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Study Importance Questions 
Provide no more than 3 short bullet-point answers to these two study importance questions: 
Q1. What is already known about this subject? 
· Prior research demonstrated intergenerational effects of maternal body mass index (BMI) on offspring birth weight (BW).
· Only one study assessed the transgenerational link between grand-maternal BMI and grandchild’s BW. The investigators did not consider mediating effects, and were unable to find a significant association. 
Q2. What does your study add? 
· This is the first study that demonstrates an indirect and positive effect between grand-maternal BMI and grandchild’s BW via the mediating effect of maternal BW and BMI in early adulthood.
· The study also reports an indirect and inverse link between grand-maternal smoking during pregnancy and grandchild’s BW, primarily dependent on maternal smoking during pregnancy, and then on maternal BW. The direction of the association was opposite to that reported in previous studies, which did not use intervening variables.
· This study emphasizes the importance of using path-analytical model to analyze transgenerational effects. Using conventional statistical methods, including multiple linear regression and linear mixed model, may produce misleading results.




Objective: The aims are to examine the potential association between grand-maternal body mass index (BMI) and grandchild’s birth weight (BW), and whether maternal BW and BMI mediate this association. 
Methods: Data of 209 grandmother-mother pairs and 355 grandchildren from Isle of Wight birth cohort in the UK were analyzed using path analysis. 
Results: An indirect effect of grand-maternal BMI on increasing grandchild’s BW was mediated by maternal BW and BMI at age 18 years (indirect effects: β=2.3 grams per unit increase in grand-maternal BMI via maternal BW, and β=4.4 grams via maternal BMI; p=0.04). These two mediating effects of maternal BW and BMI confounded one another. Grand-maternal smoking during pregnancy (SDP) had an indirect effect on decreasing grandchild’s BW, dependent on maternal SDP and BW (indirect effects: β=-36.1 grams compared to non-smoking grandmothers via maternal SDP, and β=-27.2 grams via maternal BW; p=0.005). Neither direct effect between grand-maternal BMI and grandchild’s BW, nor that between grand-maternal SDP and grandchild’s BW, was statistically significant.
Conclusions: Larger grand-maternal BMI indirectly increased grandchild’s BW via maternal BW and BMI. Grand-maternal SDP indirectly reduced grandchild’s BW via maternal SDP and BW.


Introduction
Over the past several decades, birth weight (BW) has been recognized to have a long-term impact on the risk of childhood and adulthood diseases, such as obesity, diabetes, lung function, hypertension and cardiovascular diseases (1, 2, 3). Lower BW is well documented to be associated with adverse health outcomes, such as asthma and poorer lung function (1, 4, 5); whereas children born with higher BW are predisposed to higher body mass index (BMI) and overweight or obesity in childhood (6, 7) and adulthood (2, 8). A number of studies demonstrated an intergenerational effect of maternal BMI on BW (9, 10, 11). The observed circle of inheriting obesity from prior generations suggested a possible transgenerational effect of grand-maternal BMI on grandchild’s BW. 

To date, researchers have discovered a few grand-maternal risk factors in relation to grandchild’s BW, including grand-maternal BW (12), cardio-metabolic risk factors (13, 14, 15), smoking during pregnancy (16, 17, 18, 19, 20), and socioeconomic status (SES) (21, 22, 23). Nevertheless, only one study focused on the transgenerational effect of grand-maternal BMI (among other cardio-metabolic risk factors, including lipids and glucose levels) on offspring BW (13). Harville et al. were unable to identify a statistically significant association between grand-maternal BMI and grandchild’s BW (13). In their study, maternal BMI was considered a covariate. However, using maternal BMI as a confounder, instead of a potential mediator, might have attenuated the effect of grand-maternal BMI on grandchild’s BW, since maternal BMI is on the path from grand-maternal BMI to grandchild’s BW. Current evidence regarding the transgenerational effect of grand-maternal BMI on grandchild’s BW is extremely limited. We are interested in understanding whether grand-maternal BMI influences grandchild’s BW.

Most studies, assessing the association of transgenerational risk factors with grandchild’s BW, included maternal BW and/or BMI as covariates (13, 15, 16, 17, 18, 19, 20). So far, only two studies examined the potential mediating effect of maternal BW (12) or maternal pre-pregnancy overweight (23) on the association between grand-maternal risk factors and grandchild’s BW. Lahti-Pulkkinen et al. (12) found that maternal BW mediated the positive relationship between grand-maternal BW and BW of the grandchildren. The other study by Huang et al. did not find a significant mediating effect of maternal pre-pregnancy overweight on the association of grand-maternal education level with grandchild’s BW (23). Previous findings are inconclusive; and more studies are needed to determine whether maternal BW and BMI act as mediators or confounders in the transgenerational association of grand-maternal risk factors with grandchild’s BW. Hence, in this study, we hypothesize that maternal BW and BMI may mediate the effect of grand-maternal BMI on grandchild’s BW.

Using the Isle of Wight (IoW) birth cohort in UK (24), we aim to investigate whether the effect of grand-maternal BMI on grandchild’s BW is direct or mediated by maternal BW and/or maternal BMI. The IoW birth cohort prospectively collected three-generation data, thus allowing the investigation of direct and mediating effects by applying path analysis. 
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The IoW birth cohort was established to study the natural history and etiology of asthma and allergic diseases on Isle of Wight, UK in 1989. The IoW study recruited 1,536 mother-child dyads (F0 and F1 generations) between January 1, 1989 and February 28, 1990. Among these, 1,456 (94.8%) were enrolled after exclusion of adoptions, perinatal deaths and refusals. The maternal F1 generation was followed up at the ages of 1 (n=1,167), 2 (n=1,174), 4 (n=1,218), 10 (n=1,373), 18 (n=1,313), and 26 years (n=1,033), with detailed questionnaires and clinical examinations. F1 cohort females and spouses of F1 cohort males, who became pregnant after age 18 years, were followed up for their delivery. Their offspring, the F2 generation, are currently under follow-up (n=472). This birth cohort has been described in detail elsewhere (25, 26). The IoW study was approved repeatedly by the local research ethics committee (NRES Committee South Central – Hampshire B, U.K.), and University of Memphis Institutional Review Board in Memphis, U.S. (FWA00006815). Written consents were obtained from all participants at recruitment and all follow-ups. The total sample had 1,456 F0 (grandmother) and F1 (mother/father) pairs, and 472 F2 grandchildren. Since we were interested in the direct and mediating effect via the maternal line, the analytical sample included 355 offspring of the 209 grandmother-mother dyads (Figure 1). 
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Outcome. Grandchild’s BW in kilograms was measured at birth and transcribed from hospital records. 

Exposure of Interest. Grandmother’s height and weight were measured at antenatal visit, and used to calculate grandmother’s early pregnancy BMI as weight in kilograms divided by the square of height in meters.

Potential Mediators (Intervening Variables). Maternal BW was measured in kilograms at birth and collected from birth records. Maternal BMI was calculated from their height and weight, which were measured at age 18 years during the follow-up visit, or self-reported when a visit was not possible. Due to the adverse effect of maternal smoking during pregnancy on BW (27), maternal smoking status during pregnancy was considered as a mediator. Its information was obtained via questionnaires, asking about the number of cigarettes smoked during each trimester. The total number of cigarettes was summed up and grouped into three levels: no smoking, light smoking (total number of cigarettes smoked during pregnancy between 1 and 9), and moderate smoking (total number of cigarettes smoked during pregnancy at or above 10).

Potential Confounders. Three potential confounders were included in the analysis: grand-maternal smoking status during pregnancy (Yes/No), grand-maternal SES, and gender of the grandchild. Grandmother’s smoking status during pregnancy was included as a confounder, because maternal smoking during pregnancy is a risk factor for BW (27). Grand-maternal SES was measured by a composite variable using cluster analysis as described before (28). Three indicators were used in the cluster analysis: the British socioeconomic classes (1–6) derived from parental occupation reported at birth, number of children in the index child’s bedroom (collected at age 4 years), and family income when the child was 10 years of age. The derived grand-maternal SES variable was grouped into three levels: low, medium and high. 
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Descriptive analyses were conducted to describe the characteristics of participants. Path analysis, a special case of structural equation modeling (29), was conducted to assess whether the association between grand-maternal BMI and grandchild’s BW was mediated by maternal BW, maternal BMI at age 18 years, and maternal smoking during pregnancy. Path analysis was used to estimate the direct, indirect, and total effects between exogenous and endogenous variables. The sum of direct and indirect effects constitutes the total effect. Indirect effect is due to the mediating effect of a third variable. Note, path analysis does not estimate causal relations; however, compared to other regression models path analytical models have the advantage of considering data from consecutive generations not as independent effects, but as part of a path over generations. The full information maximum likelihood (FIML) method was applied to incorporate incomplete observations into the analysis (30). To reduce the number of parameters, the effect of maternal BMI at age 18 years on grandchild’s BW was constrained to be equal to that of grand-maternal BMI on maternal BW. This constraint was justified since the association between grand-maternal BMI and maternal BW (15.59 grams per kg/m2) was not significantly different from that between maternal BMI and grandchild’s BW (17.09 grams per kg/m2) (p=0.90). We started with a full model including all reasonable paths, then dropped paths one at a time according to stepwise multivariate Wald test, until a parsimonious model was reached. We evaluated the goodness of fit using the following criteria: 1) p-value for the overall model fit > 0.05, 2) standardized root mean square residual (SRMR) < 0.08, 3) adjusted goodness of fit (AGFI) > 0.95, and 4) root mean square error of approximation (RMSEA) < 0.05. The following paths were excluded from the final model due to insignificance: 1) from grand-maternal SES to maternal smoking status during pregnancy, 2) from grand-maternal smoking status during pregnancy to maternal BMI at age 18 years, and 3) from maternal BW to maternal BMI at age 18 years. All analyses were performed using the Statistical Analysis System (SAS 9.4, Cary, NC, USA). 
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[bookmark: _Toc529481269]Characteristics of the total and analytical samples are presented in Table 1. Note that results related to maternal BW and grandchild’s BW are presented in grams. Compared to the total sample, grandmothers in the analytical sample had a higher prevalence of low SES (21.3% vs. 15.4%, p=0.03; Table 1) and a higher prevalence of smoking during pregnancy (34.1% vs. 25.3%, p=0.006). In addition, the analytical sample had lower maternal BW (3324.3 vs. 3393.1 grams, p=0.04) and higher maternal BMI at age 18 years (24.8 vs. 23.2 kg/m2, p<0.0001). When comparing the smoking status during pregnancy of grandmothers and mothers, a Chi-square test showed that grand-maternal smoking was significantly associated with maternal smoking during pregnancy (34.1% smoking grandmothers vs. 17.9% and 21.8% light and heavy smoking mothers, p=0.003, data not shown). Among the 209 grandmother-mother dyads, 118 pairs had information on both grand-maternal and maternal BMI, and 74 pairs were discordant on BMI by more than 2 units. Of the grandchildren, 54.7% are male. 

Intergenerational associations within path analyses
The path analytical model fitness statistics indicated an excellent fit of the data to the overall model (χ2 (15)=15.73, p-value=0.40; SRMR=0.04; AGFI=0.96; RMSEA=0.01; Figure 2). The final model with unstandardized coefficients is presented in Table 2. Note that results of the intergenerational associations in this section and those of the transgenerational associations in the following section were from three paths in one single model. As expected, every unit (kg/m2) increase in grand-maternal BMI significantly contributed to an increase in maternal BW by 11.3 grams (p=0.04; Table 2). The same association was found between maternal BMI at age 18 years and grandchild’s BW, as an equal effect constraint was requested to reduce the number of parameters. Grand-maternal BMI was also positively associated with maternal BMI at age 18 years (=0.4 kg/m2, p<0.001). Additionally, one-gram increase in maternal BW led to 0.2 grams increase in grandchild’s BW (p=0.002). 

Grand-maternal smoking during pregnancy was significantly associated with reduced maternal BW (β=-135.6 grams, p=0.02; Table 2). Similarly, a higher level of maternal smoking during pregnancy reduced grandchild’s BW by 144.2 grams (p=0.001). Grand-maternal smoking during pregnancy was also associated with maternal smoking during pregnancy (β=0.25, p=0.008). Additionally, one level increase in grand-maternal SES was associated with a reduction of 151.4 grams in maternal BW (p=0.01) and an increase of 1.5 units in maternal BMI at age 18 years (p=0.007). 
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The total and direct effects between grand-maternal BMI and grandchild’s BW were not statistically significant (total effect: β=8.0 grams of increase in grandchild’s BW per unit increase of grand-maternal BMI, p=0.32; direct effect: β=1.3 grams, p=0.87; Table 2). However, we discovered a positive indirect association between grand-maternal BMI and grandchild’s BW (β=6.6 grams of increase in grandchild’s BW per unit increase of grand-maternal BMI, p=0.04), and such transgenerational association was mediated by maternal BW and BMI at age 18 years. Among 6.6 grams of increase in grandchild’s BW due to indirect effects of grand-maternal BMI, 2.3 grams was via maternal BW and 4.4 grams via maternal BMI at age 18 years. As we mentioned earlier, there was no causal path between maternal BW and BMI at age 18 years. Besides, we examined whether the indirect effect can be explained by a single mediator, either maternal BW or maternal BMI at age 18 years. However, the indirect effect of grand-maternal BMI on grandchild’s BW became insignificant if we removed either maternal BW (β=4.7 grams, p=0.20) or maternal BMI at age 18 years (β=1.7 grams, p=0.23), indicating that the transgenerational indirect effect depended on the presence of both mediators. Hence, the two mediating effects may confound one another, suggesting two possible pathways: First, a higher grand-maternal BMI could lead to higher maternal BW, which may result in an increased grandchild’s BW. Second, a higher grand-maternal BMI may increase maternal BMI at age 18 years, resulting in higher grandchild’s BW. 

[bookmark: _Toc529481271]We found an indirect, negative relationship between grand-maternal smoking during pregnancy and grandchild’s BW, mediated by maternal BW and maternal smoking during pregnancy (β=-63.3 grams, p=0.01; Table 2). Thus, when a grandmother smoked during pregnancy, her grandchild was predicted to have a decreased BW by 63.3 grams, because the mother had a lower BW and/or smoked more during pregnancy (light or moderate smoking). Among 63.3 grams of decrease in grandchild’s BW due to indirect effects of grand-maternal smoking during pregnancy, -27.2 grams were via maternal BW and -36.1 grams via maternal smoking during pregnancy. There was neither a significant total nor direct effect of grand-maternal smoking during pregnancy on grandchild’s BW (total effect: β=30.3 grams, p=0.68; direct effect: β=93.6 grams, p=0.20). Moreover, we examined whether the indirect effect between grand-maternal smoking during pregnancy and grandchild’s BW can be explained by a single mediator, either maternal BW or smoking during pregnancy. When maternal BW was removed from the final model, the indirect effect of grand-maternal smoking during pregnancy on grandchild’s BW via maternal smoking during pregnancy remained statistically significant (β=-33.9 grams, p=0.04). However, the indirect effect via maternal BW became marginally significant (β=-25.3 grams, p=0.07) if maternal smoking during pregnancy was removed. This suggests that maternal smoking during pregnancy was the main mediator whereas the mediating effect of maternal BW depended on that of maternal smoking during pregnancy. In addition, there was no significant association between grand-maternal SES and grandchild’s BW (total effect: β=3.4 grams, p=0.96; direct effect: β=16.8 grams, p=0.83; indirect effect: β=-13.4 grams, p=0.48). 

Additional sensitivity analyses were conducted. We assessed whether grand-maternal height may act as a confounder, though it was not correlated with grand-maternal BMI (r=-0.02, p=0.80). Adding grand-maternal height as a covariate did not change the results significantly (results not shown), so it was not included in the final model. Maternal gestational diabetes and insulin-dependent diabetes showed no association with BW and thus were not included. Although maternal hypertension during pregnancy was associated with offspring BW, adding this variable to the path analytical model did not change its estimation and thus it was dropped.

Discussion
Using prospectively collected three-generation data, we found an increasing, indirect effect of grand-maternal BMI on grandchild’s BW. This transgenerational effect was mediated by maternal BW and BMI at age 18 years. It is worth noting that these two mediators may confound one another, because the indirect effect between grand-maternal BMI and grandchild’s BW depended on the existence of both mediators. Contrary to the previous studies that reported an increasing effect of grand-maternal smoking during pregnancy on grandchild’s BW (16, 17, 18, 20), we observed an inverse association of grand-maternal smoking during pregnancy with grandchild’s BW. This association was primarily dependent on maternal smoking during pregnancy, and then on maternal BW. In addition, there were no significant direct or total effects between grand-maternal BMI and grandchild’s BW, and between grand-maternal smoking and grandchild’s BW.

Mediation of transgenerational effects through the mother is not a new assumption; however, missing heritability of complex conditions (31), i.e. genetic variance explains very little of transgenerational effects, is a major challenge. Hence, the results of our three-generation analyses demonstrating mediating roles of maternal birthweight, BMI, and maternal smoking linking grand-maternal BMI to grandchild’s birthweight, provide new insights. For the first time, we demonstrate that a higher grand-maternal BMI could predict a higher grandchild’s BW, mediated by maternal BW and BMI at age 18 years. As mentioned in the introduction, Harville et al. identified that grandchild’s BW showed a positive association with pre-pregnancy glucose levels in grandmothers, and a negative association with triglycerides and low-density lipoprotein in grandmothers (13). However, they found no transgenerational relationship between grand-maternal BMI and grandchild’s BW, though also using three-generational data. This may be due to the methodological limitation of not using path-analytical models. Another possible reason may be that grand-maternal BMI in the study of Harville et al. was measured during adolescence (at mean age of 16.2) (13), which may result in an underestimation of the grand-maternal BMI effect. 

Another novel finding is the inverse, indirect effect of grand-maternal smoking during pregnancy on grandchild’s BW, primarily dependent on maternal smoking during pregnancy, and then on maternal BW. Instead of treating maternal characteristics as confounders as in previous studies (13, 15, 16, 17, 18, 19, 20), we considered maternal BW and smoking during pregnancy as mediators for the association between grand-maternal smoking and grandchild’s BW. Mediation should not be confused with confounding, because a confounder should not be on the causal path from an exposure to an outcome (32). A mediating effect is consistent with the model, when the direct and indirect effects of an exposure on an outcome have the same sign (33). It also can be inconsistent, but still meaningful, when the direct and indirect effects have opposite signs, which is called confounding mediation or suppression (33). It is reasonable to have an insignificant total effect (i.e., the sum of direct and indirect effects), but significant direct and/or indirect effects, because the direct and indirect effects may cancel each other out. In this study, the two mediators of maternal BW and smoking during pregnancy had suppressing effects, because the direct and indirect effects of grand-maternal smoking on grandchild’s BW had similar magnitude but opposite signs (93.6 vs. -63.3 grams). 

Contradictory to the results of this study, four previous studies found increasing effects of grand-maternal smoking during pregnancy (1) on grandchild’s BW (16, 17, 20) and (2) on grandsons’ BW (18). Detailed findings of these four studies are summarized in Table S1. However, given the widely demonstrated association between maternal smoking during pregnancy and lower BW (27), one would not expect an increasing effect of grand-maternal smoking on grandchild’s BW. The discrepancies between the results of this study and those of the previous studies can again be explained by the statistical methods used. Instead of using (grand-)maternal smoking as a confounder, we used path analysis, which enabled us to reveal the hidden indirect effects between grand-maternal smoking during pregnancy and offspring BW. We further investigated whether this difference was due to statistical methods. Linear mixed models were conducted using IoW data and three conventional methods: 1) adjustment for maternal smoking, 2) stratified analysis based on maternal smoking status during pregnancy, and 3) using an interaction between grand-maternal and maternal smoking during pregnancy. Results of the three conventional methods showed an increasing (but insignificant) association between grand-maternal smoking during pregnancy and grandchild’s BW (Table S2), as did in prior studies. The lack of statistical significance may result from the small sample size in our study. The effect of grand-maternal smoking during pregnancy on increasing grandchild’s BW is likely due to falsely applying linear regression, when the longitudinal set-up would require path analysis or structural equation models. Other studies’ findings showed that maternal smoking during pregnancy reduces BW, but grand-maternal smoking during pregnancy has the opposite effect, is unexpected and hard to explain. Future studies should take into account the longitudinal nature of three-generation prospective cohort data, and consider using more appropriate statistical methods, such as structural equation models.

The underlying relation between grand-maternal risk factors and grandchild’s BW has yet to be unveiled. One candidate of the mechanisms is DNA methylation, which may memorize and transfer information on grand-maternal metabolism (BMI) or smoking to the next generation. Maternal BMI (34, 35) and smoking during pregnancy (36) have been identified to be associated with differential DNA methylations in the offspring. It is possible that the influences of grand-maternal BMI and smoking on epigenetic changes can persist into later life of the mothers, and then be transferred to the third generation. A few recent studies investigated the mediating role of DNA methylation, and found that differential DNA methylations mediated the association between maternal smoking during pregnancy and birth outcomes, including lower birth weight (37), small for gestational age (38) and preterm birth (39). Further studies are needed to corroborate the epigenetic mechanism across two generations, and explore how it may play a role in transgenerational effects.

The strengths of this study include: First, this prospective birth cohort study enabled us to assess the transgenerational effect of grand-maternal BMI on grandchild’s BW across three consecutive generations. Second, using path analysis facilitated the evaluation of both direct and indirect effects of grand-maternal BMI on grandchild’s BW, as well as the separation of mediating and confounding effects. Third, birth weight was based on obstetric and delivery records, and height and weight of grandmothers and mothers were directly measured at prenatal and follow-up visits, respectively, providing a reliable ascertainment. 

This study has some limitations. First, the sample size was small with 209 grandmother-mother pairs and 355 grandchildren. Second, we were only able to analyze the data of the maternal line (i.e., grandmother-mother pairs and their offspring), because only a small number of grandchildren have been born to cohort males in the intermediate generation. Male cohort members were maximal 27 years old when the third-generation data were extracted. Hence, some male cohort males have not reached the childbearing age yet. In addition, non-cohort males who had a child with an original female F1-cohort member joined the cohort later. These males had no grand-parental information collected at the inception of the study. Hence, no data was available. Although some studies showed that the transmission of BW and BMI was more apparent through the maternal line (15, 41), the transmission via the paternal line still deserves further examination. Third, some mothers in this study delivered more than one child. BW of grandchildren within the same family could be correlated, which may cause a violation of independence requirement when analyzing grandchildren. To assess the robustness of our results, we conducted a sensitivity analysis including first-born children only (n=209). Results of the sensitivity analysis showed that the indirect effect of grand-maternal BMI on increasing grandchild’s BW became marginally significant (β=6.9 grams, p=0.09; Table S3). The direction of the association remained positive and the effect size was very close to that in the main result (6.9 vs 6.6 grams). Additionally, the inverse, decreasing association between grand-maternal smoking and grandchild’s BW remained statistically significant (β=-85.0 grams, p=0.01). Thus, our results are unlikely to be affected by the violation of independence requirement. Fourth, the mean maternal age of 23.1 years at delivery was younger in this study than that of 28.8 years in 2016 from the national statistics in UK (40). This was due to the study setting, which was based on the first pregnancies of cohort mothers, in contrast to including all pregnancies of a representative group of mothers in the F0 generation. Fifth, we did not test nonlinear association in the structural equations models since the data did not show any suggestion of such. Sixth, we could not control for dietary factors or physical activity during pregnancy because we did not collect data on these factors. 

In conclusion, findings of this study are the first to suggest a transgenerational role of grand-maternal BMI on increased grandchild’s BW, via the mediating effects of maternal BW and BMI during early adulthood (age 18 years). Contrary to previous studies, grand-maternal smoking during pregnancy was found to indirectly decrease grandchild’s BW, primarily dependent on maternal smoking during pregnancy, and then on maternal BW. Future studies should examine whether these transgenerational effects exist in the paternal line, and whether epigenetic mechanisms play a role in the transgenerational associations.
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Table 1. Comparison of population characteristics between the total sample and analytical sample
	Continuous variables
	
	Total sample a
(n=1536; 472)
	
	Analytical sample b
(n=209; 355)
	
	p-value c

	
	
	N
	Mean (SD)
	
	n
	Mean (SD)
	
	

	Grand-maternal BMI (kg/m2)
	
	1175
	24.43 (4.20)
	
	158
	25.11 (5.05)
	
	0.21

	Maternal birth weight (g)
	
	1511
	3393.1 (537.71)
	
	208
	3324.3 (527.33)
	
	0.04

	Maternal BMI at age 18 (kg/m2)
	
	964
	23.19 (4.33)
	
	156
	24.82 (4.91)
	
	<0.0001

	Grandchild’s birth weight (g)
	
	342
	3371.4 (554.71)
	
	263
	3358.8 (573.64)
	
	0.79

	Categorical variables
	
	N
	N (%)
	
	n
	n (%)
	
	p-value d

	Grand-maternal SES
	
	1357
	
	
	192
	
	
	0.03

	Low
	
	
	209 (15.4)
	
	
	41 (21.3)
	
	

	Medium
	
	
	1037 (76.4)
	
	
	143 (74.5)
	
	

	High
	
	
	111 (8.2)
	
	
	8 (4.2)
	
	

	Grand-maternal SDP
	
	1521
	
	
	208
	
	
	0.006

	No
	
	
	1137 (74.7)
	
	
	137 (65.9)
	
	

	Yes
	
	
	384 (25.3)
	
	
	71 (34.1)
	
	

	Maternal SDP
	
	427
	
	
	325
	
	
	0.85

	No smoking
	
	
	265 (62.1)
	
	
	196 (60.3)
	
	

	Light smoking
	
	
	70 (16.4)
	
	
	58 (17.9)
	
	

	Moderate smoking
	
	
	92 (21.5)
	
	
	71 (21.8)
	
	

	Grandchild’s gender
	
	444
	
	
	333
	
	
	0.88

	Male
	
	
	245 (55.2)
	
	
	182 (54.7)
	
	

	Female
	
	
	199 (44.8)
	
	
	151 (45.3)
	
	


Abbreviation: SD, standard deviation; BMI, body mass index; SES, socioeconomic status; and SDP, smoking during pregnancy.
a The sample size of the total sample for F0 and F1 generations is 1536, and that for F2 generation is 472.
b The sample size of the analysis sample for F0 and F1 generations is 209, and that for F2 generation is 355.
c Two-sample t-test or Wilcoxon rank-sum test.
d Chi-square test.



[bookmark: _Toc527356364]Table 2. Analytical path model showing the unstandardized coefficients for the associations of grand-maternal BMI and smoking during pregnancy with grandchild’s birth weight and p-values in parentheses (n=355) a
	
	Grand-maternal BMI
	Grand-maternal SDP
	Grand-maternal SES
	Maternal BW
	Maternal BMI
	Maternal SDP
	Grandchild’s gender

	Maternal BW
	
	
	
	
	
	
	

	Direct
	11.3 (0.04)
	-135.6 (0.02)
	-151.4 (0.01)
	–
	–
	–
	–

	Indirect
	–
	–
	–
	–
	–
	–
	–

	Total
	11.3 (0.04)
	-135.6 (0.02)
	-151.4 (0.01)
	–
	–
	–
	–

	Maternal BMI
	
	
	
	
	
	
	

	Direct
	0.39 (0.06E-09)
	–
	1.50 (0.007)
	–
	–
	–
	–

	Indirect
	–
	–
	–
	–
	–
	–
	–

	Total
	0.39 (0.06E-09)
	–
	1.50 (0.007)
	–
	–
	–
	–

	Maternal SDP
	
	
	
	
	
	
	

	Direct
	–
	0.25 (0.008)
	–
	–
	–
	–
	–

	Indirect
	–
	–
	–
	–
	–
	–
	–

	Total
	–
	0.25 (0.008)
	–
	–
	–
	–
	–

	Grandchild’s BW
	
	
	
	
	
	
	

	Direct
	1.3 (0.87)
	93.6 (0.20)
	16.8 (0.83)
	0.2 (0.002)
	11.3 (0.04)
	-144.2 (0.001)
	-62.3 (0.36)

	Indirect
	6.6 (0.04)
	-63.3 (0.005)
	-13.4 (0.48)
	–
	–
	–
	–

	Total
	8.0 (0.32)
	30.3 (0.68)
	3.4 (0.96)
	0.2 (0.002)
	11.3 (0.04)
	-144.2 (0.001)
	-62.3 (0.36)


Abbreviation: BMI, body mass index; SDP, smoking during pregnancy; SES, socioeconomic status; and BW, birth weight.
a Values presented in the above table are unstandardized regression coefficients (β) and p-values (in parentheses).




Figure 1. Flowchart of creating the analytical sample of the three-generational IoW cohort study

[bookmark: _Toc527356372]Figure 2. Path diagram showing statistically significant effects of grand-maternal BMI and smoking during pregnancy on grandchild’s birth weight (n=355). Note: 2 (15)=15.73, p-value=0.40; SRMR=0.04; AGFI=0.96; RMSEA=0.01. This figure reports significant direct and indirect effects whereas insignificant effects were not reported, and p-values are in parentheses. Solid lines refer to direct effects; dashed lines refer to indirect effects. Square box was not used because only manifest variables were included.
Abbreviation: BMI, body mass index; SES, socioeconomic status; standardized root mean square residual, SRMR; adjusted goodness of fit, AGFI; and root mean square error of approximation RMSEA.


