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MOTIVATION FOR GROWTH REFERENCES
What is a growth reference?
A growth reference describes the variation of an anthropometric measurement within a group of individuals. A reference is a tool for grouping and analyzing data and provides
a common basis for comparing populations.1
A well known type of reference is the age-conditional
growth diagram. The traditional height-for-age (HfA) diagram shows how height varies both within and across age.
Figure 11.1 is the official Dutch diagram of height and
weight for Dutch boys aged 1–21 years.2,3 In the HfA diagram, the vertical distance of shaded area in the graph
delineates the variation in heights between 2 and 2
standard deviations (SD). The interval between the 2 and
2 SD curves contains about 95.4 percent of all individuals of the same age in the reference sample. The graph at
the top displays the variation of weight as a function of
height. For reasons that will be discussed in the section
‘Detection of growth disorders’ on p. XX, the shaded area
is chosen here between the 1 and 1 SD curves.
Anthropometry is an extraordinary good tool for gauging health and well-being in both individuals and in populations.4 Height and weight are cheap and easy to measure,
and provide an almost universal appraisal for assessing
children’s well-being. Height is one of the very few positive
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health indicators. A secular shift in height is a sensitive
indicator of socio-economic and socio-medical changes,
and thus allows comparisons of the health status of different
populations. In fact, secular shifts in height may provide a
better and more relevant measure for the detection and evaluation of possible changes in living conditions than such
vague concepts as ‘income per capita’ and ‘national product’.5 Weight is clearly relevant for evaluating both undernutrition and obesity. Both are important problems on a
global level. Besides height and weight, many other useful
anthropometric measures exist, but the present chapter
will concentrate on height, weight and derivates thereof.

Uses of growth references
Growth references are useful at both the population and the
individual level. At the population level, growth references
can assist in estimating prevalence, in determining causes
of disease, in identifying groups at risk, in monitoring
trends, and in evaluating the effects of interventions. On
the individual level, growth references are indispensable
tools for screening, diagnosis, monitoring and prognosis of
growth-related diseases.6 Table 11.1 provides an overview
of typical questions that one might ask from growth references. In addition to these health-related applications,
growth references are also needed in ergonomic design, for
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deriving safety guidelines, for establishing appropriate
matches between garment size and the client population,
for determining construction requirements, and so on.

Standards and references
A subtle but important distinction exists between the concept of a ‘reference’ and a ‘standard’. A growth reference
simply describes the variation of some measure within a
reference population, often conditional on age and sex.
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Figure 11.1 Growth diagram of
height-for-age, weight-for-height and
pubertal development of Dutch boys
1–21 years.

A growth standard, on the other hand, delineates the variation that is considered to be normal, optimal, or healthy.
Standards embrace the notion of a norm or desirable target,
and thus involve a value judgment.1 The distinction between
(normative) standards and (descriptive) references is often
blurred because standards are frequently derived from references, but the conceptual distinction is important.
Clinical practice requires standards. A basic clinical
question is: Is this child normal? Answering this question
involves comparing the individual child to a standard. It is
not always obvious which reference should be selected as a
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Causes
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Typical questions whose answers require growth references
Is this child’s diet inadequate?
Does this child need supplementary food, or treatment for disease?
Is this child overweight?
Does this child need to be referred because of a growth problem?
Does this child have organic diseases?
Is there ‘failure to thrive’ because of an underlying disease?
What causes this child’s overweight?
Does an infection cause stunted growth?
What are the effects of increased physical exercise for this obese child?
What are the effects of improvements in nutrition?
What are the effects of improved health care on individual growth?
How will this child grow in future?
What is the risk that this child will develop a growth-related disease?
What final height will this child attain?
How many people are overweight?
What is the proportion of people in each height category?
What is the optimal height of chairs in public transport?
What is the impact of infectious epidemic on growth?
Can differences in growth be attributed to socio-economic differences?
What parts of the population have the greatest need for interventions?
How should resources be allocated?
At what year did the global obesity epidemic start?
How did the height distribution evolve over the last century?
How many children were saved because of the nutritional aid program?
How tall will people be in the year 2020?
What is the impact of overweight on the prevalence of future chronic diseases?

standard. The WHO recommends choosing ‘references that
resemble, as far as possible, true standards, so that the same
deviation from the reference data has the same biological
meaning’.1 Breast-feeding is an example where this occurs.
Breast-feeding is associated with positive health outcomes,
and considerable evidence exists that growth of infants with
exclusive breast-feeding is different from that of formulafed infants.7–9 This evidence motivated the development of
separate references for exclusively breast-fed infants.
In many situations however, there is no cut-and-dried
answer. Evidence is often scant or inconsistent, so it might
be unclear what reference to use as a standard. Body mass
index (BMI) provides an example where a (descriptive)
reference might not be a good standard. Like in the rest of
the industrialized world, the prevalence of overweight and
obesity in the Netherlands substantially increased between
1980 and 1997.10,11 The Dutch references for BMI in 1997
accurately describe the growth expected in the 1997 population, but since a rise in BMI brings additional health risks,
the 1997 references should not be used as some optimal
standard. A better alternative is to base BMI standards on
references from populations that existed before the recent
obesity epidemic. Examples of such references include the
IOTF international criteria for overweight and obesity12 and
the references for (serious) underweight in Dutch children.13

ISSUES IN STUDY DESIGN
References are constructed from data obtained from a sample of the reference population. Various choices in the study
design affect the ability to construct appropriate references.
In general, major choices in study design depend on the
following questions:
●
●
●

●

●
●

Will longitudinal references be needed?
What is the statistical precision required at each age?
What are the costs of recruitment and management of
the reference sample?
What resources are available for data collection and statistical analysis?
In which settings will the references be used?
When should the new references become available?

Cross-sectional and longitudinal studies
A cross-sectional growth study is a study in which children
of different ages are measured once at the same point of
time. Cross-sectional studies are relatively easy to carry out.
References obtained from cross-sectional studies are perfectly suited for evaluating the status of a child encountered

CH011.qxd

20/1/07

170

10:21 AM

Page 170

Growth references

in a situation where only one measurement is made, such
as a screening study. Repeated cross-sectional studies provide very sensitive information about changes in the health
status of the population. Secular changes of growth are
among the most striking biological consequences of social
and economic development.5
Cross-sectional studies, however, do not provide adequate information for following growth of an individual
child over time, in particular at ages where the growth rate
is high, as in infancy and during puberty.4,14 The reason is
that references derived from cross-sectional studies do not
allow for the child’s tempo of growth. Though it is possible
to infer the average rate of growth from the difference of
average size at increasing age, a cross-sectional study cannot be used to estimate the variability between children in
the amount of growth over time. To do so requires a longitudinal study, i.e., a study where children are measured at
two or more occasions. In longitudinal data, the growth
rate between the occasions is directly observed for each child.
This information can be used to construct longitudinal
references that portray the variability in growth between
children over time.
Longitudinal studies are generally more difficult to manage, but may be efficient if the amount of effort to identify
and locate the individuals in the reference sample is large.15
A longitudinal study takes more time, so if important secular trends occur, references obtained from long studies
may be outdated by the time they are published. On the
other hand, it may be more efficient to use a longitudinal
design if the costs of managing the cohort are small. Having
multiple measurements per individual not only increases
the precision of the growth references, but also allows for
the construction of longitudinal references.
A mixed longitudinal design represents a compromise
between a cross-sectional and a longitudinal design. In a
mixed design, individuals are measured more than once, but
not throughout the entire age range. Mixed longitudinal
designs are quite popular. Examples of recent, large scale
mixed longitudinal studies include the Euro-Growth
study16,17 and the WHO Multicentre Growth Reference
Study.18,19 The mixed longitudinal study combines the
advantages of the cross-sectional and longitudinal designs,
but may have less precision than an exclusively crosssectional or longitudinal study. In addition, a mixed design
is often more difficult to analyze.

Sample size
Sample size is the most important factor affecting the precision of the reference values. Other relevant determinants
include the study design, the timing of measurement and
the method of curve fitting.15 The simplest advice is to have
at least 200 individuals per age and sex group.20 Assuming
a normal distribution with a standard deviation of 7 cm, the
standard error of the mean is equal to 7200  0.5 cm. Thus,
a sample size of 200 is adequate to detect a secular shift in

Table 11.2 Ninety-five percent confidence intervals for the
correlation coefficient for sample sizes of N  100 and N  200
Correlation
0.99
0.95
0.90
0.80
0.70

N  100

N  200

0.985–0.993
0.926–0.967
0.854–0.932
0.716–0.861
0.584–0.788

0.987–0.992
0.934–0.962
0.870–0.924
0.744–0.845
0.621–0.764

mean height of about 1.9 cm with a type I error rate of 5
percent and a power of 80 percent. The standard errors of
a given percentile can be obtained by multiplying the standard error of the mean by a fixed constant that depends on
the centile value only.21 Under normality, these multiplication factors are 1.25 for P50, 1.74 for P90, 1.81 for P95, and
2.51 for P97. So for a sample size of 200, the standard error
of 97th centile is equal to 2.5  0.5  1.2 cm.
Goldstein22 argued that the assumption of normality
ceases to provide good estimates for the extreme percentiles, even for variables like height. Using a simple ranking method free of the normality assumption leads to
sample sizes that are about twice as high to achieve the
same precision. Other specialized ways of calculating sample size have been proposed, dealing with the slope of the
median curve, the correlation between measurements, and
the precision of the median curve overall.15
In longitudinal designs, the primary parameter of interest is the correlation between measurement occasions. The
precision of the correlation coefficient depends on both
sample size and the expected correlation coefficient. Table
11.2 contains the 95 percent confidence interval for the
correlation for various samples sizes and correlations.
The use of neighboring information across age by
smoothing methods can drastically increase precision of
the overall percentile curves. One could potentially base
sample size calculations on the precision of the smoothed
curves, but this does not seem to have been practiced yet.
A related question is how the sample should spread
across the age range. Traditionally, oversampling at the
ages of high growth rates has been used in order to capture
accurately the pattern of growth. Approximate sampling
fractions per sex are known.22 As an example, the Fourth
Dutch Growth Study2 constructed age groups such that the
population for ages 0–2 years and around puberty were
oversampled. In order to improve precision at the edges
when using smoothing methods, enough children should
be sampled at the extreme ages of the intended references.
The WHO Multicentre Growth Study applied a four-fold
increase of the sample size at birth, and extended the sample to month 71, whereas the final chart should stop at an
earlier age.19
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Inclusion criteria
Inclusion criteria articulate the reference population. For
normative references, the population should live in a
healthy environment and contain no overtly sick or very
few clinically sick individuals. Eligibility criteria in the
WHO Multicentre Growth Study include, amongst others,
socio-economic status that does not constrain growth, low
mobility of the population, mothers willing to follow feeding recommendations, term birth, single birth, no maternal smoking, and birth weight 1500 g.19
Inclusion criteria like these take care that children in the
reference sample are raised in an healthy environment. Note
however their use makes the reference unsuitable as a
descriptive reference. Children not living in an healthy
environment are systematically missing from the sample,
leading to a picture that may be too positive. If descriptive
references are wanted also (for example in order to monitor progress on the population level) one could measure all
children meeting in the population, and temporarily set
aside the data from ineligible children when calculating
normative references.

DISTANCE REFERENCES
Uses of distance references

A number of methods for constructing reference charts
(cf. next section) allow the calculation of a standard deviation
score (SDS), or z-score, for each individual measurement.
This score is normally distributed with mean 0 and variance 1, and indicates the relative position of attained size at
a given age. For a normally distributed measurement SDS
can be calculated as Z  (X  M)/S, where X is attained
size, M is the mean according to the reference at age T, and
where S is the corresponding standard deviation. The SDS
can also be calculated for other (e.g., skewed) distributions,
but the precise method depends on the fitting model that is
used to construct the references.

Methods for creating distance references
Producing centile charts has been labeled as ‘something of
a black art’.26 This section briefly reviews about 30 methods
for fitting centile curves that have been proposed over the
last 30 years. The material presented here draws upon more
extensive reviews by Wright and Royston27 and Borghi et al.28
The major task in centile construction is to smooth the
reference distribution in two directions simultaneously,
between age and within age. Borghi et al.28 used and extended
a classification of methods for references originally put forward by Cole. In this classification, methods are distinguished on the following characteristics:

The diagrams in Figure 11.1 summarize the distribution of
attained size in a known reference population at different
ages. A chart of attained size is known as a distance chart.
Distance charts are often constructed from cross-sectional
data. A distance chart can be legitimately used:

●

To compare attained growth between two different
populations
To compare attained growth of the same population at
different occasions
To detect aberrant individual growth using a single
observation located in an extreme centile

●

It is tempting to classify a sequence of measurements of
one particular person that ‘cross centiles’ rapidly over time
as unusual. However, the distance chart is inappropriate
for assessing longitudinal patterns. The implicit assumption is that children should grow parallel along the centile
curves, and that deviations from this pattern indicate
unusual growth. Yet, this is not true.23 The curve of the
cross-sectional 50th centile is not the curve actually followed by any individual, even the individual who is at the
50th percentile before puberty, at the 50th percentile after
puberty, and who has a spurt at the average time at the
average intensity.4 The distance chart contains no information about changes in centiles from one age to another.
Several authors have emphasized this point,4,24,25 but the
use of the distance diagram as a tool for monitoring longitudinal measurements is nevertheless widespread.

●

●

●

●

171

●

Estimating centiles separately versus estimating them
together. Methods that estimate centiles together can be
further classified according to the distributional assumptions made.
Recoding data into age groups versus treating age as
continuous.
The type of age-smoothing method.

BASIC METHOD

The basic method for deriving distance references consists
of three main steps:

●

●

Classify the observations into age groups.
Calculate the empirical distribution function from the
ordered values of size at each age, and estimate the desired
set of centile values, e.g., the 3, 10, 25, 50, 75, 90, 97 centiles, per age group.
For each desired centile, smooth the centile values across
age to form an age-dependent curve. Smoothing can be
done by splines functions,29 kernel regression30,31 or by
eye.32,33

This method is simple to understand and provides an accurate estimate of the shape of the size distribution across age
if the sample size is large. On the other hand, it is not without problems. First of all, creating age groups will bias the
variance upwards if the measurements are taken from
children whose exact ages differ from the midpoint age.
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Healy34 proposed to reduce the variance by a factor b2/12,
where b is the average amount of growth occurring during
the interval. Even if all children would be measured at the
same exact calendar age, estimating centiles from the empirical distribution function sounds easier than it actually is.
Care is needed in computing extreme centiles, as some interpolation is needed. The algorithms implemented in SPSS and
SAS can give odd results, producing estimates that are too
extreme, irrespective of the interpolation algorithm used.
The S-Plus function quantile() does not have this problem.35
Finally, because the method does not use neighboring information, the influence of sample fluctuations can produce
centile curves that could potentially cross each other.36
DISTRIBUTIONAL ASSUMPTIONS

The basic method can be improved by incorporating the
assumption that size measurements within an age group
follow some distribution. This assumption facilitates assessment of asymptotic behaviors and provides simple formulas for calculating SD scores. Of course, these advantages
will only be realized if the assumed distribution fits the
data. Methods have been developed using the normal distribution,37 possibly obtained after applying a Box–Cox
transformation,26,38 a square-root transformation,39 or a
variance stabilizing transformation.40
AGE AS A CONTINUOUS VARIABLE

Another type of improvement involves using age as a continuous variable. Koenker and Bassett41 proposed to estimate a given regression quantile directly from the data,
conditional on one or more co-variates. The method is elegant because it combines both within and across age variation into one optimization function. The method estimates
quantile curves separately, which could unfortunately
result in curves that touch or cross each other. The method
has been adapted in several ways to prevent quantile crossing.42–44 Related nonparametric methods have been developed by Wellek and Merz,45 Rossiter,46 Gasser et al.47 and
Gannoun et al.48 The HRY method49 estimates each centile
through a moving window using a high-order polynomial
function. Constraints are applied to the coefficients of the
polynomial so that these vary smoothly with the percentiles, thereby ensuring commonality on the centiles so
that the curves do not cross. A problem with this procedure is that a fixed polynomial may not be sufficiently flexible if smoothing is applied to a wide age range. Pan and
Goldstein developed extensions that improved upon the
original formulation of the HRY model.50,51
DISTRIBUTIONAL ASSUMPTIONS AND AGE AS A
CONTINUOUS VARIABLE

Many methods have been developed that incorporate both
improvements. Methods differ in the type of the assumed

age-conditional distribution, and can be broadly classified
into three groups:
●
●

●

Methods assuming a normal distribution
Methods assuming a normal distribution after transformation
Methods assuming a non-normal distribution

In the first group, Aitkin52 proposed to use maximum
likelihood estimation of a linear model for the mean and
a log–linear model for the variance. Altman53 modeled
the absolute residuals about the fitted mean as a function
of age.
The group of methods assuming normality after a transformation is quite large. By far, the most popular method
is the extended LMS method by Cole and Green.54 The LMS
method assumes that the age-conditional distribution is
normal after a Box–Cox55 type of transformation. An agedependent L-curve models skewness, the M-curve portrays
how the median attained size varies with age, and the S-curve
describes in what way the coefficient of variation depends
on age. The L-, M- and S-curves are fitted by maximum
penalized likelihood. Centiles are calculated in the transformed scale, and then back-transformed into the original
scale. Similar methods have been proposed by Wade and
Ades56 who used a parametric smoothing method,
Thompson and Theron57 who assumed the four-parameter family of Johnson’s distribution58 to model kurtosis,
and Royston59 who applied a shifted-logarithmic transformation. The method of Tango60 finds transformations for
both size and age such that after transformation size is a
linear function of age with constant variance. If successful,
the normal model can be applied on the transformed data
to obtain centile curves. Royston and Wright61,62 proposed a
parametric variant of the LMS method, called the ‘fractional
polynomials and exponential transformation’ (FPET)
method. The distribution of size can be an exponential distribution with three parameters, or a modulus–exponential distribution with four parameters (which models
kurtosis). The parameters of the chosen three- or fourparameter distribution are estimated by maximum likelihood. Yee63 replaced the Box–Cox transformation by the
more general Yeo–Johnson transformation64 towards normality, which amongst others, allows for negative values of
size and potentially results in better normal approximations.
Several methods based on non-normal distributions
have been developed. Sorribas et al.65 proposed a parametric method based on the flexible S-distribution. This
method smooths the parameters of the distribution across
age. Yee63 pioneered the use of the Box–Cox transformation towards a gamma distribution, which leads to computational benefits. Rigby and Stasinopoulos66 generalize the
LMS method so that the distribution after the Box–Cox
transformation is a t-distribution instead of the normal.
This allows to model leptokurtosis, i.e., a higher mean and
thicker tails than the normal distribution. In another generalization of the LMS method, the same authors apply the
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Box–Cox power exponential distribution, which models
skewness and both leptokurtosis and platykurtosis.67
CHOOSING A METHOD

By now, the reader may be left somewhat bewildered by the
wide array of possibilities. What method should be used in
practice? The short answer is: the LMS method. The LMS
method is easy to understand, fits reasonably well for many
anthropometric measures, provides closed formula for calculating SD scores, comes with good model fitting tools, and
has been applied by so many authors that it has become the
de facto standard. On the other hand, the LMS method is
not without weaknesses. It assumes that there is no kurtosis, which may not be true. Evidence is accumulating that
kurtosis can have a significant effect on the location of the
extreme centiles.68 Nonparametric methods do not make
any distributional assumption, but this comes at the
expense of a loss of precision and the capability to calculate
SD scores. Methods using other transformations (FPET,
Yeo–Johnson, Tango, Johnson family) or distributions (S-,
t- or BCPE distributions) may give more accurate descriptions of the data while accounting for kurtosis. The LMS
method is limited to single covariates, and is cumbersome
to apply if the analysis sample must split into groups, e.g, in
modeling the weight-for-height (WfH) relationship for
different age groups. The methods of Royston and Wright,
Yee, and Rigby and Stasinopoulos can be used with multiple
covariates.
Some comparisons of methods have been published,27,69–71 but the performance of the more recent
methods has not yet been evaluated. The WHO is currently
working on a comparison involving the methods of the
Box–Cox, the Box–Cox t, the Box–Cox power exponential,
the FPET method, and the Johnson family of distributions.
More comparative work is needed to infer whether the
newer methods would actually make a difference in practice.

VELOCITY REFERENCES
Standards based on longitudinal data are required when
the same child is to be seen on more than one occasion.
Conventionally, velocity is calculated as V  (X2  X1)/
(T2  T1), where X1 and X2 are the attained size at ages T1
and T2. Velocity can be expressed as gain in cm years1, or
kg month1. Low velocity appears on the distance chart as
downwards centile crossing.
An alternative is to define velocity in the rate of change
in SDS per time, i.e., W  (Z2  Z1)/(T2  T1), where Z1
and Z2 are the SDS corresponding to X1 and X2. This measure standardizes the velocity scale to SDS per year, but does
not standardize the distribution of W itself. The distribution
of W depends on T1 and T2. This implies that a deflecting
curve with a slope of 1 SDS year1 can indicate dramatic
growth stunting during childhood, while the same deflection could fall within the normal range during infancy.
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Figure 11.2 Expected percentage in the reference population
having an SDS velocity below 0.25 SDS year1. The
measurement interval is one year.

Interpretations of W that fail to take the age dependency into
account might lead to misleading inferences.72,73 Figure
11.2 provides an indication of the percentages of the children whose velocity is lower than 0.25 SDS year1, as calculated from several longitudinal studies.24,74–76 Note the
strong dependency on age.
Cole discussed a velocity measure whose distribution is
independent of age: Zg  (Z2  Z1)/SD(Z2  Z1), where
SD(Z1  Z2)  (2  2r ) , and where r is the correlation
between Z1 and Z2 in the reference population.77 Zg has a
standard normal distribution for all pairs of (T1, T2), and
for that reason Zg is preferable over W. Depending on the
value of r, the conclusions emanating from both indices
can be quite different.

CONDITIONAL REFERENCES
The interpretation of change over time is affected by regression to the mean.78 An individual with an extreme size on
T1 can expect a less extreme size on T2. The strength of the
effect is determined by the correlation coefficient. Regression to the mean is crucial in the interpretation of repeated
observations. A child in a low centile at T1 will have a
greater expected velocity than one of the same age starting
from a higher centile. Velocity references do not take this
effect into account, and are thus intrinsically flawed.23
Healy79 suggested that conditioning on previous observations may overcome the problem. Cameron75 and Berkey
et al.80 have put this idea to practice. A conditional reference adjusts the population reference for another variable.
In longitudinal data, past observations evidently make up
relevant information to condition on.81 Cole24,77 proposed
(1 
,
r2)
the conditional gain score cZg  (Z2  rZ1)/
which improves upon Zg since it properly accounts for
regression to the mean.
Conditioning may also involve multiple factors. For
example, Thompson and Fatti82 proposed a weight chart for
women that adjusted the overall location of the references
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to individual characteristics like height, age, and parity.
Clearly, the idea of conditioning can be exploited to develop
screening and monitoring tools that might have elevated
sensitivity and specificity for detecting growth-related
diseases.15
Table 11.3 summarizes indices for age-related references,
illustrating the pros and cons of each index. It will be clear
that the methodology also applies to references that are conditional on other factors, such as weight or parental height.
Velocity and conditional indices rely on two measurements instead of one. A disadvantage is that both are sensitive to measurement error, especially if the period T2  T1
is short. Of these two, the conditional SDS gain is less sensitive to measurement error, and should therefore be preferred. The variance of the conditional SDS gain is always
lower than that of the SDS gain, especially for small r.
Methods for estimating conditional references have
been described by Cameron et al.,75 Berkey et al.,80 Wright
et al.,83 Cole,24 Royston,81 Gasser et al.,47 Pan and
Goldstein,84,85 Thompson and Fatti,82 Fatti et al.,86 Wade
and Ades,87 and Reinhard and Wellek.88 It may not be so
easy to get the correlation between Z1 and Z2 from a tabulated reference. In daily practice, the observation ages T1
and T2 may not be sufficiently close to the tabulated reference age intervals. It is not yet clear what the best way is to
approximate r in such cases.
This section concentrated on conditional velocity reference, where conditioning is applied to one or more previous
observations. Conditional distance references are also possible, and that type of references is in fact older. Examples
include references that condition on parental height89 and
sibling births weight.90

Table 11.3
references

MODEL EVALUATION
It is crucial that models used to estimate reference intervals
fit the data extremely well.91 Yet, relatively little research
has been done on methods for evaluating and improving
the fit of the model. References can be fitted in a variety of
ways, but all approaches need to specify in some way
the amount of smoothness that provides a reasonable
trade-off between parsimony of the curves and the fidelity
to the data. This section discusses various ways to gauge
this trade-off. Let us distinguish among the following
approaches.35

Visual inspection of the shape of the
reference curves
Experienced researchers may recognize the appropriateness of a given set of reference curves based on subtle features in the shape, like a ‘pubertal belly’ in cross-sectional
data. In general, substantial exposure to reference curves is
needed to develop the necessary skills.

Centiles plotted onto the individual
data points
This type of plot is useful for inspecting outliers and for
detecting gaps in the data and gross errors in the model,
but its resolution is too limited to be helpful in choosing
among different models. Attained size can be visualized in

Indices for individual attained size and growth, to be used in conjunction with age-related distance, velocity and conditional

Definition
Distance
X1
Z1

Velocity
V  (X2  X1)/(T2  T1)
W  (Z2  Z1)/(T2  T1)
Zg  (Z2  Z1) / 
(2 2r)


Conditional
cZg  (Z2  rZ1) / 
(1 
r2)

Name

Advantages

Disadvantages

Attained size at age T1
Standard deviation score
(SDS) at T1

Simple
Comparable across age and
sex, has standard normal
distribution

Interpretation depends on age and sex
Provides no information about growth
over time

Velocity
Velocity in SD scale

Easy to calculate
Adjusts velocity for age
and sex
Comparable across age and
sex, has standard normal
distribution for all T1 and T2

Interpretation depends on age and sex
Distribution still depends on age
Does not account for regression to the
mean, requires correlation
between Z1 and Z2

As Zg, but accounts for
regression to the mean

Requires correlation between
Z1 and Z2

Standardised gain score
(SDS gain)

Conditional SDS gain
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both the original and in the SD scale, but the latter possibility offers a higher resolution.

Empirical and fitted centiles plotted on
top of each other
This is an old and quite accurate technique in which the
observations are divided into age groups. Empirical centiles
are computed for each group, and these are plotted together
with the fitted curves. If everything is right, the fitted curves
should be close to the point estimates (i.e., within sampling
error). Various choices are possible for the vertical scale
(raw, standardized for mean and/or standard deviation). A
disadvantage of the raw data plot is that if the standard
deviation changes with age, the same distance means different things at different ages. Van Wieringen5 pioneered a
standardized graph under the heading of ‘graphical graduation’, which plots empirical and fitted centiles in deviations from the median on the original scale.

Observed and expected counts
Healy et al.48 suggested comparing observed and expected
frequencies of observations within defined centile and age
groups, a method now known as the grid test.91 Suppose
that observations are grouped into centile groups divided
by the 5th, 50th, and 95th centile curves and grouped according to age. If the model fits well, we would expect to observe
about 5, 45, 45 and 5 percent of the cases in each group.
The difference can be summarized by a chi-squared statistic,
which can be tested for statistical significance. Although
intuitively appealing, the grid test lacks statistical power
because of the severe data reduction steps.91 Metcalfe92
defended the grid test by arguing that the grid test may
detect aberrant patterns near the extremes that more powerful statistical tests may fail to pick up.

Q–Q plots93 can be applied if the measurements are supposed to follow a known distribution. The display plots the
quantiles of the theoretical distribution (on the horizontal
axis) against those of the empirical distribution (on the
vertical axis). The Q–Q plot for normal data, also known as
the normal probability plot, is best known, but it can be
adapted to other distributions. The plot yields insight into
structural characteristics (e.g., skewness, kurtosis) of empirical deviations from the assumed distribution. A detrended
Q–Q plot is obtained if each empirical quantile is subtracted from its corresponding unit normal quantile. The
detrended plot is sensitive to subtle deviations.94 Global
Q–Q plots across the entire age range are not informative,
and should thus be split according to age.

Worm plot
The worm plot35 consists of a collection of detrended Q–Q
plots, each of which applies to a successive age group. The
vertical axis of the worm plot portrays, for each observation, the difference between its location in the theoretical
and empirical distributions. The data points in each plot
form a worm-like string. The shape of the worm indicates
how the data differ from the assumed underlying distribution, and when taken together, suggests useful modifications to the model. A flat worm indicates that the data
follow the assumed distribution in that age group. So the
aim of the model fitting process is to ‘tame the worms’.
Figure 11.3 is the end result of fitting height distribution of
boys. All worms are reasonably flat and are within chance
variation, so the model fits quite well.
2

0

2

2

0

15.1–16.3

16.3–17.6

17.6–18.9

18.9–21.7

10.4–11.7

11.7–13.0

13.0–14.0

14.0–15.1

1.9–2.9

2.9–5.4

5.4–9.1

9.1–10.4

0.0–0.2

0.2–0.7

0.7–1.2

1.2–1.9

Statistical tests applied to the distribution
of the SD score
In all models that assume a normal distribution, the SD score
should be normally distributed at all ages. A mix of clearly
non-normal age-conditional SD scores can make up a
marginal distribution that is close to normality. Therefore,
global tests that do not account for the age-conditional
nature of the SD score are uninformative and should not
be used.35 Royston and Wright91 developed a series of ageconditional Q-tests, which summarize how much the SD
score deviates from the normal in the mean, spread, skewness and kurtosis. Likelihood ratio tests are also used to fit
models, though it is not entirely clear what should be taken
as the appropriate reference distribution.67 Statistical tests
are very useful in signaling that there is a problem, but may
be less able to tell at what age the problem occurs.
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Quantile–quantile plot (Q–Q plot) of the
SD scores

Deviation
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Figure 11.3 Worm plot of the final LMS model (0/10/6r) fitted
to height of Dutch boys 1–21 years.
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Pan and Cole compared the behavior of the worm plot,
the Q test and the Likelihood ratio test by fitting LMS
models to data from the Third Dutch Growth Study.33
They concluded that all are useful tools for testing goodness of fit, and suggested in what ways they complement
each other.
Outliers also influence the fit. Tango95 proposed a
method for identifying outliers. Kapitula and Bedrick96
proposed a diagnostic for measuring the influence of individual cases on the estimated centile curves within the context of FPET model.61

DETECTION OF GROWTH DISORDERS
The growth reference is widely used in pediatric practice,
but not much is known about its performance in detecting
growth disorders.97 A growth diagram defines the specificity of a single height measurement, but its sensitivity is
unknown for even the most frequent diseases. This is
unfortunate because it precludes an informed discussion
about referral criteria. Referral criteria have been develop
and evaluated,98–101 but this has not prevented the appearance of widely different guidelines. For example, the recent
UK guideline102 is based on just one universal height measurement at age five, whereas the Dutch consensus guidelines103 consist of multiple referral criteria covering infancy,
childhood and adolescence. All in all, current practice differs among practitioners, and practices are not founded
on evidence.
This issue was recently addressed by a new methodology
for estimating sensitivity, specificity and median referral age
for referral rules.104 Turner Syndrome was taken as a target
disease, Three basic rules were investigated: (1) height SDS
below a given cut point, (2) height SDS below a cut point
but corrected for parental height, and (3) height SDS velocity below a given cut point. Using two longitudinal data
sets, one for Turner syndrome and one reference, it was
found that the parentally adjusted rule is superior to both
others, with sensitivity near 70 percent and a specificity of
99.4 percent. Turner syndrome is, in some sense, an ‘ideal
condition’ to show the methodology,105 but the principle
can be adapted to other disorders covered by the chapters
of this book.
Implementing new screening protocols using growth
references requires careful consideration of the current setting. An example is the new Dutch protocol for detecting
overweight and obesity.106 Both overweight and obesity are
defined in terms of BMI, yet existing practice in the
Netherlands is based on the WfH chart. It was considered
undesirable to replace the WfH chart by the BMI diagram,
as that would create a new obligation to calculate BMI for
every child. The solution to this dilemma was to continue
using WfH, and calculate BMI only for children that have a
WfH SDS over 1 SD. For this reason, the ‘normal range’
on the Dutch WfH chart was chosen to be between 1 and

1 SD (cf. Figure 11.1). Figure 11.4 is a flow chart of the
new protocol.

INDIVIDUALIZING REFERENCES
Growth references typically take the form of age-conditional
reference ranges by sex. These references portray the growth
expected over all members of the reference population.
Increased heterogeneity among these members will lead to
more variability in the references, and thus to a lower level of
precision for the growth expected for an individual member.
It is often useful to eliminate unwanted variation from
the population standards. Factors that can account for
considerable variability between members are: individual
growth history, parental height, premature birth, region,
ethnicity, age of pubertal onset, being part of a twin, breast
feeding, presence of a disease, and the level of education.
One can condition on one or more factors. In practice, this
can involve selecting subgroups from the reference population, and adapting the reference data to reflect the characteristics of this subgroup. The results may be a narrower,
more precise, reference that is tailored to the characteristics of the individual.
Conditioning is not always good, and should only be
done if the subgroup reference fits the purpose of the
applied context. An example where this may not be true is
parental weight. Creating a reference from the subgroup of
children with overweight parents is likely to shift the
weight distribution upwards. Using this individualized reference in a normative way may miss children that actually
are at risk, leading to a loss of potential health gains.

MISCELLANEOUS TOPICS
Synthetic growth charts
Growth references require large and costly studies. When
resources are limited, synthetic growth reference charts107
can help in providing quick-and-dirty growth charts. For
boys, a synthetic height reference can be constructed using
samples from the population at the ages of 0, 2, 6, 14, and
18 years. The remaining ages of the reference can be interpolated according to the known shape of the distance diagram. Synthetic growth charts for body weight have also
been developed.108 Little is known about the accuracy of
these synthetic charts, but the idea is interesting and may
stimulate the realisation of gross savings in periodical
updates of reference values.

Chart design issues
Traditionally, the reference diagram plots a set of percentiles
against age, usually the P3, P10, P25, P50, P75, P90 and P97.
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Measure height and weight

Plot in WfH diagram

SDS(WfH) > 1?
No

Yes
Calculate BMI

Normal weight

BMI > obesity cut-off ?
No
Yes

BMI > overweight cut-off ?

Obesity
Yes

No

Normal weight

Clinical symptoms?
No

Yes

Normal weight

Overweight

Figure 11.4 Flow chart of the new Dutch protocol for identifying overweight and obesity.

The extreme centile lines are sometimes combined with P5
and P95 curves.109 Though percentiles are easy to understand, a difference on the percentile scale is meaningless.
The clinical implication of ‘losing 10 percentile points’ can
be very different, depending on the location on the scale. If
a child migrates from P50 to P40, there is probably little
reason for concern. On the other hand, migrating from
P11 to P1 can have profound clinical significance. The SD
score does not have this problem, can be calculated outside
the extreme centile curves, and be visually interpolated from the diagram. The British110 reference uses a
spacing of 2/3 SD, whereas the Dutch diagrams apply an
intercurve spacing of 1 and 1/2 SD. A drawback is that SDbased charts are less intuitive to the uninitiated.
The traditional growth chart design fails to use 90 percent of the rectangular graphic area. There are few toddlers

with a height of 180 cm or adults with a height of 60 cm. It
is therefore more efficient and more informative to plot
the SDS against age. Sorva et al.111 developed a format in
which normal growth is shown as a horizontal line and any
deviation from this indicates abnormal change in growth.
Thus far, such charts seem to have been used only in
Finland. Figure 11.5 plots a chart for Dutch boys 0–24
months. The curved lines can be interpreted as height contours, so the name ‘meridian chart’ seems appropriate for
this type of display.
The effective display of conditional references is a major
challenge. Cole112,113 developed ways to enrich the distance
diagram with velocity information by means of overlays.
Given the importance of monitoring growth, more work
along these lines is needed. Chart design issues are heavily
tied to growth diagrams on paper. The use of computerized
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Figure 11.5 Meridian chart of height of Dutch boys aged 0–24 months based on data from the Third Dutch Growth Study. Instruction:
At the appropriate age, find the meridian (cm) line that equals the measurement, and mark the location. If necessary, interpolate between
the two nearest meridian lines.

systems for presenting and using growth diagrams will
have a major impact of the type of design decisions that
need to be made.

1.0
0.9
0.8
0.7

Non-continuous outcomes
Relatively little work has been done on the construction of
age-related references for non-continuous measures. Noncontinuous measures that are of interest include: pubertal
stages, indicators of motor and mental development, visual
acuity, developmental milestones, clinical grades, and so on.
Figure 11.6 shows how the probability of attaining
pubertal stages G2–G5 of Dutch boys stages varies with
ages.114 These probabilities were modeled separately for
each stage as a continuous, nonlinear function of age by a
generalized additive logistic model.115 The probability of
passing P10, P50 and P90 can be read off from the curve
(except for P10 of G2), and used in the reference diagram
as in Figure 11.1.
Figure 11.7 is a collection of reference diagrams of menarche probability of Dutch girls, where probability is modeled by an additive logistic model with two main factors.
The first is age, the second is either weight, height or BMI,
in both raw and standardized forms. A vertical course of
the lines means that menarche probability is indifferent to
the factor. So, the top-left plot indicates that higher weight
is associated with an increase of menarche probability, but

Proportion
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Figure 11.6 Empirical probabilities and fitted reference curve of
genital stages G2–G5 for Dutch boys 8–21 years (Data: Fourth
Dutch Growth Study).

that weights beyond 60 kg do not further increase the menarche probability, irrespective of age.
Wade et al.116,117 estimated references for ordinal outcomes using a fully parametric proportional odds model
with asymmetric logistic models per cumulative category.
More work on non-continuous outcomes would be useful.
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Figure 11.7 Reference chart of menarche probability as a function of age and weight (kg and SDS), height (cm and SDS) or BMI (kg m2
and SDS) (Data: Fourth Dutch Growth Study).
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KEY LEARNING POINTS
●

●

●

●

●

●

●

Growth references describe anthropometric variation within a group of individuals. Standards
delineate variation that is considered normal,
optimal or healthy.
Growth references are valuable for answering a
wide variety of questions on both the individual
and population level.
References can be classified as distance, velocity
and conditional. Distance references are informative about attained size only, whereas velocity
and conditional references describe the process of
growth over time.
The best current methods for fitting ageconditional references treat age as a continuous
and assume a distribution per age.
Good tools like Q-tests and worm plots exist to
evaluate the quality of a fitted growth model.
Detecting growth disorders by a growth diagram
requires information about its sensitivity, specificity and referral time distribution.
More work is needed on diagnostic performance,
on methods for individualizing references, on
synthetic growth charts, on computerized systems, and on non-continuous outcomes.
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