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A B S T R A C T

Background: Air pollution and greenness impact respiratory health, but intergenerational effects remain unclear. 
We investigated whether pre-conception parental residential exposure to air pollution and greenness at age 
20–44 years is associated with offspring asthma outcomes in the Lifespan and inter-generational respiratory 
effects of exposures to greenness and air pollution (Life-GAP) project.
Methods: We analyzed data on 3684 RHINESSA study participants born after the year 1990 (mean age 19, 
standard deviation 4), offspring of 2689 RHINE study participants. Modelled annual concentrations of particulate 
matter (PM2.5, PM10), nitrogen dioxide (NO2), elemental carbon (EC), and ozone (O3), and greenness 
(Normalized Difference Vegetation Index, NDVI) were assigned to parental residential addresses in 1990, cor
responding to 1–18 years prior to birth (mean: 6 years, SD: 5). We analyzed associations using generalized 
structural equation modelling (GSEM), with cluster-robust standard errors allowing for intra-family correlation, 
while adjusting for potential confounders.
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Results: Among offspring participants, 18% reported lifetime asthma, 9% active asthma, 8% asthma medication, 
5% asthma attacks, and 37% any asthma symptom. An interquartile range (IQR) increase in parental residential 
NDVI exposure was associated with less lifetime asthma (OR = 0.79, 95%CI: 0.64, 0.98 per 0.3 units). Similar 
associations were observed for active asthma and asthma medication use. Associations of air pollution with 
asthma outcomes were inconclusive.
Conclusion: Parental exposure to residential green spaces before conception was associated with lower asthma 
risk in offspring. Urban planning policies prioritizing green spaces may be a key public health intervention for 
future cities.

1. Background

An increasing body of evidence has consistently linked air pollution 
with respiratory diseases and symptoms (Khreis et al., 2019). Both 
short-term and long-term exposure to air pollution have been linked to 
the development and exacerbation of respiratory diseases and symp
toms, including asthma, nasal disorders, and wheezing (Jacquemin 
et al., 2015; Liu et al., 2021). Emerging evidence also suggests that the 
timing of air pollution exposure is critical for respiratory disease out
comes, with in utero and early postnatal exposures playing a particularly 
important role (Hehua et al., 2017; Kuiper et al., 2020; Pedersen et al., 
2023; Svanes et al., 2023). Biological mechanisms such as oxidative 
stress, inflammatory and immunological responses have been suggested 
to explain the association between air pollution exposure and respira
tory disease (Gowers et al., 2012; Squillacioti et al., 2024).

Potential beneficial effects of greenness exposure on respiratory 
health among different populations have been reported, although with 
some inconsistent findings (Johannessen et al., 2023; Liu et al., 2023). 
While most of the studies have found protective effects of greenness on 
the risk of asthma development, others have reported opposite or null 
findings (Ferrante et al., 2020; Kuiper et al., 2020; Lambert et al., 2017; 
Mueller et al., 2022; Rantala et al., 2024). Suggested underlying 
mechanisms of the benefits of greenness include promoting human 
microbiome diversity, which enhance airway immune homeostasis, and 
reducing harmful environmental exposures, such as air pollution and 
excess heat (Burbank et al., 2017; Johannessen et al., 2023). On the 
other hand, trees and grass are a source of pollen and fungal spores, 
which may potentially lead to allergic reactions and asthma. Further
more, trees canopies along trafficked roads can trap ground-level air 
pollution, potentially increasing exposure to air pollutants (Johannessen 
et al., 2023).

The pregnancy period is considered as a critical window for fetal 
development, and exposure to air pollution in this period may alter lung 
development and influence the development of various respiratory 
diseases in childhood and later in life (Nordeide Kuiper et al., 2021). 
Additionally, increasing evidence shows that parental exposures 
occurring before conception may also be critical in determining respi
ratory outcomes in the next generation (Accordini et al., 2018; 
HYCecilie Svanes, 2016; Kuiper et al., 2020; Svanes et al., 2023). 
Exposure to greenness and/or air pollution before conception may cause 
heritable epigenetic changes such as DNA methylation, which can be 
relevant in influencing negative or positive health outcomes in the 
offspring (Kitaba et al., 2023; Mørkve et al., 2018; Svanes et al., 2023). 
Several studies have addressed the effects of air pollution and greenness 
exposure during pregnancy on respiratory outcomes, but few have so far 
considered the health effects on future offspring of parents’ exposure in 
the years preceding conception (Deng et al., 2016; Kuiper et al., 2020). It 
is plausible that parents’ long-term exposure to air pollution and 
greenness, even many years before conception, may contribute to the 
etiopathology of respiratory diseases (Pedersen et al., 2023) in the 
offspring. Therefore, more insight in this area would provide significant 
opportunities in disease prevention from a public health perspective. 
Thus, using data from Respiratory Health in Northern Europe, Spain, 
and Australia (RHINESSA) (offspring data) and Respiratory Health in 
Northern Europe (RHINE) studies (parental data), we aimed to 

investigate whether parental residential exposure to air pollution and 
greenness in young adulthood is associated with asthma status and 
respiratory symptoms in offspring.

2. Methods

2.1. Study population and data sources

This study used questionnaire data from participants aged 4–26 at 
baseline (2013–17) in the RHINESSA cohort (https://rhinessa.net), 
which comprises offspring of participants from the RHINE study (http 
s://rhine.w.uib.no/). The parents were aged 20–44 years at baseline 
in 1990 and have been followed up every decade since (Svanes et al., 
2022). We included RHINESSA participants from seven study centres: 
Bergen (Norway, aged 4–25); Gothenburg, Umea, and Uppsala (Sweden, 
aged 18–25, 17–25, and 17–25, respectively); Aarhus (Denmark, aged 
10–24), Reykjavik (Iceland, aged 18–25) and Tartu (Estonia, aged 
10–26) who answered detailed questionnaires on demographic and 
lifestyle factors, and respiratory health. The study was approved by the 
ethical committees of all the centres in accordance with national legis
lation, and written informed consent was obtained from all participants. 
This analysis included offspring participants born after 1990 due to 
available parental information and modelled residential exposure 
(RHINE I, baseline) (Fig. 1).

2.2. Exposure assessment

We examined preconception parental residential exposure (in RHINE 
I) to particulate matter with diameter ≤2.5 μm and ≤10 μm (PM2.5 and 
PM10), nitrogen dioxide (NO2), elemental carbon (EC) and ozone (O3) as 
air pollution exposures, and Normalized Difference Vegetation Index 
(NDVI) as an indicator of vegetation density (greenness). Annual 
average modelled air pollution and greenness exposures were assigned 
to parental residential addresses reported at baseline in RHINE I (1990), 
which corresponded to a mean time before conception of 6 years (SD 5, 
time range 1–18 years). The year 1990 was selected as the parental 
exposure year because it was the first of the three years with residential 
information available for all parents participating in the RHINE study, 
retrieved from the population registries (the other years were 2000 and 
2010). Consequently, 1990 was the only year before the offspring were 
born in which geocodes could be assigned and exposures calculated.

2.2.1. Air pollutants
Air pollution concentrations (micrograms per cubic meter, μg/m3) 

were obtained from the NordicWelfAir air pollution modelling system 
(https://projects.au.dk/nordicwelfair) for all the study centres except 
Tartu. Concentrations were calculated based on a combined multiscale 
air pollution modeling system including, long-range transported air 
pollution (regional sources), from the Danish Eulerian Hemispheric 
Model (DEHM) (Brandt et al., 2012; Christensen, 1997), and local 
background source at 1 km × 1 km resolution from the Urban Back
ground Model (UBM) (Brandt et al., 2001; Brandt J, 2001; Frohn et al., 
2022). The DEHM covers the Northern Hemisphere, Europe and Scan
dinavia with resolutions of 150 km × 150 km, 50 km × 50 km and 16.67 
km × 16.67 km, respectively. It describes atmospheric transport, 
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dispersion, deposition, and chemistry of both anthropogenic and natural 
emissions (Brandt et al., 2012; Skamarock et al., 2008). The UBM cal
culates the transport and dispersion of primary emitted air pollutants 
from all local sources, such as traffic and residential heating, industry, 
agriculture, power plants, etc. and calculates air pollution concentra
tions including chemical transformations of NO, NO2 and O3 (Brandt J, 
2001; Frohn et al., 2022; Geels et al., 2021). Both DEHM and UBM are 
driven with data from the Weather Research and Forecasting model 
(WRF) (Skamarock et al., 2008). This study utilized combined outputs of 
DEHM/and UBM with a spatial resolution of 1 km × 1 km. The air 
pollution concentrations were evaluated against measurements with 
correlation coefficients ranging from 0.43 to 0.96 for PM2.5, 0.72–0.89 
for NO2 and 0.60–0.73 for O3 in Denmark, Finland, Norway, and Sweden 
where results from the combined models were validated against 
measured concentrations (Hvidtfeldt et al., 2018).For Tartu, data of EC 
and O3 were not available during the study period and PM2.5, PM10 and 
NO2 were modelled using the Eulerian air quality dispersion model with 
the resolution of 1 km × 1 km across Estonia that is part of the Airviro 
Air Quality Management System (SMHI, Sweden; AirViro, 2011). Air
viro is a web-based data management tool that uses data on air pollution 
emissions, ground-level concentrations, and meteorological variables to 
perform air pollution dispersion modelling and mapping (AirViro, 
2011). This data has been used in several epidemiological studies (Orru 
et al., 2010, 2018).

2.2.2. Greenness
NDVI was used as a proxy for overall greenness measured using 

satellite imagery. NDVI is derived as the ratio of the difference between 
near-infrared (NIR) light and red reflectance to the sum of these two 
measures (NIR-red/NIR + red) (Tucker, 1979), and ranges from − 1 to 
+1, with values closer to +1 indicating greener and denser vegetation. 
Values close to zero indicate arid areas of rocks, sand, or snow, while 
negative values usually denote water (Weier and Herring, 2011). For all 
the study centres, NDVI rasters were calculated and NDVI values were 
assigned to residential addresses of the parents, using Landsat 4–5 
Thematic Mapper TM satellite images retrieved during the most 
vegetation-rich months (around July–August) in the years closest in time 
to the RHINE I survey. We used mean NDVI values calculated in circular 
buffers of 300 m around the participants residential address (NDVI300m) 
in accordance with WHO recommendations (WHO, 2016).

2.3. Asthma outcomes

The outcomes were identified through self-report by participants and 
ascertained as follows: 

• Lifetime asthma (yes/no), defined as a positive response to “Have 
you ever had asthma?”

• Use of Asthma medication (yes/no), defined as a positive response to 
“Are you currently using asthma medication?”

• Asthma attacks (yes/no), defined as a positive response to “Have you 
had an attack of asthma in the last 12 months?”

• Active asthma (yes/no), defined as meeting the criteria for asthma 
medication and/or asthma attack, as listed above.

• Lifetime asthma phenotypes, a three-category variable (no asthma, 
non-allergic asthma, allergic asthma) defined by the combination of 
lifetime asthma and a positive or negative responses to “Do you have 
nasal allergies including hay fever?”, indicating the presence of 
allergic and non-allergic asthma, respectively.

• Asthma score, ranging from 0 to 4, defined as the count of symptoms 
experienced in the past 12 months among breathless when wheezing, 
waking up with a feeling of chest tightness, waking up due to an 
attack of shortness of breath, attack of coughing. The score is based 
on the 5-level score introduced in the European Community Respi
ratory Healthy Study (ECRHS), (Sunyer et al., 2007) however, one 
item was not available in our questionnaire hence four symptoms 
were included.

• Asthma symptoms (yes/no), defined as the presence of at least one of 
the aforementioned asthma symptoms.

2.4. Covariates

We obtained information on lifestyle and socioeconomic character
istics through questionnaires from offspring and parents. Variables to be 
considered in the analysis were identified a priori based on direct acyclic 
graph (DAG, Fig. S1) in relation to their potential role in the associations 
between exposures and outcomes on the basis of existing literature. We 
included offspring and parental information. Offspring-specific vari
ables, sex (male or female) and age (continuous, years) were considered 
as precision variables (Schisterman et al., 2009), due to their strong 
association with the study outcomes. Parental education level (primary, 

Fig. 1. Flowchart of the Respiratory Health in Northern Europe (RHINESSA) study participants.
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secondary, or college/university) and parental smoking status in 
offspring childhood (one parent smoked, both parents smoked, or 
neither smoked) were included as potential confounders. These vari
ables were considered as indicators of family deprivation, a determinant 
of the offspring’s health status that may also be linked to living in more 
polluted and less green areas. Furthermore, we considered parental 
asthma status as a potential mediator, since it may lie on a causal 
pathway between air pollution/greenness exposures and asthma out
comes, for example through heritable epigenetic alterations.

2.5. Statistical analysis

All statistical analyses were performed using Stata 18 (StataCorp, 
College Station, TX, USA). Descriptive statistics were used to describe 
characteristics of adjustment covariates, exposures, and outcomes. Mean 
(standard deviation, SD), percentages (%) and median (interquartile 
range, IQR) were used to describe the variables. Pearson’s correlation 
was used to examine the correlation among exposure variables.

2.5.1. Main analysis
Generalized structural equation modelling (GSEM) was used to es

timate the association of air pollution and greenness exposures with 
asthma outcomes while considering potential mediators. We utilized 
Bernoulli and multinomial probability distributions with logit link 
function for binary and categorical outcomes, respectively, and negative 
binomial probability distribution with logarithm link function for count 
outcomes. Estimates were presented as odds ratio (OR) with 95% CIs for 
the binary outcomes, relative-risk ratio (RRR) with 95% CIs for cate
gorical outcomes, and ratios of mean scores (RMS) with 95% CIs for 
count outcomes, computed per interquartile range (IQR) increases in 
concentrations of PM2.5, PM10, NO2, EC and O3, and NDVI300m. Missing 
values were handled through a list-wise deletion approach.

All the models used cluster-robust standard errors, allowing for intra- 
family correlation (offspring from the same parent), and included cen
tres as a fixed effect. Three progressively elaborate adjustment sets were 
considered. Model 1 (crude) included each exposure variable separately. 
Model 2 was initially adjusted for offspring sex, age, parental smoking 
status and parental educational level. At this stage, we also tested the 
role of parental asthma status as a mediator (Fig. S4). Mediated or in
direct effects were estimated by analysing the association of exposures 
with mediator (path a) and mediator with outcome (path b) (Nguyen 
et al., 2020). Here, the term “effect” is not meant to imply causality, we 
are merely adhering to the standard use in the mediation analysis 
literature (Singh et al., 2024). Given that the exposures and mediator 
were parent-specific path a was adjusted for centre, parental sex (pre
cision variable), education level and smoking status. Path b was further 
adjusted for offspring sex, age, and parental asthma status (Preacher 
et al., 2010; StataCorp, 2023). Indirect effects were defined as the 
product of path a and b coefficients (a x b). Indirect and total (a x b + c) 
effects were estimated using the nonlinear combination command in 
STATA (nlcom). Since we found no evidence of mediation by parental 
asthma status, we eventually included this variable as a further potential 
confounder in model 2. Finally, model 3 (co-exposure model) included 
each air pollutant (PM2.5, PM10, NO2, EC and O3) in the greenness model 
separately as an additional covariate, and NDVI in the air pollution 
models as an additional covariate as well. Post hoc Wald tests were 
performed to assess heterogeneity of associations across asthma phe
notypes in model 2 and 3. As a sensitivity analysis we evaluated the 
association of greenness exposure in 100m and 500m buffers with life
time asthma and active asthma.

2.5.2. Effect modification
Previous studies reported sex differences in the impact of environ

mental exposures, epigenetics, and sex hormones (Chowdhury et al., 
2021; Litonjua et al., 1998) on asthma prevalence, incidence and 
severity. Therefore, we assessed effect modification by offspring sex. 

Effect modification was considered to be present if pvalue for the sex 
*exposure interaction term (Pinteraction) was below 0.05.

3. Results

In total we included 3684 offspring participants born to 2869 par
ents. The mean age of the offspring was 19.3 years and 57% were female 
(Table 1). The majority of the offspring had parents with college/uni
versity education (58%) and were never-smokers (66%). The prevalence 
of asthma outcomes was 18% for lifetime asthma, 9% for active asthma. 
Furthermore, 8% reported asthma medication and 5% asthma attacks 
within the last 12 months. For asthma symptoms, 11% reported an 
asthma score of ≥2, while 37% reported having had at least one asthma 
symptom in the past 12 months (Table 2). The prevalence of asthma 
outcomes varied by centre, with Reykjavik and Umea having the highest 
prevalence. Fig. S2 shows a Venn diagram indicating the overlap of cases 
of asthma outcomes.

Overall, the median (IQR) concentration for PM2.5, PM10, NO2, EC, 
and O3 were 9.2 (6.8) μg/m3, 19.3 (8.3) μg/m3, 14.4 (11.5) μg/m3, 0.4 
(0.5) μg/m3 and 55.7 (13.3) μg/m3, respectively. The median (IQR) for 
NDVI300 was 0.31 (0.40) (Fig. 2 and Table S1). Pearson’s correlation 
coefficients (r) among air pollutants ranged from 0.65 (EC and PM10) to 
0.88 (EC and PM2.5) (Fig. S3). O3 and NDVI were negatively correlated 
with all pollutants (− 0.36 to − 0.84) and positively correlated with each 
other (0.66).

3.1. Mediation by parental asthma outcomes

We observed no mediation by parental asthma status in the causal 
pathways between exposures and asthma outcomes (Table 3 and 
Table S2).

3.2. Association of air pollution and greenness with lifetime asthma and 
active asthma

Table S3 (Model 1) and Fig. 3 (Models 2 and 3) show associations of 
air pollution exposures with asthma outcomes. In general, PM2.5, PM10, 
NO2, EC and O3 exposures were neither associated with lifetime asthma 
nor active asthma. Similarly, no association was observed in the co- 
exposure models including NDVI.

An IQR increase in NDVI exposure in a 300 m buffer was associated 
with lower odds for lifetime asthma both in the unadjusted (Table S3) 
and in the adjusted analysis (OR: 0.79, 95%CI: 0.64, 0.98, model 2) 
(Fig. 4). All associations remained consistent after adjusting for air 
pollution in the co-exposure models. An association of similar magni
tude and direction was observed for active asthma though it included the 
null (OR: 0.81, 95%CI: 0.63, 1.04, model 2). Further adjustment for air 
pollutant exposures strengthened the estimated associations. (Fig. 3). 
Protective associations were also observed for NDVI in 500m buffer with 
lifetime asthma (Table S4).

3.3. Association of air pollution and greenness with asthma medication 
and asthma attacks

Overall, we observed no clear pattern of associations for air pollution 
exposures with use of asthma medication and having had an asthma 
attack in the past 12 months, the two components of the active asthma 
definition (Table S3 and Fig. 3).

Fig. 4 shows estimated associations of NDVI exposure with asthma 
medication and asthma attack. Associations with asthma medication 
were consistent with those observed for active asthma, remaining 
consistent across the analyses, and becoming stronger in co-exposure 
models. No association was observed between greenness and asthma 
attack.
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3.4. Association of air pollution and greenness with lifetime asthma 
phenotypes

Fig. S5 shows the associations of air pollution and NDVI with allergic 
and non-allergic asthma. In line with the analysis on lifetime asthma, we 
observed no association for air pollution exposures with neither allergic 
nor non-allergic asthma. The association with NDVI exposure was 
similar for allergic and non-allergic asthma (heterogeneity p value >
0.05).

3.5. Association of air pollution and greenness with asthma score and 
asthma symptoms

There was a positive association between PM2.5 exposure and having 
asthma symptoms (OR: 1.51, 95%CI: 1.01, 2.25). However, this asso
ciation was attenuated after further adjustment for NDVI in model 3. 
Associations with PM10, NO 2 and EC were in the same direction but 
weaker (Table 4). Though less precise, a negative (protective) associa
tion of NDVI with asthma symptoms was observed in model 2 (OR: 0.87, 
95%CI: 0.72, 1.04), but not with asthma score.

3.6. Effect modification

No effect modification by offspring sex was observed in the associ
ation of air pollution and greenness with lifetime asthma (Table S5). 
However, the association of air pollution (PM2.5 and EC) on active 
asthma was strongest for male offspring, compared to female offspring, 
and inverse associations were observed for O3 (Pinteraction <0.05). In 
contrast, the protective association of greenness with active asthma was 
more pronounced in male compared to female offspring (Pinteraction 
<0.05). Decomposing active asthma revealed that the differences 
observed were present for asthma medication, but not for asthma attack 
(Table S6). Additionally, no effect modification was observed for asthma 
score or asthma symptoms (Table S7).

4. Discussion

In this longitudinal study of RHINESSA participants (offspring) and 
their RHINE participant parents from five Northern Europe countries, 
we found that higher parental residential exposure to greenness before 
conception was consistently related to a lower risk of having lifetime 
asthma and using asthma medication. Estimated associations were 
consistent when adjusting for potential confounders, as well as in co- 

Table 1 
Characteristics of the study participants (offspring, n = 3684).

Characteristics Aarhus n =
919

Bergen n =
1199

Gothenburg n =
260

Reykjavik n =
276

Tartu n =
324

Umea n =
307

Uppsala n =
399

Overall n =
3684

Age, years, (mean ±
SD)

18.7 (3.5) 17.1(4.6) 22.3 (2.0) 21.5 (2.1) 18.7 (4.2) 22.3 (2.1) 22.1 (2.1) 19.3 (4.2)

Female, n (%) 518 (56.4) 680 (56.7) 131 (50.4) 165 (60.0) 195 (60.2) 169 (55.1) 225 (56.4) 2083 (56.5)
Parental education level, n (%)a b ​

primary 130 (14.3) 132 (11.4) 99 (38.4) 89 (33.7) 76 (24.4) 101 (33.1) 87 (22.0) 714 (19.8)
secondary 162 (17.8) 189 (16.3) 89 (34.5) 67 (25.4) 92 (29.6) 92 (30.2) 94 (23.7) 785 (21.8)
college 619 (68.0) 836 (72.3) 70 (27.1) 108 (41.0) 143 (46.0) 112 (36.7) 216 (54.4) 2104 (58.4)

Parental smoking in childhood, n (%)b ​
one smoker 209 (23.2) 221 (19.2) 44 (17.1) 69 (26.0) 94 (30.0) 51 (16.7) 59 (14.8) 747 (20.8)
both smokers 82 (9.1) 144 (12.5) 38 (14.8) 44 (16.5) 42 (13.4) 24 (7.9) 18 (4.5) 392 (11.0)
no smoker 601 (66.8) 759 (66.1) 171 (66.5) 149 (56.0) 160 (51.1) 226 (74.1) 314 (79.0) 2380 (66.3)
don’t know 8 (0.9) 25 (2.2) 4 (1.6) 4 (1.5) 17 (5.4) 4(1.3) 7 (1.8) 69 (1.9)

Parental asthma, n 
(%)b

191 (21.1) 256 (22.1) 14 (5.4) 44 (16.0) 27 (8.4) 25 (8.1) 28 (7.0) 585 (16.1)

Abbreviations: SD, standard deviation.
a Maximum attained by at least one parent.
b Missing values: Parental education level (n = 81), parental smoking (n = 96) and parental asthma (n = 31).

Table 2 
Prevalence of asthma outcomes in the offspring (%).

Aarhus n =
919

Bergen n =
1199

Gothenburg n =
260

Reykjavik n =
276

Tartu n =
324

Umea n =
307

Uppsala n =
399

Overall n =
3684

Lifetime asthmac 16.7 19.0 15.4 26.2 8.7 24.7 19.0 18.0
Asthma phenotype c

allergic 7.1 7.7 5.0 12.4 4.4 11.6 9.6 8.0
non-allergic 9.3 11.0 10.4 13.8 4.4 13.2 9.1 10.2
no asthma 83.5 81.3 84.6 73.8 91.3 75.6 81.3 82.0

Active asthmaa c 7.2 9.0 9.2 13.1 6.0 15.0 12.6 9.4
Asthma 

Medicationc
6.5 8.0 9.2 9.8 5.0 14.0 10.3 8.3

Asthma Attackc 3.8 4.0 3.5 9.1 3.4 7.9 7.0 4.8
Asthma scorec, no. of symptoms

0 65.1 65.4 70.2 55.5 55.5 60.0 59.0 63.0
1 27.2 22.0 19.8 30.3 33.3 24.4 30.0 26.0
2 4.8 7.9 6.0 10.2 7.5 9.0 8.1 7.2
3 2.1 3.5 3.6 3.0 2.8 4.4 2.3 3.0
4 0.8 1.2 0.4 1.1 0.9 2.3 0.5 1.0

Asthma symptomb 35.0 34.0 31.8 44.6 44.4 40.1 41.4 37.0

a Asthma activity (combined asthma medication and/or asthma attack).
b binary indicator of presence of at least one asthma symptom.
c Missing values: Lifetime asthma (n = 46), phenotypes (n = 52), active asthma (n = 39), asthma medication (n = 35), asthma attack (n = 40) and asthma score (n =

65).
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exposure models including air pollution exposures. These associations 
were not mediated by parental asthma. There were no differences in the 
associations with greenness between allergic and non-allergic asthma 
phenotypes. We found that male offspring were also more sensitive to 
the benefits of greenness. Air pollution exposures before conception 
were not associated with asthma outcomes, except for a possible detri
mental association in male offspring, which was not seen among female 
offspring.

4.1. Greenness exposure in parents in relation to offspring asthma 
outcomes

Consistent protective associations of parental greenness exposure 
with asthma status and activity were found. To our knowledge, there is 
only one study that has investigated the impact of preconception 
greenness exposure with asthma outcomes, conducted in Norway and 
Sweden using RHINESSA data (Kuiper et al., 2020). Though inconclu
sive, this study suggested protective association of greenness (500 

Fig. 2. Distribution of parental residential exposures to air pollution and greenness in 1990 by centre and overall. EC and O3 from all centres except Tartu

Tables 3 
Estimated direct, indirect and total effects of parental residential exposure to air pollution and greenness in 1990 on lifetime asthma and active asthma, with parental 
asthma as a potential mediator.

Exposure Lifetime asthma Active asthma

Indirect effect (a*b) OR 
(95% CI)

Direct effect (c) OR 
(95% CI)

Total effect (a*b + c) OR 
(95% CI)

Indirect effect (a*b) OR 
(95% CI)

Direct effect (c) OR 
(95% CI)

Total effect (a*b + c) OR 
(95% CI)

PM2. 5 (IQR: 6.8 
μg/m3)

1.16 (0.69, 1.95) 1.24 (0.80, 1.94) 1.45 (0.75, 2.79) 1.21 (0.62, 2.35) 1.20 (0.71, 2.01) 1.45 (0.64, 3.30)

PM10 (IQR:8.3 μg/ 
m3)

1.12 (0.85, 1.47) 1.12 (0.88, 1.42) 1.25 (0.88, 1.77) 1.15 (0.81, 1.63) 1.08 (0.82, 1.43) 1.24 (0.83, 1.93)

NO2 (IQR: 11.5 
μg/m3)

1.12 (0.88, 1.43) 1.03 (0.82, 1.28) 1.15 (0.84, 1.58) 1.16 (0.85, 1.58) 1.00 (0.77, 1.31) 1.16 (0.77, 1.75)

EC (IQR: 0.5 μg/ 
m3)

1.14 (0.83, 1.58) 1.05 (0.80, 1.38) 1.20 (0.79, 1.83) 1.19 (0.78, 1.82) 0.98 (0.71, 1.35) 1.17 (0.68, 2.02)

O3 (IQR: 13.3 μg/ 
m3)

0.92 (0.68, 1.25) 1.02 (0.78, 1.33) 0.94 (0.64, 1.38) 0.90 (0.60, 1.34) 0.99 (0.72, 1.36) 0.89 (0.54, 1.47)

NDVI (IQR: 0.3) 0.86 (0.69, 1.09) 0.79 (0.64, 0.98) 0.68 (0.50, 0.93) 0.82 (0.61, 1.12) 0.81 (0.63, 1.04) 0.67 (0.45, 0.99)

Abbreviations: OR, odds ratio; CI, confidence interval; IQR, Interquartile range; PM2.5, particulate matter with an aerodynamic diameter of ≤2.5 μm; PM10, particulate 
matter with an aerodynamic diameter of ≤10 μm; NO2, nitrogen dioxide; O3, ozone; EC, Elemental Carbon; NDVI, Normalized Difference Vegetation Index within 300- 
m buffer. OR with 95% CI calculated per IQR increase in exposures. Since there was no mediated effects in the main outcomes, we did not perform mediation analysis 
for their components (asthma phenotypes and asthma medication and attacks). PM2.5 (n = 3365), PM10 (n = 3365), NO2 (n = 3364), EC (n = 3062), O3 (n = 3062), 
NDVI300m (n = 3308).
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m–1000 m buffers) exposure with offspring early onset asthma (Kuiper 
et al., 2020). While they assessed parental exposure during childhood 
years, the present study focused on exposure occurring in adulthood. In 
addition, our study employed more detailed and robust definitions of 
asthma outcomes. Other studies that investigated this relationship 
differed in timing of exposure, as they considered pregnancy and post
natal periods, and results have been heterogeneous (Hartley et al., 2020; 
Lambert et al., 2017; Tang et al., 2023). Our results showed that 
greenness exposure during the preconception period is beneficially 
related with asthma outcomes. The associations remained consistent 
after including air pollution exposures, except for EC, where the esti
mates changed substantially. This could be due to a strong correlation 
with NDVI. Generally, there is no consensus on correlation coefficient 
cutoffs for determining multicollinearity, as some investigators suggest a 
cutoff of 0.5, while the classical threshold is 0.8 (Vatcheva et al., 2016).

Regarding the lifetime asthma phenotypes, we did not find evidence 
of heterogeneity in the association with greenness exposure between 
allergic and non-allergic asthma (heterogeneity p-value >0.05). This 
could be attributed to low statistical power to detect existing hetero
geneity. Our study also revealed a “protective” association of greenness 
with the presence of asthma symptoms which may be indicative of the 
beneficial role greenness may play in reducing asthma symptoms in the 
future generation.

The exact underlying mechanisms of the beneficial effects of 

greenness on asthma outcomes are not fully understood. Current 
knowledge suggests a biodiversity hypothesis, with studies reporting 
that exposure to more diverse vegetation strengthens microbial diversity 
(Johannessen et al., 2023). Microbial diversity may in turn be beneficial 
for the immune system and protect against sensitization and allergies 
(Jackson et al., 2023). Therefore, we could speculate that parental 
greenness exposure contributes to a potent microbiome influencing 
epigenetic changes that get transferred to the next generation, poten
tially protecting against asthma outcomes (Donovan et al., 2018). 
Recent evidence linking maternal exposure to greenness during preg
nancy with cord blood DNA methylation supports this hypothesis 
(Alfano et al., 2023; Xu et al., 2021). Additional mechanisms, such as the 
promotion of parental physical activity and lower air pollution levels in 
green areas, may also contribute to respiratory health benefits in the 
next generation’s offspring.

4.2. Air pollution exposure in parents in relation to offspring asthma 
outcomes

A limited number of studies have assessed the association of parental 
exposure to air pollution with asthma outcomes in offspring. In contrast 
to our results, the other studies have reported positive associations 
related to preconception air pollution exposure with asthma develop
ment in the offspring. Methodological differences exist between these 

Fig. 3. Estimated associations of parental residential exposures to air pollution in 1990 with offspring asthma outcomes. The analyses are adjusted for offspring age 
and sex, parental smoking, education level, and asthma status (centre as a fixed effect and clustering by family), and further adjusted for NDVI where stated (“+
NDVI”). ORs are per IQR difference of the exposures. PM2.5 (n =3346), PM10 (n=3346), NO2 (n=3345), EC (n=3045), O3 (n=3045).
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studies and our study. For instance, the mean age of the offspring in the 
present study was 19 years, whereas the mean age in a study with both 
Norwegian and Swedish participants was 5 and 6 years between 
maternal and paternal line respectively (Kuiper et al., 2020). Addi
tionally, their study averaged parental childhood exposure (0–18 years), 
while our study used the mean parental exposures assigned in 1990 with 
a mean preconception window of 6 years (SD 5). Moreover, the mean air 
pollution concentration levels for their exposure time window were 
higher compared to ours, which could explain the weaker associations in 
the present study. Their study reported that maternal childhood expo
sure to PM2.5 and PM10 was associated with offsprings early onset 
asthma. Furthermore, PM10 was positively associated with higher risk of 
hay fever (OR:2.66, 95%CI:1.19–5.91) and similar associations were 
reported in the paternal line with O3 exposure (Kuiper et al., 2020). 
Another study in China found that exposure to outdoor NO2 1 year 
before conception was associated with asthma in children (age ranges 3 
to 6) (OR: 1.51, 95%CI: 1.09, 2.09), and further adjustment for indoor 
environmental conditions did not attenuate the association (Deng et al., 
2016). Generally, associations of air pollution with asthma score and 
presence of asthma symptoms were inconclusive in the present study. 
Previous studies have reported positive associations of air pollution with 
asthma score (Jacquemin et al., 2009; Keirsbulck et al., 2023), however 
their findings are not comparable to the current study due to differences 
in exposure assessments. Our findings could reflect the persistent 
contribution of air pollution to the pathology of asthma activity and 
severity.

We did not find evidence that parental asthma status mediated the 
effect of air pollution with offspring asthma outcomes. There was some 
suggestive evidence that greenness could affect asthma outcomes 
through parental asthma status, although the estimates were less 

Fig. 4. Estimated associations of parental residential exposures to greenness in 1990 with offspring asthma outcomes. The analyses are adjusted for offspring age and 
sex, parental smoking, education level, and asthma status (centre as a fixed effect and clustering by family), and further adjusted for each of the air pollutants where 
stated (“+pollutant”) . ORs are per IQR difference of the exposures. NDVI300m (n=3308).

Table 4 
Estimated associations of parental residential exposure to air pollution and 
greenness in 1990 with offspring asthma score (count variable) and asthma 
symptom (binary variable).

Asthma score RMS (95%CI) asthma symptoms OR 95%CI

Air pollution
PM2.5 1.21 (0.93, 1.57) 1.51 (1.01, 2.25)

+NDVI 1.11 (0.83. 1.47) 1.25 (0.82, 1.92)
PM10 1.08 (0.93, 1.25) 1.21 (0.98, 1.51)

+ NDVI 1.02 (0.87, 1.19) 1.09 (0.87, 1.37)
NO2 1.01 (0.88, 1.15) 1.13 (0.87, 1.48)

+ NDVI 0.96 (0.82, 1.11) 1.00 (0.81, 1.23)
EC 1.06 (0.88, 1.28) 1.16 (0.87, 1.54)

+ NDVI 1.00 (0.82, 1.23) 1.04 (0.78, 1.38)
O3 0.96 (0.81, 1.13) 0.89 (0.71, 1.12)

+NDVI 1.03 (0.85, 1.24) 0.94 (0.72, 1.23)
Greenness

NDVI 0.94 (0.83, 1.06) 0.87 (0.72, 1.04)
+ PM2.5 0.95 (0.84, 1.08) 0.89 (0.74, 1.09)
+ PM10 0.94 (0.83, 1.07) 0.89 (0.74, 1.07)
+ NO2 0.92 (0.80, 1.05) 0.87 (0.71, 1.06)
+ EC 0.94 (0.82, 1.08) 0.89 (0.73, 1.08)
+ O3 0.98 (0.83, 1.16) 0.89 (0.73, 1.10)

Abbreviations: RMS, Ratio of mean score; OR, odds ratio; CI, confidence interval. 
Estimated association are per IQR difference in the exposures. All analysis 
adjusted for child’s age and sex and parental smoking, education level, and 
asthma status. +: co-exposure models, further adjusted for greenness in air 
pollution models and each air pollution in greenness model. PM2.5 (n = 3365), 
PM10 (n = 3365), NO2 (n = 3364), EC (n = 3062), O3 (n = 3062), NDVI300m (n =
3308).
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precise. The imprecise effect estimates could be attributed to reduced 
power in the mediated pathway following decomposition of total effect 
into direct and indirect (Cheng et al., 2021).

We found evidence that air pollution was more strongly associated 
with the use of asthma medication in male as opposed to female 
offspring. Despite these results, we found no effect modification by sex 
on asthma symptoms or asthma attacks, which is surprising since both 
medication use and symptoms are considered markers of asthma 
severity (Ungar et al., 2002). Therefore, interpreting these findings can 
be challenging within the context of this study. Notwithstanding the 
inconsistencies, some studies have reported similar findings of effect 
modification by sex, with male infants having higher risk of developing 
asthma for exposure to PM2.5 during pregnancy, compared to female 
infants (Hsu et al., 2015; Lavigne et al., 2018).

Concerning the impact of the exposure we consider the develop
mental origins of health and disease (DOHaD) framework as the basis for 
understanding how exposure before conception may impact long-term 
health outcomes (Goyal et al., 2019; Svanes et al., 2023). The DOHaD 
framework considers the preconception period as a critical window for 
long-term effects on the offspring health. While the exact pathways are 
not well known some studies emphasized that preconception exposures 
may alter germ cell quality leading to intergenerational health effects 
(Svanes et al., 2023). Moreover, short term preconception exposure 
(right before conception) has shown to have an impact on DNA 
methylation at multiple loci linked to higher risk of respiratory diseases 
in the offspring later in life (Joubert et al., 2016). To date, the strongest 
evidence of epigenetic pathways of preconception environmental ex
posures on respiratory outcomes relates mostly to tobacco smoking 
(Accordini et al., 2018; Kitaba et al., 2023; Svanes et al., 2023). It is 
plausible that air pollution exposure before conception could express 
similar epigenetic mechanisms and influence asthma outcomes in the 
offspring.

4.3. Strengths and limitations

A key strength of this study is its prospective design and the avail
ability of detailed information on offspring-parent pairs from the 
RHINESSA and RHINE cohorts, which enabled us to investigate the 
health effects of exposures across generations over various susceptibility 
windows, such as the preconception period. We also assessed numerous 
asthma outcomes reported for the last 12 months, thereby minimizing 
recall bias and ensuring a detailed characterisation of asthma in the 
offspring population.

In spite of the strengths, there are also several limitations. In com
mon with most epidemiological studies, we assigned parental residential 
exposure as a proxy for personal exposure in 1990, and did not account 
for factors that could potentially impact within-subject exposure vari
ability such as time-activity patterns (Dons et al., 2011). However, we 
expect the resulting exposure misclassification to be non-differential 
and, consequently, to affect precision and effect size of the estimated 
associations. We acknowledge the uncertainty as to whether parental 
exposure directly influenced the observed associations or acted indi
rectly through the offspring’s own exposure. Due to the large proportion 
of offspring participants with missing data on residential addresses, we 
were unable to account for offspring’s own exposure as a potential 
mediator. However, disentangling offspring’s own residential exposure 
from parental residential exposure would not be possible since we 
lacked data on offspring addresses, making it impossible to ascertain if 
they lived with their RHINE participating parent or not. Despite the use 
of a state-of-the-art modelling system for exposure assessment, some 
degree of non-differential exposure misclassification is unavoidable 
since the DEHM/UBM underperformed in some countries such as 
Denmark where the correlation coefficient of measured versus modelled 
PM2.5 was lower (0.43) compared to other Nordic countries. Precon
ception exposure windows varied among parents since all residential 
exposures were assigned at baseline (1990). NDVI is a general indicator 

of green vegetation, but it does not capture relevant measures such as 
microbiome diversity and access to and use of greenness, that are rele
vant in explaining the suggested pathways. Self-reported data on out
comes and individual level covariates may potentially be affected by 
reporting bias. Nevertheless, the questionnaire tools are validated and 
used widely in other studies (Svanes et al., 2022). In the mediation 
models, we were unable to fully account for the hierarchical structure of 
our data due to convergence issues encountered when attempting to fit 
multilevel GSEM models. These issues are not uncommon in complex 
models with multiple levels and limited sample size per cluster (fam
ilies). To address this, we simplified the hierarchical structure and used 
cluster-robust standard errors to account for correlations between sib
lings. Additionally, the potential for reverse causality cannot be ignored 
when interpreting the relationship between air pollution and greenness 
exposure with parental asthma status. For example, we cannot know for 
sure whether parental asthma status affected parental air pollution ex
posures (parents with asthma moving to less polluted areas as a 
self-protection strategy) or vice-versa (parents developing asthma 
because they live in high-polluted areas). Finally, there was potential for 
residual confounding from unaccounted lifestyle factors and area-level 
socioeconomic status (SES), still individual-level SES tends to be high
ly positively correlated with area-level SES in most urban settings and 
one could account for the other (Xie et al., 2020).

5. Conclusion

In summary, despite the inconclusive evidence for inter-generational 
detrimental associations of air pollution, this study found consistent 
protective associations between parental residential exposure to green
ness before conception and asthma outcomes in offspring. These results 
support the emerging paradigm that preconception exposures may be 
important determinants of offspring respiratory health. Early preventive 
strategies including green city planning could have long-term benefits 
for respiratory health across generations.
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