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Familial factors confound the association between maternal smoking
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à la diffusion de documents scientifiques de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

We also investigated the association within siblings, controlling for common genes and shared environment.

Results:

In the cohort analyses, the risk of overweight was increased in sons of smoking mothers compared to sons of non-smokers: adjusted odds ratios(OR) 1.42, 95% confidence interval (CI) 1.35 to 1.49, and 1.56, 95% CI 1.46 to 1.66, for 1-9 cigarettes per day, and more than 10 cigarettes per day, respectively. Stratifying for maternal smoking habits across two subsequent male pregnancies, there was an increased risk of overweight for the second son only if the mother was smoking in both male pregnancies. The effect of smoking during pregnancy on the offspring's body mass index (BMI) was not present when the association was evaluated within full and half sibling pairs.

Conclusion:

The association between maternal smoking during pregnancy and offspring's risk of overweight appears to be confounded by familial factors. 

INTRODUCTION

Maternal smoking during pregnancy is causally associated with fetal growth restriction 1 . It has also been associated with increased risks of adverse outcomes in the long term, including obesity 2 , which is considered an "epidemic" of our time. An association between maternal smoking during pregnancy and childhood obesity has been found in several recent studies, although the mechanism by which prenatal smoking exposure influences offspring's risk of overweight remains uncertain [2][3][4][5][6][7] .

Although high birth weight for gestational age is associated with increased risk of obesity in the offspring 8 , it has also been suggested that a reduction in fetal growth may "program" the newborn child to later develop obesity [9][10][11] . Whether the association between maternal smoking during pregnancy and obesity is mediated through fetal growth restriction per se remains unclear.

However, a recent meta-analysis of 14 studies showed an association between maternal smoking during pregnancy and child overweight independent of birth weight 2 .

Recently, novel approaches have been used in observational studies to elucidate the etiology behind the association between maternal smoking during pregnancy and a range of outcomes.

For example, by examining changes in maternal smoking behavior from one pregnancy to another, we can partially control for unmeasured familial confounding such as common genes and shared environment 12 . D' Onofrio et al. found that the association between smoking during pregnancy and externalizing behavior problems was due to unmeasured environmental factors when comparing offspring with their own siblings 13 . Similarly, in a large study of children from the Collaborative Perinatal Project, the associations of maternal smoking during pregnancy and several outcomes related to cognitive and physical development of the offspring (including intelligence, academic achievement, Apgar score, conduct problems and asthma) were entirely explained by measured or unmeasured familial confounders 14 .

In the present study of young Swedish males who underwent military conscription, we aim to investigate the association between maternal smoking during pregnancy and obesity in early adulthood, controlling for measured (such as parental socioeconomic status, education level, and maternal pregnancy characteristics) and unmeasured familial confounders (such as common genes and shared childhood and early adolescent environment).

METHODS

Study Sample

There were 305 896 Swedish males born between 1983 and 1988 and recorded in the Swedish Medical Birth Register. We excluded multiple births (N= 6000), infants with congenital malformations (N= 14 736), and males born to non-Scandinavian mothers (N= 18 793) to increase the homogeneity of the study population. After also excluding 2028 males who died before 18 years of age and 4588 that emigrated, the sample consisted of 259 751 males, of whom 201 896 went through military conscription up until 2006. BMI at conscription, calculated from measured weight and height as kg/m 2 , was available for 132 838 individuals. Information on maternal smoking during pregnancy was available in 124 203 of them, and this constituted the final sample. It is not known why some males who underwent conscription have missing information on height and/or weight. However, we noted that their mothers were significantly younger, shorter, smoked more during pregnancy, more often did not live with the father of the child, and that both parents had on average lower socioeconomic status and educational level. The offspring were significantly older at conscription, were born with lower birth weight, birth length, and head circumference, and were less often the first born son.

Data Sources

The cohort was set up through linkages of national registers: the Medical Birth Register, the Military Service Conscription Register, the Multigeneration Register, the Population and Housing Census in 1990, and the Register of Education in 2000. The linkage was possible through the unique National Registration Number assigned to each Swedish resident at birth. Information about maternal smoking during pregnancy has been routinely included in the Swedish Medical Birth Register since 1983 15 . Self-reported information about smoking habits is collected and recorded by the midwives at the first antenatal visit (usually at 8 to 12 gestational weeks), and is categorized as non-smoker, smoking 1-9 cigarettes per day, and smoking at least 10 cigarettes per day. Information on maternal pre-pregnancy weight and height, pregnancy weight gain, mode of delivery, age at delivery, living with the father of the child, Apgar score at 5 minutes, birth order (in the present study first born child who is also a son or not), infant's birth weight, birth length, head circumference, and gestational age were retrieved from the Medical Birth Register. Birth weight, birth length, and head circumference were standardized according to Swedish reference standards for weight, length, and head circumference at birth for given 

Statistical Analysis

We used generalized estimating equation models to estimate odds ratios and 95% CI for overweight in early adulthood in relation to maternal smoking during pregnancy, birth characteristics, and other parental and adult characteristics. An exchangeable correlation matrix was specified in order to control for the correlations between siblings (PROC GENMOD, SAS Institute, Inc, Cary, NC). Associations between birth and parental characteristics with offspring's risk of overweight were estimated using both univariable and multivariable analyses. Risks of overweight associated with smoking during pregnancy were presented in two multivariable models. In the first model we adjusted for parental characteristics and in the second model we additionally adjusted for birth characteristics. The models only included variables that influenced the risk of obesity.

To examine whether a possible effect of maternal smoking on overweight in male offspring in early adulthood was influenced by unmeasured familial factors, we proceeded in two ways. First, we estimated the risks of overweight in first and second-born sons, stratified by maternal smoking habits across the first and second male pregnancies. Risks of overweight by changes in maternal smoking habits in two subsequent male pregnancies were estimated in both first-and second born male siblings separately by using logistic regression models. Second, to further elucidate the importance of common genes and/or shared childhood environment (familial confounding), we estimated the effects of maternal smoking during pregnancy on continuous 18 . Full and half siblings share, on average, 50% and 25% of their segregating genes, respectively, while all of them share childhood environment to a large extent. Maternal smoking during pregnancy is decomposed into a within-family effect. The within-family effect estimates the expected change in offspring BMI by a one unit change in maternal smoking behavior between male pregnancies. A within-family score is assigned to each son, defined as the difference between smoking status at the index pregnancy and the mean value of maternal smoking status across the two pregnancies 18 . For example, if a mother smoked in one pregnancy but not the other, the exposed sibling would have a within-score of 0.5 and the unexposed would have a within-score of -0.5. This within score compares exposure to maternal smoking during pregnancy relative to their sibling's exposure. If familial factors are of importance they would tend to make family members more alike. Hence we would expect the within-family estimates to be smaller than the effects shown in the cohort. We carried out these analyses separately among full and half sibling pairs. Further, by investigating the within-family association according to two different degrees of kinship (full or half siblings), and relating it to the results from the cohort analysis, we can elucidate whether or not common genes are likely to confound the association. If the size of the within effect of maternal smoking during pregnancy and offspring BMI is weaker in half compared to full siblings, the association is likely to be confounded by common genetic factors. In order to test whether the magnitude of the within family component was different according to kinship, an interaction between a kinship index (coded 1for full siblings, 0 for half siblings) and the within family component was tested.

Analyses were done with PROC MIXED in SAS v 9.2. 1 presents parental and birth characteristics with respect to prevalences and crude odds ratios of overweight in the cohort of young males. Prevalences of overweight in offspring increased monotonically with maternal BMI and reached up to 47.6 % in mothers with a BMI above 30. Compared with sons of mothers with normal BMI (18.5-24.9), sons of overweight and obese mothers experienced a 2.6-fold (95% CI, 2.49 to 2.71) and a 4-fold (95% CI, 3.73 to 4.52) increased risk of overweight, respectively. The risks of overweight were also increased in sons born to younger or shorter mothers, mothers who experienced very large pregnancy weight gains (≥17 kg), mothers and fathers of lower socioeconomic status and educational level, in large-forgestational age boys (defined as larger than 2 standard deviation scores), in sons who were older at the time of conscription, and in offspring living in rural areas.

RESULTS

F

Rates of maternal smoking during pregnancy increased with decreasing maternal age and height, with decreasing maternal and paternal socio-economic position and education, and were higher among mothers with either very low or high BMI and mothers not living with the father of the child. Offspring with lower birth weight, birth length and head circumference showed higher rates of maternal smoking. Shorter gestational ages were also related to higher rates of maternal smoking during the 1 st trimester (data not shown).

Compared with the offspring of non-smokers, there was a 51% (95 % CI, 46% to 57%) and a 72% (95% CI, 65% to 80% ) increase in risk of overweight in the sons of mothers who smoked 1-9 cigarettes /day and more than 10 cigarettes /day, respectively (Table 2). In the analyses, a correlation matrix was specified in order to control for the correlations between siblings in the cohort. These associations were slightly attenuated when adjusting for parental characteristics 2). Finally, birth characteristics, such as birth weight, may be considered to be in the causal pathway between maternal smoking during pregnancy and offspring risk of overweight. Therefore we adjusted for these in the last model (fully adjusted). Although, large for gestational age boys were at increased risk of overweight in early adulthood (Table 1), adjusting for birth characteristics did not change the associations between maternal smoking during pregnancy and offspring overweight risk (Table 2). Due to missing measurements in various confounders, a complete case analyses was also done showing essentially the same results (Table 2). Complete case analyses was carried out with the restricted sample of subjects (N=68 248), without missing information on any of the co-variates, across all three regression models. Since there seemed to be a linear trend in the risk of overweight with maternal smoking habits the analyses were also done considering offspring's BMI as a continuous outcome and maternal smoking during pregnancy dichotomized as yes or no. The regression coefficients after full adjustment showed an increase of 0.69 (95% CI, 0.62 to 0.75) BMI units if the mother smoked (Table 2).

We did not find any interactions between maternal smoking during pregnancy and any of the confounding variables we adjusted for.

The results from comparing the risk of overweight in first and second born sons in relation to the mothers' smoking habits across pregnancies are shown in Table 3. In the crude analyses, sons of mothers who smoked in both pregnancies were at increased risk of overweight; this association was still evident after adjustments for birth and parental characteristics (adjusted OR 1.65, 95% CI 1.35 to 2.01 for the first son and adjusted odds ratio 1.71, 95% CI 1.39 to 2.09 for the second ). If mothers smoked only during their first male pregnancy or only in their second male pregnancy, the adjusted risk estimates of overweight in both first and second born sons were smaller.

Finally, to investigate the importance of familial factors, we studied the effect of maternal smoking during pregnancy on BMI among full-and half-siblings (Figure). In the half-sibling subset, there was no within-family effect of maternal smoking during pregnancy (adjusted within family component: 0.07, 95% CI, -4.32 to 4.45). Although the full sibling effect of 0.39 (95% CI, -0.01 to 0.78) was higher than the half sibling effect the interaction between kinship and the within family component, indicated no difference in the magnitude of the effect of maternal smoking during pregnancy between full and half siblings (p-value 0.79). Given that the withinfamily associations were much smaller compared to the cohort effect, it is likely that the effect of maternal smoking during pregnancy on the offspring's BMI is partly confounded by familial factors.

DISCUSSION

We found that the association between maternal smoking during pregnancy and risk for overweight in young adult male offspring can be explained partly by parental socioeconomic status and education, but also by unmeasured familial factors.

In the cohort analyses we found an association of maternal smoking during pregnancy and risk of overweight in male offspring. This association has been shown in previous studies 2, 5-7, 19, 20 .

Recently, a systematic review and meta-analysis on the subject showed a significant increase in
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13 child overweight with maternal smoking during pregnancy 2,4 . Moreover, animal studies have also shown that prenatal nicotine exposure resulted in metabolic changes in the offspring that were consistent with obesity and type 2 diabetes [21][22][23] . However, it is difficult to extrapolate the results of animal studies to humans. Smoking behaviors vary a lot, since not all smokers inhale cigarette smoke the same way and some individuals may be more or less affected, or metabolize toxins in smoke differently, compared to the controlled environments of animal studies 24 .

The adverse effects of smoking during pregnancy on fetal development are well known 1,25 . In the current study, smoking-related birth outcomes such as birth weight and gestational age did not mediate the association between smoking during pregnancy and overweight in the offspring.

This indicates that any effect of prenatal smoking exposure on offspring risk for overweight may be independent of fetal growth or gestational age.

In the current study we were able to adjust for a range of covariates that have been shown to be important predictors of adult obesity 26,27 , including maternal pre-pregnancy BMI and gestational weight gain, as well as parental socioeconomic status and educational level. However, it is almost impossible to control for all potential confounders. A study of 1 110 mother-child pairs showed that a combination of four modifiable pre-and postnatal determinants, including prenatal smoking, large gestational weight gain, absence or short duration of breastfeeding, and short duration of infant sleep, were associated with higher risks of childhood overweight than each factor individually 19 . A Japanese study of 1 417 mother-child pairs showed that maternal lifestyle habits along with smoking during pregnancy were important risk factors for childhood obesity 20 . Although we have not adjusted for breastfeeding, and other maternal and adult important predictors of adult obesity, but concluded also that residual confounding in these associations could not be excluded. However, studies have also shown that paternal smoking is almost equally important for childhood obesity 6,28 , indicating that parental smoking is more likely to be a surrogate for social factors associated with obesity 29 .

One way of elucidating the importance of unmeasured confounders common to both exposure and outcome is by investigating the effects of changing smoking patterns in subsequent pregnancies and within families 12 . In the analyses of subsequent male births we could only observe an effect of maternal smoking during pregnancy on the first and second male pregnancies as long as the mother smoked during the first trimester in both pregnancies. This could either indicate that smoking reaches harmful levels only if it is persistent and/or reaches a specific threshold level. It could also indicate that the timing of smoking during pregnancy is important for fetal development, since some studies have indicated that the effect of intrauterine tobacco exposure on childhood obesity may depend largely on cigarette smoking during the first trimester 5,7 . Lastly it could indicate residual confounding that we have not accounted for, since smoking was only known for the first trimester.

The within-sibling analyses indicated that familial factors shared within a family may account for the association between maternal smoking during pregnancy and risk of overweight in early adulthood. To our knowledge this is the first study to investigate whether there is a direct effect of maternal smoking during pregnancy on offspring overweight or whether the association is due to unmeasured familial confounding. In the current study, the association diminished in both full
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15 and half siblings, indicating that regardless of how many genes siblings have in common, it is the shared environment that accounts for the association and that direct effects of maternal smoking during pregnancy on offspring overweight may be small. Shared environment could include lifestyle factors that are common in mothers and their offspring such as dietary habits established during early childhood, or other lifestyle behaviors such as attitudes towards physical activity 30 .

However, due to a limited number of half siblings the results should be interpreted with caution, since the lack of association among half siblings could be due to random error. Further, the point estimate for full siblings showed that there could still be a small effect of maternal smoking during pregnancy, which compared to half siblings would perhaps indicate the importance of common genetic factors shared within family members to the studied association.

The main strengths of this study are its size, the prospective design, and the range of covariates gathered from population-based registries that we could adjust for. However, limitations include self-reported data on maternal smoking during pregnancy which was collected at the first prenatal care visit, and hence is limited to the duration of smoking during the first trimester. The proportion of women who stop smoking during pregnancy has been reported to be around 30% in previous Swedish studies. However, in Sweden during the 1980's, 11% of smokers at time for registration to prenatal care stopped smoking later during pregnancy 31 . Women with a higher level of education and a higher age at the initiation of smoking were more likely to stop smoking when pregnant, while women not living with the father of the child, heavy smokers, and women exposed to daily passive smoking at home were more likely to continue smoking throughout the pregnancy 32,33 . We therefore adjusted for parental socioeconomic status, age and whether the mother was living with the father of child. Further, previous studies on smoking patterns and
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16 risks in successive pregnancies from the Swedish Medical Birth Register have found that women who smoke in the first but not in the second pregnancy reduce their risks of preterm birth 34 , stillbirth 35 and placental abruption 36 in the second pregnancy, outcomes all likely to be causally associated with prenatal smoking. In contrast, when studying prenatal smoking and offspring school grades 12 , we find, similar to the present results, that the association disappeared when we account for familial effects. However, misclassification of smoking exposure between pregnancies or residual confounding may have influenced the risk estimates obtained. Finally, most pregnant smokers continue to smoke after pregnancy, and we cannot distinguish between the effects of prenatal and postnatal smoking exposure. Also, information on BMI was only available in males and we could not explore potential gender differences in the effect of maternal smoking during pregnancy. The conscripts with missing BMI data (about 34%) were born to mothers who smoked more during pregnancy than the males included for analyses; thus there might be some room for selection bias.

Maternal smoking during pregnancy is from a preventive view recognized in many countries as the most important risk factor for adverse pregnancy outcomes 31 • The association is partly confounded by familial factors.

• Specific familial factors common to both maternal smoking during pregnancy and offspring overweight need to be identified. 

F
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O n l y We also investigated the association within siblings, controlling for common genes and shared environment.

Results:

In the cohort analyses, the risk of overweight was increased in sons of smoking mothers compared to sons of non-smokers: adjusted odds ratios(OR) 1.42, 95% confidence interval (CI)

1.35 to 1.49, and 1.56, 95% CI 1.46 to 1.66, for 1-9 cigarettes per day, and more than 10 cigarettes per day, respectively. Stratifying for maternal smoking habits across two subsequent male pregnancies, there was an increased risk of overweight for the second son only if the mother was smoking in both male pregnancies. The effect of smoking during pregnancy on the offspring's body mass index (BMI) was not present when the association was evaluated within full and half sibling pairs.

Conclusion:

The association between maternal smoking during pregnancy and offspring's risk of overweight appears to be confounded by familial factors. Although high birth weight for gestational age is associated with increased risk of obesity in the offspring 8 , it has also been suggested that a reduction in fetal growth may "program" the newborn child to later develop obesity [9][10][11] . Whether the association between maternal smoking during pregnancy and obesity is mediated through fetal growth restriction per se remains unclear.

However, a recent meta-analysis of 14 studies showed an association between maternal smoking during pregnancy and child overweight independent of birth weight 2 .

Recently, novel approaches have been used in observational studies to elucidate the etiology behind the association between maternal smoking during pregnancy and a range of outcomes.

For example, by examining changes in maternal smoking behavior from one pregnancy to another, we can partially control for unmeasured familial confounding such as common genes and shared environment 12 . D'Onofrio et al. found that the association between smoking during pregnancy and externalizing behavior problems was due to unmeasured environmental factors when comparing offspring with their own siblings 13 . Similarly, in a large study of children from the Collaborative Perinatal Project, the associations of maternal smoking during pregnancy and In the present study of young Swedish males who underwent military conscription, we aim to investigate the association between maternal smoking during pregnancy and obesity in early adulthood, controlling for measured (such as parental socioeconomic status, education level, and maternal pregnancy characteristics) and unmeasured familial confounders (such as common genes and shared childhood and early adolescent environment).

METHODS

Study Sample

There It is not known why some males who underwent conscription have missing information on height and/or weight. However, we noted that their mothers were significantly younger, shorter, smoked more during pregnancy, more often did not live with the father of the child, and that both parents had on average lower socioeconomic status and educational level. The offspring were significantly older at conscription, were born with lower birth weight, birth length, and head circumference, and were less often the first born son.

Data Sources

The cohort was set up through linkages of national registers: the Medical Birth Register, the 

Statistical Analysis

We used generalized estimating equation models to estimate odds ratios and 95% CI for overweight in early adulthood in relation to maternal smoking during pregnancy, birth characteristics, and other parental and adult characteristics. An exchangeable correlation matrix was specified in order to control for the correlations between siblings (PROC GENMOD, SAS Institute, Inc, Cary, NC). Associations between birth and parental characteristics with offspring's risk of overweight were estimated using both univariable and multivariable analyses. Risks of overweight associated with smoking during pregnancy were presented in two multivariable models. In the first model we adjusted for parental characteristics and in the second model we additionally adjusted for birth characteristics. The models only included variables that influenced the risk of obesity.

To examine whether a possible effect of maternal smoking on overweight in male offspring in early adulthood was influenced by unmeasured familial factors, we proceeded in two ways. First, we estimated the risks of overweight in first and second-born sons, stratified by maternal smoking habits across the first and second male pregnancies. Risks of overweight by changes in maternal smoking habits in two subsequent male pregnancies were estimated in both first-and second born male siblings separately by using logistic regression models. Second, to further elucidate the importance of common genes and/or shared childhood environment (familial confounding), we estimated the effects of maternal smoking during pregnancy on continuous BMI within full and half sibling pairs 18 . Full and half siblings share, on average, 50% and 25% of their segregating genes, respectively, while all of them share childhood environment to a large extent. Maternal smoking during pregnancy is decomposed into a within-family effect. The within-family effect estimates the expected change in offspring BMI by a one unit change in maternal smoking behavior between male pregnancies. A within-family score is assigned to each son, defined as the difference between smoking status at the index pregnancy and the mean value of maternal smoking status across the two pregnancies 18 . For example, if a mother smoked in one pregnancy but not the other, the exposed sibling would have a within-score of 0.5 and the unexposed would have a within-score of -0.5. This within score compares exposure to maternal smoking during pregnancy relative to their sibling's exposure. If familial factors are of importance they would tend to make family members more alike. Hence we would expect the within-family estimates to be smaller than the effects shown in the cohort. We carried out these analyses separately among full and half sibling pairs. Further, by investigating the within-family association according to two different degrees of kinship (full or half siblings), and relating it to the results from the cohort analysis, we can elucidate whether or not common genes are likely to confound the association. If the size of the within effect of maternal smoking during pregnancy and offspring BMI is weaker in half compared to full siblings, the association is likely to be confounded by common genetic factors. In order to test whether the magnitude of the within family component was different according to kinship, an interaction between a kinship index (coded 1for full siblings, 0 for half siblings) and the within family component was tested.

Analyses were done with PROC MIXED in SAS v 9.2. increased risk of overweight, respectively. The risks of overweight were also increased in sons born to younger or shorter mothers, mothers who experienced very large pregnancy weight gains (≥17 kg), mothers and fathers of lower socioeconomic status and educational level, in large-forgestational age boys (defined as larger than 2 standard deviation scores), in sons who were older at the time of conscription, and in offspring living in rural areas.

RESULTS

F

Table 1 here

Rates of maternal smoking during pregnancy increased with decreasing maternal age and height, with decreasing maternal and paternal socio-economic position and education, and were higher among mothers with either very low or high BMI and mothers not living with the father of the child. Offspring with lower birth weight, birth length and head circumference showed higher rates of maternal smoking. Shorter gestational ages were also related to higher rates of maternal smoking during the 1 st trimester (data not shown).

Compared with the offspring of non-smokers, there was a 51% (95 % CI, 46% to 57%) and a 72% (95% CI, 65% to 80% ) increase in risk of overweight in the sons of mothers who smoked 1-9 cigarettes /day and more than 10 cigarettes /day, respectively (Table 2). In the analyses, a correlation matrix was specified in order to control for the correlations between siblings in the
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cohort. These associations were slightly attenuated when adjusting for parental characteristics and for parental socioeconomic characteristics in particular (Table 2). Finally, birth characteristics, such as birth weight, may be considered to be in the causal pathway between maternal smoking during pregnancy and offspring risk of overweight. Therefore we adjusted for these in the last model (fully adjusted). Although, large for gestational age boys were at increased risk of overweight in early adulthood (Table 1), adjusting for birth characteristics did not change the associations between maternal smoking during pregnancy and offspring overweight risk (Table 2). Due to missing measurements in various confounders, a complete case analyses was also done showing essentially the same results (Table 2). Complete case analyses was carried out with the restricted sample of subjects (N=68 248), without missing information on any of the co-variates, across all three regression models. Since there seemed to be a linear trend in the risk of overweight with maternal smoking habits the analyses were also done considering offspring's BMI as a continuous outcome and maternal smoking during pregnancy dichotomized as yes or no. The regression coefficients after full adjustment showed an increase of 0.69 (95% CI, 0.62 to 0.75) BMI units if the mother smoked (Table 2).

Table 2 here

We did not find any interactions between maternal smoking during pregnancy and any of the confounding variables we adjusted for.

The results from comparing the risk of overweight in first and second born sons in relation to the mothers' smoking habits across pregnancies are shown in Table 3. In the crude analyses, sons of mothers who smoked in both pregnancies were at increased risk of overweight; this association
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13 was still evident after adjustments for birth and parental characteristics (adjusted OR 1.65, 95% CI 1.35 to 2.01 for the first son and adjusted odds ratio 1.71, 95% CI 1.39 to 2.09 for the second son). If mothers smoked only during their first male pregnancy or only in their second male pregnancy, the adjusted risk estimates of overweight in both first and second born sons were smaller.

Table 3 here Finally, to investigate the importance of familial factors, we studied the effect of maternal smoking during pregnancy on BMI among full-and half-siblings (Figure). In the half-sibling subset, there was no within-family effect of maternal smoking during pregnancy (adjusted within family component: 0.07, 95% CI, -4.32 to 4.45). Although the full sibling effect of 0.39 (95% CI, -0.01 to 0.78) was higher than the half sibling effect the interaction between kinship and the within family component, indicated no difference in the magnitude of the effect of maternal smoking during pregnancy between full and half siblings (p-value 0.79). Given that the withinfamily associations were much smaller compared to the cohort effect, it is likely that the effect of maternal smoking during pregnancy on the offspring's BMI is partly confounded by familial factors.

Figure here

DISCUSSION

We found that the association between maternal smoking during pregnancy and risk for overweight in young adult male offspring can be explained partly by parental socioeconomic status and education, but also by unmeasured familial factors. In the cohort analyses we found an association of maternal smoking during pregnancy and risk of overweight in male offspring. This association has been shown in previous studies 2, 5-7, 19, 20 .

Recently, a systematic review and meta-analysis on the subject showed a significant increase in child overweight with maternal smoking during pregnancy 2,4 . Moreover, animal studies have also shown that prenatal nicotine exposure resulted in metabolic changes in the offspring that were consistent with obesity and type 2 diabetes [21][22][23] . However, it is difficult to extrapolate the results of animal studies to humans. Smoking behaviors vary a lot, since not all smokers inhale cigarette smoke the same way and some individuals may be more or less affected, or metabolize toxins in smoke differently, compared to the controlled environments of animal studies 24 .

The adverse effects of smoking during pregnancy on fetal development are well known 1,25 . In the current study, smoking-related birth outcomes such as birth weight and gestational age did not mediate the association between smoking during pregnancy and overweight in the offspring.

This indicates that any effect of prenatal smoking exposure on offspring risk for overweight may be independent of fetal growth or gestational age.

In the current study we were able to adjust for a range of covariates that have been shown to be important predictors of adult obesity 26,27 , including maternal pre-pregnancy BMI and gestational weight gain, as well as parental socioeconomic status and educational level. However, it is almost impossible to control for all potential confounders. A study of 1 110 mother-child pairs showed that a combination of four modifiable pre-and postnatal determinants, including prenatal smoking, large gestational weight gain, absence or short duration of breastfeeding, and short 15 duration of infant sleep, were associated with higher risks of childhood overweight than each factor individually 19 . A Japanese study of 1 417 mother-child pairs showed that maternal lifestyle habits along with smoking during pregnancy were important risk factors for childhood obesity 20 . Although we have not adjusted for breastfeeding, and other maternal and adult offspring life style factors, studies that have examined these factors have shown that they are important predictors of adult obesity, but concluded also that residual confounding in these associations could not be excluded. However, studies have also shown that paternal smoking is almost equally important for childhood obesity 6,28 , indicating that parental smoking is more likely to be a surrogate for social factors associated with obesity 29 .

One way of elucidating the importance of unmeasured confounders common to both exposure and outcome is by investigating the effects of changing smoking patterns in subsequent pregnancies and within families 12 . In the analyses of subsequent male births we could only observe an effect of maternal smoking during pregnancy on the first and second male pregnancies as long as the mother smoked during the first trimester in both pregnancies. This could either indicate that smoking reaches harmful levels only if it is persistent and/or reaches a specific threshold level. It could also indicate that the timing of smoking during pregnancy is important for fetal development, since some studies have indicated that the effect of intrauterine tobacco exposure on childhood obesity may depend largely on cigarette smoking during the first trimester 5,7 . Lastly it could indicate residual confounding that we have not accounted for, since smoking was only known for the first trimester. The within-sibling analyses indicated that familial factors shared within a family may account for the association between maternal smoking during pregnancy and risk of overweight in early adulthood. To our knowledge this is the first study to investigate whether there is a direct effect of maternal smoking during pregnancy on offspring overweight or whether the association is due to unmeasured familial confounding. In the current study, the association diminished in both full and half siblings, indicating that regardless of how many genes siblings have in common, it is the shared environment that accounts for the association and that direct effects of maternal smoking during pregnancy on offspring overweight may be small. Shared environment could include lifestyle factors that are common in mothers and their offspring such as dietary habits established during early childhood, or other lifestyle behaviors such as attitudes towards physical activity 30 .

However, due to a limited number of half siblings the results should be interpreted with caution, since the lack of association among half siblings could be due to random error. Further, the point estimate for full siblings showed that there could still be a small effect of maternal smoking during pregnancy, which compared to half siblings would perhaps indicate the importance of common genetic factors shared within family members to the studied association.

The main strengths of this study are its size, the prospective design, and the range of covariates gathered from population-based registries that we could adjust for. However, limitations include self-reported data on maternal smoking during pregnancy which was collected at the first prenatal care visit, and hence is limited to the duration of smoking during the first trimester. The proportion of women who stop smoking during pregnancy has been reported to be around 30% in previous Swedish studies. However, in Sweden during the 1980's, 11% of smokers at time for registration to prenatal care stopped smoking later during pregnancy 31 . Women with a higher 17 level of education and a higher age at the initiation of smoking were more likely to stop smoking when pregnant, while women not living with the father of the child, heavy smokers, and women exposed to daily passive smoking at home were more likely to continue smoking throughout the pregnancy 32,33 . We therefore adjusted for parental socioeconomic status, age and whether the mother was living with the father of child. Further, previous studies on smoking patterns and risks in successive pregnancies from the Swedish Medical Birth Register have found that women who smoke in the first but not in the second pregnancy reduce their risks of preterm birth 34 , stillbirth 35 and placental abruption 36 in the second pregnancy, outcomes all likely to be causally associated with prenatal smoking. In contrast, when studying prenatal smoking and offspring school grades 12 , we find, similar to the present results, that the association disappeared when we account for familial effects. However, misclassification of smoking exposure between pregnancies or residual confounding may have influenced the risk estimates obtained. Finally, most pregnant smokers continue to smoke after pregnancy, and we cannot distinguish between the effects of prenatal and postnatal smoking exposure. Also, information on BMI was only available in males and we could not explore potential gender differences in the effect of maternal smoking during pregnancy. The conscripts with missing BMI data (about 34%) were born to mothers who smoked more during pregnancy than the males included for analyses; thus there might be some room for selection bias.

Maternal smoking during pregnancy is from a preventive view recognized in many countries as the most important risk factor for adverse pregnancy outcomes 31 

  Smoking during pregnancy has been shown to an increase the risks of several adverse birth outcomes. Associations with overweight and/or obesity in the offspring have also been suggested. We aim to investigate whether familial factors confound the association between maternal smoking during pregnancy and overweight in early adulthood in young Swedish males born 1983-1988. Methods: In a population-based Swedish cohort comprising 124 203 singleton males born to Nordic mothers between 1983 and 1988, we examined the association between maternal smoking during pregnancy and the risk of overweight in the offspring at around age 18 years.

  28 and 42 weeks of gestation16 . Four hundred and twenty three observations with less than 28 or more than 42 weeks of gestation were put to missing.Conscription was mandatory and enforced by law in Sweden up to 2007. Most men were conscripted at 17-24 years of age, except for those with severe handicaps, congenital malformations or chronic diseases. Information from the Military Service Conscription Register was used to define age and BMI, calculated from measured weight and height at conscription.Males were defined as overweight if they had a BMI of 25 or more according to the World Health Organization (WHO) criteria17 .Maternal and paternal socioeconomic status, classified according to recommendations set forth by Statistics Sweden (see table 1 for categories), and area of living (urban or rural) was obtained from the Population and Housing census of 1990. Maternal and paternal educational levels were retrieved from the Register of Education of 2000.Within this cohort, we identified 8441 sibling pairs by using information included in the Multigeneration Register. The sibling subset included 8250 full siblings and 182 half siblings (on the maternal side) and 9 pairs with unknown father. The first two sons born subsequently with data on maternal smoking during pregnancy and BMI were selected from each family (N=8 250 full and 182 half sibling pairs).The study was approved by the research ethics committee of Karolinska Institutet (No 2007/546-31, 2008/1737-32 and 2009/266-32). All authors had full access to all of the data (including tables) in the study and can take responsibility for the integrity of the data and the accuracy of the data analysis.
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 9 within full and half sibling pairs

  socioeconomic characteristics in particular (Table

  factors, studies that have examined these factors have shown that they are

  . Less is known about maternal smoking during pregnancy and possible long-term effects in offspring. Our results support the importance of familial factors for the association between maternal smoking during pregnancy and overweight in young adult males. Further research will have to identify specific familial factors common to both maternal smoking during pregnancy and offspring overweight, and address specific mechanisms that link features of familial environment with overweight in children and adolescents.

•

  Maternal smoking during pregnancy is associated with offspring risk for overweight in young adulthood.

FIGURE 1 LEGENDFigure 1 .

 11 FIGURE 1 LEGEND Figure 1. Crude and adjusted estimates of the expected change in offspring BMI (kg/m 2 ) according to one-unit change in maternal smoking

INTRODUCTION

  Maternal smoking during pregnancy is causally associated with fetal growth restriction 1 . It has also been associated with increased risks of adverse outcomes in the long term, including obesity 2 , which is considered an "epidemic" of our time. An association between maternal smoking during pregnancy and childhood obesity has been found in several recent studies, although the mechanism by which prenatal smoking exposure influences offspring's risk of overweight remains uncertain[2][3][4][5][6][7] .

  to cognitive and physical development of the offspring (including intelligence, academic achievement, Apgar score, conduct problems and asthma) were entirely explained by measured or unmeasured familial confounders14 .
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 11 FIGURE 1 LEGEND Figure 1. Crude and adjusted estimates of the expected change in offspring BMI (kg/m 2 ) according to a one-unit change in maternal smoking
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Table 1 .

 1 Maternal and birth characteristics and the risk of overweight (BMI ≥ 25 kg/m 2 ) in 124 203 Swedish male offspring born 1983-1988.
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Table 2 .

 2 Maternal smoking during pregnancy and the risk of overweight (BMI ≥25) in the offspring in early adulthood in a cohort of young Swedish males born1983-1988. 

	Adjusted for
	Parental
	Characteristics †

* Reference category. † Adjusted for maternal age, height, BMI and pregnancy weight gain, maternal and paternal socioeconomic category and education, and offspring urban living. ‡ Adjusted for characteristics as above and also birth weight, head circumference, gestational age, and age at conscription.

Table 3 .

 3 Maternal Smoking in first and second born son and the risk of overweight in siblings based on 8441 women with subsequent male births between 1983-1988. Adjusted for , maternal age, height, BMI and pregnancy weight gain, maternal and paternal socioeconomic category and education, and offspring birth weight, head circumference, gestational age, urban living and age at conscription

	Maternal smoking during	First Son

* Reference category. †

  were 305 896 Swedish males born between 1983 and 1988 and recorded in the Swedish

	F o
	r
	Medical Birth Register. We excluded multiple births (N= 6000), infants with congenital R e v i e w
	malformations (N= 14 736), and males born to non-Scandinavian mothers (N= 18 793) to increase the homogeneity of the study population. After also excluding 2028 males who died O n
	before 18 years of age and 4588 that emigrated, the sample consisted of 259 751 males, of whom 201 896 went through military conscription up until 2006. BMI at conscription, calculated from l y
	measured weight and height as kg/m 2 , was available for 132 838 individuals. Information on
	maternal smoking during pregnancy was available in 124 203 of them, and this constituted the
	final sample.
	7

  28 and 42 weeks of gestation16 . Four hundred and twenty three observations with less than 28 or more than 42 weeks of gestation were put to missing.Conscription was mandatory and enforced by law in Sweden up to 2007. Most men were conscripted at 17-24 years of age, except for those with severe handicaps, congenital malformations or chronic diseases. Information from the Military Service Conscription Register was used to define age and BMI, calculated from measured weight and height at conscription. Males were defined as overweight if they had a BMI of 25 or more according to the World Health Organization (WHO) criteria17 . tables) in the study and can take responsibility for the integrity of the data and the accuracy of the data analysis.

	Information about maternal smoking during pregnancy has been routinely included in the Swedish Medical Birth Register since 1983 15 . Self-reported information about smoking habits is collected and recorded by the midwives at the first antenatal visit (usually at 8 to 12 gestational F o r R e v i e w O n F o r R e v i e w O n gestational age between Within this cohort, we identified 8441 sibling pairs by using information included in the statistical reports and
	weeks), and is categorized as non-smoker, smoking 1-9 cigarettes per day, and smoking at least 10 cigarettes per day. Information on maternal pre-pregnancy weight and height, pregnancy l y Multigeneration Register. The sibling subset included 8250 full siblings and 182 half siblings (on the maternal side) and 9 pairs with unknown father. The first two sons born subsequently with l y
	weight gain, mode of delivery, age at delivery, living with the father of the child, Apgar score at data on maternal smoking during pregnancy and BMI were selected from each family (N=8 250
	5 minutes, birth order (in the present study first born child who is also a son or not), infant's birth full and 182 half sibling pairs).
	weight, birth length, head circumference, and gestational age were retrieved from the Medical
	Birth Register. Birth weight, birth length, and head circumference were standardized according The study was approved by the research ethics committee of Karolinska Institutet (No 2007/546-
	to Swedish reference standards for weight, length, and head circumference at birth for given 31, 2008/1737-32 and 2009/266-32). All authors had full access to all of the data (including
	8 9

Military Service Conscription Register, the Multigeneration Register, the Population and Housing Census in 1990, and the Register of Education in 2000. The linkage was possible through the unique National Registration Number assigned to each Swedish resident at birth. Maternal and paternal socioeconomic status, classified according to recommendations set forth by Statistics Sweden (see table 1 for categories), and area of living (urban or rural) was obtained from the Population and Housing census of 1990. Maternal and paternal educational levels were retrieved from the Register of Education of 2000.

Table 1

 1 presents parental and birth characteristics with respect to prevalences and crude odds ratios of overweight in the cohort of young males. Prevalences of overweight in offspring increased monotonically with maternal BMI and reached up to 47.6 % in mothers with a BMI

	above 30. Compared with sons of mothers with normal BMI (18.5-24.9), sons of overweight and
	obese mothers experienced a 2.6-fold (95% CI, 2.49 to 2.71) and a 4-fold (95% CI, 3.73 to 4.52)
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Table 1 .

 1 Maternal and birth characteristics and the risk of overweight (BMI ≥ 25 kg/m 2 ) in 124 203 Swedish male offspring born 1983-1988.

	. Less is known about maternal

with the father of the child

  

	-2 to 2 17,5 -18,5		117 562 23 732 20.2 106 374 21 138 19.9	1 1
	>2 >18,5		3086 16 648	885 28.7 3915 23.5	1.58 (1.46-1.71) 1.24 (1.19-1.29)
	Missing Urban living		1010		
	Birth length for gestational age no	26 256	5936 22.6	1
	(standard deviation score) yes	97 622 19 300 19.8	0.84 (0.82-0.87)
	<-2 missing		2337 325	469 20.1	0.99 (0.90-1.10)
	-2 to 2		117 573 23 852 20.3	1
	>2 Missing	F o r F o r	3103 1190	698 22.5	1.14 (1.05-1.24)
	R e v i e w Head circumference for gestational age (standard deviation score) <-2 4697 -2 to 2 113 949 23 101 20.3 894 19.0 >2 3238 809 25.0 R e v i e w	0.92 (0.86-0.99) 1 1.30 (1.20-1.41)
	Missing Gestational age (weeks)	O n 2319 O n	
	Yes 28-31 32-36		116 785 23 679 20.3 l y 318 49 15.4 4367 891 20.4 l y	1 0.70 (0.52-0.96) 1.01 (0.94-1.09)
	No 37-41		5422 103 030 20 872 20.3 1222 22.5	1.14 (1.07-1.22) 1
	Missing 42-		1996 16 155	3396 21.0	1.05 (1.00-1.09)
	Birth weight for gestational age Missing	333		
	(standard deviation score) Age at conscription (years)			
	<-2 <17,5		2545 1181	450 17.7 242 20.5	0.85 (0.77-0.94) 1.04 (0.90-1.20)
					26 27

Table 2 .

 2 Maternal Smoking During Pregnancy and the risk of overweight (BMI ≥25) in the offspring in early adulthood in a cohort of young Swedish males born 1983-1988. Adjusted for maternal age, height, BMI and pregnancy weight gain, maternal and paternal socioeconomic category and education, and offspring urban living. ‡ Adjusted for characteristics as above and also birth weight, head circumference, gestational age, and age at conscription.

					Adjusted for	
				Crude	Parental	Fully Adjusted ‡
	Mother's smoking				Characteristics †	
		Total	Overweight			
				OR (95% CI)	OR (95% CI)	OR (95% CI)
	(Number of cigarettes per day)	n	n			
	0 *	90 621	16 507	1.00	1.00	1.00
	1-9	21 090	5320	1.51 (1.46-1.56)	1.40 (1.33-1.48)	1.41 (1.34-1.49)
	10 or more	12 492	3468	1.72 (1.65-1.80)	1.55 (1.45-1.65)	1.56 (1.46-1.66)
	Total n			124 203	69 692	68 248
	Effect of maternal smoking					
	(yes/no) on continuous BMI					
	regression coefficient b (95% CI) :	124 203	25 295	0.81 (0.77-0.86)	0.67 (0.60-0.73)	0.69 (0.62-0.75)

* Reference category. †

Table 3 .

 3 Maternal Smoking in first and second born son and the risk of overweight in siblings based on 8441 women with subsequent male births between 1983-1988.

	First Son

* Reference category.

FUNDING

This work was supported by grants from the Swedish Research Council (project number K2007-70X-20510-01-4 to A.N.I) and SIMSAM (project number 839-2008-7483). IK is currently funded by the Swedish Council for Working Life and Social Research. FUNDING This work was supported by grants from the Swedish Research Council (project number K2007-70X-20510-01-4 to A.N.I) and SIMSAM (project number 839-2008-7483). IK is currently funded by the Swedish Council for Working Life and Social Research.

CONFLICT OF INTEREST

None declared.

CONFLICT OF INTEREST

None declared.