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Background: Human growth is traditionally envisaged as 
a target-seeking process regulated by genes, nutrition, health, 
and the state of an individual’s social and economic environ-
ment; it is believed that under optimal physical conditions, an 
individual will achieve his or her full genetic potential.
Methods: Using a panel data set on individual height incre-
ments, we suggest a statistical modeling approach that char-
acterizes growth as first-order trend stationary and allows for 
controlling individual growth tempo via observable measures 
of individual maturity. A Bayesian framework and correspond-
ing Markov-chain Monte Carlo techniques allowing for a con-
ceptually stringent treatment of missing values are adapted for 
parameter estimation.
results: The model provides evidence for the adjustment 
of the individual growth rate toward average height of the 
population.
conclusion: The increase in adult body height during the 
past 150 y has been explained by the steady improvement 
of living conditions that are now being considered to have 
reached an optimum in Western societies. The current inves-
tigation questions the notion that the traditional concept in 
the understanding of this target-seeking process is sufficient. 
We consider an additional regulator that possibly points at 
community-based target seeking in growth.

in the 1960s, Tanner (1) inaugurated the idea of growth as a 
target-seeking process regulated by genes, nutrition, health, and 

the state of an individual’s social and economic environment: 
optimal conditions are expected to result in the achievement of 
a person’s full genetic potential. The idea fathered considerable 
efforts in social, economic, and demographic history and pro-
duced evidence for interactions among living conditions, technol-
ogy, economy, and average body height (2,3). Although the steady 
improvement of living conditions provided good arguments 
for the increase of height in recent European history, it failed to 
explain why adolescent height converges toward the average of the 
population. Height tends to cluster. The within-population varia-
tion of height is narrow. This is particularly evident when analyz-
ing height distributions at different moments in history.

In the nineteenth century, people were short. Analyzing data 
sets on conscripts providing a complete representation of a 

population under consideration, including those considered fit 
for military service and those who are not drafted, reveals that 
in 1863, the average Dutch conscript reached 165 cm (4), and 
<1% of these conscripts reached 184 cm, the mean body height 
of modern Dutch men (5). Thirty percent of the historic con-
scripts failed to reach 157 cm. This is peculiar. Common sense 
might expect at least a few affluent, well-fed, healthy 19th-
century adolescents to achieve modern height; and vice versa, 
we might expect at least a few malnourished, chronically-ill, 
and underprivileged modern subjects to remain below the 
mid-nineteenth century’s 30% quantile. But this is not the 
case. Height distributions of European conscripts tended to 
shift in toto, with surprisingly little overlap between historic 
and modern height. Figure 1 exemplifies five cohorts, all from 
Switzerland (6). Although these cohorts share the same genetic 
pool, they are physically segregated by up to 130 y. In the late 
nineteenth century, height clustered around 163.3 cm; modern 
height clusters around 178.2 cm. No historic conscript reached 
the modern 90th percentile of height, and <3% of the modern 
conscripts are shorter than the nineteenth-century average.

The forces that drive secular trends in height do not appear 
to be equally distributed throughout childhood and adoles-
cence. Much of the secular height gain since the end of the 
nineteenth century is due to an enhancement of adolescent 
height gain. We will give a representative example.

In 1893, Camerer (7) performed a growth study in German 
children and adolescents from birth to 18 y. In those days, chil-
dren appeared shorter than today, but they developed at slower 
pace. The adolescent growth spurt was retarded by almost 2 y 
as compared with modern growth as exemplified by the mod-
ern study published in 2011 (8). The apparent shortness of the 
young age cohorts was largely due to the delay in developmen-
tal tempo, leading to increasing differences in height between 
the historic and the modern study, from 1.6 cm at the age of 
1.0 y to 3.2 cm at the age of 2 y, to 5.6 cm at the age of 4 y, and to 
a maximum of 16.3 cm at the age of 14.5 y. Figure 2 illustrates 
body height of boys measured in 1893 (solid line) and 2011 
(dashed line). Age is given as calendar age. Height  differences 
increase with calendar age. Mapping peak height velocity of 
the two cohorts and thus superimposing the same develop-
mental tempo shows that “tempo-adjusted” height differs 
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to a lesser extent. Figure 3 illustrates age as biological age 
(tempo-adjusted age). Height differences are small through-
out childhood but markedly increase during adolescence. In 
fact, “tempo-adjusted” children in 1893 were almost as tall 
as modern children. The differences in final height are due to 
differences in adolescent height gain. Adolescent growth was 
blunted in the 1893 sample.

Who sets the target for final height? Which mechanisms 
direct height? Why was adolescent height gain in the late 19th 
century so mingy? Was it nutrition? Was it health? Was it the 
socioeconomic situation? Why were the wealthy Europeans 

of the mid-nineteenth century shorter than any poor modern 
descendent? Why is the migrant child short but catches up in 
the new surroundings? These questions matter. Physical growth 
and attained body height belong to the most delicate biological 
parameters for estimating health and economic prosperity in 
developing countries; they are of major importance for every-
day pediatric decisions.

Finally, we ask the most exciting questions: what mechanism 
counteracts height scattering in young adults and keeps individ-
ual height so close to average height? Why were the wealthy sub-
jects in the late nineteenth century closer to the late nineteenth-
century average height and even shorter than the underprivileged 
subjects of today? While having no final answers to these ques-
tions, we started to question the traditional role of nutrition, 
health, and a comfortable social and economic environment for 
the achievement of a person’s full genetic growth potential.

This article suggests a statistical modeling approach incor-
porating manifold determinants of human growth. The sug-
gested model framework addresses three analytical problems 
in auxology. First, it allows for testing the hypothesis about 
ecological determinants of growth variation; second, the 
developed estimation methodology accounts for missing val-
ues via data augmentation; and third, it models serial correla-
tion in growth measurements. Individual growth increments 
are thereby characterized as time and individual specific. 
Moreover, individual characteristics of maturity in terms of 
reached Tanner stages, as well as individual bone age as a proxy 
of developmental tempo, are incorporated as growth determi-
nants. In addition, individual annual height increments are 
considered to depend on past height increments in order to 
capture  measurement errors or recapture effects due to indi-
vidual developmental tempo. Beyond all these variables, the 
statistical characterization is enriched by an additional factor 
influencing individual growth, i.e., past deviation from mean 

Figure 1. Height distribution of five cohorts of 19-year-old Swiss 
conscripts from 1878/1879 to 2008/2009 (representing ~90% of the 
total census population). Solid gray line: conscripts born in 1859–1860 
and conscripted in 1878–1879, with a mean height of 163.3 cm. Solid 
black line: conscripts born in 1872 and conscripted in 1891, with a mean 
height of 163.7 cm. Broken gray line: conscripts born in 1908–1913 and 
conscripted in 1927–1932, with a mean height of 168.6 cm. Dashed black 
line: conscripts born in 1974–1975 and conscripted in 1993–1994, with a 
mean height of 177.4 cm. Broken black line: conscripts born in 1989–1990 
and conscripted in 2008–2009, with a mean height of 178.2 cm. This 
figure is reprinted from ref. 6 with permission from EMH Schweizerischer 
Ärzteverlag AG (http://www.smw.ch).
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Figure 2. Body height of boys measured in 1893 (solid line) and 2011 
(dashed line). Age is given as calendar age. Height differences increase 
with age.
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Figure 3. Body height of boys measured in 1893 (solid line) and 2011 
(dashed line). Age is given as biological age with tempo adjustment via 
mapping peak height velocity of both cohorts. Height differences are 
initially small and markedly increase during adolescence.
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height. This  further factor seems to be essential for the cor-
rect characterization of the statistical properties of the growth 
process. We expect that the smaller the adolescent is compared 
with past mean average height, the more the adolescent grows 
during puberty. However, a substantive interpretation is only 
possible conditional on the assumed time trending behavior 
of body height. We suggest interpreting the statistical char-
acterization as a backward-looking mechanism, in which an 
individual’s growth depends on his/her past relative height 
position. We are aware of the fact that this interpretation is a 
nontestable implication of our statistical modeling approach.

RESULTS
In the following sections, we discuss the results of the preferred 
model specification (see Methods) according to the conducted 
robustness checks. Comparative analysis of alternative time 
trending specifications based on the marginal likelihood sug-
gests characterizing height increments statistically best as 
first-order trend stationary (see Supplementary Appendix 
S1 online for details). Parameter estimates and corresponding 
highest-density intervals are given in Tables 1 and 2 for boys 
and girls, respectively. The model parameters σ t t

T{ } =9  denote 
the time-specific conditional variation in height increments. 
Conditional variation is largest in 15- and 16-y-old boys and in 
14-y-old girls. The model parameters at t

T{ } =9  show the patterns 
of age-specific average growth with maxima in mid-puberty. 
The model parameter set bt{ }t

T

=9
 indicates that an associa-

tion exists between subsequent annual height increments. The 
model parameters γt t

T{ } =9  indicate the association between 
tempo of maturation assessed in terms of bone age and growth. 
Those who mature at accelerated tempo grow faster and appear 
to be tall among their age-mates before puberty, but thereafter, 
they grow less and reach final height earlier. Those who mature 
at delayed tempo grow at a slower rate and temporarily appear 
to be short among their age-mates. In line with common prac-
tice, we captured the tempo of maturation by bone age and by 
the state of pubertal maturation (9). Table 2 lists data about the 
corresponding parameter estimates capturing the influence of 
reached Tanner stages on individual height.

To assess the importance of the considered additional factor, 
which we suggest labeling as “backward-looking mechanism,” 
we compared three different specifications differing with 
respect to the set of variables controlling for tempo. The first 
specification includes all tempo control variables and the sug-
gested additional variables sit, t = 9, …, T aiming at capturing 
the dynamic stochastic properties of height increments. The 
second specification drops the variables sit, t = 9, …, T, whereas 
the third specification checks the evidence of the model, when 
bone ages zit, t = 9, …, T are omitted as an explaining factor 
for individual tempo differences. By comparing these three 
different model specifications, insight is gained into the abil-
ity of the different variables to contribute to the explanation 
of individual height increments. The corresponding marginal 
likelihoods indicate that the model specification comprising 
both the bone age and the “backward-looking mechanism” is 
preferred strongly against the two alternative specifications, 

for both boys and girls. Furthermore, by comparison with the 
specification incorporating only bone age, it is evident that the 
“backward-looking mechanism” provides clearly additional 
explanatory power (Table 3). Given our measures against the 
possibility of spurious significance of the “backward-looking 
mechanism,” i.e., the statistical artifact of regression to the 
mean, this at least allows us to conclude that this additional fac-
tor indeed controls not only for individual tempo differences 
but also is an essential part of the statistical characterization 
of height increments. Alternatively, one could argue that the 
parameter set κt t

T{ } =9 is at least an alternative tempo control 
measure enhancing the performance of the empirical growth 
model. Detailed results for the set of parameters κt t

T{ } =9
 for 

boys and girls are provided in Table 2, lower part.
In early puberty, the parameter κt  governing the influence 

of past relative height, sit, is positive and adds to the height vari-
ation within a population. Those who are tall become taller, 
and those who are short, will further drop back in height. 
Thereafter, however, the influence becomes negative, which 
thus confirms our expectations. The parameter set κt t

T{ } =9  
captures the relationship between an individual’s height incre-
ment and the difference between his/her height and average 
height of the community in the last period. We suggest think-
ing of this as an mechanism in which adolescents perceive 
height in relation to height of their peers.

DISCUSSION
Malnourished children are short, ill children are short, and 
children from low socioeconomic background tend to be 
short. Improvements in nutrition, public health, and the social 
and economic environment, i.e., improving living conditions, 
have abundantly been demonstrated to result in the improve-
ment of child and adolescent growth and final height (2,3).
Yet the nutritional effect on growth appears to be restricted to 
developmental tempo (10). Even longstanding starvation has 
little or no effect on final height, as exemplified by war cohorts 
of Oslo schoolchildren. They starved for several years and were 
short during adolescence but completely caught up with those 
cohorts who matured before the political catastrophe and 
reached an adequate final height (11). Similar observations 
were reported from German children and adolescents dur-
ing and after World War II (12). Moreover, chronic illnesses 
often appear to exert little effects on final height. Short stature 
in cystic fibrosis results from tempo deceleration (13). Cystic 
fibrosis patients grow poorly at all ages (they have suboptimal 
peak height velocity and late pubertal growth, influenced by 
disease severity) but eventually achieve normal final height. 
Wiedemann et al. (14) stated that in a group of 4,306 cystic 
fibrosis patients, the initially low height z-scores increased with 
age, and normal means for height were reached in the adult age 
group. Children from low socioeconomic background tend to 
be short. Moreover, the few affluent, well-fed, healthy sons and 
daughters of the wealthy nineteenth-century merchants, sena-
tors, and other burghers remained short. Figure 1 illustrates 
two historic Swiss conscript cohorts that cluster around the 
average. Clustering of height is also obvious in migrants. Maya 
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table 1. Parameter estimates for 

Boys Girls
Mean SD 95% HDI Mean SD 95% HDI

σ 9
2 0.1920 0.0267 0.1457 0.2517 0.2216 0.033 0.1641 0.2945

σ10
2 0.2058 0.0284 0.1565 0.2671 0.1788 0.0271 0.1323 0.2389

σ11
2 0.1631 0.0237 0.1226 0.2145 0.2428 0.0375 0.1777 0.3256

σ12
2 0.2573 0.0346 0.1977 0.3326 0.4225 0.0607 0.3179 0.5554

σ13
2 0.5148 0.071 0.3915 0.6677 0.4861 0.0703 0.3668 0.6428

σ14
2 0.5107 0.0669 0.3944 0.6545 0.8737 0.1306 0.6515 1.1641

σ15
2 0.7202 0.0993 0.5513 0.9386 0.2765 0.0457 0.1992 0.3758

σ16
2 0.7033 0.1019 0.5279 0.9215 0.1649 0.0263 0.1197 0.2224

σ17
2 0.4478 0.0599 0.3455 0.5818 0.0727 0.014 0.0494 0.1035

σ18
2 0.435 0.0652 0.3233 0.5773 — — — —

a9 4.6291 0.3526 3.9303 5.317 4.2529 0.5937 3.0799 5.4261

a10 4.496 0.488 3.5339 5.4696 4.1931 0.5187 3.1713 5.2048

a11 6.0296 0.4193 5.2146 6.8558 4.1475 0.5515 3.0571 5.2306

a12 6.8811 0.545 5.814 7.9654 3.1551 0.66 1.8407 4.4442

a13 1.8629 0.5572 0.7546 2.9471 4.4229 0.5398 3.3562 5.4886

a14 4.1789 0.3448 3.4881 4.8537 2.3216 0.6952 0.9613 3.6678

a15 4.0399 0.449 3.1528 4.9042 −1.1175 0.4247 −1.9146 −0.2521

a16 −1.0177 0.4736 −1.9367 −0.0905 −1.2142 0.3928 −1.9277 −0.4332

a17 −2.8864 0.3656 −3.5929 −2.1587 −0.6693 0.305 −1.2519 −0.0717

a18 −4.0064 0.3145 −4.6087 −3.3647 — — — —

b9 0.1581 0.058 0.0438 0.2722 0.1072 0.0925 −0.077 0.2865

b10 0.0638 0.0867 −0.1103 0.2338 −0.022 0.0863 −0.1883 0.1449

b11 −0.2099 0.0843 −0.3763 −0.0447 0.049 0.104 −0.1526 0.2532

b12 −0.4592 0.1063 −0.6694 −0.2493 0.247 0.1199 0.0101 0.4854

b13 0.6805 0.12 0.4467 0.9193 −0.069 0.0816 −0.2274 0.092

b14 0.0848 0.0625 −0.0368 0.2108 −0.0018 0.1002 −0.2005 0.1967

b15 −0.2153 0.0574 −0.3291 −0.1034 0.2927 0.0487 0.1993 0.3902

b16 0.0423 0.0564 −0.0681 0.153 0.0245 0.0523 −0.0804 0.1255

b17 −0.0451 0.0563 −0.1553 0.0645 −0.4344 0.0868 −0.6154 −0.273

b18 −0.2067 0.0698 −0.3469 −0.0738 — — — —

γ 9 0.3627 0.1659 0.037 0.689 0.012 0.0175 −0.0229 0.0453

γ10 −0.0232 0.1092 −0.2411 0.1895 0.008 0.0162 −0.0246 0.0396

γ11 0.134 0.0845 −0.0341 0.2988 0.0068 0.0185 −0.0297 0.0435

γ12 0.1537 0.0896 −0.0212 0.3348 −0.0058 0.0212 −0.0465 0.0357

γ13 −0.0297 0.1174 −0.2625 0.1996 −0.0345 0.0229 −0.08 0.0108

γ14 0.0856 0.1099 −0.1315 0.3037 −0.1094 0.0238 −0.1562 −0.0633

γ15 −0.1486 0.1127 −0.3737 0.0718 −0.0624 0.0148 −0.0917 −0.034

γ16 −0.0224 0.1079 −0.2317 0.1889 −0.0489 0.0125 −0.0738 −0.0246

γ17 −0.044 0.0893 −0.2196 0.1317 −0.0298 0.0106 −0.0514 −0.0102

γ18 −0.0005 0.0003 −0.0011 0.0001 — — — —
HDI, highest density interval.

σt t t t t
a b2

9

18
, , ,γ{ }

=
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American children born in families from Guatemala who 
migrated to the United States are 11.54 cm taller than Maya 
children living in Guatemala. Migrant height distribution 
shifts in toto (15) and clusters near the new US target.

Taken together, these findings have prompted us to search 
for other mechanisms that might regulate growth in the adoles-
cent and lead to the narrowing in height variation mentioned. 
We incorporate an additional “backward-looking mechanism” 
in growth conceptualized as an interaction between the dif-
ference between past average height of a group and individual 
height and individual height increments. We suggest that this 
mechanism may capture the observed height scattering within 
an individual’s social habitat and would like to point to the 

possibility of a “community-based target” in height. We are 
well aware that our modeling may just have pointed out a fur-
ther necessary and easily available control for individual tempo 
when modeling height increments. However, the documented 
additional factor may also possibly modulate long-term pat-
terns of growth. Measurements in schoolchildren (11,12) and 
in conscripts indicate that adolescent cohorts, regardless of 
whether they grew up under fortunate circumstances or during 
war, illness, and starvation, aim for that height that smoothly 
fits into the population. The starved, unhealthy, and socially 
disadvantaged cohorts do not differ from those who grew up 
under fortunate circumstances. The idea that tall communities 
generate tall people even in the presence of unfortunate living 

table 2. Parameter estimates 

Boys Girls

Mean SD 95% HDI Mean SD 95% HDI

σ c
2 0.0414 0.0081 0.0284 0.0602 0.0612 0.0151 0.0380 0.0979

Menarche — — — — 0.6470 0.2087 0.2487 1.0626

Testes/breast maturity – (2) −0.1984 0.0993 −0.3894 −0.0028 0.0355 0.1014 −0.1603 0.2343

Testes/breast maturity – (3) 0.3416 0.1252 0.0990 0.5863 0.4661 0.1468 0.1782 0.7592

Testes/breast maturity – (4) 1.2312 0.1946 0.8535 1.6105 0.0947 0.1945 −0.2890 0.4776

Testes/breast maturity – (5) −0.2064 0.1770 −0.5492 0.1451 −0.7114 0.1396 −0.9841 −0.4350

Pubic hair – (2) 0.0429 0.1068 −0.1636 0.2570 0.2479 0.1059 0.0394 0.4570

Pubic hair – (3) 0.5583 0.1529 0.2620 0.8534 0.2616 0.1395 −0.0033 0.5380

Pubic hair – (4) 0.9095 0.1961 0.5249 1.2963 0.1580 0.1718 −0.1821 0.4944

Pubic hair – (5) 0.0890 0.2018 −0.3066 0.4882 −0.3999 0.1411 −0.6691 −0.1216

Timing of menarche — — — — 2.0238 0.4888 1.0985 2.9950

Timing of testes/breast maturity – (2) 0.1196 0.0534 0.0152 0.2226 0.1325 0.0453 0.0435 0.2210

Timing of testes/breast maturity – (3) −0.1094 0.0699 −0.2460 0.0285 −0.1325 0.0779 −0.2832 0.0232

Timing of testes/breast maturity – (4) −0.3122 0.1229 −0.5530 −0.0730 −0.4469 0.0835 −0.6118 −0.2818

Timing of testes/breast maturity – (5) 0.1109 0.0908 −0.0643 0.2886 −0.1042 0.0485 −0.1991 −0.0110

Timing of pubic hair – (2) −0.0126 0.0492 −0.0837 0.1091 −0.1431 0.0437 −0.2322 −0.0585

Timing of pubic hair – (3) −0.1941 0.0671 −0.3243 −0.0650 −0.0844 0.0772 −0.2339 0.0662

Timing of pubic hair – (4) 0.0262 0.1150 −0.1992 0.2513 −0.1675 0.0952 −0.3513 0.0198

Timing of pubic hair – (5) −0.3917 0.1137 −0.6108 −0.1658 0.0655 0.0556 −0.0423 0.1756

Peak height velocity 2.6357 0.2136 2.2101 3.0473 1.5285 0.1726 1.1820 1.8627

Timing of peak height velocity −0.7647 0.1114 −0.9847 −0.5482 −0.2209 0.0691 −0.3578 −0.0873

κ9 0.0086 0.0138 −0.0184 0.0356 0.0120 0.0175 −0.0294 0.0453

κ10 0.0464 0.0126 0.0213 0.0712 0.0080 0.0162 −0.0309 0.0396

κ11 0.0587 0.0123 0.0347 0.0826 0.0068 0.0185 −0.0360 0.0435

κ12 0.0425 0.0142 0.0145 0.0707 −0.0058 0.0212 −0.0549 0.0357

κ13 0.0033 0.0180 −0.0325 0.0385 −0.0345 0.0229 −0.0881 0.0108

κ14 −0.0641 0.0173 −0.0982 −0.0307 −0.1094 0.0238 −0.1660 −0.0633

κ15 −0.0747 0.0174 −0.1090 −0.0406 −0.0624 0.0148 −0.0981 −0.0340

κ16 −0.0919 0.0176 −0.1266 −0.0575 −0.0489 0.0125 −0.0789 −0.0246

κ17 −0.0227 0.0153 −0.0529 0.0075 −0.0298 0.0106 −0.0556 −0.0102

κ18 −0.0086 0.0135 −0.0349 0.0178 — — — —

HDI, highest density interval.

σ c t
k

t t t
k K2

9

18

9
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conditions has major impact with respect to the interpretation 
of child and adolescent height for public health issues and the 
making of medical decisions. Being short may not necessarily 
be an indicator of poor nutrition, poor health, or poor socio-
economic background; it may simply indicate that the group 
to be identified with is short. Establishing this sort of mecha-
nism solidly would require details that are probably not avail-
able in any study performed to date. Although community-
level effects could be explained, e.g., by intragroup dynamics 
related to nutrition and activity levels, the corresponding 
necessary methodological challenges are beyond the scope 
of this article. We are aware of the fact that we are unable to 
provide satisfying explanations or biochemical pathways that 
might drive this mechanism. We may speculate that growth 
hormone (GH) and insulin-like growth factor-1 (IGF-1) are 
involved. GH determines growth predominantly via IGF-1. 
GH is related with emotions. Nonorganic failure to thrive has 
long been associated with neuroendocrine disturbances (16). 
It is known that GH is deregulated in childhood depression 
(17). In the case of exogenous administration, GH increases 
height even in children without GH deficiency (e.g., ref. 18), 
with IGF-1 being a potent mediator of this effect. GH and in 
sequela IGF-1 are potent growth promoters. At present, one 
might consider these endocrine factors the most promising 
candidates in this scenario. Yet at present, only few studies deal 
with the association between social rank and IGF-1. Kumari 
et al. (19) examined the association of IGF-1 with social posi-
tion measured by father’s or own occupational class in a cohort 
of individuals born in 1 mo in 1958 (n = 3,374 men and 3,302 
women). They found lower IGF-1 levels in participants with 
lower social position. Sapolsky and Spencer (20) related social 
rank and IGF-1 concentrations in male baboons. Social sub-
ordinance was associated with a relative suppression of IGF-1 
concentrations. They suggested that the individual differences 
in IGF-1 profiles were a consequence, rather than a cause, of 
the rank difference. The magnitude of difference in IGF-1 lev-
els among baboons of differing ranks was considered to be of 
physiological significance.

Conclusion
This investigation provides strong evidence for a statistical rep-
resentation adding past relative height to existing controls of 

individual developmental tempo such as bone age and Tanner 
stages. The analysis provides strong statistical evidence for this 
factor. As one possible interpretation, we suggest interpret-
ing this additional factor as a target-seeking mechanism for 
growth, in which final height is set by the community.

METHODS
Our statistical modeling approach is based on two basic observations: 
first, observed height results from annual height increments, which 
are characterized as individual and time specific. Second, individual 
height increments should be modeled conditional on observable 
maturity indicators, allowing for control of individual growth tempo. 
We analyzed longitudinal height data, based on measurements of 
height, weight, pubertal stage, and bone age, from 69 boys, 9–18 y, 
and 60 girls, 9–17 y (21) of the First Zurich Longitudinal Growth 
Study. The boys and girls were all of Swiss origin, and their parents 
lived in the city of Zurich or in its immediate vicinity, i.e., this sample 
was not obtained as a representative sample from a large population 
but originated from a single community. We suggest the following 
modeling framework, i.e.,

where c Ni t~ ,0 2σ( ), e Nit t~ ,0 2σ( ), and let g h hit it it= − −1 , ci  inde-
pendent of eit , and t = 9, …, T, i = 1, …, N. Further details on estima-
tion are provided in Supplementary Appendix S1 online. The mean-
ing of each included model component is given in the following:

1. Age is a factor that determines the annual increment in height: 
in early childhood, annual height increments are larger than in 
late childhood, and there is a second peak in height gain during 
adolescence. The model captures this characteristic growth pat-
tern via the parameter set at t

T{ } =9
.

2. Height increments of subsequent years may be related to each 
other: periods of accelerated growth may alternate with periods 
of slower growth, several growth spurts have been described 
during early and late childhood (22), or periods of temporary 
growth arrests due to illness and starvation may be compensated 
by so-called “catch-up” growth (23), and measurement errors 
may lead to a negative association of subsequent growth rates. We 
incorporated a term modeling autoregressive or  “compensatory 
growth” captured by the parameter set bt t

T{ } =9.
3. A child-specific term allows for all-time characteristics of a child 

such as familial tall or short stature captured by the parameter set 
ci i

N{ } =1
, conceptualized as a random effect with variance σ c

2.

Tempo of maturation is a factor that determines the annual increment 
in height. The fast-maturing child may temporarily appear tall, will 
reach puberty early, but may lose his growth advantage in adulthood 
(24).We expect thus a bimodal influence of the state of maturity: larger 
annual height increments before mid-adolescence in the fast-matur-
ing individuals and smaller annual height increments thereafter; and 
we expect smaller annual height increments before mid-adolescence 
in the slow-maturing individuals and larger annual height increments 
thereafter. Our model accounts for the state of maturity, as it includes:

4. Skeletal maturation, conventionally named “bone age,” captured 
by the parameter set γt t

T{ } =9
and

5. Tanner stages of puberty, captured by the parameter set λt
k

t

T( ){ } =9
,  

k = 1, …, K.

Note that the considered indicators of maturity comprise pubic 
hair maturity (boys and girls), breast maturity (girls), maturity of 
testes (boys), peak of height velocity (boys and girls), and time of 
menarche (girls). Each factor is measured using the Tanner stages, 
except for peak of height velocity and time of menarche. Each factor 
influences factors in two ways. The factors enter directly the growth 

g a b g c s eit t t it i it
k

k

K

t it it= + + + + +
=
∑+ γ λ κt itz

( ) ,
1

table 3. Model comparison

Boys Girls

LL ML LL ML

Complete −955.4 −755.2 −653.7 −785.1

No sit{ }t

T

=9
−984.6 −783.6 −666.9 −794.1

No zit t

T{ } =9 −974.8 −1,119.0 −665.7 −815.6

LL and ML denote the log likelihood and the log marginal likelihood. Differences 
between log marginal likelihoods yield Bayes factors (B), which can be gauged based 
on Jeffreys’ scale. If B < 0, no evidence for the specification under the null hypothesis 
is present, whereas for 0 ≤ B ≤ 1.15, very slight evidence is present in favor of the null 
hypothesis; with 1.15 ≤ B ≤ 2.3, the evidence is slight; strong evidence is present for 
2.3 ≤ B ≤ 4.6 and very strong evidence is found for B ≥ 4.6.
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process as well in relation to mean time of the factors (and related 
Tanner stages) (for details, see Supplementary Appendix S1 online).

The considered growth model thus includes well-known con-
tributors to growth and height variation, including the two factors 
of maturity that pay reference to the variation in tempo. We suggest 
incorporating a further factor in order to provide a valid statistical 
characterization of annual height increments. As we create a time- 
and individual-specific factor that captures the scattering of individ-
ual height around the community average and assess the association 
between individual height and growth, and average height within the 

group, i.e., s h
N

hit it it
i

N

= −− −
=
∑1 1

1

1
, we characterize individual height 

increments as first-order trend stationary. The corresponding effects 
on individual growth are captured by the parameter set κt t

T{ } =9 . We 
expect negative signs within this parameter set, implying that those 
who are above average in t − 1 decelerate and those below average 
accelerate.

The parameters of the above-described model are estimated within 
a Bayesian approach using Markov-chain Monte Carlo methodology. 
A Bayesian approach allows a flexible handling of the missing values 
occurring within this data set and incorporates parameter uncertainty 
within the parameter estimates (see ref. 25 for a general review of 
the principles for Bayesian analysis). Parameter estimates are sample 
moments based on a sample from the posterior distribution of param-
eters. This sample is generated via iterative sampling from the full con-
ditional distributions of appropriately chosen parameter blocks. Using 
the device of data augmentation proposed by Tanner and Wong (26), 
the uncertainty of missing values is incorporated in sampling from the 
posterior parameter distribution and thus within-parameter estima-
tion via additionally sampling from an approximate full conditional 
distribution of the missing values. Note that data augmentation facili-
tates analysis based on full conditional analysis based on complete data 
structures. Within the Bayesian framework model, comparison is then 
performed based on the marginal likelihood, allowing comparison of 
non-nested model specifications. The approach of Chib (27), allowing 
calculation of the marginal likelihood on the log scale, is adapted to 
deal with missing data in the explaining variables (see Supplementary 
Appendix S1 online).

To check the validity of the suggesting modeling, we performed a 
twofold robustness check. In addition to checking the validity of the 
assumed first-order trend stationarity against alternative character-
izations of the time trending behavior of height increments by means 
of the marginal likelihood, we compared the model fit for different 
sets of explaining variables, i.e., we checked the fit of the model with 
and without the factor sit and with and without the consideration 
of tempo controls. Note that approval for conducting this study, in 
which we reanalyzed anonymized data, was provided by the institu-
tional review board of the University of Bamberg.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at 
 http://www.nature.com/pr
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EDITOR’S NOTE
Pediatric Research recently published another article on the topic of 
 human growth: “The World’s Tallest Nation Has Stopped Growing  Taller: 
The Height of Dutch Children From 1955 to 2009,” by Schönbeck et al. 
 (Pediatr Res 2013;73:371–7). Aßmann and Hermanussen  commented 

on the Schönbeck et al. article: “The authors show that the young 
Dutch  adults  are among the tallest in the world, and since the mid- 
nineteenth century have gained some 21 cm in height. On the other 
hand, the authors emphasize the amazing lack of any similar trend in the 
variation of height. It is suggested that the Dutch might have more or 
less equally benefited from the general improvement in living conditions, 
but their data lack evidence for a major association between economic 
factors, life situation, and growth in height. Our conditional-modeling 
approach might provide an explanation for the marked restriction in the 
height variation.”
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