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Abstract

Context—De Montbeillard produced the first growth chart in the late 18t century. Since then,
growth assessment has developed to become an essential component of child health practice.

Objective—To provide a brief history of i) anthropometry, i.e. growth measurements; ii) growth
references, the statistical summary of anthropometry, and iii) growth charts, the visual
representation of growth references for clinical use.

Methods—The major contributors in the three categories over the past 200 years were identified,
and their historical contributions put in context with more recent developments.

Results—Anthropometry was originally collected for administrative or public health purposes,
its medical role emerging at the end of the 19t century. Growth reference data were collected in
earnest from the 19t century, during which time the familiar summary statistics — mean, SD,
centiles — were developed. More advanced statistical methods emerged much later. Growth charts
first appeared in the late 19t century, and Tanner and Whitehouse later popularised the concepts
of velocity and conditional references for growth in puberty. The recent WHO growth standard
has been adopted by many countries including the UK, where the UK-WHO charts have pioneered
many design features to improve usability and accuracy.

Conclusion—Growth charts have come a long way in 200 years, and they represent an
impressive synthesis of anthropometry, statistical summary and chart design.

Introduction

The idea of plotting a child’s body measurements on a chart to illustrate their pattern of
growth is generally attributed to Count Philibert de Montbeillard (1720-1785), who plotted
his son’s height every six months from birth to age 18 years, and George Buffon
(1707-1788) then published the chart in his Histoire Naturelle, thus producing the first
height growth curve (Tanner 1962). A growth curve is a powerful graphical tool, as it
displays both the size of the child at a series of ages, and at the same time their growth rate
or growth velocity over time, based on the slope of the curve.

Since it first appearance in the 18t century the use of the growth chart has expanded to
include displaying the growth pattern of groups of children as well as individuals, and the
chart has become an important tool in child health screening and paediatric clinical workup.

To describe the development of growth references and growth charts it is useful to start with
some definitions. A growth reference is a statistical summary of anthropometry in a
reference group of children, usually presented as the frequency distribution at different ages.
The reference group is often representative of some geographic region at a particular time,
e.g. Great Britain in 1990 (Freeman et al. 1995). The statistical summary involves the mean
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and standard deviation or alternatively the median and selected centiles, conditioned
(usually) on age and sex. Growth references describe how children grow, and the references
can be applied to other children to establish whether or not their measurements are typical of
the reference group. A growth standard is essentially the same as a growth reference except
that the underlying reference sample is selected on health grounds. Thus it represents a
healthy pattern of growth, and the standard shows how children ought to grow rather than
how they do grow.

A growth chart is a growth reference presented as a visual display for clinical use, and in
this sense it is a graphic design. Many aspects of the design can be varied to make the chart
more or less effective as a clinical tool. A growth chart is also a ‘road to health’. Figure 1 is
an example of a chart based on a growth reference, here the UK-WHO boys weight
reference (Wright et al. 2010), consisting of a series of nine centile curves. By plotting
individuals on the chart their measurements can be expressed as centiles. The centile for an
individual indicates his or her size, be it height, weight or body mass index etc. The centile
indicates the distance they have travelled along the growth road up to that age. The growth
chart quantifies size/distance in terms of the centile.

Furthermore, individuals whose growth curve tracks along the centiles over time are
growing at average velocity, while if the curve crosses centiles up or down the individual is
growing faster or slower than average — centile crossing is a measure of relative velocity. A
growth chart visualises growth velocity, but it does not quantify it — centile crossing is
uncalibrated. The combination of growth charts and growth references involves three
distinct disciplines: the collection of anthropometry data, the statistical summary of the data,
and the graphic design of the chart. The purpose of this paper is to sketch out developments
in these three areas since the time of de Montbeillard.

Anthropometry

Anthropometry means the measurement of man. Hence it is a collective term for all the
measurements that might appear on a growth chart, including most obviously height and
weight (and ratio indices like body mass index — BMI), plus limb lengths and
circumferences, skinfold thicknesses etc. Historically height has been the main focus, and
James Tanner’s A History of the Study of Human Growth (Tanner 1981) impressively
documents its changing role over the centuries.

Prior to the 19t century the main purpose of anthropometry was administrative, to identify,
classify and screen individuals. For example, extensive documentation exists on the heights
and weights of American slaves, which were useful as markers of their age, maturity and
capacity for work, and hence value in the marketplace. Similarly army conscripts were
routinely weighed and measured for screening to ensure a minimum level of fitness. Both
sets of statistics have subsequently become useful for tracking the secular trend in height
over time (Cole 2003), see for example the 150 year trends in Dutch conscript height (Van
Wieringen 1972).

In the 19™ century there was increasing awareness of the inequalities in British society,
highlighted by the excesses of child labour, and the subsequent debate led to the Factory
Acts and the regulation of children’s working conditions. During this time, driven by
campaigners like Villermé (1782-1863) and Edwin Chadwick (1800-1890), the discipline of
auxological epidemiology developed, defined by Tanner as “the use of growth data to search
out and later to define suboptimal conditions of health”. (Auxology is Tanner’s term for the
study of human growth.)
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This trend was reflected by the increasing numbers of anthropometry surveys of
schoolchildren undertaken from the mid-19t century onwards. Adolphe Quetelet
(1796-1874) took the lead here, and was the first to investigate the statistical properties of
anthropometry — discussed later. Charles Roberts (d. 1901) and Henry Bowditch
(1840-1911) amassed large datasets of child anthropometry, and published them summarised
in large tables.

Around the same time Francis Galton (1822-1911) was developing his ideas on eugenics,
and he was keen to quantify physical differences between individuals and across families
and generations. Anthropometry proved the ideal medium, particularly height with its strong
hereditary component and its links to social class. Galton’s keenness to obtain data led him
to set up an Anthropometric Laboratory at the 1884 International Health Exhibition in
London, where the public could come and pay 3d (1p) to receive 17 measurements of sight,
hearing, strength, speed, breathing capacity, arm-span, height and weight, summarised on a
card. Some 9337 individuals obliged, including 2954 children. See Figure 3 for Galton’s
own set of measurements, where his occupation is recorded as “private gentleman” (Johnson
et al. 1985). Galton’s interest in anthropometry differed from that of his contemporaries, or
indeed anyone else preceding or following him. He wanted the data to test his ideas and to
develop statistical concepts, which are described later.

The motivation for collecting anthropometry altered again around the turn of the 20t
century, when it was recognised that such measurements were useful for clinical assessment
in the individual. This was the time when growth charts were first developed, both for
weight in babies and height in children. In 1929 the Fels Growth Study was set up in the
USA, the first of many such studies where anthropometry data were collected longitudinally
over time, and the Fels continues to this day. In 1946 the UK National Study of Health and
Development was initiated, the first of many such birth cohort studies, where individuals
were recruited around the time of birth and followed up through life. Anthropometry was
collected alongside other information, allowing the recent discipline of life course
epidemiology to be developed. The 1946 Birth Cohort was followed by similar but larger
cohorts in 1958, 1970, 2000 (the Millennium Cohort) and most recently the New Birth
Cohort Study, which is planned to recruit in excess of 100,000 children. Many similar
cohorts have been set up in other countries, so that the collection of anthropometry data for
research purposes is now on a scale undreamt of at the time of de Montbeillard.

The growth reference that underlies the growth chart is a statistical summary of the
anthropometry of the reference sample. The summary statistics that are now used routinely
for this purpose, the mean, standard deviation and distribution centiles, have themselves
emerged since the time of de Montbeillard.

The normal distribution

The concept of the normal distribution, or “the law of frequency of error” as it was then
called, was developed quite independently by Carl Friedrich Gauss (1777-1855) in 1809 and
Pierre Simon Laplace (1749-1827) in 1810. Its discovery allowed data from a group of
individuals to be summarised by their mean and probable error™, so long as they followed a
normal distribution. This was a major step forward in reducing large numbers of
measurements to just two summary statistics.

*The probable error, the distance from the median to the third quartile, is approximately twothirds of the standard deviation.
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One of the first people to apply it to anthropometry was Adolphe Quetelet (1796-1874), an
influential and energetic Belgian statistician who among many other things helped to found
the Royal Statistical Society in 1834 and of whom Florence Nightingale was a great admirer.
He introduced the concept of I’homme moyen, the average man who was representative of a
particular group in society (Quetelet 1869). The status of this mean man was obtained from
the mean and probable error of the group’s anthropometry, which he collected in many
social surveys. His focus was on the mean and not the probable error, which he viewed as
representing measurement error rather than true variability.

Galton’s percentile grades

Francis Galton was well aware of Quetelet’s work, and he also latched onto the summary
value of the normal distribution, in papers such as his “Notes on the Marlborough School
statistics” (Galton 1874), which contained a table of the mean and probable error of height
in annual age groups of boys from Marlborough School. However he was also aware of the
need for the data to be normally distributed, and he recognised that this often did not apply.
So it was that he introduced his concept of percentiles, which he claimed were “much
simpler in conception, and of incomparably wider applicability” (Galton 1875). They were
based on the ogive or cumulative distribution function, as shown in Figure 4. He described
the ogive curve as follows, assuming 100 boys were arrayed against a wall in order of
increasing height: “This line or curve would just touch the heads of all the 100 boys, and
would give an exact, natural, and permanent record of the distribution of heights throughout
the school.” (Galton 1876). The mean and probable error of the distribution were simple to
estimate from the median and quartiles. The percentiles were obtained as the 99 cut-points
splitting the ogive into 100 sections or grades, so that the median corresponded to the 50
percentile and the upper quartile to the 751 percentile. In addition for normally distributed
data the mean would equal the median, and the probable error would be the distance from
the 50t to the 75t percentile.

At this point it’s worth discussing terminology. Galton chose to call his cut-points
percentiles, yet nowadays they are often called centiles. Galton himself called them centiles
in at least one of his papers, where the word “centiles” appears in the title and text (Galton
1899). The Wikipedia entry for quantiles lists many terms like tertiles, quartiles, deciles etc,
and the only ones whose names start with “per” are percentiles and permilliles
(thousandths). So the case for using percentiles is not strong, and the preference here is to
use centiles instead.

Centile spacing

To summarise the distribution of anthropometry on a chart one needs to display a subset of
the available centiles. Generally the mean or median is provided along with a set of centiles
symmetric about the median such as the 39, 10t and 25™ below and the 75t 90t and 97th
above (Tanner et al. 1966). The 5/95t centiles are sometimes preferred to the 34/97th
(Hamill et al. 1977). Alternatively standard deviation spacings can be used, with zero SDs
for the mean and -1, -2 and -3 SDs below and +1, +2 and +3 SDs above (WHO
Multicentre Growth Reference Study Group 2006). A compromise between the two formats
is provided by Cole’s two-thirds SD spacing, where centiles spaced two-thirds of an SD
apart correspond to the (approximate) 2.3t, 9th, 25th 50th 75th 915t and 97.7t centiles, i.e.
close to the conventional set (Cole 1994). Note that the nine centiles in Figure 1 are two-
thirds SD spaced. In addition, for a normal distribution the distance between the median and
75t centile, which corresponds to the probable error, is 0.6745 SDs, i.e. very close to two-
thirds or 0.6667 SDs. In this sense the two-thirds SD spacing harks back to the beginning of
summary statistics and the probable error.
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Calculating centiles

The one remaining statistical issue is how to calculate the selected centiles for the
measurement. This is most simply done by splitting the data into age groups, then sorting
and counting the data in each group to obtain the centiles. (Nowadays there are several
different ways of doing this, the quantile function in the statistical program R for example
offering six alternatives (R Development Core Team 2010).) Alternatively if the data are
known to be normally distributed, the centiles can be calculated from the mean and probable
error (or later, SD). These could then be plotted and a smooth curve drawn through the
points using either a French curve or a lead spline.

But jump forward 100 years, to the end of the 20t century when several new methods had
become available, and it was hard to know which method to use. The World Health
Organization, as part of its development of the WHO growth standard (WHO Multicentre
Growth Reference Study Group 2006) carried out a review of all available methods for
constructing growth centiles (Borghi et al. 2006), a total of 30 methods, and its
recommendation was Generalized Additive Models for Location, Scale and Shape
(GAMLSS) (Rigby and Stasinopoulos 2005). This is a generalisation of an earlier technique
called the LMS method (Cole and Green 1992), which assumes that the measurement at
each age can be transformed to a normal distribution using a Box-Cox transformation, and
just three parameters, the Box-Cox power ), the median p, and the coefficient of variation o,
summarise the distribution. The three quantities are allowed to change smoothly with age,
reflecting the changing underlying distribution, and the corresponding curves are called the
L curve, M curve and S curve respectively. The M curve is the conventional median curve,
the S curve shows the fractional SD as it changes with age, and the L curve indicates the
age-changing skewness. Together they allow any centiles to be constructed, using the
equation:

Crooa =M(1+L xS x z)"F [

where z, is the normal equivalent deviate for the required centile, and the LMS values are
over a series of ages. Inverting [1] allows a measurement X to be converted to an SD score
(z-score):

_ @t
Z_iLxS [2

where here the LMS values are for the child’s age and sex. Based on the reference
population, the SD score has mean 0 and SD 1.

GAMLSS goes beyond the LMS method in several respects, but its main advantage over the
LMS method is that it can adjust for kurtosis as well as skewness in the distribution. In the
end the WHO growth standard was fitted without any adjustment for kurtosis, as its effect
on the centiles was minimal, so that in practice the LMS method was used (WHO 2006).

Thus in summary, normally distributed anthropometric data could be summarised by the
mean and probable error (or later the SD). Non-normal data were summarised initially with
Galton’s centiles and latterly by the LMS method, which effectively added a third skewness
summary statistic to the mean and SD.
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Growth chart development

The first growth chart

Suppose we have anthropometry in a reference group of children over a range of ages. How
exactly is this information to be presented on a chart? Henry Bowditch (1840-1911) set
himself this task when describing the growth of Massachusetts children in 1891 (Bowditch
1891). The information to be presented is in three parts: the age groups into which the data
are split (e.g. 11 years, 12 years etc), the selected centiles (e.g. 3™, 10t etc), and the
measurement values (e.g. height) corresponding to the centiles in each age group.

These three quantities can be presented on a conventional graph as curves of one variable
plotted against another, with separate curves for each category of the third variable.
Bowditch’s report demonstrated three alternative layouts for the chart: the first was height
plotted against centile for each age group, where each curve corresponded in shape to
Galton’s ogive — see Figure 5A. The second was age versus centile for different height
categories, which gives a series of falling curves showing how the centile for a given height
falls with increasing age — Figure 5B. The third format, which is the one that has endured,
was curves of height versus age for each centile, as shown in Figure 6. This format had the
advantage of allowing both the girls’ and boys’ curves to be displayed on the one chart.

Bowditch’s was an enormously significant publication, stimulated by the concept of
Galton’s percentile grades, and his third alternative (Figure 6) has stood the test of time to
become the standard format of growth chart. Virtually all subsequent growth charts have
adopted it, see for example the US NCHS 1977, British 1990 and WHO 2006 charts
(Freeman et al. 1995, Hamill et al. 1977, WHO Multicentre Growth Reference Study Group
2006). Its appeal is that the centile curves are broadly the same shape as growth curves, and
like growth curves they display both distance (position) and velocity (slope) on the one
chart.

For much of childhood individual growth curves tend to track along a particular centile,
which encourages users to think that the chart is designed to monitor growth over time,
hence the name growth chart. But remember that the chart was constructed from cross-
sectional data - Bowditch had just one measurement per child - so it can measure distance as
a centile, but it cannot measure velocity. It contains no information on whether a given rate
of centile crossing is common or uncommon.

Charting growth velocity

To assess velocity a velocity growth chart needed to be invented, based on child
measurements collected serially over time. The first velocity chart, published by Leona
Bayer and Nancy Bayley (Bayer and Bayley 1959), was designed to monitor height in
puberty. The timing of puberty is very variable, with an SD of around 1 year, so that the
growth curves of individuals with early and late puberty are very different in shape. Tanner
used the term growth tempo for pubertal timing, where tempo is an important phenomenon
reflecting the fact that individuals grow according to their developmental age not their
chronological age. Thus in puberty the growth chart needs to be interpreted in the light of
the individual’s tempo. The chart (see Figure 7 for girls) included an “increment curve”
which showed the annual height velocity for children of average tempo, with a peak of 8 cm/
year at 11.5 years.

The rest of the chart consists of high and low centiles labelled “accelerated case” and
“retarded case”. But the labels are confusing as the curves lead to tall and short final heights
respectively, and hence are just as much to do with differences in height as differences in
tempo. There are also three median curves labelled “accelerated 1 S.D.”, “average rate of
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maturation” and “retarded 1 S.D.” respectively, all ending at the same final height but
showing their height spurts at different ages. In current notation these correspond to curves
for advanced, average and delayed tempo.

The chart also provided height scales both in cm and inch units. A good idea in principle, it
was let down by the grid above and to the left of the curves being 5 cm spacing, while below
and to the right the grid was 1 inch spacing — quite confusing to use.

Growth assessment in puberty

James Tanner worked with Nancy Bayley during the 1950s and developed his particular
interest in pubertal growth during that time. He published his Growth at Adolescence in
1955, and later a greatly expanded 2" edition (Tanner 1962). According to Google Scholar
it has been cited some 6000 times. He soon followed this up with a major paper on the
design of growth charts, published in two parts (Tanner et al. 1966). Interestingly the paper’s
title does not mention puberty, but its underlying theme is the impact of pubertal tempo on
growth, and how the chart should address it.

At one level the paper is a simple tutorial in the development of distance and velocity
references for height and weight. Height is treated as normally distributed, and its centiles
by age are calculated from the mean and SD, both of which are tabulated with the centiles.
For weight, which is recognised to be skew, there is no tabulated SD just the centiles
including the median. These centiles, and corresponding ones for velocity references, are
tabulated by age, sex and measurement in a series of no fewer than 18 tables.

But the key message is in the paper’s Figure 1 (see Figure 8 here), height velocity curves for
five individuals whose timing of puberty varies. Figure 8A shows the curves plotted against
chronological age, where age at peak velocity varies between 12 and 16 years, while in
Figure 8B the curves are plotted relative to age at peak velocity and hence are synchronised.
In each case the average of the curves appears as a dashed line, and in Figure 8A it is
widened and flattened compared to the individual curves. In Figure 8B the phase shift has
been removed, and the average curve is the same shape as the individual curves. This bias in
the average curve attributable to the age shift was first demonstrated formally for a logistic
function growth curve (Merrell 1931), and more recently for a quite general growth function
(Cole et al. 2008).

What it means is that distance curves based on cross-sectional measurements are less steep
around the mean age of peak velocity than curves based on individual growth patterns.
Tanner distinguishes between the two by calling them “cross-sectional” and “individual-
type” curves. Figure 9 shows the contrast between them, two individual curves with
relatively early and late peaks respectively (Figure 9A), and a smoothed individual-type
curve (Figure 9B), superimposed on cross-sectional centiles. The curves show marked
centile crossing around the time of the peak, so that the cross-sectional centiles give the
misleading impression that the growth pattern is other than normal.

Tanner was keen to come up with a form of chart that minimised centile crossing in puberty,
the aim being to optimise longitudinal growth assessment. To this end his paper included
individual-type curves for height and weight during puberty, both for distance and for
velocity, and Figure 10 shows a worked example for a healthy boy’s height from age 4 to
adult. In terms of design these combined charts are a tour de force, though they are also
complex for regular use. The cross-sectional (single time) centiles appear as lines, while the
longitudinal (repeated visit) centiles are shaded. The velocity chart in particular highlights
the difference between the two forms, with a narrow pointed longitudinal velocity curve and
a wide flat cross-sectional velocity curve. Height is plotted against both chronological age
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and skeletal age, the latter providing an estimate of chronological age adjusted for puberty
tempo.

The Tanner-Whitehouse charts proved to be extremely popular, with two revised versions
appearing during the next twenty years (Tanner and Whitehouse 1976, Tanner and Davies
1985). But there were three problems with them that led people to explore other ways to
assess growth in puberty. The first was that height velocity is hard to interpret in clinical
practice. At the annual visit the doctor sees how fast the patient has grown in the previous
year, and plots it on the velocity chart. But the clinical value of the chart is limited — it fails
to highlight age at peak velocity until one or two years after it has happened, which is far too
late for therapeutic intervention.

The second problem is that longitudinal centiles are designed to greatly reduce centile
crossing, yet in fact individual growth curves still cross centiles up and down — see Figure
10 for example, where the child’s growth curve follows the cross-sectional centiles just as
closely as the longitudinal centiles. So the advantage of the longitudinal centiles has been
overstated. And the third problem is a shift in ethical attitudes since the 1960s, when skeletal
age in children was routinely assessed with a hand-wrist x-ray. Since then there has been a
movement against this practice, owing to the radiation dose, and as a result skeletal age is
not now routinely measured. The absence of bone age means that there is no simple way to
plot an individual growth curve adjusted for puberty, except after the event of peak height
velocity, when then tempo effect can be obtained from the velocity curve.

Charting growth velocity as centile crossing — thrive lines

A completely different way of assessing velocity is to base it on centile crossing, as
mentioned at the start of the paper. Velocity is conventionally measured in units of
measurement per time, e.g. cm/year for height velocity. But if instead it is based on centile
crossing the measurement units are SD scores rather than cm or kg (note not centiles —
centiles are on a nonlinear bounded scale that is inappropriate for statistical summary). The
properties of SD scores (mean 0, SD 1 in the reference population) make the variability of
centile-crossing-based velocity particularly simple to calculate (Cole 1998). In addition one
can incorporate an adjustment for regression to the mean, which is an important and often
neglected consideration in assessing growth velocity. The effect of regression to the mean is
that on average small children tend to grow relatively fast, and large children relatively
slowly, and adjusting for regression to the mean allows velocity in small and large children
to be compared directly.

The underlying algebra is as follows, where Z; and Z, are measurement SD scores on two
occasions t; and ty from which velocity is to be calculated, and where the correlation
between Z; and Z, is r1. The unconditional increment is given by Z,-Z; (i.e. the change in

SD score), and its SD is\/2 (1 — 71). This allows the increment to be expressed as an SD
score Z;; where

. Zy— 74
Zy=—p——= 0l
2(1 —7’1)

Note that the velocity does not depend on t; and t,, only on the SD scores and correlation.

For the conditional increment (i.e. adjusted for regression to the mean) the corresponding

values are Z-r with SD /1 — 7, and the conditional increment as an SD score is Z* where
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P Zy — 1121
e [4]
1—7“%

Note that [3] and [4] are similar, and they only differ materially if ry << 1.

In the same way as for a centile curve Cygg, and the LMS method, one can obtain a series of
SD scores Z; and corresponding measurements X; to plot against equally spaced ages t; that
reflect a constant specified unconditional or conditional velocity. Z* = z,. The constant
conditional velocity formula is

Zi+1 = riZi -+ Zo 1 — ’I“iz [5]
where z, is the normal equivalent deviate for the required velocity centile, and ; is the
correlation between Z; and Z;,1. The required series of SD scores is then obtained by daisy-
chaining — use [5] to define Z, from Z;, and then Z3 from Z, etc. In words, given a starting
SD score, a series of SD scores is calculated such that the conditional velocity Z* between
pairs of SD scores is z,. These SD scores can be converted back to measurements X; to plot
on the distance chart using [1]. For the simplest case, starting on the median and growing at
median velocity, i.e. Z; =0 and z o, =0, later SD scores Z; are also all zero. Thus a child
whose growth follows the median curve on the distance chart is growing at median
conditional velocity, as one would expect.

For other choices of z,, positive or negative, the derived series of SD scores back-
transformed to the measurement scale represents a “growth curve” with a consistent pattern
of centile crossing on the distance chart. This “growth curve” is termed a thriveling, as it
quantifies failure to thrive. The slope of the thrive lines, i.e. the degree of centile crossing,
depends in a complex way on the initial SD score and the correlation, which in turn depends
on the corresponding ages of measurement.

For assessment purposes a series of thrive lines is necessary, with different starting points,
so that individual growth curves can be compared in slope with the nearest thrive line. The
thrive lines can be printed on a transparent overlay to be superimposed on the chart. The
assessment of velocity then involves comparing the slope of the child’s growth curve with
the slope of the nearest thrive line. Figure 11A shows the British 1990 weight chart for boys
0-1 years, with the growth curve of a boy measured at 3, 4 and 5 months, over which time he
falls from the median to the 9™ centile. Clearly he is growing more slowly than average as
he is crossing centiles downwards. But the Figure gives no clue as to whether his velocity is
slightly low or very low. Figure 11B shows thrive lines for 5™ centile weight velocity
measured over a four-week period. This is designed as a transparent overlay to be placed
over Figure 11A, so the growth curve can be compared directly with the thrive lines. It is
clear that the growth curve is crossing thrive lines downwards, and hence the boy is growing
appreciably more slowly than the 5 weight velocity centile. In addition he shows the same
pattern over two successive months, which indicates a considerably lower velocity centile
than the 5 (Cole 1998).

So in summary, thrive lines provide a way to quantify centile crossing and hence velocity on
the distance chart, without the need to calculate or plot velocity. In principle one could have
a sheaf of overlays for different velocity centiles, and thrive lines could be applied to height
velocity in puberty as well as weight velocity in infancy. It is worth pointing out that as a
technology thrive lines are ideally suited to the computer screen, where they can be added to
or removed from the chart at the touch of a button.
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WHO growth standard

An important milestone in international health occurred in 2006 with the publication of the
World Health Organization child growth standard (WHO Multicentre Growth Reference
Study Group 2006). The study had a complex design involving infants and children from
sites in six countries, selected to be free of constraints to growth and hence growing
optimally. Data for the first two years were collected longitudinally, with up to 21
measurement occasions per child, and from 18-71 months the children were measured cross-
sectionally. WHO also systematically reviewed the literature on the statistical construction
of growth references (Borghi et al. 2006), and carefully documented the process of
constructing the centiles (WHO 2006). As the pattern of growth was felt to be optimal, and
linear growth in the six countries was similar, WHO has presented the growth standard as
being of universal applicability. It has since been endorsed by over 150 countries of the
world, and many countries have made it an integral part of their own growth assessment, e.g.
the UK-WHO growth reference, see below (Wright et al. 2010).

It should be acknowledged that there has also been controversy surrounding the growth
standard. For reasons that are unclear, weight on the WHO growth standard is low at birth
and rises rapidly in the early weeks, a growth pattern viewed as unhelpful for encouraging
breastfeeding (Binns et al. 2008). Also the WHO standard children are relatively light and
with small head circumferences, which means that they differ materially from North
European children (Juliusson et al. 2011). But since they were chosen as a growth standard
rather than a growth reference, with a lower plane of nutrition (Cole 2008), it is perhaps not
too surprising that they are relatively thin, and in a time of rising childhood obesity it is an
important message that children growing healthily are thin children.

Chart design with the UK-WHO charts

The final stage in this brief and selective history of growth references and growth charts is to
highlight recent work developing the UK-WHO growth charts as a synthesis of the British
1990 reference (Freeman et al. 1995) and the WHO growth standard (WHO Multicentre
Growth Reference Study Group 2006). When the WHO standard was first published the
British Government Department of Health caused a child growth expert group to be set up
under the leadership of Professor Charlotte Wright (University of Glasgow) to develop a
British version of the WHO charts. The result was a set of charts from birth to 4 years with
evidence-based instructions, several innovative chart design features to simplify plotting and
improve plotting accuracy, and they were fully trialled before launch (Wright et al. 2010).
As an example Figure 1 illustrates the 0-1 year weight chart for girls, where the centiles start
at age 2 weeks rather than at birth. This is for three reasons: i) growth assessment in the first
two weeks should be relative to the individual’s own birthweight rather than weight centiles
(i.e. has the infant regained birthweight?), so the early centiles are omitted,; ii) the break in
centiles between birth and 2 weeks reminds the user that the birth centiles (shown on the age
0 axis) are based on the British 1990 reference while those from 2 weeks are from the WHO
standard, and iii) as stated earlier, WHO birthweight is very low compared to British 1990
birthweight and for this reason the first two weeks of WHO weight centiles are omitted (see
(Cole et al. 2011) for a fuller explanation). The charts, instructions and training materials are
all available at http://www.growthcharts.rcpch.ac.uk.

Conclusions

This whistle stop tour has shown how the process of growth assessment has developed and
matured in the 200 years since de Montbeillard’s son’s growth curve was drawn. The
process has involved an interesting synthesis of three distinct disciplines: anthropology for
the collection of anthropometry, statistics to summarise the anthropometry for the growth
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reference, and graphic design to represent the growth reference as a growth chart. In fact
there are other relevant disciplines too, including politics, psychology and ergonomics,
where the aim is to encourage individuals to make the best use of the chart. Future
developments in chart design are likely to be primarily electronic, exploiting computer and
smartphone screen technology, which will free the design from its longstanding two-
dimensional straitjacket.
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Figure 1. UK-WHO chart for weight in girlsaged 0-1 yearsillustrating centilesand centile
Crossing.
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Figure 2. Distance plot and velocity plot of height in Count de Montbeillard’s son (Tanner,

1962).
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Figure 3. A card containing Francis Galton's measur ements as obtained from his
Anthropometric Laboratory at the South Kensington Museum (Johnson et al, 1985).
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Figure4. Galton's ogive, or cumulative distribution function, showing the median, lower and
upper quartile (Galton, 1875).
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Figure 5. Two growth chart designs proposed by Henry Bowditch, thefirst (Ieft) based on
Galton’s ogive (Figure 4), height plotted against centile by age group, and the second (right) an
inver se ogive of age plotted against centile by height group (Bowditch, 1891).
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Figure 6. Bowditch'sthird growth chart design, height plotted against age by centile, the
forerunner of most modern growth charts (Bowditch, 1891).

Ann Hum Biol. Author manuscript; available in PMC 2014 February 11.



Cole Page 19

GROWTH CURVES OF HEIGHT BY AGE FOR GIRLS
(Average, Accelerated, and Retarded Rates of Materotion)

Case No,
veurs O 3 . o (IREY (AR Ay BN Sl WY 20 s SN Gk
2 T T T T T T LS R AN BN A AN 0 BE LA B A8 | IT A AR A B R A AR 4
o
Accelpreted
e /
: T}'7=¢-
|
1
a A VA N7 &
e 7§ FAVA
4
AR
o0 2 Y o
/ o
/ -3
AW
"o L4 ‘, - - ——
/| VA A
e / e
H / 74 4'/ 28
f Yo amv s
o 74 7.4 B EEF
/
/‘ 7 =
v / 7 INCREMENT CURVE e (10
S R
* / e
¢ o s
.0 N~ = e
® —
I‘ N / s —pre
ro s i
\ =
——q2s
“w 34 —
% b phes=
S
L] - °
adada b lat oot adaaaladal oy ad TN RS N Aol ily e Ll.M:A Al
ey ¢ J AT R [ R R TR DO ST SRR A R

Figure 7. Combined height distance and velocity chart for girls (Bayer and Bayley, 1959).
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Figure 9. The effect of growth tempo on the height distance curve: left, two growth curvesare
steeper in puberty than the cross-sectional centiles, and right, similarly for the average

longitudinal growth curve (Tanner et al, 1966).
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Figure 11. The use of thrivelinesto assess weight velocity in infancy: left, the British 1990 boys
weight chart with a baby showing grcwth faltering, and right, thethrivelines show that their
weight velocity iswell below the 51" centile.

See text for details.
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