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Objectives: To reanalyze the between-population variance in height, weight, and body mass index (BMI), and to pro-
vide a globally applicable technique for generating synthetic growth reference charts.

Methods: Using a baseline set of 196 female and 197 male growth studies published since 1831, common factors of
height, weight, and BMI are extracted via Principal Components separately for height, weight, and BMI. Combining
information from single growth studies and the common factors using in principle a Bayesian rationale allows for provi-
sion of completed reference charts.

Results: The suggested approach can be used for generating synthetic growth reference charts with LMS values for
height, weight, and BMI, from birth to maturity, from any limited set of height and weight measurements of a given
population.

Conclusion: Generating synthetic growth reference charts by incorporating information from a large set of refer-
ence growth studies seems suitable for populations with no autochthonous references at hand yet. Am. J. Hum. Biol.
28:98–111, 2016. VC 2015 Wiley Periodicals, Inc.

INTRODUCTION

The world-wide variation in human growth is well
known (Eveleth and Tanner, 1990) and has scientifically
been documented since the first half of the 19th century
(Quetelet, 1869). Today shortest mean final height has
been measured in the Pygmy population of Congo with
some 136 cm for adult women and 144 cm for adult men
(Walker et al., 2006), tallest mean height was found in
young modern Dutch adults with some 171 cm for adult
females and 184 cm for adult males (Fredriks et al., 2000).
Differences between populations are obvious at all ages:
Indian children start into life with significantly less aver-
age birth weight (Subramanyam et al., 2010) than Euro-
pean newborns. Secular trends in height, weight, and
body mass index (BMI) have been documented in Euro-
pean countries, in the United States since the mid-19th
century, in the Southern Hemisphere and in all popula-
tions that underwent a significant socioeconomic transi-
tion (Webb et al., 2008). Variations in human growth have
been attributed to genetics, to nutrition and to health-
related and socioeconomic circumstances (Hermanussen,
2013). Growth even differs among populations and ethnic
groups that live in close vicinity within the same geo-
graphic area. Documenting child and adolescent growth
has led to a multitude of growth charts published since
the early 20th century. Meanwhile, these charts are uni-
versally used in public health care as pediatric decisions
on growth and failure to thrive are intricately intertwined
with such charts (Olsen, 2006). Figures 1 and 2 illustrate
the world-wide variation in height and BMI since 1831,
and Table 1 lists the growth studies used in this analysis.
Among males, modern Northern and Central Europeans
are tallest at all ages. Historic male Japanese and modern
boys from Papua New Guinea were the shortest. This is
similar in females. Modern European females are signifi-
cantly taller than modern East Asians.

Conversely, human growth curves show common char-
acteristics. During the first year of life, infants increase in

length by some 50% and almost triple in weight. There-
after, growth rates decrease during childhood and the
juvenile period (Bogin, 1999) with a minimum just before
the onset of puberty. Growth again accelerates with peak
height velocities roughly around the age of 11 years in
girls and 13 years in boys. Growth of the long bones termi-
nates at early adult age, whereas trunk growth may pro-
ceed into the middle of the third decade of life
(Hermanussen, 2013).

This led to the idea of globally applicable growth refer-
ences. At present, many countries that lack suitable refer-
ences for child and adolescent growth use international
(World Health Organization [WHO]) standards (http://
www.who.int/childgrowth/en/; http://www.who.int/growthref/
en/). The idea of growth standards goes back to recommenda-
tions of a Working Group on infant growth established by the
WHO, and may be justified for infants and very young chil-
dren who tend to grow similarly under modern affluent con-
ditions. But as Khadilkar and Khadilkar (2011) state: The
disadvantage of using charts such as these (WHO charts) is
that they are likely to over diagnose underweight and stunt-
ing in a large number of apparently normal children in the
developing countries such as India.

WHO standards were constructed from global samples,
they average information of children and adolescents
from various ethnic backgrounds, and consequently do
not reflect that different modern populations may differ in
mean values, standard deviations, and indicators of skew-
ness for height, weight, and BMI.
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Populations differ in height, weight, and BMI. As an
averaged single standard/reference can never account for
the diversity between populations a methodology has
been created to generate “synthetic” growth reference
charts (Hermanussen and Burmeister, 1999). The method
allows for amalgamating global patterns of human growth
with specific local information. The original method was
based on 50 studies of birth measurements, 14 studies on
early growth in height and weight, 40 male and 51 female
childhood and adolescent growth studies, and some recent
German, Japanese, and Czechoslovakian data, with alto-
gether more than 24 million measurements. In view of the
persistent need for national growth references as well as
references for particular ethnic groups, we now actualize
these previous approaches and further improve the meth-
odology of generating synthetic growth reference charts.

MATERIAL AND METHODS

The current lack of availability of updated local growth
reference charts led us to the following quest: to define
the most likely growth curve of a population for which
only a limited set of mean height, mean weight, or mean
BMI values, respectively, are available, allowing us to
construct “synthetic” references.

We propose an approach based on Principal Component
Analysis and the Likelihood principle for generating
“synthetic” references separately for height, weight, and
BMI for age of any population that lacks complete annual
data of these parameters. The method should be globally
applicable, and it should provide the most likely growth
curve separately for height, weight, and BMI for any
population.

We approach this task in two steps:

1. Based on a reference combination of longitudinal and
cross-sectional modern and historic growth studies
with data on height and weight, we obtained global
mean values and a limited number of Principal Com-
ponents that characterizes the variability of growth in
the reference combination.

2. This information is then used to derive estimates of
means at all ages based on only a limited set of mean
values (e.g., scattered measurements at school entry
age, at public health institutions, at military conscrip-
tion, etc.) obtained from a population of interest.

Under the assumption that limited sets of mean values
represent the true development over time of the popula-
tion of interest, we can apply a Bayesian rationale to find
that (synthetic) curve for this population, which best

Fig. 1. World-wide variation in mean values for height.
Fig. 2. World-wide variation in mean values for BMI.
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TABLE 1. List of growth studies

ar2009 Lejarraga H, del Pino M, Fano V, Caino S, Cole TJ. 2009. Arch Argent Pediatr 107:126–133.
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bg2010 Tomova A, Deepinder F, Robeva R, et al. 2010. Arch Pediatr Adolesc Med 164:1152–1157.
bg2011 Bulgarian Ministry of Health. 2011.
bo1975 Mueller WH, Murillo F, Palamino H, et al. 1980. Hum Biol 52(3):529–546.
br2010 Guedes DP, De Matos JA, Lopes VP, et al. 2010. Ann Hum Biol 37:574–584.
br2012 Silva S, Maia J, Claessens AL, et al. 2012. Ann Hum Biol 39:11–18.
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13:471–478.
ch1976 Prader A, Largo RH, Molinari L, et al. 1989. Helv Paediatr Acta 43(Suppl 52):1–125.
cn1954 Chao L. 1957. Chin Med J 75:1018–1023.
cn1965 Chang KSF, Marjorie, MC, Lee DW, et al. 1965. Far East Med J 1:101–109.
cn1975 Li H, Leung SSF, Lam PKW, et al. 1999. Ann Hum Biol 26:457–471.
cn1985 Li H, Leung SSF, Lam PKW, et al. 1999. Ann Hum Biol 26:457–471.
cn1995 Li H, Leung SSF, Lam PKW, et al. 1999. Ann Hum Biol 26:457–471.
cn2013 Zong XN, Li H. 2013. PLoS One. 8:e59569.
cr1969 Villarejos VM, Osborne JA, Payne FJ, et al. 1971. J Trop Pediatr 17(monogr. 12):31–43.
cs1951 Vignerov�a J, Bl�aha P. 1998. In: Bodzs�ar BE, Susanne C, editors. Secular growth changes in Europe. Budapest: E€otv€os University

Press. p 93–107.
cs1961 Vignerov�a J, Bl�aha P. Secular growth changes in Europe. In: Bodzs�ar BE, Susanne C, editors. Budapest: E€otv€os University Press.

p 93–107.
cs1981 Vignerov�a J, Bl�aha P. 1998. Secular growth changes in Europe. In: Bodzs�ar BE, Susanne C, editors. Budapest: E€otv€os University

Press. p 93–107.
cs1991 Vignerov�a J, Bl�aha P. 1998. Secular growth changes in Europe. In: Bodzs�ar BE, Susanne C, editors. Budapest: E€otv€os University

Press. p 93–107 and Vignerova J. 2001. Pers. commun.
cu1964 Laska-Mierzejewska T. 1970. Hum Biol 42:581–597.
cy2000 Savva SC, Kourides Y, Tornaritis M, et al. 2001. Obes Res 9:754–762.
cz2001 Vignerova J, Riedlova J, Blaha P, et al. 2006. 6th Nation-wide Anthropological Survey of Children and Adolescents 2001. Czech

Republic. Prague: PrF UK, SZU.
ddr1961 Sager G. 1987. Gegenbaurs Morphol Jahrb 133:203–215.
ddr1967 Oehmisch W. 1970. Deutsche Akademie f€ur €Arztliche Fortbildung, Berlin.
ddr1970 Oehmisch W. 1976. €Arztekalender der DDR. Volk u. Berlin: Gesundheit.
ddr1986 Fl€ugel B, Greil H, Sommer K. 1986. Anthropologischer Atlas. Trib€une. Berlin.
ddr1991 Greil H. 1997. Homo 48(1):33–53.
de1893 Pirquet C. 1913. Zeitschr Kinderheilkd O. VI:253–262.
de1933 Schlesinger E. 1930. Zschr Kinderhk 49:159–178.
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de1956 Vogt D. 1959. Arch Kinderhk 159:141–156.
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de1976 Engelhardt I. 1977. Normalmasse f€ur Kinder und Jugendliche im Alter von 4 bis 16 Jahren. Diss., Ulm.
de1979 Reinken L, Stolley H, Droese W, et al. 1979. Klin P€adiatr 191:556–565; Reinken L, Stolley H, Droese W, et al. 1980. Klin P€adiatr

192:25–33; and Reinken L, Oost Gv. 1992. Klin P€adiatr 204:129–133.
de1997 Hesse V, Jaeger U, Vogel H, et al. 1997. Sozialp€adiatrie 20–22 and Hesse V, Bartezky R, Jaeger U, et al. 1999. Sozialp€adiatrie

542–553.
de2001 Kromeyer-Hauschild K, Wabitsch M, Kunze D, et al. 2001. Monatsschr Kinderheilkd 149:807–818.
de2004 Schwandt P, Kelishadi R, Haas GM. 2008. World J Pediatr 4:259–266 and Haas GM, Liepold E, Schwandt P. 2011. World J Pediatr

7:16–23.
de2009 Wabitsch M, Mo A, Hauner H, Kromeyer-Hauschild K, et al. 2009. Therapie der Adipositas im Kindes und Jugendalter.
de2011 Schaffrath Rosario A, Schienkiewitz A, Neuhauser H. 2011. Ann Hum Biol 38:121–130.
dk1977 Andersen E, Hutchings B, Jansen J, et al. 1982. Ugeskrift for Laeger 144:1760–1765.
dk2010 Nielsen AM, Olsen EM, Juul A. 2010. Act Paediatr 99:268–278.
ee1996 Gr€unberg H, Adojaan B, Thetloff M. 1998. Kasvamine ja kasvuh€aired. Metoodiline juhend laste f€u€usilise arengu hindamiseks.

Tartu €Ulikool.
es1952 Muro A, Acena A, Vivanco F. 1954. Rev Clin Esp 53:360–363.
es1985 Hern�andez M, Castellet J, Narva�ıza Jl, et al. 1988. Curvas y tablas de crecimento. Fundaci�on F. Orbegozo., Bilbao.
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TABLE 1. Continued
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represents the compromise that considers both the limited
set of height, weight, or BMI values of our population of
interest, and the global patterns of height, weight, or BMI
obtained from the Principal Component Analysis. The
new synthetically generated curves describe mean values
for height, weight, and BMI from 0 to 18 years. Centiles
can be added based on lists of heuristic standard devia-
tions for height, and lists of L and S for weight and BMI
(Hermanussen, 2013).

Step 1: Finding Principal Components.
The database for the suggested approach is constructed

as follows. From some 2,000 growth studies originally
obtained from various libraries and the author’s personal
archives, we selected 196 female and 197 male longitudi-
nal and cross-sectional studies with data on height from
53 countries since 1831 (Table 1) according to the follow-
ing criteria:

1. Data on mean height available from at least seven
consecutive annual age groups up to the age of at
least 16 years (girls), and 17 years (boys); a time span
of 7 years was considered long enough for an appro-
priate estimate of a population’s growth curve.

2. Average number of participants per age cohort>20.
3. Representative samples; cohorts of school children

from one particular school type, small war, or immedi-
ate post-war cohorts, and cohorts with no distinction
between the sexes were excluded from the analysis.

4. Plausible patterns of mean height increments; studies
presenting cohorts where mean height between subse-
quent annual cohorts decreased,or studies with unex-
plained large positive height increments in subsequent
annual cohorts were rejected.

Studies with data on weight were selected using the
same criteria. The weight studies were a subset of the
height studies as all studies selected for data on weight
also contained data on height. Eighty seven female and
eighty nine male studies were selected for weight
analysis.

Most historic growth studies only provide means of
height and weight, but lack BMI. In order not to lose the
historic studies for analysis, we estimated crude approxi-
mations of the mean BMI as the mean weight divided by
the square of the mean height. Noting that the probability
limit of this approximation meets the true value, we used
48 male and 24 female growth studies in which mean
height and weight for age, and mean BMI for age was
available to highlight the accuracy of this approximation.
The differences between real and approximate mean val-
ues of BMI are 0.04 (SD 0.24) for both sexes, the differen-

ces are symmetrically distributed and do not depend on
age (Fig. 3).

In spite of the criteria mentioned, the present selection
of 196 female and 197 male height studies still markedly
differed in design, apparent quality of execution, and sam-
ple size. Yet, we deliberately refrained from establishing
more criteria than those mentioned. Otherwise, we might
have lost much of the historic information. Instead, we
decided to upweight large studies by doubling the 47 stud-
ies with more than 100 subjects per age cohort. Each of
the large studies was then counted as two studies in the
following analysis. As the incremental patterns of the
mean values for height and weight were less irregular in
the large studies, upweighting the large studies slightly
reduced the mean variance, but did not significantly alter
the outcome of the Principal Component Analysis. For
reasons of plausibility, we kept the doublings of the 47
large studies for further analysis to better represent the
numerical priority of these studies.

A recurring limitation observed frequently and not lim-
ited to historical cohorts is lacking information about the
whole age range from birth to maturity. Several studies
lack data at birth and during infancy, others end before
maturity was reached, or lack certain age groups. To uti-
lize as much information as possible and make the data-
base accessible for Principal Component Analysis, we
decided to impute missing data (Buuren, 2012), rather
than to exclude incomplete datasets in order to maintain

TABLE 1. Continued
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Fig. 3. Difference between observed and approximate BMI.
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important information from many historic studies and
most studies from developing countries. We imputed
1,294 data points (means) in the height matrix of the male
and 1,322 data points in the height matrix of the female
studies, resulting in 196 female and 197 male full matri-
ces with a total of 9,039 height data points, and 4,048
data points on weight and BMI at 0-0.25-0.5-0.75-1.0-1.5-
2-3-4-5-6-7-8-9-10-11-12-13-14-15-16-17-18 years of age.
To check adequacy of imputation and point at characteris-
tics of the used datasets, mean values for height of all
studies (only age 2–18 years) underwent Preece–Baines
modeling (Preece and Baines, 1978). Although several
other techniques exist to model growth from birth to
maturity (e.g., Hauspie and Molinari, 2004, and the JPA2
model, Jolicoeur et al., 1992), the Preece–Baines modeling
was chosen on purpose for its robustness. The model
offers five parameters that can be used to derive age and
height at “take-off” (minimum in growth velocity at the
end of the juvenile period); age and height at adolescent
“peak height velocity “(age at maximum pubertal growth
velocity); and it provides an estimate of final height. The
model implies an adolescent growth spurt and fails in
growth data that lack an apparent adolescent growth
spurt. Adolescent growth is defined as that increase in
height that takes place after the age at take-off. As Pre-
ece–Baines modeling identifies the age at which adoles-
cents grow at peak height velocity, the model was used to
characterize tempo differences between studies.

Thereafter, to characterize global factors Principal
Component Analysis was applied to the mean values for
each of the six reference combinations arising from com-
bining gender with height, weight, and BMI, where each
of the reference combinations contains Sr, r ¼ 1; . . . ; 6 ref-
erence studies. Given this, mean values of reference com-
bination r at time t where characterized as

mr tð Þ ¼ iSr
br tð Þ1 arCr tð Þ1 er tð Þ; t ¼ 1; . . . ;K;

where mr tð Þ denotes the Sr 3 1 vector of mean values for
reference combination r at time t, iSr

denotes a Sr 3 1 vec-
tor of ones, br tð Þ denotes the global mean value of the Sr

studies in reference combination r at time t, ar denotes
the Sr 3 K matrix of loading parameters often also
referred to as scores, Cr tð Þ the K 3 1 vector of factor or
component values at time t, and er tð Þ is an Sr 3 1 vector of
errors assumed to be normally, independently, and identi-
cally distributed with mean zero and covariance matrix
Rr ¼ diag r2

r tð Þ; . . . ;r2
r tð Þ

� �
. The aim of the Principal Com-

ponent Analysis is to obtain loadings of components that
are uncorrelated. Analysis of the 23 age groups from birth
to maturity results in K ¼ 23 components, but the full
spectrum of all 23 components was not needed. When
restricting the maximum number of components K to five,
we were still able to explain 98.4% of the between-study
variance in mean height, 99.2% of this variance in mean
weight, and 93% (females) and 94% (males) of this var-
iance in mean BMI. The obtained global mean values for
height, weight, and BMI, together with the five factors for
each reference combination and the residual variances at
each of the 23 time points, are displayed in Tables (2–4),
respectively. Together with the global mean values for
each reference combination, the components define a
growth model that describes growth from birth to
maturity.

Step 2: Characterizing the most likely growth curve for
the population of interest.

The global factors of annual mean values for height,
weight, and BMI and the information about the distribu-
tion of these factors can now be used to address a different
goal. Given an arbitrary set of mean values for a particu-
lar new population of interest we ask: How can we charac-
terize the most likely growth curve for this group? Given
that the new population can be linked to one of the consid-
ered reference combinations, the true—but unknown—
mean population growth curve for this new population
takes the form

mnew ¼ br 1 anew Cr 1 enew;

where mnew denotes the vector of mean values observed
for this new population not necessarily covering all 23
considered time points, br the corresponding set of global
means, anew the population specific vector of loadings, and
Cr the corresponding matrix of five factors matching the
observed time points for this population. Further, the vec-
tor of errors enew is assumed to be normally, independ-
ently, and identically distributed with mean zero and
variance Rr;new. Rr;new has diagonal structure and collects
on the main diagonal all variances r2

r tð Þ for the observed
time points. A valid prediction for unobserved mean val-
ues for this population at time t can be based on

mpred
new tð Þ ¼ br tð Þ1 anewCr tð Þ;

and thus requires knowledge of the population specific
vector of loadings anew. To obtain an estimate for anew; we
use a Bayesian rationale. As we assume that the new pop-
ulation is similar to those included in the pool of reference
studies, we assume a multivariate normal prior distribu-
tion for anew with expected value given as the mean of the
loadings matrix ar, which by properties of the loadings is
zero, and empirical covariance matrix of the estimated
loadings matrix V�ar

, that is, V�ar
¼ 1

Sr

PSr

p¼1 a
0
p;rap;r, with

ap;r denoting a row vector of the loading matrix ar, which
by properties of the loadings has diagonal structure, see
Table 5. This results in

anew � N 0;V�ar
ð Þ:

As the likelihood for the mean values of the new popula-
tion observed at grid of time points �t denoted as mnew �tð Þ
takes the form of a normal distribution, with the mean
given as br

�tð Þ1 anewCr �tð Þ, where br
�tð Þ denotes the vector

of global mean values corresponding to observed time
points �t, and the covariance given as Rr �tð Þ, anew has then
a posteriori a normal distribution given as

anew � N

 
Cr

�tð Þ
0
Rr

�tð Þ21
Cr

�tð Þ
� �21

1V-1
�ar

� �21

Cr
�tð Þ
0
Rr

�tð Þ21
mnew

�tð Þ
� �

; Cr
�tð Þ
0
Rr

�tð Þ21
Cr

�tð Þ
� �21

1V-1
�ar

� �21
!
:

Using the expected mean value of this distribution pro-
vides the best predictions incorporating both, knowledge
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on study-specific partially observed mean values and
knowledge on growth in the set of reference studies. These
loading parameters then characterize the best, that is, a
posteriori most likely, mean growth curves, which can be
used to construct complete reference charts.

To result in LMS (refers to a statistical method (Cole
and Green, 1992) to describe growth reference curves; M,
stands for mean; S, stands for a scaling parameter; L,
stands for the Box-Cox power) type reference, the above
approach can be extended. It is then not only performed
for mean values (M), but also for reported standard devia-
tions (S) and reported skewness parameters (L). Having
characterizations then on mean LMS parameters, these
can be transformed via

z ¼
y
M

� �L
21

LS

into z-Scores and assuming normality into corresponding
reference quantile charts (Hermanussen et al., 2012).
Height can be considered normally distributed, but not
weight and BMI. Yet very few studies report on weight
and BMI skewness. As published earlier (Hermanussen
et al., 2012), one can therefore utilize heuristic reasonable
values for S and L in weight and BMI.

As the study is based on meta-analyzing published data
on mean values of height, weight, and BMI, approval of
an institutional ethics committee is not necessary.

TABLE 2. Global means (cm), Principal Components (cm), and time-specific residual variances of height

Females

Age Mean height C
1ð Þ

1 C
2ð Þ

1 C
3ð Þ

1 C
4ð Þ

1 C
5ð Þ

1 r2
1

0 49.99 0.18 0.25 20.37 20.14 20.32 0.25
0.25 59.96 20.11 0.50 0.03 20.63 20.44 0.46
0.5 66.31 0.34 0.57 20.42 20.48 20.38 0.13
0.75 70.59 0.63 0.62 20.56 20.53 20.28 0.15
1 74.26 0.98 0.83 20.57 20.66 20.21 0.12
1.5 80.23 1.59 0.85 20.65 20.49 0.11 0.17
2 85.48 2.11 0.97 20.78 20.20 0.26 0.28
3 93.91 2.59 0.88 20.78 0.33 0.45 0.43
4 101.29 2.87 1.13 20.96 0.31 0.37 0.33
5 107.79 3.35 0.79 20.49 0.45 20.01 0.35
6 114.10 3.68 0.64 20.22 0.65 20.13 0.37
7 119.98 3.95 0.57 20.08 0.45 20.54 0.40
8 125.42 4.13 0.28 0.25 0.34 20.33 0.29
9 130.72 4.39 0.27 0.47 0.21 20.34 0.33
10 136.36 4.61 0.44 0.77 0.08 20.29 0.33
11 142.33 5.03 0.67 0.99 20.17 0.02 0.37
12 148.39 5.42 0.50 1.03 20.32 0.20 0.23
13 153.65 5.50 20.02 0.65 20.35 0.45 0.26
14 157.31 5.18 20.59 0.13 20.34 0.37 0.26
15 159.35 4.87 21.04 20.29 20.25 0.17 0.33
16 160.43 4.61 21.35 20.54 20.13 20.06 0.25
17 160.99 4.50 21.46 20.66 20.05 20.12 0.25
18 161.36 4.35 21.60 20.74 0.11 20.28 0.27

Males

Age Mean height C
1ð Þ

2 C
2ð Þ

2 C
3ð Þ

2 C
4ð Þ

2 C
5ð Þ

2 r2
2

0 50.46 0.34 0.39 20.17 0.02 0.23 0.37
0.25 61.11 0.29 0.67 20.03 0.79 0.58 0.33
0.5 67.60 0.81 0.98 20.18 0.55 0.42 0.25
0.75 71.86 1.17 0.82 20.25 0.31 0.36 0.14
1 75.52 1.35 1.02 20.20 0.37 0.33 0.32
1.5 81.35 1.82 1.29 20.18 0.42 0.11 0.30
2 86.42 2.25 1.47 20.20 0.29 20.04 0.40
3 94.98 2.62 1.39 20.06 20.26 20.38 0.41
4 101.97 2.98 1.20 20.21 20.35 20.46 0.43
5 108.53 3.27 1.07 20.11 20.49 20.38 0.49
6 114.81 3.66 0.68 0.08 20.78 20.21 0.36
7 120.62 4.13 0.21 0.10 20.86 0.16 0.44
8 126.10 4.52 0.00 0.15 20.63 0.39 0.31
9 131.37 4.77 20.07 0.21 20.53 0.38 0.46
10 136.34 5.02 20.17 0.27 20.43 0.37 0.42
11 141.31 5.13 20.27 0.41 20.28 0.32 0.42
12 146.65 5.63 20.34 0.74 0.01 0.22 0.42
13 152.91 6.20 20.25 1.01 0.37 0.01 0.38
14 159.72 6.67 20.33 1.03 0.70 20.30 0.25
15 165.67 6.83 20.34 0.18 0.77 20.43 0.43
16 169.72 6.47 20.48 20.75 0.51 20.35 0.29
17 171.92 6.09 20.75 21.32 0.14 20.03 0.21
18 173.11 5.74 20.85 21.52 20.13 0.21 0.39

The first five Principal Components explain 98.4% of the height variation in the females and 98.7% of the height variation in the males.
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RESULTS

Variability in growth studies

We found substantial differences between the studies.
Figures 1 and 2 illustrate values for mean heights and
mean BMIs of all studies. Mean height varies most
around 15 years of age in males with a maximum
between-study standard deviation of 7.52 cm, and around
12 and 13 years of age in females with a maximum
between-study standard deviation of 6.06 cm.

Historic trends are more obvious when comparing stud-
ies from the same ethnic background. Figures 4 and 5
exemplify height of the German population in 15 male
and 15 female studies since 1893 and height of the Japa-

nese population in 12 male and 12 female studies since
1945. The figures depict the absolute differences in mean
height between the national studies and the average
global height curve. Historic cohorts are shorter and
mature later than modern cohorts. This is particularly
evident at mid-adolescence when the delay in tempo maxi-
mally contributes to the shortness observed in the historic
cohorts. The figures indicate that also modern Japanese
infants and young children tend to increase less in mean
height than the average global curve suggests.

Preece–Baines modeling was used to highlight differen-
ces in developmental tempo, and appeared successful in
most growth studies when applied for age 2–18 years.
Modeling failed in female Australian aborigines (Table 1:

TABLE 3. Global means (kg), Principal Components (kg), and time-specific residual variances of weight

Females

Age Mean weight C
1ð Þ

3 C
2ð Þ

3 C
3ð Þ

3 C
4ð Þ

3 C
5ð Þ

3 r2
3

0 3.25 0.09 20.05 0.01 20.05 0.00 0.01
0.25 5.71 20.09 0.11 20.02 0.01 0.03 0.05
0.5 7.39 0.08 0.01 20.04 20.06 20.06 0.05
0.75 8.47 0.26 20.06 0.01 20.16 20.05 0.03
1 9.33 0.48 20.15 0.03 20.23 20.10 0.03
1.5 10.66 0.63 20.17 0.01 20.30 20.16 0.03
2 11.82 0.71 20.14 0.00 20.32 20.17 0.03
3 13.93 0.85 20.11 20.02 20.36 20.15 0.05
4 15.94 1.03 20.07 20.08 20.36 20.15 0.06
5 17.95 1.32 20.01 20.10 20.37 20.10 0.05
6 20.09 1.59 0.03 20.18 20.38 20.03 0.04
7 22.54 1.87 0.05 20.27 20.34 0.07 0.06
8 25.16 2.22 0.20 20.40 20.22 0.19 0.06
9 28.03 2.60 0.37 20.52 20.05 0.14 0.11
10 31.37 3.03 0.64 20.46 0.05 0.17 0.11
11 35.28 3.52 1.05 20.37 0.19 0.11 0.07
12 40.00 4.10 1.22 0.05 0.34 20.34 0.10
13 44.86 4.46 0.95 0.34 0.11 20.24 0.04
14 48.86 4.54 0.38 0.48 20.15 0.08 0.14
15 51.65 4.53 20.34 0.61 20.19 0.26 0.09
16 53.56 4.37 20.89 0.33 0.08 0.18 0.11
17 54.68 4.17 21.34 20.11 0.27 20.01 0.04
18 55.44 3.84 21.76 20.44 0.25 20.24 0.12

Males

Age Mean weight C
1ð Þ

4 C
2ð Þ

4 C
3ð Þ

4 C
4ð Þ

4 C
5ð Þ

4 r2
4

0 3.37 0.09 20.06 20.01 20.08 0.00 0.01
0.25 6.14 0.08 0.22 0.02 0.04 0.01 0.10
0.5 7.89 0.25 0.07 20.05 20.06 0.01 0.06
0.75 9.02 0.41 20.07 20.10 20.13 0.02 0.07
1 9.89 0.56 20.16 20.11 20.21 0.01 0.05
1.5 11.19 0.72 20.23 20.14 20.29 20.05 0.03
2 12.32 0.80 20.27 20.13 20.33 20.10 0.04
3 14.41 0.91 20.18 20.21 20.38 20.10 0.06
4 16.38 1.06 20.20 20.20 20.39 20.07 0.04
5 18.36 1.27 20.18 20.22 20.37 20.03 0.06
6 20.52 1.47 20.13 20.36 20.31 0.03 0.05
7 22.96 1.81 20.10 20.50 20.24 0.05 0.05
8 25.60 2.23 0.00 20.55 20.13 0.10 0.04
9 28.42 2.65 0.12 20.60 20.02 0.20 0.06
10 31.50 3.14 0.31 20.60 0.09 0.17 0.05
11 34.79 3.64 0.69 20.60 0.34 0.15 0.16
12 38.67 4.22 0.89 20.43 0.23 20.04 0.06
13 43.53 4.93 1.22 0.01 0.05 20.15 0.12
14 49.14 5.74 1.22 0.50 20.14 20.43 0.06
15 54.69 6.22 0.41 0.67 20.22 0.11 0.14
16 59.27 6.39 20.52 0.65 20.12 0.44 0.08
17 62.38 6.39 21.15 0.22 0.23 0.23 0.08
18 64.51 6.06 21.81 20.25 0.30 20.52 0.03

The first five Principal Components explain 99.2% of the weight variation in the females and 99.4% of the weight variation in the males.
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au1963), Punjabi girls and boys in 1992 (Table 1: in1992),
a Tamil population in 2000 (Table 1: in2000), girls from
Peru in 1966 (Table 1: pe1966), a war cohort of Slovenian
girls from 1940 (Table 1: si1940), US females from 1864

(Table 1: usa1864), and a male study in 1870 from Bel-
gium (Table 1: be1870) because it was unable to detect the
adolescent growth spurt. We did not use these studies for
analyzing developmental tempo. We also refrained from

TABLE 4. Global means (kg/m2), Principal Components (kg/m2), and time-specific residual variances of BMI

Females

Age Mean BMI C
1ð Þ

5 C
2ð Þ

5 C
3ð Þ

5 C
4ð Þ

5 C
5ð Þ

5 r2
5

0 13.03 0.13 20.21 20.01 0.02 20.11 0.19
0.25 15.94 20.23 0.04 0.77 0.02 0.07 0.03
0.5 16.85 20.02 20.22 0.42 20.03 0.00 0.04
0.75 17.04 0.14 20.38 0.22 20.16 20.14 0.03
1 16.94 0.38 20.55 20.02 20.17 20.18 0.04
1.5 16.55 0.35 20.52 20.10 20.11 20.04 0.04
2 16.18 0.25 20.43 20.06 20.06 0.05 0.04
3 15.78 0.23 20.29 20.02 20.03 0.08 0.08
4 15.52 0.29 20.20 20.03 20.03 0.13 0.06
5 15.34 0.40 20.15 20.04 20.02 0.13 0.05
6 15.33 0.48 20.09 20.01 20.06 0.17 0.03
7 15.50 0.54 20.04 0.00 20.08 0.16 0.02
8 15.80 0.65 0.02 0.01 20.09 0.19 0.03
9 16.17 0.74 0.06 0.00 20.10 0.19 0.04
10 16.66 0.83 0.13 0.03 20.13 0.10 0.03
11 17.20 0.85 0.23 0.05 20.18 0.03 0.03
12 17.94 0.91 0.28 0.03 20.17 20.08 0.05
13 18.73 0.91 0.25 0.02 20.12 20.12 0.03
14 19.46 0.88 0.18 0.03 0.00 20.19 0.03
15 20.05 0.85 0.06 0.06 0.10 20.21 0.03
16 20.52 0.82 0.00 0.03 0.25 20.14 0.02
17 20.85 0.78 20.10 0.04 0.38 0.01 0.01
18 21.05 0.72 20.20 0.00 0.45 0.14 0.03

Males

Age Mean BMI C
1ð Þ

6 C
2ð Þ

6 C
3ð Þ

6 C
4ð Þ

6 C
5ð Þ

6 r2
6

0 13.23 0.07 20.21 20.00 20.26 0.06 0.20
0.25 16.43 0.03 0.67 0.73 20.11 20.11 0.03
0.5 17.28 0.18 0.06 0.66 20.04 20.01 0.05
0.75 17.43 0.32 20.23 0.52 20.09 0.07 0.04
1 17.29 0.39 20.46 0.25 20.11 0.19 0.03
1.5 16.83 0.36 20.54 0.13 20.04 0.11 0.03
2 16.42 0.28 20.45 0.11 0.01 20.04 0.08
3 15.96 0.32 20.31 0.13 0.03 20.05 0.03
4 15.68 0.32 20.22 0.12 0.08 20.13 0.05
5 15.47 0.36 20.21 0.10 0.09 20.11 0.03
6 15.46 0.42 20.14 0.10 0.14 20.10 0.05
7 15.61 0.50 20.09 0.12 0.17 20.07 0.03
8 15.87 0.61 20.06 0.07 0.17 20.03 0.02
9 16.22 0.73 0.01 0.05 0.18 0.02 0.03
10 16.67 0.85 0.08 0.04 0.18 0.04 0.02
11 17.14 0.93 0.20 20.01 0.16 0.10 0.03
12 17.68 0.96 0.19 20.03 0.15 0.09 0.02
13 18.30 0.97 0.23 20.05 0.00 0.14 0.03
14 18.96 0.99 0.19 20.14 20.13 0.16 0.04
15 19.63 0.98 0.16 20.13 20.16 0.01 0.03
16 20.29 1.00 0.05 20.14 20.22 20.05 0.03
17 20.79 1.01 0.01 20.18 20.17 20.14 0.04
18 21.22 1.00 20.13 20.14 20.10 20.29 0.07

The first five Principal Components explain 92.8% of the BMI variation in the females and 94% of the BMI variation in the males.

TABLE 5. Diagonal elements of empirical covariance of estimated loadings

Female height Male height Female weight Male weight Female BMI Male BMI

C 1ð Þ 17.1222 17.9741 17.4873 18.6279 13.4400 14.2268
C 2ð Þ 3.0430 2.2502 4.0340 1.5788 3.5117 3.3145
C 3ð Þ 0.7302 0.8953 0.3312 1.0159 1.7850 2.0724
C 4ð Þ 0.6681 0.8512 0.3107 0.3302 0.9198 0.9633
C 5ð Þ 0.5646 0.2170 0.2256 0.2649 0.8113 0.7492
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studies in whom modeled final height differed from meas-
ured final height by more than 3 cm, leaving 187 female
and 187 male height studies for this analysis.

East Asians mature at faster tempo than Europeans,
Mediterranean populations mature at a faster pace than
Northern Europeans. To better quantify changes in devel-
opmental tempo, we correlated age at take-off and historic
date in 12 male and 12 female national studies from
Japan, 15 male and female national studies from Ger-
many, and 13 male and female studies from the United
States. In each of these three countries, the developmen-
tal tempo has increased throughout history. Male Japa-
nese increased in tempo by approximately 1 week per
year (r 5 20.63, P< 0.01), so did the male Germans
(r 5 20.59, P< 0.01) and the male US Americans
(r 5 20.74, P< 0.01). Also, females increased in tempo by
approximately 1 week per year in Japan (r 5 20.86,
P< 0.01), in Germany (r 5 20.67, P< 0.01), and in the
United States (r 5 20.60, P< 0.01).

The difference between height at take-off and final
height has increased too. In male Japanese, adolescent
growth increased by 0.6 mm per year (r 5 0.58, P< 0.01),
in male Germans by 1.2 mm per year (r 5 0.77, P< 0.01),
and in male US Americans by 0.5 mm per year (r 5 0.54,
P< 0.01). Smaller increases in adolescent growth were
observed in females, but due to smaller numbers this
increase did not reach statistical significance in all cases.
In males, adolescent growth contributed to some 60% of

the secular trend in height (P< 0.01) in Germans, and to
some 40–50% (P< 0.01) in Japanese and US Americans.
This was similar in the females, although the trend
reached significance only in Japanese and US American
females (P< 0.01).

Similarity in growth studies

Human height, weight, and BMI curves show common
traits that can be described by Principal Component Anal-
ysis. Tables (2–4) show the variation for each age cohort
that is due to each of the five Principal Components. Table
6 summarizes the cumulative proportion of variance that
is explained by the first five Principal Components. Five
components explain 98.4% of the between-study variance
in mean height, 99.2% of this variance in mean weight,
and 93% (females) and 94% (males) of this variance in
mean BMI. Note that Component 1 is characterized by an
almost linear increase in height and weight up to mid-
adolescence indicating that the main source of variance is
simply tallness/shortness and heaviness/lightness at all
age; that is, populations that are tall and heavy early in
life will end up being tall and heavy, and vice versa. Com-
ponents 2 and 3 explain variance that is located in early
life and during adolescence. The contribution of all higher
components is very small.

Also, the age-dependent patterns of the within-study
standard deviations of height, weight, and BMI show com-
mon traits. Within-study standard deviations steadily
increase from birth to mid-adolescence, and slightly

Fig. 4. Growth of Japanese and German girls. The figures depict
the absolute differences in mean height between 12 Japanese growth
studies since 1945 and 15 German growth studies since 1893, and the
average global height curve.

Fig. 5. Growth of Japanese and German boys.
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decrease thereafter. Yet, the within-study standard devia-
tions, and also the within-study measures of skewness of
weight and BMI, differ very little between the studies. We
therefore decided to ignore between-study differences in
variation and skewness, and for the further analysis,
rather used heuristic L and heuristic S for height, weight,
and BMI as published previously (Hermanussen, 2013)
(data not shown in detail).

Figure 6 and Table 7 exemplify this approach. The
upper part of Figure 6 depicts absolute differences in
mean height in a very heterogeneous group of 14 male
studies (WHO reference, three modern European, three
modern Asian, three post-World-War II, two early 20th
century, and two 19th century studies), and the average
global height curve. The differences are large as the stud-
ies differ substantially. When assuming that height at cer-
tain age groups is known, we can generate synthetic
growth curves for each of these studies. When starting
with only two age groups (e.g., age 7 and 18), the differen-
ces in mean height between the 14 synthetic curves and
the average global height curve already declines mark-
edly (center part of Fig. 6) with average residuals of
0.92 cm. The residuals further shrink when more age
groups are used. When using five age groups (e.g., at age
3, 7, 14, 16, and 18 years) the residuals decline to 0.45 cm.
The table 7 also shows that the residuals in modern stud-
ies tend to be generally smaller than residuals in historic
studies.

DISCUSSION

The world-wide variation in human growth (Eveleth
and Tanner, 1990) has scientifically been documented
since the first half of the 19th century (Quetelet, 1869)
and been attributed to genetic, nutritional, health-
related, and socioeconomic circumstances (Hermanussen,
2013). Growth references are being published at irregular
intervals in most developed countries. Trends in height,
weight, and BMI have since been documented particu-
larly in populations that undergo socioeconomic transition
(Webb, 2008) indicating that growth references tend to be
limited to specific populations within specific historic peri-
ods. Growth references should be renewed once every 10
years (Vignerov�a and Bl�aha, 1998).

We reanalyzed 197 male and 196 female historic and
modern growth studies performed since 1831. All studies
underwent Preece–Baines modeling for height (Preece
and Baines, 1978). Preece–Baines modeling is particu-
larly suitable for modeling age and height at take-off, age
and height at peak height velocity, and thus for modeling
the adolescent portion of the human growth curve. The
model can be applied for individual series of longitudinal
data and for population-derived cross-sectional data

(Zemel and Johnston, 1994). The present data confirm
current knowledge that developmental tempo differs
between populations. East Asians mature at faster tempo
than Europeans, Mediterranean populations mature
faster than Northern Europeans. Modern populations
tend to grow at a faster pace than historic populations
and they show proportionally more adolescent growth
(Hermanussen, 1997). The marked between-study vari-
ability in height and tempo has always led to significant
uncertainty about which growth chart is the right chart to
use (Radcliffe et al., 2007).

Yet, human growth shows common characteristics. We
previously meta-analyzed body height, and the variation of
body height in 40 male and 51 female growth studies, from
14 European countries and the United States, including
the 1992 German birth cohort with more than 500,000
measurements of newborns, 10,000 measurements of
2-year old German children, more than 500,000 measure-
ments of German school children, and six large growth

TABLE 6. Cumulative proportion (%) of explained variance of the first
five Principal Components

C 1ð Þ C 2ð Þ C 3ð Þ C 4ð Þ C 5ð Þ

Females Height 90.0 94.5 96.9 97.8 98.4
Weight 91.7 97.1 98.1 98.9 99.2
BMI 66.5 78.2 85.0 89.8 92.8

Males Height 92.3 95.3 97.0 98.2 98.7
Weight 94.2 97.5 98.6 99.1 99.4
BMI 68.3 79.3 89.2 92.1 94.0

Fig. 6. Residuals in height (cm) in 14 male growth studies (WHO
reference, three modern European, three modern Asian, three post-
World-War II, two early 20th century, and two 19th century studies).
Upper part: Absolute differences in height between the 14 studies
and the average global height curve. Center part: Residuals in height
of synthetic growth references when two age groups (at age 7 and 18)
are known. Lower part: Residuals in height of synthetic growth refer-
ences when five age groups (at age 3, 7, 14, 16, and 18) are known
(Table 6).
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surveys of Japan, and Czechoslovakia, with altogether
more than 24,000,000 measurements (Hermanussen and
Burmeister, 1999). We found a rigid pattern of cross-
sectional body stature increment between birth and early
adulthood that could be expressed by age-specific linear
regression coefficients. We were able to use these linear
regression coefficients for generating synthetic references
for height, body weight, and BMI.

The method is still valid and currently used for harmo-
nizing growth reference charts. Harmonizing references
converts historic and=or incomplete local or national
growth references into a unified interchangeable LMS for-
mat (Cole and Green, 1992). Harmonizing facilitates pro-
ducing growth references “on demand,” for limited
regional purposes, for ethnically, socioeconomically or
politically defined minorities such as German-born Turk-
ish children and adolescents (Redlefsen et al., 2007), but
also for matching geographically different groups of chil-
dren and adolescents for international growth and regis-
try studies (Hermanussen et al., 2012). Synthetic growth
references generated by the previous technology are
implicated into a large German medical competence net-
work (Keller et al., 2000) and show excellent cost-benefit
and a significantly better statistical agreement with the
respective populations of interest than WHO references
as recently exemplified by the national 2000–2002 Lithua-
nian reference (Hermanussen et al., 2010). Synthetic
growth references can be used for plausibility checks in
small datasets of populations for which height and weight
references do not exist, for example, modern Maya (Bogin,
personal communication, 2014), migrants, and ethnic
minorities that have recently moved into the large urban
centres of Europe (Kirchengast, personal communication,
2014).

Although the previous method is practical and has
widely been used (Hermanussen et al., 2010; Keller
et al., 2000), it lacks a proper definition of accuracy. We,
therefore, decided to significantly extend the former set
of data—we gathered a global set of 393 growth studies
from 53 countries published since 1831—and to apply dif-
ferent statistical tools. We used imputation (Buuren,
2012) to fully utilize all information available in the

global set of data, and instead of using linear correla-
tions, we applied Principal Component Analysis (Bron-
stein and Semendjajew, 1991). Principal Component
Analysis has been used in previous work describing indi-
vidual growth (Hermanussen and Meigen, 2007) and has
been found suitable not only to model growth, but also to
assess a technical error of each of the modeled curves.
We now combined Principal Component Analysis and a
Bayesian rationale and instead of modeling individual
growth, we now used this approach for modeling popula-
tion growth.

The new methodology is applicable to any limited set of
height and weight measurements of a given population; it
generates a synthetic growth reference chart with LMS
values from birth to maturity. Each synthetic chart is a
compromise integrating (1) specific local information on
height and weight and (2) the information about the
global pattern of human growth provided by the Principal
Components.
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