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Abstract
An important goal of growth monitoring is to identify genetic disorders, diseases or other conditions that
manifest themselves through an abnormal growth. The two main conditions that can be detected by
height monitoring are Turner’s syndrome and growth hormone deficiency. Conditions or risk factors that
can be detected by monitoring weight or body mass index include hypernatremic dehydration, celiac
disease, cystic fibrosis and obesity. Monitoring infant head growth can be used to detect macrocephaly,
developmental disorder and ill health in childhood. This paper describes statistical methods to obtain
evidence-based referral criteria in growth monitoring. The referral criteria that we discuss are based on
either anthropometric measurement(s) at a fixed age using (1) a Centile or a Standard Deviation Score,
(2) a Standard Deviation corrected for parental height, (3) a Likelihood Ratio Statistic and (4) an ellipse, or
on multiple measurements over time using (5) a growth rate and (6) a growth curve model. We review
the potential uses of these methods, and outline their strengths and limitations.
Keywords
Growth, monitoring, screening, diagnostics, percentile, standard deviation score, likelihood ratio, ellipse

1 Introduction
Growth monitoring in infancy and childhood has been part of preventive child health programs for
more than a century in both developed and underdeveloped countries. It is a popular tool for
deﬁning health and nutritional status of children.1 At the individual level, growth monitoring
includes measuring the individual’s height, weight, head circumference and parental height. The
individual growth curve is then plotted on a growth chart and interpreted in order to decide whether
referral to a pediatrician is needed. When a child is referred, the pediatrician aims to detect the cause
of the growth disorder.2,3
Growth monitoring is most useful in identifying growth disorders that meet two criteria. First,
there should be no other clinically obvious points that might alert parents and primary care staﬀ.
Second, the growth pattern should deviate substantially from normal in most cases of the condition.
The two most prevalent conditions that may meet these criteria for height are Turner’s syndrome2–6
and growth hormone deﬁciency.2 Other conditions or risk factors with a slowed growth for weight
1
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or body mass index (BMI) include hypernatremic dehydration,7 celiac disease,8 cystic ﬁbrosis9 and
obesity.3,10 Conditions with an abnormal head growth are macrocephaly, developmental disorder
and ill health in childhood.
There is little consensus on referral criteria for growth among industrialized countries.11 As far as
we know, three consensus-based guidelines have been published: the Finnish guideline,12,13 the
United Kingdom guideline2 (‘‘Coventry Consensus’’) and the Dutch consensus guideline.14 The
Finnish and UK consensus guidelines were not validated. In 2004, it was shown that if the Dutch
consensus guideline would be followed strictly, an unacceptably high percentage (over 80%) of all
checked (healthy) children would have to be referred.15 In order to improve the situation, several
studies were initiated to obtain evidence-based referral criteria in growth monitoring.4–10 The aim of
this paper is to review the statistical methods in these studies and to obtain evidence-based referral
criteria in growth monitoring. We outline the strengths and limitations of each method.

2 Quality criteria of growth monitoring as a screening program
Evidence-based referral criteria are needed if growth monitoring is used as a screening program.10
According to the United Kingdom (UK) national screening committee (NSC), screening is deﬁned as:
‘‘a public health service in which members of a deﬁned population, who do not necessarily perceive
they are at risk of, or are already aﬀected by a disease or its complications, are asked a question or
oﬀered a test, to identify those individuals who are more likely to be helped than harmed by further
tests or treatment to reduce the risk of a disease or its complications.’’16 The intention of screening is to
identify the disease early, thus enabling timely intervention and management in the hope to reduce
mortality and suﬀering from the disease. Growth monitoring can be considered as a screening
program. However, in general there are three important diﬀerences between growth monitoring
and other screening programs.10 First, a referral is often made on a combination of abnormal
growth and other clinical symptoms, while the result of a conventional screening program usually
only depends on the result of a test. Second, growth monitoring is aimed at identifying multiple
diseases simultaneously, while a screening program is often aimed at identifying one disease. Third,
growth monitoring is usually performed over a longer time period, while a screening program oﬀers a
test to the population at one moment in time or several tests at a given age.
The NSC developed 22 quality criteria for appraising the viability, eﬀectiveness and
appropriateness of a screening program.16 The 22 NSC quality criteria are subdivided into four
groups: (1) the epidemiology of the condition; (2) the properties of the test; (3) any treatment options
and (4) the acceptability of the screening program. We will discuss several elements of these four
groups in detail.10

2.1

Epidemiology of the condition

The ﬁrst group of quality criteria deals with the epidemiology of the condition. The condition should
be an important health problem. It is known that an abnormal growth can be an early sign of several
conditions and that some of these conditions are important health problems. The rapid rise in
childhood obesity is a good example.

2.2

Propertjes of the test

The second set of quality criteria concerns the properties of the test or referral criteria. This implies
that the referral criteria should be acceptable to the population, safe, precise, simple and validated.
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Growth monitoring is currently already widely implemented in practice and is generally considered
as safe. Accurate measurements include a standardized measurement technique, quality equipment,
which is regularly calibrated and accurate, and trained measurers.17,18 Information on the appropriate
equipment and techniques for accurate weighing and measuring of infants, children and adolescents
are needed and is available from the International Organization for Standardization; a worldwide
federation of national standards bodies.19 Furthermore, the referral criteria should be simple. The
simplest criterion consists of comparing a single anthropometric measurement to some norm. More
advanced criteria may involve multiple measurements over time. Repeated measurements of height
and weight as part of scheduled visits at child health care centers have been suggested,20 but until now
there is little information with regard to the most cost-eﬀective number and timing of visits.
An important element of the quality criteria is that there should be a validated screening test. In
growth monitoring, a screening test consists of one or several referral criteria based on growth. For
example, the lowest centile of a growth chart for height can be used as a screening test. The test is
then considered positive if a child’s height is below this centile and negative if above. Validated or
evidence-based referral criteria are able to detect, at an early stage, as many children with growthrelated conditions as possible (high sensitivity) at the account of only a limited number of children
with a false-positive result (high speciﬁcity).

2.3

Role of interventions

A third type of quality criteria states that there should be an eﬀective treatment or intervention for
the children with conditions identiﬁed through early detection, with evidence leading to better
outcomes than late treatment. For most of the growth-related conditions, it is known that early
treatment improves outcomes. Early treatment with growth hormone has proved its eﬃcacy in the
treatment of various conditions with short stature.21 Children with Turner’s syndrome have higher
disease risks, especially due to the risk of dissection of the aorta and other cardiovascular diseases, as
well as the risk of type 2 diabetes, osteoporosis and thyroid disease.22 Early detection of children
with Turner’s syndrome enables the pediatrician and cardiologist to evaluate these children.
Children with Turner’s syndrome should be screened for hypertension and electrocardiographic
abnormalities in addition to anatomic anomalies. Blood pressure should be monitored on a
regular basis.23 For children with celiac disease, early detection and treatment with a gluten-free
diet is required to improve the immediate quality of life of the patients and to decrease the long-term
risks, including a higher prevalence of malignancies, adverse pregnancy outcome, neurological
problems and osteomalacia.24 For children with cystic ﬁbrosis, treatment may include pulmonary
therapy (treatments to maintain lung function) and nutritional therapy. For infants with
hypernatremic dehydration, early detection is needed to prevent serious complications, such as
ﬁts, disseminated intravascular coagulation, multiple cerebrovascular accidents and even death.
Evidence on the long-term eﬀects of treating childhood obesity is still limited.25

2.4

Cost-effectiveness

Finally, there are quality criteria related to the acceptability of the screening program. An important
element of these criteria is that the screening program should be cost-eﬀective. Screening should be
worth the money. The direct costs of growth monitoring include equipment, staﬀ, training of staﬀ
and the costs associated with referral for further investigation. A more demanding test is more
expensive, but may also have a higher yield. Studies on economic modeling suggest that growth
monitoring is associated with health improvements and is cost-eﬀective.3 In general, for an adequate
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evaluation of the cost-eﬀectiveness, we need insight into the diagnostic performance of various
referral criteria and the costs that are associated with this. From a societal perspective, a high
speciﬁcity for the referral criteria is desirable to minimize unwanted health costs, to free clinical
practitioners from being overloaded by work, to evade unnecessary interventions and treatments for
healthy children and to reduce parental and child’s anxiety.
In summary, many steps have to be taken into account for growth monitoring to fulﬁll the quality
criteria of a screening program. This paper will focus on the validation of referral criteria, an
element of the second group of quality criteria.

3 Statistical referral criteria in growth monitoring
Most research to date has been done on cross-sectional data, producing reference charts and growth
standards. A reference chart is a graphic presentation of how children normally grow without making
any claims about the health of its population, whereas a standard represents ‘healthy’ growth of a
population and suggests a target to achieve.26–28 In 2006, the WHO published growth standards
representative of children being raised according to recommended health practices.29 Several of
these conditions are exclusive or predominant breastfeeding for four to six months and optimal
health care and an optimal environment without conditions that could limit growth, such as
smoking. Although the WHO outlines how children should grow, there is some controversy
whether the WHO growth chart applies to all countries of the world.30 Apart from the WHO
charts, there are reference charts available for diﬀerent ethnicities (also within one country),
twins,31 preterm infants32 and syndromes.33–43 Syndrome-speciﬁc charts are useful for comparing
individual children to other children with the same diagnosis and, perhaps, to detect other
pathologies within this group.
Many European countries use a local reference chart, while countries in Asia, Africa, Latin
America and Caribbean, Northern America and Oceania mainly adopt the NCHS/WHO (now
replaced by the WHO chart).29 The United States is now using the growth charts of the Centers for
Disease Control and Prevention (CDC).44 There is also a wide variation in anthropometric indexes
used in child growth monitoring.45 Most countries use charts of weight for age, but some European
countries and Northern America assessed length/height for age and head circumference for age.46
Several studies were performed to obtain evidence-based referral criteria in monitoring height,
weight and/or BMI.4–10 In the next paragraphs, we review the potential uses of methods to obtain
referral criteria for growth and outline their strengths and limitations. The choice among these
criteria depends on the situation in which it is to be applied. Important dimensions on which the
criteria vary are:
(1) Are we screening for speciﬁc disorders? Do we incorporate disease-speciﬁc growth references
into the criteria?
(2) Do we refer on a single measurement taken at a speciﬁc age, two measurements at diﬀerent ages
or multiple measurements at diﬀerent ages?
(3) Do we refer on a single type of measurement (e.g. height) or do we combine diﬀerent
measurements (e.g. height and sitting height)?
(4) Are we trying to improve precision by incorporating important covariates (like height of the
parents) into the criterion?
Depending on the response of these questions, some types of referral criteria will be more
appropriate than others. The referral criteria that we discuss are based on either anthropometric
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measurement(s) at a ﬁxed age using (1) a Centile or a Standard Deviation Score (SDS), (2) a SDS
cut-oﬀ corrected for parental height, (3) a Likelihood Ratio Statistic and (4) an ellipse, or on
multiple measurements over time using (5) a growth rate and (6) a growth curve model.

3.1

Data

Receiver operating characteristic (ROC) curves are presented for the criteria based on longitudinal
height from birth to 10 years of 777 girls with Turner’syndrome,4–6,47 longitudinal height and weight
from birth to 2.5 years of 102 children with celiac disease5,8,48,49 and 216 children with cystic
ﬁbrosis,5,9 cross-sectional height and sitting height from 10 children with Marfan and 10 children
with hypochondroplasia,50 a reference sample of longitudinal data from birth to 10 years of a cohort
of 970 children (489 girls) born in Limburg in the Netherlands,4–6 longitudinal height and weight
data from birth to 2.5 years of a reference group obtained from the Social Medical Survey of
Children Attending Child Health Clinics (SMOCC) cohort (n ¼ 2151) in The Netherlands5,8,9,51
and cross-sectional data from the Fourth nationwide growth study in the Netherlands.52 Parental
height was available for children with Turner’s syndrome, celiac disease, cystic ﬁbrosis and the
references. If missing, parental height was imputed using multivariate imputation by chained
equations.53 For all details about these data, methods and analyses, we refer to van Buuren
et al.,6 van Dommelen et al.4,8,9 and Grote et al.5

3.2

Referral criteria based on a fixed centile or SD curve

Some countries present their charts in centiles, while others use Standard Deviation Scores (SDS54).
Centiles indicate a child’s position within the distribution of the reference population. As an
example, if a child has a height-for-age at the third centile, then 3% of the reference population
who are at the same age and sex are shorter than that child. The simplest referral criteria are based
on a centile (P) with a certain cut-oﬀ level (c). For an anthropometric measurement y, the referral
criterion becomes as follows:
(1)

if Pð yÞ 5 c, then refer, else not

(centile criterion).

Due to its simplicity, this type of referral criteria is widely being used. It is, however, unknown
how many of those referred actually have a growth-related condition, or how many that have a
growth-related condition are being identiﬁed by the criterion. Without any further information, the
sensitivity (the true positive rate) is unknown.
In order to make progress, we need assumptions about the (height) distribution of those we wish
to detect. For example, one of the conditions we wish to detect is girls with Turner’s syndrome. If we
have a reference for the diseased population, then we can calculate the sensitivity of a criterion. For
example, we take the P3 at 6 years as cut-oﬀ value in the centile criterion. For 6-y old girls with
Turner’s syndrome, the reference mean is 104.5 cm with a standard deviation of 4.2 cm. The
sensitivity is then 87%, because 87% of the Turner’s syndrome population has a height below the
third centile of the normal reference group at 6 years of age.
There is a clear trade-oﬀ between sensitivity and speciﬁcity: higher sensitivity will usually mean
lower speciﬁcity (and hence more unnecessary referrals); higher speciﬁcity will usually mean lower
sensitivity (and hence more missed children with growth-related conditions). Furthermore,
sensitivity and speciﬁcity depend on age and can be calculated for each cut-oﬀ level at each age
or age group. For example, sensitivity is 81% in 4-year-old girls. So sensitivity at 4 years of age is
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lower than at 6 years of age. Therefore, it is usually easier to ﬁnd the condition if we wait longer.
However, early treatment often leads to better outcomes compared to treatment at an older age.
Moreover, sensitivity and speciﬁcity depend on the number of measurements of the child. For
example, a child with one measurement has, by deﬁnition, a probability of 0.6% of having a
height below P0:6 . However, for a child with ﬁfteen measurements, this probability is equal to
6.2%.15 These diﬀerences are related to the number of measurements or repeating testing. Infants
are diﬃcult to measure accurately and this causes variability in height. This variability increases the
probability of having a value below a certain cut-oﬀ value. In summary, optimizing sensitivity,
speciﬁcity, referral age and the number of measurements is an interrelated problem.10
While centiles are easy to explain, a limitation is that a measurement well below the third centile
cannot accurately be deﬁned on the growth chart. Also, the distances between the centiles are not
equally distributed. For example, the diﬀerence in centimeters between the 10th and the 20th
percentile is larger than between the 20th and the 30th percentile. The SDS is an alternative that
expresses the measurement y relative to a reference population in units of standard deviations above
or below the median. If the reference is available in the form of the LMS model and SDS is equal to z,
then
zð yÞ ¼

ð y=MÞL  1
lnð y=MÞ
, L 6¼ 0 and zð yÞ ¼
,L ¼ 0
LS
S

where L, M and S are three age-dependent curves of, respectively, the skewness, the median and the
coeﬃcient of variation.47 Similar calculations are possible for other distributions like de Box-Cox
Power Exponential (BCPE).55 The BCPE distribution provides a generalization of the LMS method
to data exhibiting not only skewness, which the LMS method can deal with, but also kurtosis that
deviates appreciably from that of the normal distribution. For normally distributed data, such as
height and head circumference, calculation of the SDS can be simpliﬁed to
yM
zð yÞ ¼
MS
with M the mean and MS the standard deviation at age of measurement. The 0 SDS line represents
the median. At every age, 50% of children in the reference population fall above this line and 50%
below it. Most children (95%) fall between the 2 and þ2 SDS lines. Referral criteria for SDS and
centiles are technically equivalent. For an anthropometric measurement y the referral criterion
becomes as follows:
(2)

if zð yÞ 5 c, then refer, else not

(SDS criterion)

for a certain cut-oﬀ value c with a diﬀerent value than in formula (1) and measurement y.
For example, the SDS of a 9-year-old boy with a height of 125 cm is equal to (125–138.52)/
(138.52 * 0.0447) ¼ –2.2 SD, because the M and S in the general population of 9-year-old boys are,
respectively, 138.52 and 0.0447. This boy should be referred if a cut-oﬀ value of c ¼ 2 is applied.
Figure 1 shows the ROC curves for the SDS criterion (or similarly the centile criterion) based on
children with Turner’s syndrome and a reference population from Limburg stratiﬁed by the age
groups 0–3 years (cut-oﬀ values 5, 4, 3.5, 3) and 3–10 years (cut-oﬀ values 3.5, 3, 2.5, 2).
For easy application, it is recommended to use cut-oﬀ levels that are similar to the centiles or
standard deviation lines of most growth chart.48,49 In this way, the referral criterion can easily be
applied to each measurement in daily practice. We recommend the 2.5 SD line at ages 3–10 years
as both sensitivity (74%) and speciﬁcity (99.1%) are high.7
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Figure 1. Receiver operating characteristic (ROC) curves of the Standard Deviation Score (SDS) criterion for ages
0–3 years and 3–10 years to detect children with Turner’s syndrome.

3.3

Allowing for covariates

Criteria based on a single SDS can be extended by accounting for covariates that are known to have
a signiﬁcant eﬀect on growth. An important covariate is parental height. Target height (TH) is the
term used for the expected height of a child given the height of the (natural) parents. Several
formulas were put forward that were all based on the mid-parental height56 (MPH), the average
height of the two parents. The MPH can be corrected for sex, secular trend and regression to the
mean.57–59 Regression to the mean is the phenomenon that very short or tall parents tend to produce
less extreme oﬀspring. The TH can be converted to the target height SDS (THSDS) by the following
formula
zðTHÞ ¼ ðTH  MÞ=SD
with zðTHÞ equal to the THSDS and M and SD, respectively, the mean and standard deviation of
the ﬁnal height. When using reported parental height, one should notice that a discrepancy between
measured and reported heights has been noticed.60 Men tend to overestimate and women tend to
underestimate their height. The diﬀerence between reported and measured height is positively
associated with age of the parent, and there is a wide individual variation between reported and
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Figure 2. Receiver operating characteristic (ROC) curves of the parental height corrected (PHC) criterion for ages
0–3 years and 3–10 years to detect children with Turner’s syndrome.

measured heights in both sexes.61,62 It is recommended to obtain measured parental heights. If this is
diﬃcult in daily practice, one can use reported parental height. To correct the child’s SDS for the
THSDS, one can use the following referral criterion:
(3)

if zð yÞ  zðTHÞ 5 c, then refer, else not

(parental height corrected criterion)

with cut-oﬀ level c and measurement y. Figure 2 shows the ROC curves for the parental height
corrected (PHC) criterion based on children with Turner’s syndrome and a reference population
from Limburg stratiﬁed by the age groups 0–3 years (cut-oﬀ values are 5, 4, 3.5) and 3–10 years
(cut-oﬀ values 3.5, 3, 2.5).
To keep speciﬁcity (98.9%) and sensitivity (66%) high, a recommended cut-oﬀ level is c ¼ –2.5 in
the age group 3–10 years. The sensitivity is lower than according to the SDS criterion.
Sensitivity can be increased by using a combination of the SDS criterion and the PHC criterion,
such that:
(4)

if zð yÞ  zðTHÞ 5 c1 and zð yÞ 5 c2 , then refer, else not

(PHC SDS criterion).

Figure 3 shows the ROC curves for the PHC SDS criterion based on children with Turner’s
syndrome and a reference population from Limburg stratiﬁed by the age groups 0–3 years (optimal
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Figure 3. Receiver operating characteristic (ROC) curves of the parental height corrected (PHC) Standard
Deviation Score (SDS) criterion for ages 0–3 years and 3–10 years to detect children with Turner’s syndrome.

(and shown) cut-oﬀ values are (c1 , c2 ) ¼ (–3,–5), (–3,–3), (–2.5,–3), (–2,–3)) and 3–10 years (optimal
(and shown) cut-oﬀ values (c1 , c2 ) ¼ (–2.5,–2), (–2,–2), (–1.3,–2), (–1.3,–1.3)).
We suggest to apply this criterion to children aged 3 onwards as was found as the best cut-oﬀ
value for age by van Buuren et al.6 However, further analyses revealed that already from the age of 1
year, including parental height into the criterion results in higher sensitivities at ﬁxed speciﬁcities
compared to the SDS criterion. Recommended cut-oﬀ values are c1 ¼ –2 and c2 ¼ –2, such that
sensitivity is 76.9% and speciﬁcity is 99.3% in 3–10-year-old children. If one accounts for
regression to the mean and no secular trend, we suggest cut-oﬀ values of c1 ¼ –1.6 and c2 ¼ –2.63

3.4

Referral criteria based on a likelihood ratio statistic

Referral criteria based on SDS are not optimal for answering the question: ‘‘Does this child with
measurement Y belong to the reference or to the diseased (or syndrome-speciﬁc) population?’’64
When determining whether the child has a speciﬁed disease, more powerful diagnostic measures
exist, such as the likelihood ratio statistic (LR).65,66 The LR can only be calculated when the
reference charts for the general and the diseased population are known. Currently,
reference charts are available for children with Down,33 Turner,34 Noonan,35 Prader-Willi,36
Silver-Russell,37 Cri-du-chat,38 Wlliams,39 achondroplasia40–42 and Ellis-van Crefeld syndrome.43
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With these charts, means and SD can be used to calculate the LR. The LR measures how many times
more likely patients with the disease are to have a particular result y than patients without the
disease. The LR for a result y is deﬁned by
f1
LRð yÞ ¼
f2
with f0 and f1 the density function for, respectively, the reference and diseased population. Let z0 and
z1 denote the SDS of the measurement y in the reference and disease populations, respectively. For
example, a 6-year-old girl has a height of 109 cm.64 This girl is short when compared with the Dutch
reference52 (z0 ¼ 1:94), but taller than girls with Turner’s syndrome34 (z1 ¼ 1:07). The density
function for the reference population at 6 years of age is normally distributed with a mean of
118.7 and a standard deviation of 5.0. The density f0 at 109 cm is then equal to
f0 ð y ¼ 109,  ¼ 118:7,  2 ¼ 5:022 Þ ¼ 0:0122
Similarly, the density for the diseased population is
f1 ð y ¼ 109,  ¼ 104:5,  2 ¼ 4:222 Þ ¼ 0:0535
The LR is thus equal to
LRð yÞ ¼

f1 0:0535
¼ 4:4
¼
f2 0:0122

Therefore, observing a height y of 109 cm is 4.4 times more likely in the Turner population than in
the non-diseased population. The higher the value of the LR, the stronger the evidence for the
presence of the disease. Referral criteria based on LR can be deﬁned as:64
(5)

if LRð yÞ 4 c, then refer, else not

(LR criterion),

with cut-oﬀ level c and measurement y.
Figure 4 shows the ROC curves for the LR criterion based on children with Turner’s syndrome
and a reference population from Limburg stratiﬁed by the age groups 0–3 years and 3–10 years.
Only girls were selected from the Limburg data. A speciﬁc (99%) criterion for children aged 3–10
years has a cut-oﬀ value of c ¼ 3.5. No good comparison can be made with the ROC of Figure 1,
because only girls were selected in this example. Further analysis showed that the ROC curve of the
LR criterion is almost similar to the ROC curve of the SDS criterion.
Note that if the prevalence of the disease is low, even very large LR will not give much evidence
for the disease. If the disease prevalence is known, it is also possible to calculate the absolute disease
risk from Y. For a low probability of the disease and when the LR is not huge, the probability of the
disease given height Y of the child is approximately the LR(Y) times the prevalence of the disease,
which is LR(Y) * 1/2500 for Turner’s syndrome. Cut-oﬀ values for this probability can also be used
as a referral criterion.

3.5

Referral criteria based on an ellipse

It is often of interest to identify people whose anthropometric measures are not in proportion to
each other. Examples include: waist in proportion to hip or height in proportion to weight. Current
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Figure 4. Receiver operating characteristic (ROC) curves of the likelihood ratio statistic (LR) criterion for ages 0–3
years and 3–10 years to detect children with Turner’s syndrome.

solutions include conditional measures such as weight conditional on height, or aggregating
measures like the waist-for-hip ratio or the BMI. An alternative approach is to look at the joint
distribution of z (SDS of the ﬁrst anthropometric measure) and z (SDS of the second measure). By
deﬁnition, z and z are standard normally distributed in the reference population. If the regression of
z on z (and vice versa) is linear then the joint distribution ðz, z Þ is bivariate normally distributed.67
The bivariate normal distribution ðz, z Þ describes the proportion of cases at each combination of
z and z . We can ﬁnd all points with the same proportion by taking slices parallel to the bottom
plane. The boundaries of such a slice correspond to the equal probability contour. For example, the
bivariate 90% conﬁdence interval corresponds to the contour in which 90% of the children are
located. For a bivariate normal distribution, contours correspond to ellipses. The shape of the
ellipses only depends on the correlation between z and z .
The proportion of children within the ellipse is linearly related to the height of the probability
contour in the bivariate normal distribution by the following formula:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Pe ¼ 0 þ 1 h with 0 ¼ 1 and 1 ¼ 2 1  2
with zNð0, 1Þ, z Nð0, 1Þ, Corðz, z Þ ¼ , 0   5 1, 0  h ¼ height 5 max.
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Referral criteria can be constructed by referring all children whose measurements fall outside the
ellipse:
(6)

if Pe 5 c, then refer

(ellipse criterion).

This identiﬁes children for which the combination of z and z deviates from the reference
population. Note that, when taken separately, both values can be ‘normal’. For example, the
combination (2,–2) lies outside the 1% ellipse, while each separate value has a probability of
about 0.02. The reverse also occurs. For example, combination (–2,–2) falls within the 5% ellipse,
while the separate values are more rare. The ellipse method with sitting height/height ratio (SH/H)
SDS against height SDS has been tested on 10 children with Marfan syndrome and 10 children with
hypochondroplasia. The ellipse was drawn around 95% of the data points in the scatter plot of SH/
H SD against H SDS in children from the general population. In 4 out of 10 patients with Marfan
syndrome was SH/H SDS located below the conditional 2 SD line. The ellipse criterion performed
better: 6 of 10 patients with Marfan syndrome were located outside the ellipse. Furthermore, a total
of 8 out of 10 patients with hypochondroplasia were located above the conditional þ2 SD line, while
all hypochondroplasia cases were located outside the ellipse. This suggests that the ellipse method is
more powerful than criteria based on aggregated measures. The method requires that the correlation
for each age and sex has to be known.

3.6

Growth rate between two time points

Several statistics can be calculated based on two measurements over time. Repeated measurements
over time allow for calculation of a growth rate and can be used to deﬁne an abnormal increase or
decrease in growth. An abnormal decrease of growth is often named as failure to thrive. Six
screening criteria for failure to thrive were formulated.10,11 If there are more than two
measurements, criteria based on these statistics can be applied to all possible pairs of
measurements. For example, if weight is measured at ages A, B and C, the growth rate can be
calculated for the intervals AB, BC and AC.
1. Delta criterion
Refer a child if an absolute change (c1 ) in length SDS, height SDS, weight SDS or BMI SDS occurs:
zð yðx2 ÞÞ  zð yðx1 ÞÞ 5 c1 , with z the SDS and y the measurement at two diﬀerent ages x1 and x2 . For
example, suppose a child has measurements at two diﬀerent ages and c1 ¼ 2, then a child is
referred if the second SDS is 2 below the ﬁrst SDS.
2. Extended delta criterion
This criterion is equal to the ﬁrst criterion with the extension that the second SDS has to be below a
certain cut-oﬀ value c2 . Therefore, refer a child if zð yðx2 ÞÞ  zð yðx1 ÞÞ 5 c1 and zð yðx2 ÞÞ 5 c2 .
3. SDS velocity
Signals whether an abnormal slowed growth for length, weight or BMI occurs in terms of change in
SDS per year (c1 ) in combination with a current low SDS (c2 ):
zð yðx2 ÞÞ  zð yðx1 ÞÞ
5 c1 and zð yðx2 ÞÞ 5 c2
x2  x1

Downloaded from smm.sagepub.com at University Library Utrecht on February 18, 2013

van Dommelen and van Buuren

13

For example, suppose a child has two measurements and c1 ¼ 1 and c2 ¼ 1:5. This child will then
be referred if the diﬀerence between the second and ﬁrst measurement per year exceeds 1 SDS (which
corresponds to a decrease of 0.5 SDS within 6 months) and if the second measurement is less than
1.5 SDS. The term velocity commonly refers to cm or kg/year; for SDS it has the dimension 1/year.
4. Conditional weight gain criterion
Signals whether a child’s conditional weight gain SDS is less than a certain value (c1 ) with the
restriction of having a low weight SDS (c2 ):
Conditional weight gain SDS ¼

zð yðx2 ÞÞ  rzð yðx1 ÞÞ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
5 c1 and zð yðx2 ÞÞ 5 c2
1  r2

with z weight SDS and r the correlation coeﬃcient between zð yðx1 ÞÞ and zð yðx2 ÞÞ. This criterion
compares an infant’s current weight with that predicted from his or her previous weight, allowing for
the fact that on average, light infants tend to grow faster than heavier infants68,69 (regression to the
mean).
5. Parental height deflection criterion
Signals whether a slowed growth for length SDS of the child moves away from the child’s TH:
zð yðx2 ÞÞ 5 c1 and jzð yðx2 Þ  zðTHÞj 4 ¼ jzð yðx1 Þ  zðTHÞj with z length SDS. This criterion was
deﬁned because of the assumption that a correction might be needed for parental height in the ﬁrst
years of life: e.g. a baby that is born with a length SDS of 1 and has a target height SDS of þ2
would be expected to cross the SD lines in upward direction in the ﬁrst 2–3 years. A growth disorder
could disturb this, and a stable length SDS of this child at 1 over the ﬁrst 2 years could indicate
growth pathology.
6. Combined weight and length deflection criterion
A slowed growth for length (c2 ) occurs after a slowed growth for weight (c1 ):
zð yðx2 ÞÞ  zð yðx1 ÞÞ 5 c1 and z ð yðx2 ÞÞ  z ð yðx1 ÞÞ 5 c2
with z weight SDS and z length SDS.
The referral criteria based on failure to thrive have been tested on longitudinal weight, height and
BMI between birth and 2.5 years of age of children with celiac disease, cystic ﬁbrosis and the
SMOCC reference sample. It appeared that the parental height deﬂection criterion and the
combined weight and length deﬂection criterion did not have high sensitivities and speciﬁcities.
The delta criterion, the SDS velocity and the conditional weight gain criterion showed
sensitivities between 21 and 27% at speciﬁcities of 98.1 and 98.5%. The most optimal failure to
thrive criterion was the extended delta criterion applied to BMI. Figure 5 shows the ROC curves for
the extended delta criterion for BMI based on children with celiac disease (CD), cystic ﬁbrosis (CF)
and the SMOCC reference sample for children aged 0–2.5 years. Optimal cut-oﬀ values imply a very
low BMI SDS (–2.5) in combination with a deﬂection (0.5 SDS) or a low BMI SDS (<–1.5) in
combination with a large deﬂection (–2.5 SDS).
Traditionally, criteria based on failure to thrive are considered as a better screening tool.
However, criteria based on two measurements are more sensitive to measurement error than
criteria based on single growth measurements. Therefore, stricter cut-oﬀ values have to be chosen
in order to have a high speciﬁcity. This has to be compensated by a high sensitivity.
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Figure 5. Receiver operating characteristic (ROC) curves of the extended delta criterion to detect children with
cystic fibrosis (CF) and celiac disease (CD).

3.7

Growth curve models

Growth curve models describe growth over time, typically using three or more time points. These
models are well suited to analyze longitudinal data when the times of measurements are irregularly
spaced. The models summarize individual longitudinal data into several interpretable quantities such
as growth at birth, growth velocity, growth acceleration or deceleration.
A number of growth curve models have been suggested in the literature and have been shown to
be representative at diﬀerent periods of life.70–73 For example, the shape invariant model (SIM)
between birth and 2 years of age,71 the Jenns-Bayley growth curve that describes height of children
from birth to 8 years of age,72 and the infancy-childhood-puberty (ICP) growth curve model that
decomposes height mathematically into three additive and partly superimposed componentsinfancy, childhood and puberty.73 The parameters of the model can be estimated by a nonlinear
regression model via least squares or by a mixed-eﬀects model. A mixed-eﬀects model assumes that
each parameter is the sum of a ﬁxed and a random component. The ﬁxed components are the same
for every individual and the random components may diﬀer between individuals according to a
normal distribution. For example, according to Jenss-Bayley,72 height can be modeled by a
nonlinear mixed-eﬀects model as:
yi ðtÞ ¼ 1 þ 2 t  expf3 þ 4 tg þ "it
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with k ¼ k þ k , k ﬁxed eﬀects and k random eﬀects, for k ¼ 1, . . . , 4 with t the age in years, yi ðtÞ
the height (in cm’s) of the ith child at age t with i ¼ 1 , . . . , n, n the number of children and "it is the
measurement error at age t.
A nonlinear mixed-eﬀects model is preferred, because it borrows strength across individuals in
estimating individual parameters. If the longitudinal growth of children with a condition is diﬀerent
from the growth of healthy children, this diﬀerence will be captured by the parameters of the model.4
Discriminant or logistic regression analyses can be used to create a model that explains the grouping
of the reference children and the children with a condition. In the discriminant analyses, we can use a
heteroscedastic discriminant model if the group with the condition and the reference group have
diﬀerent covariance matrices. This leads to a quadratic discriminant function of the form:
 ¼ i0 þ i1 x þ x T i2 x,

di ðxÞ
where
i0 ¼ 


1
1
 i , i1 ¼  Ti 1
p log ji j þ  Ti 1
and i2 ¼  1
i 
i
2
2 i

P
P
with i the covariance matrix of group i and p-variate normal random variables Np ð i , i Þ for
i ¼ 1, 2 (condition and reference group) and p the number of parameters of the growth model.
 to
The discriminant score (DS) is the value resulting from applying the discriminant function di ðxÞ
the data for a given child. The DS can be used as referral criterion:4
(7)

if DS 4 c, refer, else not

(DS criterion).

Figure 6 shows the ROC curves of the DS criterion and the DS criterion with gestational age and
parental height in the discriminant model to detect children with Turner’s syndrome at 5 years of age.
In other words, if the DS is less than or equal to the cut-oﬀ (c), the child is classiﬁed as reference
or, if above, it is classed as having the condition. The larger the DS, the more likely the child will
have the condition.
In the logistic regression analyses, the relationship between the predictor and the parameters (p)
of the growth model is not a linear function. Instead, the logit transformation of is used as follows:
p
X
 :¼ lnð =ð1  ÞÞ ¼ 0 þ
i xi
i¼1

or
¼

1
1 þ e

with 0 a constant, i the parameter estimate of growth parameter i, xi growth parameter i and p the
number of growth parameters. The prognostic score (PS) is the value resulting from applying the
logistic regression function to the data for a given child. This PS can be used as referral criterion:
(8)

if PS 4 c, refer, else not

(PS criterion).

In other words, if the PS is less than or equal to the cut-oﬀ (c), the child is classiﬁed as reference
or, if above, it is classed as having the condition. The larger the PS, the more likely the child will
have the condition. Discriminant analysis is preferred when having multivariate normally
distributed parameters since it has more statistical power than logistic regression.
Note that these models are ﬁtted from a screening perspective. The parameters of the growth
curve are ﬁtted separately for the condition and the reference group and the group allocation in the
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Figure 6. Receiver operating characteristic (ROC) curves of the discriminant score (DS) criterion and the DS
criterion with gestational age (GA) and parental height (PH) in the model for ages 0–5 years to detect children with
Turner’s syndrome.

discriminant analysis was known. In an actual screening context, the information as to which group
each child belongs is not present. Therefore, if we want to determine whether a new child has the
condition, we have to choose in which group we estimate the growth parameters for that child. As
the prevalence of most conditions is small, most children are reference children. Therefore, we most
likely assume that each child is a reference child. The growth parameters of each new child should be
estimated by ﬁtting the anthropometric measures together with that of all reference children.6 In
order to obtain good estimates of the parameters of the growth curve for the children with the
condition, each child have to have measurements at critical time periods: at birth and periods of
rapid growth.
The individual performance of referral criteria depend on the number of measurements and the
age interval. More measurements and a longer age period result in a better prediction.4 Including
parental height and gestational age in the discriminant or logistic regression model can improve the
sensitivity and speciﬁcity.6

4 Discussion
The interest for quantitative evidence-based referral criteria is growing. Over the last 5 years several
studies have been performed to obtain evidence-based referral criteria in growth monitoring.4–10
This paper reviewed these referral criteria.
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the time interval.
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regression to the mean.

zð yÞ  zðTHÞ 5 c

zð yÞ  zðTHÞ 5 c1 and zð yÞ 5 c2 ,

LRð yÞ 4 c
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zð yðx2 ÞÞ  zð yðx1 ÞÞ 5 c1

zð yðx2 ÞÞ  zð yðx1 ÞÞ 5 c1
and zð yðx2 ÞÞ 5 c2

PHC

PHC SDS
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Ellipse
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Extended delta

Parental height
deflection

Conditional
weight gain

with z weight SDS
zð yðx2 ÞÞ 5 c1 and
jzð yðx2 Þ  zðTHÞj  jzð yðx1 Þ  zðTHÞj
with z length SDS

Growth rate that corrects
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Easy application. Distances between the
SDS are equally distributed.
Target height can also be plotted in
the same chart.
Target height can also be plotted in the
same chart. Higher validity than the
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Most powerful test for two groups.

zð yÞ 5 c

SDS

zð yðx2 ÞÞzð yðx1 ÞÞ
5 c1
x2 x1
and zð yðx2 ÞÞ 5 c2
zð yðx2p
ÞÞrzð
ﬃﬃﬃﬃﬃﬃﬃ2 yðx1 ÞÞ 5 c1
1r
and zð yðx2 ÞÞ 5 c2

Easy application.

Pð yÞ 5 c

Centile

SDS velocity

Strengths

Formula

Referral criteria

Table 1. Summary of the strengths and limitations of referral criteria in growth monitoring.

See Delta.
Correlation is needed for
each age and time interval.
See Delta and PHC.

See Delta.

(continued)

Computer needed. Density of the
diseased group must be known.
Assumption of normality for
each measure. The regression of z on z
(and vice versa) should be linear.
Correlation between z and z
must be known.
Sensitive to measurement error.
Pairwise application is cumbersome.
See Delta.

Mother’s height and father’s
height needed.
See PHC

Distances between the percentiles
are not equally distributed.
SDS less easy to interpret than centiles.

Limitations
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PS 4 c

Prognostic score

Needs flexible growth models
with measurements at birth and
periods of rapid growth.
Assumption of multivariate normally
distributed growth parameters.
Needs flexible growth models
with measurements at birth and
periods of rapid growth.

See Delta.

Limitations

y: measurement; x1 : age at first measurement; x2 : age at second measurement; P: centile; z or z : standard deviation score; PHC: parental height corrected; TH: target height;
LR: likelihood ratio statistic; DS: discriminant score, PS: prognostic score; r: correlation between zð yðx1 ÞÞ and zð yðx2 ÞÞ.

Includes all available information.
No need for multivariate normally distributed
growth parameters.

Includes all available information.

Growth rates that depend on
weight and length.

zð yðx2 ÞÞ  zð yðx1 ÞÞ 5 c1 and
z ð yðx2 ÞÞ  z ð yðx1 ÞÞ 5 c2
with z weight SDS
and z length SDS
DS 4 c

Combined weight
and length deflection

Discriminant score

Strengths

Formula

Referral criteria

Table 1. Continued

18
Statistical Methods in Medical Research 0(0)

Downloaded from smm.sagepub.com at University Library Utrecht on February 18, 2013

van Dommelen and van Buuren

19

Table 1 shows a summary of the strengths and limitations of the criteria discussed. In general, the
more advanced methods can incorporate more information and can thus provide a better trade-oﬀ
between sensitivity and speciﬁcity. The downside is that application of these criteria in practice
requires appropriate software to be available for those that make the referral decision.
More work needs to be done to increase the validity of detecting conditions by using referral
criteria in computer-based systems. If all children have a medical ﬁle in an automated system in child
health care, more information can be used to decide whether the child should be referred. Granted
that appropriate software is available, computer-assisted screening saves time, eliminates error and
continuously updates each record so that it is accessible for colleagues.10
The methods listed in Table 1 can be extended in several ways. For example, the ellipse criterion
works only for one population. It is straightforward to generalize it to the two populations setting
using the LR method. The densities for any possible pair of measurements can be calculated under
both populations, and their ratio deﬁnes the LR. It would also be useful to formulate a general
framework of which all criteria are special cases.
Of course, whatever referral criteria are used, they have to ﬁt practice. All criteria can be
implemented if a computer system is used, but some are diﬃcult to apply by paper-and-pencil.
The DS criterion allows to incorporate most information, and thus might be a good candidate for
digital systems. For paper-and-pencil settings, the SDS criterion and the PHC criterion are more
convenient to use, though slightly less eﬃcient.
The UK growth monitoring system is based on taking one measurement at the age of 5 years.
Since referral rules based on parental heights and multiple measurements lead to better decisions,
Fry pleaded for measuring both parents and for more than one measurement.74 Hall et al. agreed
that the issue of adjusting the school entry height measurement for parental height deserved to be
revisited, but also mentioned the practical diﬃculties in obtaining measured heights from the
parents. Hall et al. also mentioned the low coverage and inaccurate measurements in the UK and
pleaded for a better implementation of the ‘‘Coventry Consensus’’.75 Our hope is that the work
collected in the present paper will stimulate an informed discussion of such issues.
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