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MINIMAL SUFFICIENT ADJUSTMENT SET 
 
We explored whether the potential confounders included in model 1 and model 2 represent the “minimal sufficient 
adjustment set” to estimate the total effect of each exposure on the outcomes (i.e. the smallest group of measured 
covariates that needs to be included in order to eliminate confounding). We used directed acyclic graphs (DAGs) [1] in 
DAGitty (dagitty.net) (figure S1 and figure S2). DAGs help to minimize the magnitude of the bias in the estimates, to 
avoid the risk of over-adjustment and to establish whether the statistical models used are the most parsimonious. 
 
The DAG analysis supported the assumption that the minimal sufficient adjustment set contains grandparents’ 
education level, fathers’ age, education level and occupational class, mother’s smoking before or after offspring’s birth, 
and offspring’s age, education level, sex and smoking (“education_GP”, “age_F”, “education_F”, “occupation_F”, 
“smoke_M”, “age_O”, “education_O’”, “sex_O” and “smoke_O” in figure S1 and figure S2). 
 
 
 
UNMEASURED CONFOUNDING 
 
We evaluated the impact of unmeasured confounding [2] on the estimate of the natural direct and indirect effects of 
fathers’ and grandmothers’ smoking on offspring’s lung function, using the Umediation package 
(github.com/SharonLutz/Umediation) in R3.6.1. Umediation makes it possible to simulate unmeasured confounding of 
the exposure-outcome, exposure-mediator and mediator-outcome relationships in order to investigate how the results 
would change if up to two unmeasured confounders were included in the mediation models. 
 
We carried out the simulation analyses as follows: 
 

 In model 1 and model 2, we subdivided the paths in order to simulate unmeasured confounding within a single-
exposure, single-mediator, single-outcome framework. Then, we added up to two unmeasured normally distributed 
confounders with mean 0 and variance 0.001 to the models (“U1” and “U2” variables). Figure S3 shows how the 
data were simulated for “smoke_GM” (exposure), “FEV1_F” (mediator) and “FEV1_O” (outcome). 

 

 As inputs for the simulations, we used the beta regression coefficients obtained from the cluster-robust (cluster 
variable: centre) linear models, defined as follows: 

 

 “FEV1_O” as the outcome and “smoke_GM”, “education_F”, “FEV1_F”, “occupation_F”, “smoke_F”, 
“smoke_M”, “age_O”, “education_O”, “sex_O”, “smoke_O” as covariates; 

 “FVC_O” as the outcome and “smoke_GM”, “education_F”, “FVC_F”, “occupation_F”, “smoke_F”, 
“smoke_M”, “age_O”, “education_O”, “sex_O”, “smoke_O” as covariates; 

 “FEV1/FVC_O” as the outcome and “smoke_GM”, “education_F”, “FEV1/FVC_F”, “occupation_F”, 
“smoke_F”, “smoke_M”, “age_O”, “education_O”, “sex_O”, “smoke_O” as covariates; 

 “FEV1_F” as the outcome and “education_GP”, “smoke_GM”, “age_F”, “education_F”, “occupation_F”, 
“smoke_F” as covariates; 

 “FVC_F” as the outcome and “education_GP”, “smoke_GM”, “age_F”, “education_F”, “occupation_F”, 
“smoke_F” as covariates; 

 “FEV1/FVC_F” as the outcome and “education_GP”, “smoke_GM”, “age_F”, “education_F”, “occupation_F”, 
“smoke_F” as covariates; 

  “smoke_GM” as the outcome and no covariates (null model); 
 “smoke_F” as the outcome and no covariates (null model). 
 

The beta regression coefficients were estimated from 800 bootstrap samplings of one offspring per parent (n = n° 
offspring = n° fathers = 274). This was done to avoid the “221” mediation pattern. 
 

 We carried out the simulations under multiple scenarios for the effects (beta regression coefficients) of the 
unmeasured confounder “U1” on “smoke_GM” and “smoke_F” (exposure; betaUE), on “FEV1_F”, “FVC_F” and 
”FEV1/FVC_F” (mediator; betaUM), and on “FEV1_O”, “FVC_O” and ”FEV1/FVC_O” (outcome; betaUO), by 
fixing betaUE = betaUM = betaUO = 0, 1, 3, 5, 7 and 9. We repeated the simulations by adding the second 
unmeasured confounder “U2” to the models under the same assumptions. 

 

 We selected 1,000 simulation runs and 1,000 Monte Carlo draws for the nonparametric bootstrap in each of the 
simulation analyses. 
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Figure S1. Directed acyclic graph used to check if the potential confounders included in model 1 represent the “minimal 
sufficient adjustment set”. Grandparents (generation G0): “education_GP”, grandparents’ education level; 
“smoke_GM”, grandmother’s smoke. Father/mother (generation G1): “age_F”, father’s age; “education_F”, father’s 
education level; “FEV1_F”, father’s FEV1 z-score; “FVC_F”, father’s FVC z-score; “occupation_F”, father’s 
occupational class; “smoke_F”, father’s smoke; “smoke_M”, mother’s smoke. Offspring (generation G2): “age_O”, 
offspring’s age; “education_O”, offspring’s education level; “FEV1_O”, offspring’s FEV1 z-score; “FVC_O”, 
offspring’s FVC z-score; “sex_O”, offspring’s sex; “smoke_O”, offspring’s smoke. 
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Figure S2. Directed acyclic graph used to check if the potential confounders included in model 2 represent the “minimal 
sufficient adjustment set”. Grandparents (generation G0): “education_GP”, grandparents’ education level; 
“smoke_GM”, grandmother’s smoke. Father/mother (generation G1): “age_F”, father’s age; “education_F”, father’s 
education level; “FEV1/FVC_F”, father’s FEV1/FVC z-score; “occupation_F”, father’s occupational class; “smoke_F”, 
father’s smoke; “smoke_M”, mother’s smoke. Offspring (generation G2): “age_O”, offspring’s age; “education_O”, 
offspring’s education level; “FEV1/FVC_O”, offspring’s FEV1/FVC z-score; “sex_O”, offspring’s sex; “smoke_O”, 
offspring’s smoke. 
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Figure S3. Directed acyclic graph used to simulate the impact of two unmeasured confounders (“U1” and “U2”) on the 
direct and indirect effects of grandmothers’ smoking in pregnancy on offspring’s FEV1 z-score. Grandparents 
(generation G0): “education_GP”, grandparents’ education level; “smoke_GM”, grandmother’s smoke. Father/mother 
(generation G1): “age_F”, father’s age; “education_F”, father’s education level; “FEV1_F”, father’s FEV1 z-score; 
“occupation_F”, father’s occupational class; “smoke_F”, father’s smoke; “smoke_M”, mother’s smoke. Offspring 
(generation G2): “age_O”, offspring’s age; “education_O”, offspring’s education level; “FEV1_O”, offspring’s FEV1 z-
score; “sex_O”, offspring’s sex; “smoke_O”, offspring’s smoke. 
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Figure S4. Proportion of Monte Carlo simulations where results match (solid line) and average absolute difference 
(dashed line) in the average direct (black line) and indirect (red line) effects of fathers’ smoking initiation in prepuberty 
on offspring’s lung function (whether one or two unmeasured confounders are included or excluded from the models). 
Outcomes: (a) FEV1, (b) FVC and (c) FEV1/FVC z-scores. 
  

 One unmeasured confounder Two unmeasured confounders 
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Figure S5. Proportion of Monte Carlo simulations where results match (solid line) and average absolute difference 
(dashed line) in the average direct (black line) and indirect (red line) effects of grandmothers’ smoking in pregnancy on 
offspring’s lung function (whether one or two unmeasured confounders are included or excluded from the models). 
Outcomes: (a) FEV1, (b) FVC and (c) FEV1/FVC z-scores. 
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