Chapter 5
Growth in Childhood and Puberty

Michael Hermanussen

Introduction

After birth, the human development progresses through several states of maturation
[1]. The transition from infancy to childhood by about age 3 years is characterised
by the termination of maternal lactation, eating of soft and nutrient dense foods and
the completion of deciduous tooth eruption. The juvenile stage spans from age
7 years to onset of the adolescent growth spurt at approximately age 10 for healthy
girls and age 12 for boys. Juveniles are sexually immature, but physically and men-
tally capable of providing for much of their own food and care. The juvenile stage
starts with a change in cognitive function, a shift from the preoperational to concrete
operational stage. Near the end of the juvenile stage, sexual maturation begins, and
one measurable effect is the adolescent growth spurt. The adolescent stage is the
period from around the age of 13—14 years in boys, and 11-12 years in girls, to the
end of the spurt and the almost complete termination of growth of the skeleton. The
end of adolescence usually coincides with the eruption of the third molar (if pres-
ent). Adulthood and reproductive maturity follow. Body height, weight, BMI and
other anthropometric parameter can be plotted on distance curves. Distance curves
indicate the amount of height, weight, BMI, etc. achieved at a given age; velocity
curves, or rate of growth, indicate the annual increment at a given age. Velocity
curves best coincide with the stages of maturation. Age at take-off (ATO) is the age
just prior to the onset of the adolescent growth spurt; adolescent growth is the height
increment between the ATO and final height.

Some children are short, others are tall. But what is short and tall? Short and tall
are statistical terms; their definition is arbitrary. Conventionally a child is consid-
ered short, when height is below the third centile, and tall when height is above the
97th centile. The term centile indicates how many percent of the observations have
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lower values. The third centile indicates that 3% are smaller/shorter/lighter than
children of a reference population. Shortness and tallness per se do not imply a
pathological condition, but children with growth disorders are more often found
among children who are short or tall. Centiles can be converted into standard devia-
tion scores (SDS). SDS or Z-values are the differences between the individual mea-
surements and the age- and sex-specific mean values of the reference population,
divided by the standard deviation (SD) of the reference population. SDS or Z-values
should be given preference over centiles.

At this point it appears necessary to briefly mention a very common, but ill-
recognised dilemma. A short child is a child who is short. The statement is trivial
and can be made after a single measurement. But a dilemma occurs when a child is
repeatedly measured. Children never grow exactly parallel to their centiles. They
can be short at one occasion and normal when measured later. When screening for
short stature, up to 10 % of longitudinally measured children are temporarily caught
at the third centile.

Growth is a target-seeking process [2]. Parental height strongly determines this
target and, thus, can be used to predict this target. Tanner et al. [3] defined target
height (TH) in centimetres as the sex-corrected mean parental height:

TH =mean parental height £6.5cm

As the mean sex difference is typically 13 cm, +6.5 cm should be added for boys
and —6.5 cm subtracted for girls. Tanner suggested a 95 % confidence interval of
TH =10 cm for boys and TH+9 cm for girls, independent of the population height.
Yet, this approach ignores the parent—parent correlation with r=0.27: assortative
mating describes that tall women tend to choose tall men and vice versa and short
women rather tend to choose short men. The approach also ignores that the parent—
offspring correlation is not 1.0, but r=0.57 [4]. It is therefore recommended to
replace the traditional Tanner approach by a formula that allows for assortative mat-
ing and the parent—offspring correlation.

We propose calculating the conditional target height SDS (cTHSDS) as follows
[5]:

¢THSDS=0.72 x fatherSDS+ motherSDS)/ 2.

This estimate of target height has a 95 % confidence interval of +1.64 SDS. The
formula is independent of sex, and if parental height SDS is obtained from growth
charts dating back one generation, the formula is also independent of secular height
trends.

Growth is a dynamic process and shows a characteristic pattern with three major
growth spurts: the postnatal spurt followed by rapid growth deceleration during
infancy and early childhood; the mild mid-growth spurt around the age of 67 years
that however remains invisible in most velocity charts, this spurt possibly relating to
adrenarche and the rise in adrenal steroids; and the adolescent growth spurt that
parallels full sexual maturation. The maximum peak in height velocity (peak height
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velocity) of the adolescent spurt tends to be higher in early than in late-maturing
individuals. Body weight follows a very similar pattern. The majority of children
grow non-linearly, but documenting non-linearity is not trivial. Children should
preferably be measured at annual or semi-annual intervals, but reality usually dif-
fers. In addition semi-annual intervals are still too long to describe short-term
growth. Short-term growth is growth at much shorter, at weekly or even daily inter-
vals. Short-term growth patterns are characterised by irregular sequences of mini
growth spurts. Measurements at intervals of less than 24 h are affected by circadian
variation. Circadian variation by far surpasses the average 24-h increments in
height and weight. Height measurements are most reliable when performed in the
evening hours; weight measurements are most reliable in the morning shortly after
getting up.

Mini growth spurts are chaotic series of rapid height changes [6, 7]. In the
American literature, this characteristic pattern of steep rises in height velocity fol-
lowed by stagnation has been named saltation and stasis [8]. Time series analysis
confirmed that mini growth spurts do not occur at strictly periodic intervals but at
random intervals of a few days.

The analysis of short-term growth is difficult. It either requires highly accurate
measuring techniques such as knemometry (lower leg length measurements [9, 10]
for measuring child and infant growth [11]), or in case of conventional height mea-
surements, it requires series of measurements and appropriate statistical analyses. It
is good to know that increasing the number of measurements is trivial and that
measurements can be obtained at home. Parents are usually very cooperative, and
serial home-made measurements [12] are amazingly accurate. Figure 5.1 illustrates
daily measures in a growth hormone (GH) deficient girl successfully treated with
GH. Recent advances in statistics suggest using jump-preserving smoothing tech-
niques for the analysis of serial height data [13].

height (SDS)

9.6 9.7 98 9.9 10 10.110.2
age (years)

Fig. 5.1 Growth in a growth hormone (GH) deficient girl successfully treated with GH, measured
daily by her parents. (Reprinted from Hermanussen M (ed). Auxology—studying human growth
and development. Schweizerbart, Stuttgart, 2013 with kind permission of Schweizerbart, www.
schweizerbart.de)
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Tempo and Amplitude

Growth is the increase of size (amplitude) over time. But physical time is not directly
relevant to the internal dynamics of growth. Individuals differ in developmental
tempo: their calendar age may not parallel their biological age. A slow-maturing
child needs more; a fast-maturing child needs less calendar years for reaching the
same stage of maturity. The slow-maturing child appears younger and temporarily
short; the fast-maturing child appears older and temporarily tall. Good clinical prac-
tice attempts to separately assess tempo and amplitude, but developmental tempo is
an auxiliary construct. Whereas physical size is immediately measurable in abso-
lute terms by metric scales (centimetres, kilogram, kg/m?, etc.), and physical time
by calendars and clocks, there is no apparent metric scale for maturity. Three tech-
niques are currently available to assess the physical aspect of tempo: (1) assessing
skeletal maturity, (2) assessing the state of pubertal maturity, and (3) analysing mul-
tiple records of height standard deviation scores (SDS).

Skeletal maturity of the bones of the hand and wrist is assessed by several meth-
ods; the Greulich—Pyle method [14] in combination with the growth prediction
tables of Bayley and Pinneau [15] and the Tanner—Whitehouse method [16, 17] are
the most commonly used. Thodberg [18] suggested replacing the manual assess-
ment of skeletal maturity by automatic techniques.

Pubertal maturity can be rated by pubertal signs but only in healthy individuals.
In disorders of sexual development, these signs often fail to reflect the tempo of
maturation.

Height measurements can be described in absolute terms, or they can be related
to a reference population. This can be done by plotting measurements on centile
charts or by transforming measurements into standard deviation or Z-scores (SDS)
[12]. A suitable reference population may be the same ethnic group, or people from
the same regional area, or a population that lives under similar conditions.

Multiple records of height standard deviation score (SDS) allow rough, but quick
estimates of tempo. Figure 5.2 illustrates the height SDS of nine healthy boys (blue)
and nine healthy girls (pink) from the first Ziirich longitudinal study and shows the
association between developmental tempo and patterns of SDS [19]. Delays in
developmental tempo tend to result in steadily declining height SDS and a down-
ward peak shortly before the individual’s peak height velocity and a rise thereafter,
resembling a flat V. Tempo acceleration leads to upward rising in height SDS, with
a characteristic peak in height SDS shortly after peak height velocity and a decline
thereafter, resembling a roof.

Tempo is a very persistent characteristic throughout an individual’s development:
fast-maturing children tend to be fast from early childhood onwards and remain
accelerated until maturity. Slow-maturing children tend to be slow from the very
beginning and usually remain delayed. Differences in developmental tempo become
particularly apparent during adolescence—40 % (girls) and 50 % (boys) of adoles-
cent height variation is variation in tempo [20, 21]. The tempo of physical matura-
tion may grossly differ from the tempo of mental, emotional or social maturation.
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Fig. 5.2 Height SDS of nine healthy boys (blue colour) and nine healthy girls (pink colour) from
the Ziirich study (numbers correspond to the original numbering of the study population). The
upper two rows of the graphs indicate children with average developmental tempo, the central rows
show children with delayed developmental tempo, and the lower rows show children with acceler-
ated developmental tempo. Vertical bars denote the age at peak height velocity (APHV) in years.
(Reprinted from Hermanussen M (ed). Auxology—studying human growth and development.
Schweizerbart, Stuttgart, 2013 with kind permission of Schweizerbart, www.schweizerbart.de)
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Developmental tempo is influenced by a variety of factors of which malnutrition,
illness and stress are only a few. Catch-up growth after short intermittent illnesses in
otherwise healthy children is catch up in tempo. Even chronically ill patients are usu-
ally not short because of losses in amplitude, but because of delay in tempo. Aswani
et al. [22] provide an excellent example in patients suffering from cystic fibrosis
(CF). CF patients grow poorly at all ages, they are short up to early adulthood, but
they achieve normal final height in their mid-20s. Wiedemann et al. [23] stated that
in a group of 4306 CF patients, the initially low height SDS increased with age and
normal height was achieved by almost all patients when reaching the adult age.

Migrants and Adoptees

Migrants are persons who transitorily or permanently change residency. In Europe,
migrants mainly originate from the Mediterranean region, the Near and Middle East,
and Africa. Migration occurs in the direction of improvement in socioeconomic cir-
cumstances and usually exhibits significant effects on growth and development in chil-
dren and adolescents. Migrants tend to become as tall as their host population. When
two populations merge, the shorter population tends to catch up in height towards the
taller target. Maya children born to families from Guatemala who migrated to the USA
are 11.5 cm taller than Maya children living in Guatemala [24]. Non-adult migrants
tend to mature early and reach taller adult height than their nonmigrant relatives.
Migrants are prone to obesity [25, 26]. Growth references need to consider migration.
Separate references for native and migrant populations have been published, e.g. for
Turkish- and Moroccan-born Dutch [27, 28] and Turkish-born German children [29].

Adopting infants from a third-world environment may be considered a particular
form of child migration. In Sweden, over 6800 children from India have been
adopted during the last four decades [30]. Many were severely undernourished and
suffered from infectious illnesses upon arrival, but their health improved when they
were integrated in their foster families, and they usually caught up in height and
weight. Only the severely stunted children caught up less. Low birth weight appears
to be a limiting factor for later catch-up growth. Adopted girls tend to prematurely
start pubertal development at 11.6 years (range of 7.3—-14.6) which was earlier than
Swedish (13.0 years) and wealthy Indian girls (12.4-12.9 years). The adolescent
growth component was on average 1.5 years earlier, but the final height was reduced
to 154 cm. Eight percent of the adopted Indian girls even remained 145 cm or shorter.
It is not known why this phenomenon is not so frequently observed in adopted boys.

Proportions

Humans follow a cephalocaudal (head-to-tail) gradient of growth. A special feature
of the human pattern is that between birth and puberty, legs grow relatively faster
than other body segments. This gives the human species a distinctive body shape.
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Adolescent growth proceeds in a distal-to-proximal pattern. Body proportions
change with age. First, the feet, the hands and the distal parts of the lower and upper
extremities start to grow, thereafter the proximal, then the central parts of the skel-
eton. The peak height velocity of total body height may precede the peak height
velocity of sitting height by several months. Rump growth can proceed into the third
decade of life. The adolescent spurt is larger in early than in late-maturing children
[31].

Proportional age defines the biological age by the change of head—trunk—extrem-
ity proportions. Sitting height is a useful parameter to estimate the trunk—leg propor-
tion. Particularly in younger children, the increase in body length largely reflects the
increase in leg length.

Also skeletal robustness (e.g. pelvic or relative elbow breadth) is subject to
distinct changes both during individual life and in populations over periods of
several decades. Skeletal robustness is associated with daily physical activity. A
recent analysis of elbow breadth, pelvic breadth (bicristal) and thoracic depth and
breadth of up to 28,975 healthy females and 28,288 healthy males aged 3—18 years
from cross-sectional anthropological surveys performed between 1980 and 2012
by the Universities of Potsdam and Berlin, Germany, showed that relative elbow
breadth and, to an even greater extent, absolute and relative pelvic breadth signifi-
cantly decreased in both sexes since 1980 [32]. The trend towards slighter built
coincides with the modern decline in physical activity and underscores the phe-
notypic plasticity of humans while adapting to new environmental conditions.

The Historic Aspect

The aspect of tempo and amplitude is not limited to individual growth, but it is obvi-
ous also in the population data as exemplified in Fig. 5.3. During World War II, Oslo
schoolgirls suffered from marked growth impairment during the German occupa-
tion [33], but caught up later and achieved normal adult height. The Oslo growth
impairment was impairment in tempo, limited to the time of hardship; it was not
impairment in amplitude.

Measuring tempo in a population is not easy. Menarcheal age has been used for this
purpose. There is a marked secular trend in menarche. In most European countries,
the average age at menarche decreases [34] from some 18 years in the mid-nineteenth
century to about 16 years around 1900 and to modern values in the urban centres
already in the 1930s, e.g. in Germany: 12.6 years in Leipzig 1934 and 13.3 years in
Halle 1939 [35]. At present, the mean menarcheal age in Germany is 12.7 years (low
social class), 13.0 years (high class), 12.5 years (migration background) and 12.9 years
(no migration background) [36]. Menarcheal age in Mediterranean countries is about
1 year earlier than in Northern Europe. Menarcheal age in the USA has mildly declined
over the past 40 years, with black girls maturing 0.5-1 year earlier [37].

The average age at onset of the adolescent growth spurt may also be taken as a
substitute for adolescent maturation in a population. The faster a given population
matures, the earlier the adolescents start their adolescent growth spurt. Quantifying
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Fig. 5.3 Oslo schoolgirls suffered from marked growth impairment during the German occupa-
tion [33], but caught up later and finally achieved normal adult height. (Reprinted from
Hermanussen M (ed). Auxology—studying human growth and development. Schweizerbart,
Stuttgart, 2013 with kind permission of Schweizerbart, www.schweizerbart.de)

Table 5.1 Age at take-off (ATO), the rise of height at take-off (HTO), the adolescent growth (AG)
and the adult height (AH) in six male Japanese growth surveys published in 1955, 1960, 1970,
1980, 1990 and 2000

ATO (years) HTO (cm) AH (cm) AG (cm)
Japan2000 8.1 125.4 171.1 45.7
Japan1990 8.3 126.3 170.5 44.2
Japan1980 8.3 125.1 169.8 44.6
Japan1970 8.7 126.0 167.5 41.5
Japan1960 9.1 124.4 1654 41.0
Japan1955 9.3 122.9 162.6 39.7
Difference 2000-1955 1.2 2.5 8.5 6.0

Based on the data from [39, 40], Satake (2012, personal communication)

the pattern of adolescent growth in a population needs some mathematical model-
ling. Among several models we preferentially use the Preece—Baines model [38] for
this purpose. The model explicitly calculates the height and age at take-off (HTO
and ATO) and age at peak height velocity (APHV) and thus provides two useful
parameters for estimating the state of maturation. The Preece—Baines model can be
applied to population data, and it is mathematically not very sophisticated.

Table 5.1 illustrates the forward displacement of ATO, the rise of HTO, the ado-
lescent growth and the adult height in six male Japanese growth surveys published
in 1955, 1960, 1970, 1980, 1990 and 2000. Japanese boys in 2000 spurt about 1 year
earlier than in 1955, and their adolescent growth is 6 cm larger than in 1955. The
table illustrates that the secular trend in height is both a trend in tempo and a trend
in amplitude.

The intermingling of tempo and amplitude often leads to misinterpretation when
analysing secular trends in populations. When depicting differences between average
height and a reference for height, for the same populations at different historic moments,
populations behave similar to individuals. Figure 5.4 exemplifies the differences
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between average height and the WHO standards/references for height [41] in modern
and historic Japanese children [39, 40] (Satake, 2012, personal communication). At all
ages, Japanese are shorter than WHO standards/references—Japanese differ in ampli-
tude at all ages. But the patterns also show that the historic cohorts steadily decline in
height compared with WHO height, with a downward peak at mid-adolescence and a
rise thereafter, and that the modern cohorts (though still shorter than the reference at all
ages) partially resemble the accelerated pattern in Fig. 5.2, with a characteristic peak in
height SDS at mid-adolescence. Modern children are taller and they mature faster. At
12 years, modern boys are taller and biologically older than their fathers at age 12. The

female body height difference (Japan - WHO)

= = Japan2000
5 — Japan1990
] Japan1980
§ Japan1970
a‘_g — Japan1960
-] —Japan1955

-16 =
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age (years)
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Fig. 5.4 Height difference between modern and historic Japanese children (Based on data from:
[39, 40], Satake (2012, personal communication); WHO standards/references [41])
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trend in tempo superimposes the trend in amplitude. The superimposition of the two
trends needs to be disentangled. This is important for the understanding of secular
changes in growth.

The rise in adult height observed in recent history is spectacular. Old World
Europeans increased in height by some 11-19 cm since the mid-nineteenth century
[42]. Interestingly this was different in Europeans who lived abroad. Late-nineteenth
century white US conscripts were already almost as tall as today [43]. White South
African males reached an average body height of near 172 cm at the turn of the
nineteenth to twentieth century, with no remarkable trend since [44]. European
Australians reached 175 cm at the beginning of the twentieth century [45]. The
discrepancy in growth of white Europeans born within and outside the European
continent strongly contrasts the notion that adult height is one of the most heritable
human phenotypes [46]. The data rather support the vision that adult height depends
on environmental cues.

This contradicts traditional concepts of growth as a target-seeking process [2].
Since decades, growth has been considered being regulated by genes, nutrition,
health and the state of an individual’s social and economic environment. Social,
economic and demographic history has produced multiple evidence for interactions
between living conditions, technology, economy and body height [43, 47]: optimal
conditions lead to marked improvements in the average height of populations; poor
populations are short. But this evidence appears to only hold true at the population
level. This concept fails to provide convincing explanations why the healthy and
well-nourished members of poor populations are also short. Well-nourished and
healthy people should be tall, but they are not when living among short and poor
people. Growth appears to seek its target at the community level. Tall stature com-
munities appear to generate tall people; short stature communities appear to gener-
ate short people. We named this the community effect in height [48-50].

At first view this idea appears bizarre, and it has already generated vivid debates. But
evidence has accumulated that social and psychological phenomena are directly
involved in the regulation of adult height. The pathomechanism of this regulation is still
far from being understood. But it appears that self-determination, autonomy, democracy
and happiness of the modern people tend to correlate with the recent trends in adoles-
cent growth (Fig. 5.4). At this moment it is too early for any conclusive statements, but
new evidence may provide more insights into the complex regulation of adolescent
growth and lead to a better understanding of the plasticity of adult height [49].
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