoski L, Johnson W, Brooke-Wavell K, et al. Life course 
associations of height, weight, fatness, grip strength, and all-cause 
mortality for high socioeconomic status Guatemalans. Am J Hum 
Biol 2019;31:e23253.

	25	 Cole TJ, Mori H. Fifty years of child height and weight in Japan and 
South Korea: contrasting secular trend patterns analyzed by SITAR. 
Am J Hum Biol 2018;30:e23054.

	26	 ICF. Available Datasets. The DHS program website. funded by 
USAID. Available: https://​dhsprogram.​com/​data/​available-​datasets.​
cfm [Accessed June, 18th, 2020].

	27	 Corsi DJ, Neuman M, Finlay JE, et al. Demographic and health 
surveys: a profile. Int J Epidemiol 2012;41:1602–13.

	28	 MEASURE DHS. Survey indicators, 201920 Augustdate last 
accessed. Available: http://www.​measuredhs.​com/​data/​Survey-​
Indicators.​cfm

	29	 Karlberg J. On the modelling of human growth. Stat Med 
1987;6:185–92.

	30	 Jenss RM. A mathematical model for studying the growth of a child. 
Human Biology 1937;9:556–63.

	31	 Berkey CS. Comparison of two longitudinal growth models for 
preschool children. Biometrics 1982;38:221–34.

	32	 Beath KJ. Infant growth modelling using a shape invariant model 
with random effects. Stat Med 2007;26:2547–64.

	33	 Lindstrom MJ. Self-modelling with random shift and scale 
parameters and a free-knot spline shape function. Stat Med 
1995;14:2009–21.

	34	 Pinheiro JBD, DebRoy S, Sarkar D, R Core Team. nlme: linear and 
nonlinear mixed effects models. R package version 3.1-140, 2019. 
Available: https://​CRAN.​R-​project.​org/​package=​nlme

	35	 Robinson GK. That BLUP is a good thing: the estimation of random 
effects. Statistical Science 1991;6:15–32.

	36	 Croft TMA, Allen CK, et al. Guide to DHS statistics. Rockville, 
Maryland, 2018.

	37	 World Health Organization. Child growth standards software. who 
Anthro (version 3.2.2, January 2011) and macros. Internet. Available: 
http://www.​who.​int/​childgrowth/​software/​en/

	38	 World Health Organization. WHO child growth standards: length/
height-for-age, weight-for-age, weight-for-length, weight -for-height 
and body mass index-for-age : methods and development. World 
Health Organization, 2006.

	39	 Tanner JM. The assessment of growth and development in children. 
Arch Dis Child 1952;27:10–33.

	40	 Cole TJ, Donaldson MDC, Ben-Shlomo Y. SITAR--a useful 
instrument for growth curve analysis. Int J Epidemiol 
2010;39:1558–66.

	41	 Schwarz G. Estimating the dimension of a model. Ann. Statist. 
1978;6:461–4.

	42	 Hauspie R, Molinari L. Parametric models for postnatal growth. In: 
Hauspie R, Cameron N, Molinari L, eds. Methods in human growth 
research. Cambridge: Cambridge University Press, 2004: 205–33.

	43	 Levine MM, Black RE, Clements ML, et al. Texas Star-SR: 
attenuated "Vibrio cholerae" oral vaccine candidate. Dev Biol Stand 
1983;53:59–65.

	44	 The World Bank Group. World bank country and lending groups. 
Available: https://​datahelpdesk.​worldbank.​org/​knowledgebase/​
articles/​906519-​world-​bank-​country-​and-​lending-​groups [Accessed 
June 15, 2020].

	45	 de Onis M, Branca F. Childhood stunting: a global perspective. 
Matern Child Nutr 2016;12 Suppl 1:12–26.

	46	 Victora CG, de Onis M, Hallal PC, et al. Worldwide timing of 
growth faltering: revisiting implications for interventions. Pediatrics 
2010;125:e473–80.

	47	 Leroy JL, Ruel M, Habicht J-P, et al. Using height-for-age differences 
(had) instead of height-for-age z-scores (HAZ) for the meaningful 
measurement of population-level catch-up in linear growth in 
children less than 5 years of age. BMC Pediatr 2015;15:145.

B
M

J G
lobal H

ealth: first published as 10.1136/bm
jgh-2020-004107 on 1 M

arch 2021. D
ow

nloaded from
 https://gh.bm

j.com
 on 13 F

ebruary 2026 by guest.
P

rotected by copyright, including for uses related to text and data m
ining, A

I training, and sim
ilar technologies.

http://dx.doi.org/10.1080/20780389.2012.657489
http://dx.doi.org/10.1016/S1570-677X(02)00033-3
http://dx.doi.org/10.1080/03014468700006852
http://dx.doi.org/10.1080/03014467900003921
http://dx.doi.org/10.1017/S0029665100000355
http://dx.doi.org/10.1017/S0029665100000355
http://dx.doi.org/10.1016/j.eeh.2018.05.001
http://dx.doi.org/10.1126/science.941020
http://dx.doi.org/10.1210/jcem-44-3-595
http://dx.doi.org/10.1210/jcem-44-3-595
http://dx.doi.org/10.1111/mcn.12231
http://dx.doi.org/10.1016/S0140-6736(12)60647-3
http://dx.doi.org/10.1016/S2214-109X(17)30418-7
http://dx.doi.org/10.1016/j.ehb.2020.100928
http://dx.doi.org/10.1093/advances/nmy101
http://dx.doi.org/10.1093/jn/nxx064
http://dx.doi.org/10.1038/s41430-019-0439-4
http://dx.doi.org/10.1093/ije/dyq115
http://dx.doi.org/10.1093/ije/dyw134
http://dx.doi.org/10.1136/bmj.320.7240.967
http://dx.doi.org/10.1002/ajhb.23253
http://dx.doi.org/10.1002/ajhb.23253
http://dx.doi.org/10.1002/ajhb.23054
https://dhsprogram.com/data/available-datasets.cfm
https://dhsprogram.com/data/available-datasets.cfm
http://dx.doi.org/10.1093/ije/dys184
http://www.measuredhs.com/data/Survey-Indicators.cfm
http://www.measuredhs.com/data/Survey-Indicators.cfm
http://dx.doi.org/10.1002/sim.4780060210
http://dx.doi.org/10.2307/2530305
http://dx.doi.org/10.1002/sim.2718
http://dx.doi.org/10.1002/sim.4780141807
https://CRAN.R-project.org/package=nlme
http://dx.doi.org/10.1214/ss/1177011926
http://www.who.int/childgrowth/software/en/
http://dx.doi.org/10.1136/adc.27.131.10
http://dx.doi.org/10.1093/ije/dyq115
http://dx.doi.org/10.1214/aos/1176344136
http://www.ncbi.nlm.nih.gov/pubmed/6873477
https://datahelpdesk.worldbank.org/knowledgebase/articles/906519-world-bank-country-and-lending-groups
https://datahelpdesk.worldbank.org/knowledgebase/articles/906519-world-bank-country-and-lending-groups
http://dx.doi.org/10.1111/mcn.12231
http://dx.doi.org/10.1542/peds.2009-1519
http://dx.doi.org/10.1186/s12887-015-0458-9

	A novel development indicator based on population-­average height trajectories of children aged 0–5 years modelled using 145 surveys in 64 countries, 2000–2018
	Abstract
	Introduction﻿﻿
	Methods
	Data source
	Statistical methodology
	Data analysis
	Patient and public involvement

	Results
	Discussion
	References


