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BACKGROUND: Our aim was to determine if prenatal factors, gestational age, birth weight and length, and childhood body mass
index (BMI) are associated with the timing of puberty.
METHODS: Our population-based study comprised 4826 girls and 5112 boys born between 1997 and 2002. Multiple linear
regression modeled the relationships between the maternal and child predictors and the age at peak height velocity (PHV).
RESULTS: Maternal smoking throughout pregnancy was associated with earlier age at PHV (−1.8 months in girls, 95%CI=−3.2 to
−0.3, p= 0.015 and −1.7 months in boys, 95%CI=−3.1 to −0.3, p= 0.016). Older gestational age predicted later age at PHV in
boys. One SDS increase in birth weight led to 1.7 months later age at PHV in girls (95%CI= 1.2 to 2.2, p < 0.001) and 0.8 months in
boys (95%CI= 0.2 to 1.3, p= 0.005). At the age of 9 years, each increment of BMI by 1 kg/m2 was associated with 1.7 months (95%
CI=−1.9 to −1.6, p < 0.001) and 1.3 months (95%CI=−1.4 to −1.1, p < 0.001) earlier age at PHV in girls and boys, respectively.
CONCLUSIONS: Fetal exposure to smoking can potentially exert enduring effects on pubertal timing. Birth weight and childhood
nutritional status are significant determinants of pubertal timing in both sexes.

Pediatric Research; https://doi.org/10.1038/s41390-024-03159-7

IMPACT:

● Maternal smoking was associated with earlier timing of puberty and greater birth weight with later timing of puberty in both
girls and boys.

● Most previous studies have focused on girls and used surveys to assess pubertal development, but we studied both sexes and
used the same objective measure (age at peak height velocity) for the timing of puberty.

● Our study increases knowledge especially regarding factors associated with the timing of puberty among boys.

INTRODUCTION
The secular trend of earlier timing of puberty.1,2 is causing concern
regarding later health. Early menarche is associated with insulin
resistance,3 type 2 diabetes,4,5 and hypertension6 in adulthood,
which may partly be mediated by obesity. Earlier timing of
puberty is also linked with different cancers, especially sex steroid-
sensitive cancers such as breast, ovarian, and prostate cancer.7,8

Previously, prenatal factors such as maternal prepregnancy
BMI,9,10 exposure to certain chemicals, such as parabens and
phenols, during pregnancy11 and child birth weight9,12,13 were
associated with the timing of puberty. Further evidence supports
the view that rapid weight gain during the first years of life13,14

and higher BMI in childhood15,16 are associated with earlier timing
of puberty especially in girls. In boys, the association of childhood
BMI with the timing of puberty is less clear. Some studies have
reported that high BMI is associated with later maturation,17,18

other studies found no association19 and others reported
association of high BMI with earlier maturation20–24 although the
methods for assessing pubertal timing and size of study

population varied. A recent systematic review and meta-analysis
assessed evidence on the associations between smoking (prenatal
and childhood environmental) and the timing of puberty based
on 20 studies of which only 3 included boys.25 That meta-analysis
inferred that prenatal smoking might advance menarche in girls
with some uncertainty, but, in boys, no association between
prenatal smoking and puberty was apparent. A Danish
questionnaire-based study from 2019 found that maternal
smoking during pregnancy might advance puberty in both
sexes.26 Also socioeconomic status and nutritional conditions are
considered to have a role in the timing of puberty.27

Many of the studies on the factors affecting the timing of
puberty have, however, focused on girls, and used age at
menarche as a marker for puberty, although menarche is a late
sign of puberty.28 In boys, the definition of puberty varies greatly
(age at voice break, age at first shaving, early growth of penis).
Such self-assessment of pubertal maturation is unreliable, as
parents and girls tend to underestimate and boys overestimate
their pubertal development.29 Therefore, there is still a shortage of
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comprehensive studies examining how maternal and childhood
factors are associated with the timing of puberty, including
reliable assessments of pubertal timing in both sexes. Smoking
and many other prenatal and childhood factors possibly affecting
the timing of puberty could be modifiable.
Our hypothesis is that maternal and child-related factors are

predictors for the timing of puberty in both sexes. It has been
proposed previously that prenatal factors such as low birth weight
and undernutrition are linked to health in adulthood.30–33 On the
other hand, smoking during pregnancy has been associated with
low birth weight.34,35 We aim to respond to the gaps in current
knowledge that stem from limitations in the methods of assessing
pubertal maturation and underpresentation of boys in previous
studies. The basis of this population-based study was to
investigate the associations of prenatal and newborn factors
(gestational age, birth weight and length) and childhood BMI at
the age of 6 and 9 years with the timing of puberty in both sexes.
The timing of puberty was determined by analyzing growth data
that allows equal assessment in both boys and girls.

MATERIALS AND METHODS
Study population and design
We collected information on children born between 1997 and 2002 in
Finland who attended a comprehensive school in the city of Espoo, the
second largest city in Finland. The children’s growth and health data
from the visits to child health clinics and school health services were
obtained from the integrated patient information systems (Effica®, Tieto
Inc.). Growth data included all height and weight measurements from
child health clinics and school health care. Data obtained from the
newborn register of the Finnish Institute for Health and Welfare included
background information of the pregnant mother, labor, and the
newborn.

Informed consent and ethical approval
Since the study is entirely register based, no ethical permission was
required according to the Finnish Medical Research Act. The Helsinki
University Hospital and the city of Espoo approved the study. Written
informed consent from the participants/participants’ legal guardian/next of
kin was not required to participate in this study in accordance with the
national legislation and the institutional requirements.

Assessment of pubertal timing
We used age at peak height velocity (PHV) as a marker for pubertal timing and
it was determined for 13,180 children who also had newborn register
information available. The age at PHV was determined from growth curves
using polynomial functions. The process has been described in detail and
validated recently.36 It is an objective way to determine the timing of puberty
retrospectively. In this method, a 7th degree polynomial function was fitted to
each child’s growth data and the function was derived to determine the age at
PHV, the highest growth rate between 7.5 and 17.5 years of age.

Information from the newborn register and childhood BMI
In the newborn register, the smoking status of the pregnant mother was
divided into four categories: (i) mother did not smoke, (ii) mother quit
smoking during the first trimester (before week 12+ 0), (iii) mother smoked
daily also after the first trimester and (iv) smoking status was unknown
(2.4%). Other possible maternal factors included the number of previous
deliveries, age at delivery, working status (employed or not working (i.e.,
studying, unemployed, pension, at home with other children)) and
cohabitation of parents at the time of delivery/pregnancy. Factors related
to the child were gestational age at birth, birth weight standard deviation
(SD) score and birth length SD score, and body mass index. We used BMI at
the age of 9 years (calculated based on growth assessments for 5145 girls
and 5399 boys) and also BMI at the age of 6 years (4941 girls and 5022
boys). For younger ages, growth data was limited. The birth weight SD and
birth length SD scores were calculated using Finnish growth reference data
for newborns.37 After exclusion of children with missing information of all
the predictors including BMI at age 9, the final study population included
4826 girls and 5112 boys (Fig. 1). When using BMI at age 6 instead of BMI at
age 9 the final study population included 4652 girls and 4769 boys (Fig. 1).
Since most children attend a comprehensive school within their residential

area, we used the annual income level of the primary school catchment area
where the child attended school in 5th and 6th grade as a proxy for family
socioeconomic status. Because the income level of the school catchment area
was missing from 893 girls and 780 boys, we conducted a side analysis
including this information (3933 girls and 4332 boys).

Analyses
All statistical analyses were performed with Python programming
language (Python 3.7.4). We used multiple linear regression models to
find associations between the predictors and age at PHV. The analyses
were performed stepwise so that one model included only predictors
related to the mother, another model only predictors related to the child
and the final model both mother and child-related predictors. The model
with both mother (maternal smoking, maternal age, working status,
previous births, cohabitation of parents) and child-related (birth weight
SDS, birth length SDS, gestational age and childhood BMI) predictors
proved to be the best model to describe the associations between the
predictors and the age at PHV and was therefore chosen as the final
model. We investigated the general trends first with LOWESS (Locally
Weighted Scatterplot Smoothing) curves, especially between age at PHV
and BMI, and it was close to a linear relationship in both boys and girls. We
tested for potential collinearity between the predictors. All the variance
inflation factors (VIF) were less than 3 and therefore only low correlations
were found. Weak correlation was found between mother’s smoking and
birth weight: smoking during pregnancy led to smaller birth weight SD. In
addition, children of smoking mothers had higher BMI at age 9 years, and
higher birth weight led to higher BMI at age 9. These correlations were
minimal and are not considered to interfere with the associations with age
at PHV. We also used the Akaike information criteria and analyses on the
residuals to test for collinearity. To account for possible selection bias, we
compared the ages at PHV of the included and excluded children and
found no statistically significant difference between the groups (p > 0.05).
The excluded children had slightly more smoking mothers than did the
included children (1.6 percentage points).

RESULTS
Associations of prenatal, newborn and childhood factors with
age at PHV
Maternal smoking throughout the pregnancy was associated with
earlier timing of puberty in both girls and boys (Table 1). Compared
with children of non-smoking mothers, girls reached PHV 1.8 months
and boys 1.7 months earlier if their mothers smoked throughout

6347 Girls

6347 Smoking status

Total number of children
with age at PHV and birth

register information
13,180

Maternal age

Mother’s previous births
Cohabitation of parents
Birth weight SD
Birth height SD
Gestational age at birth
Child’s BMI (age 9)
Child’s BMI (age 6)

4826 Girls (BMI age 9)
4652 Girls (BMI age 6)

Working status

Girls

6347
6006
6335
6325
6339
6314
6347
5145
4941

6833
Boys

6833
6507
6829
6808
6829
6809
6833
5399
5022

6833 Boys

5112 Boys (BMI age 9)
4769 Boys (BMI age 6)

Fig. 1 Study outline. The numbers in the middle represent how
many of the children had the information of the different birth
register variables and BMI. A total of 9938 children, 4826 girls and
5112 boys, had all the variables and BMI at the age of 9 years
available and 9421 children, 4652 girls and 4769 boys, all the
variables and BMI at the age of 6 years available.
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pregnancy. If the mother quit smoking during the first trimester, the
age at PHV remained unaffected in both sexes.
The birth weight SDS was positively associated with age at PHV

(Table 1). One SD increase in birth weight SD score was associated
with 1.7 months later age at PHV in girls and 0.8 months later age
in boys. However, when investigating the residuals, most of the
variation in birth weight in boys was probably due to the effect of
smoking on the age at PHV.
In both sexes, most of the variance of age at PHV was explained

by the child’s BMI. Increase in BMI at the age of 9 years by 1 kg/m2,
led to 1.7 months earlier age at PHV in girls and 1.3 months earlier
age at PHV in boys (Table 1). Similar results were found with BMI at
the age of 6 in both girls and boys: a BMI increase by 1 kg/m2 led
to 1.8 months and 1.4 months earlier age at PHV, respectively.
Higher BMI was associated with earlier age at PHV also among

overweight and obese children. If BMI at the age of 9 years was
>90th percentile, a BMI increase by 1 kg/m2 in girls led to
1.6 months and in boys to a 1.1 months earlier age at PHV. The
corresponding analyses for BMI at the age of 6 years led to a
2.2 months and a 1.2 months earlier age at PHV.
In addition to child BMI, maternal smoking, and child birth

weight, in girls, also maternal employment correlated with the age
at PHV leading to a 1.5 months later age at PHV compared to
those whose mothers were not working. In boys, each additional
gestational week was associated with 0.3 months later puberty.
Maternal age, number of previous births, cohabitation of the
parents and birth length SD score showed no association with the
timing of puberty in either sex.
When the annual income level of the school catchment area was

added to the analysis, other results remained similar, but in girls,

Table 1. Results from multiple linear regression model with all mother and child-related predictors showing the coefficients, 95% confidence
intervals (CI) and p values.

GIRLS (n= 4826) BOYS (n= 5112)

Age at PHV coef 95% CI p value Age at PHV coef 95% CI p value

Maternal characteristics

Maternal smoking

−throughout pregnancya −0.1473 −0.266 to −0.029 0.015 −0.1437 −0.261 to −0.027 0.016

−quit in 1. trimestera 0.0662 −0.247 to 0.379 0.678 −0.0578 −0.335 to 0.219 0.683

Maternal age −0.0037 −0.011 to 0.004 0.334 0.0020 −0.006 to 0.010 0.608

Working status 0.1225 0.023 to 0.222 0.016 0.0345 −0.064 to 0.133 0.490

Previous births −0.0212 −0.052 to 0.010 0.185 0.0169 −0.017 to 0.051 0.327

Cohabitation of parents 0.0302 −0.092 to 0.153 0.629 −0.0080 −0.135 to 0.119 0.902

Child characteristics

Birth weight SDS 0.1431 0.099 to 0.187 0.000 0.0634 0.019 to 0.108 0.005

Birth length SDS −0.0423 −0.085 to 0.001 0.053 −0.0031 −0.045 to 0.039 0.885

Gestational age −0.0025 −0.022 to 0.017 0.806 0.0271 0.008 to 0.046 0.004

BMI at the age of 9 −0.1428 −0.156 to −0.130 0.000 −0.1053 −0.119 to −0.092 0.000

BMI at the age of 6b −0.1513 −0.170 to −0.132 0.000 −0.1150 −0.135 to −0.095 0.000
aCompared to non-smokers.
bSeparate analysis with BMI at the age of 6 years instead of BMI at the age of 9 years, 4652 girls and 4769 boys.
aCompared to non-smokers.
The p values that are significant are in bold.

Table 2. Characteristics (mother and child-related) when mother either smoked throughout the pregnancy, quit smoking in the 1st trimester or was
non-smoking.

Smoking continued after 1st
trimester n= 862

Smoking ended in 1st
trimester n= 120

Non-smoking
n= 8716

Allb n= 9938

Previous childbirths mean
(SD)

1.02 (1.23)* 0.48 (0.76)* 0.84 (1.06) 0.86 (1.08)

Maternal age mean (SD) 29.34 (5.64)* 29.55 (5.70)* 31.59 (4.70) 31.37 (4.85)

Employed 78.77%* 79.17%* 87.05% 86.11%

Not workinga 21.23%* 20.83%* 12.95% 13.88%

Cohabitation of parents 68.91%* 69.17%* 89.65% 87.54%

Gestational weeks 39.74 (1.64) 40.00 (1.49) 39.76 (1.68) 39.76 (1.67)

Birth weight SDS −0.38 (1.03)* −0.23 (0.97) −0.04 (1.05) −0.08 (1.05)

Birth length SDS −0.32 (1.15)* −0.04 (1.02) 0.09 (1.06) 0.05 (1.08)

Child’s BMI at age 9 17.74 (2.96)* 17.82 (3.14)* 16.97 (2.37) 17.04 (2.45)

age at PHV (SD) girls: 11.15 (1.19)*
boys: 13.32 (1.17)*

girls: 11.35 (1.30)
boys: 13.42 (1.24)

girls: 11.45 (1.18)
boys: 13.57 (1.18)

girls: 11.42 (1.18)
boys: 13.54 (1.19)

*p < 0.05 when compared to non-smoking mothers.
aStudying, unemployed, pension, at home with other children.
bIncluding also mothers whose smoking status was unknown.
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maternal working status became non-significant. There was no
relevant association between annual income level and age at PHV.

Characteristics based on smoking status
The characteristics of the smoking and non-smoking mothers are
shown in Table 2. Mothers who continued smoking after the 1st
trimester had more children, were younger and were more often out
of workforce and less frequently cohabited with the other parent
compared to the non-smoking mothers. The children of the smoking
mothers were smaller at gestational age and heavier at the age of 9. If
the mother quit smoking in the first trimester birth size was
unaffected, but the children had gained more weight by the age of 9.

DISCUSSION
In this study, we examined the relationship of prenatal factors,
birth size, and childhood BMI with the timing of puberty in a
comprehensive population-based cohort among both girls and
boys. From the predictors used, childhood BMI showed the
strongest and negative association with the age at PHV. Moreover,
maternal smoking during pregnancy was associated with earlier
timing of puberty in both sexes but only if smoking continued
throughout the pregnancy. Birth weight SD score had a positive
association with the age at PHV.
Earlier age at puberty onset in both girls and boys is a global

phenomenon.1,2,19,38 This secular trend may challenge the definition
of what is considered normal, may concern parents, and may cause
burden on the health care system because more children are referred
due to the suspicion of precocious puberty.39–41 Although the
etiology of earlier timing of puberty remains largely unknown, early
puberty is linked to a multitude of adverse health outcomes, such as
type 2 diabetes and sex-steroid sensitive cancers.4,7

Smoking throughout the pregnancy was associated with
earlier timing of puberty in both sexes. Maternal smoking during
pregnancy has been associated with early42,43 or late44

menarche, and some studies45 report no association at all. A
recent meta-analysis concluded that maternal smoking during
pregnancy might indeed lower age at menarche for girls, but
among boys, an unequivocal puberty-promoting association was
lacking.25 A Danish study, which accounted for many confound-
ing factors such as prepregnancy BMI, maternal age at delivery,
and social class of parents, concluded that maternal smoking
during pregnancy might advance puberty in both boys and
girls.26 This is in agreement with our results, though we found no
association between maternal smoking and age at PHV if the
mother quit smoking during the first trimester. Other studies also
indicate that quitting smoking during the first trimester is
beneficial for newborn birth weight.46,47 In regard to tobacco
smoke exposure during childhood, one Finnish study recently
reported that such exposure at home predicts earlier thelarche.9

Finally, maternal smoking during pregnancy is associated in
adulthood with reduced semen quality and testis size, suggest-
ing a long-lasting effect on boys’ reproductive system.48,49

Birth weight was associated with the age at PHV in both sexes.
Previous studies on girls have found similar associations between
low birth weight and early menarche.43,45,50,51 In boys, the results
are more ambiguous. In a study by Wohlfahrt-Veje et al, larger birth
weight in boys predicted earlier age for attaining testicular volume
greater than 3ml, while predicting later age for Tanner genital
stage 4 (G4) or pubic hair stage 4 (P4).12 A recent study on preterm
boys reported a negative correlation between the degree of
prematurity and birth weight and circulating sex steroid levels at
age 10, which suggests that, in children with lower birth weight,
the hypothalamus–pituitary–testicular axis might be activated
earlier.52 In our study, however, most of the variation in the birth
weight of boys was explained by maternal smoking and thus the
effect of birth weight on the age of PHV was quite small.

The strongest predictor of earlier age at PHV was child BMI at the
age of 6 and 9 years. This was expected, based on similar results,
especially in girls.15,53–57 In boys, however, the situation is less clear.
For example, Bygdell et al and Oehme et al suggested that the
relationship between nutritional status and the timing of puberty
did not apply to overweight boys,58,59 whereas other investigators
have reported that higher BMI is associated with earlier timing of
puberty, irrespective of boys’ BMI.15,60–63 In our study, BMI at age 6
and 9 years was associated with earlier age at PHV also among
overweight boys (BMI>90th percentile or BMI>95th percentile). The
World Health Organization defines normal BMI for girls as 12.7 kg/
m2 to 17 kg/m2 at age 6 and 13.1 kg/m2 to 18.3 kg/m2 at age 9 and
for boys a respective 13 kg/m2 to 16.8 kg/m2 and 13.5 kg/m2 to
17.9 kg/m2.64 The association between child weight and timing of
puberty lends credence to the concept that prevention of childhood
obesity may modify the timing of puberty in both girls and boys.62

In our study already BMI at the age of 6 years, which is well before
the onset of puberty, was associated with the timing of puberty.
The strengths of this study include its population-based setting,

large study cohort, and objective assessment of the timing of
puberty from growth charts instead of surveys. Unfortunately,
quantitative and comprehensive data on maternal smoking during
pregnancy, and the child’s possible exposure to tobacco smoke at
home were unavailable. Other important variables which we had
no access to included maternal weight/BMI, lifestyle, gestational
diabetes, and family’s income level. Additional lifestyle and
socioeconomic factors like these may also contribute to the
associations described between maternal smoking during preg-
nancy and timing of puberty.
In summary, the timing of puberty in both sexes is significantly

influenced by maternal smoking during pregnancy, child birth
weight, and BMI at ages 6 and 9. This underscores the importance
of recognizing smoking and childhood obesity as risk factors for
long-term health.

DATA AVAILABILITY
The data that support the findings of this study are available from Helsinki University
Hospital, the city of Espoo and the Finnish Institute for Health and Welfare but
restrictions apply to the availability of these data, which were used under license for
the current study, and so are not publicly available. Data are however available from
the authors upon reasonable request and with permission of Helsinki University
Hospital, the city of Espoo and the Finnish Institute for Health and Welfare. Requests
to access the datasets should be directed to the corresponding author.
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