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Background: Maternal smoking during pregnancy causes fetal growth retardation. 
Thereafter, it has been associated with excessive childhood weight gain and decreased linear 
growth in the offspring. However, it is not known whether head circumference (HC), the 
surrogate of brain size in childhood, is altered after intrauterine tobacco exposure. We 
assessed the association of maternal smoking during pregnancy with offspring HC growth 
up to age 6 years in comparison with length/height growth and weight gain.
Methods: We combined data from Medical Birth Register and longitudinal growth data 
from primary care of 43,632 children (born 2004–2017). Linear mixed effects models were 
used for modeling, adjusting for potential perinatal and socioeconomic confounders.
Results: At birth, maternal smoking during pregnancy was associated with a mean deficit of 
0.19 standard deviation score (SDS) (95% CI: −0.25, −0.12) in HC, −0.38 SDS (95% CI: 
−0.43, −0.32) in length, and −0.08 SDS (95% CI:−0.14, −0.02) in weight-for-length. HC in 
smokers’ children failed to catch up to that of non-smokers’ children. Height of smokers’ 
infants reached that of non-smokers’ infants by 12 months but declined thereafter. Weight-for 
-height of smokers’ infants exceeded the level of non-smokers’ infants at 3 months and 
remained significantly elevated thereafter. HC in the offspring of mothers who quit smoking 
in the first trimester was not deficient, but their weight-for-height was elevated.
Conclusion: HC of smokers’ children is still deficient at age 6 years. Since most of the head 
growth occurs during the first 2 years of life, the defect may be permanent. In smokers’ 
children, weight gain was excessive up to 6 years and height was deficient at 6 years 
consistent with previous literature. Efforts should be made to encourage pregnant women 
to quit smoking in the beginning of the pregnancy.
Keywords: maternal smoking, tobacco exposure, child growth, head circumference, weight, 
height

Plain Language Summary
● Maternal smoking during pregnancy is associated with reduced weight, length and 

head circumference of the newborn. Postnatally, these children tend to gain excessive 
weight, whereas their height growth is not increased in a similar way. The impact of 
maternal smoking during pregnancy on head growth in childhood is less well char-
acterized. Head circumference is an indicator of brain size in childhood.

● The aim of this study was to clarify how maternal smoking in pregnancy is associated 
with child head growth, in comparison with growth in weight and height from birth to 
age 6 years in a population of 43,632 children.
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● We showed that maternal smoking after the first trimester 
of pregnancy was associated with a slightly smaller head 
size in offspring at least until the age of 6 years.

● Most of the head and brain growth occur during the first 
two years of life, and the persisting deficit in head size at 6 
years may be permanent.

● No deficit was observed in the head size of those children 
whose mothers had quit smoking in the first trimester of 
pregnancy.

● Efforts should be taken to encourage pregnant women to 
quit smoking in the beginning of the pregnancy.

Introduction
Maternal smoking during pregnancy is among the most 
common risk behaviors that harm unborn fetuses. In 
Europe, the prevalence of smoking in pregnancy varies 
from less than 5% in Lithuania to 19% in Scotland; in 
the US, the numbers range from 2% in California up to 
27% in West Virginia.1–3 Intrauterine exposure to tobacco 
smoke has been associated with neurodevelopmental 
issues including cognitive deficits and behavioral 
problems.4,5 These associations have been linked to biolo-
gical factors such as impaired brain growth due to fetal 
hypoxia,6,7 alterations in brain structure and function,8 and 
epigenetic changes.9 On the other hand, familial and 
genetic factors have largely explained the associations 
between maternal smoking in pregnancy and offspring 
neurobehavioral problems such as attention deficit hyper-
activity disorder (ADHD).4 However, there is consistent 
evidence of a causal environmental effect of maternal 
smoking in pregnancy on fetal growth resulting in reduced 
weight, length, and HC at birth.4,10–12

Maternal smoking during pregnancy has been asso-
ciated with excessive childhood weight gain and obesity 
in the offspring13,14 as well as with a deficit in postnatal 
height growth up to adolescence.15–18 Head circumference 
(HC) is a surrogate measurement of brain size at birth and 
during childhood,19,20 and it is not known whether mater-
nal smoking during pregnancy alters the growth of the 
developing brain permanently. A complete catch-up in 
HC during the first year of life has been observed in 
some studies,11,21–23 whereas others have reported subop-
timal head growth during the first year of life.13,18 These 
studies with conflicting results have limitations, such as 
relatively small study samples from less than 200 to 
around 2000 infants with short follow-up times mostly 
limited to infancy, or lack of controlling for confounding 
factors that could affect head growth.

The aim of this study was to assess the association of 
maternal smoking during pregnancy with postnatal head 
growth in comparison with postnatal length/height growth 
and weight gain in a large population-based cohort of 
mothers and children, using up-to-date growth references 
and auxological methodology and controlling for perinatal 
and socio-demographic confounding factors.

Materials and Methods
Study Design and Population
The original study population comprised all 51,489 chil-
dren (51.5% boys) born in Finland between January 1, 
2004, and August 31, 2017, and living in the city of 
Espoo, Finland, on September 14, 2017 (Figure 1). This 
study links perinatal and birth outcome data of the Finnish 
Medical Birth Register maintained by the Finnish Institute 
for Health and Welfare (THL) with data on the socio-
economic status of the mothers from Statistics Finland 
and the longitudinal growth data from birth to 6 years of 
age obtained from primary care electronic health records. 
The exclusion criteria included a preterm or post-term 
birth (before 37 or after 42 gestation weeks, n = 4705), 
a major congenital anomaly or syndrome (diagnostic codes 
Q00-07, Q75, Q85-87, and Q90-99 according to the 
International Classification of Diseases, 10th version, 
ICD-10, n = 603), or in vitro fertilization (n = 1821). We 
also excluded mother–child pairs for whom data were not 
available on socioeconomic status (n = 72) or maternal 
smoking during pregnancy (n = 656). The final population 
comprised 43,632 children (51.2% boys) (Figure 1).

Auxological Measurements
Birth weight, length, and head circumference of all new-
borns were measured at the birth hospital and registered in 
Medical Birth Register and primary care files. After birth, 
all infants and children in Finland are provided regular 
free-of-charge primary care visits, which include auxolo-
gical evaluations by trained nurses. HC, weight, and 
length/height are measured using standardized techniques. 
There is a minimum of 11 visits during the first 24 months 
of life, and thereafter annual visits up to 6 years of age. 
Longitudinal growth data of the study population were 
gathered from the electronic health records of Espoo pri-
mary care. In the 43,632 children, there were 575,421 HC 
measurements, 572,938 length/height measurements, and 
572,699 weight measurements between 0 and 6 years of 
age (median 14 HC, length/height and weight 
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Figure 1 Flow diagram of the study population. Perinatal data were obtained from the Finnish Medical Birth Register. Non-smokers did not smoke at all during pregnancy, 
quitters stopped smoking during the first trimester, and smokers continued smoking after the first trimester. 
Abbreviation: ICD-10, International Classification of Diseases, 10th version.
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measurements per subject, range 1–37; range 1–36 in 
weight measurements). HC, weight, and length/height 
measurements were converted into SDS units using popu-
lation-based growth references.24–26

Covariates
The information regarding maternal smoking habits during 
pregnancy was self-reported by the mothers and gathered in 
Medical Birth Register by primary care nurses who meet the 
mothers regularly during the pregnancy. Smoking status was 
classified as 1) non-smokers who did not smoke at all during 
pregnancy, 2) quitters who stopped smoking during the first 
trimester, and 3) smokers who continued smoking after the 
first trimester. Previous studies have shown a good agree-
ment of Medical Birth Register smoking data with the med-
ical records.27,28 Data on the quantity of smoking were not 
gathered in the register.

Medical Birth Register data on potential risk factors that 
may affect fetal or postnatal growth were used as exclusion 
criteria (Figure 1) or covariates in the statistical analyses. 
Maternal age, height, and pre-pregnancy body-mass index 
(BMI), which was calculated according to maternal pre- 
pregnancy height and weight (weight (kg)/[height (m)]2), 
were used as continuous variables. The rest were categorical 
variables: parity (primi- or multiparous), living status (coha-
biting or single), dichotomous indicators for any hyperten-
sive or diabetic condition of the mother or for assisted 
fertility treatments (after excluding those conceived by 
in vitro fertilization), birth asphyxia (defined as umbilical 
pH <7.05 or ICD-10 codes O68, P20, or P21), or plurality 
(twinning or single birth). Child’s age and sex were included 
in the HC, weight, and length/height SD conversion 
algorithms.24–26 Diagnoses of maternal hypertensive or dia-
betic conditions were set by doctors in primary care and 
maternal outpatient clinics during pregnancy.

Data on socioeconomic status (SES) based on the 
occupation of the mother were obtained from Statistics 
Finland. SES was classified into 4 categories: SES I) 
upper white-collar worker, SES II) lower white-collar 
worker, SES III) blue-collar worker, and SES IV) others, 
including entrepreneurs, students, pensioners, home-
makers, and those not included in SES I–III.

Statistical Analyses
The association of maternal smoking during pregnancy with 
postnatal longitudinal head growth as well as with length/ 
height and weight-for-length/height growth were evaluated 
using linear mixed effects models for repeated measures 

with heterogeneous autoregression correlation structure. 
Growth data were grouped by age categories, between 
which the within-subject correlation was taken into account 
in the models. During the first 6 months of life infants and 
their families visit child health clinic every month or even 
more frequently. To simplify the analyses, we used less 
frequent intervals to form the age groups: birth (until 
third day after birth), 3 months (fourth day after birth – 
0.38 years), 6 months (0.39–0.75 years), 12 months (0.76– 
1.25 years), 18 months (1.26–1.75 years), 2 years (1.76–2.50 
years), 3 years (2.51–3.50 years), 4 years (3.51–4.50 years), 
5 years (4.51–5.50 years), and 6 years (5.51–7.00 years; the 
median age of the last age group was 6.0 years). If several 
measurements were available for a child within the age 
category, only one measurement nearest to the intended 
age was used in the analyses. For example, all measurements 
between 2.51 (circa 30 months) and 3.50 years (42 months) 
were considered possible for representing the 3-year mea-
surement, but the measurement closest to the age of 3 years 
was chosen for analyses.

The number of HC, length/height, and weight measure-
ments by age group is provided in the Supplemental 
Materials Tables S1–S3. Also, scatter plots of 5% random 
samples of the HC, length/height and weight measurements 
by age are provided in the Supplemental Materials Figure 
S1. Multivariate models were adjusted for potential con-
founding factors: maternal height, age and pre-pregnancy 
BMI, parity, living status, SES, maternal hypertensive or 
diabetic condition, birth asphyxia, assisted fertility treat-
ments (after excluding those conceived by in vitro fertiliza-
tion), and plurality (twinning or single birth).

Linear mixed models were also used for unadjusted 
analyses for HC, length/height, and weight-for-length 
/height as a baseline comparison.

All analyses were performed using SPSS statistical 
software version 27 (IBM Corp., Armonk, NY).

Results
Tobacco Exposure During Pregnancy
Altogether, 43,632 children were included in the final study 
population. Mothers of 39,326 children (90.1%) were non- 
smokers during pregnancy, mothers of 1758 children (4.0%) 
stopped smoking during the first trimester (“quitters”), and 
mothers of 2548 (5.8%) children smoked after the first trime-
ster (Figure 1). Mothers who smoked during pregnancy were 
the youngest, and those who did not smoke during pregnancy 
were the oldest mothers (Table 1). Smokers belonged less 
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often to the highest SES group than did non-smokers [4.6% 
(95% CI: 3.8, 5.5) vs 34.8% (95% CI: 34.3, 35.2)] and were 
less often multiparous [51.3% (95% CI: 49.4, 53.3) vs 56.3% 
(95% CI: 55.8, 56.8), respectively]. Smokers had a slightly 
higher pre-pregnancy BMI compared with that of quitters or 
non-smokers [median 23.1 kg/m2 (interquartile range (IQR) 
20.5, 26.7) vs 22.8 kg/m2 (IQR 20.8, 25.9) and 22.4 kg/m2 

(IQR 20.5, 25.0), respectively]. Smokers and quitters were 
also slightly shorter than non-smokers. A greater proportion 
of smokers than non-smokers were single [19.3% (95% CI: 
17.6, 20.9) vs 3.5% (95% CI: 3.3, 3.6)].

Head Circumference
At birth, the mean unadjusted HC SDS was significantly 
smaller in smokers’ newborns (mean −0.31 SDS, 95% 
CI: −0.37, −0.25) than in non-smokers’ newborns (mean 
−0.06 SDS, 95% CI: −0.07, −0.04) (Table 2). The unad-
justed HC SDS in the smokers’ children continued to be 
smaller than in the non-smokers’ children throughout 
childhood. At 6 years, the mean unadjusted HC SDS of 
the smokers’ children was −0.29 SDS (95% CI: −0.33, 
−0.25), whereas that of the non-smokers’ children was 
−0.07 SDS (95% CI: −0.09, −0.06) (Table 2).

After adjusting for confounding factors, the differences 
in HC SDS between smokers’ and non-smokers’ offspring 
remained significant from birth to 6 years of age 
(Figure 2A, Table 3). The adjusted HC of smokers’ infants 
at birth was on average 0.19 SDS smaller (95% CI: 0.12, 
0.25) than in non-smokers’ (Figure 2A). The mean differ-
ence between the HC of smokers’ and non-smokers’ off-
spring at 6 years of age was −0.15 SDS (95% CI: −0.19, 
−0.10) (Figure 2A) corresponding to 2 mm.

In the children of quitters, the mean unadjusted or adjusted 
HC SDS did not differ from HC SDS of non-smokers’ chil-
dren from birth to 6 years of age (Figure 2D, Tables 2 and 3).

Length/Height and Weight-for-Length 
/Height
Smokers’ infants were shorter at birth compared with non- 
smokers’ infants (unadjusted and adjusted values, see Tables 2 
and 3). At birth, the mean adjusted difference in weight-for- 
length was −0.08 SDS (95% CI: −0.14, −0.02) and in length 
−0.38 SDS (95% CI: −0.43, −0.32) (Figure 2B and C). The 
smokers’ offspring showed a distinct linear growth pattern 
during infancy. They caught up completely in weight and 
length by 1 year of age. Thereafter, they continued to gain 
weight, while the linear growth in height was stunted in 

Table 1 Characteristics of the Study Population (N = 43,632) by Maternal Smoking Status

Characteristics Non-Smokers n=39,326 
(90.1%)

Quitters n=1758 
(4.0%)

Smokers n=2548 
(5.8%)

Total n=43,632 
(100%)

Maternal characteristics

Age at delivery, years (median, IQR) 31.4 (28.3–34.6) 28.2 (24.4–32.1) 26.6 (22.7–31.7) 31.2 (27.8–34.4)
Pre-pregnancy BMI, kg/m2 (median, IQR) 22.4 (20.5–25.0) 22.8 (20.8–25.9) 23.1 (20.5–26.7) 22.5 (20.6–25.1)

Height, cm mean (SD) 166.0 (± 6.1) 165.6 (± 5.9) 165.3 (± 6.0) 166.0 (± 6.1)

Socioeconomic status, n (%)

SES I 13,670 (34.8) 236 (13.4) 118 (4.6) 14,024 (32.1)

SES II 13,995 (35.6) 710 (40.4) 692 (27.2) 15,397 (35.3)

SES III 3346 (8.5) 304 (17.3) 627 (24.6) 4277 (9.8)
Other 8315 (21.1) 508 (28.9) 1111 (43.6) 9934 (22.8)

Single mothers, n (%) 1272 (3.5)a 146 (9.6)b 423 (19.3)c 1841 (4.5)d

Primiparous, n (%) 17,175 (43.7) 1119 (63.7) 1240 (48.7) 19,534 (44.8)

Maternal hypertension, n (%) 1504 (3.8) 89 (5.1) 94 (3.7) 1687 (3.9)

Maternal diabetes, n (%) 3545 (9.0) 199 (11.3) 246 (9.7) 3990 (9.1)
Assisted fertilization method, n (%) 991 (2.5) 30 (1.7) 27 (1.1) 1048 (2.4)

Gestational age, weeks, (median, IQR) 40.1 (39.3, 40.9) 40.3 (39.4, 41.0) 40.1 (39.1, 41.0) 40.1 (39.3, 40.9)

Boys, n (%) 20,159 (51.3) 899 (51.1) 1282 (50.3) 22,340 (51.2)
Twins, n (%) 553 (1.4) 28 (1.6) 43 (1.7) 624 (1.4)

Birth asphyxia, n (%) 1794 (4.6) 105 (6.0) 135 (5.3) 2034 (4.7)

Notes: an=36,858; bn=1519; cn=2194; dn=40,571. 
Abbreviations: IQR, interquartile range; BMI, body-mass index; SDS, standard deviation score; CI, confidence interval.
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comparison to non-smoking mothers’ offspring. Eventually, at 
6 years of age, smokers’ children were heavier [weight-for- 
height difference 0.23 SDS (95% CI: 0.18, 0.29)] and shorter 
[height-for-age difference −0.15 SDS (95% CI: −0.20, −0.11), 
corresponding to 7 mm] than children whose mothers did not 
smoke during pregnancy (Figure 2B and C).

Offspring of those who quit smoking during the first 
trimester did not differ significantly in height growth from 
non-smokers’ offspring from birth to 6 years of age 
(Table 3, Figure 2E). However, offspring of quitters had 

an increased weight gain that was comparable to that of 
smokers’ children (Table 3, Figure 2F).

Discussion
We demonstrated that maternal smoking during pregnancy 
has a longstanding association with the offspring head 
circumference. After exposure to tobacco via maternal 
smoking during pregnancy, the HC catch-up growth during 
infancy and childhood was incomplete, resulting in 
a smaller HC in the smoker’s children than in the 

Table 2 Mean Unadjusted Standard Deviation Scores (Head Circumference, Length/Height, and Weight-for-Length/Height) by 
Maternal Smoking Status from Birth to 6 Years of Age

Age Non-Smokers Quitters Smokers

Head circumference standard deviation score, (95% CI)

Birth −0.06 (−0.07, −0.04) −0.06 (−0.14, 0.01) −0.31 (−0.37, −0.25)
3 months −0.13 (−0.14, −0.11) −0.15 (−0.22, −0.08) −0.33 (−0.39, −0.28)

6 months −0.11 (−0.12, −0.09) −0.10 (−0.15, −0.04) −0.24 (−0.29, −0.20)

1 year −0.13 (−0.14, −0.12) −0.11 (−0.16, −0.06) −0.25 (−0.29, −0.21)
1.5 years −0.17 (−0.18, −0.16) −0.18 (−0.23, −0.14) −0.30 (−0.34, −0.26)

2 years −0.13 (−0.14, −0.12) −0.15 (−0.20, −0.11) −0.30 (−0.34, −0.26)
3 years −0.11 (−0.12, −0.10) −0.16 (−0.20, −0.11) −0.32 (−0.35, −0.28)

4 years −0.09 (−0.10, −0.08) −0.17 (−0.21, −0.12) −0.31 (−0.35, −0.28)

5 years −0.09 (−0.10, −0.08) −0.13 (−0.18, −0.09) −0.32 (−0.36, −0.28)
6 years −0.07 (−0.09, −0.06) −0.14 (−0.19, −0.08) −0.29 (−0.33, −0.25)

Length/height standard deviation score, (95% CI)

Birth −0.09 (−0.10, −0.08) −0.10 (−0.16, −0.03) −0.44 (−0.50, −0.39)

3 months −0.14 (−0.16, −0.13) −0.14 (−0.21, −0.08) −0.44 (−0.49, −0.38)
6 months −0.17 (−0.18, −0.15) −0.08 (−0.14, −0.02) −0.23 (−0.27, −0.18)

1 year −0.10 (−0.11, −0.09) 0.03 (−0.03, 0.08) −0.07 (−0.12, −0.03)

1.5 years −0.09 (−0.10, −0.08) 0.02 (−0.03, 0.07) −0.09 (−0.13, −0.05)
2 years −0.11 (−0.12, −0.10) −0.02 (−0.07, 0.03) −0.11 (−0.15, −0.07)

3 years −0.05 (−0.05, −0.04) −0.01 (−0.06, 0.03) −0.10 (−0.14, −0.06)

4 years −0.01 (−0.02, 0.00) −0.01 (−0.05, 0.04) −0.11 (−0.14, −0.07)
5 years 0.00 (−0.01, 0.01) 0.00 (−0.05, 0.05) −0.13 (−0.17, −0.09)

6 years 0.00 (−0.01, 0.01) −0.02 (−0.07, 0.03) −0.13 (−0.17, −0.08)

Weight-for-length/height standard deviation score, (95% CI)

Birth −0.01 (−0.02, 0.01) 0.06 (0.00, 0.13) −0.02 (−0.08, 0.03)
3 months −0.04 (−0.06, −0.03) 0.04 (−0.03, 0.10) 0.13 (0.08, 0.19)

6 months 0.00 (−0.01, 0.01) 0.13 (0.07, 0.18) 0.14 (0.09, 0.18)

1 year −0.10 (−0.11, −0.09) 0.11 (0.07, 0.16) 0.15 (0.11, 0.19)
1.5 years −0.12 (−0.13, −0.11) 0.06 (0.01, 0.10) 0.09 (0.05, 0.13)

2 years −0.11 (−0.12, −0.10) 0.04 (0.00, 0.09) 0.03 (−0.01, 0.07)

3 years −0.03 (−0.04, −0.02) 0.10 (0.05, 0.15) 0.15 (0.10, 0.19)
4 years −0.09 (−0.10, −0.08) 0.03 (−0.02, 0.08) 0.10 (0.06, 0.14)

5 years −0.16 (−0.17, −0.14) −0.01 (−0.07, 0.04) 0.09 (0.04, 0.13)

6 years −0.19 (−0.20, −0.18) −0.01 (−0.08, 0.05) 0.11 (0.06, 0.17)

Notes: All standard deviation score values are derived from linear mixed models analyses. 
Abbreviation: CI, confidence interval.
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F

Figure 2 The mean difference in HC, length/height, and weight-for-length/height SDS from birth to 6 years of age between children of mothers who smoked during 
pregnancy and those of non-smoking mothers (marked as a line at zero), panels (A–C), and between children of mothers who quit smoking during first trimester and those 
of non-smoking mothers (marked as a line at zero), panels (D–F). Solid lines indicate the mean difference in (A and D) head circumference (HC), (B and E) length/height, 
and (C and F) weight-for-length/height. Error bars indicate 95% confidence intervals. Mean differences are derived from linear mixed models with adjustments for age at 
visit, maternal height, age at delivery, pre-pregnancy BMI, parity, socioeconomic status, housing (single or cohabiting), maternal hypertensive and diabetic conditions, fertility 
treatments (children conceived by in vitro fertilization had been excluded), twinning, and birth asphyxia.
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unexposed children at 6 years of age. This deficit was, 
however, small, corresponding to 0.2 cm at the age of 6 
years. Reassuringly, HC growth of children whose mothers 
quit smoking during the first trimester did not differ from 
that of the offspring of non-smokers. Birth length and 
weight were reduced in newborns who had been exposed 
to maternal smoking, but they seemed to catch up to their 
unaffected counterparts during the first years of life.

The major strength of this study was the large study 
population with a long follow-up. The study cohort was 
assessed by a well-organized primary care system that 
performed repeated auxological checks. Compared to pre-
vious studies assessing association of maternal smoking 
during pregnancy with postnatal head growth, this study 
was larger, and the follow-up time was longer.15,18,23,29 

The analyses were adjusted for potential confounders 

Table 3 Mean Adjusted Standard Deviation Scores for Head Circumference, Length/Height, and Weight-for-Length/Height by 
Maternal Smoking Status from Birth to 6 Years of Age

Age Non-Smokers Quitters Smokers

Mean head circumference standard deviation score, (95% CI)

Birth −0.07 (−0.12, −0.02) −0.04 (−0.13, 0.05) −0.26 (−0.34, −0.18)
3 months −0.14 (−0.19, −0.09) −0.13 (−0.21, −0.05) −0.28 (−0.36, −0.21)

6 months −0.12 (−0.17, −0.07) −0.07 (−0.15, 0.00) −0.19 (−0.26, −0.13)

1 year −0.14 (−0.19, −0.10) −0.08 (−0.15, −0.02) −0.20 (−0.26, −0.14)
1.5 years −0.18 (−0.23, −0.14) −0.16 (−0.22, −0.09) −0.25 (−0.31, −0.19)

2 years −0.15 (−0.20, −0.10) −0.13 (−0.19, −0.07) −0.25 (−0.31, −0.19)
3 years −0.13 (−0.18, −0.08) −0.13 (−0.20, −0.07) −0.27 (−0.33, −0.21)

4 years −0.11 (−0.16, −0.06) −0.14 (−0.20, −0.08) −0.26 (−0.32, −0.21)

5 years −0.11 (−0.15, −0.06) −0.11 (−0.18, −0.04) −0.27 (−0.33, −0.21)
6 years −0.09 (−0.14, −0.05) −0.11 (−0.18, −0.04) −0.24 (−0.30, −0.18)

Mean length/height standard deviation score, (95% CI)

Birth −0.22 (−0.27, −0.18) −0.25 (−0.33, −0.18) −0.59 (−0.66, −0.53)

3 months −0.27 (−0.32, −0.23) −0.30 (−0.37, −0.23) −0.59 (−0.65, −0.52)
6 months −0.30 (−0.34, −0.25) −0.24 (−0.31, −0.17) −0.38 (−0.44, −0.32)

1 year −0.23 (−0.28, −0.19) −0.13 (−0.20, −0.06) −0.22 (−0.28, −0.16)

1.5 years −0.22 (−0.27, −0.18) −0.14 (−0.20, −0.08) −0.24 (−0.30, −0.18)
2 years −0.24 (−0.29, −0.20) −0.18 (−0.24, −0.12) −0.26 (−0.32, −0.20)

3 years −0.18 (−0.22, −0.13) −0.17 (−0.23, −0.11) −0.25 (−0.31, −0.19)

4 years −0.14 (−0.19, −0.10) −0.17 (−0.23, −0.11) −0.26 (−0.31, −0.20)
5 years −0.14 (−0.18, −0.09) −0.16 (−0.22, −0.10) −0.28 (−0.34, −0.22)

6 years −0.13 (−0.18, −0.08) −0.18 (−0.25, −0.11) −0.28 (−0.34, −0.22)

Mean weight-for-length/height standard deviation score, (95% CI)

Birth −0.14 (−0.19, −0.10) −0.11 (−0.19, −0.03) −0.22 (−0.29, −0.16)
3 months −0.18 (−0.22, −0.13) −0.13 (−0.21, −0.06) −0.07 (−0.14, 0.00)

6 months −0.13 (−0.18, −0.09) −0.05 (−0.11, 0.02) −0.06 (−0.13, 0.00)

1 year −0.23 (−0.28, −0.19) −0.06 (−0.12, 0.01) −0.05 (−0.11, 0.01)
1.5 years −0.25 (−0.30, −0.21) −0.12 (−0.18, −0.05) −0.11 (−0.17, −0.05)

2 years −0.24 (−0.28, −0.19) −0.13 (−0.19, −0.06) −0.17 (−0.23, −0.11)

3 years −0.16 (−0.20, −0.11) −0.07 (−0.14, −0.01) −0.06 (−0.11, 0.00)
4 years −0.22 (−0.27, −0.18) −0.14 (−0.20, −0.07) −0.10 (−0.16, −0.04)

5 years −0.28 (−0.33, −0.24) −0.18 (−0.25, −0.11) −0.12 (−0.18, −0.05)

6 years −0.32 (−0.36, −0.27) −0.17 (−0.25, −0.10) −0.09 (−0.15, −0.02)

Notes: All standard deviation score values are derived from linear mixed models analyses with adjustments for age at visit, maternal height, age at delivery, pre-pregnancy 
body-mass index, parity, socioeconomic status, housing (single or cohabiting), maternal hypertensive and diabetic conditions, fertility treatments (children conceived by 
in vitro fertilization had been excluded), twinning, and birth asphyxia. 
Abbreviation: CI, confidence interval.
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including socioeconomic status according to mother’s 
occupation.

A possible limitation of this study was that we did not 
have information on postnatal tobacco exposure by passive 
smoking or through breast milk. However, in a study of 
maternal smoking during lactation and growth, in a cohort 
of 1494 children,22 feeding type (bottle or breast) or post-
natal exposure to tobacco smoke in the household did not 
play a significant role in growth from birth to 1 year of 
age. Moreover, mothers who quit smoking during preg-
nancy tend to start smoking again during the first months 
postpartum.30 Thus, our finding of the deficit in HC lim-
ited only to the offspring of smokers, not of quitters, 
suggests a stronger association between prenatal rather 
than postnatal tobacco exposure and offspring HC. 
Furthermore, we did not have information on the number 
of cigarettes smoked by the mother, which is why dose– 
response relationship could not be assessed. Another lim-
itation of the study was that we did not have information 
on several other potential confounders, including other 
substance use, maternal psychiatric or neuropsychiatric 
conditions, or paternal characteristics. Socioeconomic sta-
tus of the mother’s partner was not available, either. Even 
though we aimed to control for potential confounders, the 
association between maternal smoking in pregnancy and 
postnatal head growth of the offspring may involve resi-
dual confounding related to SES or to other familial con-
founding. As we were not able to use a family-based study 
design, it attenuates inferring of causality of the associa-
tion. Furthermore, in the study population, non-smokers’ 
offspring was mildly under the mean SDS values of the 
growth references, which did not, however, affect the 
comparisons between the smoking groups. This observa-
tion might be due to ethnic differences between the 
Finnish growth reference of children born between 1983 
and 2008, and the present cohort of children born between 
2004 and 2017, the latter being probably more multi- 
ethnic. Average HC in children of Finnish origin has 
been shown to be larger than average HC depicted by the 
multiethnic WHO growth charts or reported from some 
other, especially non-Caucasian people.24,31 We could not 
include ethnicity in the analyses, because in Finland eth-
nicity is not recorded in perinatal or child health data. We 
know that since 2000 the part of Finland in which the 
study was conducted has had growing yearly net migration 
from abroad and in 2017 more than a quarter of childbirths 
were of foreign language speaking mothers.32 Smoking in 

pregnancy seems, though, to be rarer in migrants com-
pared to the general population in Finland.33

In most previous studies, which assessed cohorts of 326 
to 2151 infants, the catch-up in HC growth after maternal 
smoking during pregnancy was seen within 12 
months.11,15,22,23 In children of heavy smokers, an HC 
deficit until 2 years of age18 or up to 5 years of age16 has 
been reported. In the latter study, statistical testing or adjust-
ments for confounding factors were not done. Consistent 
with our study, a persisting deficit in HC was reported by 
a small prospective cohort study of 363 children,29 but, 
unlike our study, they did not observe any catch-up growth 
in smokers’ children. This previous study suffered from 
methodological issues concerning the longitudinal HC 
growth analysis; growth curves were made using the study’s 
own data for standardization, and no adjustments for con-
founding factors were made. In the cross-sectional analysis, 
they failed to show significant differences in HC between 
the offspring of smokers and non-smokers from 6 months to 
5 years of age. Methodologically, the study most similar to 
ours was performed by Durmuş et al.13 Consistent with our 
findings, they reported an HC deficit at 1 year of age [−0.10 
SDS (95% CI: −0.18, −0.01)] in the infants of smokers 
when compared with those of non-smokers. However, HC 
was not followed any further. Height growth in children of 
smokers was similarly deficient at 4 years of age in the 
study of Durmus et al13 (−0.10 SDS, 95% CI: −0.19, −0.01) 
and in ours (−0.12 SDS, 95% CI: −0.16, −0.08), and con-
tinued to be stunted in our study (mean difference at age 6 
years −0.15 SDS, 95% CI: −0.20, −0.11). Our finding of 
higher weight-for-length/height in the children of smokers 
after 3 months of age compared with children of non- 
smokers was also consistent with Durmuş et al and other 
studies.14 On the contrary to the finding of Durmus et al, in 
our study, also the children of mothers who had quit smok-
ing during the first trimester had an increased weight gain 
comparable to that of smokers’ children. An elevated risk 
for childhood overweight after maternal smoking during 
early pregnancy has been previously reported.34

HC is a surrogate measurement of brain size in 
childhood,19,20 and pre- and postnatal head growth is 
positively associated with neurocognitive outcome.35 

Catch-up growth in HC after exposure to maternal smok-
ing during pregnancy occurs during the first 6–12 months 
of life,11,22,36 when HC reaches already around 80% of 
its final size. In animal studies, prenatally administered 
nicotine resulted in reduced amounts of brain cells, and 
later neurons seemed to be replaced by glia.37,38 Thus, 
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what was lost during fetal life, could not be fully repaired 
later. Studies investigating structural changes in offspring 
brain after maternal smoking during pregnancy have 
demonstrated reduced regional volumes in several corti-
cal areas of the brain, in cerebellum, and corpus 
callosum.8,39–41 Deficits in total brain volume and in 
HC were observed still at ages 10–14 (N = 35) in chil-
dren who had been prenatally exposed to tobacco, but the 
study failed to show significance when the results were 
adjusted for other substance use.41 Insulin-like growth 
factor-1 (IGF-1) is a major regulator of brain growth 
and development pre- and postnatally,42 and reduced 
plasma concentrations of IGF-1 have been measured in 
newborns after prenatal tobacco exposure.43 The risk of 
childhood overweight and obesity after prenatal tobacco 
exposure seems to be related with metabolic program-
ming, through changes in epigenome44 and in IGF- 
growth factor axis.45 Metabolic programming may be 
involved with the stunted linear growth45 of these chil-
dren as well.

Conclusions
Despite partial catch-up growth during the first months of 
life, head size in children of smoking mothers fails to 
achieve that of unexposed children. Because most HC 
growth occurs during the first 2 years of life, it is likely 
that the persisting gap between the HC of children of 
smoking and non-smoking mothers from birth to 6 years 
of age may be permanent. A defect in HC growth might be 
a rough measure of underlying cascades. All efforts should 
be taken to encourage pregnant women to quit smoking in 
order to protect the offspring brain.

Abbreviations
BMI, body-mass index; HC, head circumference; ICD-10, 
International Classification of Diseases, 10th version; SES, 
socioeconomic status; SDS, standard deviation score.
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