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Abstract 
Background: Self-reported maternal active smoking has been associated with reduced offspring birth length and shorter stature in early and late childhood. 
Objective: To use circulating cotinine as an objective biomarker to investigate the association between smoking and environmental tobacco smoke (ETS) exposure in pregnancy, and longitudinal measures of offspring length/height from birth to 60 months. 
Methods: In 969  maternal-offspring dyads from the GUSTO cohort, maternal plasma cotinine at 26-28 weeks’ gestation was measured by LC/MS/MS and categorized into 4 groups: Group 1: cotinine <0.17 ng/mL (the assay’s detection limit) and no ETS exposure; Group 2: cotinine <0.17 ng/mL but self-reported ETS; Group 3: cotinine 0.17-13.99 ng/mL (ETS or light smoking); Group 4: cotinine 14 ng/mL (active smoking). 
Results: Adjusting for infant sex, gestational age at birth, ethnicity, maternal age, education, parity, BMI and height, Group 4 offspring were shorter at birth [z-score β= -0.42 SD units (SDs) (95% CI -0.77, -0.06)] than Group 1 offspring. Group 4 offspring continued to be shorter at older ages, with similar effect sizes at 3 months [-0.57 SDs (0.95, -0.20)], 36 months [-0.53 SDs (-0.92, -0.15)], 48 months [-0.43 SDs (-0.81, -0.04)], and 60 months [-0.57 SDs (-0.96, -0.17)]. Associations were particularly marked in boys. No significant differences in stature were observed in Groups 2 or 3 compared with Group 1.
Conclusions: This Asian longitudinal study associated high prenatal cotinine with persistently shorter stature in offspring from birth and into early childhood, whilst low prenatal cotinine levels and ETS exposure showed no such association. 


Implications 
Little is known about the long-term effects of prenatal tobacco exposure on offspring stature in Asia where passive smoking is common. This study has used an objective biomarker to reveal that the association of prenatal tobacco exposure with offspring length/height mainly occurs at a high maternal cotinine level of greater than 14 ng/mL in pregnancy, consistent with active smoking, but no significant associations were found with lower cotinine levels, consistent with passive smoking. Encouraging women to quit smoking prior to or during pregnancy may avert the long-term negative impact on their child’s height despite appreciable prenatal environmental tobacco smoke exposure.

Introduction 
Maternal smoking during pregnancy is known to increase the risk of intrauterine growth restriction.1,2 Newborn size has classically been considered in terms of birth weight, but recent data have suggested that length at birth may differ from birth weight in risk and prognostic factors.3 Persistent effects of maternal active smoking on the length/height of infants and children have been reported in several prospective birth cohort studies conducted in predominantly Caucasian populations.4-8 Most report shorter birth length, and a few documented reduced child and later height attainment,9-11 but reports are inconsistent with respect to the degree of “catch-up”.6,12,13 To our knowledge, the only published Asian study (from a Japanese cohort) found that maternal smoking was weakly associated with shorter stature in late childhood, but the effect size was very small.14
Less consistent evidence suggests that mothers exposed to passive smoking, otherwise known as environmental tobacco smoke (ETS) exposure, in pregnancy may also give birth to smaller infants.2 In Asian culture, young women rarely smoke,15 but smoking is more common among men. Published Asian data on prenatal ETS effects, mainly of maternal passive smoking exposure to a husband who smokes, have reported an associated reduction in offspring birth weight in Chinese,16 Malay17 and Indian18 populations, but we are aware of no reports of effects on child stature, except for a single Chinese study that found no change in offspring height at age 7 and 11 years old.19
Smoking and ETS exposure during pregnancy is of course a continuum. Most studies are based on the mother’s self-reported history of active smoking or ETS exposure, rather than more objective and quantitative measures such as circulating cotinine concentration or other biomarkers of nicotine exposure. Errors in recall may lead to misclassification of prenatal maternal smoking or ETS exposure status in those studies,20,21 and it is difficult to quantify passive smoking, and thus to assess dose-dependent effects. 
Maternal smoking during pregnancy has been reported to have a larger impact on the growth of male fetuses than on females,22-24 which may be explained by a greater intrauterine growth velocity and a different hormonal milieu in males.25 Sex-specific differences in the impact of prenatal tobacco exposure on post-natal physical growth have been infrequently studied, however. 
Our group has previously reported that maternal self-reported smoking was associated with significantly reduced offspring birthweight in the Growing Up in Singapore Towards healthy Outcomes (GUSTO) birth cohort.26 Within this same cohort, we have now quantified maternal circulating cotinine concentrations during pregnancy. In this paper, we have hypothesized that there is also a persistent negative association between maternal circulating cotinine concentration and offspring length/height from birth and into early childhood. We also hypothesized that the magnitude of association would decline with age, as the impact of other genetic and environmental determinants of growth predominate. We also postulated that susceptibility to the effects of maternal active and passive smoking would be greater in boys than in girls at birth and in early childhood. 
We used a combination of questionnaires recording maternal self-reported history and maternal plasma cotinine at 26-28 weeks of pregnancy to classify both active and passive smoking exposure. We examined the dose-response association between prenatal tobacco exposure and length/height of offspring at birth and at 11 post-natal ages during the first 60 months of life. In particular, we assessed whether a negative association with length/height persisted post-natally and whether length/height growth rate differed according to prenatal tobacco exposure. 

Methods
Study design and participants
Our study is based in the ongoing prospective birth cohort study, Growing Up in Singapore Towards healthy Outcomes (GUSTO), which has been previously described.27 The study was ethically approved by the Institutional Review Boards of the KK Women’s and Children’s Hospital, and the National University Hospital, Singapore. Informed written consent was obtained from all participants.
Briefly, study participants who met eligibility criteria and agreed to participate were recruited (Supplementary Figure 1, n=1247) between June 2009 and September 2010 at 10-14 weeks of gestation when they attended their dating ultrasound scan. Participants and their offspring were followed up at multiple time points through the pregnancy, at birth and post-natally. For our study, participants were restricted to those who conceived spontaneously with singleton pregnancies, with available maternal plasma cotinine measurements at 26-28 weeks of pregnancy, and delivered at a gestational age of 32 weeks or more, thus yielding a final study cohort of 969 maternal-offspring dyads (Supplementary Figure 1). All participants were interviewed during pregnancy (at recruitment and at 26-28 weeks’ gestation) by trained research coordinators using structured questionnaires to collect demographic data, document lifestyle (dietary pattern, cigarette smoking, physical activity, alcohol consumption), and individual and family medical history. 
Prenatal smoking and environmental tobacco smoke (ETS) exposure 
Structured questionnaires were interviewer administered at 26-28 weeks’ gestation to obtain a smoking and ETS exposure history. To establish if participants were current smokers or had recently stopped smoking, and to assess the possibility of fetal exposure at conception and at the start of pregnancy, participants were asked whether they had ever smoked regularly and from what age, whether they smoked during the one year prior to conception, whether they were still smoking at 26-28 weeks of pregnancy and the number of cigarettes smoked per day. To establish if there was significant ETS exposure, participants were asked to consider exposure just prior to pregnancy and, in separate questions, exposure during pregnancy, and specifically about ETS exposure at home and at work. At 24 months post-delivery, the child’s ETS exposure history was obtained through parental reporting in interviewer administered questionnaires. Parents were asked if the child lived with at least one smoker in the house and, if so, whether smoking occurred in front of the child, within the house, just outside the house or far away from the house.
The concentration of plasma cotinine, obtained at 26-28 weeks’ of pregnancy, was analyzed by liquid chromatography-tandem mass spectrometry at BEVITAL AS (www.bevital.no), as previously described.28 Plasma samples were collected in an EDTA tube, prepared by prompt centrifugation and stored at -80°C until analysis in a single batch. The limit of detection (LOD) for cotinine was 0.17 ng/mL. 
Participants were categorized into four tobacco exposure groups based primarily on cotinine concentration (Figure 1). When maternal plasma cotinine was below the LOD, maternal self-reported smoking and ETS exposure history were used to differentiate participants who had never smoked and who had not been exposed to ETS (Group 1) from those who had been exposed to tobacco either through smoking peri-conceptually and in early pregnancy or through ETS exposure (Group 2). Since the half-life of circulating cotinine is only 8-9 hours in pregnancy as opposed to 16 hours in the non-pregnant state,29 we used maternal self-reported history to account for participants who were exposed to prenatal tobacco outside 12-24 hours prior to blood collection. 
When the cotinine level was detectable, participants were stratified according to concentration: 0.17 to 13.99 ng/mL, which indicates appreciable exposure due to ETS or light smoking (Group 3), and 14 ng/mL or more (Group 4), a level that had been used to identify active smokers with greater than 95% sensitivity and specificity in a non-pregnant population.30 Given that the half-life of cotinine in pregnancy is shorter than in the non-pregnant, the cotinine threshold that could define an active smoker is likely to be lower than 14 ng/mL during pregnancy. So those in Group 4 were more than likely to be active smokers.
Length/height measures
Recumbent infant length at birth and at 3, 6, 9, 12, 15, 18, 24 months of age was measured from the top of the head to the soles of the feet to the nearest 0.1 cm, using an infant mat (SECA 210 Mobile Measuring Mat; SECA Corp.). Standing height at 36, 48, 54 and 60 months of age was measured with the use of the SECA 213 stadiometer from the top of the participant’s head to his or her heels to the nearest 0.1 cm. All measurements were taken in duplicate and averaged. 
Maternal standing height and weight were measured at recruitment in the first trimester and again at 26-28 weeks of pregnancy, and paternal height was taken at either the 24- or 36-month postnatal home visits using a SECA 213 stadiometer (SECA corp.) and a SECA 803 weighing scale, respectively.
Statistical analysis
Age- and sex-specific z-scores for length/height were calculated using the WHO Child Growth Standards published by the World Health Organization in 2006.31 Outliers were excluded from the baseline analysis following the instructions of WHO. 
Intergroup differences in characteristics were examined by χ2-tests or ANOVA. Multiple linear regression models were used to assess associations between the 4 groups of prenatal tobacco exposure and offspring length/height at each time point from birth to 60 months. 
Covariates which could potentially confound the association of prenatal tobacco exposure and child growth 4,8,32,33 were prospectively collected and adjusted for in the analysis: ethnicity (Chinese, Malay, Indian), maternal age at delivery (<30 or >30 years), maternal education level (secondary or below, diploma, university), parity (nulliparous [0], primiparous [1] or multiparous [2 or more]), maternal BMI in the 1st trimester (<18.5, 18.5-22.9, 23-27.4, >27.5 kg/m2; representing underweight, normal weight, overweight and obese categories respectively in an Asian population as recommended by WHO 34), maternal height (as a continuous variable), and gestational age at birth. 
Father’s height was also adjusted for in sensitivity analyses, following multiple imputation for missing data (in 28.3% of cases), with 100 imputations using the PROC MI procedure with the Markov chain Monte Carlo method.  The interaction between sex and cotinine exposure level was tested. In a secondary analysis, the cohort was then stratified by sex to assess sex-dependent effects of prenatal tobacco exposure on child length/height. Pregnancy complications such as gestational diabetes mellitus and pre-eclampsia were not adjusted for, because these factors that occur after (or during) tobacco exposure are not confounders (i.e. those that can lead to both tobacco exposure and to altered offspring stature) and may lie on the causal pathway between tobacco exposure and child growth. 
Longitudinal changes in the magnitude of association between prenatal tobacco exposure and z-scores for length/height were analyzed using linear mixed-effects models with an unstructured working covariance matrix for random intercept and random slope modeling. Mixed model analysis provides a flexible approach in longitudinal studies with a repeated measurement design, because it can accommodate randomly missing measurements due to incomplete follow-up of the cohort at each time point. This approach allowed us to estimate the impact of prenatal tobacco exposure on the average z-score for length/height over 60 months. With introduction of the interaction term of tobacco exposure*age at time of visit with random intercept and random slope modelling, the rate of length/height growth over time (represented by the slope) was calculated. All analyses were carried out with SAS software (SAS Institute Inc., Cary, NC) version 9.4. 

Results
The distribution of maternal cotinine concentrations and self-reported tobacco exposure history are shown in Figure 1. Overall, 459 (47.4%) women self-reported active and/or passive smoking in pregnancy. Group 4 (cotinine 14ng/mL) comprised 36 (3.7% of the cohort) women and included light to heavy smokers with a median (range) cotinine of 47.4 (18.3, 158.7) ng/mL. Of these 36 women in Group 4, only 19 (53%) admitted to active smoking at 26-28 weeks’ gestation, 12 (33%) reported smoking in the one year prior to pregnancy but not at 26-28 weeks’ and experienced on-going ETS exposure, 3 (8%) reported ETS exposure only and 2 (5%) reported no history of active smoking nor any ETS exposure. Group 3 comprised 140 (14.4% of the cohort) women with appreciable exposure based on their cotinine levels. Of these women, 5 (4%) self-reported active smoking at 26-28 weeks’ gestation, and a further 33 (24%) admitted to being smokers in the one year preceding pregnancy but had stopped by 26-28 weeks’ gestation although 29 of them experienced on-going ETS exposure. Importantly, 23 (16%) women in Group 3 reported no tobacco exposure (active or ETS) history despite their detectable levels of cotinine. Among the 282 women in Group 2 where cotinine was below the LOD, only 1 self-reported current active smoking, while 40 (14%) declared themselves as peri-conception smokers who had stopped by mid-gestation but of whom the majority continued to be exposed to ETS, and the remainder declared exposure to ETS only. 
Maternal and offspring characteristics across the four prenatal tobacco exposure groups are shown in Table 1. High maternal cotinine (14 ng/mL) was associated with younger maternal age (p<0.001), Malay ethnicity (p<0.001), lower maternal education level (p<0.001) and higher parity (p<0.001) but was not associated with maternal body mass index (BMI) in the first trimester nor with maternal height. High maternal cotinine was significantly associated with a lower crude birthweight (p<0.001) and a shorter crude birth length (p<0.001). Of note, the infant sex distribution was similar between groups.
Amongst the 822 out of the 969 (85%) mothers who responded to the postnatal ETS survey at 24 months post-delivery, 288 (35%) of the children lived with at least one smoker who smoked in front of the child, or within or just outside the house (Table 1). The pattern of smoking among household smokers and the likelihood of child ETS exposure remained consistent across the first 24 months of life. Among all children with at least one household smoker (N=310), 40 (13%) had household smokers who smoked in the presence of the children, 121 (39%) smoked indoors in the house, 127 (41%) smoked outside the house and only 22 (7%) smoked far away from the house. Self-reported prenatal tobacco smoke exposure and parental reports of child ETS exposures at 24 month were highly correlated (data not shown).  
Associations of maternal cotinine with offspring length/height
Compared with Group 1, maternal cotinine 14 ng/mL (Group 4) was associated with a lower z-score for length/height of the offspring, with significant associations found at birth [(95% CI) -0.42 SD units (SDs) (-0.77, -0.06)], 3 months [-0.57 SDs (-0.95, -0.20)], 36 months  [-0.53 SDs (-0.92, -0.15)], 48 months [-0.43 SDs (-0.81, -0.04)], and 60 months [-0.57 SDs (-0.96, -0.17)] after adjustment for ethnicity, maternal age at delivery, education level, parity, 1st trimester maternal BMI, maternal height and gestational age at birth (Figure 2). In absolute terms the reduction of mean birth length and mean height at 60 months between Group 1 and Group 4 was 0.77 cm and 2.7 cm, respectively. Sensitivity analysis with further adjustment for paternal height, with multiple imputation for missing data, showed similar results for Group 4 compared to Group 1, with additional significant associations at 54 months [-0.36 SDs (-0.74, -0.01)] (Supplementary Table 1). Even though results from 6 months to 24 months failed to reach statistical significance, a consistent (except at 12 months) trend of shorter offspring length was observed in Group 4 compared to Group 1. 
Offspring in Groups 2 and 3, whose mothers were light smokers, periconception smokers or who experienced ETS exposure with or without detectable plasma cotinine at 26-28 weeks’ gestation, did not demonstrate any significant differences in length/height compared with Group 1 (Figure 2). 
Influence of offspring sex and ethnicity
Overall, there was no significant interaction between sex and prenatal tobacco exposure on offspring length/height. However, given the previously documented sex-specific effects of maternal smoking on fetal growth, we interrogated our data further. When the data was stratified by sex a similar direction of change was seen for both sexes with exposure to a high plasma cotinine 14ng/mL (Group 4) compared to Group 1 controls. The intergroup z-score reduction was pronounced in boys at birth [(95% CI) -0.47 SDs (-0.94, -0.003)], 3 months [-0.69 SDs (-1.21, -0.18)], 36 months [-0.76 SDs (-1.29, -0.23)], 48 months [-0.59 SDs (-1.14, -0.03)] and 60 months [-0.87 SDs (-1.44, -0.30)]. However, z-score reductions among girls failed to reach statistical significance (Supplementary Table 2). Between the three ethnic groups, there was no significant difference in the association between a high maternal cotinine concentration (14ng/mL) and offspring length/height (data not shown). 
Associations of maternal cotinine with height growth rate
Overall, there was also no significant interaction between time point of measurement and prenatal tobacco exposure on offspring length/height. Consistent with results of multiple linear regression models, using linear mixed-effects modeling we found that over the first 60 months, offspring exposed to maternal plasma cotinine 14ng/mL (Group 4) were shorter, on average, than Group 1 controls [-0.35 SDs (-0.64, -0.06), p<0.05]. In contrast, offspring in Group 2 and Group 3 showed no significant difference in average length/height over the first 60 months compared with Group 1 (Table 2). When considering the overall length/height growth rate from birth to 60 months, there was no statistically significant difference between Group 4 and Group 1 [(95% CI) 0.06 SDs/year (-0.01, 0.14), p=0.097]. Only offspring in Group 2 showed a marginally faster length/height growth rate [0.03 SDs/yr (<0.01, 0.06); p=0.046] compared with Group 1, which is likely a chance finding (Table 2). 
When we examined the growth rate over the first 12 month period only we found that a high plasma cotinine (14ng/mL; Group 4) was associated with a non-statistically significant trend of accelerated growth compared with Group 1 [growth rate 0.43 SDs/year (-0.02, 0.87)] (Table 2). This was followed by no significant difference in growth rate during the periods of 12 to 36 months and 36 to 60 months.
No significant interaction was observed between sex or ethnicity and prenatal tobacco exposure and growth rate (data not shown).  


Discussion
Our results demonstrate a persistent, long-term association of prenatal exposure to high maternal cotinine (14 ng/mL), consistent with active maternal smoking during pregnancy, with offspring length and height, particularly in boys. The association was of similar magnitude on the z-score (SD) scale at birth and at 60 months of life. With exposure to ETS (passive smoking) and lower levels of maternal cotinine, no statistically significant differences in offspring length/height were observed, compared with the unexposed group. To the best of our knowledge, ours is the first longitudinal study reporting the magnitude of association between high maternal cotinine in late pregnancy and offspring length/height growth deficits in a multiethnic Asian population.
A reduction in offspring stature of approximately 0.5 SD in a population of smoking mothers would significantly increase the number of children classed as stunted (below 2 SD of the WHO child growth standards 31). Stunting is now internationally recognized as a major public health problem associated with negative impact on development and long-term health. Although a common global cause of stunting is thought to be relative malnutrition, reducing maternal smoking in pregnancy may also contribute to attainment of the WHO target of reduced global stunting by 2025 35. 
The association we observed between maternal active smoking and birth length in this South East Asian cohort comprising participants of Chinese, Malay and Indian descent is consistent with previous findings from Caucasian and East Asian populations.5-8,13,14,36,37 In fact, the magnitude of association we observed on birth length is remarkably similar to that reported in previous studies from Europe. Between Group 4 and the Group 1 controls, we found a reduction of 0.77 cm in mean birth length and a reduction of 0.43 SDs in z-score, similar to the 0.67 cm difference documented in the UK ALSPAC cohort6 and the reduction of 0.36 SDs in z-score in light smokers (1-5 cigarettes/day) in the Netherlands’ Generation R cohort.4 This constellation of findings suggests that geographical and ethnic variation has a limited influence on the impact of maternal smoking on fetal statural growth and is also consistent with the lack of difference in association we observed across our three Asian ethnic groups. 
However, our finding of boys’ stature being particularly susceptible to maternal smoking both at birth and up to 60 months of age are in contrast to those from the ALSPAC cohort, in which boys’ and girls’ lengths at birth were equally affected by maternal smoking, but by 10 years of age girls’ showed a greater attenuation in height than boys following prenatal exposure.6 Such a discrepancy may be partly attributed to population differences. Our results are, however, consistent with several other human fetal studies.22-24 It has been postulated that higher androgen levels and accompanying changes in the hormonal milieu in the male fetus could lead to differential expression of fetal liver enzymes important in regulating the metabolism of drugs and xenotoxicants25 with consequences on fetal growth and development.38 Others have suggested that given the faster rate of growth of male fetuses, they have a greater demand for oxygen and nutrients, hence, a relative reduction in transplacental delivery associated with maternal smoking could have a greater impact on growth,24 hence males may be more susceptible. From our data, this particular impact during fetal life appeared to then have persistent effects in early childhood.
Several reports have confirmed that the impact of heavy smoking on offspring stature is greater than that of light smoking.4,6 However, the impact of exposure to passive smoking has been difficult to quantify by self-reported history. In Singapore, the vast majority (95%) of the population live in multiunit housing or apartments and can be exposed to significant tobacco smoke even without active smoking.39 One Singaporean study reported that 13% of fetuses had detectable cotinine in meconium at birth, yet in 65% of the cases the mother reported no active or passive smoking during pregnancy.40 We have used the more objective measure of prenatal tobacco smoke exposure by quantifying maternal cotinine and combining this with self-reported history for more accurate categorization and found that low to intermediate levels of exposure had no significant relationship with offspring stature. A sizeable proportion of exposed women (Groups 2 and 3) in our study reported stopping smoking before or in early pregnancy, which probably averted a detrimental impact on offspring stature, as reported previously.4 The lack of significant effect of passive smoking on birth length is in contrast to its impact on birth weight in Asian populations of similar ethnicity to our study population,16-18 further supporting the notion that birth weight and birth length may be differentially regulated in utero.3
Our results were not consistent with our hypothesis that the magnitude of effect of maternal smoking on stature would decline with post-natal age. We observed that the association with birth length was sustained to a similar degree through 60 months of age, with no significant difference in the average growth rate between the high cotinine group and unexposed group over this period. This result could support the argument that persistent short stature is simply a persistent effect of shorter birth length,5 i.e., that no separate ongoing biological mechanisms affected by prenatal tobacco exposure continue to affect post-natal growth in stature.6 In contrast, others suggest that the persistent association is in part due to specific intrauterine programming effects of maternal smoking in pregnancy that can play out as an ongoing independent regulator of child height growth postnatally,4 well into late childhood and beyond.7,8 This notion could then potentially explain inter-study variations in offspring statural growth associated with maternal smoking, with some reporting “catch-up” growth.
Discrepancies in the extent of possible ‘catch-up’ among reported studies may be due to the timing of postnatal measurements. A study that reported complete “catch-up” ended at the age of 8 months12 and may well have missed a later detrimental effect on stature. The timing of when a possible early “catch-up” growth begins has also varied across studies. In our study we found that offspring length remained significantly shorter at 3 months and that height growth only started to approach the unexposed group after this. In contrast, studies of predominantly Caucasians showed that catch-up had already started by 2-3 months4,6 but a Turkish study showed a persistence of shorter stature even at 6 months.13 Our cohort, which includes three different ethnicities known to have differential infant growth velocity41 but display similar susceptibility to prenatal tobacco exposure in terms of offspring stature, suggests that differences in findings between previous studies are due predominantly to genetically determined factors of growth and timing of measurements, and may not relate to differential responses to prenatal tobacco exposure per se. Although there was suggestion of a somewhat faster rate of height growth in the first 12 months with high prenatal tobacco exposure in our cohort, this trend was not sustained and the average height over 60 months remained lower in exposed offspring.
The causal relationship of maternal smoking during pregnancy and smaller birth size is well established. The suggested physiological changes triggered by prenatal smoking that may directly and immediately affect fetal growth include maternal hypoxemia secondary to vasoconstriction or reduced oxygen carriage by hemoglobin; lower concentrations of insulin, insulin-like growth factor (IGF)-I, and IGF binding protein-3;42 increased toxins and heavy metals;43 reduced maternal nutrition; and poorer placental health,44,45 all of which may impair fetal skeletal growth and therefore birth length.46 Differential susceptibility to prenatal tobacco exposure may also be determined by newborn gene polymorphism.47 However, when seeking potential mechanisms for the long-term in utero programming effects on post-natal growth, proposed mechanisms include programming of skeletal growth;46 alterations in metabolic and satiety homeostasis involving the hypothalamo-pituitary-adrenal axis, growth hormone, ghrelin and leptin response pathways;48 and epigenetic changes such as telomere lengths49 and DNA methylation.49-53 Additionally, significant co-morbidities and neurological deficits which may be associated with prenatal tobacco exposure could also affect child growth, and would be a subject for further investigation. 
The main strengths of our study are its prospective design, the use of plasma cotinine as an objective measure of tobacco exposure and the frequent, standardized, accurate measurements of length/height across the first 60 months of life. We observed substantial discrepancies between self-reported smoking history and cotinine levels. Using self-reported history on its own would have led to misclassification of a significant number of women. This finding is consistent with other studies reporting that the combination of history of self-reported smoking/ETS exposure and biomarker quantification in pregnancy improves the accurate documentation of active and/or passive tobacco smoke exposure and minimizes misclassification.20,21,54 
On the other hand, the primary limitation of our study was the single cotinine measurement at 26-28 week in pregnancy. Cotinine has a relatively short half-life and reflects only recent tobacco exposure,55 but misclassification was mitigated by prospective collection of self-reported active and/or passive tobacco smoke exposure history. Our inferences are limited to the impact of cotinine exposure at 26-28 weeks of pregnancy, which may underestimate the total effect of smoking on length/height status, as some study women may have transiently quit smoking either during early or late pregnancy. Furthermore, with the lack of a post-natal cotinine measure, we cannot separate the effect of prenatal from post-natal tobacco exposure, which are highly correlated. Our GUSTO data confirm that parents who smoked during pregnancy generally continue to smoke after child birth. Nonetheless, previous published studies all suggest that prenatal tobacco exposure has a far greater impact on offspring growth than post-natal ETS exposure.4-6,52 Although, there was incomplete follow up of the cohort over the study duration there was no selection bias towards smaller infants from Group 4 remaining in the study as the birth lengths and birth weights of those who attended the visit at 60 months were similar to the respective measurements of those who did not attend. Finally, unmeasured lifestyle differences, genetic, parenting and other social factors may have confounded the associations we observed with child statural growth. 
In conclusion, the association of maternal cotinine in pregnancy with offspring length/height mainly occurs at a maternal cotinine level of 14ng/mL or more, consistent with active smoking. Encouraging women to stop smoking during pregnancy may avert the long-term negative impact on their child’s height despite persistent ETS exposure. Longer follow-up of these children will be required to assess the impact on final height attainment.  
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Figure 1
Categorization of the study population into four tobacco exposure groups, depicting the correlation between plasma cotinine concentrations and self-reported tobacco exposure. The grouping was primarily based on plasma cotinine concentrations (Groups 1 and 2 had cotinine levels below the limit of detection (LOD) of 0.17 ng/ml, Group 3: 0.17-13.99 ng/ml, Group 4: >14 ng/ml). Those with cotinine below the LOD were further divided into two groups based on self-reported history: Group 1 comprised those who had never smoked and had not been exposed to environmental tobacco smoke (ETS) [None], and Group 2 comprised those who were self-reported active smokers at 26-28 weeks’ gestation [smoker], those who had smoked regularly during the one year prior to conception [periconception smoker], and those who were exposed to ETS at home or at work. Self-reported history in Groups 3 and 4 are indicated here, although it was not used as criteria for categorization. The number of subjects in each subgroup within each category is shown in the accompanying table.
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Figure 2: 
Maternal cotinine concentration with prenatal ETS exposure status, and offspring z-score for length/height. 
Examination of the association between maternal plasma cotinine concentration with prenatal ETS exposure, and offspring z-score for length/height at each single time point from birth to age 60 months with adjustment for the following covariates: ethnicity, maternal age at delivery, educational level, parity, 1st trimester maternal BMI, maternal height and gestational age at birth. :p<0.05; ETS: Environmental tobacco smoke exposure
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Table 1 Characteristics of participants
	
	All
	Maternal Fasting Plasma Cotinine concentration  (ng/mL)

	
	
	Group 1
	Group 2
	Group 3
	Group 4
	

	
	
	<0.17
	<0.17
	0.17-13.99
	≥14
	

	Self-reported ETS Exposure
	
	No
	Yes
	-
	-
	p value

	No. of Subjects, N (%)
	969
	511 (52.7)
	282 (29.1)
	140 (14.4)
	36 (3.7)
	

	Maternal Characteristics
	 
	
	
	
	
	

	
	
	
	
	
	
	

	Ethnicity
	
	
	
	
	
	<0.001b

	    Chinese
	527 (54.4)a
	325 (61.7)
	141 (26.8)
	47 (8.9)
	14 (2.6)
	

	    Malay
	260 (26.8)a
	62 (23.9)
	102 (39.2)
	78 (30.0)
	18 (6.9)
	

	    Indian
	182 (18.8)a
	124 (68.1)
	39 (21.4)
	15 (8.2)
	4 (2.2)
	

	Maternal Age (years)
	
	
	
	
	
	<0.001b

	    30 and below
	423 (43.7)a
	169 (40.0)
	139 (32.9)
	93 (22.0)
	22 (5.2)
	

	   Above 30
	546 (56.4)a
	342 (62.6)
	143 (26.2)
	47 (8.6)
	14 (2.6)
	

	Education level
	
	
	
	
	
	<0.001b

	    Secondary and below
	294 (30.3)a
	87 (29.6)
	114 (38.8)
	67 (22.8)
	26 (8.8)
	

	    Diploma
	335 (34.6)a
	156 (46.6)
	116 (34.6)
	54 (16.1)
	9 (2.7)
	

	    University and above
	327 (33.8)a
	263 (80.4)
	46 (14.1)
	18 (5.5)
	0 (0.0)
	

	    Unknown
	13 (1.3)a
	5 (38.5)
	6 (46.2)
	1 (7.7)
	1 (7.7)
	

	Parity
	
	
	
	
	
	<0.001b

	    0
	412 (42.5)a
	212 (51.5)
	123 (29.9)
	70 (17.0)
	7 (1.7)
	

	    1
	344 (35.5)a
	210 (61.1)
	86 (25.0)
	35 (10.2)
	13 (3.8)
	

	    2
	213 (22.0)a
	89 (41.8)
	73 (34.3)
	35 (16.4)
	16 (7.5)
	

	Early pregnancy BMI (kg/m2)
	 
	
	
	
	
	0.246b

	    Less than 18.5
	84 (8.7)a
	47 (56.0)
	21 (25.0)
	11 (13.1)
	5 (6.0)
	

	    18.5-22.9
	439 (45.3)a
	242 (55.1)
	123 (28.0)
	57 (13.0)
	17 (3.9)
	

	    23-27.4
	269 (27.8)a
	138 (51.3)
	84 (31.2)
	43 (16.0)
	4 (1.5)
	

	    27.5 and above
	168 (17.3)a
	78 (46.4)
	52 (31.0)
	29 (17.3)
	9 (5.4)
	

	    Unknown
	9 (0.9)a
	
	
	
	
	

	Maternal height (cm)f
	158.3 (5.6)
	158.5 (5.7)
	158.1 (5.5)
	157.8 (5.7)
	158.6 (5.4)
	0.46 c

	
	
	
	
	
	
	

	Offspring characteristics
	 
	
	
	
	
	

	Sex
	 
	
	
	
	
	0.884b

	    Female
	465 (48.0)a
	249 (53.6)
	131 (28.2)
	69 (14.8)
	16 (3.4)
	

	    Male
	504 (52.0)a
	262 (52.0)
	151 (30.0)
	71 (14.1)
	20 (4.0)
	

	Birth Weight (gram)f
	3110±433 
	3138 ±429
	3092 ±449
	3112 ±382
	2843 ± 467
	<0.001c

	Birth Length (cm)f
	48.7 ±2.2
	49.0 ±2.1
	48.4 ±2.3
	48.5 ±2.0
	47.4 ±2.3
	<0.001c

	Gestational age at birth (weeks)d, f
	38.8 ±1.3
	39.0 ±1.2
	38.7 ±1.2
	38.7 ±1.2
	38.2 ±1.6
	<0.001c

	Postnatal ETS exposuree 
	
	
	
	
	
	

	       No
	534 (55.1)a
	407 (76.2)
	92 (17.2)
	30 (5.6)
	5 (0.9)
	<0.001b

	       Yes
	289 (29.8)a
	36 (12.5)
	146 (50.5)
	84 (29.1)
	23 (8.0)
	

	      Unknown (N=146)
	146 (15.1)a
	
	
	
	
	


a Percentage of all study subjects (N=969) across categories of each characteristic, otherwise the percentage (%) indicates distribution of each category across the four different prenatal tobacco exposure groups. 
b p value determined by chi-square (2) test
cp value determined by ANOVA test
d Pregnancy dating was done by first trimester crown rump length on ultrasound scan.
e Without postnatal ETS exposure was defined as either having no smokers at home or if there is a smoker at home they only smoked far away from the house; With postnatal ETS exposure was defined as having at least a smoker at home who either smoked in front of the subject or who smoked within or just outside the house.  
f mean ± SD
Missing data: Unknown data for maternal BMI in the 1st trimester (n=49) were imputed by self-reported pre-pregnancy BMI (n=40) or estimated using the maternal pregnancy BMI at 26-28 week (n=5); for maternal education level (n=13) were imputed by mode (diploma) in further analysis.
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Table 2 Linear mixed regression analysis: Association between prenatal tobacco exposure and (A) average length/height z-score over 60 months (B) relative length/height growth rate of offspring
	
	(A) Average length/height z-score
	(B) Relative growth rate (SDs/year) b

	
	birth to 60 monthsa
	birth to 60 months 
	0-12 months 
	12-36 months
	36-60 months

	Maternal plasma cotinine
(ng/mL) and ETS status
	
	
	
	
	

	    <0.17, ETS (-)
	Reference
	Reference
	Reference
	Reference
	Reference

	    <0.17, ETS (+)
	-0.08 (-0.21 ,0.05)
	0.03 (<0.01 ,0.06)*
	0.08 (-0.11 ,0.27)
	0.03 (-0.03 ,0.09)
	0.01 (-0.02 ,0.04)

	    0.17-13.99  
	-0.01 (-0.17 ,0.16)
	0.02 (-0.02 ,0.05)
	-0.05 (-0.29 ,0.19)
	0.05 (-0.02 ,0.12)
	0.02 (-0.02 ,0.05)

	    14 and Above 
	-0.35 (-0.64 ,-0.06)*
	0.06 (-0.01 ,0.14)
	0.43 (-0.02 ,0.87)
	-0.05 (-0.20 ,0.09)
	0.03 (-0.04 ,0.11)


*p value <0.05
aModels adjusted for prenatal tobacco exposure grouping (Groups 1 to 4 based on maternal plasma cotinine and ETS status), ethnicity, maternal age at delivery, maternal education level, parity, 1st trimester maternal BMI, maternal height, gestational age at birth and age of visit, with random intercept and random slope model.
bModels adjusted for prenatal tobacco exposure grouping (Groups 1 to 4 based on maternal plasma cotinine and ETS status), ethnicity, maternal age at delivery, maternal education level, parity, 1st trimester maternal BMI, maternal height and gestational age at birth, age of visit and interaction of ETS*age of visit with random intercept and random slope model.
ETS: Environmental tobacco smoke exposure
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