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ABSTRACT
The association of air pollution and greenspace with respiratory pathogen 
acquisition and respiratory health was investigated in a community-based 
birth-cohort of 158 Australian children. Weekly nasal swabs and daily symp
tom-diaries were collected for 2-years, with annual reviews from ages 3-7- 
years. Annual exposure to fine-particulate-matter (PM2.5), nitrogen-dioxide 
(NO2), and normalised-difference-vegetation-index (NDVI) was estimated 
for pregnancy and the first 2-years-of-life. We examined rhinovirus, any 
respiratory virus, Streptococcus pneumoniae, Moraxella catarrhalis, and 
Haemophilus influenzae detections in the first 3-months-of-life, age at initial 
pathogen detection, wheezing in the first 2-years, and asthma at ages 5-7- 
years. Our findings suggest that higher NDVI was associated with fewer viral 
and M. catarrhalis detections in the first 3-months, while increased PM2.5 
and NO2 were linked to earlier symptomatic rhinovirus and H. influenzae 
detections, respectively. However, no associations were observed with 
wheezing or asthma. Early-life exposure to air pollution and greenspace 
may influence early-life respiratory pathogen acquisition and illness.  
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Introduction

Air pollution exposure in early life can have detrimental effects upon respiratory health by increasing 
the risk and severity of respiratory infections, which in young children may also impair future lung 
growth and development (Bowatte et al. 2015; Lambert et al. 2017; Sly et al. 2019; Johnson et al. 2021). 
Higher air pollution levels are associated with more frequent respiratory virus infections, including 
those caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) (Conticini et al.  
2020), respiratory syncytial virus (RSV) (Wrotek et al. 2021), and rhinovirus (Rodrigues et al. 2019). 
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A meta-analysis of 10 European birth cohorts found an association between air pollution and 
physician-diagnosed pneumonia as measured by nitrogen dioxide (NO2) (adjusted odds ratio 1.30; 
95% confidence interval [CI]: 1.02, 1.65, per 10 μg/m3 average annual increase) and particulate matter 
≤10 µm in aerodynamic diameter (PM10) (adjusted odds ratio 1.76; 95%CI: 1.00, 3.09, per 10 μg/m3 

average annual increase), respectively (MacIntyre et al. 2014). In contrast, greenspace, defined here as 
distinct areas of grass, trees and other vegetation set aside from an otherwise urban environment, is an 
environmental exposure that in some regions is associated with improved respiratory health in 
childhood and fewer lower respiratory infections (Tischer et al. 2017).

Early life exposure to air pollution can have other detrimental effects upon respiratory health, 
although findings from previous studies have been inconsistent. A systematic review of 21 birth 
cohort studies examined the impact of traffic-related air pollution during the first 1000-days-of-life 
upon the development of wheezing and asthma in childhood (Bettiol et al. 2021). Exposure to 
particulate matter (PM) and nitric oxides (NOx) during pregnancy was consistently associated with 
an increased risk of developing asthma, while the association with wheezing was unclear. Similarly, 
for exposures during the first 2-years-of-life, most studies found a positive association between PM 
and NOx and the risk of asthma, but not for wheezing episodes. However, in a meta-analysis of 18 
studies in children aged from birth to 14-years-of-age, antenatal exposure to NO2 and PM2.5 were 
both associated with childhood wheeze, and NO2 was associated with asthma (Hehua et al. 2017). 
Two cohort studies have examined associations between greenspace exposure and respiratory 
health. A Portuguese study found that 7-year-olds living near greenspace had a lower prevalence 
of asthma (Cavaleiro Rufo et al. 2021) than other children of the same age. In contrast, a meta- 
analysis of nine European cohort studies reported exposure to greenspace resulted in an increased 
risk of wheezing, asthma and allergic rhinitis (Parmes et al. 2020).

Although air pollution and its association with respiratory health have been studied widely, less is 
known about the association between antenatal exposure to air pollution and respiratory infections in 
early life (Madsen et al. 2017). In a large prospective cohort of 17,533 Norwegian participants, there 
was no association between exposure to moderate NO2 levels (13.6 µg/m3, range 0.01–60.4 µg/m3) in 
pregnancy and lower respiratory infections to age 6-months (adjusted relative risk (aRR) 0.99; 95%CI: 
0.84, 1.17 per 10 µg/m3), or at 6–18-months (aRR 1.05; 95%CI: 0.94, 1.16 per 10 µg/m3) (Madsen et al.  
2017). However, other air pollutants, including PM2.5 were not examined.

The composition of commensal bacterial communities in the nasal airways of children in the first 
weeks of life is altered by transient incursions of potential bacterial pathogens within the Moraxella, 
Streptococcus and Haemophilus genera (Teo et al. 2015). These events are associated with respiratory 
viral infections, and an increased risk of lower respiratory illnesses and subsequent asthma. The link 
between early life respiratory viral infections and bacterial pathogen acquisitions with lung health later 
in childhood is complex and multifactorial, but exposure to environmental factors may play a key role 
by compromising both adaptive immunity and the local innate immune responses in the respiratory 
epithelium resulting in more severe respiratory illnesses (Johnson et al. 2021).

The aim of this study was to use data from an Australian community-based birth cohort to 
evaluate the association between exposure to the air pollutants, NO2 and PM2.5, and to greenspace 
during the full antenatal period and the first 2-years-of-life and (i) respiratory pathogens detected in 
the first 3-months-of-life, and (ii) the timing of first detections of respiratory pathogens from birth 
until the child’s second birthday. In addition, we explored the associations between air pollutants 
and greenspace with wheeze in the first 2-years-of-life and asthma at age 5–7-years.

Material and methods

Study population and data collection

The Observational Research in Childhood Infectious Diseases (ORChID) birth cohort pro
gressively enrolled healthy, term-born infants in Brisbane, Australia, between September 2010 
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and October 2012 (Lambert et al. 2012). Children were followed from birth until their second 
birthday. At the end of their involvement with the ORChID project, children and their 
parents/caregivers were invited to participate in an extension study (Early Life Lung 
Function; ELLF), which required an annual review by research staff between ages 3–7-years 
and included the completion of a standardised respiratory health questionnaire and clinical 
examination (Sly et al. 2019). Further details are provided in the Supplementary Methods. The 
Royal Brisbane and Women’s Hospital (HREC/10/QRBW125) Human Research Ethics 
Committee (HREC), the Children’s Health Queensland (HREC/10/QRCH/16 and HREC/13/ 
QRCH/156) and The University of Queensland (2010/HE00820 and 2013/HE001291) HRECs 
approved the studies.

Demographic, social and clinical characteristics

Parents provided socio-demographic and health information at enrolment, including pregnancy 
and birth details. Parents thereafter completed a daily tick-box diary from birth until the 
child’s second birthday. This required recording pre-defined respiratory symptoms, including 
wheeze, which research staff had trained them to recognise (Lambert et al. 2012). When 
symptoms developed, parents also completed an illness-burden diary, which included any 
healthcare attendance. Thereafter, parents were interviewed by telephone every 3-months 
until the child’s second birthday to update feeding and childcare information. Exclusive 
breastfeeding was defined as receipt of breastmilk without milk formula or solids (Lambert 
et al. 2012). Childcare was categorised as formal (regulated care outside the child’s home) and 
informal (non-regulated care by family or friends). Vaccination status was confirmed using the 
Australian Immunisation Register. A symptomatic episode captured by the daily diary was 
defined when any of nasal congestion/discharge, dry cough, doctor-diagnosed acute otitis 
media, moist cough, rattle-like breathing, shortness of breath, wheeze, or doctor-diagnosed 
pneumonia were present.

Exposure: air pollution

Air pollution levels were represented by NO2 and PM2.5. Annual average NO2 and fine 
particulate matter ≤2.5 µm in aerodynamic diameter (PM2.5) levels were estimated from 
a validated, national land-use regression model for Australia (Knibbs et al. 2018). Residential 
addresses were geocoded and used to assign exposure. Exposures were estimated for the full 
antenatal period (as time-fixed) or first 2-years-of-life (as time-varying), depending upon the 
analysis.

Exposure: greenspace

Greenspace within the subtropical urban environment of Brisbane was measured by the annual 
mean normalised difference vegetation index (NDVI), a proxy for photosynthesising green vegeta
tion. NDVI annual averages were estimated based upon 16-day Landsat images, with spatial 
resolution of 30-metres (Knibbs et al. 2018), and the NDVI values were calculated for a 500- 
metre buffer around the geocoded residential address. Exposures were estimated for the full 
antenatal period (as time-fixed) or first 2-years-of-life (as time-varying), depending upon the 
analysis.

Outcome: respiratory virus and bacteria detection

Parents collected weekly anterior nasal swabs from birth until the child’s second birthday. Swabs 
were surface-mailed, taking a median 3-days (interquartile range [IQR] 2–4) to reach the research 
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laboratory, where they were processed and stored at −80°C. The median interval between swab 
collections was 7-days [IQR:7–12].

Swabs were batch-tested for 17 respiratory viruses and the bacterial pathogens, Streptococcus 
pneumoniae, Moraxella catarrhalis and Haemophilus influenzae by previously validated real-time 
polymerase chain reaction assays (Sarna et al. 2018; Palmu et al. 2019). Respiratory virus and bacterial 
pathogen detections with cycle threshold values < 40 were considered positive. A virus detection was 
classified as symptomatic if symptoms were first detected in the week prior to the first virus detection 
for that episode, or if symptoms were present in the week after the first virus detection.

Outcome: wheeze and asthma

Presence of wheeze reported in the first 2-years-of-life was extracted from the symptom diary. Children 
who failed to return any diary data were excluded from this analysis. At ages 5–7-years, parents were 
asked whether their child had ever received a diagnosis of asthma from a doctor, or if they had used an 
inhaled beta-2 agonist or inhaled corticosteroid asthma medication in the previous 12-months.

Analysis

We considered the association between air pollution (NO2 and PM2.5) and greenspace (NDVI) and 
(i) frequency of detections of rhinovirus, any virus, symptomatic viral detection episodes, 
S. pneumoniae, M. catarrhalis, and H. influenzae in the first 3-months-of-life; (ii) the timing of 
when the various pathogen species were first detected between birth and the child’s second birth
day; (iii) wheeze in the first 2-years-of-life; and (iv) asthma at age 5–7-years. Associations between 
air pollution and greenspace, and the frequency of pathogen detection were investigated using 
linear regression with robust standard errors to account for repeated swabs from participants. 
Associations between air pollution and greenspace and the time-to-first pathogen detections were 
investigated using Cox regression. Associations between air pollution and greenspace and the 
presence of wheeze in the first 2-years-of-life were investigated using mixed-effects Poisson 
regression, and between air pollution and greenspace and asthma at ages 5–7-years were investi
gated using mixed-effects logistic regression. All mixed-effects models included child as a random 
effect to account for repeated measures.

All analyses used a similar approach and are reported per each IQR increase. First, unadjusted 
analyses were undertaken. Three separate regression analyses were conducted, with each analysis 
including a single main effect of NO2, PM2.5 or NDVI. Then, the models using a single air pollution 
or greenspace exposure, with each exposure adjusted for potentially confounding variables, were 
analysed (see Supplementary material for details). Next, the adjusted model included all air 
pollution and greenspace variables as main effects with potentially confounding variables (season 
of birth and maternal education for frequency of detection in the first 3-months-of-life and timing 
of first detections in the first 2-years-of-life; and season of birth for the wheeze outcome and 
maternal education for the asthma outcome) as covariables (see Figures S1–S3 for directed acyclic 
graphs) (Sarna et al. 2018; Palmu et al. 2019). The covariables selected were based upon these recent 
studies, expert clinician opinion and directed acyclic graphs. Environmental factors were treated as 
time-fixed (full antenatal period) or time-varying (first 2-years-of-life) depending on the analysis in 
regression models and were standardised by subtracting the median value from each environmental 
factor value and dividing it by the IQR. Interaction effects were examined by assessing the statistical 
significance (with alpha set at 0.05) of interaction terms, and comparing the magnitude of the main 
exposure effect sizes with, and without, the interaction terms. Interactions were examined between 
NO2, PM2.5 and NDVI, and interactions between each exposure (NO2, PM2.5 and NDVI) and 
season of birth. Sensitivity and additional analyses are detailed in the Supplementary Methods. All 
analyses were conducted using Stata statistical software v13 (StataCorp, College Station, TX, USA).
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Results

One-hundred and fifty-eight children were included in the ORChID study, with 154 
children supplying diary data for the wheeze outcome and 84 children supplying asthma 
data at age 5–7-years in the ELLF extension study. A total of 1,777 and 11,126 swabs were 
returned during the first 3- and 24-months-of-life, respectively (Figure 1). Overall 87,547  
days (78% of the maximum expected) of diary data were returned in the first 2-years-of-life. 
Socio-demographic and clinical characteristics are described in Table 1 and Table S1. Most 
children were born between 39–41-weeks gestation into a single-child household. The 
median value of average NO2 levels in the year at the time of birth was 6.84 parts 
per billion (IQR: 5.87–8.00), for PM2.5 it was 6.26 μm/m3 (IQR: 5.69–6.84), and for the 
NDVI it was 0.43 (IQR: 0.38–0.49) (Table S2, Figure S4).

Association between air pollution and greenspace, and frequency of respiratory virus and 
bacteria detections in the first 3-months-of-life

In the first 3-months-of-life there were 153 rhinovirus and 182 “any virus” (including 
rhinovirus) detections (Table S3). During this 3-month period rhinoviruses were detected 
for a mean (standard deviation; SD) 0.94 (1.43) weeks, while “any viruses” were detected for 
a mean 1.50 (2.26) weeks. In adjusted models, there was no statistically significant associa
tion between air pollution and frequency of rhinovirus detections. However, each IQR unit 
increase in the NDVI significantly decreased the frequency of any virus detections by 0.45- 
weeks (95%CI:-0.88, −0.02). (Table 2).

Similarly, in the first 3-months-of-life, S. pneumoniae, M. catarrhalis, and H. influenzae were 
detected on 265, 206 and 44 occasions, respectively. The mean (SD) number of weeks detected 
for S. pneumoniae was 1.30 (2.02), for M. catarrhalis 1.20 (2.61), and for H. influenzae 0.25 
(0.92). There were no statistically significant associations between air pollution and bacterial 
detections, however, for each increase of one IQR unit in NDVI values, M. catarrhalis detec
tions decreased by 0.50-weeks (95%CI: −0.93, −0.08) (Table 2). Results were similar for 
sensitivity analyses (Table S4).

Stratified analysis by exclusive breastfeeding in the first 3-months-of-life showed an enhanced 
protective effect of NDVI, with each IQR increase in the NDVI significantly decreasing the 
frequency of any virus detections by 0.68 weeks (95%CI:-1.31, -0.04) and M.catarrhalis detections 
by 0.77 weeks (95% CI: -1.39, -0.14, Supplementary Table 5).

Association between air pollution and greenspace, and time-to-first respiratory pathogen 
and to first symptomatic respiratory virus detections in the first 2-years-of-life

A one IQR unit increase in PM2.5 was associated with earlier first symptomatic rhinovirus detec
tions after adjusting for season of birth and maternal education (Table 3; hazard ratio 1.75; 95%CI: 
1.04, 2.97). In addition, a one IQR unit increase of NO2 was associated with an earlier first detection 
of H. influenzae (hazard ratio 1.96; 95%CI: 1.22, 3.16) in adjusted analyses. In sensitivity analyses, 
only NO2 was associated with an earlier first H. influenzae detection (Tables S6 and S7).

Association between air pollution and greenspace, and wheeze in the first 2-years-of-life

There were 55/154 (35.7%) children whose parents reported they wheezed in the first 2-years-of-life 
(Table 4 and Table S8). There was no association between air pollution exposure in the first 2-years- 
of-life and wheeze during this period. However, each IQR increase in NDVI reduced wheeze 
incidence (incidence rate ratio 0.75; 95%CI: 0.56, 1.00).
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Association between air pollution and greenspace, and asthma at 5–7 years-of-age

There were 29/84 (34.5%) children identified as having asthma at age 5–7-years (Table 4 and Table 
S8). There was no statistically significant association between air pollution and NDVI exposure in 
the first 2-years-of-life and asthma at age 5–7-years.

891 potentially eligible participants 
approached. 

165 enrolled, 11,193 swabs returned. 

7 enrolled children excluded. 

    1 ineligible (born at <36-weeks  
    gestation). 

    6 did not provide swabs or symptom
    data. 

Table 1: Characteristics of 158 children who provided 11,126 swabs. 

67 swabs from 33 children submitted 
after their 2nd birthday. 

Table 2: Association between air 
pollution and greenspace at birth and 
the number of weeks with respiratory 
pathogen detections in the first  
3-months-of-life. 
158 children provided 1,777 swabs 
during this period. 

Table 3: Association between air 
pollution and greenspace and time-to-
first respiratory pathogen and to 
symptomatic respiratory viral 
detections in the first 2-years-of-life. 

158 children provided 11,126 swabs. 

Table 4: Air pollution and 
greenspace exposure and wheeze 
(ever) in the first 2-years-of-life 
(N=154 participants provided 87,547 
diary days) and asthma outcomes at 
age 5–7-years (N=84 participants). 

Figure 1. Flow chart of nasal swabs and symptom diaries from children in the Observational Research in childhood infectious 
diseases study.
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Discussion

In this community-based birth cohort of healthy Australian children, exposure to increased 
residential greenspace was significantly associated with fewer respiratory virus and M. catarrhalis 
detections in the first 3-months-of-life. Increased NO2 was associated with earlier first detections of 
H. influenzae, and increased PM2.5 was associated with earlier first symptomatic rhinovirus detec
tion episodes. No associations between either air pollution or greenspace and wheeze or asthma 
were observed. Together, these data suggest improved air quality and greenspace exposures may 
reduce early respiratory virus infections and acquisition of respiratory bacterial pathogens.

Studies on neighbourhood greenness and health outcomes have focused on non-communicable 
diseases such as obesity, mental health, birth and developmental outcomes, cardiovascular disease, 
and mortality (James et al. 2015). Few studies have examined the relationship with respiratory 
health outcomes or respiratory pathogen detection (Lambert et al. 2017; Tischer et al. 2017). 
A recent longitudinal study of 47 infants in Switzerland examining air pollutants and greenspace 
using 16S rRNA pyrosequencing of nasal microbiota as an outcome reported that low-to-moderate 
levels of air pollution were negatively associated with Corynebacteriaceae abundance and positively 
associated with bacterial community stability (Gisler et al. 2021). As the authors noted, these 

Table 1. Characteristics of the observational research in the childhood 
infectious diseases (ORChID) cohort (N = 158).

Characteristic N (%)

Gender (Male) 75 (47.5)
Season of birth
Summer (December to February) 42 (26.6)
Autumn (March to May) 30 (19.0)
Winter (June to August) 43 (27.2)
Spring (September to November) 43 (27.2)
Vaginal delivery 107 (67.7)
Gestational age at birtha

36–38-weeks 36 (22.8)
39–41-weeks 122 (77.2)
Family history
Either parent has asthma/eczema 80 (50.6)
Household smoke exposure at birth (N = 156)
Yes 19 (12.2)
Older child(ren) in house at birth 55 (34.8)
Maternal education status (N = 157)
University degree 99 (63.1)
Diploma/certificate 38 (24.2)
Secondary school 20 (12.7)
Mode of feeding (N = 150)
Exclusive breastfeeding until at least age 3-months 101 (67.3)
Pneumococcal conjugate vaccine dosesb

6-weeks (N = 149) 145 (97.2)
4-months (N = 144) 141 (96.5)
6-months (N = 141) 137 (93.8)
Childcare attendancec

At 3-months (N = 142) 4 (2.8)
At 6-months (N = 133) 31 (23.3)
At 12-months (N = 116) 72 (62.1)
At 18-months (N = 108) 92 (85.2)
At 24-months (N = 103) 86 (83.5)

aTwo participants were born between 36.0 and 36.6-weeks gestation. 
bAt the time of the ORChID study, pneumococcal conjugate vaccines in 

Australia were administered as a 3-dose primary course without a booster 
dose in the 2nd year of life. 

cChildcare attendance included both care from a regulated childcare service 
and non-regulated care by relatives or friends.
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findings are counterintuitive, since in young infants Corynebacteriaceae abundance in the upper 
airways is associated with good respiratory health, while bacterial community instability is asso
ciated with increased susceptibility to respiratory infections. Although, air pollution does seem to 
impact nasal microbiota, this was not observed with exposure to greenspace, and the clinical 
significance of these results was not explored (Gisler et al. 2021).

Meanwhile, a study evaluating greenspace and SARS-CoV-2 incidence in the United States 
reported that each 0.1 unit increase in the NDVI was associated with a 6% (95%CI: 3, 10%) decrease 
in SARS-CoV-2 incidence after adjustment for area-level confounders (Klompmaker et al. 2021). 
Associations were strongest in counties with the highest population densities or with “stay at home” 
orders. In contrast, a study in London found that highly connected greenspaces increased the risk of 
SARS-CoV-2 infections, which was attributed to more social contact (Pan et al. 2021). These 
conflicting findings may be explained by differences in greenspace types. A study exploring green
space and SARSCoV-2 infections, showed forests and pastures were associated with lower infection 
rates, but parks were associated with higher infection rates (Jiang et al. 2022). Together, these papers 
suggest that greenspaces may have value in reducing infections, but the local context and park type 
may play a role.

Our understanding of the mechanisms by which greenspaces exert positive benefits is poorly 
understood. Greenspaces, especially those spaces with a higher biodiversity index, contain 
environmental microbiota, which may assist in immune priming (Aerts et al. 2018). 
Moreover, exclusive breastfeeding enhanced the protective effect of greenspace exposure in 
the first 3-months-of-life, possibly by influencing the gut-lung axis (Granger et al. 2021). 

Table 2. Association between air pollution and greenspace at birth, and the number of weeks with respiratory pathogen 
detections in the first 3-months-of-life (158 children; 1,717 swabs).

Weeks detected Unadjustedb 

(N = 158)
Adjustedc 

(N = 155)

Outcome Mean (SD) Exposurea MD (95%CI) P-value MD (95%CI) P-value

Rhinovirus 0.94 (1.43)
NO2 0.00 (−0.16, 0.16) 0.97 −0.21 (−0.49, 0.07) 0.14

PM2.5 0.04 (−0.20, 0.27) 0.77 0.28 (−0.08, 0.66) 0.13
NDVI −0.21 (−0.46, 0.05) 0.11 −0.28 (−0.59; 0.02) 0.07

Any virus 1.50 (2.26)
NO2 −0.02 (−0.32, 0.27) 0.88 −0.30 (−0.75, 0.16) 0.20

PM2.5 0.07 (−0.38, 0.51) 0.77 0.37 (−0.28, 1.02) 0.26
NDVI −0.33 (−0.68; 0.02) 0.06 -0.45 (−0.88, −0.02) 0.04

Streptococcus pneumoniae 1.30 (2.02)
NO2 −0.07 (−0.41, 0.26) 0.67 0.07 (−0.41, 0.54) 0.78

PM2.5 −0.25 (−0.65, 0.15) 0.22 −0.37 (−0.91, 0.19) 0.19
NDVI −0.08 (−0.43, 0.28) 0.67 −0.08 (−0.45, 0.29) 0.68

Moraxella catarrhalis 1.20 (2.61)
NO2 −0.02 (−0.39, 0.34) 0.89 −0.08 (−0.54, 0.39) 0.74

PM2.5 0.09 (−0.50, 0.70) 0.74 0.06 (−0.68, 0.79) 0.88
NDVI -0.48 (−0.88, −0.08) 0.002 -0.50 (−0.93, −0.08) 0.02

Hemophilus influenzae 0.25 (0.92)
NO2 0.01 (−0.15, 0.18) 0.88 0.09 (−0.16, 0.33) 0.48

PM2.5 0.00 (−0.14, 0.14) 0.97 −0.08 (−0.30, 0.14) 0.48
NDVI 0.03 (−0.13, 0.19) 0.68 0.07 (−0.06, 0.21) 0.29

Abbreviations: CI: Confidence Interval; MD: Mean Difference; NDVI: Normalised difference vegetation index NO2: nitrogen dioxide; 
PM2.5: fine particulate matter <2.5 µm in aerodynamic diameter; SD: standard deviation. 

Results are presented as MD (95%CI) per interquartile range increase. 
aExposure estimated as time-fixed for the full antenatal period. 
bOne participant missing data for each of PM2.5 and NDVI exposures. 
cAdjusted for all environmental factors, season of birth, and maternal education (a proxy for socioeconomic status; one 

participant missing from maternal education data).
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Bacterial communities in outdoor air also penetrate into indoor spaces, which then have their 
own human-associated bacterial communities (Meadow et al. 2014). It is possible that there is 
a complex interplay between these two communities that influences human immune health with 
synergistic effects; a topic requiring further research. However, simpler explanations also exist, 
and depending upon the type, increased greenspace may indicate decreased air pollution and/or 
human population density levels. Further research is warranted to unravel how increased 
greenspace improves respiratory outcomes.

The effects of exposure to air pollutants and childhood respiratory infections are uncertain, with 
conflicting results (Lu et al. 2021). One study reported that closer distance to a busy road during 
pregnancy was associated with an increased risk of respiratory infections in children (Rice et al.  
2015). However, most available studies have found no statistically significant associations (Aguilera 
et al. 2013; Madsen et al. 2017). Nevertheless, a positive interaction between PM2.5 and symptomatic 
rhinovirus in children with asthma has been reported (Vempilly et al. 2013). In addition to the 
current report, a South African birth cohort study found that indoor air levels of NO2 and PM10 
were positively associated with nasopharyngeal carriage of M. catarrhalis and H. influenzae at 
6-months-of-age, and of M. catarrhalis carriage at age 12-months (Vanker et al. 2019). A possible 
mechanistic explanation is provided by an in-vitro study employing rat lung epithelial cells that 

Table 3. Association between air pollution and greenspace, and time-to-first respiratory pathogen and to first symptomatic 
respiratory virus detections in the first 2-years-of-life (158 children; 11126 swabs).

Median 
(25th−75th percentile)

Unadjusted 
(N = 158)

Adjustedb 

(N = 157)

Outcome Exposurea survival time (days) HR (95%CI) P-value HR (95%CI) P-value

First rhinovirus 
detection

94 (52–155)
NO2 1.06 (0.76, 1.48) 0.73 1.04 (0.67, 1.60) 0.87

PM2.5 1.05 (0.75, 1.47) 0.78 1.02 (0.65, 1.61) 0.92
NDVI 0.89 (0.61, 1.28) 0.53 0.93 (0.63, 1.37) 0.70

First symptomatic 
rhinovirus 
detection

210 (129–331)
NO2 1.15 (0.74, 1.81) 0.52 0.85 (0.51, 1.43) 0.55

PM2.5 1.34 (0.87, 2.05) 0.18 1.75 (1.04, 2.97) 0.04
NDVI 1.06 (0.70, 1.59) 0.76 1.35 (0.87, 2.10) 0.18

First any respiratory 
virus detections

86 (39–135)
NO2 1.08 (0.76, 1.52) 0.68 1.03 (0.66, 1.61) 0.88

PM2.5 0.99 (0.69, 1.40) 0.94 0.97 (0.61, 1.54) 0.91
NDVI 0.96 (0.66, 1.40) 0.83 0.99 (0.66, 1.47) 0.95

First any symptomatic 
respiratory virus 
detections

188 (117–259)
NO2 1.11 (0.71, 1.74) 0.65 0.91 (0.52, 1.59) 0.75

PM2.5 1.15 (0.77, 1.73) 0.49 1.32 (0.79, 2.19) 0.29
NDVI 1.07 (0.67, 1.71) 0.76 1.16 (0.70, 1.91) 0.56

First Streptococcus 
pneumoniae 
detection

97 (26–215)
NO2 0.91 (0.67, 1.23) 0.54 0.74 (0.50, 1.09) 0.13

PM2.5 1.12 (0.83, 1.51) 0.47 1.34 (0.93, 1.92) 0.11
NDVI 0.91 (0.65, 1.26) 0.57 0.89 (0.63, 1.25) 0.49

First Moraxella 
catarrhalis 
detection

176 (86–284)
NO2 1.05 (0.75, 1.48) 0.77 1.04 (0.67, 1.61) 0.87

PM2.5 1.06 (0.76, 1.49) 0.73 1.06 (0.68, 1.64) 0.80
NDVI 0.71 (0.47, 1.07) 0.10 0.71 (0.47, 1.08) 0.11

First Hemophilus 
influenzae 
detections

346 (202–551)
NO2 1.97 (1.29, 3.00) 0.002 1.96 (1.22, 3.16) 0.006

PM2.5 1.36 (0.96, 1.91) 0.08 1.02 (0.64, 1.62) 0.95
NDVI 0.98 (0.65, 1.49) 0.93 1.07 (0.65, 1.75) 0.79

Abbreviations: CI: confidence interval; HR: hazard ratio; NDVI: Normalised difference vegetation index; NO2: nitrogen dioxide; 
ORChID; Observational Research in Childhood Infectious Diseases; PM2.5: fine particulate matter ≤2.5 µm in aerodynamic 
diameter. 

HRs calculated using Cox proportional hazards regression. HR represents the change per interquartile range increase in the 
environmental factor. 

aExposure estimated as time-varying for the first 2-years-of-life. bAdjusted regression models include all three environmental 
factors and season of birth and mother’s highest education status (a proxy for socioeconomic status) as covariables. One 
participant missing from maternal education data.
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observed exposure to diesel exhaust particles resulted in oxidative stress and upregulated mRNA 
expression of the cellular surface proteins, intercellular adhesion molecule-1, low-density lipopro
tein and platelet-activating factor, each of which serve as receptors for both viruses and bacteria (Ito 
et al. 2006).

Although we did not find an association between air pollution and either wheeze or 
asthma in children, a meta-analysis of 11 birth cohort studies found increased childhood 
exposure to PM2.5 was associated with a slightly increased risk of subsequent asthma in 
childhood (PM2.5: odds ratio 1.14, 95%CI: 1.00, 1.30 per 2 μg/m3) (Bowatte et al. 2015). 
A large cohort study in the United States also found exposure to air pollution during early 
childhood increased the risk of developing physician-diagnosed asthma by age 5-years (odds 
ratio 1.74; 95%CI:1.02, 2.96) (Salam Muhammad et al. 2004). In contrast, a recent literature 
review of greenspace and health was inconclusive (Johannessen et al. 2023). Of the three 
included papers, two (Servadio et al. 2019; Nordeide Kuiper et al. 2021) found no association 
between greenness exposure and asthma, while the third reported greenness exposure could 
both increase and decrease the risk of asthma in adults. The inconsistency is probably from 
using loose definitions for both exposure and outcome. Overall, the relationship between 
greenness and asthma outcomes remains complex and further research is needed to clarify 
these findings (Donovan et al. 2021).

The ORChID study’s strengths include its longitudinal design and weekly sampling of nasal 
swabs in an unselected healthy community-based cohort. It does, however, have several limitations. 
First, environmental data were annually-averaged, and consequently do not reflect the seasonality 
and temporal changes of these values, or peaks at certain times, such as during wildfire season. 
Second, suboptimal swabbing techniques may have missed pathogen detections, but we have shown 
previously that parent-collected nasal swabs have similar virus and pathogenic bacteria detection 
rates to those obtained by health personnel (Zoch-Lesniak et al. 2020). Thirdly, we did not under
take unbiased next-generation sequencing to examine alterations in microbial community profiles 
during the first 3-months-of-life. However, low bacterial DNA loads in nasal swabs limit these 
studies to 16S rRNA gene sequencing where organisation taxonomic unit discrimination does not 
often go beyond the genus level. Fourthly, wheeze and asthma outcomes were also aggregated 
measures, which may lead to a lack of power, not fully capturing temporal differences caused by air 
pollution fluctuations and seasonality changes. Another limitation is the reliance upon mean annual 
exposures as proxies for air pollution and greenspace since we did not directly account for seasonal 
variations in these factors. This limitation may introduce uncertainty in the estimates and could 
impact the robustness of the findings. Furthermore, the high degree of correlation between 
antenatal exposures and those in the first 2-years-of-life makes it difficult to disentangle the effects 
of these exposures upon postnatal outcomes. Finally, as is often the case with intense studies of this 
nature, the results may not generalise to children from other backgrounds and environmental 
settings, especially for greenspace.

Conclusion

Improved air quality (decreased NO2 and PM2.5 levels) and greenspace exposures may reduce early 
acquisition of respiratory pathogens in the upper airways, and decrease rates of early life sympto
matic respiratory virus infections. The present study provides insight into the complex interplay 
between environmental factors and respiratory health in early childhood. Further research is 
needed to better understand the mechanisms by which air quality and greenspace influence 
microbial acquisition in early life and whether this impacts the lifelong risk of respiratory disease 
and poor respiratory health outcomes.
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