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[bookmark: _Hlk160056874]ABSTRACT
Introduction Paternal pre-pubertal passive smoke exposure may increase the risk of childhood asthma. However, its association with impaired lung function trajectories at risk of chronic obstructive pulmonary disease in offspring was not investigated. We assessed the association between paternal pre-pubertal passive smoke exposure and lung function from childhood to middle age in their offspring.
Methods Data were analysed from 890 father-offspring from the Tasmanian Longitudinal Health Study (TAHS). The offspring were probands in the original cohort who have undergone spirometry at six-time points from ages 7 to 53 years. Lung function (FEV1, FVC, and FEV1/FVC) trajectories were previously derived using group-based trajectory modelling. Fathers reported their own passive smoke exposure before age 15 years. Multinomial logistic regressions assessed associations between paternal pre-pubertal passive smoke exposure and lung function trajectories in offspring. Potential mediation and interactions were assessed for active paternal smoking, offspring passive smoke exposure and respiratory illnesses during childhood, and subsequent active smoking.
Results Paternal pre-pubertal passive smoke exposure was associated with the Below Average FEV1 (adjusted multinomial odds ratio [aMOR] 1.56; 95% CI 1.05-2.31) and Early Low-Rapid Decline FEV1/FVC trajectories (aMOR 2.30; 1.07-4.94) in offspring. The association with the Below Average FEV1 trajectory was augmented for offspring exposed to childhood passive smoke (aMOR 2.36; 1.34-4.13; p-interaction 0.053). Observed associations partly mediated through smoking and respiratory illnesses in fathers and offspring (each contributing <15%).
Conclusion Paternal pre-pubertal passive smoke exposure was associated with impaired lung function trajectories in offspring, which highlights the adverse impact of smoking on multiple generations.
Word count: 250/250
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Key messages
What is already known on this topic
Paternal adverse exposure before their own completing puberty, such as pre-pubertal passive smoke exposure, was associated with childhood asthma by age 7 years in their offspring. However, its long- term association with lifetime lung function trajectories in the offspring was not investigated.

What this study adds
Paternal pre-pubertal passive smoke exposure was associated with impaired lung function trajectories at risk of chronic obstructive pulmonary disease in their offspring. This association was further exacerbated when offspring also experienced passive smoke exposure during their own childhood.

How this study might affect research, practice or policy
Passive smoke exposure before completing puberty may intergenerationally impair lung function in future generations and this information about intergenerational impacts can inform public health messages about the harms of passive smoke exposure.


INTRODUCTION
Chronic lung diseases, especially chronic obstructive pulmonary disease (COPD), are significant public health problems. COPD is now globally the third leading cause of death,[1] accounting for approximately 3.2 million deaths annually.[2] The burden of COPD is projected to increase in the coming decades given the overarching aging trend and high prevalence of exposure to relevant risk factors, such as tobacco smoking and air pollution.[3] Nonetheless, besides smoking avoidance and cessation, effective prevention for COPD is still a challenge,[4] which is largely due to insufficient knowledge of other modifiable risk factors and susceptibility windows.

COPD is usually diagnosed when lung function deficits reach a threshold, i.e. fixed airflow limitation, but there are many years of progressive airway damage before this occurs.[5] The lungs may be particularly vulnerable during one or more susceptibility windows throughout the lifespan.[6] In contrast to using lung function at a single time point to predict COPD development, emerging research has identified distinct lung function trajectories based on multiple time points since childhood or early adulthood.[7-9] This has highlighted several disadvantaged groups who have impaired lung growth, do not reach maximum lung function in early adulthood and/or have more rapid lung function decline, resulting in an increased risk of developing COPD in middle age.[5] Specifically, the Tasmanian Longitudinal Health Study (TAHS) has identified three distinct impaired lifetime lung function trajectories from ages 7 to 53 years which together accounted for 75% of subsequent COPD burden.[8] These findings have led to substantial interest in identifying patients during pre-COPD stage by tracking their longitudinal lung function trajectories. Moreover, to reduce the burden of COPD, it is crucial to identify the determinants of impaired pre-COPD lung function trajectories.[10]

Multiple risk factors throughout the lifespan may increase the risk of lung function deficits and subsequent COPD and associations have been documented between both early life (e.g. passive or second-hand tobacco smoke exposure and childhood respiratory illnesses) and also adult risk factors (e.g. active smoking and respirable occupational hazards).[6,8-10] Recently, there has been increasing interest in intergenerational transmission of exposure to risk factors.[11] Some emerging evidence has suggested maternal passive smoke exposure during their own intrauterine life as a risk factor for childhood asthma in their offspring.[12-15] Active paternal smoking before age 15 years (pre-puberty) increased the risk of childhood asthma and early lung function deficits in their offspring.[16,17] The association between active paternal pre-pubertal smoking and asthma even persisted into adulthood in their offspring.[18] Our preliminary analysis extended from active smoking to passive smoke exposure during paternal pre-puberty and identified an association between this paternal smoke exposure and childhood asthma in their offspring.[19] Thus, we hypothesised that the intergenerational association of passive smoke exposure before paternal completing puberty might persist well into offspring adulthood, impairing their lifetime lung function trajectory.

This study aimed to assess: 1) associations between paternal pre-pubertal passive smoke exposure and lung function trajectories from childhood to middle age and development of COPD by age 53 years in their offspring; and, 2) to what extent any such associations were mediated through or modified by other factors in fathers and offspring.

METHODS
Study cohort
This study was based on the TAHS, which commenced in 1968 (baseline) and recruited 8,583 probands (denoted as “offspring” in this paper) who were born in 1961 and were attending schools in Tasmania, Australia.[20] A total of 8,022 (93.5%) such offspring underwent spirometry. Parents completed a comprehensive baseline respiratory health-based survey for themselves and their offspring. Thereafter, follow-up studies were initiated when the offspring were aged 13, 18, 43, 50, and 53 years, which included spirometry and surveys for demographics and respiratory symptoms/diseases. Of 7,243 parents who were alive and could be traced in 2010, a total of 5,111 (70.6%) were resurveyed. Of 5,097 parents with valid data, 2,096 were fathers.

Exposure measurement
Paternal pre-pubertal passive smoke exposure was ascertained in the 2010 TAHS Parents Postal Survey. Fathers of the offspring responded to the questions, “Did your father smoke when you were less than 5 years?”, “Did your father smoke when you were aged 5-15 years?”, “Did your mother smoke when you were less than 5 years?” and “Did your mother smoke when you were aged 5-15 years?”. Fathers with an affirmative answer to passive smoke exposure during any one of these periods to either of their own parents were labelled as exposed.

Outcome measurement
Pre-bronchodilator lung function parameters of offspring, including forced expiratory volume in the first second (FEV1), forced vital capacity (FVC), and FEV1/FVC, were measured at six time points according to the American Thoracic Society and European Respiratory Society criteria.[21] Offspring lung function trajectories from their ages 7 to 53 years (7, 13, 18, 45, 50, and 53) had been previously modelled in the TAHS using group-based trajectory modelling. Specifically, six FEV1 trajectories, five FVC trajectories, and six FEV1/FVC trajectories had been reported (figure 1).[8,9] Spirometry-defined COPD in parents’ offspring at age 53 years was defined as a post-bronchodilator FEV1/FVC less than the lower limit of normal.[8]

Statistical analyses
The adjustment for socio-economic indexes for area - the index of relative socio-economic disadvantage (SEIFA-IRSD) scores of parents in adjusted model 1 was guided by a Directed Acyclic Graph that suggested a minimal sufficient adjustment set of confounders.[22] SEIFA-IRSD scores of parents were adjusted for as a proxy for paternal socio-economic status (methods S1-S2, figure S1). Furthermore, paternal lifetime history of asthma/wheeze was adjusted as a proxy for potential genetic risk factors,[23] and paternal age at baseline in adjusted model 2.[17] Variance Inflation Factor (VIF) was used to assess multicollinearity among the exposure of interest (paternal pre-pubertal passive smoke exposure) and confounders (SEIFA-IRSD scores of parents, paternal lifetime history of asthma/wheeze, and paternal age at baseline). Statistical significance for multicollinearity was defined as a VIF value above 5.[24] Multinomial logistic regressions then estimated the associations between paternal pre-pubertal passive smoke exposure and lung function trajectories from ages 7 to 53 years in their offspring. Results were presented as multinomial odds ratios (MOR) and when adjusted as aMOR. The adjusted models were fitted using father-offspring pairs with complete data on the exposure, outcomes, and confounders. Logistic regressions assessed the associations between the paternal exposure and spirometry-defined COPD at age 53 years in their offspring.

Causal mediation analysis was conducted using the medeff programme to estimate the proportion of the total effect mediated through different pathways. Medeff, based on methods by Imai et al., provides robust standard errors with confidence intervals to assess mediation for each potential mediator.[25,26] Mediation was considered significant if the 95% confidence interval did not include 0%. Joint mediation was also of interest. Since medeff does not support this, the KHB method was used instead,[27] although it does not provide confidence intervals. It was speculated that paternal pre-pubertal passive smoke exposure might partly contribute to unhealthy lifestyles, including active paternal smoking, offspring passive smoke exposure during childhood (by age 7 years) due to active parental smoking, and active offspring smoking by middle age (53 years). Paternal pre-pubertal passive smoke exposure might also lead to early-life disadvantages, such as offspring preterm birth, low birthweight, and respiratory illnesses, including childhood asthma/wheeze, bronchitis, food allergy, and pneumonia/pleurisy. These disadvantages might then influence the offspring lung function trajectory.[19,28]

Likelihood ratio test assessed whether the inclusion of an interaction term between the exposure and a potential effect modifier improved model fit in multinomial logistic regressions.[29] The null hypothesis of no effect modification was tested. Effect modifiers considered in this analysis were active paternal smoking, offspring sex at birth, respiratory illnesses during childhood, passive smoke exposure during childhood, and active smoking by middle age. Statistical significance for associations and interactions was defined as p-values lower than 0.05 and 0.10, respectively. If the test for interaction between the exposure and a potential effect modifier was significant, the analysis was stratified by this effect modifier.

To exclude the influence of offspring asthma, a sensitivity analysis was conducted by excluding offspring who reported asthma/wheeze by age 53 years to assess the association between paternal pre-pubertal passive smoke exposure and offspring lung function trajectories. To assess the influence of missing confounder data, another sensitivity analysis was conducted using multiple imputation (methods S3).

To compare included and excluded father-offspring pairs, chi-squared or t-tests were used for their characteristics. Definitions of confounders, mediators and effect modifiers are provided in the supplementary (methods S4). All analyses were carried out using STATA version 18 (StataCorp, College Station, TX, USA).

RESULTS
Characteristics of participants
In this analysis, a total of 890 father-offspring pairs with data on paternal pre-pubertal passive smoke exposure and lung function data of offspring at age 53 years were included (figure S2). The prevalence of paternal pre-pubertal passive smoke exposure was 68.7%. The prevalence of offspring childhood passive smoke exposure was 56.5%. Forty nine percent of the offspring had a history of active smoking by middle age. A total of 5.1% of offspring had developed spirometry-defined COPD by middle age (table 1). 

Compared to the offspring not included in the analyse, those included had similar characteristics except that those included had a lower prevalence of childhood passive smoke (56.5% vs. 72.1%, p < 0.001) and a lower prevalence of active smoking by middle age (49.0% vs. 59.0%, p < 0.001). In addition, compared to the fathers excluded, those included in the analyse were younger at the baseline in 1968 (34.75.3 years vs. 37.27.1, p < 0.001) and socio-economically advantaged (SEIFA-IRSD 994.044.0 scores vs. 989.945.5, p = 0.016). There was also some evidence suggesting that the fathers included in the analysis had a slightly lower prevalence of pre-pubertal passive smoke exposure compared to those excluded (68.7% vs. 72.8%, p = 0.053) (table S1).

Associations between paternal pre-pubertal passive smoke exposure and lung function trajectories and spirometry-defined COPD in their offspring
The VIFs for SEIFA-IRSD scores of parents, paternal lifetime history of asthma/wheeze, and paternal age at baseline were all 1.01 or less, indicating no significant multicollinearity. After adjusting for SEIFA-IRSD scores of parents, paternal lifetime history of asthma/wheeze, and paternal age at baseline, paternal pre-pubertal passive smoke exposure was associated with increased odds of having the Below Average FEV1 trajectory (aMOR 1.56; 95% CI 1.05-2.31; p = 0.028) in their offspring (table 2). No significant associations were found for FVC trajectories (table S2). For the FEV1/FVC trajectories, after adjustments, paternal pre-pubertal passive smoke exposure was also associated with the Early Low-Rapid Decline FEV1/FVC trajectory (aMOR 2.30; 95% CI 1.07-4.94; p = 0.033) in their offspring (table 3). The associations for Early Low-Normal Decline FEV1/FVC trajectory in offspring were found only in the crude model but became non-significant in the adjusted models (table 3). Aside from significant associations identified for the Below Average FEV1 and the Early Low-Rapid Decline FEV1/FVC trajectories, there were trends for paternal pre-pubertal passive smoke exposure to be associated with increased odds of other impaired trajectories. However, the p-values were well above the traditional cut-off of 0.05 and even above 0.1 suggesting the evidence was weak. Furthermore, a moderate association was shown between the paternal exposure and spirometry-defined COPD at age 53 years in their offspring, but the association was non-significant after adjustments (adjusted odds ratio [aOR] 2.06; 95% CI 0.93-4.55; p = 0.073) (table S3).

Mediation analyses: proportions of mediations between paternal pre-pubertal passive smoke exposure and impaired lung function trajectories in their offspring
For the total effect between paternal pre-pubertal passive smoke exposure and the Below Average FEV1 trajectory in their offspring, active paternal smoking, active offspring smoking and childhood passive smoke exposure contributed 13.7% (95% CI 7.7-59.5%), 13.4% (95% CI 7.6-52.4%), and 10.9% (95% CI 6.0-47.4%), respectively (figure 2). The other mediators examined, namely offspring asthma/wheeze, bronchitis, and pneumonia/pleurisy during childhood demonstrated limited mediations (each contributing 2.0%). Offspring preterm birth, low birthweight, and childhood food allergy did not show mediations. Jointly, all mediators accounted for 14.1% of the total effect.

For the association with offspring Early Low-Rapid Decline FEV1/FVC trajectory, offspring childhood asthma accounted for 14.8% (95% CI 7.6-73.7%). Their childhood passive smoke exposure and active paternal smoking contributed 12.4% (95% CI 6.4-57.7%) and 11.3% (95% CI 6.0-53.5%), respectively (figure 3). Other mediators examined, as above, demonstrated limited mediations (each contributing <7%). Jointly, all mediators accounted for 10.1% of the total effect.

Interactions: paternal pre-pubertal passive smoke exposure and potential effect modifiers
Substantial interactions were observed between paternal pre-pubertal passive smoke exposure and potential effect modifiers, including offspring passive smoke exposure (p-interaction = 0.053), pneumonia/pleurisy (p-interaction = 0.008), and food allergy during childhood (p-interaction = 0.071) (table S4). Specifically, the association between the relevant paternal smoke exposure and offspring risk of developing the Below Average FEV1 trajectory was especially pronounced in the offspring who also experienced passive smoke exposure during childhood (aMOR 2.36; 95% CI 1.34-4.13; p = 0.003) compared to those who did not (aMOR 0.90; 95% CI 0.51-1.60; p = 0.73) (table S5).

Furthermore, stratified analysis revealed that the association between the paternal exposure and the Below Average FEV1 trajectory in offspring was more evident in offspring without childhood pneumonia/pleurisy (aMOR 1.96; 95% CI 1.26-3.04; p = 0.003) (table S6). Similarly, the association between the paternal exposure and Early Low-Rapid Decline FEV1/FVC trajectory in offspring was more evident in offspring without childhood food allergy (aMOR 3.85; 95% CI 1.45-10.19; p = 0.007) (table S7). There were no statistically significant interactions between paternal pre-pubertal smoke exposure and active paternal smoking, offspring sex at birth or their having asthma/wheeze and/or bronchitis during childhood or actively smoking by middle age (all p-interaction > 0.1) (table S4).

Sensitivity analyses
After excluding offspring who reported a history of asthma/wheeze by age 53 years, the association for the Below Average FEV1 trajectory remained evident (aMOR 2.07; 95% CI 1.24-3.46; p = 0.005) (table S8). For the Early Low-Rapid Decline FEV1/FVC trajectory, the point estimates remained similar between the original and sensitivity analyses (2.30 vs. 2.42), but the 95% confidence intervals widened in the sensitivity analysis (aMOR 2.42; 95% CI 0.51-11.43; p = 0.27) (table S9). The upper bound of the 95% CI still suggested some signal, while the wide CI indicated limited power. 

After applying multiple imputation, the associations remained evident for both the Below Average FEV1 trajectory (aMOR 1.56; 95% CI 1.08-2.27; p = 0.018) and the Early Low-Rapid Decline FEV1/FVC trajectory (aMOR 2.64; 95% CI 1.24-5.60; p = 0.011) (table S10). Similar results in complete-case and imputed analyses support the robustness of observed associations.

DISCUSSION
This is the first study to provide evidence for adverse association between pre-pubertal passive smoke exposure in fathers and impaired lung function trajectories from childhood to middle age in their offspring, prior to their clinical manifestation of COPD (pre-COPD). We found that paternal pre-pubertal smoke exposure was associated with increased odds of developing the Below Average FEV1 and the Early Low-Rapid Decline FEV1/FVC trajectories for their offspring. These associations were not substantially mediated through active smoking or respiratory illnesses in fathers or offspring. However, the adverse association of the paternal passive smoke exposure on the Below Average FEV1 trajectory in their offspring was augmented by passive smoke exposure during offspring childhood. 

This study extends the scope of intergenerational research by extending the focus from active paternal pre-pubertal smoking to indirectly including active grandparental smoking, exploring its association with long-term lung function from childhood to middle age in the offspring. We are unable to directly compare this study with previous research, because ours is the first to investigate passive smoke exposure before paternal completing puberty on lung function by offspring middle age. However, our findings are in line with studies investigating the association between active pre-pubertal smoking and early-life lung function or asthma. According to the findings from European Community Respiratory Health Survey (ECRHS), which included 274 fathers and their offspring, active paternal smoking during pre-puberty was associated with reduced FEV1 levels at a median age of 28 years in their offspring.[17] Some studies have reported evidence of associations between active paternal smoking during pre-puberty and offspring asthma from childhood to adult life.[16,18]

The inheritance of smoking behaviours and/or epigenetic mechanisms may explain the observed associations. This study found wide 95% confidence intervals with high upper bound (>50%) for mediation by some mediators, such as active paternal smoking and offspring passive smoke exposure. Therefore, inheritance of smoking behaviours, could link paternal passive smoke exposure to impaired lung function in offspring. A parental history of active smoking increased the odds of adolescent offspring becoming active smokers by 2.8-fold.[30] Moreover, active smoking is a known risk factor for respiratory illnesses in smokers and their offspring.[31] However, our analysis also suggested that point estimates for mediation by each mediator were modest (<15%). This implied that the remaining association may be a direct effect of paternal pre-pubertal passive smoke exposure on the impaired lung function trajectories of their offspring. A similar direct effect was reported for active paternal smoking during pre-puberty and epigenetics have been proposed as potential mechanisms.[17] Pre-puberty represents a specific vulnerable window for males, during which exposure to harmful substances may induce epigenetic dysregulations of developing sperm cells and modify repair mechanisms through modifications in reactive oxygen species levels in sperm precursors.[32] Such epigenetic modifications may be heritable and result in DNA methylation abnormalities in offspring cord blood,[32] which link to their lung function development.[33]

Our findings indicated that the association between paternal pre-pubertal passive smoke exposure and their offspring risk of having impaired lung function trajectories was augmented in those offspring who experienced additional passive smoke exposure during childhood, and the association was attenuated in the offspring without such childhood exposure. These results are in line with the potentially reversible nature of epigenetic modifications described in humans, with partial reversibility of the methylome after interventions, including exercise and smoking cessation for more than three months.[34,35]

In the rest of the stratified analysis, our results demonstrated pronounced associations in offspring without pneumonia/pleurisy or food allergy during childhood. Given that early-onset pneumonia and food allergy are important contributors to lung function deficits,[8,28] their impact could potentially mask the influence of paternal pre-pubertal passive smoke exposure on offspring lung function. However, the pronounced associations in offspring without these respiratory illnesses suggest that paternal pre-pubertal passive smoke exposure may still be associated with lung function deficits in their offspring.

The major strength of this study was that the TAHS is a longitudinal cohort study with unique lung function data at six waves from ages 7 to 53 years, allowing examination of lung function trajectories. Furthermore, pre-pubertal health has been found to significantly affect future life outcomes.[36,37] Our discoveries advance preventive approaches for addressing lung function deficits in future generations by targeting adverse exposures during their paternal pre-puberty stage. The rich data collected on active paternal smoking, offspring passive smoke exposure, respiratory illnesses, and active smoking enabled a thorough analysis of potential mediators and effect modifiers. More importantly, our findings are novel as this is the first study to investigate and provide evidence for adverse association of paternal pre-pubertal passive smoke exposure, rather than just active smoking on impaired lung function of offspring by middle age. This is of importance from a public health perspective, as passive smoke exposure affects about 63% of adolescents,[38] which is significantly higher than the approximately 7% affected by active smoking.[39]

This study has some limitations. Fathers with asthma/wheeze might have recall bias regarding pre-pubertal passive smoke exposure, potentially overestimating the associations observed. However, prior studies suggest high consistency between adult offspring and parental reports of parental smoking during offspring childhood.[40] Thus, recall bias was unlikely to have significantly influenced the associations observed. The prevalence of paternal pre-pubertal passive smoke exposure was slightly lower among included fathers than those excluded, likely introducing bias toward the null. Post-bronchodilator lung function was first measured in offspring in their fifth decade, while pre-bronchodilator data from ages 7 to 53 were used to develop lung function trajectories.[8,9] Differences between pre- and post-bronchodilator trajectories warrant further investigation. TAHS lacks data on paternal lung function and genetics, preventing assessment of familial aggregation as a potential mechanism. Offspring childhood passive smoke exposure was defined as at least one parent smoking six days per week. This might have misclassified moderate/light smokers as non-smokers, limiting our ability to detect mediation. Most fathers exposed to pre-pubertal passive smoke had continuous exposure from birth to age 15 years, making it difficult to isolate effects of specific exposure windows. The use of a TAHS subset might limit the generalisability of findings.

In conclusion, this study revealed that paternal pre-pubertal passive smoke exposure was associated with impaired pre-COPD lung function trajectories across first six decades of their offspring lives, including the Below Average FEV1 and Early Low-Rapid Decline FEV1/FVC trajectories. These findings suggest that smoking may adversely affect lung function not only in smokers but also in their children and grandchildren. The association of such paternal exposure was augmented when offspring were also exposed to passive smoke during childhood, highlighting an opportunity for intervention. Fathers exposed to tobacco smoke during pre-puberty may still reduce risk for future generations by avoiding smoking around their children. The weaker associations observed for other impaired lung function trajectories should be interpreted with caution.


[bookmark: _Toc126356897][bookmark: _Toc116572549][bookmark: _Toc120014738][bookmark: _Toc126356899]Table 1. Characteristics of the offspring and their fathers
	
	Offspring of fathers (n = 890)

	Birthweight (kg), mean (SD)
	3.3 (0.6)

	
	Missing, n
	194

	Height at age 53 years (cm), mean (SD)
	170.1 (8.7)

	
	Missing, n
	3

	Weight at age 53 years (kg), mean (SD)
	82.2 (17.1)

	
	Missing, n
	3

	Sex at birth, male, n (%)
	433 (48.7)

	Birthplace
	

	
	Tasmania, Australia, n (%)
	804 (90.7)

	
	Other Australian state or territory, n (%)
	45 (5.1)

	
	UK, NZ, SA, Canada or USA, n (%)
	28 (3.2)

	
	Other overseas country, n (%)
	9 (1.0)

	
	Missing, n
	4

	Passive smoke exposure by age 7 years, n (%)
	500 (56.5)

	
	Missing, n
	5

	Active smoking by age 53 years, n (%)
	436 (49.0)

	
	Missing, n
	1

	Spirometry-defined COPD at age 53 years*, n (%)
	45 (5.1)

	
	Fathers (n = 890)

	Age at baseline when offspring aged 7 years (years), mean (SD)
	34.7 (5.3)

	
	Missing, n
	12

	SEIFA-IRSD (scores), mean (SD)
	994.0 (44.0)

	
	Missing, n
	94

	Pre-pubertal passive smoke exposure, n (%)
	611 (68.7)

	Active smoking
	

	
	Never smoked, n (%)
	347 (39.7)

	
	Smoking debuted before age 15 years, n (%)
	113 (12.9)

	
	Smoking debuted after age 15 years, n (%)
	415 (47.4)

	
	Missing, n
	15

	Lifetime history of asthma/wheeze, n (%)
	147 (16.8)

	
	Missing, n
	13


* Spirometry-defined COPD was defined as a post-bronchodilator FEV1/FVC ratio less than the lower limit of normal at age 53 years.
Kg, kilogram; SD, standard deviation; cm, centimetre; UK, United Kingdom; NZ, New Zealand; SA, South Africa; USA, United States of America; COPD, chronic obstructive pulmonary disease; SEIFA-IRSD, socio-economic indexes for areas - the index of relative socio-economic disadvantage; FEV1/FVC, ratio of forced expiratory volume in the first second to forced vital capacity.


Table 2. Associations between paternal pre-pubertal passive smoke exposure and FEV1 trajectories from ages 7 years to 53 years in their offspring
	Paternal pre-pubertal passive smoke exposure
	n./total n. (%)*
	Crude model
MOR (95% CI)
p-value
	Adjusted model 1
aMOR (95% CI)
p-value
	Adjusted model 2
aMOR (95% CI)
p-value

	
	Trajectory: Average (n = 337)


	Not exposed
	121/253 (47.83)
	Base outcome (ref.)

	Exposed
	216/564 (38.30)
	

	
	Trajectory: Early Below Average-Accelerated Decline (n = 37)


	Not exposed
	10/253(3.95)
	
	
	

	Exposed
	27/564 (4.79)
	1.51 (0.71-3.23)
0.29
	1.68 (0.76-3.71)
0.20
	1.59 (0.71-3.56)
0.26

	
	Trajectory: Early Low-Normal Decline (Persistently Low) (n = 46)


	Not exposed
	12/253 (4.74)
	
	
	

	Exposed
	34/564 (6.03)
	1.59 (0.79-3.18)
0.19
	1.54 (0.74-3.20)
0.25
	1.46 (0.69-3.09)
0.32

	
	Trajectory: Below Average (n = 233)


	Not exposed
	62/253 (24.51)
	
	
	

	Exposed
	171/564 (30.32)
	1.55 (1.07-2.23)
0.020
	1.50 (1.02-2.20)
0.040
	1.56 (1.05-2.31)
0.028

	
	Trajectory: Early Low-Catch Up-Normal Decline 
(Early Low-Accelerated Growth-Normal Decline) (n = 66)


	Not exposed
	21/253 (8.30)
	
	
	

	Exposed
	45/564 (7.98)
	1.20 (0.68-2.11)
0.53
	1.18 (0.66-2.09)
0.57
	1.15 (0.63-2.08)
0.65

	
	Trajectory: Early High-Normal Decline (Persistently High) (n = 98)


	Not exposed
	27/253 (10.67)
	
	
	

	Exposed
	71/564 (12.59)
	1.47 (0.90-2.42)
0.13
	1.48 (0.86-2.52)
0.16
	1.45 (0.84-2.50)
0.18


MORs, aMORs, and p-values from multinomial logistic regressions. Statistically significant MORs, aMORs, and p-values were reported in bold. 
Adjusted model 1: adjustment for SEIFA-IRSD scores of parents.
Adjusted model 2: Model 1 plus further adjustment for paternal lifetime history of asthma/wheeze and paternal age at baseline.
* Numbers of each trajectory in each exposure category.
[bookmark: _Toc116572559][bookmark: _Toc120014745][bookmark: _Toc126356901]FEV1, forced expiratory volume in the first second; aMOR, adjusted multinominal odds ratio; 95% CI, 95% confidence interval; SEIFA-IRSD, socio-economic indexes for areas - the index of relative socio-economic disadvantage.

Table 3. Associations between paternal pre-pubertal passive smoke exposure and FEV1/FVC trajectories from ages 7 years to 53 years in their offspring
	[bookmark: _Hlk126068838]Paternal pre-pubertal passive smoke exposure
	n./total n. (%)*
	Crude model
MOR (95% CI)
p-value
	Adjusted model 1
aMOR (95% CI)
p-value
	Adjusted model 2
aMOR (95% CI)
p-value

	
	Trajectory: Average (n = 414)


	Not exposed
	147/253 (58.10)
	Base outcome (ref.)

	Exposed
	267/563 (47.42)
	

	
	[bookmark: _Hlk118924695]Trajectory: Early Low-Rapid Decline (n = 53)


	Not exposed
	9/253 (3.56)
	
	
	

	Exposed
	44/563 (7.82)
	2.69 (1.28-5.67)
0.009
	2.42 (1.14-5.14)
0.022
	2.30 (1.07-4.94)
0.033

	
	Trajectory: Early Normal-Rapid Decline (n = 43)


	Not exposed
	16/253 (6.32)
	
	
	

	Exposed
	27/563 (4.80)
	0.93 (0.48-1.78)
0.83
	0.94 (0.47-1.88)
0.86
	0.84 (0.41-1.69)
0.62

	
	Trajectory: Early Low-Normal Decline (n = 146)


	Not exposed
	37/253 (14.62)
	
	
	

	Exposed
	109/563 (19.36)
	1.62 (1.06-2.48)
0.025
	1.39 (0.90-2.16)
0.14
	1.35 (0.86-2.12)
	0	.19

	
	Trajectory: Early Low-Catch Up-Normal Decline (n = 25)


	Not exposed
	5/253 (1.98)
	
	
	

	Exposed
	20/563 (3.55)
	2.20 (0.81-5.99)
0.12
	1.96 (0.71-5.40)
0.19
	2.32 (0.76-7.05)
0.14

	
	Trajectory: Early High-Normal Decline (n = 135)


	Not exposed
	39/253 (15.42)
	
	
	

	Exposed
	96/563 (17.05)
	1.36 (0.89-2.07)
0.16
	1.24 (0.79-1.94)
0.35
	1.22 (0.77-1.92)
0.40


[bookmark: _Hlk118753633]MORs, aMORs, and p-values from multinomial logistic regressions. Statistically significant MORs, aMORs, and p-values were reported in bold. 
Adjusted model 1: adjustment for SEIFA-IRSD scores of parents.
Adjusted model 2: Model 1 plus further adjustment for paternal lifetime history of asthma/wheeze and paternal age at baseline.
* Numbers of each trajectory in each exposure category.
FEV1/FVC, ratio of forced expiratory volume in the first second to forced vital capacity; aMOR, adjusted multinominal odds ratio; 95% CI, 95% confidence interval; SEIFA-IRSD, socio-economic indexes for areas - the index of relative socio-economic disadvantage.
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This figure illustrates the lung function trajectories analysed in the study. Each trajectory was separately derived based on z-scores at offspring ages 7, 13, 18, 45, 50, and 53 years in previous analyses.[8,9]
FEV1, forced expiratory volume in the first second; FVC, forced vital capacity; FEV1/FVC, ratio of forced expiratory volume in the first second to forced vital capacity.

Figure 1. Illustration of offspring lung function trajectories
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This figure illustrates the percentage of mediation for each mediator, assessed individually using the medeff programme.[25,26] A solid unidirectional path represents the indirect effect through a mediator, while a dashed unidirectional path indicates the potential direct effect.
Analyses were adjusted for SEIFA-IRSD scores of parents, paternal lifetime history of asthma/wheeze, and paternal age at baseline.
Analyses were also conducted for active paternal smoking debuted before their own age of 15 years, offspring preterm birth, low birthweight, and food allergy by age 7 years; however, no evidence of mediation was found. Therefore, these variables are not illustrated in this figure.
FEV1, forced expiratory volume in the first second; 95% CI, 95% confidence interval; SEIFA-IRSD, socio-economic indexes for areas - the index of relative socio-economic disadvantage.

Figure 2. Mediations of the association between paternal pre-pubertal passive smoke exposure and Below Average FEV1 trajectory from ages 7 years to 53 years in their offspring
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This figure illustrates the percentage of mediation for each mediator, assessed individually using the medeff programme.[25,26] A solid unidirectional path represents the indirect effect through a mediator, while a dashed unidirectional path indicates the potential direct effect.
Analyses were adjusted for SEIFA-IRSD scores of parents, paternal lifetime history of asthma/wheeze, and paternal age at baseline.
Analyses were also conducted for active paternal smoking debuted before their own age of 15 years, offspring preterm birth, and food allergy by age 7 years; however, no evidence of mediation was found. Therefore, these variables are not illustrated in this figure.
FEV1/FVC, ratio of forced expiratory volume in the first second to forced vital capacity; 95% CI, 95% confidence interval; SEIFA-IRSD, socio-economic indexes for areas - the index of relative socio-economic disadvantage.

Figure 3. Mediations of the association between paternal pre-pubertal passive smoke exposure and Early Low-Rapid Decline FEV1/FVC trajectory from ages 7 years to 53 years in their offspring
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