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ABSTRACT

Background: Growth centiles and growth curves are two ways to present child
anthropometry; however, they differ in the type of data used, the method of analysis,
the biological parameters fitted and the form of interpretation.

Objectives: To fit and compare height growth centiles and curves in Indian children.
Methods and Subjects: 1468 children (796 boys) from Pune India aged 6-18 years
with longitudinal data on age and height (n=7781) were analysed using GAMLSS
(Generalized Additive Models for Location Scale and Shape) for growth centiles,
and SITAR (SuperImposition by Rotation and Translation) for growth curves.
Results: SITAR explained 98.7% and 98.8% of the height variance in boys and
girls, with mean age at peak height velocity 13.1 and 11.0 years, and mean peak
velocity 9.0 and 8.0 cm/year, respectively. GAMLSS (Box-Cox Cole Green model)
also captured the pubertal growth spurt but the centiles were shallower than the

SITAR mean curve. Boys showed a mid-growth spurt at age 8 years.
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Conclusion: GAMLSS displays the distribution of height in the population by age
and sex, while SITAR effectively and parsimoniously summarises the pattern of
height growth in individual children. The two approaches provide distinct, useful

information about child growth.
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1. Introduction

Growth centiles and growth curves represent two distinct ways to assess child growth.
Height centiles (or per-centiles (Galton 1885)) describe the distribution of height in
a population with respect to age; they are typically described through evenly spaced
centiles on a growth chart, where each centile is labelled according to the percentage of
the population below it (Bowditch 1891; World Health Organization 2006). In contrast
height growth curves show serial changes in height with age in individuals, providing
information on their height velocity as well as their height attained (Tanner 1962;
Komlos et al. 1992).

The two methods have evolved separately and they have different aims. Primarily
they differ in the type of data used for their construction. Growth centiles are based on
cross-sectional data, where the measurements—usually one per subject—are treated
as independent, covering the age range under study (Cole 2012). Growth curves, on
the other hand, are developed from longitudinal data, utilising repeated measurements
for each child (Johnson 2015; Crozier et al. 2019).

The construction of growth centiles requires modelling the frequency distribution
of the measurement at each age and smoothing the centiles across age. The World
Health Organization (Borghi et al. 2006) recommends using Generalized Additive
Models for Location Scale and Shape (GAMLSS) (Rigby and Stasinopoulos 2005a)
to construct the centiles, which models moments of the distribution as smooth curves
in age.

Growth curve modelling involves summarising the shape of individual curves
as a mean curve. Early methods—known as parametric or structural models—used

parametric functions applied to data for individuals to describe the curve shape (Jenss



and Bayley 1937; Preece and Baines 1978; Karlberg 1989). Later, semi-parametric or
non-structural models were developed using fractional polynomials or cubic splines to
estimate the curve shape, optimising the number of parameters based on the data—this
provides extra flexibility but can lack biological interpretability (Hauspie et al. 2004;
Chirwa et al. 2014).

In the 1980s hierarchical mixed-effects models including fixed effects and random
effects became available, capturing both individual variation and the population trend
in a unified framework (Goldstein 1986). The growth curve model SuperImposition by
Translation And Rotation (SITAR) (Cole et al. 2010) is a semi-parametric hierarchical
model with three subject-specific random effects that together explain up to 99% of
the variance in longitudinal height growth.

Even though growth centiles and growth curves are different, the GAMLSS and
SITAR models to fit them have some similarities; both are semi-parametric, using cubic
splines to estimate curve shape, and both—in their most common form—involve three
underlying summary statistics (three moments for GAMLSS and three random effects
for SITAR). It is useful to fit the two models to the same data, both to compare the
shapes of the resulting centiles and curves, and to emphasise their different purpose. A
few previous studies have applied the two methods to the same data (Blackwell et al.
2017; Spencer et al. 2018), but none have directly compared them.

Height centiles for Indian children have been available and regularly updated
since 1992 (Agarwal et al. 1992; Khadilkar et al. 2007; Indian Academy Of Pediatrics
Growth Charts Committee et al. 2015; Khadikar et al. 2020). However there have been
only small studies of Indian height growth curves (Hauspie et al. 1980; Satyanarayana
et al. 1989; de Onis et al. 2001; Mirzaei and Sengupta 2012).

The motivation behind this study is threefold: i) to construct growth centiles
and growth curves using the GAMLSS and SITAR models, respectively, using a large,
recent longitudinal height dataset of Indian children aged between 6 and 18 years; ii)
to compare the shapes of the resulting curves, highlighting particularly the pubertal
growth spurt, summarised as the mean peak height velocity (PV) and the mean age
at peak height velocity (APV), and iii) to compare the centiles with others published

for Indian children.



2. Methods

2.1. Data sets

The data came from the Pune School Children Growth study (PSCG), consisting
of age and height measurements of 1472 affluent urban children (798 boys and 674
girls) aged 3 to 18 years living in Pune, Western India (Khadilkar et al. 2019). The
data were collected annually between 2007 and 2013, with a median of 6 (range 1
to 6) measurements per subject. Height was measured using a portable stadiometer
(Leicester Height Meter; Child Growth Foundation, London, UK) calibrated with a
standard height rod. Further details of the PSCG data collection can be found in
Khadilkar et al. (2019). Written informed consent was obtained from the parents of
the subjects, and verbal assent was obtained from subjects aged over 7 years. The data
collection was approved by the Ethics Committee of the Jehangir Clinical Development
Centre Pune (dated 26th June 2007). Permission for secondary data analysis was
obtained from the Ethics Committee of the Indian Institute of Science Education and

Research Pune (IECHR/Admin/2021/001).

2.2. Models

2.2.1. Cross-sectional GAMLSS model for growth centiles

Growth centiles are traditionally created using cross-sectional data, independent ob-
servations, y;, for i € { 1,2, ..., N}. The state of the art method to construct growth
centiles is Generalized Additive Models for Location, Scale and Shape (GAMLSS)
(Rigby and Stasinopoulos 2005a). The data are assumed to come from a distribution
fy(y) whose first four moments are the mean (u), standard deviation or coefficient
of variation (o), skewness (v) and kurtosis (7). Classical linear regression assumes a
normal distribution for fy (y), with y linearly related to the explanatory variable (here
age), constant o, zero v and 7 fixed at 3. GAMLSS by contrast allows fy(y) to be
selected from a wide range of available distributions, and the moments can be specified
as functions of age or more generally.

The normal distribution (called NO in GAMLSS) estimates p and o as curves



in age, and ignores skewness and kurtosis. But for other distributions v and/or 7
can be explicitly estimated from the data. For centile estimation GAMLSS has three
distributions, which all raise y to Box-Cox power v. To model skewness, there is the
Box-Cox Cole and Green distribution (BCCG), while if both skewness and kurtosis
are present, it has the Box-Cox power exponential (BCPE) and Box-Cox t (BCT)
distributions (Cole and Green 1992; Rigby and Stasinopoulos 2004, 2006). Note that
the BCCG distribution is equivalent to the LMS method (Cole and Green 1992),
where v is called A and transformed y is standard normally distributed. With BCPE;,
transformed gy assumes a standard power exponential distribution, and with BCT it
follows a Student’s ¢ distribution. GAMLSS fits the three distributions with identity
links for p and v, and a log link for . The distributions can also be fitted with a
log link for p, denoted by GAMLSS as BCCGo, BCPEo, and BCTo, respectively.
The spline curves in age for each moment were fitted using penalised B-splines or
P-splines (Eilers and Marx 1996), with the default degrees of freedom (df) estimated
by cross-validation.

Pseudo-velocity curves were constructed for the GAMLSS models by differenti-
ating the median (u) curves, and APV and PV were identified as the age and value
of peak “velocity”; note that this does not represent true velocity as the data are
cross-sectional, but for simplicity it is referred to here as velocity.

Despite being longitudinal, the PSCG data were treated as cross-sectional for
the GAMLSS analysis. With balanced data such as the PSCG this works fine, as the
centiles are unbiased. However they are less precise than for cross-sectional data, being

based on fewer subjects.

2.2.2. Longitudinal SITAR model for growth curves

The SuperImposition by Translation And Rotation (SITAR) model (Cole et al. 2010)

describes the height y; ; of individual ¢ (where i € { 1, 2, ..., n}) at time t; as,
g(tj) —bo — B
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where ag, by, and ¢y are fixed effects, a;, 5; and ; are subject-specific random effects
named size, timing and intensity, respectively, g(¢) denotes a link function for age such
as the log or power transformation, H(t) is the population average height curve fitted
using a natural cubic B-spline and € is the independent and identically distributed
(i.i.d.) random error term. The random effects are assumed to be normally distributed
with SD estimated from the sample. The B-spline curve H(t) has a number of knots
which can be tuned by optimising their number and position on the age scale—this
defines the degrees of freedom (df) of the curve.

The three subject-specific random effects can be interpreted biologically as fol-
lows: size «; represents the subject’s offset compared to mean height, that is, by how
much they are taller or shorter than average, adjusted for age. Timing of the puber-
tal growth spurt 8; measures by how much the subject’s age at peak height velocity
(APV) occurs earlier or later than the population—average APV (the velocity curve is
estimated as the first derivative of H(t)). Intensity of the growth spurt ~; indicates by
how much the subject’s peak height velocity (PV) is higher or lower than the average

PV, measured as a proportion.

2.3. Data analysis

Boys and girls were analysed separately using the packages gamiss (version
5.3.4) (Rigby and Stasinopoulos 2005b) and sitar (version 1.2.0) (Cole 2021) avail-
able in the statistical language R (version 4.0.5) (R Core Team 2021). Growth velocity
in early life is much higher and more variable than later in childhood, and to avoid
this dominating the analysis the data were restricted to the age range 6 to 18 years.

The data were initially cleaned by removing obvious errors using conditional
plots of height on age (3 points in boys and 3 in girls). All subjects with at least one
measurement were included in the analysis. A preliminary SITAR model was fitted,
and points with standardised residuals beyond +4 SD were considered as outliers and
excluded from the analysis (10 in boys and 4 in girls). The final analysis included 796
boys with 4242 measurements and 672 girls with 3539 measurements (0.3% and 0.2%
excluded respectively).

Multiple plausible GAMLSS models of height on age were fitted: comparing the



NO, BCCGo, BCPEo and BCTo distributions; and trying square root and log trans-
formations for height and age. Similarly, different SITAR models were fitted varying
the df of the spline curve from 4 to 9; omitting the fixed effects by and/or ¢y, and with
log transformations for height and age. The optimal model was selected by minimising
the Bayesian Information Criterion (BIC) (Schwarz 1978).

Standard errors (SE) for mean APV and mean PV based on GAMLSS and SITAR
were obtained with the bootstrap (500 samples). Diagnostic plots for the optimal

models are given in supplementary figures S1 and S2.

3. Results

3.1. Height centiles in Indian children using GAMLSS

Height centiles for the PSCG data set are constructed using GAMLSS with the BCCGo
distribution. However the distribution for girls is not skew at any age, so the Box-Cox
power v is constrained to 1, equivalent to a normal distribution. The fitted centiles
are shown by sex in Figure 1: the nine curves are spaced two-thirds of a z-score apart,

extending from the 0.4"" to the 99.6'" centile (Cole 1994). The individual heights are

o o
8 Centiles 8 1
99.6
o % o
© — 90 o -
— — 75 —
— 50
— 25
E 84 8 - ‘
5 ~— 2 —
= 04
c
o 2 o
° I I
o o
Al Al
— —
o o
S S
— —

Age (years) Age (years)

Figure 1. GAMLSS-fitted height centile curves based on the BCCGo distribution in boys (left) and the
normal distribution in girls (right). The nine centiles are equally spaced on the z-score scale. Individual heights
are shown in grey (n = 4242 for boys and n = 3539 for girls).

also shown as grey points. Each median curve corresponds to the age trend for u, while
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Figure 2. Fitted age trends for the BCCGo coefficient of variation (o) and skewness (v) for boys (solid lines)
and girls (dashed lines). The vertical dotted lines indicate APV by sex based on the median (u) curve.
the age trends for o and v are shown in Figure 2.

The o curves peak at around 13 years in boys and 10 years in girls, similar to
APV as based on the u curve. In boys the v curve rises steeply through puberty,

indicating increasing left skewness.

3.2. Height growth curves in Indian children using SITAR

Individual height growth curves in the PSCG data set are best described by SITAR
models of height on log age, with 6 df in boys and fixed effects for size, timing, and
intensity; and 5 df in girls with fixed effects for size and intensity - the models explain
98.7% of the variance in boys and 98.8% in girls. Figure 3 shows the individual height
curves in grey. Fach grey curve, when adjusted by the individual’s fitted random
effects, provides an estimate of the mean curve, and the adjusted curves appear colour-
coded in Figure 3 with the mean curve in white. Four unadjusted curves are shown in
colour to highlight the PSCG study design, where individuals had no more than six
annual measurements, yet SITAR was able to estimate the entire mean curve from 6
to 18 years. The fitted mean curves by sex are shown in Figure 4 along with the mean
height velocity curves, calculated as the first derivative of the mean curve.

In boys, mean APV (95% CI) is 13.1 (13.0, 13.3) years, and mean PV is 9.0 (8.7,
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Figure 3. Individual height growth curves for 796 boys (left) and 672 girls (right) from the PSCG data set.
Unadjusted curves are in grey, and curves adjusted using subject-specific SITAR random effects are in colour.
The fitted mean curve is superimposed on the coloured curves and partially obscures them. Four unadjusted
curves in colour show the PSCG study design.
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Figure 4. SITAR-fitted mean height growth curves (solid) and height velocity curves (dashed) by sex (boys
left, girls right) in the PSCG data set. The vertical dotted lines indicate the ages at peak height velocity (at
13.1 years in boys and 11.0 years in girls) and the boys’ mid-growth spurt (at 8.6 years).

9.3) cm/year. A small peak similar to a mid-growth spurt (Tanner and Cameron 1980)
is seen at 8.6 years with mean PV 5.7 cm/year. In girls, mean APV occurs at 11.0
(10.8, 11.2) years with mean PV 8.0 (7.8, 8.2) cm/year. Summary statistics of the
SITAR models are shown by sex in Table 1. Quantile-quantile (Q-Q) plots of the three

random effects show that size is normally distributed; however, timing and intensity



deviate from normality in the lower tail (Figure S2). The correlations between random
effects are shown in Table 2. A scatter plot matrix showing these correlations appears

in Figure S3.

Table 1. Standard deviations of SITAR random Table 2. Correlations between SITAR random
effects and the residual standard deviation by sex. effects by sex. See Figure S3 for the scatter plot
matrix.
Boys Girls
(n=1796) (n=672) Boys (n = 796)  Girls (n = 672)

Size (cm) 6.85 6.14 Size  Timing  Size  Timing

Timing (fractional) 0.084 0.085 .

Intensity (fractional) 0.15 0.14 ;Fl;mn.gt 82; 0.45 823 0.31

Residual (cm) 0.76 0.67 ntensity  ©- : : :
8-

—_ 8 1

3 61

=

£ 61

RS2

2 41

8 41

2

£ 21

2 21

]

I
0+

0
6 8 10 12 14 16 18 6 8 10 12 14 16 18
Age (years) Age (years)

Method — GAMLSS . SITAR

Figure 5. Mean height velocity curves and 95% bootstrap confidence interval bands as estimated by SITAR
(dark gray) and GAMLSS (light gray) by sex (boys left, girls right).

Figure 5 shows mean height velocity curves for GAMLSS (dashed lines) and
SITAR (solid lines) by sex, estimated as derivatives of the mean and median curves,
respectively, with 95% confidence bands. There is a small peak in boys around 8 years
in both curves. APV and PV for the curves are shown in Table 3; the APVs are similar,
but the PVs are appreciably smaller for GAMLSS, and the confidence intervals do not
overlap, due to GAMLSS being based on cross-sectionally analysed data.

Figure 6 compares height centiles recommended for Indian children by the Indian
Academy of Pediatrics (IAP) (Indian Academy Of Pediatrics Growth Charts Commit-
tee et al. 2015) with the GAMLSS-estimated PSCG centiles. The IAP centiles were

10



Table 3. APV and PV as estimated from the SITAR and GAMLSS velocity curves by sex.

Boys Girls
SITAR GAMLSS SITAR GAMLSS
APV (95% CI) years 13.1 (13.0, 13.3)  13.1 (12.4, 13.6) 11.0 (10.8,11.2) 10.3 (8.3, 11.2)
PV (95% CI) cm/year 9.0 (8.7, 9.3) 7.1 (6.5, 7.7) 8.0 (7.8, 8.2) 6.6 (6.2, 7.0)

constructed using the LMS method on a much larger cross-sectional data set. The

37, 50" and 97" TAP centiles are drawn as dashed red curves superimposed on the

374 50" and 97*" PSCG centiles shown in black. The IAP and PSCG medians match

fairly well, but the outer centiles less so.
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Figure 6. Comparing height centiles based on the PSCG data set and those recommended for the Indian
population by the IAP (Indian Academy Of Pediatrics Growth Charts Committee et al. 2015). The black
curves show the PSCG 374, 50" and 97" centiles, while the red dashed lines are the IAP 374, 50t and 97"
centiles in each sex (boys left, girls right).

4.

Discussion

Growth centiles and growth curves provide two distinct perspectives on individual

and population growth. In this study, we analysed height growth in the PSCG data

set

to contrast the two tools in an Indian context. We constructed growth centiles

with GAMLSS and growth curves with SITAR based on Indian children aged 6 to 18

years. The distribution of height in the population is well captured by the GAMLSS

BCCGo centiles (Figure 1), which show the coefficient of variation peaking at around

13

years in boys and 10 years in girls (Figure 2). There is increasing left skewness
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in the boys’ data (but not the girls’) after 10 years, suggesting that a minority of
boys fall behind progressively in height during puberty, extending the lower tail of the
distribution. SITAR models the pubertal growth spurt effectively and explains 98.7%
of the observed variance in boys and 98.8% in girls, shrinking the height SD from 7
cm to 0.7 cm. Boys also show a small mid-growth spurt, peaking at 8.6 years.

SITAR works well with the PSCG study design in that even though individuals
are followed for no more than six years, the mean growth curve is estimated over
the twelve-year period from 6 to 18 years—SITAR is able to combine the individual
growth curves to obtain the bigger picture.

The two methods, GAMLSS and SITAR, when applied to the same data, provide
distinct information that is relevant in different contexts. Centile charts are useful
in clinical medicine as they illustrate the child’s recent growth as compared to their
contemporaries, and this helps the clinician to make decisions about their management.
The chart can also be used to see how fast the child has been growing and predict how
fast they will grow in the future, depending on their treatment.

SITAR in contrast is of little value in clinical medicine—it works with the child’s
entire growth curve, and so it cannot provide ”real time” growth information relevant
for management. Instead it is valuable in two other contexts: experimental medicine
and life course epidemiology. The SITAR mean growth curve is useful in experimental
studies such as randomised clinical trials investigating the effect of a growth promoting
agent such as oxandrolone in Turner Syndrome or calcium supplementation in rural
Gambian children (Gault et al. 2011; Prentice et al. 2012). The SITAR model can
test whether the intervention affects the size and/or timing and/or intensity of the
mean curve. Separately, the SITAR subject random effects summarise individual pu-
bertal growth patterns which can be related to individual-level stressors and adverse
outcomes later in the life course (Johnson et al. 2014; Pizzi et al. 2014; Filteau et al.
2019). For example Kuh et al. (2016) have shown that early puberty is associated with
better bone health in later life.

The height velocity curves estimated by GAMLSS and SITAR provide insights
into the timing and intensity of the growth spurt. The APVs are comparable, but
the PVs are appreciably smaller with GAMLSS. Mean APV was 13.1/10.3 years for

12



boys/girls with GAMLSS and 13.1/11.0 years with SITAR, respectively 2.7 and 2.1
years apart (Figure 4). However mean PV was only 7.1/6.6 cm/year by sex with
GAMLSS, some 20% smaller compared to 9.0/8.0 cm/year with SITAR. Similar results
were observed by Blackwell et al. (2017), who applied the two methods to the same
mixed longitudinal data set. Merrell (1931) and Cole et al. (2008) have explained
this discrepancy algebraically: when individuals vary in their APV (i.e. the SD of the
timing random effect is greater than zero), the mean PV based on cross-sectional data
is attenuated compared to that based on longitudinal data. Note too that the velocity
confidence bands for SITAR in Figure 4 are narrower than for GAMLSS, showing that
the variance explained by SITAR is higher than for GAMLSS due to its longitudinal
analysis.

Another estimate of PV came from the Indian height velocity charts of Khadilkar
et al. (2019) based on annual height measurements: they reported median APV (PV)
in boys and girls as 13.5 years (6.8 cm/year) and 10.5 years (PV 6.6 cm/year). The
APVs are slightly later than for PSCG GAMLSS, while the PVs are similar. The
Khadilkar et al. (2019) charts were constructed based on individual height velocity,
i.e. year-wise differences in height used to construct the median height velocity centile,
whereas GAMLSS here uses the median height centile. In practice the two should be
similar, since the mean height increment is equal to the difference in the mean heights.

Reference height centile charts for Indian children have been developed by the
IAP (Indian Academy Of Pediatrics Growth Charts Committee et al. 2015). They
are useful for documenting the high prevalence of stunting in India (Hemalatha et al.
2020; Kumar et al. 2021). We compared the TAP charts, which are recommended for
clinical use, with the GAMLSS-modelled PSCG centiles. The median curves are in
good agreement throughout the age range in girls and until puberty in boys. However,
the 3¢ and 97" centiles match less well, especially the 3" centile, which is the formal
cut-off to define stunting in India. The percentages of PSCG children below the TAP
374 centile are 1.5% of boys and 1.4% of girls, about half the expected rate. This
discrepancy is due mainly to the smaller df used for the TAP p curve, leading to
the TIAP centiles being stiffer and hence more linear, particularly during puberty. In

addition the TAP charts were based on a nationally representative sample (unlike the

13



PSCG children living in Pune) and hence were more heterogeneous, and this could
explain the IAP outer centiles being more widely spaced.

A small growth spurt before puberty, called the mid-growth spurt, was previously
reported in boys between 5.9 and 8.5 years (El Lozy 1978; Tanner 1962; Tanner and
Cameron 1980; Molinari et al. 1980; Gasser et al. 1985; Remer and Manz 2001; Virani
2005). In particular Virani (2005) reported a mid-growth spurt in Indian boys at
6.2 years. There was also a mid-growth spurt at 9 years in a subgroup of boys with
late puberty in the Harpenden Growth Study (Cole 2020). We observe a small peak in
height velocity around 8 years in both the GAMLSS and SITAR models. Note that the
SITAR confidence band in Figure 5 is wider at 8 years, which may indicate variation
in the timing of the mid-growth spurt.

In boys, the GAMLSS median curve and the SITAR mean curve have not yet
plateaued by the age of 18 years. Further, their height velocity is appreciably greater
than zero at 18 years (Figure 5). Conversely for girls at 18 years, the height curves
are flat and the mean velocity is zero. This indicates that unlike girls, boys continue
growing after 18 years, and ideally the reference sample should extend into the third
decade of life to document this growth period properly.

A strength of our study is that we provide a comparative analysis of two widely
used methods of growth curve and growth centile analysis. We show that the height
velocity curves estimated from the two methods are appreciably different. Further,
while the GAMLSS model has been used to develop growth centiles in the Indian
population, SITAR has not been previously applied. However there are also some
limitations. Our analysis is restricted to a population in Western India, and GAMLSS
is applied to longitudinal rather than cross-sectional data, which limits the number of
subjects included in the analysis. The centiles created from longitudinal data should
be unbiased as the measurements were made annually within a fixed protocol (Wade
and Kurmanavicius 2009), but less precise.

In conclusion, we have shown different aspects of growth centile and growth curve
analysis that are used widely to analyse growth from birth to maturity. The GAMLSS
model captures the distribution of height by age which can be displayed as a growth

chart, whereas the SITAR model estimates the shape of the mean height growth curve,
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which also applies to individuals . The pubertal peak in height velocity is shallower in
GAMLSS centiles compared to SITAR curves. We believe that the two analyses add

usefully to knowledge about growth in contemporary Indian children.

Software

The growth centiles and curves developed here are made available as a web application

accessible at https://digimed.acads.iiserpune.ac.in/growth-charts.
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Figure S1. Detrended Q-Q plots (worm plots) of GAMLSS residuals in twelve age groups from 6 to 18 years
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Figure S2. Q-Q plots of standardised SITAR random effects size, timing, and intensity by sex. A reference
line (red) with unit slope and intercept 0 is given for comparison.
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Figure S3. Scatter plot matrices showing the correlations between SITAR random effects size, timing and
intensity by sex.
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