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Purpose: This study investigated whether size at birth and infant growth were associated

with age of indicators of pubertal development in boys and girls. We hypothesized that

restricted fetal growth and accelerated infant growth lead to earlier pubertal age.

Patients and methods: In total, 15,822 boys and girls answered questionnaires half-yearly

with information on pubertal development: age at menarche, first ejaculation, voice break,

Tanner stages, axillary hair, and acne. Birth weight and gestational age were used to calculate

birth weight Z-scores. Changes in infant weight Z-score from 0 to 5, 5 to 12, and 0 to 12

months were estimated. We estimated the mean monthly difference in timing of puberty

between children born small-for-gestational age (SGA) and large-for-gestational age (LGA)

with children born appropriate-for-gestational age (AGA) as reference. We further investi-

gated whether increasing infant weight Z-scores were associated with age at attaining

indicators of pubertal development.

Results: Girls born SGA reached all pubertal markers at an earlier mean age than girls born

AGA, as indicated by mean age differences below zero (eg, age at menarche: −2.3 months, 95%

CI: −3.4, −1.2), except for breast development. Girls born LGA reached pubertal markers later

than girls born AGA (eg, age at menarche: 1.7 months, 95% CI 0.5, 2.9). Boys born SGA and

LGA achieved puberty earlier than boys born AGA, though with CIs crossing zero (eg, age at

voice break for SGA: −0.7 months, 95% CI −2.1, 0.7 and for LGA: −0.7 months, 95% CI −2.1,

0.8). A 1-unit increase in weight Z-score from 0 to 12 months was associated with a mean age

difference of −1.7 to −0.3 months for pubertal development in both sexes.

Conclusion: Small size at birth and rapid infant growth were associated with early pubertal

age, most consistent and pronounced in girls.
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Introduction
Pubertal development is controlled by the hypothalamic–pituitary–gonadal axis

(HPG axis). The axis is developed early in fetal life and is active throughout

pregnancy and within the first year of life (the minipuberty).1,2 Hereafter, it remains

in a quiescent stage until reactivation at the onset of puberty. Consequently, the HPG

axis could potentially be programmed by both prenatal and early postnatal exposures.

Exposure to a deleterious intrauterine environment may result in fetal growth restric-

tion (FGR). FGR has been suggested to impact epigenetic programming,3,4 which

may affect the development of the HPG axis and its reawakening at puberty.

Furthermore, most FGR children show catch-up growth during infancy, which may

affect the HPG axis and pubertal development by increasing sex-hormone bioavail-

ability through changes in fat metabolism and insulin resistance.5,6
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Previous studies on the association between fetal growth

and pubertal development have mainly investigated age of

menarche in girls.7–24 The majority found that low birth

weight or small-for-gestational age (SGA) was associated

with earlier age at menarche. Some studies used Tanner

stages or onset of the growth spurt as markers of female

puberty with less consistent findings.8,15,21,23,25,26 In boys,

previous studies have investigated Tanner stages8,25–27 and

onset of pubertal growth spurt,21,23 but data are too sparse to

conclude on the direction or magnitude of association. In

this large cohort study, we investigated several indicators of

pubertal timing in both sexes, using longitudinally collected

data.

We hypothesized that FGR leads to earlier pubertal

development, especially in children with catch-up growth.

Therefore, we investigated the associations between

birth-size-for-gestational age, infant growth, and pubertal

development.

Materials and methods
Participants and setting
This study is based on the Puberty Cohort, a sub-cohort of

the Danish National Birth Cohort (DNBC). The DNBC

enrolled pregnant women from 1996 to 2002 and holds

data on approximately 92,000 women and their approxi-

mately 100,000 children. The majority of women in the

cohort were Caucasian, reflecting the Danish population at

the time. The women gave information on lifestyle and

health-related factors through computer-assisted telephone

interviews carried out twice during pregnancy (gestational

weeks 17 and 32) and when their child was 6 and 18

months. Additional questionnaires were completed as the

children turned 7 and 11 years.28

The ongoing Puberty Cohort was established in August

2012. A total of 56,641 singletons born from 2000 to

2003, whose mothers participated in the first DNBC inter-

view and had not died or withdrawn from the DNBC by

May 2012, were eligible for being sampled to the Puberty

Cohort. In total, a subsample of 22,439 children among the

56,641 children born into the DNBC between 2000 and

2003 were sampled and invited by letter or email to give

information through web-based questionnaires about their

pubertal development half-yearly from the age of 11.5

years until full sexual maturation (defined as Tanner

stage 5 for breast or genital development and pubic hair

development) or turning 18 years old, whichever came

first.

A total of 14,759 (66%) of the 22,439 sampled children

gave information on pubertal development in the Puberty

Cohort. Furthermore, all children in the DNBCwere invited

to give information on puberty at the 11-year follow-up, and

10,688 (48%) of the children sampled for invitation to the

Puberty Cohort gave information through this question-

naire. Altogether, 15,822 children provided information on

pubertal development at least once when combining these

two sources of data (participation rate: 71%). Children

without any information on pubertal development were

considered nonparticipants (loss to follow-up).

Birth weight and infant growth
Gestational age and birth weight were obtained from The

Danish Medical Birth Registry.30 Size at birth was computed

as birth weight Z-scores using the reference material devel-

oped by Marsal et al.31 Birth weight Z-scores are the number

of standard deviations the birth weight deviates from the

expected birth weight based on sex and gestational age. We

excluded children with missing information on birth weight or

gestational age (n=59) as well as those with birth weight <500

g or >6000 g, gestational age <20+0weeks or >43+0weeks, or

birth weight Z-score <-5 or >5 (n=69). We were able to

calculate birth weight Z-scores on 15,694 of the children

with information on pubertal development (Figure 1).

Children were categorized as SGA (birth weight Z-score

below the 10th percentile, n=2056), appropriate-for-gesta-

tional age (AGA, birth weight Z-score between the 10th and

90th percentile, n=11,702), or large-for-gestational age (LGA,

birth weight Z-score above 90th percentile, n=1936).

The weight of children at 5 and 12 months of age was

routinely measured in the Danish postnatal health exam-

inations. These weights were reported by the mother in

the computer-assisted telephone interview in the DNBC

at 18 months postpartum. Data were considered unreli-

able and recoded to missing if the age at 5-month exam-

ination was listed as <3 months or >7 months in the

registry (n=171) or the age at 12-month examination

was listed as <10 months or >15 months (n=181).

Analyses on infant growth were restricted to children

born at term (37+0 to 42+0 weeks) with information on

puberty (n=13,262). To evaluate infant growth, we calcu-

lated weight Z-scores, using the United Kingdom World

Health Organization (UK-WHO) Term Growth Charts at

birth, 5 months, and 12 months.32 Z-scores <-5 or >5

were considered unreliable and recoded to missing (n=8).

The individual weight Z-scores at 0, 5, and 12 months

were used to calculate the change in Z-score from 0 to 5
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months (n=8897), 5 to 12 months (n=7886), and 0 to 12

months (n=8312).

Puberty
Information on pubertal development was collected

through a web-based, translated version of the question-

naire used in the British Avon Longitudinal Study of

Parents and Children.27 The Danish questionnaire is avail-

able at www.bsig.dk. It included information on axillary

hair (yes/no), acne (yes/no), pubic hair and breast or geni-

tal growth, first menstrual period in girls (yes/no, age: year

and month), first ejaculation in boys (yes/no, age: year and

month), voice break in boys (yes – sometimes, yes –

definitive changes, no, do not know), as well as height

and weight (cm, kg). The Tanner scale was used to mea-

sure the stage of breast, genital, and pubic hair growth,33,34

and explanatory text with pictures was included to

improve the reporting. Children were encouraged to

respond to the questionnaires themselves at all times.

Covariates
Using directed acyclic graphs,35 we identified and included

the following potential confounders in all analyses: pre-

pregnancy body mass index (BMI), maternal smoking in

the first trimester, highest educational class of parents,

parity, and maternal age of menarche. The potential con-

founders were categorized as seen in Table 1. Parity was

obtained from The Danish Medical Birth Registry30 and

highest educational class of parents from Statistic

Denmark. Information on the remaining potential confoun-

ders was obtained from the DNBC.

Statistical analyses
STATA 15.1 MP software (Statacorp, College Station, TX,

USA) was used to conduct the analyses. Since the partici-

pants responded to questionnaires every 6 months, the data

on outcomes were either left, right, or interval censored.

The outcome was left-censored if a pubertal stage was

Figure 1 Flowchart of the study population after invitation to participate in the Puberty Cohort.
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attained before the first completed questionnaire, interval-

censored if the pubertal stage was attained between two

questionnaires, or right-censored if the pubertal stage was

not attained by the last questionnaire. We used a

multivariable regression model for interval-censored

time-to-event data based on the normal distribution since

age at puberty has been found to be normally distributed in

healthy populations.36 To check the assumption of

Table 1 Baseline characteristics of the children in the Puberty Cohort (N=15,694), Denmark, 2012–2017. Children are categorized as

SGA, AGA, or LGA

Size for gestational age Missing

SGA AGA LGA

n % n % n % n %

Total 2056 13.1 11,702 74.6 1936 12.3

Child characteristics

Sex 0 0.0

Male 1007 49.0 5636 48.2 983 50.8

Gestational age 0 0.0

<37 weeks 220 10.7 718 6.1 164 8.5

≥37 weeks 1836 89.3 10,984 93.9 1772 91.5

Birth weight (SD)a 2056 2738 (454) 11,702 3543 (440) 1936 4283 (459) 0 0.0

Weight at 5 months (SD)a 1406 7035 (911) 8179 7738 (929) 1396 8319 (1043) 4713 30.0

Weight at 12 months (SD)a 1332 9482 (1102) 7749 10,202 (1132) 1325 10,825 (1321) 5288 33.7

Maternal characteristics

Maternal pre-pregnancy BMI 214 1.4

<18.5 207 10.2 797 6.9 42 2.2

18.5–<25 1318 64.8 7251 62.8 1012 53.0

≥25–<30 360 17.7 2412 20.9 508 26.6

30+ 149 7.3 1078 9.3 346 18.1

Smoking during first trimester 53 0.3

Nonsmoker 1247 61.0 8466 72.6 1531 79.2

1–<10 cigarettes per day 592 29.0 2560 22.0 340 17.6

≥10 cigarettes per day 205 10.0 639 5.5 61 3.2

Parity 0 0.0

First child 1354 65.9 5903 50.4 653 33.7

Second or later child 702 34.1 5799 49.6 1283 66.3

Maternal age at menarche 121 0.8

Earlier than peers 495 24.3 2940 25.3 546 28.4

Same as peers 1183 58.0 6657 57.3 1072 55.8

Later than peers 362 17.8 2015 17.4 303 15.8

Highest educational class of parents 31 0.2

High-grade professional 453 22.1 2741 23.5 463 23.9

Low-grade professional 605 29.5 3888 33.3 667 34.5

Skilled worker 620 30.2 3155 27.0 535 27.6

Unskilled worker 305 14.9 1596 13.7 234 12.1

Students 47 2.3 232 2.0 31 1.6

Economically inactive 23 1.1 62 0.5 6 0.3

Notes: aMean values in gram (SD) presented instead of column %.

Abbreviations: AGA, appropriate-for-gestational age; BMI, body mass index; LGA, large-for-gestational age; SGA, small-for-gestational age.
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normally distributed residuals, the residuals were visually

inspected in R (x64 3.3.1) by comparing the cumulative

incidence function based on the Turnbull estimator to the

cumulative incidence function based on the normal distri-

bution (data not shown).

In the main analyses, we first estimated the difference

in mean age (in months) in reaching the different indica-

tors of pubertal development when comparing SGA and

LGA with AGA (without accounting for infant growth).

Second, to examine the impact of infant growth on

timing of pubertal development without considering size

at birth, the changes in Z-scores from 0 to 5 months, 5 to

12 months, and 0 to 12 months were used to obtain the

difference in mean age (in months) at attaining a pubertal

milestone per 1-unit increase in Z-scores.

Furthermore, we performed the following subanalyses:

First, the analysis comparing SGA to AGA was stratified

on being born either preterm (gestational age <37+0

weeks) or at term (gestational age 37+0 to 41+6 weeks)

to evaluate potential effect modification by preterm birth.

Second, to look for trends, we assessed the association

with birth weight Z-scores as a continuous variable to

obtain the difference in mean age (in months) at attaining

a pubertal milestone per 1-unit increase in birth weight

Z-score. Third, to assess potential effect modification by

birth weight Z-score on the association between infant

growth and pubertal development, we repeated the analy-

sis stratified on the birth weight Z-score being either below

or above the 33-percentile.

To increase statistical efficiency, participants in the

Puberty Cohort were sampled from 12 subgroups, based

on pregnancy or childhood exposures, hypothesized to

affect pubertal timing, including SGA. Additionally, a

reference group of 8000 children was randomly sampled.

In total, 22,439 children were sampled and invited for

participation. Sampling weights were used to account for

the sampling procedure.29 Robust standard errors were

used to account for the use of sampling weights and

clustering of siblings.

The study was approved by the Steering Committee of

the DNBC (2017–06). Data in DNBC and The Puberty

Cohort were registered by the Danish Data Protection

Agency (journal number 2012-41-0379 and 2015-57-

0002). When the DNBC was established, the Committee

on Biomedical Research Ethics approved the data collec-

tion ((KF) 01-471/94). Written consent was obtained from

all women at recruitment.

Results
Study population
15,694 children were included in the main analyses. In our

cohort, 13.1% were born SGA, 74.6% were born AGA, and

12.3% were born LGA. Compared to children born AGA,

SGA children were more likely born preterm, first born, to

have a mother with pre-pregnancy BMI <18.5 kg/m2, and to

have a mother that smoked ≥10 cigarettes a day during the

first trimester (Table 1). Compared to children born AGA,

LGA children were more likely to be born second or later,

to have a nonsmoking mother, and to have a mother with a

larger pre-pregnancy BMI (Table 1).

Size at birth and puberty
As presented in Figure 2 and Table S1, boys born SGA

achieved earlier puberty than boys born AGA, though with

CIs overlapping zero (eg, Tanner genital stage 3: −0.6
months, 95% CI: −1.9, 0.8 and Tanner pubic hair stage 3:

−0.6 months, 95% CI: −1.8, 0.6). Boys born LGA also

reached pubertal milestones earlier than boys born AGA,

with greater mean age differences than SGA (eg, Tanner

genital stage 3: −2.1 months, 95% CI: −3.6, −0.7 and

Tanner pubic hair stage 3: −1.5 months, 95% CI: −2.8,
−0.3). Still, CIs overlapped zero for most of the milestones.

As presented in Figure 3 and Table S1, girls born SGA

reached pubertal stages of pubic hair development, axillary

hair development, acne, and menarche 1.6 to 2.3 months

earlier than AGA girls (eg, Tanner pubic hair stage 2: −1.6
months, 95% CI: −2.6, −0.5 and age at menarche: −2.3
months, 95% CI: −3.4, −1.2). We found no difference in

age of reaching breast stages 2, 3, and 4. LGA girls had later

puberty in the order of 1.2 to 2.1 months compared to AGA,

except breast stage 2 and 5 and pubic hair stage 5 (eg,

Tanner pubic hair stage 2: 1.5 months, 95% CI: 0.3, 2.7

and age at menarche: 1.7 months, 95% CI: 0.5, 2.9).

When stratifying on gestational age, the association

between SGA and age at pubertal development was accen-

tuated for most pubertal milestones among preterm, but

CIs were wide and overlapping zero (Table S2).

Increasing birth weight Z-score was associated with later

puberty in all pubertal outcomes in girls only (except for

breast stage 2) in the order of 0.6 to 1 months per 1-unit

increase in Z-score (Table 2).

Infant growth and puberty
A 1-unit increase in Z-score from 0 to 12 months was

associated with earlier puberty in both sexes (Table 3).
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When evaluating Z-score change in shorter time intervals,

an increase in Z-score between 5 and 12 months was

slightly stronger associated with age at puberty than an

increase in Z-scores between 0 and 5 months.

The subanalyses of infant growth at 0 to 12 months stra-

tified by birth weight Z-score (above or below the 33-percen-

tile) revealed no signs of effect modifications (Table S3).

Discussion
SGA boys and girls reached pubertal milestones earlier on

average, except for Tanner breast stages in girls. Boys born

LGA reached pubertal milestones earlier, while girls born

LGA reached milestones later. A linear relationship

between birth weight Z-score and age at pubertal mile-

stones was only observed among girls. In both sexes, an

increase in weight Z-score from 0 to 12 months was

associated with earlier age at reaching pubertal milestones.

Age at puberty in girls has declined during the last

century.37 Whether age at onset of male puberty has declined

is less certain.38 Determinants of pubertal onset remain lar-

gely unknown, but prenatal exposures have been suggested

to play a role. Some prenatal exposures may cause a sub-

optimal growth environment and result in FGR.39 FGR has

been related to insulin resistance and compensatory hyper-

insulinism later in life through rapid weight gain in early

childhood, which could lead to increased sex-hormone bioa-

vailability and ultimately advanced timing of puberty.5

Although we were not able to specifically measure FGR,

we used SGA as a surrogate measure.

Figure 2 Adjusted difference (with 95% CI) in reaching pubertal milestones when

comparing SGA and LGA boys to boys born AGA.

Notes: Adjusted for parity, maternal age at menarche, maternal pre-pregnancy

BMI, maternal smoking during the first trimester, and highest educational class of

parents. Exact estimates are provided in Table S1.

Abbreviations: AGA, appropriate-for-gestational age; BMI, body mass index; LGA,

large-for-gestational age; SGA, small-for-gestational age.

Figure 3 Adjusted difference (with 95% CI) in reaching pubertal milestones when

comparing SGA and LGA girls to girls born AGA.

Notes: Adjusted for parity, maternal age at menarche, maternal pre-pregnancy

BMI, maternal smoking during the first trimester, and highest educational class of

parents. Exact estimates are provided in Table S1.

Abbreviations: AGA, appropriate-for-gestational age; BMI, body mass index; LGA,

large-for-gestational age; SGA, small-for-gestational age.
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Former literature on SGA boys and pubertal timing is

limited, but some studies are consistent with our findings;

two studies found that low birth weight was associated with

earlier onset of pubic hair development27 and earlier age at

onset of pubertal growth spurt.23 In contrast to our findings,

some studies have reported no association between size-for-

gestational age and Tanner genital stage25,26 or onset of

pubertal growth spurt.21 One study found no heterogeneity

by sex, and therefore calculated a joint estimate for Tanner

genital stage 2 and breast stage 2 in boys and girls.25 Since

we found no association between SGA and Tanner breast

stage 2 in girls, earlier puberty among the boys, as found in

our study, may have vanished in their joint estimate. Three

studies only included few boys in the analyses.21,23,26 We

observed earlier age at all indicators of pubertal development

among LGA boys, except adult voice, though not statistically

significant in all estimates. Wang et al (2012) found similar

results with a trend toward earlier genital and pubic hair

development in boys with higher birth weight Z-score.8

We found that SGA girls reached pubic hair stages,

axillary hair, acne, and menarche earlier than AGA girls.

This is in line with former studies,9,15,21 although the results

from one of these were not statistically significant.15 In our

study, SGA girls did not reach breast stages earlier than AGA

girls. Hui et al (2012) also found no association between

being born SGA and age at Tanner breast stage 2,25 though

the estimate was based on both boys (Tanner genital stage 2)

and girls as described above. The lack of association in our

study could be explained by misclassification of the breast

stages,40 or it could be primarily pubic hair development that

is affected by growth and not breast development. In this

study, higher birth weight Z-score and being LGAwas asso-

ciated with older age at pubertal development in girls.

Several studies are consistent with these findings.11,16,18–20,22

Table 2 Mean age difference (in months) at attaining pubertal milestone for each 1-unit increase in birth weight Z-score

Pubertal milestone na Unadjusted age difference Adjusted age difference (95% CI)b

Boys

Tanner genital stage 2 6927 −0.4 −0.5 (−0.9–0.0)

Tanner genital stage 3 6927 −0.4 −0.4 (−0.8–0.1)

Tanner genital stage 4 6927 −0.3 −0.3 (−0.8–0.1)

Tanner genital stage 5 6927 −0.6 −0.6 (−1.3–0.0)

Tanner pubic hair stage 2 6931 −0.2 −0.2 (−0.6–0.3)

Tanner pubic hair stage 3 6931 −0.3 −0.2 (−0.6–0.2)

Tanner pubic hair stage 4 6931 0.0 0.0 (−0.4–0.3)

Tanner pubic hair stage 5 6931 −0.2 −0.2 (−0.7–0.3)

Axillary hair 6936 0.4 0.5 (0.0–1.0)

Acne 6936 0.6 0.4 (−0.1–0.8)

Voice break 6742 −0.1 −0.2 (−0.7–0.2)

Adult voice 6742 0.4 0.4 (−0.4–1.1)

First ejaculation 6923 −0.3 −0.3 (−0.7–0.2)

Girls

Tanner breast stage 2 7348 −0.4 −0.2 (−0.8–0.4)

Tanner breast stage 3 7348 0.4 0.6 (0.2–1.0)

Tanner breast stage 4 7348 0.3 0.6 (0.2–1.0)

Tanner breast stage 5 7348 0.2 0.6 (−0.2–1.4)

Tanner pubic hair stage 2 7349 0.7 0.6 (0.3–1.0)

Tanner pubic hair stage 3 7349 0.7 0.8 (0.5–1.2)

Tanner pubic hair stage 4 7349 0.8 0.9 (0.5–1.4)

Tanner pubic hair stage 5 7349 0.8 1.0 (0.4–1.6)

Axillary hair 7354 0.9 0.9 (0.5–1.4)

Acne 7354 1.1 1.0 (0.5–1.5)

Menarche 7346 0.7 0.9 (0.6–1.2)

Notes: aNumber of observations in adjusted analyses. Numbers vary since some children did not provide information on all outcome variables. bAdjusted for parity,

maternal age at menarche, maternal pre-pregnancy BMI, maternal smoking during first trimester, and highest educational class of parents.

Abbreviations: AGA, appropriate-for-gestational age; BMI, body mass index; LGA, large-for-gestational age; n, number; SGA, small-for-gestational age.
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Opposing to our results, two studies found no association

between birth weight and age at menarche,13,17 and two

found a higher birth weight to be associated with earlier

pubertal development in girls.8,12 These studies were smaller

than ours, participants were different ethnicities,13 and infor-

mation on menarche was collected retrospectively in one

study.17

When comparing boys and girls, birth weight seems to

be associated with pubertal age differently. From our data,

it seems that being SGA is associated with earlier puberty

in both sexes, while being born LGA is associated with

pubertal age in opposite directions. Our data and the

current literature do not provide any explanation for the

sex differences observed, and it should be a subject of

future studies.

We found that an increase in weight Z-score from 0 to 12

months was associated with earlier puberty in both sexes.

Rapid weight gain during early childhood has been asso-

ciated with earlier puberty in former studies,8,12,14,15,23 but

only two of these studies included boys.8,23 Especially the

period from 5 to 12 months seemed important in the present

study.We expected the strongest associations among infants

born with the lowest birth weight Z-scores as these may be

growth restricted and large infant growth would represent

catch-up growth. Contrary to this expectation, size at birth

did not modify the associations.

The major strength of this study is the large population

with a relatively high participation and detailed informa-

tion on pubertal development collected longitudinally.

A potential limitation is misclassification of self-

reported variables. Data on birth weight and gestational

age were collected from the birth registry, and data on

weight at 5 and 12 months were self-reported by the

mother at 18 months. It is unlikely that the misclassifica-

tion is related to the pubertal timing of the children, as

these data were collected before puberty, and therefore it is

likely nondifferential. We used SGA as a proxy of FGR in

this study. To identify the children that are truly growth

restricted, one needs at least two measures of fetal size

separated in time, eg, using ultrasound examination.

Unfortunately, this information is rarely available.

However, we believe that by using birth weight Z-scores,

we capture most of the growth-restricted children in our

analyses. In the subanalysis on infant growth, we had too

low power to restrict the analyses to the SGA children and

had to analyze the lowest third of birth weights. This

might have affected our results since this group was less

likely to be growth restricted than the true SGA group.

In a post-hoc exploratory analysis, we investigated

whether the association between postnatal weight change

in terms of change in weight Z-scores and pubertal timing

was reasonably compatible with linearity. Specifically, we

evaluated quadratic departure from linearity by including

the change in Z-score between birth and 12 months as a

second-order polynomial, and we found no statistically

significant (P<0.05) quadratic departure from linearity,

except for age at acne in girls. Thus, the association seemed

to be reasonably compatible with linearity (data not shown).

Since data on puberty were collected longitudinally,

recall bias is unlikely. Information on pubertal milestones

was self-reported, which could introduce some nondiffer-

ential misclassification, since it is unlikely that the error of

the reports depends on the children’s birth weight and

weight gain. The collection of information started after

some of the children entered pubertal stage 2, and hence

a high proportion of early outcomes was left-censored.

However, the estimates will be valid even in the presence

of left-censoring as long as the pubertal milestones are

normally distributed, which was supported by our model

check. Children born SGA were less willing to participate

in the cohort than children born AGA. Since only 29%

chose not to participate, nonparticipation will most likely

not bias the estimates considerably. Changes in weight Z-

score after birth were only available in approximately 35%

of all children in the Puberty Cohort, but since the mothers

reported the weights before knowing the pubertal devel-

opment of their child, the potential selection bias would

likely be nondifferential. We were able to adjust for many

important potential confounders, although the possibility

of residual confounding from, eg, maternal or infant diet,

cannot be ruled out.

Our data suggest that exposures in utero and infancy

may affect pubertal development through prenatal and

postnatal growth. Fetal life and infancy may provide a

promising period of life where potential causes of earlier

pubertal timing may exert their effect.

Conclusion
Our findings support the hypothesis that FGR measured by

means of birth weight Z-score leads to earlier puberty in

both sexes. Being born LGA was associated with later

puberty in girls and earlier puberty in boys. Rapid weight

gain in infancy was associated with earlier puberty in both

sexes, with indications that the postnatal period from 5 to 12

months was of greater importance than the period from 0 to

5 months. This study indicates that both prenatal and
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postnatal growth affect pubertal development.

Consequently, modifiable causes of altered prenatal and

postnatal growth may provide explanations for the declin-

ing pubertal age.

Abbreviations
AGA, appropriate-for-gestational age; BMI, body mass

index; DNBC, The Danish National Birth Cohort; FGR,

fetal growth restriction; HPG axis, hypothalamic–pituitary–

gonadal axis; LGA, large-for-gestational age; SGA, small-

for-gestational age.
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