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Abstract

The current UK stature and weight references were first published in 1966 and 

have been used ever since despite concern that they may not adequately describe 

the growth of present-day British children. In addition, weight is a poor indicator 

of fatness/obesity, and there is not a corresponding set of reference curves to 

assess obesity. In adults. Body Mass Index (BMI; i.e. weight/height^) is popular, 

but its use in children has only developed recently. Using current data new 

reference curves of stature, weight and BMI have been estimated fi'om birth to 23 

years for children in 1990. The great majority of the data are nationally 

representative.

The curves were derived using Cole’s LMS method, which adjusts the data 

distribution for skewness and allows individual measurements to be expressed as 

exact centiles or standard deviation scores. Use of the curves is aided by the 

provision of nine centiles, where the two extremes identify the smallest and largest 

0.4 percent. These new curves differ fi-om those currently used at key ages for both 

stature and weight. In view of this, the concerns expressed about the current 

curves, and the lack of a corresponding reference for obesity, it is proposed that 

these new curves be adopted as the UK reference.

The second section of the thesis is concerned with individual longitudinal growth 

modelling. Two non-linear curves were compared; the Preece-Baines model III and 

the Jolicoeur-Pontier-Pemin-Sempé model. The JPPS model gave a better fit, and 

was used to estimate ages at take-off and PHV, and PHV. The parameter pairs 

(Cl, D i\ (C2, D2) and (C5, had maximum influence during early, mid and late 

childhood respectively. Adult stature was independent of the timing and size of the 

pubertal growth spurt. JPPS parameter D3 was strongly related though not 

identical to PHV and this relationship estimated.
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Chapter 1: Introduction 

1.1: History of the study of growth

The study of human growth has occupied the attention of researchers for several 

centuries, but it is only in the latter half of the 2 0 th century that there has been 

formulated a coherent approach to the collection and appropriate analysis of relevant 

data. The first recorded measurements of a child followed longitudinally fi'om birth to 

early adulthood were those taken on the son of a French nobleman, the Comte de 

Montbeillard (1720-1785). At about the same time the first table of measurements of 

human growth, taken on children resident in the Royal Orphanage, Berlin during the 

spring of 1754, were pubhshed by Christian Friedrich Jampert (d. 1758).

These two studies were conducted out of scientific curiosity prompted by a desire to 

study and describe the pattern of normal human growth. They had much in common 

with modem growth studies which aim to produce reference centiles for monitoring the 

status and growth of normal populations and individuals. In contrast to these two, the 

majority of growth data now available fi'om before the nineteenth century arose out of 

the requirements of the mihtary. The two most widely studied datasets are those fi'om 

the Carlschule, a military style academy for the sons of the wealthy of Stuttgart for the 

years 1772-1794 (Komlos et al, 1992), and the Marine Society children of London, 

1786-1860. In addition there are other data relating to army recmits, one of the most 

extensive being an archive of Norwegian men dating fi'om 1741.

Auxological epidemiology, the use of growth data to search out, and later define, 

sub-optimal conditions of health (Tanner, 1981), has its beginnings at the start of the 

nineteenth century with the rise in concern about the conditions of the working classes 

and their children. There was now a change in emphasis of growth studies, with the 

intellectual impulses and the requirements of the mihtary being echpsed by a desire to 

achieve social reform, through a demonstration of the adverse effects on growth, of 

poor hving conditions and child labour; a practice which was widespread in Britain until 

the introduction in 1833 of the Factories Regulation Act. This Act made it illegal for 

children under the age of 9 years to work in various types of textile factories and much
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improved the working conditions of children aged 9 to 12 years. The desire to monitor 

the effects of the social environment and changes to it is not unlike the impetus behind 

the present-day National Survey of Health and Growth (Irwig, 1976; Rona & Chinn, 

1984). The prime instigators of this movement were Villermé (1782-1863) in France, 

Quetelet (1796-1874) in Belgium and Chadwick (1800-1890) and Farr (1807-1883) in 

Britain.

In addition to this change in motivation for growth studies, there was a move towards 

the development of mathematical modes of analysis of growth data. The initiator of this 

was the Belgian astronomer and mathematician, Adolphe Quetelet, who discovered 

that human height was distributed in many populations according to Gauss's newly 

described Law of Error, which Quetelet always regarded as a law of error and not a 

more general law of distribution.

Quetelet was the first person to fit a curve to describe the relationship between height 

and age, and produce a table of growth. The model he fitted was derived fi'om the 

equation for conic sections which he worked on for his doctoral thesis (which gave a 

continuously decreasing velocity of growth fi'om birth onwards) and he applied it to the 

means of data grouped by age. However, Quetelet committed two errors. The first was 

to fit an inappropriate curve, which did not allow for the increasing velocity of growth 

during puberty (the adolescent growth spurt); he beheved that the spurt in growth 

during adolescence was the result of catch-up growth in certain individuals and was 

unrelated to the general pattern of growth. Secondly, by applying his curve to the mean 

heights of children grouped by age, he averaged out the effect on growth, of puberty. 

As there is a spurt in growth during puberty which occurs in different individuals at 

different ages, its effect is reduced in the mean curve calculated cross-sectionally, as 

demonstrated later in this chapter.

It was quickly recognised that the model was wrong but only one contemporary, JHW 

Lehmann (1800-1863), raised any objections, and he was largely ignored. Lehmann 

pointed out that as the growth spurt of individuals during puberty occurred at different 

times in different individuals its effect was diminished in the mean growth curve and 

consequently, it was unsurprising that it was not observed in Quetelet's curve, fitted as
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it was to the mean of data grouped by age. This was unappreciated for a long time and 

Quetelet’s table was still being used in 1917 when it was included in the first edition of 

D'Arcy Thompson's book 'On Growth and Form'.

During the latter half of the nineteenth century following on fi-om Quetelet's work on 

the mathematics of growth came Roberts (d.l901) and Galton (1822-1911) in Britain, 

Bowditch (1840-1911) in the United States and Pagliani (1847-1932) in Italy. All these 

contributed to laying the foundations of modem auxology, foundations which were 

buüt upon and greatly expanded during the early part of the twentieth century by Franz 

Boas (1858-1942).

Charles Roberts initially became involved in auxology as one of five doctors conducting 

inspections and measurements for the 1872-3 textile factories survey set up by the 1872 

Parliamentary Commission. He was not a prolific writer in this field and his reputation 

rests mainly on two papers published in 1874 and 1876 and to a lesser extent on his 

'Manual of Anthropometry* published in 1878. Roberts was the first to place emphasis 

upon variation around the mean and also produced the first fi-equency distributions 

since those of Quetelet's detailing the size of new-boms in 1831. Together with 

Bowditch in the United States, they were the first to publish a bivariate table of 

measurements, that of weight against height.

Henry Bowditch, in addition to producing bivariate fi-equencies, calculated velocities of 

growth fi'om the successive differences between yearly means, showing quite plainly the 

adolescent growth spurts in both the sexes. In the 1891 annual report of the Board of 

Health of the State of Massachusetts he applied Galton's method of percentile grades to 

his data and produced the first practical growth standards by which the growth of a 

child could be judged against the population. He was the first person to notice the 

skewness of the distribution of height during puberty, though it was Boas who 

correctly explained it.

Luigi Pagliani's reputation, in common with Charles Roberts, rests upon two papers, 

published in 1875-6 and 1879. He was amongst the first to realise the difiference 

between what he called the individualising (longitudinal) and the generalising (cross
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sectional) approaches and wrote about the relative advantages of both. He introduced a 

method for removing the effects of sampling bias in calculating yearly means for 

longitudinal data, a method revived much later by Tanner(1952; 1965). The method 

involved calculating the actual increments shown by each individual and taking the 

means at each age. The growth curve for height was then constructed by adding these 

mean increments successively onto the cross-sectional mean value of 1 0  year-olds, the 

youngest age group in his sample.

Of all the people developing the study of human growth at the end of the nineteenth 

century, Galton was by far the most important, introducing many new statistical ideas 

into the field. He was the first to describe stratified sampling, stratifying his sample of 

children by social class, and his design for an apparatus to measure human height 

closely resembled the stadiometer designed by RH Whitehouse and still used today. He 

invented the now common system of percentiles and also computed the 'probable error* 

values for his fi’equency distributions of height, weight and head circumference, a term 

renamed probable deviation in 1888 and replaced in 1894 by Karl Pearson's standard 

deviation. Thus, he was responsible for the use of a measure of the dispersion of values 

and not simply the average values when describing growth data. Though he was not the 

first to do so, he understood more clearly than many of his contemporaries, the 

distortion introduced into growth curves at puberty by the averaging of cross-sectional 

data, causing the curves to be much less steep than curves constructed fi’om 

longitudinal data. He realised that tallness representing advancement in childhood was 

no guarantee of ultimate tallness and when he later turned his attention towards the 

inheritance of height, he introduced the use of both the regression and correlation 

coefficients.

Galton did much to develop the statistics of auxology but the man who is regarded by 

many as founding the field of modem auxology was Franz Boas. Boas was a prolific 

researcher, publishing much over an extended period, his first article appearing in 1892 

and last in 1941. He discovered that some individuals were more mature physically than 

others for a given age throughout the whole of childhood and introduced the concept 

of developmental age into paediatric practice. He was the first to use the phrase tempo 

of growth' to describe the tendency of development to be either fast or slow. Though it
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was Bowditch who first noticed the increased skewness of the distribution of height 

during puberty it was Boas who correctly explained it as being due to adding together 

the figures for individuals with different degrees of acceleration and retardation; the 

generally taller, physiologically advanced entering puberty early whilst the generally 

shorter, physiologically delayed entered puberty late. This caused a positive correlation 

between height and height gain in early puberty and a negative correlation in late 

puberty.

Boas showed that early developing children first rise through a system of standard 

percentiles, calculated fi'om cross-sectional data, and later drop back, whereas the late 

developer does the reverse. Even an average individual departs from the average centile 

(if the centiles were calculated cross-sectionally), for the slope of his curve is greater 

than the cross-sectionally derived average. Boas thus placed much emphasis on the 

importance of following individuals and on the use of appropriate modes of analysis for 

longitudinal data.

Since Boas’ work, auxology and the methods used have grown enormously. The above 

is only a very brief description of the early history of auxology and the mathematics of 

growth, to put into historical context the present research. Further details, including a 

complete description of auxological research fi'om the earliest times to the beginning of 

the 1980s, is contained in JM Tanner’s extensive book ’A history of the study of human 

growth’ (Tanner, 1981).
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1.2: The Assessment of Growth 

The need for a growth reference

The physical growth of children has long been recognised as a powerful indicator of the 

condition of both societies and individuals (Wolff, 1935; Ellis, 1945; Preece, 1986; 

Tanner 1986a; Micozzi, 1993), and growth reference curves are an invaluable aid to 

health surveillance. They can be used to monitor and compare the health and nutritional 

status of populations or sub-populations - the population-monitoring function, or to 

monitor the health and nutritional status of individuals - the individual-monitoring 

function.

Population monitoring

For population monitoring, reference curves can be of use but are not essential. The 

aim is usually to contrast two or more populations with respect to one or more 

anthropometric variables, and this could be achieved simply by comparing the means 

and variances of randomly selected children, grouped by age. However, international 

comparisons are made easier if the data are organised in a standardised form and for 

this reason the use of a international reference has been recommended (Waterlow et al, 

1977). In addition, secular trends (changes over time) within a population can be more 

easily monitored if the data are similar from one measurement occasion to the next; for 

example, the National Survey of Health and Growth (NSHG) was set up in 1972 to 

monitor the effects of changes in welfare policy and the environment, on growth and 

lung function, during the primary-school years (Irwig, 1976). It continues to the present 

day, collecting data in a standardised form for comparison with previous cohorts.

The monitoring of individuals

When the purpose of measurement is to examine the status of individual children, some 

form of standardised reference with which to assess the growth of each individual, is 

essential. The use of appropriate reference charts is an integral part of any child health 

surveillance programme. They aid both the screening and identification of those
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children at risk of various disorders affecting growth, and assist clinicians needing to 

monitor the growth of individuals over several years. Growth charts are useful for 

investigating groups of not overtly ill children and provide a basis for decision-making 

concerning fiirther investigation and intervention (Tanner, 1986b).

Used for screening, a reference compares (for a given variable) the current growth 

status of an individual child with the reference population. Provided the reference is 

based upon a random sample of children from the target population to whom it is to be 

applied, it can be used to provide limits of normality, within which the values for the 

majority of children lie. Children whose values lying outside of these limits may be 

regarded as worthy of further monitoring or investigation.

Growth charts are useful not only to measure children on single occasions and to screen 

for disorders, but also as a tool for clinicians who need to monitor the growth of 

individual children over time. This is the case when growth faltering is suspected, for 

whatever reason, or when the effects of an intervention which affects growth need to 

be monitored, such as with hormone treatment for children who are growth hormone 

deficient.

In Great Britain, growth screening, as part of an child health surveillance programme, 

has been considered by a Joint Working Party on Child Health Surveillance, which was 

first established in 1986 (Hall, 1991). They emphasised the benefits of surveillance and 

presented guidelines for the routine screening of childhood disorders. The screening for 

disorders, not only of growth but of all aspects of child development, was considered 

an important part of routine surveillance and maintenance of children’s health 

(MacFarlane et al, 1989). This Joint Working Party recognised the need for continuing 

revision of protocols in the light of experience and new information; their current 

recommendations are the result of a revision of the initial report, whilst a third report is 

in preparation at present and should be available soon. Prior to the publication of the 

first report in 1989 there had been great variability in the ages at which children were 

examined and in the tests which were performed, and the report presented, for the first 

time in the UK, a proposal for a unified National Child Health Surveillance Programme.
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In addition to the monitoring of growth, the nutritional status of children is also of 

interest to child health care workers. Nowadays, in developed countries such as Great 

Britain, under-nutrition is no longer regarded as a widespread problem, and much 

greater attention is paid to the increasing levels of obesity in the general population, at 

all ages. In developing countries, where resources are often scarce, malnutrition is of 

much greater concern and monitoring aids the identification of those individuals who 

would benefit most fi'om some form of nutritional intervention.

Weight adjusted for height has generally been used to examine nutritional status in 

children as it reflects, more accurately than weight, a person’s shape; shape being 

considered indicative of body composition (Keys et al, 1972). Several diflferent indices 

have been proposed, though charts are only available for prepubertal children, and few 

allow any adjustment to be made for age (Hamill et al, 1977; Chinn & Morris, 1980; 

Dibley et al 1987 (a) & (b)). This has meant that children of diflferent ages but the same 

height are compared together, despite the feet that body fat content varies greatly with 

age during childhood (Fomon et al, 1982; Cole, 1985). In addition, though nutritional 

monitoring is most important in early childhood (Hall, 1991), its usefulness does not 

end once adolescence is reached and a situation where, currently, there is no suitable 

reference available for this period is clearly unsatisfactory.

In adults, Quetelet's Index or Body Mass Index (BMI; i.e. weight/height^ (kg/m^)), 

which varies little with age, is often used as a proxy measure of adiposity ('fatness') to 

provide age-independent cut-oflf criteria, as it shows good correlations with more exact 

measures of adiposity and has a low correlation with stature (Khosla & Lowe, 1967; 

Garrow & Webster, 1985). However, it changes considerably with age during 

childhood (RoUand-Cachera et al, 1982) and thus for it to be applicable to childhood 

populations, age-related centiles are required. Its use as a nutritional index in childhood 

is not widespread and of the few references that exist none are entirely satisfactory, 

either because they cover a limited age range or the data are old (Rolland-Cachera et al, 

1991; Hammer et al, 1991; Must et al, 1991). The majority of the data for childhood 

(ages 1 month to 15 years inclusive) for the French BMI reference (Rolland-Cachera et 

al, 1991) came fi'om a longitudinal study of growth of 171 children recruited between



Chapter 1 Page 21

1953 and 1960. The reference described by Hammer et al (1991) was based upon 

measurements taken between 1971 and 1974, whilst those of Must et al (1991) cover 

ages 6 years and above and moreover only the 85tb and 95 percentiles are presented. 

There is a need to have an age-related reference for the whole of childhood, against 

which to assess the nutritional status of children, and BMI is proposed as a suitable 

candidate variable for the production of such a reference.

1.3: The Techniques of Growth Monitoring

Growth reference charts usually contain sets of curves plotted with age on the 

horizontal axis and some measure of growth (e.g. height or weight attained) on the 

vertical axis. These curves represent the percentage of the population at each age that 

falls below a particular value and are known as centile hnes; with stature attained, for 

example, only 3% of children from the reference population fall below the 3”* centile 

line. Historically, the commonly used centiles and the ones employed by Tanner and 

Whitehouse (1976) are the 3”*, lO*, 25“’, 50“’, 75“’, 90“’ and 97*. The charts provide 

cut-off values at each age such that individuals who fall outside certain limits (usually 

the 3”* and 97* centiles) are regarded as being worthy of monitoring or fiirther 

investigation (Tanner, 1986b).

Distance or Velocity?

Distance describes total growth attained at each age, and curves can be produced from 

either cross-sectional or longitudinal data. Velocity describes the rate at which growth 

occurs, usually expressed per year, and curves can only be constructed from 

longitudinal data. Velocity summarises the growth experience over whole years rather 

than at single ages, and is calculated as the difference between two distance values, 

usually taken a year apart, and for a distance curve constructed using longitudinal data 

it represents the slope. Data collected cross-sectionally contain single observations on 

each child, .whereas longitudinally collected data contain serial observations on each 

child, allowing annual velocities for each to be calculated.
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Distance curves constructed from cross-sectional data are appropriate when a child is 

measured on a single occasion, and are used for screening. For each child, they 

compare the current status of the variable under investigation to the reference sample, 

(usually drawn from the target population to whom the charts are to be applied). 

However, they provide no information as to how well individual children are growing, 

and for the longitudinal investigation of growth, velocity curves, or distance curves 

constructed from longitudinal data, are usually used. Velocity curves, in particular, may 

be useful as they quantify the measured rate of growth for each individual by comparing 

it to that expected in the reference population.

Until age 9 years in girls and 11 years in boys, growth within a group of children is 

relatively homogeneous, and cross-sectionally calculated centiles can be used for the 

longitudinal monitoring of individuals (Tanner, 1986b; Preece, 1989). However, after 

this age, due to differences in tempo between children, it is considered inappropriate to 

use cross-sectionally based centiles (the term tempo, first coined by Boas, describes the 

tendency of earlier maturing children to be developmentally ahead of later maturing 

children at all ages). During puberty, growth amongst children becomes much more 

varied, with the early maturers starting and finishing the spurt early, the late maturers 

starting and finishing much later and the average maturers developing at a rate between 

these two extremes, and the size of the spurt varying greatly between individuals, even 

of similar tempo.

As a result of this increased heterogeneity of growth during puberty, the combining of 

data from children at all different stages of development leads to a reduction in the size 

of the adolescent growth spurt in cross-sectionally calculated centiles. It is the result of 

taking a linear sum of growth curves that are non-linear in their parameters and is 

demonstrated overleaf using height velocity data from five boys in the Harpenden 

Growth Study (Figure 1.1 (a) & (b)).



Chapter Page 23

(a)

(b)

Ï5 17 1912 13
Age. years

12-

O)
O)

3 Peak
v e l

2 2 *3

Years from peak velocify

Figure 1.1: The relation between individual and mean velocities during the adolescent spurt, (a) 
the individual height velocity curves of five boys of the Harpenden Growth Studv (solid lines) 
with the mean curve (dashed) constructed by averaging their values at each age; (b) the same 
curves all plotted according to their peak height velocity. Reprinted with kind permission from 
page 13 of 'Foetus into Man' by JM Tanner, 2"‘̂ edition, published by Castlemead Publication. 
Ware.

Each boy begins the spurt at a different age (Figure 1.1 (a)). The mean curve calculated 

from adding these velocities together (dotted line) is a poor descriptor of velocity 

during puberty, being much flatter than each of the individual velocities (solid lines). If, 

however, the age axis is rescaled to represent years from peak height velocity, such that 

the peaks occur together, and the average is calculated (dotted line), this new curve 

describes much better the shape of the velocity curve (Figure 1.1 (b)).
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Reference curves of both distance and velocity, appropriate to the follow-up of 

individuals during puberty, have generally been constructed from longitudinal data 

which allow estimation of both the size and timing of the spurt in individuals (Tanner et 

al, 1966 (a) & (b)); indeed, velocities can only be constructed from longitudinal data. 

However, there are various problems associated with the construction and 

interpretation of longitudinal curves, both logistical and statistical, which can make their 

construction infeasible. Longitudinal data collection is costly, and it can be difficult to 

maintain the interest of enough subjects throughout to make the results statistically 

valid; estimates based upon small numbers will be less precise than those calculated 

from large samples and in addition the possible existence of systematic bias in the 

estimates is greater for small samples. Due to the length of time involved in the 

collection of longitudinal data, they are often out of date by the time the study is 

completed and it is likely that the sample may be unrepresentative of the general 

population as those who remain in the study tend to be those whose circumstances 

allow regular attendance and whose motivation is above average (Preece, 1989). The 

Dutch attempted to overcome this by measuring children twice, a year apart, in order to 

calculate a single year velocity for each child (Roede & Van Wieringen, 1985). This is, 

in effect, a cross-sectional velocity reference, as there is a single velocity measure per 

child. However, this does not allow estimation of tempo of growth for each individual 

and so is unsatisfactory for the construction of a reference during puberty which needs 

to be able to adjust for maturity.

Statistical difficulties also exist, in the estimation of both the median growth curve and 

the variability around it, and the interpretation of the consequent curves. Tanner et al 

(1966, (a) & (b)) produced their curves graphically and did not make any assumptions 

about the distributions of the individual curves. Though the method had the advantage 

of not imposing any structure on the curves, by not fitting a specific model, it relied 

heavily upon the draughtsmanship of those drawing the curves. Nowadays, several 

non-linear models exist which reflect very well the shape of individual growth curves 

(Preece & Baines, 1978; Jolicoeur et al, 1988, 1992; Kanefuji & Shohoji, 1990). 

Difficulties arise though in estimation of the median growth curve from these individual 

curves, as Merrell (1931) has shown that the mean parameter curve may systematically
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underestimate or overestimate the mean size at each age, depending upon the curvature 

of the function chosen.

As well as the difficulties in estimating the median growth curve, are problems in the 

estimation of the variability of longitudinal growth. Tanner et al (1966, (a) & (b)) 

estimated the slope of the median growth curve using the average slopes of the 

individual curves ahgned at the median age at peak height velocity. For the variability 

they used that from the cross-sectionally calculated curves. However these curves are 

difficult to interpret and the charts make no allowance during infancy and puberty for 

the effect of regression to the mean, which arises because of the negative correlation 

between expected height velocity and initial stature during these periods (Cole, 1994a). 

Does the median curve represent the growth of the median growing child and what of 

the median growing early or late developer? How is the growth of those not following 

the median curve to be quantified? To produce curves allowing for tempo many 

individuals at each level of tempo would be needed, as there is great variability in the 

size of the spurt, even for individuals of the same tempo.

Furthermore, the longitudinal data available for this current research consisted of 

stature (length below age 2 years) data on 79 boys and 62 girls bom in Edinburgh 

between 1972 and 1976, measured biannually from birth to maturity. This sample was 

inadequate for the production of longitudinal reference curves, especially if adjustment 

for tempo were incorporated, as has been suggested elsewhere (Tanner, 1986b). For 

this reason and because of the statistical difficulties outlined above, longitudinal growth 

reference curves were not produced.

Choice of Sampling Population

The choice of population, from which data for the production of reference charts 

should be collected, is important. Should charts be constmcted using data collected 

from the population to which they are to be applied (representative) or from some 

external population to which the growth of those being monitored should aspire 

(optimal)? Though the use of an international reference to compare groups of 

children is not in dispute and is in fact to be recommended, the use of one to
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monitor the status of individuals is controversial and has been the subject of much 

debate (Habicht et al 1974; Goldstein, 1974; Goldstein & Tanner, 1980; Graitcer 

& Gentry, 1981; Eusebio & Nubé, 1981; Trowbridge, 1982; Anon, 1984; Sullivan 

et al 1991).

Goldstein and Tanner (1980) argue that, for the monitoring of individuals, every 

country should have its own reference charts based on a representative population 

sample of that country. A child should be judged against what is achievable within its 

own environment, with the place for an international reference being in making 

comparisons between different population or sub-population groups. There is a danger 

that an international reference may become regarded as a 'gold standard' of growth, to 

which the growth of all children should aspire, when in fact it describes only the current 

growth of children in the sampled population; the WHO/NCHS (National Centre for 

Health Statistics, 1977; World Health Organization, 1978) international reference is 

based upon data from the USA, where obesity levels are high (Kuczmarski et al, 1994) 

and it would be neither appropriate nor desirable to expect children in the developing 

world to grow in that way.

Advocates of a single international reference for the monitoring of individuals state 

that the growth of privileged children in developing countries experience growth 

patterns not dissimilar to those in developed countries and thus it is suitable to 

apply references for developed countries to children in less developed nations 

(Habicht et al, 1974; Graitcer & Gentry, 1981). However, as Goldstein (1974) 

asserts, this fails to acknowledge that whatever his genetic potential, the poorer 

child will have a growth pattern related to his environment, which although at a 

lower level than a child from a more privileged environment may be optimal for 

him. There is also the implicit assumption that the growth of children from the 

reference population is optimal and this may not be the case, particularly where 

obesity levels are high, such as as mentioned above in the USA.

Furthermore, an optimal population sample is diflScult to define as what may be optimal 

in one situation may not be in another. It has been suggested that a definition of 

optimality could be based upon good health (Preece, 1989). However, even assuming
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that morbidity and mortality statistics upon which to base the definition of good health 

are available (which may not be the case for many countries), the definition of health 

itself is extremely difiScult. Health is a relative concept, and depends upon cultural and 

temporal norms and is constantly changing. The curves developed during this current 

project were based upon a representative population sample of the UK in 1990. To 

limit the possibility that they may become regarded as a 'gold standard', the term 

standard has been avoided, and they will be referred to throughout as a growth 

reference.

CentUes or Standard Deviation Scores?

When the underlying distribution is normal or can be transformed to normal, 

anthropometric data may be expressed as standard deviation scores (SDS, SD score, Z- 

score. Normal Equivalent Deviate (NED)), as well as in terms of centile position. The 

SD score of an individual / is calculated as the difference between the measurement 

value (possibly transformed) for that individual (y,) and the mean measurement for the 

population {jS), divided by the population standard deviation (<r). It quantifies how far, 

in terms of the population standard deviation, that value is fi'om the population mean 

SD scores are normally distributed with mean of 0 and variance of 1.

SD score for individual i = —— — (1.1)
< j

There is some debate as to the relative advantages of expressing data in terms of SD 

scores or centiles, though in reality this is somewhat artificial, as they both have their 

uses. Centile position represents a direct probability statement, and is useful in a clinical 

context, as it is a much easier quantity to explain to a patient (Preece, 1989). However, 

secondary analysis is more appropriate for data organised as SD scores than for data 

expressed as centiles, and for children who lie outside the normal range, an SD score 

represents an exact quantity and is of greater value than the statement that the child lies 

below the 3”* centile (or above the 97*) (Davies et al, 1993). Macfarlane (1994) has 

suggested that the difference in two consecutive SD scores could be used as a
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screening tool, though as he asserts, this needs more research. Furthermore, the use of 

SD scores has been recommended by a WHO working party (Waterlow et al, 1977) for 

the assessment of both individuals and groups of children. It allows anthropometric cut

off points to be defined beyond the observed outer percentiles of the original reference 

and as SD scores reflect the reference distribution, they are comparable across variables 

and ages (Dibley et al, 1987a).

Additional types of growth reference

As well as distance and velocity centiles, other types of reference exist for child 

monitoring, such as conditional and regression references, references for discrete 

events, and references for special populations. A conditional growth reference is as the 

name suggests, a reference for one variable which is conditional upon some other 

variable. The simplest example of this are the distance and velocity curves discussed 

previously which are usually conditional upon sex, there being separate charts for boys 

and girls. Tanner (1986b) has also proposed that standards should be conditional upon 

tempo especially during puberty, with separate charts for early, average and late 

maturing individuals.

A regression reference is a particular form of conditional reference, arising when the 

conditioning variable is continuous. It is constructed by regressing the variable of 

interest on the conditioning variable, producing expected centiles given the values of 

the conditioning variable. It is potentially more sensitive because a child is compared 

only to children with its particular value of the conditioning variable rather than all 

children. Examples of this type of reference are the stature centiles conditional upon 

stature one year previously (Cameron, 1980; Cole, 1994a) and those conditional upon 

parental heights (Tanner, Goldstein & Whitehouse, 1970). The latter are only available 

for the prepubertal years due to the increased variability of growth during puberty.

The most commonly used references for discrete growth events are the puberty rating 

scales, which rate the various stages of puberty according to the development of the 

secondary sex characteristics such as pubic hair, breasts and genitalia (Tanner & 

Whitehouse, 1976). These contain a series of photographs of the various stages of
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development which are rated from 1 (prepubertal) to 5 (adult), and are used to 

determine the physiological maturity of individual children during puberty.

Certain groups of children have patterns of growth for which the centiles based upon 

normal children are not appropriate. For example, Prader-Willi Syndrome, Turner’s 

Syndrome and Down’s Syndrome children have patterns of growth very different from 

that found in normal children and charts have been constructed specifically for children 

with these conditions (Lyon et al, 1985; Naeraa & Nielsen, 1990; Cronk et al, 1988; 

Butler & Meaney, 1991). These charts allow the detection of a child with syndrome X 

who is growing abnormally for their diagnosis because of syndrome Y. Ranke (1989) 

lists 19 separate charts for different conditions and explores the role that these disease 

specific charts play in patient management. He concludes that the charts are of great 

value in the care of the children with these conditions.

1.4: The mathematical methods available for describing growth data

The proliferation of interest in growth and especially the mathematical formulation of 

growth models, during the latter half of this century has been the result of several 

factors. The first is the increasing availability of powerful computers capable of 

processing large quantities of data quickly. Secondly and partly as a result of this 

increase in computing capacity, is the advancing sophistication of the statistics available 

for the analysis of growth data. Additionally, there has been a growing awareness of the 

usefulness of growth as a tool for monitoring the health of both individuals and 

populations.

Since Quetelet's day, there have been many attempts to specify curves which 

adequately describe human growth. For the cross-sectional distance curves of Tanner et 

al (1966 (a) & (b)) stature was assumed to be normally distributed and centiles were 

constructed from the means and standard deviations of their data grouped by age, using 

the properties of the normal distribution (e.g. 3rd centile = mean - 1.881 *sd). A 

correction was applied to the standard deviations of the grouped data to produce an 

instantaneous variance for the mean at the midpoint of each age-group. This correction 

adjusted for the effect of the mean of height increasing with age during each age
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interval (Tanner, 1958; Healy, 1962). The centile values for each age group were then 

plotted and smoothed by eye.

Due to the highly skew nature of the weight distribution, weight centiles were 

calculated from the raw data at each age. A correction was applied to adjust for the 

age-grouping effect, based upon the ratio of the instantaneous variance and the 

grouped variance and resulting in the centiles being scaled towards the median. Again, 

smoothing of the final centiles was done by eye.

For the longitudinal centiles the method for both height and weight was the same with 

individual velocity curves being constructed and then integrated to produce distance 

curves which took account of the phase-differencing effect found in cross-sectional 

curves as described earlier. Again the curves were smoothed by eye. For each 

individual a velocity curve was plotted and from this the magnitude of peak height 

(weight) velocity was estimated as was the age at which it occurred. The values were 

then aggregated into several groups according to the age at peak and the values 

averaged. No curve fitting was employed, partly due to the desire not to impose a 

structure on the individual velocity curves and partly because of the lack of availability 

of adequate computing facilities.

Cross-sectional growth centile estimation

Since the time of the construction of the TW charts, the methods available for the 

construction of growth centiles have developed enormously, as has the computing 

capacity to handle large amounts of data and fit complex curves fast. Though it is 

possible to calculate cross-sectional centiles directly from raw data using a sort-and- 

count procedure, a much larger sample is required than if some assumptions are made 

about the distribution of the data (Healy, 1974). The normal distribution is the one 

most commonly used and its use has several advantages: the centiles are defined by the 

mean and standard deviation, the centile standard errors are reduced, especially in the 

tails of the distribution, when compared to the sort-and-count procedure, and it is easy 

to convert centiles into SD scores (Van't Hof et al 1985; Cole 1989b; Healy 1992).
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This last is of interest, because of the benefits of SD scores in assessing the growth of 

individuals outlined earher.

Only those methods which allow for the exphcit conversion of centile position to SD 

score and vice versa were considered for the production of the current centiles. The 

project was initiated to produce reference curves using available methodology; 

methodology which had been demonstrated to work well with anthropometric growth 

data such as stature and weight. Those methods for which this was not the case were 

not considered (Thompson & Theron, 1990; Rossiter, 1991; Wade & Ades, 1994).

Of the methods available for the production of cross-sectional anthropometric reference 

centiles there are two which fulfil the above criteria, and both make assumptions based 

upon the normal distribution. These are the LMS approach of Cole & Green (1992), 

which is an extension of the method of Van’t Hof et al (1985) and the methods 

resulting fi’om extension of the moving average procedure of Healy et al (1988) (Pan et 

al, 1990; Goldstein & Pan, 1992).

Cole's LMS method (Cole, 1988; Cole & Green, 1992) is an extension of the method 

of Van't Hof et al (1985), and was originally proposed for the production of standards 

for skewed data such as skinfold thickness. It assumes that the data can be transformed 

to normality using the power transformations of Box & Cox (1964) (see Appendix 1, 

page 168), and is described completely by the Box-Cox power (L), the mean (M) and 

the coefficient of variation (S) at each age. Initially the data were grouped arbitrarily by 

age, the parameters estimated for each age group and smooth curves fitted through 

these group estimates. However, maximum penalised likelihood using cubic splines, as 

proposed by Green (1988), has subsequently been applied to overcome this need for 

grouping and the resultant problems, and produces smooth curves of the parameters, 

with values at each distinct age (Cole & Green, 1992). The method allows for easy 

conversion between centile value and SD score and has been demonstrated to provide a 

good fit to most anthropometric data, including highly skewed data such as weight and 

skinfold thickness (Cole, 1989 (a) & (b)).
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Alternatively several authors have expanded the semi-parametric method of Healy, 

Rasbash and Yang (1988) (Pan et al, 1990; Goldstein & Pan, 1992) (HRY) which 

assumed that the centile positions at a fixed age could be modelled using a single 

polynomial fimction of their SD scores. The initial centile values were estimated directly 

fi'om the data, for a series of contiguous age bands and these estimates smoothed using 

polynomials. The coefficients of these polynomials are constrained to vary smoothly 

and the final centiles estimated fi'om these values. Originally, the method had several 

disadvantages: it did not perform well over wide age ranges or when the velocity of 

growth was changing markedly; the polynomial fimctions were dependent upon the 

choice of centiles included; and the size and number of adjacent age blocks within 

which the raw centiles were estimated was somewhat arbitrary. However, a subsequent 

extension and generalisation of the method (Pan et al, 1990; Goldstein & Pan, 1992) 

overcame the majority of these disadvantages by using several low order polynomials 

with covariates instead of the single fimction, though the age grouping problem 

remained.

Of these two approaches. Cole's LMS method was chosen for the production of the 

reference curves. Its most important advantage was that though both methods allow 

explicit conversion between SD score and centile position, the complexity of the 

equation is greater for HRY than for LMS (Wade & Ades, 1994; Cole, 1993), making 

it much less practical for common use. Secondly, the data need to be grouped by age 

for HRY, with the choice of the number and size of adjacent age blocks determined 

arbitrarily by the investigator. This is not an issue for LMS, as the incorporation of 

penalised likelihood into the method removed the need to group the data by age.

Longitudinal growth curve analysis

The mathematical modelling of longitudinal data can greatly reduce the amount of data: 

an appropriate, simple model with few parameters can provide a reasonable summary 

of a series of data containing many observations. Additionally, biological parameters, 

such as age at peak height velocity and size of peak height velocity, can be estimated 

fi'om the fitted curve much more easily and precisely than fi'om the raw data. 

Compliance in longitudinal studies is difficult to maintain and data are rarely complete
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for all individuals. Curve fitting can facilitate comparisons between individuals where 

there may be a few observations missing and where the intervals between 

measurements may vary randomly. However, implicit in this approach is the 

assumption that the model fitted truly describes the growth of all individuals and any 

model fitted will impose a particular structure for each individual.

The fitting of curves to longitudinal growth data has focused primarily upon describing 

the shape of the curve for stature. Linear models are of little use due to the large 

number of parameters necessary to model the growth curve and their perceived lack of 

biological significance. Consequently, many non-linear models have been proposed, 

ranging fi’om those which cover growth during infancy alone (Jenss & Bayley, 1937; 

Count, 1943; Berkey & Reed, 1987; Guo et al, 1990), to those flexible enough to 

describe the shape of the entire growth curve, fi’om birth to maturity (Preece & Baines, 

1978; Karlberg, 1989; Kanefuji & Shohoji, 1990; Joliooeur et al, 1988 & 1992).

From the many models available, two were chosen for comparison, and the best-fitting 

model subject to further scrutiny. As it was of interest to describe the shape of the 

curve for the entire period from birth to maturity, models which were restricted in their 

age coverage were not considered. A second criterion was that the models selected 

should be parsimonious; as secondary analyses were to be carried out, models which 

were comparatively cumbersome would unnecessarily complicate this stage.

Currently, there are several models which have been shown to describe well the whole 

of the growth curve in individuals and provide parsimonious summaries of the data, 

including the curves of Preece & Baines (1978), the two curves of Jolicoeur et al 

(1988; 1992) and the curve of Kanefuji and Shohoji (1990). The triple logistic model 

(Bock & Thissen, 1976), though it has been demonstrated to fit longitudinal stature 

data well, was considered overcomplicated, containing as it did 9 parameters. This was 

true also for the ICP model of Karlberg (1989), which involves the fitting of three 

separate curves constrained to overlap at key ages. Additionally, the fitting process 

including estimation of the ages at which the curves overlap, has not been objectively 

described.
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The Kanefiiji-Shohoji model, an extension of an earlier model by Shohoji and Sasaki 

(1987) was rejected as it was not invariant to changes in the units of the age axis. 

Though it is not necessary that the curve fitted should be invariant to changes in the age 

axis, it is a desirable property. The model should remain the same whether days, 

months or years are used and less confidence can be placed in curves for which this is 

not true. Cole has also suggested a reparameterisation of the Kanefiiji-Shohoji model 

(Ledford, 1992) but neither this model nor Shohoji-Sasaki are monotonie, decreasing in 

adulthood and as a result neither were considered.

Of the remaining models, the 3 of Preece and Baines (1978), PB-I, -H & -in, and the 2 

of Johcoeur et al (1988; 1992), JPPS, and JPA-2, one model fi’om each group was 

chosen. The second Preece-Baines model, PB-E, was not considered as it was *too ill- 

conditioned to be of practical use' (Preece & Baines, 1978). Both PB-I, which has 5 

parameters, and PB-IE, which has 6, provide a good fit to the data. PB-EI was chosen 

because of its greater flexibility; the addition of an extra parameter and reduction in 

robustness, was considered a small price to pay for the gain in flexibility. In addition, 

PB-DI has the usefiil property that it reduces to PB-I when the increased flexibility 

provided by the extra parameter is not needed.

Jolicoeur, Pontier, Pemin and Sempé (1988) describe a well-fitting 7-parameter model 

for the whole of the growth period, which is constrained to pass through the origin, and 

for which age is therefore estimated from time of conception. In 1992 Jolicoeur, 

Pontier and Abidi presented a modified version with one extra parameter, JPA-2, which 

fitted at least as well as JPPS, with the main gain being during early infancy. However, 

for the comparison with PB IE, this improvement in the fit during infancy was less 

important since only data from after the first two years were to be used, and the JPA-2 

model was thus rejected in favour of the JPPS model.

1.5: The need for a new reference
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The reference curves of stature and weight currently used in the UK were originally 

pubhshed in 1966 (Tanner, Whitehouse and Takaishi, 1966 (a) & (b)) using data 

collected before 1960. In 1976 they were redesigned for easier interpretation using the 

same data and republished (Tanner & Whitehouse, 1976). The Tanner-Whitehouse 

reference curves (TW) have been in use in the UK ever since despite increasing concern 

that they do not describe adequately the growth in stature and weight of present-day 

British children.

There are several potential reasons for this lack of correspondence between the TW 

curves and the current British population. There has been a trend towards earher 

maturity and greater adult height and weight nowadays when compared to previous 

generations (Chinn & Rona, 1984; Chinn et al, 1989b; Voss et al, 1989; Tanner, 1962; 

Roberts, 1994). This secular trend leads to increased height and weight at any given 

age over time, and when there is evidence of a secular trend in a population, there is a 

need for regular revisions of growth charts in order to maintain their vahdity (Preece, 

1989). Furthermore, there have been criticisms of the sample used in the construction 

of the TW charts. In 1989, Cole et al commented that the TW curves rehed on 'a 

different group of children in the first few years to those used at school age, and the 

numbers here were relatively small (about 80 of each sex)*. The data used to produce 

the TW charts came fi'om children hving in the South East of England, primarily 

London and were not nationally representative. Though most critics of the curves have 

concentrated on the secular trend as the reason for the need to revise, only Cole et al 

(1989) and Cameron (1993) have commented on the small numbers. Cameron further 

commented on their unrepresentative nature, pointing out that they were not collected 

with the intention of being representative of the British population.

During infancy, feeding practices have altered since the time of the construction of the 

TW charts, when most infants were almost exclusively bottle-fed. Many more babies 

are now breastfed, in line with Government health recommendations, and infant feeding 

formulas currently available resemble breast milk more closely. These differences in 

nutritional patterns have been shown to have effects upon the pattern of growth in 

infancy causing some researchers to question the validity of the TW charts during this
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period (Whitehead et al, 1989; Wright et al, 1993). Using data on Cambridge infants, 

the majority of whom were breast fed, Whitehead et al demonstrated that the growth of 

these babies was initially greater than TW, but then declined such that for weight at 3 

months the Cambridge 50* centile was on the TW 60*, but by the age of 10 months it 

had fallen and was much nearer the TW 25*. Length was shown to give similar, though 

less marked, results. They concluded that it was inappropriate to use the TW reference 

curves for infants in 1989 given that contemporary infant feeding practices differed 

substantially from those at the time when Tanner prepared his charts, and that these 

differences could have an influence on infant growth.

More recently Wright et al (1993) have compared the TW, American NCHS and 

Cambridge weight standards, using data from a cohort of infants resident in Newcastle 

upon Tyne in 1989. As with the Cambridge study, they showed that the growth in 

weight of the Newcastle infants did not match TW well, with the cohort initially 

showing increased growth until 3 months and then a decrease to 18 months when 

compared to TW. This difference in the pattern of growth was reflected in the 

percentage falling outside the 3”̂  and 97* centiles. At birth, more than 5% were below 

the 3”̂  centile though this quickly fell to less than 2%, until at 9 months it had increased 

to 3.3%. For the 97* centile the reverse was true. The authors concluded, similarly to 

Whitehead et al, that the move towards higher rates of breast feeding and the use of 

infant feeding formulas closely resembling breast milk had changed the pattern of infant 

weight gain from the time of TW and made the development of new growth standards 

necessary. They were further critical of the time elapsed between the collection of the 

data for TW and the present day.

Using data on school entrants in the Southampton and Winchester health districts Voss 

et al (1987) showed that the percentage of this population falling below the 3”* centile 

of the TW reference charts for height was 1.4%. This, they suggested, conflrmed that 

their 5-year-olds were taller than those of 20 years ago and imphed that the continued 

use of the TW curves caused up to half the children who should be investigated for 

short stature to be excluded. Additionally, they cited Buckler (1985) who conducted a 

similar analysis of school entrants in Leeds. Buckler stated that Leeds children at school
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entry were similar to the TW children of 25 years previously. Given the secular trend in 

height and weight over this period, he concluded that this lack of contrast between 

Leeds and TW could be attributable to the growth of Leeds school children running 25 

years behind their southern counterparts. These proposed differences between the 

regions are compatible with the regional differences described by Chinn et al (1989a), 

using data from the National Study of Health and Growth (NSHG).

For children aged 4.5 to 12 years, data from the National Study of Health and Growth 

(NSHG) have been used to demonstrate a secular trend in the growth of primary 

school children, from the NSHG s inception in 1972 to the present day (Chinn et al, 

1989b). The authors demonstrated differences ranging from just over 0.5cm in the 

youngest girls to over 1cm in the oldest boys. The authors suggested revision of the 

TW reference curves and that the construction of separate charts for different regions 

of the country, together with charts for different ethnic groups, specifically Caucasians 

and afro-caiibbeans deserved consideration. However, there are practical problems 

with this suggestion. The definition of ethnic groups would be confounded by issues of 

intermarriage and whether the standards should reflect first or subsequent generations. 

In addition, the geographical effects are complex: what standards should be used for a 

Cumbrian-born child who now lives in Surrey?

1.6: Statement of objectives

In view of the need to have up-to-date growth reference curves to monitor children 

(Preece, 1989; Cox, 1994), and the differences described between present day children 

and the TW curves, this project was begun to produce new reference curves of height 

and weight for the UK using up-to-date nationally representative data. In addition, 

there has never been a set of UK reference curves available for use in the assessment of 

overweight in childhood and so BMI reference curves were also produced. Of the 

methods currently available for the production of cross-sectional curves. Cole's LMS 

procedure (Cole & Green, 1992) was chosen to produce the curves for the reasons 

outlined earlier.
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Though the project was primarily concerned with the production of cross-sectional 

reference charts, it was initially hoped that longitudinal curves similar to those of 

Tanner could be produced. However, scrutiny of both the methods (as discussed) and 

the data available deemed this to be impractical. Instead, the performance of the PB-in 
and JPPS curves were compared and the JPPS curve subjected to further scrutiny, an 

investigation not previously considered by its developers (Jolicoeur et al 1988; 1992). 

The PB-in model has been widely used and discussed elsewhere; JPPS however is a 

relatively new model, which has as not yet been widely explored.
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2.1: Data

Following a review of existing datasets, the data for this project were taken from 

seven sources. Cross-sectional data came from five sources - the Human 

Measurements Anthropometry and Growth (HUMAG) Research Group at 

Loughborough University, the National Survey of Health and Growth, the 

Department of Health Survey of Heights and Weights of British Adults, the 

Tayside Growth Study and the Whittington Hospital Birth Dimensions Study. 

Longitudinal data came from two sources - the Cambridge Infants Growth Study 

and the Edinburgh Longitudinal Growth Study. All measurements were made 

between 1978 and 1990 and, in total, comprise data from over 25,000 children. 

Details of the datasets are summarised below.

1. HUMAG Infants 0 .0 -  1.99 (1987) England & Wales
Babies 2.0 - 4.99 (1987) England & Wales
Boys 5.0 - 16.99 (1978) England & Scotland
Girls 5.0 -15.99 (1986) England, Scotland & Wales
Adults 16+ (1984) England, Scotland & Wales

2. NSHG England Both sexes 4 .5 -1 1 .9 9 (1990) England
Scotland Both sexes 4 .5 -1 1 .9 9 (1989-90) Scotland

3. DH Adults Both sexes 16+ (1980) England, Scotland & Wales
4. Tayside Both sexes 4.5 - 15 (1989-90) Tayside
5. Whittington Infants Birth only (1987-88) London
6. Cambridge Both sexes 0 .0 -  2 (1984-present) South East
7. Edinburgh Both sexes 0.25-maturity (1972-present) Edinburgh

Not all of the datasets were nationally representative. This was especially true for 

the longitudinal data, as both samples were drawn from geographically restricted 

areas, reflecting the difficulties involved in longitudinal data collection. Though 

criticism has been made elsewhere in this thesis of the TW charts based upon non

national data, these restricted samples were included to supplement the national 

samples which had small numbers at certain ages, and in certain areas. For the 

cross-sectional data the majority of the studies covered national groups, with only 

the Tayside and Whittington samples being non-national in their coverage. The 

Tayside data were a random 10% sample of the population of the Tayside regional
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health authority and were included to supplement the Scottish adolescence data. 

The Whittington sample was included to supplement the small amount of cross- 

sectional data at birth. As the numbers were small during the whole of infancy, the 

Cambridge data, although longitudinal, were included in the cross-sectional 

analyses, up to and including the visit at age 2 years. In addition, both the 

Whittington and Cambridge datasets contained information on gestational age, 

allowing this to be adjusted for in the analyses. As the Cambridge data were serial, 

there was a potential problem of the correlation between successive measurements 

on the same individuals causing a reduction in the variance. However, when 

constructing reference values for paired organs, where each individual contributes 

two highly correlated measurements, Healy (1993) demonstrated that the pairing 

could be ignored and the measurements treated as independent. For the current 

situation, similar to, though not the same as that described by Healy, the same 

reasoning has been applied, and the potential influence of the serial measurements 

was assumed to be small.

Most of the surveys contained a small proportion of non-caucasians. Apart from 

those in the Tayside dataset, the non-caucasian children were excluded due to the 

differences in growth, and final shape and size between people from different 

ethnic groups (Rona & Chinn, 1986, 1987; Eveleth & Tanner, 1976). No data 

were collected on ethnic status in the Tayside study and so it was impossible to 

exclude the non-caucasians. However, data from the 1991 population census of 

Great Britain suggests that the number was very small (< 2.5%) (Table 2.1) and in 

view of the importance of this dataset, it was included.

Table 2.1: Tayside Child population by sex and ethnic status (1991 Census Local Base Statistics)

Age (years) Caucasian Non-Caucasian Total
n (%) n (%) n

Males
5 -  9 11740 (97.7) 279 (2 3) 12019
1 0 -1 4 11733 (98.4) 191 (1.6) 11924
15 2434 (98 3) 43 (1.7) 2475

Females
5 - 9 11329 (97.9) 246 (2.1) 11575
1 0 -1 4 10971 (98.1) 212 (1.9) 11183
15 2275 (98.5) 35 (1.5) 2310
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The number of non-caucasians was too small to produce separate analyses for each 

ethnic group, and to have included them in the analyses could have artificially 

increased the width of the chart centiles due to the potential heterogeneity of 

growth with ethnicity. The sensitivity of a growth reference is likely to be greater if 

it is based upon a homogeneous group (Healy, 1974) and the production of growth 

centiles for an individual country should be based upon data fi’om that country 

alone (Preece, 1989). The inclusion of Caucasians only in the dataset and the lack 

of a corresponding reference for non-caucasian groups is a source of concern in 

countries such as Great Britain with significant minorities of non-caucasian 

children. There are no simple answers and for pragmatic reasons related to the data 

available (as mentioned above) and the difficulties in defining the groups the 

references developed here are for Caucasians only. For a more complete discussion 

the interested reader is referred to Appendix 3 (page 176) which explores more 

fully this complex issue. The number of Caucasians and non-caucasians for each 

dataset is given in Table 2.2.

Table 2.2 : Number o f Caucasians and non-caucasians in each o f the datasets.

Dataset Caucasians
(%)

Non-Caucasians
(%)

Total

HUMAG - Children 9345 (95 .0) 496 (5 .0 ) 9841
- Adults 3061 (100.0) 0 (0 .0 ) 3061

NSHG - England 6440 ( 94.0) 412 (6 .0 ) 6852
- Scotland 4106 ( 99.2) 34 (0 .8 ) 4140

DH Adults Survey 1512 ( 94.5) 88 (5 .5 ) 1600

Whittington 756 (75.7) 243 (24.3) 999

Cambridge 246 (97.6) 6 (2 .4 ) 252

Edinburgh 177 (100.0) 0 (0 .0 ) 177

In addition the following numbers of subjects with race uncoded have been excluded;
1 HUMAG infant, age 1+
5 NSHG boys, England, ages 6+, 6.5+, 7.5+, 10.5+, 11.5+
2 NSHG girls, England, ages 5.5+, 6.5+
1 NSHG girl, Scotland, age 8+
3 DH Adults Survey men, ages 16+, 21+, 22+
4 DH Adults Survey women, ages 18+, 19+, 21+, 22+

The percentage of non-caucasians was 6% or less in all datasets except 

Whittington, which had 24.3% non-caucasian. This high percentage reflected the



Chapter 2 Page 42

ethnic mix of the population, which was drawn from an area of inner London, with 

a broad mix of social classes and ethnic backgrounds (McCarthy, 1993).

In all studies, measurements of stature and weight were made by specifically 

trained personnel using appropriate equipment. Length was measured supine until 

age 2 years in all samples, and stature was measured standing in bare feet at all 

ages thereafter. In all samples except NSHG, Tayside and Whittington, 

length/stature was measured to the nearest mm. For NSHG and Tayside, it was 

measured to the last completed mm and for the Whittington sample, it was 

measured to the nearest 5mm. Measurement to the last completed unit will 

underestimate the value of the measurement under investigation by half a unit, 

assuming that the measurement is continuous and all values are equally likely. 

Initially, no adjustments were made for these differences in measurement precision, 

though the differences between datasets were adjusted for later in this chapter.

The children were stretched to reduce the amount o f shrinkage due to posture and 

diurnal variation, though in the DH study the adults were measured unsupported. 

The TW stature charts give supine length until 2 years of age and stature thereafter 

with a discontinuity at 2 years. However, provided stature is measured correctly 

and the child stretched as described by Tanner et al (1971) there should be only 

small differences between length and stature in series of data treated cross- 

sectionally. Indeed, during the recent construction of standards for growth of 

Swedish children from birth to six years, Lindgren et al (1994) attempted to 

estimate the size of the length/stature discontinuity, and found no evidence of a 

difference and made no allowance for it in the subsequent charts. For the current 

data, individual statures were plotted against age from ages 1 to 3 years for both 

sexes (Figures 2.1 (a) & (b)). There is little evidence of a discontinuity at age 2 

years, when the change in measurement procedure took place, in either plot. This 

was tested using a regression analysis similar to that of Lindgren et al (1994). The 

discontinuity (-9mm, stature < length) was just significant for boys (P=0.04), but 

was not for girls (-5mm, P>0.05) and no distinction between the two techniques 

was made in the preparation of the present charts.
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Figure 2.1 (a): Boys, Stature at age 2 years
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Figure 2.1 (b): Girls, stature at age 2 years
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Weight was measured in nappies for the HUMAG infants, and in minimal 

underclothes for all other HUMAG children and adults, NSHG and Edinburgh 

children, to the nearest lOOg. No adjustments were made for clothing. Tayside 

children were measured to the nearest 50g, with no adjustment for clothing. The 

adults in the DH study were measured clothed to the nearest 500g and estimated 

clothing weight subsequently deducted. Whittington infants were measured naked 

to the nearest lOg. Infants in the Cambridge study were measured in light 

underclothes to the nearest lOg and the clothing weight also measured to the 

nearest lOg was deducted.



Chapter 2 Page 44

Calculation of Body Mass Index

Body Mass Index (BMI) was calculated as the ratio of weight, measured in kg, to 

the square of stature, measured in m :

^  (2.1)
Stature (m )

Measurement Error

As is usual in large cross-sectional studies, several measurement teams were 

necessary in most of the studies; notable exceptions being the Whittington, 

Cambridge and Edinburgh studies where a single measurer was used in each case. 

However the teams were trained and tested for within and between observer error 

which were < 0.4 cm for stature and < 0.05 kg for weight in all cases.

The presence of digit preference was determined by examination of the distribution 

of the terminal digits for each variable and found not to be present.

2.2: Cross-sectional Datasets

HUMAG Childrens Growth Studies

Three separate surveys were conducted by the HUMAG Research Group at 

Loughborough University of Technology and sponsored by a syndicate of British 

retailers and garment manufacturers (British Standards Institute, 1990). Together 

they covered the age range birth to 15.99 years for girls and birth to 16.99 years 

for boys. Their aim was to collect up-to-date information on all the standard body 

measurements used for body composition, growth studies and in the construction 

of garments for UK children. The samples were selected to be nationally 

representative, using multi-stage sampling. The sample sizes were calculated to be 

large enough to allow estimation of the population mean stature of each yearly age 

group to within 1 cm of the true population mean. For the boys aged 5+ data were
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collected in 1978; the country was divided into 16 regions of similar population 

size (excluding Wales), an area selected from within each region and schools then 

selected from within these areas. The procedure for the girls 5+ was the same, 

when they were measured in 1986, except that Wales was included in the sample 

and the country was divided into 20 areas. In 1987 two further samples were 

drawn, babies from birth to 1.99 years and toddlers from 2 to 4.99 years, both 

sexes (excluding Scotland). For these surveys, 16 areas of approximately equal size 

were selected from England and Wales. Children were selected for measurement 

within these groups through various organisations: Social Service departments, 

nursery schools, the National Childbirth Trust, and local Mother and Toddler 

groups. More detailed information about the sampling process is not available.

Altogether 9,842 children were measured and the 9,346 of Caucasian origin 

included in the present study. From these data the HUMAG Research Group 

produced for the British Standards Institute (ESI) British standards of body 

measurements from birth to 15.99 for girls and birth to 16.99 for boys (BS 7231, 

Parts I & II). Other data collected included age, sex, area of residence and ethnic 

group, but no socio-economic data.

HUMAG Adults Anthropometric Measurements Survey

These studies were also conducted by the HUMAG Research Group at 

Loughborough University (Jones et al, 1993). They covered the age range from 16 

to 64.99 years for men and 16 to 69.99 for women, and collected information on 

all the standard body measurements used in the construction of garments for the 

adult population of the UK. Each sample was a quota sample and was designed to 

be nationally representative of the socio-economic mix of the general UK adult 

population (including Wales and Scotland). Initially the country was divided into 

regions of similar size and areas were selected from within them, for both samples. 

For the men's sample, addresses were selected within each area and the men were 

approached and measured at home. The fieldwork was carried out in 1984 and the 

results were published in January 1985. A total of 6,684 men were measured but
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only the 1,753 aged less than 23 and of Caucasian origin are included in the current 

study. The women’s sample was obtained by approaching women in the street in 

the chosen areas and measuring them in selected department stores. The fieldwork 

was conducted in early 1987 and made available to the sponsors in September 

1987. Of the total 6,386 women measured, the 1,308 Caucasians aged less than 23 

are included here. The data included information on age, sex, area of residence and 

ethnic group.

National Study of Health and Growth

The National Study of Health and Growth (NSHG) was set up in 1972 amid 

concern about the potentially adverse effect of changes in welfare policy governing 

the provision of milk and school meals in primary schools (Irwig, 1976; Rona & 

Chinn 1984). It had the specific aim of developing a surveillance system of health 

and growth of primary school children and concentrated on height as the major 

measure of nutritional status. Initially the samples were taken every year fi-om 

England and Scotland (not Wales) until 1982. Since then, sampling in Scotland has 

continued annually, while in England the sampling in even years is representative 

but in odd years is biased towards the inner cities and ethnic minorities. 

Employment exchange districts were taken as the sampling fi*ame and an index of 

the socio-economic status of each district was calculated. The index values were 

then divided into six strata and areas sampled randomly from each. Within the 

selected areas, schools were selected and all children in the school were measured. 

A total of 22 areas in England and 6 in Scotland were surveyed in this way. The 

two most recent representative samples fi'om NSHG were used covering the age 

range 4.5 to 11.99 years; England 1990 and Scotland 1989/90, with a total of 

10,992 children measured of whom 10,546 were Caucasian. An extensive 

questionnaire concerning the socio-economic circumstances of the child was 

administered, and information on ethnic status, region of residence, age and sex 

obtained.
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Heights and Weights of Adults in GB

The 1984 Department of Health Survey was a representative survey of statures and 

weights of the British population aged 16-64.99 (Knight, 1984; Rosenbaum et al, 

1985). It was initiated because of concern about increasing levels of obesity in the 

general adult population of Great Britain. The sampling was multi-stage covering 

all eligible individuals in a sample of 5,000 households. The achieved sample was 

10,018 adults weighed and measured (48% men, 52% women) and of these the 

1,512 who were Caucasian and aged less than 23 years have been included. All 

interviews and measurements were taken in the respondent's ovm home. The 

fieldwork for the survey was undertaken in late 1980. Details of other data 

collected and the results of the survey can be found in the OPCS report to the 

Department of Health (Knight, 1984), and included extensive socio-economic data 

and information on diet and lifestyle.

Tayside Growth Study

The Tayside Growth Study was estabhshed in 1989 to improve the efficiency of 

growth surveillance within the Tayside Health Region (White et al, 1995). It 

followed concern that the present growth standards were not representative of the 

population and their use was leading to an under-reporting of the number of 

growth retarded children. Statures and weights were measured prospectively in the 

community, all children in Tayside aged 3, 5, 7,9 ,  11 and 14 being eligible for 

inclusion, and data were collected between August 1989 and July 1990. The 

expected sample size was 26,000 and of these 23,046 children participated. 

Ascertainment was incomplete below 4.5 years, so data under this age have been 

excluded here. Due to the large number of participants only a 10% sample of the 

remaining data have been included in the present analysis (n=1624). Apart fi'om 

date of birth, date of measurement, sex and place of measurement no other data 

were available.
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Whittington Birth Data Study

Birth anthropometry data were obtained from a fetal growth retardation study 

carried out at the Whittington Hospital, London (Colley et al, 1991). The study 

took place over a 6-month period during 1987/8, and involved 999 infants of 32 

weeks or greater gestational age. Of these, the 756 who were of Caucasian ethnic 

origin were selected for the present study, the dataset including 9 pairs of twins 

and one set of triplets. Measurements of weight at birth (to the nearest lOg) and 

length on day 2 (to the nearest 5mm) were obtained by a single observer, and 

gestation (by last menstrual period confirmed by ultrasound) was recorded, along 

with the mother's age and parity.

2.3: Longitudinal Datasets

Cambridge Infants Growth Study

This study was begun in 1984 at the MRC's Dunn Nutrition Centre, Cambridge to 

look at the effect of changes in infant feeding practice upon the pattern of normal 

infant growth (Whitehead et al, 1989; Cole et al, 1989). The data are longitudinal 

with four cohorts recruited between January 1984 and September 1988. The 

children all came from the Cambridge City Health District and were recruited 

ante-natally through the Cambridge City District Midwives. Most Cambridge city 

births were included but a small proportion were excluded by the midwives. A total 

of 252 infants were followed up until between 2 and 7 years, 246 of whom were 

Caucasian and eligible for inclusion in this present study (132 boys and 114 girls). 

Only the data up to and including the visit at age 2 have been included. There were 

3,868 measurement occasions (2,061 male and 1,807 female) up to this age. In 

addition to extensive anthropometric data, gestational age and much socio

economic data were recorded. The majority of Cambridge city births were 

included, however a small but unknown number were excluded by the midwives 

during pregnancy, before the investigators became aware of them.
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Edinburgh Longitudinal Growth Study

In 1967 a study was begun to look at sex chromosome abnormahties and their 

effects on the growth of children within the Edinburgh City boundaries. By 1971 

the need for a control group of normal healthy children was recognised and 

recruitment began in 1972, ending in July 1976 (Butler et al, 1990). Approximately 

1 child per week (allowing for holiday periods) was recruited using the birth 

records of two hospitals in Edinburgh. The sampling was such that the first normal 

healthy baby bom on a Monday morning in the two hospitals, whose home 

address-to-be was within Edinburgh city was approached. If the parents refused to 

participate then the next youngest child on the birth register was approached until a 

positive response was elicited. Altogether 201 children (112 boys, 89 girls) were 

recmited, but 6 of the boys were subsequently excluded due to unusually high 

chromosome variances. Of the initial children, 177 (103 boys, 74 girls) have been 

followed to maturity, defined as having two height measurements the same, six 

months apart.

2.4: Data checking

As all the datasets used were pre-existing and had already been subjected to 

screening for outliers, they should have been clean. However it is unwise to use 

unfamiliar data without examining them. Each dataset has undergone brief 

checking for unusual values in an attempt to distinguish between genuine values 

which are merely extreme for the population under investigation and 'blunders'. A 

small number of exceptionally small or large values for each variable do occur and 

provided they are not obviously errors, they should be included. To exclude a value 

simply because it appeared unlikely would affect the randomness of the data, 

reduce its variability too much and have an adverse influence upon the results, 

making correct interpretation impossible. This was especially important for the 

present study, where the purpose was to produce new growth charts to be used for 

screening of abnormal growth in the general population of UK children.
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In addition to examining each variable individually, a 'deviation profile' of all study 

variables could be produced for each subject, which would examine which 

variables, if any, were inconsistent with the rest for that subject. For normally 

distributed variables, this could consist of the SDSs for all study variables 

(Cameron, 1977). Alternatively, Duquet et al (1979) have suggested calculating 

the ratios of related variables. However, provided each variable is individually 

reasonable, it can be difficult to establish which particular variable (or variables) is 

erroneous, especially if the number of variables is small. Consequently, each 

variable was considered individually. As shown in the next section, the datasets 

were generally fi'ee fi’om error, and very few mistakes were detected, reflecting 

previous cleaning by the original researchers.

Method for cross-sectional data

A scatterplot for each variable against age was produced, displaying the 

relationship between that variable and age and highlighting values lying away from 

the main cluster of points. Additionally, box-and-whisker plots for each variable, 

grouped by age, were examined and gave simple graphical impressions of the 

shape, location and dispersion of the distributions at each age. They highlighted the 

most extreme values, and indicated their position relative to the median (a measure 

of central tendency less influenced by skewness and outliers than the mean) and the 

interquartile range (a measure of spread).

A list of improbable values for each variable was produced for inspection i.e. 

values outside the limits of what is considered reasonable. The production of these 

'reasonable limits' depended upon the shape of the variable distribution. The 

distribution of stature at each age was generally gaussian, and so for editing 

purposes, stature remained untransformed. For weight and BMI, which both 

showed considerable skewness especially in the middle years just prior to the 

beginning of puberty (ages 5 to 11 years), a log-transformation was applied to the 

data. Although this did not fully transform the data to normality, especially for 

children aged 5 to 11 years, it worked well for most ages outside this range and
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was adequate for the editing process. All those values more than three SDs from 

the mean at each age were then examined, for each variable. All data were used in 

the computation of the mean and SD; though extreme values could have an 

influence upon the estimates, provided their number is not too great (as should be 

the case here, with previously cleaned data) their influence should be small.

All the values highlighted were checked against the original records where possible 

and values that had been incorrectly input were altered. Of the remainder, those 

where no paper records existed or the value was correctly input, only those values 

which were biologically implausible were excluded.

Method for longitudinal data

Similarly, for the longitudinal data, much can be argued for retaining all possible 

values, though the checking procedure is easier, since for each individual there are 

repeated observations which can be compared with each other. Height does not 

decrease as age increases, and rarely does weight fall unless a child is seriously ill 

or overweight and on a weight-reducing diet. Initially, plots similar to those 

produced for the cross-sectional data were examined. In addition, for each child, a 

profile of the differences between successive measurements for each variable was 

produced, to scan for incompatible values within that child.

2.5: Inclusion and exclusion of cross-sectional data.

The results of data screening are summarised in Table 2.3. In total only 0.04% of 

stature measurements for boys and 0.02% for girls were excluded because of 

suspected erroneous values, whilst for weight the corresponding percentages were 

0.09% and 0.08% respectively.
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Table 2.3: Exclusions to the analyses for each variable.
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Dataset Total Length/Stature Weight

Missing Exc. Missing Exc.

HUMAG - boys 6159 1 2 2 7
- girls 6247 2 1 4 3

NSHG - boys 5523 4 2 18 4
-girls 5023 11 1 22 4

DH Adults - men 750 2 1 28 1
- women 762 37 0 66 2

Tayside -boys 827 0 0 0 0
-girls 797 0 0 0 2

Whittington - boys 382 0 0 0 0
- girls 374 0 0 0 0

Length/Stature

Three males were excluded for the HUMAG data, one aged 12 years with a stature 

of 199cm, another aged 21.7 years with a stature of 66cm, both with absolute SDS 

greater than 6, and the third having no data available. Of the three females 

excluded, two had no stature data, whilst the third was aged 8.4 years with a 

stature of 155cm (SDS=4.6).

The NSHG sample was intended to cover the age range 4.5 to 11.99 years and the 

15 subjects falling outside the target age range have been excluded (4 males, 11 

females). In addition, two males were excluded, both aged 5.6 years with statures 

of 142cm and 151cm (SDS>4.5) respectively, and one female, aged 6.9 years with 

a stature of 150cm (SDS=5.5).

Included with the data from the DH survey of adult statures and weights was a 

variable 'FILTER' coded as follows:

Neither stature nor weight to be used 
Weight not to be used 
Both stature and weight can be used 
Stature not to be used
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Two males had a filter code of 4 and were excluded, the additional male being 

excluded was aged 20.8 years with a stature of 143cm (SDS< -4). There were 37 

pregnant women in the dataset and these have been excluded. Measurement of 

stature may have been affected by pregnancy, especially in the later stages when a 

full stretch may have been difficult to obtain.

No subjects in either the Whittington or Tayside samples were excluded from the 

stature analyses for either sex.

Weight

Nine males were excluded fi'om the HUMAG dataset, two with no weight data and 

seven with absolute SDS values > 4 for In(weight). There were four females with 

no weight data and three others excluded because of exceptional values: these are 

aged 7.8 years weighing 64kg, aged 11.6 years weighing 79.8kg and aged 21.9 

years weighing 113.5kg, all with absolute SDS > 4.

In addition to the 15 children whose ages fell outside of the age range for NSHG, 

there were 25 children with no weight data (14 boys, 11 girls) and four boys and 

four girls with absolute SDS values > 4 for ln(weight).

Fifty three adults (26 men, 27 women) with a FILTER code of 2 were excluded 

from the weight analyses in the DH adults study, in addition to four people with no 

weight data (2 men, 2 women), and the 37 pregnant women. One man and two 

women were also excluded for having SDS > 4 for In(weight).

For the Tayside children no boys were excluded but two girls were, both of whom 

had SDS > 4 for ln(weight). No Whittington babies were excluded from the weight 

analyses for either sex.
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BMI

No erroneous values were detected for BMI. Those which have been excluded 

were a result of a missing value for either stature, weight or both.

2.5: Inclusion and exclusion of longitudinal data

Cambridge Infants Growth Study

Table 2.4 : Exclusions to Cambridge Infants Growth Study

Total recruited 279

Excluded :
Prem/SCBU 1
Baby died 4
Moved 4
Withdrew 16
Unsuitable 2
Non-caucasian 6

Total excluded 33

Total measured 246

Table 2.4 is for the sexes combined, as data on sex was unavailable for several of 

the excluded children. Three further subjects withdrew after 24, 32 and 36 weeks 

respectively; their measurements have been included until the visit at which they 

withdrew. No measurements have been excluded fi'om the analyses as all the data 

were plausible. There were a total of 4460 measurements for boys, for all three 

variables (length, weight and BMI). For girls, there were 3901, 3913 and 3901 

measurements, for length, weight and BMI respectively.

Edinburgh Longitudinal Growth Study

For 8 boys, the results from a single visit were recorded. The weight for one boy, 

aged 20.2 years was amended from 11.60kg to 116.0kg. There were seven girls 

with duplicate visit information, one with visits at ages 17.33 years and 18.02 years
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interchanged, and another with a height of 136cm coded as 13.6cm at age 10 

years. In addition, one girl was very short and light and on long-term steroid 

therapy for asthma during the course of the study, and has been excluded from all 

analyses.

2.7: Combining the datasets 

Method

Initially the data were examined visually for differences between the datasets; the 

means, medians, SDs and coefficients of variation calculated for half-yearly age 

groups were plotted against age. Both the cross-sectional and longitudinal datasets 

were included in the analyses, as the cross-sectional datasets did not overlap at 

certain ages and the longitudinal datasets, spanning birth to maturity, provided 

extra information. In addition, the adjusted mean statures, weights and BMIs of 

both the cross-sectional and longitudinal datasets could be compared.

Next, the data were examined for differences between datasets using multiple 

regression of log stature, log weight and log BMI, adjusted for age group and 

geographical region of residence. The log transform was used to adjust for 

heteroscedasticity and had the added benefit of expressing the dataset differences 

in relative (percentage) rather than absolute terms. Age was grouped by quarter- 

year intervals. Region was coded into eleven standard regions; Greater London, 

South East excluding Greater London, South West, West Midlands, East 

Midlands, East Anglia, Wales, North West, Yorkshire and Humberside, Northern 

and Scotland. Interactions between region and age fitted as a continuous variable 

(as opposed to grouped), and also between dataset and continuous age, were 

tested for but were found to be non-significant.

When fitting a generalised linear model to grouped data using GLIM, a baseline 

group is chosen for the production of estimates, and the estimates for the other 

groups are expressed relative to this group (Aitkin et al, 1992). NSHG was chosen
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as the baseline as it was the most up-to-date dataset (1990). Individual data points 

were then adjusted to remove the mean diflferences between datasets. This ensured 

that the impact of any gross methodological differences between datasets would be 

minimised.

The Whittington sample contained data at a single age and region only, and was 

not included as no reliable estimate of its position relative to NSHG could be 

obtained. In an attempt to assess the representativeness of the Whittington dataset, 

the weight data were compared with a cohort of 2817 children (1403 boys & 1414 

girls) bom in Newcastle-upon-Tyne in 1987-88 and still resident in the city in 

November 1989 when the cohort was identified fi’om the Child Health Computer 

system (Wright et al, 1994 (a) & (b)). This is not an ideal comparison, being urban 

and not nationally representative, but there are few good quality nationally 

representative birth data.

The gestational age distributions of the datasets are similar until 40 weeks 

gestation (Figures 2.2 (a) & (b)). There is a greater peak at 40 weeks for 

Newcastle than for Whittington, and Newcastle tails off much more rapidly at later 

gestations. The reason for this difference is that many babies bom post 37 weeks in 

the Newcastle sample were coded as term (40 weeks) and their exact gestational 

age was not known. Consequently, to compare weights, the data were divided into 

two groups, those with gestational age <=37 weeks and those with gestational age 

>37 weeks, and analysed by means of a two way analysis of variance with dataset 

and gestational age group as the two factors. As the weight data displayed 

heteroscedasticity, they were log transformed prior to analysis. An examination of 

the means by dataset and gestational age showed no evidence of an interaction 

between the two factors for either sex. This was confirmed by the ANOVA. The 

gestational age effect was highly significant for both sexes. For boys the dataset 

mean birthweights were the same (P=0.8), but for girls they were just significantly 

different (P=0.05), though the difference was clinically very small (1.7%, 55gms at 

40 weeks gestation).
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Figure 2.2 (a): Percentages at each gestational age, from 33 to 44 weeks, boys
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Figure 2.2 (b); Percentages at each gestational age, from 33 to 43 weeks, girls

Ad
■  ■  Whittington

I I  ̂Newcastle

Ut] t __
33 34 35 36 37 38 39 40 41 42 43

Gestational Age (weeks)

Results of the dataset differences analyses

Stature, weight and BMI were considered separately, by sex.

Stature

The plots of mean stature against age by sex showed no systematic differences 

between datasets (Figures 2.3 (a) & (b)), and similarly for the medians (Figures 2.3 

(c) & (d)). Much of the noise in the figures was due to small numbers at ends of 

the age distributions for several of the datasets. The SDs were also close and 

displayed a similar pattern across datasets, rising from low levels in early childhood 

to a maximum at about 14 years in boys and 11.5 years in girls before decreasing 

slightly, but not returning to the minimum values of infancy (Figures 2.4 (a) & (b)).
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The coefficients of variation (CVs) varied much less than the SDs, though the 

pattern was similar, falling from a peak in infancy to low levels during childhood 

until rising slightly during puberty, before falling to reach lower levels again post

puberty (Figures 2.4 (c) & (d)).

Table 2.5: Percentage differences in stature (standard error) of each dataset relative to

Dataset Males 
% difference (SE)

Females 
% difference (SE)

FlUMAG 0-1.99 years -0.00 (0.40) 0.80 (0.41)
2-4.99 years -0.54 (0.34) -0.01 (0.34)
5-16.99 years* -1.15 (0.12) -0.30 (0.11)
Adults -0.03 (0.28) 0.17 (0.38)

DH Adults -0.54 (0.31) -1.04 (0.34)
Tayside -0.71 (0.18) -0.14 (0.18)
Cambridge -0.86 (0.31) -0.74 (0.32)
Edinburgh -0.20 (0.17) 0.27 (0.17)

* No 16 years+ data for girls

The percentage differences in stature between datasets were expressed relative to 

NSHG (Table 2.5). All the males and most of the females were shorter than the 

NSHG children. Only the BSI baby girls aged 0-1.99, HUMAG women and 

Edinburgh girls were taller than the NSHG children. The largest negative 

difference, -1.15%, occurred for the HUMAG boys aged 5 to 16.99 years. These 

differences were subtracted from the individual statures to produce mean values in 

each dataset similar to those of NSHG. For example, an individual in the Tayside 

boys dataset, for which there was a negative stature deficit of 0.71%, had his 

stature increased by 0.71% and an individual in the HUMAG women dataset for 

whom there was a stature excess of 0.17% had her stature reduced by 0.17%. 

These adjusted statures were then combined to produce a single dataset.



Chapter 2 Page 59

Figure 2.3(a): Boys, stature means
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Figure 2.3(b): Girls, stature means

190

170

150

130

CÔ 110

90

70

50
0 8 1 2 1 6 20 244

Age (years)

Figure 2.3(c): Boys,stature medians Figure 2.3(d): Girls,stature medians
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Figure 2.4 (a): Boys, stature SDs
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Figure 2.4 (b): Girls, stature SDs
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Figure 2.4 (c): Boys, stature CVs Figure 2.4 (d): Girls, stature CVs
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Weight

For weight, there were no major inconsistencies between the means or medians for 

either sex. However, the spread between datasets was greater than for stature, 

especially at the upper ages, though the differences showed no consistent pattern 

(Figures 2.5 (a)-(d)). The noise, especially between 18 and 20 years was again due 

to small numbers in several of the datasets. The SDs were similar across datasets 

for both sexes and the plots clearly demonstrated the heteroscedasticity of weight 

with age; the SDs in all datasets rising from minimum levels in infancy to plateau at 

14 years for boys and 12 years for girls and levelling off during adulthood (Figures 

2.6 (a) & (b)). The CVs were much more stable though they also peaked during 

adolescence and early infancy and the pattern was similar for all datasets for both 

sexes (Figure 2.6 (c) & (d)). For girls, there was some evidence of heterogeneity 

during mid-childhood, as the CVs for one dataset were below those for the others.

Table 2.6: Percentage differences in weight (standard error) of each dataset relative to

Dataset Males 
% difference (SE)

Females 
% difference (SE)

HUMAG 0-1.99 years -2.98 (1.41) -3.11 (1.53)
2-4.99 years 1.27 (1.20) 0.53 (1.30)
5-16.99 years* -1.85 (0.41) -2.95 (0.42)
Adults -0.45 (1.01) -1.14 (1.44)

DH Adults -1.21 (1.10) -1.09 (1.30)
Tayside -0.51 (0.63) 1.51 (0.66)
Cambridge -0.73 (1.08) -3.48 (1.21)
Edinburgh 2.17 (0.59) 0.33 (0.64)

* No 16 years+ data for girls.

As with stature, the majority of children were lighter than the NSHG children 

(Table 2.6). Only the BSI toddlers aged 2-4.99, both sexes, Tayside girls and 

Edinburgh, both sexes were heavier than the NSHG children. Compared to stature 

the percentage differences were much greater, indicating greater variability 

between the datasets for weight than for stature, as was reflected in the greater 

spread of the means and medians, especially at older ages (Figures 2.5 (a)-(d)). 

These differences were used to adjust the data in the individual datasets and 

produce a single dataset in a manner similar to stature.
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Figure 2.5 (a): Boys, weight means
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Figure 2.5 (b): Girls, weight means
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Figure 2.6 (a): Boys, weight SDs
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Figure 2.6 (b): Girls, weight SDs
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BMI

For BMI, the patterns of values were similar to those of weight for all four 

statistics; mean, median, SD and CV (Figures 2.7 (a)-(d) & 2.8 (a)-(d)). There 

were no major inconsistencies in the mean and median values between the datasets, 

and the values were more spread out, compared to stature (Figures 2.7 (a)-(d)). 

The SDs were similar across datasets and the heteroscadasticity of BMI with age 

was clearly demonstrated (Figures 2.8 (a) & (b)). As with weight, the CVs were 

less variable though again, they increased from infancy and peaked during 

adolescence, and for girls there was again some evidence of heterogeneity (Figures 

2.8 (c) & (d)).

Table 2.7: Percentage differences in BMI (standard error) of each dataset relative to

Dataset Males 
% difference (SD)

Females 
% difference (SD)

HUMAG 0-1.99 years -3.00 (1.02) -4.62 (1.16)
2-4.99 years 2.36 (0.86) 0.59 (0.98)
5-16.99 years 0.43 (0.29) -2.34 (0.32)
Adults -0.54 (0.72) -1.43 (1.09)

DH Adults -0.37 (0.79) 1.10 (0.98)
Tayside 0.86 (0.45) 1.81 (0.50)
Cambridge 0.89 (0.78) -1.89 (0.92)
Edinburgh 2.47 (0.42) -0.18 (0.48)

* No 16 years+ data for girls.

The majority of boys had higher BMIs than the NSHG children, with only 

HUMAG infants (0-1.99 years) and adults, and DH adults having lower BMIs 

(Table 2.7). The greatest percentage difference was for the HUMAG infants (- 

3%). For girls the opposite was true with the majority of girls having lower BMIs 

than for the NSHG children and only the HUMAG toddlers (2-4.99 years), DH 

adults and Tayside girls having higher BMIs. As with the boys, the greatest 

percentage difference was for the HUMAG infants who had BMIs 4.6 % lower 

than NSHG. Similarly to weight the differences were greater than for stature and 

were used to adjust the individuals in each dataset to produce a single dataset for 

the subsequent analyses.
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Figure 2.7 (a): Boys, BMI means
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Figure 2.7 (c): Boys, BMI medians Figure 2.7 (d): Girls, BMI medians
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Figure 2.8 (a): Boys, BMI SDs
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Figure 2.8 (b): Girls, BMI SDs
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2.8: Data used for cross-sectional centiles

Data for the construction of the cross-sectional centiles came from the five cross- 

sectional studies, supplemented with data from the Cambridge Study during the 

first 2 years. The total number of observations was 15694 for boys, and 14960 for 

girls, with a minimum in any single year of 178 and 164 for boys and girls 

respectively. For all other ages the numbers exceeded 200, and at some ages, 

particularly the primary school years, were considerably greater (Table 2.8). The 

numbers for the each variable were slightly less than the totals in Table 2.8 as a 

result of the missing data outlined earlier.

Table 2.8: Numbers at each age contributing to the LMS analyses, by sex

Age Group (years) Males Females

35 weeks + 161 139
0.00- 721 680
0.25- 466 405
0.50- 467 423
0.75- 457 404
1.00- 513 472
2.00- 202 205
3.00- 178 164
4.00- 349 341
5.00- 1145 1264
6.00- 1163 1135
7.00- 1243 1204
8.00- 1213 1186
9.00- 1264 1204

10.00- 1227 1114
11.00- 927 833
12.00- 354 387
13.00- 337 414
14.00- 430 542
15.00- 291 411
16.00- 505 396
17.00- 412 312
18.00- 419 272
19.00- 409 284
20.00- 391 256
21.00- 239 258
22.00- 211 255
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2.9: Data used for longitudinal analyses

Of the 176 subjects included in the Edinburgh Study (103 boys, 73 girls) 13 boys 

and 4 girls had not reached maturity and were excluded from the longitudinal 

analyses. In addition, 11 boys and 7 girls had incomplete series of observations and 

were also excluded. Thus, data from 79 boys and 62 girls were used for the 

longitudinal analysis.

The number of measurement occasions (visits) varied between 23 and 43 with a 

median of 36 for boys, and between 20 and 38 with a median of 33 for girls.
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Chapter 3: Construction of cross-sectional reference curves 

3.1: The LMS method

The production of growth reference curves is greatly aided if the data used in their 

construction follow a Gaussian distribution (Van't Hof et al, 1985). For height this has 

been widely accepted as true, and centiles have been constructed using the known 

properties of the Gaussian distribution (Tanner et al, 1966 (a) & (b)). For other 

anthropometric variables this is not the case, and reference centiles have commonly 

been constructed from the raw data (Tanner & Whitehouse, 1962). Unfortunately 

centiles constructed this way are far less efficiently estimated, as the centile standard 

errors increase steeply towards the tails of the distribution (Healy, 1974). Furthermore 

the construction of standard deviation scores (SDS), which are of much value in the 

assessment of growth, is less complex for normally distributed variables (Karlberg et al, 

1976).

The application of the Box-Cox family of transformations to skewed anthropometric 

data, such as skinfold thickness, to make them more normally distributed was first 

proposed by Van't Hof et al (1985). They applied a Box-Cox transformation to data 

grouped by age (for further details of the Box-Cox transformations see Appendk 1, 

page 168). The normalising power values were then plotted against age and a curve 

fitted through them, thus constraining them to change smoothly with age. The means 

and standard deviations of the grouped, transformed data were then calculated and 

curves fitted through these by age. From these smoothed means and standard 

deviations, centiles were calculated and compared with the raw data. Where there were 

discrepancies, the three curves were resmoothed, until a good fit of the centiles to the 

data was achieved, with most weight placed on achieving a good fit to the outer 

centiles.

Cole (1988) refined the method by considering a change in the scaling of the 

transformation, working with the coefficient of variation rather than the standard 

deviation. For many variables, the standard deviation increases with the mean but the 

coefficient of variation does not, and so is comparatively independent of the mean.



Chapter 3 Page 70

Maximum likelihood estimates of the normalising power for each age group were 

found and the means and coeflBcients of variation of the transformed data calculated. 

The values of each of these three calculated quantities, the power lambda (X), the mean 

mu (ji), and the coeflScient of variation sigma (a) (hence LMS) were plotted against 

age and smooth curves fitted. The L, M and S curves summarised the data and could 

be used to generate any centile. If the required centile is 100a then the equation of the 

centile curve Ciooa(t) is given by

C.ooJt) = M(tJ[J+ L (t)S (t)Z ,f‘-̂“ L(t) * 0 

Ciooa(t) = M(t) e.\'p[S(t) Z„] L(t) = 0
(3.1)

where t is age, L(t), M(t) and S(t) are the values of the respective curves at age t and Z„ 

is the normal equivalent deviate of size a.

In addition, the data could be readily converted to standard deviation scores. If the 

observed measurement of a subject is y  at age t then the corresponding standard 

deviation score Z is given by

Z =

y
L i t )

- 1
[ M( t ) \

log
Z =

y
M(f)

3(f)

L{t) #  0

(3.2)

L{t) = 0

A subsequent modification to the procedure incorporating penalties in the likelihood 

fianction overcame the arbitrary age grouping by using cubic splines and allowed 

simultaneous estimation of the L, M and S curves (Cole & Green, 1992). If there are n 

independent observations {y,} at corresponding ages {f,} and z, are the SD scores 

corresponding to {y,}, the log-likelihood function, /, derived fi’om (3.2) is
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1=7 V
(3.3)

and the L, M, and S curves are estimated by maximising the penalized likelihood

The terms {L"(t)f, and {S"(t)f are the squared second derivatives of the L,

M and S curves respectively and their integrals ( {̂L”(t)fdt, \{Kf'(t)fdt and \{S"(t)fdt) 

were chosen as 'roughness penalties', as each provides a measure of the lack of 

smoothness of the associated curve. These integrals were chosen as penalties as they 

lead to fitted curves with the convenient property that they were cubic splines with 

knots at each distinct time. Thus the model, though it has a parametric fi*amework in 

that Z is assumed to have a gaussian distribution, makes no distributional assumptions 

about the form of the L, M and S curves. The piS are smoothing parameters and 

represent the rate of exchange between the residual error in the model and variability of 

the fitted curves. They may be adjusted to control the smoothness of the fitted curves; 

increasing the value of each P increases the smoothness of the corresponding curve. 

There is a trade-off between the amount of smoothness of the curves and the fit to the 

data. By imposing penalties on the likelihood, the method achieves a balance between 

the smoothness of the curves and their faithfulness to the data.

The complexity of each fitted curve is governed by its equivalent degrees of fi’eedom 

(e.d.f); the greater the degrees of fi-eedom the more flexible the corresponding curve is. 

Once these have been specified at the start of the program, the fitting algorithm 

produces curves with the appropriate degree of smoothing. The e.d.f of the L curve, 

for example, is

e . d f = trace(Wx^ (3.5)
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and those for M and S are similar. is the second derivative of the log-likelihood 

equation / with respect to À and A' is an mxm matrix dependent only on the m distinct 

ordered time points {7J} of the original sample of time points {/,}. An infinite P 

corresponds to infinite smoothing, which is a straight line and corresponds to an 

e.d.f=2. This is the only case when the e.d.f are exactly same as the analogous 

polynomial; e.d.f of 3 gives a curve which is analogous but not identical to a quadratic.

Maximum penalized likelihood can be seen as an empirical Bayesian process, with the 

penalties representing the prior probabilities, or the amount of prior belief about the 

smoothness of the curves, in this case given as the piS. The posterior probabilities, or 

curves, are then estimated fi'om the sum of the log-likelihood and the penalties. The 

parameter to be estimated, 0 could be regarded as a vector with three components X, \i 

and a  with the model estimating all three quantities simultaneously. In practice 

however, the fitting procedure begins by setting the L curve to a constant value of 1 

and estimating the M and S curves fi'om this. The L curve is then updated given the 

new values of M and S and this process of iteration continues until all three curves have 

stabilised at a pre-determined level. Though the model fits each parameter separately, 

as they are estimated iteratively with the value of each curve depending on the other 

two, it can be regarded essentially as estimating all three simultaneously.

The LMS program was written in Fortran 77 and run on a Unix workstation at the 

MRC Dunn Nutrition Centre, Cambridge. It was implemented to save data to an 

output file for post processing. The centiles and standard error plots were drawn in 

Excel, using this output dataset. Further details of the computational methods and 

fitting algorithm can be found in Cole and Green (1992) with respect to LMS, whilst an 

explanation of the general method can be found in Silverman (1985) and Green (1984; 

1987).
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Change of scaling of the age axis

Growth is not constant during childhood. The rate of growth (as measured by velocity) 

varies greatly with age; from a maximum value in early infancy, it falls swiftly during 

the first year, and then decreases more slowly until the beginning of the adolescent 

period. During adolescence, it increases to reach a local maximum (the adolescent 

growth peak) before decreasing again and reaching an asymptote near zero once 

adulthood is reached. A relatively large amount of growth occurs during the first year. 

Conversely, during mid-childhood and towards adulthood little growth occurs.

Initially the model was not flexible enough to cope with this wide variation in velocity; 

during infancy, especially, the fit was not good and the model tended to over-estimate 

the M curve. To overcome this, the age scale was stretched in proportion to the 

observed growth increment in M, such that the apparent growth rate on the 

transformed scale was constant i.e. the M curve was a straight line. This stretched the 

age axis during periods when growth was greatest and shrunk it when growth was least 

and thus gave most weight to those ages when growth was greatest, and least weight 

when growth was minimal. The L and S curves were also fitted with the transformed 

age scale as it was important that they changed smoothly as fast as the M curve. Curves 

fitted using this transformation needed far fewer e.d f  than curves fitted using the 

original age scale. If there are measurements at n distinct ages and Mi is the median at 

age ti, the median at birth is Mi (age ti) and Mn is the adult median (age tn), then the 

overall velocity, V, is

y  ^ M n - ^ i  ^ M i + i  - M i  p
tn - t l

where ti' is transformed age k. Rearranging (3.6) we have

t] -  C ,  (3.7)
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and noting that the first and final ages were fixed, so that t]=t/, t„=tn, then

4  = + / ,  (3.8)

This transformation was achieved by fitting the L, M and S curves in two stages. The 

LMS program was run on the original age scale until a pre-specified degree of 

smoothing (the chosen e.d.f s) had been achieved. The M-curve fi'om this stage was 

then used to calculate the overall velocity, V, and the age scale transformed. The 

process was then initiated again using the new age scale with the same e.d.f. and final 

L, M and S curves produced.

Underlying this transformation is the assumption that the M curve is monotonie, as is 

the case for both stature and weight. Unfortunately, this is not the case for BMI, where 

at certain ages the median decreases relative to previous ages. Instead a constant was 

added to age so that all ages were greater than 0, and a log transformation apphed to 

the age scale. This had the effect of stretching the age scale at the youngest ages and 

compressing it at the oldest ages. Though this transformation was not ideal as it was 

not as sensitive as that described above, it was adequate. However for variables with a 

monotonie M curve, the more sensitive transformation, which reacts to the changes in 

velocity rather than age, is recommended.

3.2: Redefining the centiles

Recently an alternative set of nine centile curves has been suggested (Cole, 1994b). 

These are based on maintaining a constant 0.67SD units between curves, giving the 

0.4*, 2"', 9* 25*, 50*, 75* 91^ 98* and 99.6* centiles. As discussed by Cole these 

show significant advantages over the conventional seven centiles and are particularly 

useful for cross-sectional, community use. In particular they provide a graded area for 

discussions about referral. For example, children whose statures fall below the 0.4* 

centile (4 per 1000) require immediate referral and those between the 0.4* and 2”̂  

centile close observation. These centiles have been used for the published version of the
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charts. The conventional seven centile lines have been used for comparison with the 

Tanner-Whitehouse data, but for all other analyses the new nine centiles have been 

used.

3.3: Goodness of fit of centiles to the data

The data were converted to SD scores using formula (3.2), and these would be 

expected to be normally distributed. The Shapiro-W^lks W, was used to assess the 

significance of any apparent departures fi'om normality, where N < 2000, otherwise the 

Kolmogorov-Smimov D statistic was used (SAS Institute Inc, 1985). Additionally the 

proportions of individuals falling below the 2“*, 50* and 98* centiles (i.e. SD scores 

below -2, 0 and +2 respectively) were calculated. These percentages (expressed as a 

normal equivalent deviate (NED)) were plotted against their expected values, and the 

plots examined for systematic différences between the observed and expected 

percentages. The observed number falling below the centiles was then compared to the 

expected number to produce a statistic with 1 degree of fi’eedom for each age and 

centile group. The distribution of these individual ^  statistics was then examined, 

assuming them to be independent.

3.4: Estimated accuracy of the centiles

No direct estimates of the accuracy of the centiles could be produced, though a formula 

for the estimated variance of centiles derived by the original grouped LMS method has 

been suggested (Cole, 1990). This expresses the centile variance as a percentage of the 

value of the centile and uses a 'notional' sample size within age groups, based upon 

applying a multiplier of 2 or 3 to the observed number in the age group. No such 

formula exists for the centiles derived by penalised likelihood. However, approximate 

confidence limits can be computed for any centile using simulation and certain fijnctions 

of order statistics (Hogg & Craig, 1978). Assuming that the fitted model is reasonable, 

a normal equivalent deviate (NED) can be generated for each distinct point y.. Using 

the estimated L, M and S curves, these randomly generated NEDs are converted back 

to the original measurement scale, giving a new sample of data with the same age 

distribution, as the original sample. This dataset is then used as a starting point for a
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new LMS analysis and a new set o f centiles estimated. If this process is repeated m 

times, the m values for a given centile at each age may be regarded as a random sample 

of centile estimates o f size m. Rearranging these m values in order of increasing size we 

obtain the sample order statistics {Yi} such that Yi<Y2<—<Ym. Order theory states 

that for a sample of size m, Yi corresponds approximately to the (i-3/8)/(m+i/4) fractile, 

p, and has an asymptotic normal distribution (Mood et al, 1974). If i=l and p=0.025 

then 2.5% of the population are expected to fall below the value of the first 

observation, Yi. Thus an asymptotic 95% confidence interval for a particular centile 

can be estimated as the smallest and largest observations fi'om a sample o f centile 

values o f size m where m is given as the solution to the equation m=((i-3/8)/(o.o25))-i/4 

(i.e. m=25). Using this approach confidence intervals were produced for the 2“*, 50*̂  

and 98*** centile curves.

3.5: Age at Peak Height Velocity

Though in cross-sectional data the magnitude of the adolescent growth spurt is 

diminished, as explained in Chapter 1 (pages 22-23), its timing remains the same. To 

examine the possibihty of earlier maturity, median population increments were 

calculated fi'om the medians at each age, t, measured in years (as below) and plotted 

against age

Velocity at age t = M (t + 0.5)- M (t - 0.5)

3.6: Regional Analyses

For each variable (stature, weight and BMI), the data were converted to SD scores 

using formula (3 .2), as with the goodness-of-fit analyses, and these SD scores used to 

explore any regional differences. The country was divided into the 11 geographic 

regions described in Chapter 2 (page 55), and SD score regressed on region, for both 

stature and weight, separately for the sexes. The geographically restricted datasets 

(Cambridge, Tayside and Whittington) were excluded fi'om the analyses. Age and the 

age-region interaction were non-significant. The estimated regional differences in SD
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score were expressed relative to the general mean, zero, and were used to examine the 

dijfference in growth between individual regions and the country as a whole.
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CHAPTER 4 - Cross-sectional Results

4.1: Stature

The best fit for boys was achieved with 2, 15, 8  equivalent degrees of fi'eedom (e.d.f ) 

on the L, M and S curves respectively. The corresponding e.d.f for girls were 2, 14, 8 . 

There was little evidence of skewness during early childhood and only slight evidence 

during puberty, the value of L differing inconsequentially fi'om 1 (a value of 1 indicating 

zero skewness, >1 indicating left-skewness and <1 indicating right-skewness). Stature 

was assumed to be normally distributed and L set to 1. This affected the estimates of 

the centiles only nominally (Table 4.1). During infancy and early childhood when the 

fitted value of L was greater than 1 the difference for both the 2“* and 98* centiles is 

0.05cm or less. From a minimum in mid-childhood (age 7 years boys, 6  years girls), the 

difference increases to reach a maximum during puberty, though still very small 

(0.16cm boys, 0 .1 2 cm girls), before decreasing slightly in adulthood.

Table 4.1: Differences in 2°** and 98*** centiles between L=1 and estimated value of L,(cm)

Age (years)
Estimated L

Boys
Difference(cm)
2 nd pgth

Girls
Estimated L Difference(cm)

2 nd 9 gth

Birth 1.29 0.05 0.04 1.34 0.05 0.05
1 1.19 0.03 0.03 1 . 2 2 0.04 0.03
2 1.14 0.03 0.03 1.16 0.04 0.03
3 1 . 1 1 0.03 0.03 1 . 1 2 0.03 0.03
4 1.08 0.03 0.03 1.08 0.03 0.03
5 1.05 0 . 0 2 0 . 0 2 1.05 0 . 0 2 0 . 0 2

6 1.03 0 . 0 1 0 . 0 1 1 . 0 1 0 . 0 1 0 . 0 1

7 1 . 0 0 0 . 0 0 0 . 0 0 0.98 -0 . 0 1 -0 . 0 1

8 0.98 -0 . 0 1 -0 . 0 1 0.95 -0 . 0 2 -0 . 0 2

9 0.95 -0 . 0 2 -0 . 0 2 0.93 -0.04 -0.04
1 0 0.93 -0.04 -0.04 0.90 -0.06 -0.06
1 1 0.91 -0.06 -0.05 0.87 -0.09 -0.09
1 2 0.89 -0.08 -0.08 0.84 -0 . 1 1 -0 . 1 1

13 0 . 8 6 -0 . 1 1 -0 . 1 1 0.81 -0 . 1 2 -0 . 1 2

14 0.83 -0.15 -0.14 0.79 -0 . 1 2 -0 . 1 1

15 0.81 -0.16 -0.15 0.78 -0 . 1 1 -0 . 1 1

16 0.79 -0.14 -0.14 0.77 -0 . 1 1 -0 . 1 0

17 0.78 -0.13 -0.13 0.77 -0 . 1 1 -0 . 1 0

18 0.77 -0.13 -0.13 0.77 -0 . 1 1 -0 . 1 0
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Examination of L, M & S curves for stature

Figures 4. l(a)-(c) show the L, M and S curves by age for the two sexes (the L, M and 

S values for stature at weekly intervals from 35 weeks to 40 weeks gestation, monthly 

intervals in the first year, and quarter-year intervals thereafter, are given in Appendix 2, 

Table A2.1 (page 170)). The plot of the L curves (Figure 4.1(a)) shows clearly the 

slight left skewness at birth which decreases gradually during childhood to reach zero 

skewness (L=l) at age 7 in boys, and age 6.5 in girls. Subsequently, it then becomes 

increasingly positively skewed reaching an asymptote during early adulthood at +0.77 

in both sexes. As mentioned in Chapter 3 (page 72), e.d.f. of 2 is equivalent to fitting is 

a straight line on the transformed age scale. The age transformation is chosen so that 

the M curve is a straight line, and thus the L curve on the original scale is the same 

shape as the M curve (except for the sign) and mirrors of the corresponding M curves.

The M curves show the characteristic shape of the median growth curve for stature; a 

sharp rise during the first year, with a slower, steady increase thereafter until puberty 

(Figure 4.1(b)). For boys, the adolescent growth spurt can be seen as a steepening of 

the curve during puberty, but for girls there is no evidence of a steepening of M curve 

during this period (see also Figure 4.4). Both then continue increasing more slowly, 

stopping once the adult median values have been reached. It can be noted that the girls' 

median curve lies slightly below the boys at all ages except between ages 1 0  and 1 2  

when it is above, but thereafter the boys become taller and stay appreciably taller into 

adulthood.

The S curves fall from about 4% at birth to reach a minimum at 9 months (Figure 

4.1(c)). The pattern is the same for both sexes, with the value of S then increasing 

during childhood to peak at about 12 years in girls and 14 years in boys. This increase 

is not smooth and there is a shoulder on the curve during mid-childhood, between the 

ages 3 and 9 years when S increases much more slowly than either before or after this 

age interval. Following the peak, the S curve falls steeply away to asymptote at values 

similar to those observed at birth.
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Figure 4.1 (a): Stature L curves
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Figure 4.1 (c): Stature S curves
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Figures 4.2 (a) & (b) show the new 9 centile curves generated from these L, M & S 

curves, for both sexes. Only the 2"̂ , 50^ and 98* are shown until age 2, the others 

being omitted for clarity.

Comparison with TW Centiles

Table 4.2: Stature (cm), 1990 centiles compared with 1965 centiles at key ages

Age (years)
3 rd

1965
50* 97* 3 rd

1990
50* 97*

Difference 
3"** 50* 97*

Boys
1 month 50.2 54.0 57.8 50.9 54.9 58.7 0.7 0.9 0.9

2 . 0 79.7 85.9 92.1 81.1 87.1 93.0 1.4 1 . 2 0.9
5.0 99.4 108.3 117.2 1 0 1 . 1 109.7 118.2 1.7 1.4 1 . 0

1 1 . 0 129.4 141.9 154.4 130.8 143.2 155.8 1.4 1.3 1.4
16.0 158.9 172.2 185.5 158.9 173.0 187.4 0 . 0 0 . 8 1.9
18.0 162.2 174.7 187.2 163.3 176.4 189.7 1 . 1 1.7 2.5

Girls
1 month 49.2 53.0 56.8 50.1 53.8 57.4 0.9 0 . 8 0 . 6

2 . 0 78.4 84.6 90.8 79.9 85.7 91.5 1.5 1 . 1 0.7
5.0 98.2 107.2 116.1 1 0 0 . 2 108.7 117.1 2 . 0 1.5 1 . 0

1 1 . 0 129.5 142.7 155.8 130.9 143.8 156.9 1.4 1 . 1 1 . 1

16.0 150.9 162.2 173.5 151.6 163.0 174.6 0.7 0 . 8 1 . 1

18.0* 150.9 162.2 173.5 152.3 163.6 175.0 1.4 1.4 1.5
* : Tanner et al assumed that girls reached adult stature by age 16 years, and so the 16 year data 

have been used here for stature at age 18 years.

For boys stature, the 1990 50* centile is greater than that of TW at all ages, the 

smallest difference being 0.8cm at age 16 and the greatest 1.7cm at age 18 (Table 4.2). 

The 3”* and 97* centiles were also greater by similar amounts apart from the 3"* centile 

at age 16 which showed no difference. A similar pattern emerges for girls with the 3"̂ , 

50* and 97* centiles of the new charts greater than TW at all ages. The largest 

difference in the 50* centile of 1.5cm occurred at age 5 and the smallest, of 0.8cm at 

age 16. Tanner et al assumed that girls had stopped growing by age 16 years and their 

centiles stopped at this age. However the 1990 centiles show that between the ages of 

16 and 18 years stature continued to increase by up to 0.7 cm.
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Figure 4.3(a): Boys stature, 1990 and TW 3rd, 50th and 97th centiles
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These positive differences, indicating an increase in the size of children in 1990 when 

compared to children of 25 years earlier can also be seen from Figures 4.3 (a) & (b), 

which show the 3"̂ , 50* and 97* centile curves of both TW and the 1990 data. For 

boys the 1990 curves lie above the TW curves at all ages, except during infancy and for 

the 3"̂  centile at age 16 years when they lie together. Also the difference between the 

two sets of curves varies with age, being greatest at maturity and least in infancy. The 

pattern is similar for girls, with there being little difference between the two sets of 

curves in infancy, and a positive difference at maturity. There is a positive difference 

during the rest of childhood, until puberty when the two sets of curves coincide, lasting 

until maturity when the 1990 curves rise slightly above the TW curves once again.

Age at 'Peak Height Velocity' (first derivative of distance median)

Figure 4.4 displays the first derivative of the M curve by age, for both sexes. Though 

not strictly a velocity curve, as it is derived from grouped data, it gives an indication of 

timing of the adolescent growth spurt in the group. Peak growth at adolescence 

occurred earlier than for TW, at 13.5 years for boys (c.f. 13.95 years for boys in TW). 

For girls however there was no single discernible peak, with a plateau between 8  and 

12.5 years (c.f. a peak at 11.95 years for girls in TW).

i f

Figure 4.4: First derivative of M curve for stature, both sexes
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4.2: Weight

For boys weight, the best fit was with 7, 13 & 8  e.d.f. on the L, M and S curves 

respectively. The corresponding e.d.f. for girls were 6 , 13 & 8 . The smoothed L values 

for weight varied between -1.16 and +0.55 indicating the presence of considerable 

right-skewness (L<1), at all ages, for both the sexes (Figure 4.5(a)). Consequently, the 

estimated L values fi'om the LMS analyses were retained for the construction of the 

weight centile curves.

Examination of the L, M & S curves for weight

Figures 4.5(a)-(c) show the L, M and S curves by age for the two sexes (the L, M and 

S values for weight at weekly intervals fi'om 35 weeks to 40 weeks gestation, monthly 

intervals in the first year, and quarter-year intervals thereafter, are given in Appendix 2, 

Table A2.2 (page 172)). The L curve for weight has a similar pattern for both the 

sexes, though difiFering greatly fi'om that for stature (Figure 4.5(a)). From a maximum 

value at birth it falls rapidly during the first year and then more slowly, reaching a 

minimum at age 8.5 years for girls and a year later for boys. From this minimum it 

increases to a local maximum at age 13.5 years for girls and 14.5 years for boys, before 

falling again. For boys, this decrease continues into adulthood, though for girls the 

decline is much more gradual and the curve is approaching an asymptote by age 2 0  

years. The more negative the L value the greater the degree of right skewness; the 

shape of the L curve indicates that weight is right skewed at all ages, the skewness 

being least at birth. From birth it becomes increasingly more skewed reaching a 

maximum just prior to adolescence before decreasing to a local minimum during 

adolescence and subsequently increasing again into adulthood.

Figure 4.5(b) shows the M curves for weight. Both sexes have similar values until age 7 

years when the median weight for the girls becomes greater than the median for the 

boys. This positive différence between girls and boys remains until age 13.5 years when 

the boys become heavier, and thereafter increasingly heavier into adulthood. Unlike 

stature which showed a flattening of the M curve once adult values had been reached.
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for weight there is no such levelling out of the M curve for boys. For girls the curve 

does begin to approach an asymptote but still continues increasing slightly.

The S curve falls from birth to reach a minimum at 9 months, for both sexes, before 

increasing steadily to a maximum at age 11.5 year for girls and 13.5 in boys (Figure 

4.5(c)). From this maximum value it falls and approaches an asymptote in adulthood at 

values similar to those at birth. The shape of the S curve for weight is similar to that for 

stature though its magnitude is much greater varying as it does between 0.10 and 0.19 

(c.f. stature varying between 0.03 and 0.05). The patterns of the variability of stature 

and weight are the same, with both being least variable during infancy, especially 

towards the end of the first year, and most variable during puberty, but with weight 

having much greater variability than stature at all ages (3 or 4 times greater values at 

corresponding ages). However, the noticeable shoulder that was present in the S curve 

for stature is absent from the curve for weight.

Figures 4.6 (a) & (b) shows the resultant 9 centiles for weight, for both sexes. As with 

stature only the 2“*, 50* and 98* centiles are shown before age 2. The centiles above 

the 50th centile are spaced fiirther apart than those below it, demonstrating the right 

skewness as discussed previously. The slight bulging out of the upper four centiles, 

particularly the 99.6* centile for the boys, is a result of the peak in the L curve 

occurring just after the peak in the S curve.
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Figure 4.5 (a): Weight L curves
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Figure 4.6 (a): Weight, boys Figure 4.6 (b): Weight, girls
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Comparison with TW Centiles

Table 4.3: Weight (kg), 1990 centiles compared with 1965 centiles at key ages

Age (years)
3 rd

1965
50* 97* 3 rd

1990
50* 97*

Difference
3 rd 3Qih pyth

Boys
Birth 2.5 3.5 4.4 2.7 3.5 4.4 0 . 2 0 . 0 0 . 0

2 . 0 1 0 . 2 12.7 15.6 1 0 . 2 12.4 15.2 0 . 0 -0.3 -0.4
5.0 14.4 18.5 23.2 15.1 18.6 23.6 0.7 0 . 1 0.4

1 1 . 0 24.9 33.6 49.5 26.1 34.5 50.9 2 . 0 0.9 1.4
16.0 45.7 59.6 78.6 44.9 60.2 83.2 -0 . 8 0 . 6 4.8
18.0 50.0 63.0 81.0 52.0 6 6 . 2 87.9 2 . 0 3.2 6.9

Girls
Birth 2 . 6 3.4 4.4 2 . 6 3.3 4.2 0 . 0 -0 . 1 -0 . 2

2 . 0 9.7 1 2 . 2 14.9 1 0 . 0 1 2 . 1 14.9 0 . 1 -0 . 1 0 . 0

5.0 14.6 18.3 23.3 14.5 18.2 23.9 -0 . 1 -0 . 1 0 . 6

1 1 . 0 24.7 35.2 55.7 26.0 35.9 53.6 1.3 0.7 -2 . 1

16.0 44.6 55.8 74.5 42.8 55.3 74.1 -1 . 8 -0.5 -0.4
18.0 46.0 56.6 75.0 44.7 57.2 76.3 -1.3 0 . 6 1.3

The differences between TW and the new weight centiles were not so marked as for 

stature, for boys (Table 4.3). The 1990 3"* centile is greater than TW at all ages apart 

from at age 16, though even then, the difference is only 0.8kg. The 50* centile for 1990 

is greater than TW at all ages apart from age 2. The 97* centile is similar to the 50*, a 

negative difference at age 2 increasing to a positive difference at age 18. For girls the 

differences are relatively small. The 1990 3"* centile of weight was less than TW at all 

ages except ages 2 and 11. The 50* centile was greater at ages 11 and 18. For the 97* 

centile the pattern was different again with the 1990 centile being greater than TW at 

ages 2, 5 and 18.

These patterns can also be seen in Figures 4.7 (a) & (b). For boys, the 1990 curves lie 

slightly above TW at all ages apart from during infancy and adolescence. Towards 

adulthood this positive difference increases sharply. In addition, the shape of the two 

sets of curves differs; the ages at which the TW curves lie above the 1990 curves 

increase as the centiles decrease. For girls, the pattern is similar, though the difference 

in shape of the two sets of curves is more apparent, such that by age 19 the TW 3rd 

centile still lies above the 1990 curve.



Figure 4.7 (a): Boys weight, 1990 and TW 3rd, 50th and 97th centiies
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4.3: BMI

The best fit for boys was achieved with 4, 13 and 7 e.d.f on the L, M and S curves 

respectively, whilst the corresponding e.d.f. for girls were 4, 12 and 7. As with weight, 

the L curve was below 1 at aU ages for both sexes, though the values are much less 

than those for weight, indicating the much greater degree of right skewness of BMI 

(Figure 4.8(a)). In fact it was below 0 for girls at all ages and was only greater than 0 

for boys below 40 weeks gestational age. Consequently the estimated values of L were 

retained in all subsequent calculations involving the L, M and S coefficients.

Examination of the L, M and S curves for BMI

Figures 4.8(a)-(c) show the L, M and S curves by age for the two sexes (the L, M and 

S values for BMI at weekly intervals fi'om 35 weeks to 40 weeks gestation, monthly 

intervals in the first year, and quarter-year intervals thereafter, are given in Appendix 2, 

Table A2.3 (page 174)). The shape of the L curve is similar for both sexes (Figure 

4.8(a)). It falls steeply in the first six months after birth and subsequently changes little, 

though continuing to decline very slowly until just prior to puberty. From then it 

increases very slowly to reach levels at age 20 years close to those at six months. In 

girls this is much less marked, resulting in the curve for girls lying above that of the 

boys.

The M curves for BMI demonstrate that unlike weight and stature, BMI does not 

increase monotonically during childhood, and this is true of both sexes (Figure 4.8(b)). 

From a minimum at birth, median BMI increases to peak at 8  months and subsequently 

declines to flatten out at 5.5 years. This is known as the adiposity rebound, and 

following this, the medians for both sexes increase to adulthood. There is little sign of 

the M curve reaching a plateau by age 20 years, though for girls, for whom the increase 

was initially greater, the rate does decrease as age increases.

The S curves fall from very similar values at birth for both sexes (Figure 4.8(c)) to 

reach a minimum at 1.50 years in girls and 3.25 years in boys. Following this they then
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Figure 4.8 (a): BMI L curves
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increase to peak at 12.50 years for girls and 14.75 years for boys, this diflFerence 

reflecting diflferences in the timing of the adolescent growth spurt between the sexes. 

From the peak the S curves decrease very slightly. The values of S for girls are greater 

than for boys at all ages, most noticeably so after age 1.50 years.

The resultant 9 centiles for BMI are shown in Figures 4.9 (a) & (b), and are similar for 

both sexes (only the 2“*, 50* and 98* centiles are shown below age 2 years). The 

considerable right skewness, evident from the examination of the L curves above, is 

manifest as the centiles above the 50* being more widely spaced than those below. In 

infancy all the centiles peak at the same age. However, the age at adiposity rebound is 

later on the lower centiles than the upper centiles. From this age all centiles increase 

and this increase shows little sign of stopping by age 2 0  years.



Figure 4.9 (a): BMI centiles, boys
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4.4: Goodness of fit of the centiles to the original data

The results of the test for the normality of the SD scores are displayed in Table 4.4.

Table 4.4: Probability of distributim of SD scores being normal within each whole year age

Age Stature
boys

Stature
girls

Weigjit
boys

Weight
girls

BMI
boys

BMI
girls

< 0 * ns ns ns 0.18 ns ns
0 - <o.of ns 0.03̂ ns nŝ ns
1 - < 0 . 0 1 0 . 1 2 0 . 0 2 ns 0 . 1 2 ns
2 - ns ns ns ns 0.05 ns
3- 0.04 ns < 0 . 0 1 ns < 0 . 0 1 0.15
4- ns ns ns ns ns ns
5- 0.06 ns ns ns ns ns
6 - ns ns ns ns ns ns
7- ns ns ns ns < 0 . 0 1 0 . 1 2

8 - ns ns 0 . 0 2 ns 0.03 0.03
9- ns ns 0.06 ns < 0 . 0 1 < 0 . 0 1

1 0 - ns ns ns ns < 0 . 0 1 ns
1 1 - ns ns ns ns ns ns
1 2 - 0 . 0 2 ns ns ns ns ns
13- ns ns ns ns 0.07 ns
14- ns ns ns ns < 0 . 0 1 0.08
15- ns ns ns ns ns 0.13
16- ns ns ns ns 0 . 0 1 ns
17- ns ns < 0 . 0 1 ns ns ns
18- 0.19 ns ns ns ns ns
19- ns ns ns 0.03 ns 0.05
2 0 - ns ns ns ns ns ns
2 1 - ns ns ns ns ns ns
2 2 - ns ns ns ns ns ns

*: 35-40 weeks gestational age 
n > 2 0 0 0 , Kolmogorov-Smimov D statistic used

There is little evidence for rejecting the hypothesis that the SD scores were normally 

distributed, for all variables, for girls as the test was not significant for the majority of 

age groups. It was only significant for weight aged 19 years, and BMI aged 8 , 9, 14 

and 19 years, and in these age groups there was evidence of skewness not removed by 

the power transformation.

For boys, though the test was not significant for the majority of ages, there was some 

evidence that the SD scores were not normally distributed, especially in the younger 

ages for stature and weight, and mid-childhood for BMI. As with the girls, the data in
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the age groups for which the test was significant showed evidence of skewness. In 

addition, stature, weight and BMI aged 3, and BMI aged 2, 7, 9 and 14 showed 

evidence of kurtosis.

The numbers falling below the 2“*, 50*̂  and 98*̂  centiles (NED equivalent to -2, 0 and 2 

respectively) are shown in Figures 4.10(a)-(f). The numbers falling below the 50^ 

centile in all cases are much less variable than the numbers falling below the outer 

centiles, with the line being horizontal except for minor fluctuations.

Analysis Results

Table 4.5: Summary of statistics for each LMS analysis.
Min Median 95th Centile Max Mean SD

X̂ on 1 df 0 . 0 0 0.46 3.84 10.83 1 . 0 0 1.41
Stature

Males 0 . 0 0 0.25 5.54 11.73 1.38 2.15
Females 0 . 0 0 0.26 3.58 5.34 0.82 1.14

Weight
Males 0 . 0 0 0.53 6.58 10.62 1.25 1.95
Females 0 . 0 0 0.57 7.49 1 2 . 2 2 1.72 2.62

BMI
Males 0 . 0 0 0.59 15.02 31.22 2.83 5.46
Females 0 . 0 0 0.76 12.70 17.39 2.48 3.79

For boys stature the x  ̂values varied between 0 and 11.73 with a median of 0.25 (Table 

4.5), and the spread of values was compatible with a standard x  ̂ distribution on 1 

degree of fi'eedom (Figure 4.11(a)). The same was true for girls stature (Figure 4.11(a) 

and also for weight, both sexes (Figure 4.11(b)). The values varied between 0 and 5.34 

with a median of 0.26 for girls stature, 0 and 10.6 with a median of 0.53 for boys 

weight and 0 and 12.22 with a median of 0.57 for girls weight. For both sexes, the 

distribution of the x  ̂ values for BMI were much more right-skew than would be 

expected with a standard x  ̂distribution on 1 degree of fi'eedom (Figure 4.11(c)), and 

this is reflected in the greater values of aU statistics in Table 4.5 for BMI.
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Figure 4.10 (a): Stature, boys
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Figure 4.11 (a): Percentage distibution of Chi-squared vaiues, stature
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Figure 4.11 (b): Percentage distribution of Chi-squared vaiues, weight

50 

45 

40 

35 

30 

% 25 

20 

15 

10 

5 

0

□  Female 
■  Male

Id t i n ,  r l i l n  .n._fL ,n , JLn. JL   n , m, n n
0.25 1.25 2.25 3.25 4.25 5.25 6.25 7.25 8.25 9.25 10.25 11.25 12.25

Chi-Squared

Figure 4.11 (c): Percentage distribution of Chi-squared values, BMI
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4.5: Estimated accuracy of the median and outer centiles (2™" & 98*)

95% confidence intervals of the 2“*, 50* and 98* centiles were estimated for all 

variables. These were then converted to NEDs, for easier display (Figures 4.12(a)-(f)). 

For all variables the confidence intervals are widest at birth, narrowing rapidly during 

the following six months, and unsurprisingly, the interval for the 50* centile is narrower 

at all ages than those for the outer centiles. For stature, the intervals are narrowest prior 

to puberty and towards adulthood, and, excluding the values at birth are widest in early 

childhood, below age 6  years, for both sexes (Figure 4.12 (a) & (b)). In addition, the 

intervals widen slightly during puberty before narrowing again towards adulthood.

Untü the end of puberty, the pattern is similar for weight and BMI. However, following 

puberty, the outer limits do not narrow again but continue to widen towards adulthood. 

Compared to stature, the confidence intervals are wider for all three centiles at all ages 

for both weight and BMI (Figure 4.12(c)-(f)). Interestingly during infancy for the boys 

weight, the confidence intervals for the outer centiles do not include the centile, 

reflecting the inability of the model to completely remove the skewness of the original 

data at these ages. This is also the case for BMI, both sexes, prior to puberty and girls 

BMI 2"̂  centile following puberty.

These results are reassuring when considered together with the fit analyses of the 

previous section, which also demonstrated similar patterns. They complement the 

previous analysis which showed that though overall, the fit of the centiles to the original 

data was good, at certain ages, particularly infancy for boys weight and BMI during 

mid-childhood for both sexes it was not so good. Confidence can be placed in the 

estimates of the centiles for the majority of ages, for all variables, though occasionally 

to a lesser extent as outlined above.
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Figure 4.12(a): 95% confidence Intervals 
for the 2.3rd, 50th and 97.7 centlles, 

males, Stature

Figure 4.12(b): 95% confidence Intervals 
for the 2.3rd, 50th and 97.7 centlles, 

females, stature
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Figure 4.12(d): 95% confidence Intervals 
for the 2.3rd, 50th and 97.7 centlles, 

females, weight

Figure 4.12(c): 95% confidence Intervals 
for the 2.3rd, 50th and 97.7 centlles, 

males, weight
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Figure 4.12(e): 95% confidence Intervals 
for the 2.3rd, 50th and 97.7 centlles, 

males, BMI

Figure 4.12(f): 95% confidence Intervals 
for the 2.3rd, 50th and 97.7 centlles, 

females, BMI
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4.6: Regional Analyses

The regions of the country have been arranged geographically, in approximate order of 

increasing latitude and longitude (i.e. south-east to north-west) (Figures 4.13 (a) & 

(b)). The mean stature SD score for each region decreases as both latitude and 

longitude increase (Figure 4.13(a)). The greatest positive values are for Greater 

London and the South West, for both sexes, with the rest of the South East, East 

Angha and the East Midlands being smaller but still positive. As the regions become 

increasingly more northern and western, negative values become apparent, with Wales 

having the greatest negative value for both sexes, and the remaining regions with 

negative value of similar size (approximately 0.6 SD score) to each other.

The pattern is similar, though not as striking, for weight (Figure 4.13(b)), with Greater 

London again having the largest positive value and the South East being the second 

largest, for both sexes. The comparable regional patterns for both stature and weight 

are not surprising given the acknowledged high correlation between these two 

variables. For girls, the pattern is similar to stature with the exception of the East 

Midlands, which was slightly positive for stature, but for weight has the largest negative 

value. For boys, the most notable value is for Wales, which has a large positive value 

for weight SD score, compared with the largest negative value for stature. Additionally, 

the South East and East Anglia, which were positive for stature are now just negative 

and the West Midlands which was just negative is now positive, though the difference 

is very small (0.02 SD score).

BMI shows much less regional variation than either stature or weight and the mean 

values for the majority of the regions were less than 0.06 SD scores away from that for 

the whole country, for both sexes (Figure 4.13(c)). However, there were several 

exceptions, particulaiiy Wales with value for boys being 0.24 SD scores greater than 

that for the country as a whole and 0.08 SD scores for girls. In addition, the values for 

East Midlands girls and North West boys were both more than 0.09 SD scores less 

than those for the whole country.
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Figure 4.13 (a): Estimated regional SDS differences, stature
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Figure 4.13 (b): Estimated regional SDS differences, weight
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Figure 4.13 (c): Estimated regional SDS differences, BMI
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Chapter 5: Analysis of longitudinal data 

5.1: Introduction

Data from the Edinburgh Longitudinal Study were used to compare the fit of two 

models which can be used to describe the growth in stature of individuals. These curves 

were the Preece-Baines model IQ curve (PB-IQ) (Preece & Baines, 1978) and the 

Jolicoeur-Pontier-Pemin-Sempé Curve (JPPS) (Jolicoeur et al, 1988). Initially, it was 

planned to use the best-fitting model to produce individual growth curves and from 

these construct longitudinal standards similar to those of Tanner et al (1966 (a) & (b)). 

However, this was not possible and instead, following the initial comparison between 

the two models, the JPPS model was explored fiirther, since the PB-IQ model has been 

used extensively in the past and the JPPS is relatively new and its use not widespread.

Both models were fitted to each individual, using data from age 2 years. The PB-IQ 

model, whilst providing a good fit during adolescence, does not fit infancy well. The 

JPPS curve is designed to describe the whole of the growth period and needs data from 

all ages to fit properly. In order to compare the two models, data were used from age 2 

years, this age being chosen so as to provide a balance between the data needs of the 

two models. For the further analysis of the JPPS curve, an extended dataset including 

data from the first two years was used. Only those individuals with data for the whole 

of the growth period were included in these analyses. There were 79 boys and 62 girls 

for whom this was the case. The models were fitted using the NLIN procedure of the 

statistical analysis software, SAS (SAS Institute Inc, 1987), with starting values taken 

from previous analyses (Preece and Baines, 1978; Jolicoeur et al, 1988). The fitting 

algorithm was the maximum neighbourhood algorithm of Marquardt (1963). The 

stability of each model was checked by fitting each twice using different starting values, 

the girls values being substituted in the boys equations and vice versa.
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5.2: The models

Preece-Baines model m  curve (PB-IH)

In their original paper, Preece and Baines (1978) proposed three models which could 

be used to describe the growth in stature of individuals. These varied in complexity 

from the 5 parameter model I to models II and m, which both had 6  parameters. 

Model m  was chosen for this current analysis as it was the most flexible of the three 

models and relatively easy to implement. It is as described below, h representing stature 

attained at age t, hi adult stature and he stature at t=0 . ^  is a time (age) constant and 

Po, P ]  and Q ] are rate constants.

h = h ,------------------------- 4 (h ,-h ,)----------------------- (51)
{exp[P^(t - 6 ) + exp[Pj(t-0) + exp[Q^ (t -  0)}

Jolicoeur JPPS Curve

Provided time is measured from day of conception when the fetus is microscopically 

small then growth can be described by a curve passing through the origin. Jolicoeur et 

al (1988) proposed a seven parameter asymptotic curve that passes through the origin 

and gives almost as good a fit during infancy as during later childhood. The parameters 

h and hj are the same as for PB UI, Di, D2 and D3 are three positive age-scale factors 

and C ], C2 and C3 three positive dimensionless exponents.

Jolicoeur et al (1988) have suggested a reparameterisation of the model, reordering the 

three terms

—  , —  and —
V -^1 J \  D') J V 7%  /
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such that D} <D2 < D3. The A s and corresponding exponents (above) will then reflect 

mostly the shape of the initial, central and final sections of the growth curve. This can 

be seen fi'om the form of the curve and the parameter estimates fi'om the modelling (see 

Chapter 6  for parameter estimates fi’om current analyses). Ci is always less than 1 , and 

C2 < C3 and both are always greater than 1. When t< ^  Di the second two terms have 

a negligible influence upon the curve, compared to the first term, which is increasingly 

influential fi'om birth and has its maximum influence just before t^Dj. Thereafter its 

influence diminishes. The second and third terms both have little influence until t>  D2 

and t > D3 respectively, and both terms become progressively greater thereafter. 

However, once t > A ,  the third term increases rapidly and soon becomes much larger 

than the second term, swamping its influence and towards adulthood becoming the 

most important term as the contributions of the other two decrease. This algebraic 

result was demonstrated analytically, by plotting the value of the first derivative of the 

curve for each parameter, for individual children, chosen such that their residual 

variances were close to the median value.

In addition to using data from the beginning of the second year onwards for 

comparison with PB-in, the JPPS model was refitted including data from age 3 months 

onwards. No adjustment was made for the change in measuring procedure from supine 

length to standing height at age 2 years. Summary statistics were used to provide a 

comparison of the fits produced with the initial data and the extended dataset. As there 

is much within-individual variation in growth during infancy, and also the measuring 

technique changes at age 2  years, it would be expected that the fit would be slightly 

worse when infancy data were included. The model is attempting to fit a smooth curve 

during a period when growth is neither smooth nor orderly. However, as the JPPS 
curve was designed to describe the whole of the growth period, data from all ages 

including infancy have been used for the extended analysis.

5.3: Goodness of Fit

The goodness of fit of each model was assessed by analysis of the residuals. For the 

current models the residuals were all assumed to be independent and identically 

normally distributed with zero means and variances constant across the age range for
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each individual. Initially, a runs test was performed on the residuals for each individual 

(where the number of runs exceeded 2 0  the large sample normal approximation was 

used) (Siegel, 1956). This test inspects the residuals, ordered by age, for 'runs', a run 

being defined as a succession of numbers of the same sign, which are preceded and 

followed by numbers of opposite sign. It examines whether there are too few or too 

many runs than would be expected by chance. Too few runs suggest a time trend in the 

data or bunching due to lack of independence of the residuals, whilst too many runs 

suggests systematic short-period cyclical fluctuations in the residuals. In addition to the 

runs test, which does not take into account the size of the residuals, or examine them 

for heteroscadasticity, plots of the residuals against the fitted values were checked 

visually for bias and changing variability. The assumption that the residuals were 

normally distributed was investigated using normal plots. Finally, the distribution of the 

residuals by percentage of adult height attained was examined (for all individuals 

together) to see if there were any periods of growth which were especially poorly 

fitted.

5.4: Comparison of JPPS and PB-IQ

When comparing the usefulness of différent models, there are various points to 

consider, not simply which model gives the best overall fit in terms of its residual 

variance. The fitted curves should faithfully represent the original data at all ages. In 

addition some account should be taken of the ease of fitting of the models. This 

includes the number of individuals for whom there was a failure to converge, the 

amount of time taken for the model to converge in each case and the number of 

occasions there were spurious local solutions to the modelling. Related to this are the 

relative complexities of the curves; if one curve has many more parameters than the 

other, this may not be the best model to use, especially if the reason for curve fitting 

was data reduction. However for this current case, where there are 6  and 7 parameters 

for the two models respectively, this is not a major consideration.
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Initial visual comparison

Initially, for each sex, the individual with residual variance closest to the median for 

both curves was chosen and the residuals plotted by age, for both curves. The median 

child was chosen as it was neither the worst nor the best fit and demonstrated how well 

each curve was fitting on average.

Comparison of the residual sums of squares

Following this, the residual sum of squares (RSS) of the two models were compared. 

Given that the residuals for each individual are assumed to be independent and 

identically distributed and letting r̂  0 = 1 . . .n̂ ) represent the residuals for individual /, n̂  

the number of observations for individual /, p  the number of parameters in the model 

and the residual variance for individual /, then

n
.2

and

RSS, = z  r  (5.3)
j  = 1

(5.4)

As the degrees of fi’eedom of the two models differ, a 'pseudo-F' statistic can be 

constructed, to assess the order of the differences. This is analogous to the variance 

ratio test statistic of linear modelling, where there is a hierarchy of models, and the 

comparison is between two models, one of which is nested within the other; however, 

because of the non-nested nature of the current modelling it is not strictly valid and has 

been applied with caution. It could be that for some individuals the PB-IQ curve gives a 

better fit than the JPPS curve, and this would give a negative ratio. For this reason, the 

ratio statistic, constructed according to the formula overleaf (n̂  is number of 

observations for individual /) was tabulated but the level of significance was not tested.
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pseudo - F  statistic for individual i =  RSSjpps)  (5 $)

Comparison of the residual variances

Given that E[xV-p)]^i"P? it can be seen from equation (5.4) that the JPPS model 

would give systematically smaller residual sum of squares than PB UI, for the same 

residual variance. Thus the residual sums of squares are not particularly good for 

comparing the goodness of fit between the two models and instead, the residual 

variances of the models have been compared. The better fitting model would have a 

smaller residual variance, due to the model accounting for more of the variation in the 

data and causing the residuals about the fitted line to be smaller. The residual variances 

were compared visually and summary statistics were given. For each individual, a 

variance ratio F statistic was constructed; assuming the residual variances of the two 

models are independent. Given that each has an expected x̂ (ni-p) distribution, where n̂  is 

the number of observations for individual i and p is the number of parameters of the 

model ( 6  for PB-IH, 7 for JPPS), then the ratio of the two residual variances 

R V pb/R V jpps has an expected (m-?) distribution, i.e.

RVpBin 
J?V ~ ^JPPS

(̂rh-6\(rL-7\ (^-^)

Comparison of the residuals by percentage of adult stature attained

In section 5.3, the fit of each model was examined by percentage of adult stature 

attained, which was used as a metaphor for maturation. These results were compared 

to assess whether there were differences in the fits at each age, between the two 

models. Differences in the fit of the curves at certain ages could influence when each 

was to be used. IÇ for example, one curve were to fit mid-childhood better whilst fitting 

puberty worse than the other curve and the purpose of fitting the curves was to model 

growth during puberty then it would be most appropriate to use the curve which fitted 

this period best.
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Comparison of ease of fitting and stability of the two models

Finally, the models were compared for ease of fitting, together with their stability. This 

was achieved by calculating the average number of iterations to convergence for each 

model, together with the stability of each model as measured by the number of times 

local solutions were found and in addition, the results of the runs tests.

5.5: Further analysis of the JPPS curve

Examination of the partial derivatives

For an individual, the partial derivatives of the fitted values with respect to the 

parameters measure the rate of change of the fitted values with respect to that 

particular parameter. As a result it is possible to assess, for individuals, the ages at 

which each parameter exerts the most influence upon the fitted curve, by calculation 

and examination of the values of these partial derivatives at each age. Analytical 

expressions for these were derived by partial differentiation of the JPPS curve with 

respect to each parameter and are given overleaf.

These partial derivative curves were calculated and plotted for two individuals, a boy 

and a girl, with residual variances close to the median for their sex. Again these were 

chosen as they represented average fitting individuals, neither the best nor the worst.
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Estimation of age at take-off, age at PHV and PHV

Age at take-off (TO) was estimated numerically as the age for which the second 

derivative of the JPPS curve with respect to total age, t, was zero and increasing 

thereafter. Age at peak height velocity was similarly estimated except that the second 

derivative was zero, but decreasing thereafter. Peak height velocity (PHV) was 

estimated as the value of the first derivative of the JPPS curve with respect to total age, 

t, at the estimated age of PHV. The relationships between these derived variables and 

also with the model parameters were explored. Further analysis by maturity status (e.g. 

early, average and late maturers) was not possible as the numbers in each group would 

be too small for any confidence to be placed in the findings.

Analysis of relationship between age at PHV and D3

Jolicoeur et al (1988) suggested that the parameter D3 was very close to age at PHV 

and could perhaps be used as a proxy for it. This suggestion was investigated by means 

of a Bland-Altman analysis (Bland & Altman, 1986), an analysis designed to examine 

the level of agreement between two variables, which supposedly measured the same 

quantity. The authors showed that a high correlation between two measures of a 

biological parameter does not necessarily mean that there is good agreement between
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them. They achieved this by considering a transformation of the axes, working with the 

difference and mean of the two measures, rather than the two measures themselves. 

This enabled them to examine by how much the two differed over the range of values, 

and whether these differences were such as to cause problems in clinical interpretation 

of the data examined by the two different methods.

The lack of agreement between the two quantities was assessed by calculation of the 

bias, estimated by the mean difference and standard deviation of the differences, 

provided the differences were normally distributed. They suggested that consistent bias 

could then be adjusted for by simple addition/subtraction and the two methods used 

interchangeably. Lack of normality due to right skewness, or systematic increase of the 

differences with the mean could be adjusted for by a logarithmic transformation of the 

data, however the differences would no longer be regarded as absolute but instead 

would be percentage differences.

Construction of a median curve of longitudinal growth

It is possible to construct a curve of longitudinal growth, adjusting for maturity, by 

taking the median value of each parameter and substituting these values into the JPPS 

equation, for each sex. Longitudinal stature values at each age can then be estimated 

from this general curve. The resulting curves were compared visually to the median 

curves derived from the LMS analyses. The median values were taken because of the 

possibility of skewness in the distributions of the parameter values, which would have 

influenced the arithmetic mean. Longitudinal centiles of growth have not been 

constructed for the reasons outlined in Chapter 1. In addition the amount of data 

available, 79 boys and 62 girls, was not large enough to give population limits of 

sufficient accuracy.
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Chapter 6 - Longitudinal results 

6.1: Preece-Baines Model m  results

The fitting algorithm converged in all cases, for both sexes. However, local minima 

were found, with different starting values yielding different solutions for 15 boys and 2 2  

girls. When this occurred, both sets of parameters were examined, together with the 

residual sum of squares and plots of the fitted curves against the data and those 

solutions which gave the best fit to the data were chosen. Convergence was achieved 

within 33 iterations for boys and 43 for girls, on average. Summary statistics and 

correlation matrices for the parameters fi'om the fits are presented in Tables 6.1 & 6.2, 

and histograms of the distributions of the parameters are given in Figures 6 .1 (a)-(f). 

Examining Figure 6 .1 (a)-(f), the distribution of hi is not symmetrical with the majority 

of values lying in the lower tail below the modal category, for both sexes. The same is 

also true for Po, Pi, Qi and 9 for both sexes, whilst he is symmetrically distributed with 

similar numbers in the upper and lower tails, for both sexes.

Table 6.1: Summary statistics for the PB-III model parameters, boys & girls.

Minimum Median Mean Max. SD

Boys
n 2 0 31 30.68 38 3.07
he 150.8 167.1 167.1 183.2 6.96
hi 160.2 177.9 177.7 193.0 6.80
Po 0.06 0.08 0.08 0 . 1 1 0 . 0 1 0

Pi 0.08 0.24 0.24 0.42 0.08
Qi 0 . 8 8 1.35 1.37 2.09 0.23
e 11.96 14.44 14.42 17.25 0.95

Girls
n 15 28 27.66 33 3.96
he 139.3 154.7 154.8 169.0 5.42
hi 151.7 163.6 164.0 179.3 5.52
Po 0.06 0.09 0.09 0.13 0.014
Pi 0 . 1 1 0.24 0.27 0.52 0 . 1 1

Qi 0.52 1.16 1 . 2 1 1.94 0.26
e 10.74 12.65 1 2 . 6 8 17.43 1.23

The values of all parameters are greater for boys than for girls, with the exception of 

parameters Po and Pi, which reflect the earlier age of puberty in girls. This can
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Figure 6.1 (a): hi frequency
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be seen both from Table 6 .1 and the histograms of the parameter values (Figure 6 .1 (a)- 

(f)). The correlation matrices for the parameters are given in Table 6.2 (males above the 

diagonal, females below). The most striking correlation is between /z^and hi. The other 

relatively high correlation is between Py and Qi (again for both the sexes), with all the 

others lower.

Table 6.2 : Correlation matrices for the fitted parameters, boys above the

he hj Po Pi Qi e

he 1 . 0 0 0.96 0.23 0.36 0.08 0 . 2 2

h, 0.92 1 . 0 0 0.13 0 . 1 1 -0.08 0 . 1 2

Po 0.06 0.19 1 . 0 0 0.16 0.24 -0.26
Pi 0.15 -0.19 0.19 1 . 0 0 0.41 0.23
Qi -0 . 0 1 -0.25 0 . 1 2 0.59 1 . 0 0 0.16
e 0.31 0 . 1 2 -0 . 0 2 0.15 0.16 1 . 0 0

Goodness of Fit

For the runs test there were 8  boys and 4 girls with results significant at the 5% level. 

Of these, all the boys and 3 of the girls had too few runs whilst 1 girl had too many runs 

than would be expected by chance. Visual inspection of the residual plots showed there 

to be no consistent patterns in the residuals for any individual. For the majority of 

individuals plots of the ordered residuals against their normal order statistics (normal 

plots) were consistent with the assumption of an underlying normal distribution, though 

for several there was evidence of kurtosis with the curves being S-shaped.

Examining the distribution of residuals by percentage of adult stature, initially there was 

a period of over-estimation of the fitted values of h for both sexes, this being more 

marked and lasting for longer for girls (Table 6.3). This was followed by a period of 

under-estimation until 60% of adult stature had been attained for boys (5.4 years) and 

65% for girls (5.3 years). There was then over-estimation until 70% for boys (8.3 

years) and 75% for girls (8.0 years) and subsequent underestimation until 85% for both 

sexes (13.1 years for boys, 11.0 years for girls). Thereafter there were no clear trends. 

No clear patterns in the standard deviations for the groups were evident with most 

being about 0.45, except for the first group (45-49.99%) which was much higher for
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boys (0.65) and lower for girls (0.38) and corresponds approximately to age 1.8 years 

for boys and 1.4 years for girls.

Table 6.3 ; Grouped residual data by percentage adult stature attained, for the 
PB-III model

Percentage of adult 
stature attained

N Min Median Mean Max SD

Boys
45 - 49.99 69 -1.74 -0.23 -0.26 1 . 2 1 0.65
50 - 54.99 165 -1.13 0.17 0.16 1.36 0.51
55 - 59.99 186 -1.04 0.15 0 . 1 2 1.60 0.48
60 - 64.99 213 -1.53 -0.13 -0.09 1.25 0.49
65 - 69.99 224 -1.54 -0.18 -0.18 1.09 0.48
70 - 74.99 246 -1.15 0 . 0 0 0 . 0 0 1.26 0.48
75 - 79.99 261 -1.05 0.13 0 . 1 2 1.42 0.40
80 - 84.99 249 - 1 . 2 1 0.07 0.08 1.24 0.45
85 - 89.99 189 -1 . 6 6 -0 . 2 2 -0 . 2 1 0.89 0.43
90 - 94.99 149 -1.14 0.25 0 . 2 2 1.55 0.47
95 -100 499 -1.42 0 . 0 1 -0.03 1.61 0.47

Girls
45 - 49.99 8 -0.82 -0.45 -0.40 0.28 0.38
50 - 54.99 75 -1.05 -0.04 -0.09 0.85 0.45
55 - 59.99 1 2 2 -1.36 0 . 2 2 0.19 1.43 0.46
60 - 64.99 129 -1.55 0 . 0 1 0 . 0 2 0.97 0.43
65 - 69.99 141 -1.17 -0.07 -0.09 1 . 1 1 0.44
70 - 74.99 163 -1.16 -0.17 -0.17 1 . 1 2 0.45
75 - 79.77 169 -0.94 0 . 1 1 0 . 1 0 1.29 0.43
80 - 84.99 172 -1.71 0 . 1 0 0 . 1 1 1.13 0.42
85 - 89.99 144 -1.71 -0 . 1 1 -0.13 1.60 0.45
90 - 94.99 137 -1.07 0.07 0.06 2.30 0.46
95 -100 455 -2 . 2 2 0 . 0 2 -0 . 0 1 1.15 0.40

6.2: JPPS model results, data from age 2 years

For boys, the model converged in all cases, but for one girl (271) there was no 

convergence, even after trying with a variety of starting values. An examination her 

data revealed that the problem lay in the estimation of parameters Cy and A ;  Cy was 

tending towards 0 whilst conversely A  was tending towards +oo. It was shown in 

Chapter 5 that these two parameters govern the shape of the curve during infancy and 

thus the problem was with the fitting of the initial phase of growth. She has been 

excluded from the subsequent analysis at age 2  years and upwards, and the results 

presented are for the 79 boys and 61 girls for whom the model fitted adequately. The
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use of different starting values produced different solutions for 9 boys and 13 girls. As 

with PB-in those solutions which produced the best fit were chosen. The number of 

iterations to convergence was less than for PB-m, with the boys converging within 19 

iterations and the girls within 14 iterations, on average.

For the present data, the reparameterisation suggested by Johcoeur et al (1988) and 

discussed in Chapter 5 (page 104) was not necessary as Dy < < Dj in all cases. The

results are presented in Tables 6.4 & 6.5 and Figures 6.2 (a)-(g). Examining the 

distributions of the parameters it is seen that the distributions for parameters hj, Q , C3, 

Di and D2 are all right-skew, with the majority of values falling below the mean and the 

distributions having a longer tail to the right above the mean, than to the left; (Figures 

6 .2 (a), (c)-(f)). The opposite is true for the remaining parameters Cy and D3 both of 

which are left skewed, with a longer left-hand tail than right (Figures 6.2 (b) & (g)).

Table 6.4: Summary statistics for the JPPS model parameters, data from age 2 upwards

Minimum Median Mean Maximum SD

Boys
n 2 0 31 30.68 38 3.07
hi 160.3 178.1 177.9 193.4 6.89
Cy 0.17 0.55 0.53 0.83 0.13
c . 1 . 8 6 3.22 3.23 4.50 0.58
Q 15.11 2 2 . 2 1 22.63 34.77 3.75
D i 2.51 3.24 3.37 5.76 0.55
D2 6.15 9.29 9.18 12.98 1.05
D s 11.33 13.77 13.78 16.23 0.94

Girls
n 15 28 27.85 33 3.70
hi 151.7 163.8 164.1 179.3 5.30
C l 0.28 0.65 0.61 0.84 0.14
C2 2.46 3.57 3.57 5.70 0.71
Cs 10.72 18.91 19.68 32.78 4.00
D i 1.71 2.56 2.63 3.40 0.30
D2 6.05 8.34 8.23 10.30 0.96
D s 1 0 . 1 1 11.98 12.03 16.14 1.15

All the parameters, with the exception of Cy and C2 are larger for boys than for girls 

(Table 6.4). Adult stature {hi) has a low correlation with all parameters, except Z)y,
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Figure 6.2 (a): h1 frequency
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suggesting that growth during infancy and early childhood has the greatest impact on 

stature at maturity when compared to other growth phases (Table 6.5). The 

correlations between the rest of the parameters were all high, except between Di and 

Ds for boys and Di and Ds for girls. The majority of correlations were slightly lower for 

the boys than for the girls.

Table 6.5: Correlation matrices for the fitted parameters, boys above the diagonal.

hi C; c . Di Ds Ds

hj 1 . 0 0 0.05 -0.06 -0.08 0.28 -0 . 0 2 0.07
Cj 0 . 1 2 1 . 0 0 0.79 0.34 -0.63 0.69 0.16
Cs -0.04 0.77 1 . 0 0 0.47 -0.62 0.72 0.26
Cs -0.14 0.34 0.54 1 . 0 0 -0.32 0.30 0.58
Dj 0.34 -0 . 1 0 -0.27 -0.18 1 . 0 0 -0.38 -0.03
Ds 0.07 0.72 0.67 0.38 -0 . 0 2 1 . 0 0 0.57
Ds 0.04 0 . 2 0 0.23 0.64 0.19 0.57 1 . 0 0

Goodness of fît

Runs tests were significant at the 5% level for 2 boys and 2 girls, all 4 having too many 

runs. The majority of the residual plots were good with no consistent patterns in the 

residuals, though for several individuals there was evidence that the size of the residuals 

increased with increasing ‘estimated’ height. The normal plots were compatible with 

the assumption of the residuals having an underlying normal distribution for boys, 

though for several girls there was evidence of kurtosis and for others some suggestion 

of skewness.

There were no clear trends in the residuals by percentage of adult stature attained for 

the JPPS model, and the average residuals all varied little fi'om zero (Table 6 .6 ). This 

suggests that the model fitted each period of growth equally well.
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Table 6 . 6  : Grouped residual data by percentage adult stature attained, for the JPPS

Percentage of adult 
stature attained

n Min Median Mean Max SD

Boys
45 - 49.99 70 -1.37 -0.09 -0.06 1.17 0.41
50 - 54.99 156 -0.77 0.05 0.04 1.17 0.40
55 - 59.99 193 -1.36 -0 . 0 2 0 . 0 1 1.28 0.39
60 - 64.99 215 -0.99 -0.04 0 . 0 0 1.37 0.42
65 - 69.99 2 2 2 -1.03 -0.04 -0.04 1 . 1 2 0.41
70 - 74.99 236 -0.95 0.03 0.03 1.14 0.43
75 - 79.99 259 -1.14 0.03 0 . 0 0 0.95 0.38
80 - 84.99 258 -1.33 0 . 0 1 0.03 1 . 1 0 0.41
85 - 89.99 176 -1.49 -0.09 -0.14 0.78 0.40
90 - 94.99 144 -0 . 8 8 0.18 0.15 1.47 0.43
95 -100 495 -1.38 0.03 -0 . 0 2 1.59 0.42

Girls
45 - 49.99 8 -0.37 0 . 0 1 0 . 0 1 0.19 0.19
50 - 54.99 73 -0.47 -0.04 -0.03 0.71 0.25
55 - 59.99 118 -1 . 2 2 0 . 0 0 0.04 1.03 0.38
60 - 64.99 135 -1.57 -0.05 -0.03 0.93 0.38
65 - 69.99 141 -0.97 0.04 0.03 1.13 0.41
70 - 74.99 158 -1 . 0 0 -0.08 -0.06 1.27 0.41
75 - 79.77 164 -0 . 8 8 0.07 0.05 1 . 1 0 0.38
80 - 84.99 173 -1.05 0.04 0.04 1 . 0 2 0.37
85 - 89.99 144 -1.15 -0.08 -0.08 0.75 0.37
90 - 94.99 131 -1.04 0.06 0 . 0 2 1 . 1 1 0.37
95 - 100 454 -1.15 0 . 0 1 0 . 0 0 1.04 0.36

6.3: JPPS model results, data from age 3 months

There were no problems with convergence when the model was refitted using the 

extended dataset, even for the girl for whom the model would not fit previously. This 

though is unsurprising, given that the problem was in the fitting of the infancy period, 

and for this current analysis, data on infancy were included. For 5 boys and 10 girls, 

using different starting values produced different fits. As before, those models which 

gave the best fit were chosen for the subsequent analyses. Convergence occurred 

within an average of 9 iterations for both boys and girls. No reparameterisations were 

needed as Dy < < Dj in all cases. The results are presented in Tables 6.7 & 6 . 8  and

Figures 6.3 (a)-(g). The parameter distributions are similar to those previously when the
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Figure 6.3 (a): hi frequency
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model was fitted to data fi'om age 2  years, though Ci, Q  and D3 are much less skew 

than before.

Table 6.7: Summary statistics for the JPPS model parameters, data from age 3 months

Minimum Median Mean Maximum Std

Boys
n 23 36 35.39 43 3.15
hi 160.4 178.0 177.9 193.1 6 . 8 8

Cl 0.36 0.52 0.52 0.67 0.06
C2 1.93 3.20 3.15 4.09 0.42
Cs 15.94 2 2 . 0 0 22.41 32.52 3.62
Di 2.49 3.25 3.30 5.80 0.50
D2 6.43 9.23 9.13 11.89 0.84
Ds 11.31 13.79 13.78 16.38 0.92

Girls
n 2 0 33 32.37 38 3.91
hi 151.9 163.7 164.11 179.5 5.48
Cl 0.35 0.57 0.56 0.67 0.06
C2 2.15 3.31 3.26 4.58 0.47
Cs 10.94 18.27 18.66 28.02 3.23
D, 2.03 2.54 2.64 4.14 0.37
D2 6 . 1 2 7.91 7.92 10.06 0.70
Ds 9.81 11.90 11.92 15.81 1 . 1 2

As with the previous JPPS analysis, all parameters are greater for boys than for girls, 

with the exception of C/ and C2 (Table 6.7). There is little diflference in their average 

values, between the two datasets. However the m^ority of the parameter standard 

deviations are lower for the extended dataset, and the ranges are smaller. The 

correlations between adult stature hi and the other parameters were low except for Di 

in both sexes (Table 6 .8 ). The largest correlations were between Ci & C2, C; & Di, C2 

& D], C3 & D3 and D2 & D3.

Table 6.8: Correlation matrices for the fitted parameters, boys above the diagonal, girls

hi Ci C2 Cs Di D2 Ds

hi 1 . 0 0 0.18 0.06 -0.05 0 . 2 2 0.03 0.07
Ci 0 . 1 2 1 . 0 0 0.62 0.24 -0.65 0.40 0.06
C2 -0 . 1 1 0.69 1 . 0 0 0.44 -0.58 0.55 0.28
Cs -0 . 1 2 0.30 0.51 1 . 0 0 -0.30 0.23 0.59
Di 0.43 -0.53 -0.65 -0.34 1 . 0 0 -0 . 2 2 0.09
D2 0.06 0.42 0.51 0.42 -0.09 1 . 0 0 0.62
Ds 0.14 -0.03 0 . 0 2 0.51 0.32 0.59 1 . 0 0
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Goodness of fit

The numbers of subjects with significant results at the 5% level for the runs test were 

greater than for the previous analysis; there were 5 boys and 3 girls, 4 of the boys and 1 

of the girls with too few runs, the remainder having too many. The residual plots were 

good for the majority of individuals, but for several there was evidence of increased 

variation at the shortest fitted values, this being a reflection of the increased 

unpredictability of stature during infancy. For the normal plots there was some evidence 

of kurtosis for both sexes.

There was no clear trend in the residuals by percentage of adult stature attained, though 

for certain groups the fits were not very good. For boys there was an initial period of 

over-estimation, followed by a period of under-estimation until 45% of adult stature 

had been attained (Table 6.9). Thereafter there were no clear trends and the average 

values were all close to zero until 85% of adult stature attained, when there was a brief 

period of over-estimation followed by a period of under-estimation. For girls, there was 

over-estimation until 40% of adult stature had been attained, followed by under

estimation and then over-estimation between 45 & 55% of adult stature. Thereafter, the 

average values were all close to zero and there were no clear trends.
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Table 6.9 ; Grouped residual data by percentage adult stature attained, for the JPPS

Percentage of adult 
stature attained

N Min Median Mean Max SD

Boys
30 - 34.99 25 -2 . 2 1 -0.23 -0.36 1.95 1 . 0 1

35 - 39.99 143 -2.63 0.03 -0.04 2.27 0.92
40 - 44.99 139 -1.79 0.24 0.23 2.25 0.82
45 - 49.99 130 -2 . 2 1 -0 . 0 1 -0.07 1.58 0.73
50 - 54.99 162 -1.67 -0 . 1 1 -0.05 1.26 0.49
55 - 59.99 194 -1.19 -0 . 0 1 -0 . 0 2 1.53 0.45
60 - 64.99 216 -1 . 1 2 0.04 0 . 0 2 1.41 0.47
65 - 69.99 2 2 0 -1.05 -0.03 -0 . 0 2 1.27 0.43
70 - 74.99 239 -1.19 0.06 0.03 1.30 0.48
75 - 79.99 258 -1.08 0 . 0 1 -0 . 0 1 1.04 0.39
80 - 84.99 253 -1 . 2 1 0 . 0 2 0.04 1.37 0.43
85 - 89.99 177 -1.48 -0 . 1 2 -0.14 0.81 0.40
90 - 94.99 147 -0.91 0.19 0.15 1.54 0.46
95 - 100 493 -1.30 0 . 0 1 -0 . 0 2 1.58 0.43

Girls
30 - 34.99 6 -1 . 1 2 -0 . 2 1 0.34 2.29 1.35
35 - 39.99 74 -2.73 -0.34 -0.37 1.48 0.77
40 - 44.99 114 -1.29 0.48 0.36 2.50 0.72
45 - 49.99 96 -1.78 -0.09 -0 . 1 2 1.32 0.75
50 - 54.99 8 6 -1.53 -0.13 -0.14 1.97 0.59
55 - 59.99 118 -1.39 0.05 0.04 1 . 2 1 0.50
60 - 64.99 134 -1.42 0 . 0 2 0 . 0 2 1.05 0.43
65 - 69.99 146 -1 . 1 1 0.07 0.06 1.24 0.45
70 - 74.99 158 -1 . 0 0 -0.06 -0.08 1 . 0 2 0.43
75 - 79.77 165 -1.06 -0 . 0 1 0 . 0 0 1.24 0.40
80 - 84.99 175 -0.99 0.04 0.06 1.06 0.40
85 - 89.99 147 -1.16 0 . 0 0 -0.04 1 . 0 2 0.41
90 - 94.99 131 -1.19 0.03 -0 . 0 1 1 . 1 1 0.38
95 - 100 457 -1.13 0 . 0 1 0 . 0 0 1.05 0.36

Comparison of two JPPS models: data from age 2 and data from age 3 months

A brief comparison of the residual variances (RV) suggests that the fit is better when 

infancy data are not included (Table 6 .10). The RV values are smaller for the fits using 

the data fi’om age 2 than for the extended dataset, for both sexes. This is due more to 

the increased variability in growth during infancy than any deficit in the fit of the model, 

which has been developed to accommodate infancy as well as the rest of growth. That 

this is true can be seen fi’om the distribution of the residuals by percentage of adult 

stature attained (Tables 6 . 6  & 6.9), which shows that for both models the fits are good
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above 45% adult stature (corresponding approximately to 1.8 years for boys and 1.4 

years for girls), but that for the extended dataset below this percentage the fit is poor, 

though there is no clear trend. This can also be seen in the plots of the median residuals 

by percentage adult stature attained (expressed as the estimated age at which the 

percentage was attained) (Figures 6.4 (a) & (b)). The ages at which particular 

percentages were attained were estimated using growth curves constructed fi’om the 

median parameters of the JPPS curves, fitted with data fi’om age 2 years, for each sex. 

However, that the model performs well for the extended dataset, despite having a 

larger variance, is apparent as it converged in all cases and took less time to 

convergence than when infancy data were excluded.

Table 6.10: Comparison of the RVs for the modelling of the two JPPS fits (subscript 2 
for the initial dataset and ext for the extended dataset)

Min Median Mean Max SD

Boys
RV2 0 . 1 0 0 . 2 0 0 . 2 2 0.67 0 . 1 0

RVext 0 . 1 1 0.33 0.35 0.92 0.15

Girls
RV2 0.09 0.18 0.19 0.46 0.07
RVext 0 . 1 1 0.30 0.33 1.16 0.19
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6.4: Comparison of the PB-HI and JPPS models

Page 126

Figures 6.5 (a) & (c) show the fitted PB-IQ curve and measured statures for boy 267 

and girl 297 respectively, whilst Figures 6.5 (b) & (d) show the fitted JPPS curve and 

measured statures for the same two individuals. These two were chosen as their 

residual variances were the closest to the medians for the both curves (boy 267: 

RV=0.27 for PB-EI and 0.20 for JPPS; girl 297: RV=0.22 for PB-BI and 0.18 for 

JPPS). There is a good fit to the data for both curves, for both individuals with little 

discernible difiference between the two models.

Comparison of the residual sums of squares

The majority of residual sums of squares (RSS) were lower for the JPPS model than 

the PB-m model for both sexes. There were only 4 boys and 6  girls for whom RSS for 

the PB-in model were smaller than JPPS. This can be seen fi*om Table 6.11, where 

both measures of central tendency of the RSS ratio, the median and mean, were greater 

than 1 for both sexes. That the majority of residual sums of squares ratios were greater 

than 1 is reflected in the ’pseudo-F' ratio, which was correspondingly greater than 1 for 

the majority and had a high maximum, again for both sexes. This result is unsurprising, 

given that as discussed in Chapter 5 (page 108), the RSS of the PB m  model would be 

expected to be systematically greater than that for the JPPS model for the same residual 

variance.

Table 6.11 : Summary statistics for the RSS ratio and "pseudo-F' statistic.

Min Median Mean Max SD

RSS ratio
Boys 0 . 8 6 1.34 1.41 2.58 0.32
Girls 0.81 1.24 1.34 2.41 0.35

'Pseudo-F* statistic
Boys -2.76 8.47 9.70 38.03 7.74
Girls -3.81 4.83 6.80 24.33 6.75
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Figure 6.5(a): Fit of PB III model for boy 
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Figure 6.5(b): Fit of JPPS model for boy 
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Figure 6.5(c): Fit of PB III model for girl 
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Comparison of the residual variances
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For both boys and girls there was no difference in the value of the minimuin RV 

between the models (Table 6 .12). However the values of all other summary statistics 

were less for the JPPS model than the PB-IQ model, including the mean values and 

standard deviation; this indicated that both the centre of the distribution was lower and 

there was less variability in the distribution of the residual variance for the JPPS model 

than the PB-IQ model, for both sexes. Figures 6 . 6  (a) & (b) show the residuals plotted 

on a log scale, due to the increased variability of the residuals with mean value. The 

majority of points lie below the line of unity and the spread is even and parallel to the 

line, showing that the PB-IQ RV tends to be larger than the JPPS RV by a constant 

proportion. The variance ratio F test was significant for 4 boys and 7 girls. However, as 

can be seen from Figures 6 . 6  (a) & (b), the residual variances are not strictly 

independent and the results of the variance ratio F test should be interpreted with 

caution.

Table 6.12: Summary statistics for the RVs of the PB-QI and JPPS models

Min Median Mean Max SD

Boys
RVpfi-m 0 . 1 0 0.26 0.30 0.87 0.14
RVjpps 0 . 1 0 0 . 2 0 0 . 2 2 0.67 0 . 1 0

RV ratio 0.81 1.29 1.35 2.48 0.31

Girls
RVpB-m 0.09 0.24 0.27 2.16 0.27
R V jpps 0.09 0.18 0.19 0.46 0.07
RV ratio 0.77 1.16 1.28 2.27 0.33

Comparison of the residuals by percentage of adult stature attained

Figures 6.7 (a) & (b) show the median residuals plotted against percentage of adult 

stature attained (expressed as the age at which the percentage was attained), for boys 

and girls respectively. The ages at which the particular percentages were attained were 

estimated using growth curves constructed fi'om the median parameters of the JPPS 

curve for each sex. The JPPS model fits infancy and early childhood, until ages 8  or 9 

much better and puberty at least as well as the PB-IQ model for both sexes. The median 

residuals are more stable and closer to zero for the JPPS model, whilst the PB-QI
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Figure 6.7 (a): Boys, median residuais by age
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model displays much greater variation by age. In addition the variabihty of the residuals 

within each group is less for the JPPS curve than the PB-DI curve (Tables 6.3 & 6 .6 ).

Comparison of ease of fitting and the stability of the two models

The JPPS model converged quicker than the PB-IU model for both boys (19 and 33 

iterations respectively) and girls (14 and 43 respectively). However, there was one girl 

for whom the JPPS model did not fit the data fi'om age 2 , though no problems with 

convergence were encountered when infancy data were included. There were no such 

problems with the PB-IU model. Fewer local solutions occurred for the JPPS model (9 

compared with 15 for the boys and 13 compared with 2 2  for the girls) and there were 

fewer positive results fi'om the runs test ( 2  boys compared with 8 , and 2  girls compared 

with 4).

In conclusion, the JPPS model performed at least as well as and generally much better 

than the PB-IU model for all of the comparisons outlined above, with the exception of 

the number of times no solution was reached. Though the differences between the fit of 

the JPPS and PB-IU models as measured by the residual sums of squares and the 

residual variances were occasionally small and/or negative, for the majority they were 

large and favoured the JPPS model. In addition the fit of the JPPS model was good at 

all ages whilst the PB-IU model did not perform well during early childhood, and 

moreover the JPPS model was easier to fit. Therefore the JPPS model was chosen for 

the derivation of the biological maturity markers; age at TO, age at PHV and PHV.

6.5: Further analysis of JPPS model

The two individuals with residual variances closest to the median for their sex were boy 

241 and girl 285. The partial derivatives of the parameters with respect to time were 

calculated and plotted for these two individuals (Figures 6 . 8  (a)-(f)). In Chapter 5 it 

was stated that for z=l to 3 both C, and A  would be most influential around the age 

when t=Di (page 105). The figures show that the parameters C;, C2 and C3 have their 

maximum influence during early, mid and late childhood respectively. The situation is 

similar for parameters A , A  and A  Given that A=3.2, Df=\0.1 and Z>i=14.4 for boy



Chapter 6 Page 132

Figure 6.8 (a): Rate of Change of fitted 
stature with respect to 01
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241, and Dy=3.4, D ^l.S  and D ^\2 A  for girl 285, these current numerical results 

agree well with the analytical results discussed in Chapter 5.

Estimation of age at TO, age at PHV and PHV

Table 6.13: Summary statistics for age at take-off(years), age at PHV(years) & PHV(cm).

Minimum Median Mean Max SD

Age at take-off (years)
Boys 8.39 1 0 . 8 6 10.98 13.61 1.04
Girls 6.24 9.23 9.35 12.85 1.26

Age at PHV (years)
Boys 11.45 13.92 13.96 16.07 0.95
Girls 9.66 1 2 . 0 1 12.03 16.47 1.23

PHV (cm)
Boys 7.05 9.47 9.34 11.49 1.03
Girls 4.55 7.80 7.82 10.52 1.18

The values of all three derived biological variables were lower for girls than for boys, 

though the spread of all three was much smaller for boys, indicating that there is 

reduced variability in the timing and the size of the adolescent growth spurt for the boys 

compared to the girls, in this small sample, in addition to it occurring later and its size 

being greater for boys than for girls (Table 6.13, Figures 6.9 (a)-(c)). Median ages at 

PHV for both the sexes were very close to those found in Tanner’s study (Tanner et al, 

1966(b)), who reported an age at PHV of 13.95 years for boys and 11.95 years for 

girls. The lack of a difference between the TW sample and this more up-to-date sample 

of Scottish children, is initially surprising when considered with the secular trend over 

the period between the two samples. However, it should be noted from Chapter 4 

(page 101) that Scottish children were demonstrated to be smaller and lighter than their 

southern contemporaries, and it is possible that regional differences between the 

Edinburgh sample and Tanner’s southern sample account for the current lack of 

difference.
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Table 6.14: Correlations between the biological variables, boys above diagonal, girls below

Age at TO Age at PHV PHV

Age at TO 1 0.94 -0.29
Age at PHV 0.95 1 -0.29
PHV -0.62 -0.55 1

Age at TO and age at PHV were highly correlated for both sexes (Table 6.14). In 

addition, the relationship between these two variables and PHV is much stronger for 

girls than for boys. This can also be seen from the Figures 6.10 (a)-(f). The high 

positive correlation between age at TO and age at PHV is manifest by the points lying 

very close to a straight line with positive slope. The higher negative correlations of the 

girls, between both PHV and age at PHV, and PHV and age at TO can also be seen; 

the graphs demonstrate a much greater negative trend than for the boys, where little 

trend is detectable. The higher correlations for girls than boys could be due to the two 

points lying a httle away from the main scatter in the bottom right-hand comer of the 

graph. However when these two observations are excluded the correlations are still 

much greater than for the boys (-0.52 for age at TO and PHV compared with -0.29 for 

boys, and -0.44 for age at PHV and PHV compared with -0.29 for boys).

Table 6.15: Correlations between the biological variables and the fitted parameters.

hi Cl C; Cs Di D2 Ds

Boys
Age at TO 0 . 1 0 0 . 1 2 0.37 0.74 -0 . 0 2 0.43 0.94
Age at PHV 0.08 0.05 0.25 0.55 O il 0.60 0.995
PHV 0.09 -0.04 -0.18 0 . 2 1 0.04 0.03 -0.25

Girls
Age at TO 0 . 1 2 0 . 0 2 0.07 0.60 0 . 2 1 0.44 0.96
Age at PHV 0.14 -0.04 -0.03 0.48 0.34 0.56 0.996
PHV 0.05 0.08 -Oil 0.07 -0.17 0.03 -0.54

Examining the correlations in Table 6.15 there is no evidence of a relationship between 

adult stature hi and any of the biological variables. From Tables 6.5 and 6 .8 , it was 

noted that hi was most strongly correlated with Z); especially for girls. This, considered 

together with the present result that the timing and amount of growth during
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Figure 6.10 (a); Boys, age at TO by 
age at PHV

8 9 10 11 12 13 14

Age at TO (years)

Figure 6.10 (b); Girls, age at TO by 
age at PHV

8 9 10 11 12 13 14
Age at TO (years)

Figure 6.10 (c): Boys, age at TO by 
PHV

12

Figure 6.10 (d); Girls, age at TO by 
PHV

12

8 9 10 11 12 13 14

Age at TO (years)
8 9 10 11 12 13 14
Age at TO (years)

Figure 6.10 (e): Boys, age at PHV 
by PHV

Figure 6.10 (f): Girls, age at PHV

I
I

9 10 11 12 13 14 15 16 17

Age at PHV (years)

by PHV
12

11

10

9
♦♦

8

7

6

5

4
9 10 11 12 13 14 15 16 17

Age at PHV (years)



Chapter 6 Page 137

adolescence has little influence upon final stature, suggests that growth before age 5 has 

a greater relative influence upon final stature.

There is little evidence of a relationship between PHV and any of the model parameters 

with the exception of D3 for girls. For the remaining two biological variables, the 

strongest correlation is between age at PHV and D3 for both sexes, a relationship that is 

explored more fiiUy in the following section. In addition there is a very high correlation 

between age at TO and D3, an unsurprising result considering the non-independence of 

age at TO and age at PHV, as shown in the previous section. Neither C; nor Di appear 

to be related to either age at PHV or age at TO for boys and C2 has only a weak 

correlation. However, D2 and those parameters shown to have most influence in 

determining the shape of the growth curve at later ages (C3 and D^) have high 

correlations with both age variables. For girls neither C/ nor C2 appear to be related to 

either age variable, and again G , D2 and D3 have high correlations. In addition, A  

shows weak correlation with both. These differences possibly reflect gender differences 

in the shape of the growth curve being accommodated by the model, as the majority of 

girls enter puberty and reach maturity at earlier ages than boys.

Analysis of relationship between age at PHV and D3

The results of the Bland-Altman analysis are displayed in Figures 6.11 (a)-(f). For both 

boys and girls, an initial plot of age at PHV and D3 together with their correlation 

(>0.99 for both sexes) demonstrates a strong relationship between the two (Figures

6.11 (a) & (b)). However the Bland-Altman plot for boys reveals a systematic 

difference between the two variables, with the value of D3 being consistently less than 

age at PHV (Figure 6.11(c)). In addition, for both the sexes, there is evidence of 

increasing divergence in the values of the two with increasing mean value, this being 

much stronger for girls than boys.
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Figure 6.11 (a): Boys, plot of age at PHV 
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These diflferences suggest a systematic relationship between age at PHV and D3 and the 

two are related by a constant factor. This relationship was estimated by the regression 

of age at PHV on D3, which gave the following equations:

Age at PHV=1.02*03-0.08 for boys (6.1)

Age at PHV=^1.10*03-1.09 for gjrls

Using equation (6 .1) the predicted value of age at PHV was estimated given the value 

of D3, for each individual. Figures 6.11 (e) & (Q display the results of a Bland-Altman 

analysis for these predicted values and age at PHV. Transforming D3 using the 

regression equation above has removed the trend apparent in the previous Bland- 

Altman plots (Figures 6.11 (c) & (d)) and the spread of values is now much narrower. 

The difference between the two quantities is 0 for both sexes with an SD of 0.10 for 

boys and 0.07 for girls. Thus for the majority of boys, age at PHV would be expected 

to lies within -0.2 and 0.2 of the predicted age at PHV using equation (6 .1) above, and 

for girls the corresponding limits are -0.14 and 0.14. This assumes that the relationships 

described in the above equation are true, a finding which would need to be validated for 

other populations.

6 .6 : Longitudinal median growth curve

The curve produced by substituting the medians of the estimated parameters, into the 

equation of the JPPS curve has been plotted fi'om mid-childhood onwards, together 

with the median curve for stature fi’om the LMS analysis (Chapter 4). For boys (Figure

6 . 1 2  (a)) the two curves he very close together until age 13 years when there is a very 

shght dip followed by a steepening of the slope of the longitudinal curve, such that this 

curve hes above the cross-sectional curve at all ages thereafter. The two curves 

eventually reach an asymptote at the same value, but not until the beginning of the mid

twenties when the cross-sectional curve flattens off.

For girls, there is a similar steepening of the longitudinal curve during adolescence, 

though the deceleration in growth that occurs just prior to this is more marked; with the
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effect that the longitudinal curve dips below the cross-sectional curve before the 

subsequent increase in its slope raises it above the cross-sectional curve (Figure 6.12 

(b)). The two curves then reach the same value at maturity, though at an age much 

earlier than the boys.
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Chapter 7: Discussion and conclusions

7.1: Discussion of cross-sectional analysis and results

Contemporary British cross-sectional reference centiles of stature, weight and 

BMI, have been developed. They were constructed using up-to-date, national, 

randomly sampled data, although some more geographically restricted data were 

used to supplement certain ages and national groups. The Whittington dataset 

though not nationally representative was verified against a representative sample of 

children from Newcastle and was shown to be clinically not different. Apart from 

those in the Tayside dataset, non-caucasians were excluded as there were too few 

to produce separate reference data for each ethnic group. To have included them in 

the analyses might have artificially increased the variance of the centiles due to the 

potential heterogeneity of growth with ethnicity (Rona & Chinn, 1986 & 1987; 

Eveleth & Tanner, 1976). Using data fi'om the 1990 population census the number 

of non-caucasians in the Tayside dataset was expected to be small. The reference 

data are for 1990, the year of the NSHG study, to which the means of the other 

datasets were adjusted. Cole's LMS method was used for centile construction and 

was demonstrated to produce centiles which were representative of the data fi'om 

which they were derived.

The BMI centiles are the first to be developed for British children and are amongst 

the few which complement national stature and weight charts. They resemble those 

for French (Rolland-Cachera et al, 1991) and American children (Hammer et al, 

1991; Must et al, 1991), although they are slightly higher than the French centiles 

(but not the American), indicating increased levels of obesity of the British sample 

when compared to the French. However, as the French charts are based upon data 

fi'om the 1970’s, this difference possibly reflects more a secular trend in BMI 

rather than national differences, particularly as there has been a marked increase in 

the prevalence of both child and adult obesity since the time of the French study 

(Peckham et al, 1983; GuUiford et al, 1992; Bennett et al, 1993; Chinn & Rona, 

1994).
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The 3^^, 5 Qth and 97^^ centiles have been shown to be greater than TW at most 

ages for stature, and to a lesser extent, for weight, reflecting the secular trend as 

discussed in Chapter 1 (page 35). However, compared to the TW centiles there 

appears to be a change in the shape of the distribution of both stature and weight 

with age, with the differences between the two sets of centiles being large at 

certain ages and almost negligible at others. This corresponds with findings from 

The Netherlands where a changing relationship between stature and weight and age 

compared to previous generations was found during construction of their current 

growth centiles (Roede & Van Wieringen, 1985). It could be argued that the 

differing pattern of growth over time is an artefact of the method of construction 

employed or sample selection. However the Dutch standards were constructed 

using methodology similar to that of Tanner et al (1966 (a) & (b)) rather than 

LMS, with some fitting by eye for both stature and weight. In addition, the 

goodness of fit analysis suggests that the LMS model faithfixlly represents the data 

at the majority of ages.

In preparing these current reference curves it was found that stature continued to 

increase at least to age 23 years, with the stature of boys increasing by a further 

1.2cm after age 18 years and by 0.73cm for girls after age 16 years (Table A2.1, 

page 170). Weight also continued to increase fi'om age 18 years to age 23 years in 

both sexes, by 4.82kg for boys and 0.64kg for girls (Table A2.2, page 172). This is 

in contrast to the TW charts for which, girl’s stature was assumed to have reached 

adult values by ages 16 years, and boy’s stature and weight, for both sexes by age 

18 years. The result that growth, in stature at least, continues until the early 20s is 

supported by the results of several studies. Using data from the Pels Longitudinal 

Study, Roche (1989) showed that for late maturing individuals, stature growth 

does not cease before 21 years for girls and 23 years for boys, findings in close 

agreement with those of Hàgg and Taranger (1991) for Swedish adolescents. 

Roche concluded that if a study is to extend until growth in height is complete in at 

least 90% of the group the data collection must continue until about 21-22 years in 

females and 23-24 years in males. A mixed longitudinal study of 3329 Australian
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adults also found that stature continued to increase beyond age 18 years, reaching 

a maximum adult value at 21.4 years for men and 26.8 years for women (Chandler 

and Bock, 1991). Additionally, data for 221 Polish men demonstrated that only 

53.8% of the sample had reached adult stature by age 19 years and the mean gain 

in stature between this age and 27 years was 2.13cm (Hulanicka & Kotlarz, 1983). 

As Hàgg and Taranger (1991) assert, the result that stature continues to increase 

after the age of 18 years especially for late maturers has implications which the 

users of growth references should be aware of. This is explicit in these new 

centiles, as the age scale has been extended beyond the more usual age cut-off of 

18 years to 23 years for both sexes and all variables.

Consistent regional differences were described for stature and weight, the patterns 

being similar for both sexes. As latitude and longitude increased, the mean regional 

SD scores for stature and weight decreased when compared to the overall mean 

value for the country. However, for BMI, there was only slight evidence of 

regional variation. These patterns are compatible with those described elsewhere, 

both for children (Mascie-Taylor & Boldsen, 1985; Barker et al, 1990; GuUiford et 

al, 1991), and adults (Rosenbaum et al, 1985; Gregory et al, 1990), though they 

contrast with a recent study of British toddlers, aged IV2 to AVi which found that 

when adjustment had been made for various social and biological factors, only boys 

BMI showed significant regional differences (Gregory et al, 1995). However, the 

regional grouping was much cruder for the Gregory study (1995), as the country 

was divided into only four areas and thus not directly comparable with the current 

eleven groups.

In an analysis of data from the National Study of Health and Growth, GuUiford et 

al (1991) demonstrated a negative stature gradient with increasing latitude for both 

the representative EngUsh and Scottish samples and the separate inner city English 

sample, which was biased towards the lower socio-economic groups and ethnic 

minorities. Furthermore, for the analysis of the representative samples, country of 

residence (though not longitude) had a significant effect with Scottish children 

being smaller, whilst for the inner city sample longitude had a significant effect.
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Mascie-Taylor and Boldsen (1985) demonstrated significant regional difierences 

for stature of 11-year-old children from the 1958 birth cohort, the National Child 

Development Study (NCDS), which remained even after adjustment for social class 

differences between cohort members. The mean stature of children in each region 

became progressively less compared to that for the country as a whole as one 

travelled farther north and west. They also demonstrated a similar effect for the 

children’s parents, though admitted that as parental heights were reported rather 

than measured, this could have affected the study’s findings.

Stature data fi’om NCDS, together with data fi'om the other two national birth 

cohorts, the 1946 National Study of Health and Growth, and the 1970 British Birth 

Study, were also used by Barker et al (1990) in their examination of the 

relationship between stature and mortality in England and Wales. They grouped 

counties into one of five stature bands (fi'om shortest to tallest) and demonstrated 

that the counties with the shortest people on average, both children and adults, 

were in the north and west of the country whilst those with the tallest were in the 

south and east, around London. Standardisation for social class made little 

difference to the results, as mean standardised statures were similar to their 

unstandardised values in each of the stature groups.

Using data fi'om the Knight Study of the heights and weights of adults in Great 

Britain (Knight, 1984; Rosenbaum et al (1985) outlined regional differences for 

stature, weight and BMI for adults which are compatible with those described in 

the current analysis for children. In addition, a further nationally representative 

study of adults, the dietary and nutritional survey of British adults (Gregory et al, 

1990), showed a marked association between stature and region of residence, with 

respondents living in Scotland being the shortest and those in London and the 

South East being the tallest. However, the results for weight and BMI were 

inconclusive, though Scotland again had the lowest values for both variables.

For the current analysis, adjustment could not be made for other covariates, such 

as social class, related to both region and the outcome variable of interest (stature.
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weight or BMI) and which might confound the relationship between region and 

outcome variable. That the regional differences here are supported by the results of 

several studies in which allowance was made for other covariates supports the 

conjecture that these differences are real and not merely an artefact of the data. 

Furthermore, it can be argued that as the data purport to be representative, the 

differences described represent true regional differences, irrespective of other 

factors. With regard to this, the current analysis is of particular interest, as it 

quantifies the regional differences for each variable in terms of standard deviations 

from the general population mean. Though a similar analysis has previously been 

performed for stature (Mascie-Taylor & Boldsen, 1985), it has not been done 

before for either weight or BMI. Thus, these differences could be used to adjust 

the data for individuals from particular regions when comparing them to the 

general reference for the country.

The LMS method assumes the data can be normalised by means of a Box-Cox 

transformation. The L curve represents the transformation needed at any given age 

to achieve this and thus provides an estimate of the changing skewness of the data 

during childhood. Cole has emphasised the usefulness of the maximum likelihood 

estimate of L as both minimising the skewness and optimising the fit to normality. 

This latter point was not mentioned by Van't Hof et al (1985) when they originally 

proposed using the Box-Cox power transformation. They considered the L curve 

to be of only marginal importance with no biological meaning, unlike LMS for 

which its use is central to the methodology. This information on skewness is not 

provided by other methods of centile production (Cole, 1988). The M curve is 

exactly equivalent to the median curve of the variable, whilst the S curve 

representing the coefficient of variation provides an estimate of the variance of the 

data which is relatively independent of the mean.

The L curve, combined with the M and S curves, provides all the information 

necessary to produce both standard deviation scores and exact centile positions for 

data from individual children. The expression of individual measurements as exact 

centiles or SD scores is extremely simple with the LMS method: SD score is 

obtained by substitution of the observed measurement into equation (3.2) (page



Chapter 7 Page 147

70), whilst exact centile position is obtained using the probit transformation. The 

probit transformation converts a probability, p, into a standard normal deviate, Z, 

the reverse procedure converting a SD score, Z, into a probability, which can then 

be multiplied by 1 0 0  to give a percentile or in this case the centile position for an 

individual measurement. Though discussed in Chapter 1 (page 27), the advantages 

of being able to convert data to SD scores should be reiterated; the assessment of 

children with suspected abnormal growth or from special sub-populations can be 

greatly aided by expressing stature and weight in terms of SD scores. A change in 

SD score is much easier to quantify than a change in centile position. In addition, 

the use of SD scores could provide a method of performing subsidiary adjustment 

for ethnic or geographic effects. For example, given the regional differences 

described in Chapter 4 (page 101), these could be used to adjust the values for 

individuals from each of the regions, but as stated earlier, this is comphcated by 

issues of migration and intermarriage (page 37).

The set of nine centiles suggested by Cole (1994b) have been adopted for the new 

reference as they show significant advantages over the conventional seven. In 

particular they provide a satisfactory graded area for discussions about referral, as 

just 8  children per thousand lie outside the nine centile range, 4 above and 4 below, 

representing an extreme group. With BMI, for example, they can be used to 

identify children who are unusually fat or thin on the basis of a single measurement. 

Proposed guidelines for stature are that children who are shorter than the 0.4* 

centile require immediate referral, whilst those between the 0.4* and 2"** centile 

close observation (Freeman et al, 1995).

It has recently been demonstrated that the expected SD score of a measurement 

(Zj) at age /, given the SD score of the measurement one year previously (Z/.y) and 

the correlation coefficient between the two measurements (expressed as SD 

scores) for the population, /*,, can be predicted by equation (7.1) (Cole, 1994a).

z, = r,z,_, (7.1)
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95% confidence limits for (Z,) are given by equation (7.2).

r,Z,_,±1.96yl(l-rf) (7.2)

In Cole’s example the SD scores were calculated from centiles estimated cross- 

sectionally using the LMS method. Though, as discussed in Chapter 1 , it may be 

inappropriate to use cross-sectional reference data to follow children longitudinally 

during puberty, the above formulae could offer a potential solution, provided the 

user is aware of certain patterns during puberty. Initially, early maturers will have 

SD scores which increase relative to the average, whilst average and late maturers 

have SD scores which decrease, though for average maturers to a lesser extent; 

these differences reflecting the reduced slope of the growth curve during puberty 

for cross-sectionally derived centiles. Later, following the average age of PHV 

these patterns will be reversed, with the SD scores of early maturers decreasing 

and those for average and late maturers increasing. Assuming the correlations 

between successive annual measurements are known, 95% confidence limits for an 

SD score, given the previous years SD score, can be calculated from equations 

(7.1) & (7.2) and these can be assessed together with the pattern expected as 

outlined above (the level of maturity could be assessed from the observed stage of 

the secondary sex characteristics).

In 1977 Waterlow et al gave recommendations for the selection and use of an 

international growth reference in order to standardise international comparisons 

between both groups of children from different countries, and different groups of 

children within the same country. They suggested that though not ideal, those 

produced by the US National Academy of Sciences (National Centre for Health 

Statistics, 1977) should be adopted as the international reference. The World 

Health Organization (1978) subsequently endorsed this recommendation and the 

WHO/NCHS reference has been widely used ever since, for examining the status 

of both individual children and groups of children. The use of this reference to 

examine the status of individuals has been the subject of some debate as discussed 

in Chapter 1 (pages 25-27) and several studies have recently questioned its use and
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demonstrated the poor correspondence between local populations and NCHS 

(Cole, 1985; Van Loon et al, 1986; Leung & Davies, 1989; Ayatollahi & 

Carpenter, 1991; Ayatollahi, 1993; Ukoli et al, 1993).

As noted by Waterlow et al (1977), the NCHS reference was not ideal but came 

closer to fulfilling their criteria than other data then available. These inadequacies 

have been fiirther highlighted in an analysis by Dibley et al (1987b) who 

emphasised the non-correspondence between the two datasets from which the 

reference was constructed. This was especially important at age two years when 

the two overlap, as the non-correspondence resulted in a discontinuity in the 

curves at this age. In addition Dibley et al discuss the rather crude estimation of the 

standard deviations for the skewed data such as weight and weight-for-height, 

which enable the data for individuals to be converted to SD scores.

Waterlow’s criteria for an international reference were as outlined below:

(1) The measurements should relate to a well-nourished population.
(2) The sample should include at least 200 individuals in each age 

and sex group.
(3) The sample should be cross-sectional.
(4) The sampling procedures should be defined and reproducible.
(5) The measurements should be carefully made and recorded by 

trained personnel using well-tested and frequently calibrated 
equipment.

(6 ) The measurements should include all variables that are required 
to evaluate nutritional status.

(7) The data used to produce the reference are available to anyone 
wishing to use them and the procedures used for smoothing 
curves and preparing charts adequately described and documented.

The new British reference data fulfil all criteria at least as adequately as the 

WHO/NCHS reference, except for (2) as though at most ages the numbers 

considerably exceed 200, at age 3 years this is not the case and there are only 178 

boys and 164 girls. Despite not quite fulfilling all criteria, these new references 

offer several advantages over the existing international reference: there is no 

discontinuity at age 2  years and the data are much more up-to-date (the data for 

the Pels study which constituted the under 2s sample for the WHO/NCHS 

reference extend back to the 1930s). In addition the LMS method by addressing
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the issue of skewness in the data offers explicit conversion to SD score from 

centile position and vice versa, and does not rely upon the crudely calculated 

standard deviation that the NCHS uses.

The new British reference data are at least as adequate as the existing international 

reference and have several advantages, as outlined above. They could be used as a 

replacement for the WHO/NCHS reference when making group comparisons and 

are particularly useful because of their ability to convert between SD scores and 

centile position. With caution, it is also suggested that they could offer a potential 

solution to the problem of monitoring children in developing countries using an 

international reference, by converting data to SD scores and defining a cut-ofif 

considered relevant to that country. For example, for British children, a SD score < 

- 2  is used to highlight children possibly in need of monitoring, whilst in a country 

where average growth is considerably less than that for the UK one could use a 

more extreme cut-ofif of -3 SD scores or lower. However in view of the criticisms 

levelled at the existent international reference this suggestion needs investigation.

7.2: Discussion of longitudinal analysis and results

Using data fi*om age 2 years until maturity the JPPS model (Jolicoeur et al, 1988) 

was demonstrated to give a better fit than the PB-III model (Preece & Baines, 

1978) in terms of both the goodness of fit and the ease of fitting. Previously, the 

JPPS curve has been demonstrated to provide a better fit than the least complex of 

the models proposed by Preece and Baines, PB-I by several authors (Jolicoeur et 

al, 1988 & 1992; Kanefuji & Shohoji, 1990; Ledford, 1992). Jolicoeur et al (1991) 

have also demonstrated its improved fit compared to PB-III, though the numbers 

involved were small (13 boys & 14 girls). All of these earlier comparisons between 

JPPS and PB models included data fi'om infancy. Though both PB-I and PB-III 

provide a satisfactory fit to data from 2  years to maturity, the fit for infancy is not 

good as neither are flexible enough to model the rapid growth that occurs during 

this period. The JPPS model, however, was developed to provide as satisfactory a 

fit during infancy as at older ages. A comparison which includes data for younger 

ages will necessarily favour the JPPS model, though as explained by Jolicoeur et al
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(1991), this was done to demonstrate the ability of the JPPS curve to describe well 

growth from birth and not just that from age 2  years.

In order to reduce the possibility of favouring one particular model, the current 

comparison used data from age 2  years, as a compromise between the data needs 

of the two models, with the result that JPPS still gave a better fit than PB-III, in 

the majority of cases. It should be noted that for one girl, there was not enough 

information to adequately fit the JPPS curve from this age, though once infancy 

data were included, the model converged for this subject. It provided an adequate 

description of the whole of the growth curve and has been shown elsewhere to be 

flexible enough to model the mid-growth spurt, unlike other non-linear models 

(Ledford, 1992). Despite the improved fit of the JPPS curve compared to PB-III, 

this latter curve is not without its applications. Given the parameterisation of the 

JPPS curve, in that it fits separate components to infancy and early childhood, mid

childhood and puberty, it needs some data from each of these periods in order to fit 

adequately. This contrasts with the PB models which are much more robust to lack 

of data especially in infancy and early childhood. Thus if the focus of interest is the 

whole of the growth curve or the mid-growth spurt and enough data were available 

to fit the JPPS curve then this model would provide the best fit. If  alternatively 

interest is focused upon modelling growth during puberty and there is little or no 

data for infancy and early childhood then the PB-III would be the best model.

The further analysis of the JPPS model and examination of the growth spurt during 

puberty yielded several results which are of interest. The relative influence of each 

parameter was calculated at each age for two individuals and the results agreed 

closely with analytical results from Chapter 5. Parameters Ci and Di were most 

influential in determining stature during early childhood, whilst the pairs (C2 , D2) 

and (Ci, D 3 )  exerted maximum influence during mid-childhood and puberty 

respectively.

There was no evidence that growth during puberty, as assessed by age at take-off, 

age at PHV, and PHV, had any influence upon final stature, with none of these 

variables showing substantial correlations with final stature. The size and timing of
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the pubertal growth spurt were negatively correlated and this association was 

stronger for girls than for boys. The relative independence of the timing and size of 

growth during puberty and adult stature, and the negative correlation between the 

size and timing of the pubertal growth spurt have been documented widely and it is 

reassuring that the results of the current investigation are concordant with the 

literature (Boas, 1932; Deming, 1957, Tanner et al, 1966(a) & 1976; Largo et al, 

1978; Lindgren, 1978; Bielicki & Hauspie 1994).

The value of D3 was shown to be similar to age at PHV, though the two did not 

correspond exactly and the relationship between these two variables differed by 

age and between sexes. Adjusting for these differences provided a much closer 

agreement between the two measures, for both sexes. Without this adjustment the 

discrepancy between the two measures implies that D3 could not be used as a 

substitute for age at PHV. However, it could be used as a starting value for 

estimating it, or provided one were to accept the assumption that the regression 

equation (6.1) (page 139) truly represented the relationship between these two 

variables, then age at PHV could be estimated from D3 using equation (6.1).

In considering these results, particularly those arising from the correlation analyses 

some caution should be employed given that any non-linear curve will impose a 

structure upon the data for each individual. As mentioned by Goldstein (1979 & 1984; 

see footnote) and Marubini & Milani (1986; see footnote) inflexible constraints may be 

imposed on growth events when estimating them from a non-linear model. Since the 

shape of the growth curve for each individual will be dictated by the model fitted to 

some extent, there exists the possibility of systematic bias in the estimation of 

parameters of growth from such models.

Footnote: Additional References

Goldstein H (1979); The design and analysis of longitudinal data. Academic Press Inc, London.

Goldstein H (1984): Current developments in the design and analysis o f growth studies. In: 
Human growth and development. Ed: J Borms, R Hauspie, A  Sand, C Susanne, M Habbelinck. 
Plenum Press, New York. 733-752.

Marubini E, Milani S (1986): Approaches to the analysis o f longitudinal data. In: Human Growth 
2nd ed Vol III Ed: Falkner F, Tanner J. Plenum Press, New York. 79-94.
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Note for example, the high correlation between age at TO and age at PHV. It was 

demonstrated that three separate pairs of parameters govern mostly the shape of the 

curve during infancy (Ci&Di), childhood (C2&D2) and puberty (C3&D3) respectively. 

Thus the shape of the curve during puberty is determined by two parameters only 

which may not be enough, so that for each individual these two ages appear to be 

somewhat fixed in relation to each other. This lack of flexibility is a particular feature of 

non-linear modelling and the results presented here should be viewed with some 

caution, though reassuringly, many are supported by the literature as mentioned above.

The median constant curves were compared to the cross-sectionally developed 

curves from Chapter 4 during puberty and as predicted, their slopes were indeed 

greater than those of the cross-sectional curves during this period. Reassuring 

though this result is, unfortunately this median constant curve does not represent 

the curve of median longitudinal growth (Merrell, 1931) and should not be applied 

as such. In addition, as discussed in Chapter 1, even assuming that this curve is a 

reasonable description of longitudinal growth during puberty, there are difficulties 

with estimating the variability around it that make the production of longitudinal 

distance standards similar to those of Tanner et al (1966 (a) & (b)) infeasible.
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7.3: Conclusions

Much time has elapsed since the construction of the TW charts. Given the secular 

trend in growth over this period, it is not appropriate to use the TW charts for 

present day British children. In addition, the short-comings of the data used in their 

construction have been discussed. Though some o f the data used for the new 

charts have come from non-nationally representative groups, the means of each 

dataset (except Whittington) have been adjusted to reflect the nationally 

representative NSHG. This situation is not ideal, but in the absence of a national 

growth survey, it is the best available. These new cross-sectional community based 

charts should provide an essential tool for child health workers in assessing the 

growth and physical development of British children in the 1990s. In addition, due 

to the advantages of these reference data compared to the currently used 

WHO/NCHS International reference, these new charts could be adopted as the 

new International growth reference.

When the purpose of curve fitting is to describe the whole of the growth period, 

the JPPS model provides a better fit than PB-in and has been shown elsewhere to 

be flexible enough to model the mid-growth spurt, unlike other non-linear models 

(Ledford, 1992). However, given the parameterisation of the JPPS curve, in that it 

fits individual components to infancy and early childhood, mid-childhood and 

puberty, it needs some data from each of these periods in order to fit adequately. 

This contrasts with the Preece-Baines models which are much more robust to lack 

of data especially in infancy and early childhood. Thus if the focus of interest is the 

whole of the growth curve or the mid-growth spurt and data were available for the 

whole of the growth period, the JPPS model would provide the best fit. 

Alternatively, if interest is focused upon modelling growth during puberty and 

there is little or no data for infancy and early childhood then the PB-in would be 

the best model to use.

There was no evidence that growth during puberty, as assessed by age at take-off, 

age at PHV, and PHV, had any influence upon final stature, with none of these 

variables showing substantial correlations with final stature. The size and timing of



Chapter 7 Page 154

the pubertal growth spurt were negatively correlated and this association was 

stronger for girls than for boys. The value 0 ÏD 3 was shown to be similar to age at 

PHV and could be used as a starting value for estimating it. Alternatively a 

regression equation was proposed for the estimation of age at PHV from the value

oïDs.

7.4: Future research

This research was begun to produce a new growth reference for UK children. As 

with any research, the conclusions drawm are only as good as the original data and, 

for the construction of the cross-sectional references described here, the data were 

not ideal, as they were taken from several different sources, over a wide time 

interval. Though an attempt was made to adjust for differences between the 

datasets, when applying these charts, the imperfect nature of the sample should be 

recognised. Given this, and the need for regular updating of population references, 

as mentioned by several authors (Preece, 1989; Cox, 1994), future research should 

include a new growth measurement study to provide good quality, up-to-date, 

nationally representative data. Furthermore, in the short term, there is a need to 

validate these new charts and ascertain how well they perform, with respect to the 

current UK child population; for example; exactly what proportion of children fall 

below key centiles, such as the 0.4***, 2*“*, 50*, 98* and 99.6*.

These charts are only strictly valid for Caucasian children and currently, there are 

no national references for non-caucasian children in Great Britain: children from 

other ethnic groups are assessed using the caucasians-based charts, a situation 

clearly unsatisfactory given the manifest differences in growth between children 

from different ethnic groups. It would be usefiil to investigate their performance 

against children from other ethnic groups, an investigation made much easier by 

the ability of the LMS method to change between centile position and SD score. If 

data were available for children from these other groups, the differences in growth 

between these groups and the new reference could be quantified in terms o f SD 

scores, in an analysis similar to that carried out for region. These could then be 

used to adjust the values for non-caucasian individuals.
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The advantages of SD scores have been discussed elsewhere in this thesis and it 

has been suggested that these could be utilised together with the correlations 

between yearly measurements to monitor longitudinal growth. Though annual 

correlations have been described for British children between birth and 5 years 

(Tanner et al, 1956) and between 5 and 15 years (Cameron, 1980), the data for 

both of these studies are old. It would be useful to estimate the correlations for 

contemporary children, and then, to use these to investigate the usefiilness of the 

suggested method.

Until now, BMI charts have not been available for use in paediatric practice and 

are thus relatively untried. They provide a method of assessing weight-fbr-height, 

standardised for age which should be useful for identifying the fattest and thinnest 

children in the population. However, as BMI does not distinguish between lean and 

fat body mass, it can be a misleading measure of ‘fatness’ for lean individuals of 

muscular physique (Knight, 1984) and this should be considered when applying 

these charts. As BMI charts have not previously been available it is important to 

assess their uses and appropriateness in monitoring both fatness and thinness 

during childhood.

The estimation of the confidence limits for the centiles in Chapter 4 was purely 

empirical, and reassuringly gave results which were compatible with the results of 

the fit analyses, such that the ages when the fit was poorest corresponded with the 

ages when the confidence limits were widest. One area for further investigation 

would be the modelling of the distribution of the centiles and exact estimation of 

the standard errors and confidence intervals around each of the centiles.

The inverse velocity transformation of the age axis worked well when the M curve 

was monotonie. However, it was inappropriate when this was not the case. A 

crude transformation involving logarithms worked reasonably well for BMI which 

has a non-monotonic M curve, but was not as good as the inverse velocity 

transformation, as evidenced by the poorer fit for this variable. Further extensions 

to the LMS method could include the identification of a suitable transformation for
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non-monotonic functions which would adjust appropriately for the absolute size of 

the velocity and work as well as that for monotonie functions.

And finally, several new methods have been proposed for centile estimation, which 

were not considered for the production of the current charts because they did not 

fulfil the criteria considered necessary, as described in Chapter 1 (page 30-32); in 

particular, that they had not previously been vahdated on anthropometric data or 

over a wide age range. Though the LMS method has been demonstrated to 

produce centiles which are representative of the data from which they were 

derived, it would be interesting and informative to evaluate these other methods 

together. In particular, it would be useful to compare them with respect to ease of 

fitting, goodness of fit and the estimated centile values, together with their relative 

abilities to convert between SD score and centile position and accuracy of the 

outer centiles as measured by their standard errors.
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Appendix 1: The Box-Cox family of transformations

Box and Cox (1964) proposed two families of transformations, involving the 

unknown parameters X and 8 as follows

logy

and

y ( y + < ? ) '- !
og(y + <5)

//I

(X # o)
(X = 0)

(A O) 
(X = 0)

(All)

(A1.2)

where y={yi, ,y„} is the observed set of data and y**'-{yi**’’, the set of

transformed observations, which are assumed to be independently, identically 

normally distributed with constant variance o .̂ Models Al l and A1.2 require that 

y > 0 and y > -8 respectively.

The probabihty density of the untransformed observations, and hence the likehhood 

in relation to these original observations, is obtained by multiplying the normal 

density by the Jacobian of the transformation. The parameters are chosen to 

maximize this likelihood, and Box and Cox (1964) demonstrated that this is 

achieved by minimizing the variance of the scaled variable, ẑ ^̂  with respect to X. 

For the first model (A l. 1)

X y A-1 (A1.3)

whilst for the second model (Al .2), with shifted location

zW =
j y+sY- i

X{gm{y + S)Y~'
(A1.4)

where ÿ  and indicated the geometric means.
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It can be noted that the two models differ by location only, with observations in the 

second model (A1.2) being shifted by a constant, Ô, to ensure that yi+ô > 0 for 

every observation, y;. The first model (Al l) adjusts for skevmess in the original 

data, whilst Box and Cox proposed the shifted power transformation (A1.2) to 

compensate for both skewness and kurtosis. For anthropometric measurements 

such as skinfold thickness, which are highly skewed, kurtosis was considered much 

less important and the additional cost involved in smoothing a fourth curve was 

considered too great (Cole, 1988). Consequently it was the first model (Al l) that 

was used in the LMS method.
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Table A2.1 (i) : Stature M and S values at quarter-year intervals (unless otherwise stated)

Age

(years)

M(cm) S(cm)

Boys Girls Boys Girls

35 weeks 46.68 46.11 0.0411 0.0389
36 weeks 47.57 46.94 0.0408 0.0386
37 weeks 48.45 47.76 0.0404 0.0383
38 weeks 49.34 48.58 0.0401 0.0380
39 weeks 50.23 49.40 0.0397 0.0377
40 weeks 51.11 50.23 0.0394 0.0374
1 month 54.87 53.76 0.0379 0.0361
2 months 57.34 57.03 0.0366 0.0349
3 months 61.35 59.89 0.0354 0.0339
4 months 63.90 62.28 0.0345 0.0332
5 months 66.02 64.28 0.0338 0.0326
6 months 67.81 66.00 0.0334 0.0323
7 months 69.36 67.54 0.0331 0.0321
8 months 70.77 68.96 0.0330 0.0320
9 months 72.10 70.29 0.0329 0.0321

10 months 73.38 71.58 0.0330 0.0322
11 months 74.62 72.81 0.0332 0.0323

1 year 75.80 74.00 0.0333 0.0325
1.25 79.06 77.33 0.0349 0.0333
1.50 82.01 80.38 0.0357 0.0342
1.75 84.67 83.17 0.0365 0.0350
2.00 87.08 85.71 0.0373 0.0358
2.25 89.35 88.04 0.0380 0.0364
2.50 91.56 90.20 0.0386 0.0370
2.75 93.72 92.24 0.0392 0.0375
3.00 95.79 94.16 0.0396 0.0380
3.25 97.76 96.00 0.0400 0.0385
3.50 99.60 97.78 0.0403 0.0389
3.75 101.34 99.55 0.0406 0.0393
4.00 103.02 101.32 0.0408 0.0397
4.25 104.68 103.14 0.0411 0.0401
4.50 106.35 104.99 0.0413 0.0405
4.75 108.02 106.86 0.0415 0.0409
5.00 109.67 108.67 0.0416 0.0412
5.25 111.25 110.39 0.0418 0.0415
5.50 112.78 112.01 0.0419 0.0418
5.75 114.29 113.56 0.0420 0.0420
6.00 115.81 115.08 0.0421 0.0422
6.25 117.32 116.58 0.0422 0.0423
6.50 118.81 118.05 0.0423 0.0425
6.75 120.30 119.53 0.0424 0.0426
7.00 121.79 121.02 0.0426 0.0427
7.25 123.29 122.55 0.0427 0.0428
7.50 124.80 124.09 0.0429 0.0429
7.75 126.28 125.62 0.0430 0.0430
8.00 127.74 127.11 0.0431 0.0431
8.25 129.16 128.54 0.0433 0.0432
8.50 130.52 129.90 0.0434 0.0434
8.75 131.52 131.23 0.0436 0.0437
9.00 133.16 132.57 0.0439 0.0440
9.25 134.45 133.94 0.0442 0.0444
9.50 135.72 135.34 0.0445 0.0449
9.75 136.99 136.76 0.0448 0.0454
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Table A2.1 (ii) : Stature M and S values at quarter-year intervals (unless otherwise stated)

Age

(years)

M(cm) S(cm)

Boys Girls Boys Girls
10.00 138.28 138.20 0.0452 0.0460
10.25 139.58 139.62 0.0456 0.0466
10.50 140.84 141.04 0.0461 0.0472
10.75 142.06 142.45 0.0465 0.0478
11.00 143.24 143.84 0.0470 0.0482
11.25 144.42 145.23 0.0476 0.0484
11.50 145.62 146.63 0.0481 0.0485
11.75 146.91 148.04 0.0487 0.0484
12.00 148.29 149.47 0.0493 0.0480
12.25 149.76 150.90 0.0499 0.0475
12.50 151.33 152.33 0.0505 0.0468
12.75 153.01 153.71 0.0510 0.0460
13.00 154.80 155.02 0.0514 0.0451
13.25 156.67 156.24 0.0516 0.0441
13.50 158.59 157.36 0.0517 0.0432
13.75 160.50 158.37 0.0514 0.0423
14.00 162.37 159.27 0.0509 0.0414
14.25 164.15 160.07 0.0502 0.0406
14.50 165.84 160.76 0.0493 0.0399
14.75 167.40 161.35 0.0482 0.0393
15.00 168.82 161.84 0.0471 0.0388
15.25 170.09 162.24 0.0460 0.0384
15.50 171.21 162.57 0.0449 0.0380
15.75 172.18 162.83 0.0439 0.0377
16.00 173.03 163.03 0.0430 0.0375
16.25 173.75 163.20 0.0423 0.0373
16.50 174.37 163.34 0.0416 0.0372
16.75 174.90 163.44 0.0410 0.0371
17.00 175.34 163.51 0.0406 0.0370
17.25 175.72 163.55 0.0402 0.0370
17.50 176.02 163.56 0.0399 0.0369
17.75 176.25 163.56 0.0397 0.0369
18.00 176.40 163.58 0.0396 0.0369
18.25 176.49 163.60 0.0395 0.0369
18.50 176.53 163.62 0.0395 0.0369
18.75 176.54 163.64 0.0395 0.0369
19.00 176.56 163.65 0.0395 0.0368
19.25 176.58 163.65 0.0395 0.0368
19.50 176.60 163.66 0.0394 0.0368
19.75 176.61 163.67 0.0394 0.0368
20.00 176.63 163.68 0.0394 0.0368
20.25 176.68 163.68 0.0393 0.0368
20.50 176.74 163.69 0.0393 0.0368
20.75 176.81 163.69 0.0392 0.0368
21.00 176.88 163.69 0.0391 0.0368
21.25 176.96 163.70 0.0390 0.0368
21.50 177.04 163.71 0.0389 0.0367
21.75 177.12 163.72 0.0388 0.0367
22.00 177.21 163.74 0.0387 0.0367
22.25 177.30 163.75 0.0385 0.0367
22.50 177.40 163.76 0.0384 0.0366
22.75 177.51 163.76 0.0383 0.0366
23.00 177.63 163.76 0.0381 0.0366
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Table A2.2 (i) : Weight L, M and S values at cpiarter-year intervals (unless otherwise stated)

Age

(years)

L M (kg) S(kg)

Boys Girls Boys Girls Boys Girls

35 weeks 0.55 0.09 2.34 2.22 0.1354 0.1338
36 weeks 0.53 0.08 2.56 2.43 0.1343 0.1327
37 weeks 0.51 0.07 2.79 2.65 0.1332 0.1315
38 weeks 0.50 0.06 3.02 2.86 0.1321 0.1304
39 weeks 0.48 0.05 3.25 3.08 0.1310 0.1293
40 weeks 0.46 0.04 3.48 3.29 0.1300 0.1281
1 month 0.39 0.00 4.48 4.25 0.1254 0.1234
2 months 0.32 -0.04 5.43 5.15 0.1211 0.1190
3 months 0.26 -0.08 6.26 5.93 0.1173 0.1152
4 months 0.20 -0.11 6.95 6.60 0.1141 0.1120
5 months 0.15 -0.15 7.53 7.16 0.1116 0.1096
6 months O i l -0.18 8.03 7.64 0.1096 0.1077
7 months 0.07 -0.20 8.46 8.06 0.1080 0.1064
8 months 0.03 -0.22 8.84 8.43 0.1069 0.1054
9 months 0.01 -0.24 9.18 8.77 0.1061 0.1047

10 months -0.02 -0.26 9.50 9.07 0.1055 0.1042
11 months -0.04 -0.27 9.79 9.36 0.1051 0.1039

1 year -0.06 -0.29 10.06 9.62 0.1048 0.1038
1.25 - Oi l -0.32 10.77 10.35 0.1045 0.1039
1.50 -0.15 -0.35 11.36 10.98 0.1046 0.1046
1.75 -0.19 -0.37 11.89 11.57 0.1050 0.1056
2.00 -0.22 -0.39 12.38 12.11 0.1055 0.1068
2.25 -0.25 -0.41 12.87 12.63 0.1061 0.1082
2.50 -0.28 -0.43 13.37 13.14 0.1069 0.1098
2.75 -0.31 -0.45 13.90 13.65 0.1078 0.1116
3.00 -0.34 -0.47 14.43 14.16 0.1088 0.1136
3.25 -0.38 -0.49 14.96 14.67 0.1098 0.1157
3.50 -0.41 -0.51 15.47 15.17 0.1109 0.1178
3.75 -0.44 -0.53 15.97 15.68 0.1121 0.1201
4.00 -0.47 -0.55 16.46 16.19 0.1133 0.1224
4.25 -0.50 -0.56 16.97 16.69 0.1146 0.1249
4.50 -0.53 -0.58 17.50 17.20 0.1161 0.1273
4.75 -0.57 -0.60 18.04 17.72 0.1176 0.1298
5.00 -0.60 -0.62 18.58 18.23 0.1193 0.1323
5.25 -0.63 -0.63 19.12 18.76 0.1210 0.1349
5.50 -0.66 -0.65 19.64 19.29 0.1227 0.1373
5.75 -0.70 -0.67 20.16 19.83 0.1245 0.1398
6.00 -0.73 -0.68 20.69 20.39 0.1264 0.1423
6.25 -0.76 -0.70 21.23 20.97 0.1284 0.1447
6.50 -0.80 -0.72 21.79 21.58 0.1305 0.1473
6.75 -0.84 -0.73 22.37 22.21 0.1328 0.1499
7.00 -0.87 -0.75 22.97 22.89 0.1352 0.1526
7.25 -0.91 -0.76 23.59 23.60 0.1377 0.1554
7.50 -0.95 -0.77 24.22 24.33 0.1402 0.1581
7.75 -0.98 -0.78 24.87 25.06 0.1429 0.1607
8.00 -1.02 -0.79 25.53 25.80 0.1455 0.1632
8.25 -1.04 -0.79 26.21 26.53 0.1481 0.1656
8.50 -1.07 -0.79 26.89 27.26 0.1506 0.1680
8.75 -1.09 -0.79 27.59 28.00 0.1531 0.1703
9.00 -1.10 -0.79 28.29 28.78 0.1555 0.1726
9.25 -111 -0.78 29.00 29.59 0.1578 0.1749
9.50 -111 -0.77 29.73 30.44 0.1599 0.1771
9.75 -111 -0.75 30.47 31.32 0.1619 0.1794
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Table A2.2 (ii) : Weight L, M and S values at quarter-year intervals (unless otherwise stated)

Age

(years)

L M (kg) S(kg)

Boys Girls Boys Girls Boys Girls
10.00 -1.10 -0.72 31.25 32.21 0.1638 0.1817
10.25 -1.08 -0.70 32.05 33.12 0.1657 0.1840
10.50 -1.06 -0.66 32.85 34.03 0.1675 0.1862
10.75 -1.04 -0.62 33.66 34.97 0.1693 0.1882
11.00 -1.01 -0.58 34.47 35.93 0.1711 0.1899
11.25 -0.97 -0.53 35.28 36.93 0.1728 0.1909
11.50 -0.93 -0.48 36.13 37.99 0.1745 0.1911
11.75 -0.89 -0.43 37.02 39.10 0.1761 0.1904
12.00 -0.83 -0.37 37.99 40.27 0.1776 0.1887
12.25 -0.77 -0.32 39.05 41.50 0.1789 0.1863
12.50 -0.71 -0.28 40.21 42.77 0.1802 0.1832
12.75 -0.64 -0.24 41.48 44.07 0.1814 0.1798
13.00 -0.57 -0.22 42.84 45.37 0.1825 0.1762
13.25 -0.50 -0.20 44.31 46.64 0.1835 0.1726
13.50 -0.43 -0.20 45.85 47.83 0.1842 0.1692
13.75 -0.37 -0.21 47.44 48.95 0.1846 0.1657
14.00 -0.32 -0.22 49.04 49.98 0.1845 0.1623
14.25 -0.28 -0.25 50.63 50.92 0.1840 0.1590
14.50 -0.25 -0.28 52.20 51.78 0.1828 0.1560
14.75 -0.24 -0.31 53.71 52.55 0.1810 0.1532
15.00 -0.24 -0.34 55.15 53.24 0.1785 0.1509
15.25 -0.25 -0.37 56.53 53.86 0.1754 0.1489
15.50 -0.27 -0.40 57.83 54.41 0.1717 0.1473
15.75 -0.30 -0.43 59.05 54.90 0.1676 0.1460
16.00 -0.34 -0.46 60.19 55.34 0.1633 0.1450
16.25 -0.38 -0.48 61.22 55.73 0.1589 0.1441
16.50 -0.41 -0.50 62.16 56.06 0.1548 0.1434
16.75 -0.45 -0.52 63.01 56.34 0.1510 0.1429
17.00 -0.49 -0.53 63.77 56.58 0.1477 0.1424
17.25 -0.52 -0.55 64.47 56.78 0.1449 0.1421
17.50 -0.55 -0.56 65.10 56.95 0.1424 0.1418
17.75 -0.58 -0.57 65.67 57.09 0.1404 0.1415
18.00 -0.60 -0.57 66.19 57.21 0.1386 0.1414
18.25 -0.62 -0.58 66.65 57.31 0.1371 0.1412
18.50 -0.64 -0.59 67.07 57.39 0.1358 0.1411
18.75 -0.66 -0.59 67.45 57.46 0.1347 0.1409
19.00 -0.68 -0.60 67.79 57.52 0.1338 0.1408
19.25 -0.69 -0.60 68.09 57.57 0.1330 0.1408
19.50 -0.71 -0.60 68.37 57.61 0.1322 0.1407
19.75 -0.72 -0.60 68.62 57.64 0.1316 0.1407
20.00 -0.73 -0.60 68.86 57.66 0.1310 0.1406
20.25 -0.74 -0.61 69.09 57.68 0.1305 0.1406
20.50 -0.75 -0.61 69.30 57.69 0.1300 0.1406
20.75 -0.76 -0.61 69.51 57.69 0.1295 0.1406
21.00 -0.77 -0.61 69.70 57.70 0.1290 0.1406
21.25 -0.77 -0.61 69.89 57.70 0.1286 0.1405
21.50 -0.78 -0.61 70.06 57.72 0.1282 0.1405
21.75 -0.79 -0.61 70.23 57.74 0.1278 0.1405
22.00 -0.80 -0.61 70.39 57.76 0.1275 0.1405
22.25 -0.80 -0.61 70.55 57.78 0.1271 0.1404
22.50 -0.81 -0.61 70.70 57.80 0.1268 0.1404
22.75 -0.82 -0.62 70.85 57.83 0.1265 0.1404
23.00 -0.82 -0.62 71.01 57.85 0.1261 0.1403



Appendix 2 Page 174

Table A2.3 (i) : BMIL, M and S values at quarter-year intervals (unless otherwise stated)

Age

(years)

L M (kg) S(kg)

Boys Girls Boys Girls Boys Girls

35 weeks 0.28 -0.10 10.86 10.60 0.1021 0.1033
36 weeks 0.17 -0.16 11.41 11.19 0.0998 0.1006
37 weeks 0.07 -0.21 11.93 11.72 0.0977 0.0982
38 weeks -0.02 -0.26 12.40 12.20 0.0959 0.0960
39 weeks -0.11 -0.31 12.84 12.65 0.0941 0.0940
40 weeks -0.18 -0.35 13.24 13.07 0.0926 0.0923
1 month -0.45 -0.52 14.83 14.66 0.0872 0.0866
2 months -0.65 -0.67 15.97 15.78 0.0837 0.0835
3 months -0.79 -0.79 16.66 16.51 0.0814 0.0858
4 months -0.90 -0.89 17.06 17.00 0.0800 0.0807
5 months -0.99 -0.96 17.30 17.32 0.0790 0.0799
6 months -1.06 -1.02 17.45 17.52 0.0783 0.0791
7 months -1.11 -1.07 17.54 17.64 0.0776 0.0784
8 months -1.15 -1.10 17.58 17.68 0.0770 0.0777
9 months -1.19 -1.13 17.58 17.67 0.0765 0.0771

10 months -1.21 -1.15 17.55 17.64 0.0759 0.0765
11 months -1.24 -1.16 17.49 17.57 0.0753 0.0759

1 year -1.25 -1.17 17.43 17.50 0.0748 0.0755
1.25 -1.30 -1.19 17.19 17.25 0.0736 0.0746
1.50 -1.33 -1.20 16.91 16.99 0.0727 0.0744
1.75 -1.36 -1.21 16.62 16.75 0.0722 0.0747
2.00 -1.39 -1.22 16.36 16.54 0.0718 0.0751
2.25 -1.42 -1.22 16.15 16.35 0.0715 0.0758
2.50 -1.45 -1.23 16.00 16.20 0.0712 0.0766
2.75 -1.48 -1.24 15.88 16.08 0.0710 0.0775
3.00 -1.51 -1.25 15.79 15.99 0.0709 0.0785
3.25 -1.54 -1.26 15.71 15.90 0.0708 0.0797
3.50 -1.56 -1.27 15.65 15.83 0.0709 0.0811
3.75 -1.59 -1.28 15.59 15.76 0.0712 0.0825
4.00 -1.62 -1.29 15.55 15.69 0.0716 0.0841
4.25 -1.64 -1.30 15.52 15.63 0.0723 0.0858
4.50 -1.66 -1.31 15.50 15.57 0.0731 0.0876
4.75 -1.69 -1.32 15.48 15.52 0.0742 0.0895
5.00 -1.71 -1.32 15.47 15.48 0.0754 0.0915
5.25 -1.73 -1.33 15.47 15.45 0.0767 0.0936
5.50 -1.75 -1.34 15.46 15.44 0.0783 0.0957
5.75 -1.77 -1.34 15.46 15.45 0.0799 0.0978
6.00 -1.79 -1.35 15.46 15.47 0.0817 0.0999
6.25 -1.81 -1.36 15.47 15.50 0.0836 0.1021
6.50 -1.82 -1.36 15.49 15.55 0.0855 0.1042
6.75 -1.84 -1.37 15.51 15.60 0.0875 0.1063
7.00 -1.85 -1.37 15.53 15.67 0.0896 0.1084
7.25 -1.86 -1.37 15.57 15.74 0.0916 0.1104
7.50 -1.87 -1.37 15.61 15.82 0.0936 0.1123
7.75 -1.88 -1.37 15.66 15.90 0.0955 0.1142
8.00 -1.89 -1.37 15.72 15.99 0.0974 0.1159
8.25 -1.89 -1.37 15.78 16.08 0.0992 0.1176
8.50 -1.89 -1.37 15.85 16.18 0.1009 0.1191
8.75 -1.90 -1.37 15.93 16.29 0.1026 0.1205
9.00 -1.90 -1.36 16.01 16.40 0.1041 0.1218
9.25 -1.89 -1.36 16.09 16.52 0.1056 0.1231
9.50 -1.89 -1.35 16.19 16.64 0.1069 0.1241
9.75 -1.89 -1.35 16.29 16.77 0.1082 0.1251
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Table A2.3 (ii) : BMI L, M and S values at quarter-year intervals (unless otherwise stated).

Age

(years)

L M (kg) S(kg)

Boys Girls Boys Girls Boys Girls
10.00 -1.88 -1.34 16.39 16.90 0.1093 0.1260
10.25 -1.87 -1.34 16.50 17.04 0.1104 0.1267
10.50 -1.86 -1.33 16.61 17.19 0.1114 0.1274
10.75 -1.85 -1.32 16.73 17.34 0.1123 0.1280
11.00 -1.84 -1.32 16.85 17.49 0.1131 0.1284
11.25 -1.83 -1.31 16.98 17.65 0.1138 0.1288
11.50 -1.82 -1.30 17.11 17.81 0.1144 0.1291
11.75 -1.81 -1.30 17.25 17.97 0.1150 0.1293
12.00 -1.79 -1.29 17.39 18.14 0.1155 0.1295
12.25 -1.78 -1.28 17.53 18.30 0.1160 0.1295
12.50 -1.77 -1.28 17.68 18.47 0.1164 0.1296
12.75 -1.75 -1.27 17.83 18.63 0.1167 0.1296
13.00 -1.74 -1.26 17.99 18.79 0.1170 0.1295
13.25 -1.72 -1.26 18.14 18.95 0.1172 0.1295
13.50 -1.71 -1.25 18.30 19.11 0.1174 0.1293
13.75 -1.69 -1.24 18.46 19.26 0.1175 0.1292
14.00 -1.67 -1.24 18.63 19.41 0.1177 0.1291
14.25 -1.66 -1.23 18.79 19.56 0.1177 0.1289
14.50 -1.64 -1.23 18.95 19.69 0.1178 0.1287
14.75 -1.63 -1.22 19.11 19.83 0.1178 0.1285
15.00 -1.61 -1.22 19.27 19.95 0.1178 0.1283
15.25 -1.60 -1.21 19.44 20.08 0.1178 0.1281
15.50 -1.58 -1.21 19.59 20.19 0.1177 0.1279
15.75 -1.57 -1.20 19.75 20.31 0.1177 0.1277
16.00 -1.56 -1.20 19.91 20.41 0.1176 0.1275
16.25 -1.54 -1.19 20.06 20.51 0.1175 0.1273
16.50 -1.53 -1.19 20.21 20.61 0.1174 0.1272
16.75 -1.51 -1.18 20.35 20.70 0.1173 0.1270
17.00 -1.50 -1.18 20.50 20.79 0.1172 0.1268
17.25 -1.48 -1.17 20.64 20.87 0.1170 0.1266
17.50 -1.47 -1.17 20.77 20.95 0.1169 0.1264
17.75 -1.46 -1.17 20.91 21.02 0.1168 0.1263
18.00 -1.44 -1.16 21.04 21.09 0.1166 0.1261
18.25 -1.43 -1.16 21.17 21.16 0.1165 0.1259
18.50 -1.42 -1.15 21.29 21.23 0.1164 0.1258
18.75 -1.40 -1.15 21.42 21.29 0.1162 0.1256
19.00 -1.39 -1.15 21.54 21.35 0.1161 0.1255
19.25 -1.38 -1.14 21.65 21.41 0.1160 0.1253
19.50 -1.37 -1.14 21.77 21.46 0.1158 0.1252
19.75 -1.35 -1.14 21.88 21.51 0.1157 0.1250
20.00 -1.34 -1.13 21.99 21.57 0.1156 0.1249
20.25 -1.33 -1.13 22.10 21.61 0.1154 0.1248
20.50 -1.32 -1.12 22.20 21.66 0.1153 0.1247
20.75 -1.30 -1.12 22.31 21.71 0.1152 0.1245
21.00 -1.29 -1.12 22.41 21.75 0.1151 0.1244
21.25 -0.28 -111 22.51 21.80 0.1149 0.1243
21.50 -1.27 -111 22.61 21.84 0.1148 0.1242
21.75 -1.26 -111 22.71 21.89 0.1147 0.1241
22.00 -1.25 -1.10 22.80 21.93 0.1146 0.1239
22.25 -1.23 -1.10 22.90 21.97 0.1145 0.1238
22.50 -1.22 -1.10 22.99 22.01 0.1144 0.1237
22.75 -1.21 -1.09 23.09 22.05 0.1143 0.1236
23.00 -1.20 -1.09 23.18 22.09 0.1141 0.1235
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Appendix 3: The construction of growth references for Non-Caucasian 

children

The data available for this project included relatively few for Non-Caucasian 

children, the percentages varying between datasets from 0% in the Edinburgh 

dataset to 24.3% for the Whittington babies and the majority having fewer than 

7%. As stated in Chapter 2, given the known differences in growth between 

children of different ethnic groups the decision was made to exclude all Non- 

Caucasian children from the subsequent analyses. In addition, the small amount of 

data available for Non-Caucasians meant that it was not feasible at the time to 

produce separate charts for these children.

However, this raises the issue of the representativeness of the subsequent reference 

with respect to the Non-Caucasian population of Great Britain, and what 

recommendations should be given to clinicians when assessing such children. As 

growth varies between children of different ethnic groups, it is clearly inadequate 

to simply measure Non-Caucasian children using this reference, without an 

awareness of the possible bias that may introduced. Depending upon the direction 

of the differences between Caucasians and other ethnic groups, there will be either 

an under- or an over-estimation of the numbers falling below key centiles, (such as 

the 0.04*** or the 2*“*) when using a reference based solely upon data from 

Caucasians. Both the TW and WHO international references are based upon 

samples of Caucasian children only and it has long been argued that the use of such 

a reference for other ethnic groups is inappropriate (Goldstein, 1974; Goldstein & 

Tanner, 1980; Eusebio & Nubé, 1981). It would be most desirable to be able to 

assess the growth status of Non-Caucasian children in relation to their peers using 

curves derived from data sampled from the appropriate population.

Unfortunately, desirable though this is, the issue is neither new nor simple to solve, 

and there are several problems in the estimation of reference values for children 

from other ethnic groups in a country where they do not represent the majority. 

For Great Britain, there is the issue of the availability of data for Non-Caucasian



Appendix 3 Page 177

children, as there are few available. However, this is less of a problem during the 

primary school years as a substantial amount o f data are available from the 

National Survey of Health and Growth (NSHG), which in odd years is biased 

towards the inner cities and ethnic minorities. Additionally, doubts have been 

expressed as to the feasibility of a study which would include a representative 

sample of each large ethnic group because of the absence of an appropriate 

sampling frame from which a random sample could be drawn (Rona and Chinn, 

1986).

There is also the question of definition of ethnic status, to describe children as 

simply Caucasian or Non-Caucasian is inadequate, given that this latter group is 

not homogeneous. Furthermore, even within the broader ethnic groups (e.g. 

Asians, Afro-Caribbeans) there are many sub-divisions, for example the Asian 

group may be classified by geographical origin (e.g. Bengali, Punjabi, Bangladeshi, 

Pakistani) or religion (e.g. Sikhs, Hindus, Moslems). In a country such as Great 

Britain there are multiple small groups, each of which may experience a different 

pattern of growth from the others and consequently require a separate reference.

Even allowing for all the groups which make a substantial contribution to the Non- 

Caucasians, these subdivisions make no allowance for children of mixed race, nor 

for whether the child is first, second or subsequent generation immigrant. These 

points are of particular importance in a country such as Great Britain, where the 

number of people of Afro-Caribbean or Indo-Pakistani origin has increased from 

about 50,000 in 1951 to possibly as high as 2.2 million in 1981 (Peach, 1982). As 

the percentage of the population who are Non-Caucasian increases, the number of 

children of mixed race bom is likely to increase. Additionally, it has been 

demonstrated that migration can have an effect upon growth, especially where 

living conditions are improved following migration to another country (Greulich, 

1957 & 1976; Neiderud, 1992). Thus the growth of an individual child may be 

expected to differ from one generation to the next following the initial migration. 

Both of these issues create problems for clinicians wishing to assess individual 

children; even assuming at the crudest level that a solution is available for certain
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ethnic groups, it is not clear what should be done for children of mixed race or for 

different generations of immigrants.

World-wide there have been many studies detailing the differing patterns of growth 

of children living in disparate social, geographic and economic conditions (Eveleth 

and Tanner, 1976; Proos, 1993; Ulijaszek, 1994). In the UK there have been 

several studies examining the growth of the indigenous Caucasian population and 

contrasting it with that for children from other ethnic groups (Wheeler & Tan, 

1983; Rona & Chinn, 1986 & 1987; Peters & Jones, 1989; Peters & Ulijaszek, 

1992; Gatrad et al, 1994). The largest of these studies was the NSHG which 

included data collected on a nationally based sample of children (Rona & Chinn, 

1986 & 1987), whilst for the remainder, data were collected on smaller numbers of 

children in more geographically localised areas.

Rona and Chinn (1986 & 1987) demonstrated that there were significant 

differences in stature, weight-for-height and triceps skinfold thicknesses between 

children of different ethnic groups. These differences remained after allowing for 

various social and biological factors including parental stature and weight and were 

quantified in terms of SDs fi’om the median of the representative sample. The 

children were classified according to ethnic group by appearance and language 

spoken at home: Caucasian, Afi-o-Caribbean, Urdu, Gujarati, Punjabi, other Asian 

(Hindi, Bengali, English) and Others (e.g. Cypriot, Greek, Chinese, Vietnamese, 

Arab, Somalian, Sudanese). Afro-Caribbeans were on average 0.57 SDs taller than 

the median for the representative sample, whilst all other ethnic groups were below 

the median. The differences varied fi*om -0.02 SDs for the ‘Others’ group to -0.48 

SDs for the Gujarati group and -0.58 SDs for the ‘other Asian’ group. The 

percentage of stature variation explained by parental stature also differed across 

ethnic groups. It was greatest for Caucasians at 11% and varied between 2% to 

5.9% for all other groups. The results for weight-for-height and triceps skinfold 

thickness were similar, with large differences between ethnic groups not explained 

by social and biological variation. Afro-Caribbeans and Caucasians were heavier 

for height than other ethnic groups except the mixed ‘Other’ group. Conversely for
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skinfold thickness, whilst the Caucasians remained above the median the Affo- 

Caribbeans were below the median. The Asian groups tended to be lighter per unit 

height and, except for Punjabi boys, were below the median for triceps skinfold 

thickness.

The remaining studies included several of Asian children (Peters & Jones, 1989; 

Peters & Ulijaszek, 1992; Gatrad et al, 1994) and one of Chinese children living in 

London (Wheeler and Tan, 1983). Wheeler and Tan (1983) demonstrated that 

though the growth of Chinese children living in London in 1981 was greater than 

that of similar children living in Hong Kong in the 1960s for both stature and 

weight, it was still slightly less than that expected using the TW data as a reference.

Peters and Jones (1989) conducted a growth study of Asian children aged 4 to 9 

years and resident in Leicestershire, whom they classified on the basis of name into 

one of three religions: Hindu, Moslem and Sikh. Their analysis concentrated on 

comparing the growth of Hindu and Caucasian children, and they found that 

though the Hindu children were both taller and heavier than similar children in 

India they were still shorter and lighter when compared to their Caucasian peers, 

with a difference of approximately 0.4 SDs for stature and 0.55 SDs for weight 

(sexes combined).

These analyses were subsequently extended by Peters and Ulijaszek (1992) who 

included a further sample of children from Nottinghamshire. The children were 

classified according to region of origin (India, Pakistan, Bangladesh and East 

Africa) and religion on the basis of name (Hindu, Moslem and Sikh). Differences in 

arm circumference, subscapular and triceps skinfold thickness were found between 

the groups, with Sikhs and East African Hindu males having the highest values for 

all three variables and Bangladesh Moslem males having the lowest values for arm 

circumference and subscapular skinfold thickness. For females, the Moslems, 

irrespective of region of origin, had the lowest values for all three variables. The 

children were not compared to a Caucasian peer group but were instead compared 

to British reference values. However the differences found were in agreement with
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those described by Rona and Chinn (1987), and give support to the argument that 

ethnic difference do exist for present-day British children.

In a more recent survey of pre-school Caucasian and Asian children (classified on 

the basis of region and religion) resident in Walsall, Gatrad et al (1994) found that 

although Caucasians were the heaviest at birth, Sikhs had the best weight gain and 

were the heaviest at 5 years. They were also the tallest at all ages. Of the other 

groups Hindus were amongst the shortest and lightest at all ages.

In summary, the literature for Great Britain suggests that there are differences in 

growth between ethnic groups. Afro-Caribbeans are taller and heavier, and most 

Asian and Chinese groups are shorter and lighter than the indigenous Caucasian 

population irrespective of social and biological factors. However, as outlined 

above, the issue of a separate reference for each group is complex and without an 

easy solution. One way forward could be to incorporate parental height into the 

model in a manner similar to the stature reference of Tanner et al (1970) which 

adjusts for parental stature. However, this approach assumes that parental stature 

has the same effect across all ethnic groups. In particular, this may not be the case 

for the children of recent immigrants who have experienced different economic, 

living and social conditions compared to their parents who grew up in the country 

of origin. Rona and Chinn (1986 & 1987) have shown that for all three variables 

(stature, weight-for-height and triceps skinfold thicknesses) the percentage of 

variation explained by parental stature and weight varied between ethnic groups. 

Thus, it is possible that the effect of adjusting for parental size will vary between 

ethnic groups and so this approach may not be particularly usefiil.

Alternatively, differences between the ethnic groups with respect to Caucasian 

children (expressed as SD scores), such as those available fi'om NSHG could be 

used to provide guidelines for clinicians when dealing with Non-Caucasian 

children. From NSHG, for example, the median stature difference between Afro- 

Caribbeans and Caucasians in the 1983 selective sample expressed as an SD score 

(unadjusted for social and biological factors) was 0.74 SDS i.e. Afi-o-Caribbeans
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were on average 0.74 SDs taller than Caucasians. For this group, it could then be 

reasoned that as they are taller, the cut-offs should be increased by an amount 

equivalent to the median difference. This approach assumes that the differences in 

growth between groups remains constant across the whole of the age range and 

that the SD is 1. If the differences described by NSHG are used, there is the further 

assumption that they are truly representative of the differences which exist between 

groups. Though neither of these assumptions may be fully met, this approach offers 

a reasonable solution to an extremely difficult problem. For clinicians needing to 

assess the growth status of individual Non-Caucasian children, it may offer 

something of a compromise between having no reference at all for Non-Caucasian 

children, and having separate references for each distinct ethnic group.
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