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Estimating secular changes in longitudinal growth patterns
underlying adult height with the QEPS model: the Grow Up
Gothenburg cohorts
Anton Holmgren1,2, Aimon Niklasson1, Andreas F. M. Nierop3, Lars Gelander1, A. Stefan Aronson2, Agneta Sjöberg4,
Lauren Lissner5 and Kerstin Albertsson-Wikland6

BACKGROUND: Over the past 150 years, humans have become taller, and puberty has begun earlier. It is unclear if these changes
are continuing in Sweden, and how longitudinal growth patterns are involved. We aimed to evaluate the underlying changes in
growth patterns from birth to adulthood by QEPS estimates in two Swedish cohorts born in 1974 and 1990.
METHODS: Growth characteristics of the longitudinal 1974 and 1990-birth cohorts (n= 4181) were compared using the QEPS
model together with adult heights.
RESULTS: There was more rapid fetal/infancy growth in girls/boys born in 1990 compared to 1974, as shown by a faster Etimescale
and they were heavier at birth. The laterborn were taller also in childhood as shown by a higher Q-function. Girls born in 1990 had
earlier and more pronounced growth during puberty than girls born in 1974. Individuals in the 1990 cohort attained greater adult
heights than those in the 1974 cohort; 6 mm taller for females and 10mm for males.
CONCLUSION: A positive change in adult height was attributed to more growth during childhood in both sexes and during
puberty for girls. The QEPS model proved to be effective detecting small changes of growth patterns, between two longitudinal
growth cohorts born only 16 years apart.

Pediatric Research (2018) 84:41–49; https://doi.org/10.1038/s41390-018-0014-z

INTRODUCTION
Growth pattern of human height is represented by different
trajectories that run from birth until attained adult height. The
pattern of growth is characterized by different periods of
acceleration and deceleration, linked to certain periods of
development, an evolutionary response to optimize the outcome
for the growing human.1 The total growth in height can be
divided into different phases; the rapid fetal growth before birth,
the rapid, but also rapidly declining infancy growth period, the
long linear period of childhood growth, and the pubertal growth
spurt with initial acceleration and following deceleration until
adult height is reached. Growth patterns differ between indivi-
duals, sexes and populations, and may also change with time,2,3

possibly related to plasticity in the transition of the different
growth periods.4 Deviant growth patterns can be a signal of
diseases or psychosocial problems.2,5 Different growth patterns
are also associated with future health and disease in later life.4,6–8

Over the last 150 years, humans in affluent countries have
become progressively taller and puberty has started earlier.9–12

Such secular changes in growth are likely to be consequences of
improved nutrition, increasing weight and body mass index (BMI)
in childhood, and the decline of serious infections during infancy/
childhood.13,14 Positive secular trends in height have been found

to be associated with improved health, as well as improved living
standards and socioeconomic status.2,10 In recent decades,
however, there is evidence that the progressive increase in height
over time may be diminishing in Northern Europe.10 In the
Netherlands, with the tallest known population, the increase in
height is no longer apparent.15,16

When discussing secular trends in height at the population level,
the observed trends may reflect both changes in a genetically stable
population and changes in population demographics (owing to
migration), or a combination of the two.9,17 An earlier cross-sectional
comparison of two similarly obtained Swedish growth cohorts born
in 1974 and 1990 (Grow Up 1974 and Grow Up 1990) showed an
increase in attained height at 18 years in the later-born cohort.17

Previous research about secular changes has often been based on
cross-sectional data without analyzing growth patterns.
Given the variety of ways to define and measure puberty,

methodological differences are evident in studies of pubertal
timing. There is a vast body of literature regarding age at
menarche and the emergence of secondary sexual characteristics
as markers of puberty.9 In contrast, studies regarding patterns of
growth as markers of puberty are less common, and generally
focus on peak height velocity (PHV) which only provides a
measure of the midpoint of puberty.
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For investigating the total growth patterns from birth to
attained adult height together with the different growth phases,
it is beneficial to have a growth model that can describe individual
growth in height mathematically in a standardized way as a
research tool.18,19 The ICP model was the first growth model that
used three different mathematical functions, infancy– childhood–
puberty, related to different growth phases.18 The recently
developed QEPS model uses four growth functions: quadratic,
exponential, puberty, and stop, where the combination of these
functions, (T) total explains growth from fetal life to adult height
(Fig. 1).19 Thanks to the specific pubertal growth function (P), it is
possible to mathematically estimate the onset, middle, and end of
pubertal growth, thus enabling a more detailed evaluation of
growth during puberty than that which has been previously
possible.20

The aim of this study was to evaluate secular changes in
growth patterns during growth phases from birth to adulthood,
and the resulting adult heights in two Swedish cohorts born in
1974 and 1990, with use of growth functions from the QEPS
model.

METHODS
Study subjects
The study populations used, were selected subgroups from the
Grow Up 1974 cohort21 and Grow Up 1990 cohort,22 including
healthy individuals born at full term (gestational age, GA: 37
−42 weeks) in Sweden, for whom information on longitudinal
growth until adult height was available. Height and weight was
measured at child healthcare centers and at school. A specially
trained team measured the students in their 11th school year for
Grow Up 1974 and in their 12th school year for Grow Up 1990.
Height was measured to the nearest 0.1 cm using a calibrated
Harpenden stadiometer. Adult height was ascertained following
a height increase of <0.5 cm during the previous 12 months.
Individuals who were still growing were followed with additional
measurements by the study team until adult height was
attained. A mathematical selection tool was used in both study
cohorts to restrict the sample to those individuals with serial
measurements at all age periods, together with visual growth

curve analysis to select individuals with growth data of high
quality.20,23

The 1974 study cohort included data from 2280 healthy
individuals (1139 girls) born in Sweden (Supplemental Table S1).
The 1990 study cohort included data from 1901 healthy
individuals (929 girls) born in Sweden (Supplemental Table S1).
Records of all babies delivered in Sweden in 1974 show that 6%
were born to mothers from other Nordic countries, 3% were born
to mothers from other European countries, and 1% were born to
mothers from outside Europe.24 Corresponding records of all
babies delivered in Sweden in 1990 show that 4.5% were born to
mothers from other Nordic countries, 3.5% were born to mothers
from other European countries, and 6% were born to mothers
from outside Europe.24 In order to make the two study groups
more homogeneous, only individuals of Nordic origin born in
Sweden were included in the 1990 cohort (Supplemental Table S1).
The figures showing the different QEPS functions were based on
2345 individuals in the 1974 cohort and 1908 in the 1990 cohort
(Supplemental Table S1).
Ethical approval was obtained from the Regional Ethics Review

Board in Gothenburg (Ad 91-92/131-93 and 444-08 T062-09).
Informed consent was given from participants for both the school
examination and the use of growth data from previous sources.
Informed consent from legal guardians was given for individuals
<18 years of age. Ethical approval was also obtained to compare
available growth data from nonparticipating and participating
individuals.

The QEPS growth model
The QEPS model was used to describe individual patterns of
growth in terms of length/height from birth to adult height.
Growth in height is modeled by a quadratic (Q) function, a
negative exponential (E) function, a specific pubertal (P) function,
and a stop (S) function (Fig. 1a).19 The different growth functions
can be modified for E and P by both time-scale and height-scale
parameters, and for Q and S by height-scale parameters, thus
describing individualized growth. Separate curve fitting for each
individual gives six estimates with CI and the possibility to
compute individual QEPS-function values at all ages. The growth
model can describe the total gain (called TgainP5–95) in height
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Fig. 1 The QEPS model. a The four mathematical functions of the QEPS model that are combined to describe total gain in height (T) from fetal
life to adulthood: quadratic (Q), exponential (E), pubertal (P), and stop (S). B birth, marked with a vertical line. t0 about 6 weeks after
conception. The QEPS model is fitted with six parameters. The three vertical arrows indicate the fitted individual height-scale parameters, from
left to right Eheightscale, Qheightscale, and Pheightscale. The two horizontal arrows indicate the time-scale parameters, from left to right
Etimescale and Ptimescale, and the sixth parameter is the location of mid-puberty, AgeP50, indicated with a dot. b Height (upper bold line) and
height velocity (lower bold line) is shown for an individual male created by using the QEPS model, with pubertal growth estimates. AgeP5,
representing the onset of pubertal growth, AgeP50 and AgeTPHV, representing mid-pubertal growth, and AgeP95, representing the end of
pubertal growth are marked by vertical lines. Pmax, representing specific pubertal growth is shown both at the upper right on the height
graph, and as the area under the curve (shaded) in the height velocity graph. TgainP5–95, total height gain during puberty due to combined
Q- and P-function growth, is shown on the height graph. The duration of pubertal growth is shown with a horizontal bold line from AgeP5 to
AgeP95
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during puberty, as well as separate the specific gain in adult
height related to puberty (Pmax) from the ongoing growth owing
to the Q-function, as shown in Fig. 1a, b. The onset, middle, and
end of pubertal growth was defined as the age at which 5%, 50%,
and 95% of P-function growth was attained (AgeP5/AgeP50/
AgeP95). The more traditional measure of the middle of puberty,
age at PHV, was calculated from the total growth curve
(AgeTPHV).20 The duration of growth during puberty was
calculated as the time from AgeP5 to AgeP95.

Data handling and statistical analysis
To construct longitudinal growth curves for each individual, height
data were exported to MATLAB®, and QEPS-model parameters
were automatically computed by fitting the height data from each
individual separately (The MathWorks, Inc., Natick, MA, v. 7.13.0
R2012b). Student’s two-tailed t-test was used to compare birth
characteristics, growth estimates from the QEPS model, heights
during childhood, and adult heights for the 1974 and 1990 growth
cohorts. Statistical analyses were performed using SAS software®

(SAS Institute Inc., Cary, NC, version 9.3). A p-value < 0.05 was
considered statistically significant.

RESULTS
Characteristics of growth during the fetal/infancy period including
size at birth
This period includes the E-function and the first part of the Q-
function of the QEPS model. The tempo of growth, mainly during
infancy (Etimescale) and the gain in adult height due to E-function
growth (Emax) were compared. In the 1990 compared with the
1974 cohort, growth during the fetal/infancy period was more
rapid, as shown by a significantly shorter Etimescale for both girls
and boys, while the total E-growth (Emax) was unchanged
(Tables 1 and 2, Fig. 2). More E-growth was reached at birth in
the 1990 cohort compared with the 1974 cohort and the decline
in height velocity of E-function growth was more pronounced in
the later-born cohort (Fig. 2), where the total E-function height is
also significantly higher until 0.9 years for girls and 1.1 years for
boys (Fig. 2). As a result, birth characteristics differed significantly
between the 1974 and 1990 cohorts. Girls and boys born in 1990
were significantly heavier at birth (both p < 0.001), than those
born in 1974 (Tables 1 and 2). Boys born in 1990 were also
significantly longer than those born in 1974 (p < 0.001). In the
context of increasing lengths at birth, it is interesting to note that

Table 1. Comparison of growth characteristics for females from the 1974 and 1990 growth cohorts

Birth year Birth year

1974
(N=1139)

95% CI 1990
(N=929)

95% CI Difference p-value
(t-test)

At birth

Weight (g) 3405 3378–3432 3536 3503–3568 131 <0.001

Body length (cm) 49.9 49.8–50.0 50.1 50.0–50.2 0.17 0.061

Gestational age (days) 282.1 281.6–282.6 281.2 280.6–281.8 –0.9 0.002

Infancy/childhood

Emaxa (cm) 62.9 62.7–63.0 62.8 62.6–63.0 –0.05 0.69

Etimescaleb 1.02 1.01–1.02 1.00 0.99–1.00 –0.02 <0.001

Qmaxc (cm) 97.6 97.2–98.0 98.4 97.9–99.0 0.85 0.013

Height at 2 years (cm) 86.8 86.62–86.97 87.0 86.83–87.17 0.21 0.103

Height at 4 years (cm) 103.4 103.20–103.64 103.7 103.50–103.93 0.29 0.072

Height at 6 years (cm) 117.5 117.27–117.80 117.9 117.68–118.21 0.41 0.041

Height at 8 years (cm) 129.7 129.43–130.04 130.3 129.95–130.57 0.52 0.026

At puberty

Height at AgeP5d (cm) 139.5 139.1–139.9 139.7 139.2–140.1 0.19 0.54

AgeP5 (years) 9.86 9.80–9.91 9.78 9.71–9.84 –0.08 0.056

AgeP50e (years) 12.09 12.03–12.15 12.00 11.93–12.06 –0.09 0.032

AgeTPHV (years) 11.83 11.78–11.89 11.75 11.69–11.81 –0.08 0.057

AgeP95f (years) 14.66 14.61–14.72 14.56 14.49–14.62 –0.10 0.017

Duration P5–P95 (years) 4.80 4.79–4.81 4.78 4.77–4.80 –0.02 0.027

Pubertal gain

Pmaxg (cm) 12.8 12.6–13.0 13.0 12.7–13.2 0.19 0.247

Total pubertal gainh (cm) 26.3 26.1–26.6 26.8 26.5–27.0 0.42 0.011

Adult height (cm) 167.7 167.3–168.0 168.3 167.9–168.7 0.62 0.023

Values shown are means
aTotal gain in height due to E-function growth, the negative exponential growth function of the QEPS model, representing fetal and infancy period of growth
bTempo of E-function growth, modifying the time scale of the E-function growth. A shorter Etimescale means that the Emax is reached at an earlier age, and is
thereby related to being taller in infancy/early childhood
cTotal gain in height due to Q-function growth, the quadratic growth function of the QEPS model
dAge in years at the start of puberty defined as the point when 5% of P-function-related growth is complete, the P-function being the specific pubertal growth
function of the QEPS model
eAge in years at the middle of puberty defined as the point when 50% of P-function-related growth is complete
fAge in years at the end of puberty defined as the point when 95% of P-function-related growth is complete
gGain in height due to P-function growth, representing all specific pubertal growth from AgeP0 to AgeP100
hTotal gain in height due to growth during puberty calculated in terms of height gained between AgeP5 and AgeP95
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GA was significantly lower for both girls and boys born in 1990
compared with those born in 1974.
As shown in Fig. 3, the Q-function also starts before birth.

Because of the higher Q-function of the 1990 cohort, boys in the
1990 cohort were significantly taller at 2 years of age than boys in
the 1974 cohort (Table 2 and Fig. 3).

Characteristics of growth during the childhood period
To study the differences in childhood growth, we evaluated one
measure of growth from the QEPS model, the gain in adult height
due to Q-function growth, Qmax, together with total height at 4, 6,
and 8 years of age. During childhood, the Q-function describes an
increase in height and the function extends into the pubertal
period until adult height. Height gain related to Q-function growth
was greater for girls and boys in the 1990 cohort than for girls and
boys in the 1974 cohort, with a more pronounced increase for
boys (Tables 1 and 2, Fig. 3). Boys in the 1990 cohort were
therefore consistently taller than boys in the 1974 cohort between
the ages of 2 and 8 years (Table 2, Fig. 3). For girls, the difference
in Q-function was less increased, resulting in significantly
increased height at 6 and 8 years in the 1990 cohort (Table 1,
Fig. 3).

Characteristics of pubertal growth
To study the differences in the timing of pubertal growth for the
two cohorts, four age-related measures from the QEPS model
were evaluated; the ages at the start (AgeP5), middle (AgeP50), and
end (AgeP95) of pubertal growth, as well as the traditional
measurement of age at PHV (AgeTPHV). For girls, puberty was on
average about 1 month earlier (range, 29–36 days) in the 1990

cohort based on mid (AgeP50) and end (AgeP95) estimates of
pubertal growth. For boys, there were no changes in the timing of
pubertal growth (Table 2).
The gain in adult height related to the specific P-function (Pmax)

did not differ statistically between the two cohorts for girls or boys
(Table 1, Fig. 4). Since growth in height during puberty is a
combination of Q and P-functions, the total height gained during
puberty (TgainP5–95) was statistically greater in girls from the
1990 compared with the 1974 cohort (p= 0.011) (Table 2). In
contrast, for boys, there was no difference between the two
cohorts in the total height gained during puberty (Table 2). The
differences in attained height are also seen in Fig. 5, showing the
total QEPS function for both height and height velocity. Both
sexes have significantly higher attained heights during the
pubertal years in the later-born cohort; however, the difference
in the total QEPS function height velocity during puberty is not
significantly changed between the two cohorts. The duration of
pubertal growth was significantly shorter for girls in the 1990
compared with the 1974 cohort (–7.3 days), as seen in Table 1.

Adult height for both cohorts
Mean adult height was greater for the 1990 cohort than for the
1974 cohort (Table 1, Table 2). Boys in the 1990 cohort were 10
mm taller than boys in the 1974 cohort (Table 2); girls in the 1990
cohort were 6 mm taller than the girls in the 1974 cohort (Table 1).
For boys, this increase in adult height was related to Q-function
growth; they were taller during childhood than boys in the 1974
cohort (Table 2). For girls, the increase was due to growth during
both childhood and puberty (Table 1). The difference in height
and height velocity, from the total QEPS function, between the

Table 2. Comparison of growth characteristics for males from the 1974 and 1990 growth cohorts

Birth year Birth year

1974
(N=1141)

95% CI 1990
(N=972)

95% CI Difference p value
(t-test)

At birth

Weight (g) 3513 3485–3541 3662 3630–3694 149 <0.001

Body length (cm) 50.5 50.4–50.6 50.9 50.7–51.0 0.37 <0.001

Gestational age (days) 281.4 281.0–281.8 280.9 280.3–281.4 –0.5 0.05

Infancy/childhood

Emaxa (cm) 65.1 64.9–65.2 65.1 64.9–65.2 –0.02 0.88

Etimescaleb 1.00 1.00–1.01 0.98 0.98–0.99 –0.02 <0.001

Qmaxc (cm) 104.0 103.6–104.5 105.4 104.9–105.9 1.35 <0.001

Height at 2 years (cm) 87.9 87.76–88.11 88.3 88.11–88.45 0.35 0.006

Height at 4 years (cm) 104.2 103.96–104.40 104.7 104.41–104.93 0.49 0.002

Height at 6 years (cm) 118.2 117.94–118.47 118.9 118.60–119.13 0.66 <0.001

Height at 8 years (cm) 130.5 130.21–130.83 131.3 131.02–131.64 0.81 <0.001

At puberty

Height at AgeP5d (cm) 149.8 149.4–150.2 150.7 150.3–151.1 0.94 0.018

AgeP5 (years) 11.78 11.72–11.83 11.75 11.69–11.81 –0.03 0.518

AgeP50e (years) 13.80 13.74–13.85 13.76 13.70–13.82 –0.03 0.408

AgeTPHV (years) 13.65 13.60–13.71 13.62 13.56–13.68 –0.04 0.391

AgeP95f (years) 16.10 16.04–16.15 16.05 16.00–16.11 –0.04 0.307

Duration P5–P95 (years) 4.32 4.31–4.33 4.30 4.29–4.32 –0.02 0.093

Pubertal gain

Pmaxg (cm) 17.3 17.1–17.6 17.2 17.0–17.4 –0.15 0.340

Total pubertal gainh(cm) 29.0 28.8–29.2 29.1 28.8–29.3 0.06 0.701

Adult height (cm) 180.7 180.3–181.1 181.7 181.3–182.1 0.99 <0.001

Values shown are means
See footnotes of Table 1
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two cohorts is illustrated in Fig. 5. Increased height for both sexes
is observed in the later-born cohort at all ages, except for girls in
early childhood, where the CI of the difference in height between
2 and 5 years of age is just overlapping the zero, as indicated by
the lower dotted line.

DISCUSSION
Using the estimates of the QEPS model, we were able to identify
the differences in growth patterns between two longitudinal
growth cohorts in Sweden born only 16 years apart. These
changes provided more insight why average individuals born in
1990 were taller as adults than those born in 1974. The QEPS
model revealed that the increased growth in height observed in
boys in the 1990 compared with the 1974 cohort was mainly a
result of greater Q-function growth before puberty. For girls, the
picture was more complicated. Not only did girls in the 1990
cohort show greater growth before puberty than their 1974
counterparts, but they also had an earlier and more pronounced
pubertal growth. To our knowledge, the present study is the first
detailed analysis of the changes of longitudinal growth patterns
between two large community-based cohorts from birth to
attained adult height.
The first evidence of the differences in early growth between

the cohorts born in 1974 and 1990 was reflected in the “tempo”,
i.e., the E-function, the Etimescale, which was found to be
significantly faster in the 1990 compared with the 1974 cohort.

Improved nutrition, both intrauterine and during infancy,25 and
decreased maternal smoking during pregnancy,26 are potential
reasons for these differences. Newborns from the 1990 cohort
were heavier at birth than those in the 1974 cohort. This is in
agreement with the increase in adult height between the cohorts,
where higher birth weights have been associated with taller adult
heights27 and is also in line with previous Nordic studies reporting
a continuous rise in birth weight over time.26,28,29 We also found
that boys born around 1990 were significantly longer at birth than
boys born around 1974. Few studies have investigated secular
changes in length at birth; however, a Danish study found an
increase in length at birth between 1983 and 2003 for both
sexes.29 Measuring length in newborn babies may be associated
with specific methodological difficulties, and the change in length
at birth that we observed should therefore be interpreted with
caution. We also noted differences between the cohorts in terms
of GA, however, the accuracy of this comparison requires special
consideration because in 1974, GA was always based on the last
menstrual period, whereas in 1990, GA could also be based on
ultrasonography.26

Height at 2 years of age was also found to be greater for
boys in the 1990 cohort than in the 1974 cohort, consistent
with previous reports from other European countries based
on repeated use of cross-sectional data.15,30,31 In addition,
our results are consistent with the longitudinal studies of total
growth for growth patterns by Xu et al.32 showing increased
growth in height and weight, together with increased birth
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weight of Shanghai infants over a relatively short period of time,
10 years.
A faster tempo of early growth (in the present study

expressed as a faster Etimescale) leads to an earlier transition
between infancy and childhood (ICT) growth estimated by the
ICP model.4,11,18,33 Earlier timing of ICT has been related to
increased adult height.4,34 A recent, large study of growth patterns
over 50 years in Japan and Korea has also shown that much of the
secular trend in adult height was seen already at 1.5 years of age.3

In the current study, children in the 1990 cohort, particularly
boys, grew more during childhood than children in the 1974
cohort, as shown by greater growth related to the Q-function of
the QEPS model. This increased growth was also reflected in the
observation that boys in the 1990 cohort were consistently taller
than their 1974 counterparts during the childhood period. The
finding that children born more recently were taller at 6 and 8
years of age than their earlier-born counterparts has also been
reported in previous Swedish11,12 and Nordic growth stu-
dies.30,31,35 In our previously mentioned cross-sectional analyses
of data from the two study cohorts, it was found that BMI had
increased more over time in boys than in girls.17 An increase in
BMI may be related to the difference in Q-function growth
between boys and girls in the 1990 cohort. This is supported by
recent data that showed a positive correlation between childhood
BMI and Q-function growth.23

The QEPS model offers a unique possibility to dissect the
components of the pubertal growth into the underlying Q-

function growth and the superimposed specific pubertal growth
(P-function). For girls, but not boys, the estimated middle and end
of pubertal growth occurred at a significantly earlier age (by
~1 month) in the 1990 compared with the 1974 cohort. The earlier
cessation of pubertal growth in girls may in part explain why adult
height increased less in girls than in boys in the 1990 cohort.
Weight at birth and weight patterns during childhood may be
associated with the timing of pubertal growth. A recent paper by
Di Giovanni et al. has shown that babies being large for GA (high
birth weight) have earlier onset of pubertal growth, and a previous
study by our research group found a linear negative correlation
between BMI in childhood and onset of pubertal growth.23,36

Higher weight at birth and higher BMI in the 1990 cohort might be
related to earlier pubertal growth seen for girls in the later-born
cohort, analogous to these two studies. Compared with the former
Swedish growth reference of individuals born in 1956, the 1974
cohort showed earlier mid-pubertal growth.11 For girls, our
findings indicate a continuing secular trend in this respect, but
at a lower level than during the prior decades; and for boys, this
secular trend of earlier pubertal growth in Sweden seems to have
leveled off. Previous studies from the last few decades regarding
the progressively earlier timing of puberty in Europe are
conflicting. Some investigations report a cessation of the trend,
mainly based on the age at menarche or secondary sexual
characteristics,9,37,38 whereas others have found a continuing
earlier onset of pubertal growth or earlier ages at PHV.9,39,40 Also,
in other affluent non-European country such as Japan, there is
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evidence indicating that the trend for earlier pubertal growth is
leveling off, although not observed in South Korea.3

Recent studies based on the cross-sectional data used to develop
new growth references in other Nordic populations have found
attained height during the pubertal years to be significantly greater
than that in earlier cohorts used to generate growth references.30,31,35

This finding probably indicates that there is a continuing trend for
earlier pubertal growth in other Nordic countries. Estimates of the
duration of pubertal growth made using the QEPS model showed
that the duration of puberty was significantly shorter for girls in the
1990-born compared with the 1974 cohort, although such a short
difference of ~7 days over a 4.8-year growth period may be of limited
biological (and clinical) relevance.
The present study showed a positive secular trend in which

height increased by 6mm in females and 10mm in males over a
16-year period. Given the short period, we estimate that this is a
considerable change in height. Our results are in line with the
previously presented cross-sectional study comparing the 1974
and 1990 cohorts at 18 years of age (including individuals from all
ethnic backgrounds), which showed a significant increase in
height between the two cohorts.17 The exact values are somewhat
different to those of the current study (taller adult heights in the
current study), explained by differences in the selection of
individuals. In the present study, we included individuals, in
particular males, who were still growing after the age of 18. The
selection criteria were more demanding in the present study, to
ensure longitudinal growth data throughout all growth phases.

This is shown by both the higher mean number of measurements
per individual and the reduced number of individuals studied.
These findings highlight the need for standardization of the
process for studying patterns of growth in a more detailed way. It
should be noted that the increase in Q-function growth in the
1990 cohort is not fully transformed into adult height. More
evident losses of height gain from mid-puberty until adult height
were seen in the Japanese and South Korean secular study.3 Earlier
and shorter duration of pubertal growth was the explanation for
that loss. For girls born in 1990 in the present study, these two
changes were observed. In both investigated cohorts, the
proportions of parents from other Nordic countries was around
5%. All three Swedish neighboring countries Denmark, Finland,
and Norway have developed new growth references within the
last 7 years, also showing positive secular trends in adult heights
for both sexes.30,31,35

The major strength of the current study was the use of the QEPS
model, describing different specific growth that can be related to
different growth phases and attained height. This has been
possible due to the availability of comprehensive longitudinal data
in individuals of both cohorts, an advantage over most other
population growth studies that are based on cross-sectional data.
Furthermore, specialized trained nurses, giving highly reliable
adult height data for both the cohorts, performed standardized
measurements of adult height. The selection procedure for the
study population was also carefully standardized, to characterize
cohorts of healthy individuals born at term in Sweden. Due to high
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levels of immigration in recent years, only those of Nordic origin
were included in the 1990 cohort in order to improve compar-
ability with the 1974 cohort. As this study was based on
longitudinal growth data obtained in a community-based setting,
including individuals of different socioeconomic status, it is likely
that the results are generalizable to healthy individuals of Nordic
origin in other parts of Sweden. The mean differences between
the two cohorts can be regarded as quite small. Nevertheless,
relatively small changes were detected by the QEPS model, which
implies that the model is robust and can be used with confidence
to study changes of greater magnitude in other study settings.
A limitation of this study is the lower participation rate in the

1990 cohort. Earlier, we have obtained ethical approval to analyze
available growth data for nonparticipating as well as participating
individuals.17,22 Comparisons of participants and nonparticipants
revealed no systematic differences, with the exception of higher
BMI for nonparticipating females in the 1990 cohort.22 Regarding
secular changes in puberty, our study was based on only one
aspect of puberty, height.
In conclusion, we confirm that over a 16-year period, there was a

trend over time for length/height to increase from birth to
adulthood in Swedish boys and girls. As revealed by the QEPS
model, the progressively earlier timing of mid-puberty observed
over the last century seems to have slowed in girls and leveled off in
boys. These sex differences imply that two main components of the
secular trend; being taller and entering puberty earlier, are not
necessarily linked to each other. Moreover, the underlying

mechanisms for these changes remain to be revealed. The QEPS
model with its growth component analysis offers an alternative way
to study how these mechanisms interplay with possible relations to
hormones/biomarkers, results from other anthropometric measures,
and imaging techniques. Another implication of the results from the
present study is a need for updated national growth references
reflecting current knowledge and contemporary longitudinal data.
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