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ABSTRACT An irreversible loss in lung function limits the long-term success in lung transplantation.
We evaluated the role of chronic exposure to ambient air pollution on lung function levels in lung
transplant recipients (LTRs).

The lung function of 520 LTRs from the Cohort in Lung Transplantation (COLT) study was measured
every 6 months. The levels of air pollutants (nitrogen dioxide (NO2), particulate matter with an
aerodynamic cut-off diameter of x µm (PMx) and ozone (O3)) at the patients’ home address were averaged
in the 12 months before each spirometry test. The effects of air pollutants on forced expiratory volume in
1 s (FEV1) and forced vital capacity (FVC) in % predicted were estimated using mixed linear regressions.
We assessed the effect modification of macrolide antibiotics in this relationship.

Increased 12-month levels of pollutants were associated with lower levels of FVC % pred (−2.56%, 95%
CI −3.86–−1.25 for 5 µg·m−3 of PM10; −0.75%, 95% CI −1.38–−0.12 for 2 µg·m−3 of PM2.5 and −2.58%,
95% CI −4.63–−0.53 for 10 µg·m−3 of NO2). In patients not taking macrolides, the deleterious association
between PM and FVC tended to be stronger and PM10 was associated with lower FEV1.

Our study suggests a deleterious effect of chronic exposure to air pollutants on lung function levels in
LTRs, which might be modified with macrolides.
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Introduction
Lung transplantation is a relevant option to preserve quality of life and survival in selected patients
suffering from end-stage respiration diseases. However, lung transplantation is still hampered by a high
incidence of chronic lung allograft dysfunction (CLAD), characterised by an irreversible loss in lung
function. CLAD, a term recently introduced, is difficult to define because of the lack of agreement in its
definition and its determinants are poorly understood [1, 2]. Attention has so far been given to clinical
predictors, while the role of environmental factors has little been considered until recently [3]. In
population-based studies, chronic exposure to air pollution has been associated with an increased
incidence and prevalence of chronic respiratory diseases (asthma, chronic obstructive pulmonary disease)
and lung function impairment [4–8]. Chronic exposure to air pollutants has been associated with lower
forced expiratory volume in 1 s (FEV1) and forced vital capacity (FVC) and a faster lung function decline
in adults [7, 9] as well as with deficits in lung-function growth in children [10, 11]. Also, long-term
improvements in air quality have been associated with significant improvement in lung function
development in children [12] and with attenuated age-related decline in lung function in adults [13].

Few studies have estimated the impact of chronic exposure to ambient air pollutants in lung transplant
recipients (LTRs), a population with a potential higher sensitivity to air pollution exposure due to
cumulative effects of ischaemic reperfusion insult and innate and adaptive immune activation. Two
previous studies have indicated that traffic-related air pollution, assessed with proximity to major road, was
associated with the risk of development of CLAD, bronchiolitis obliterans syndromes (BOS) and of
mortality after lung transplantation [14, 15]. The Canadian study did not detect any significant association
between CLAD occurrence and mean annual concentrations of particulate matter with an aerodynamic
cut-off of 2.5 µm (PM2.5), ozone (O3) and nitrogen dioxide (NO2) estimated at the residential address using
nearby fixed-site monitoring stations [14]. Recent results (presented in an abstract) from a study based on
13 European centres indicated that the incidence of CLAD and mortality were significantly associated with
particulate matter with an aerodynamic cut-off of 10 µm (PM10) exposure estimated at the residential
address, only in patients not taking macrolide antibiotics [16]. None of these studies directly addressed the
effect of exposure to air pollutants on lung function level, considered as a continuous parameter.

We aimed to study the impact of chronic exposure to ambient air pollution on the levels of lung function
following lung transplantation.

Methods
Population
The Cohort in Lung Transplantation (COLT) study (http://clinicaltrials.gov; identifier: NCT00980967)
recruited 827 lung transplant recipients (LTRs) between September 2009 and August 2013 in France.
COLT is part of the Systems prediction of Chronic Lung Allograft Dysfunction (SysCLAD) study, a project
funded by the European Commission (FP-7) aimed at identifying novel predictive biomarkers of CLAD
[17]. For the present analysis, we selected 520 COLT participants who were transplanted before July 2013
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while residing in France, had at least one lung function measurement 6 months or more after
transplantation and had the residential address geolocalised (figure 1).

Outcome measurements
Spirometry was performed at 1 and 6 months post-transplantation and then every 6 months. Our analysis
focused on FEV1 and FVC expressed as % predicted value estimated with age, height and sex from the
Global Lung Initiative equations [18].

Air pollution exposure (online supplementary material, figures E1, E2, E3 and table E1)
Chronic exposures to PM2.5 and PM10, NO2, and ozone O3 were assessed using nation-wide air pollution
models developed by INERIS (Institut National de l'Environnement industriel et des Risques), the French
national institute for industrial environment and risks. These are the finest spatial (1×1 km grid for NO2

and PM and 4×4 km for ozone) and temporal (daily data) resolution models currently available for the
whole French territory. A 5-year modelling period (2009–2013) was considered. Through a geostatistical
(Kriging) analysis, the exposure models combined data from the CHIMERE chemistry-transport model, a
validated model in Europe [19, 20] with measurements from the permanent network of air quality
monitoring stations. The precision of Kriging was evaluated on a daily basis through leave-one-out and
k-fold cross-validation, and usual annual skill scores (bias, mean absolute normalised error, root mean
square error and correlation) were computed.

The residential address of each participant was geocoded using the French cadastral map, a building matching
technique [21]. The 12-month average levels of air pollutants at the participant’s residential address before
each lung function test was first considered and secondary analyses were conducted considering shorter
exposure windows (6-month, 3-month and 1-month). Figure 2 shows the 12-month average concentration of
pollutants in France in 2011.

We considered each FEV1 and FVC measurement performed at least 6 months post-transplant until
December 31, 2013.

Statistical analysis
We performed longitudinal analyses of the relation between the 12-month average levels of each air pollutant
and repeated FEV1 % pred and FVC % pred levels using mixed linear regression model. The models estimate
the risks for FEV1 % pred and FVC % pred levels repeatedly measured over time, and do not study FEV1 or
FVC decline. Using a thorough search of the literature, we identified as potential confounders variables that
were theoretically related to lung function or to the development of CLAD in lung transplant patients. For
each pollutant, outcome and exposure window considered, we applied three models: an unadjusted model
(M0), a model adjusted on LTR characteristics (age, sex, smoking status, body mass index), donor
characteristics (age, smoking status), lung transplantation characteristics (type of lung transplantation,

FIGURE 1 Flow-chart of the
population.
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indication, sex mismatch, anti-human leukocyte antigen (HLA) antibodies, transplant centre and living area
(rural, city centre, suburbs, small city) (M1); a model further adjusted on post-transplant events (treated
Pseudomonas spp. infection, cytomegalovirus (CMV) treated disease, immunosuppression induction and
acute rejection treated episodes), which could be intermediate factors in the causal chain between air
pollutants exposure and lung function (M2) (online supplementary figure E4). As sensitivity analysis, we
fitted a parsimonious model adjusted for potential confounders that were related to FEV1 % pred or FVC %
pred and to at least one air pollutant at the level of p<0.20. When considering the 6-month, 3-month and
1-month average levels of air pollutants, models M0, M1 and M2 were further adjusted on temperature and
humidity averaged during the same exposure window (estimated from the nearest Météo France station).
Bi-pollutant models were further run to address the independent effects of pollutants.

Air pollutant exposures were considered as continuous variables (main analyses) or coded in tertiles
(secondary analyses). Intraclass correlation coefficients (ICC) were estimated for each exposure window to
quantify the within-subject variability of the air pollutant exposure over time. We stratified the analysis on the
use of macrolides to attempt to replicate the findings from a previous study indicating that macrolides might
prevent the deleterious effects of air pollution on LTRs [16]. We further assessed the association considering
the 6-month average levels of air pollutants after each lung function test. Under our working hypothesis, no
or decreased association as compared to those observed for the 6-month before each lung function tests
would be expected. Because a large study area entails larger exposure contrasts, but also increases the potential
for confounding [22], we further stratified the analysis on living area (rural versus urban). Data management
and statistical analyses were conducted with SAS version 9.4 (SAS Institute Inc., Cary, NC, USA) software
package and R software environment (R Project for Statistical Computing; www.r-project.org).

Results
Population description
The population included 520 lung transplantation, 54% men; the mean age was 43 years (range 13–
68 years) (table 1). The mean duration of follow-up was 23 months (range 6–48 months). Over half (51%)
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FIGURE 2 Averaged 12-month concentration of particulate matter with an aerodynamic cut-off of 2.5 μm
(PM2.5) and 10 μm (PM10), NO2 and O3 across France in 2011.
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TABLE 1 Description of study population

Variables All (n=520)

Lung transplant patient characteristics
Male sex 282 (54.2)
Age years 43.1±15.2
BMI kg·m−2 20.9±4.2
Smoking status
Non-smoker 263 (51.3)
Ex-smoker 236 (46)
Current smoker 14 (2.7)

Indications
Emphysema/COPD 173 (33.3)
Cystic fibrosis 211 (40.6)
Pulmonary fibrosis 71 (13.7)
Pulmonary arterial hypertension 43 (8.3)
Other 22 (4.2)

Procedures: double 422 (81.2)
Centre
Foch 133 (25.6)
Marseille 103 (19.8)
Strasbourg 75 (14.4)
Other 209 (40.2)

Living area
Rural 93 (17.9)
City centre 167 (32.1)
Suburbs 206 (39.6)
Small city 54 (10.4)

Donor characteristics
Age years 43.0±15.4
Smoker 193 (38.2)

Lung transplant characteristics
Sex mismatch 174 (33.5)
HLA mismatch
2 3 (0.6)
3 24 (4.6)
4 72 (13.8)
5 89 (17.1)
6 45 (8.7)
Unknown 287 (55.2)

Anti-HLA antibodies 158 (30.4)
Ischaemic time mins 339.5±96

Post-transplant events
CMV treated disease 138 (27.1)
Other infection 187 (36.7)
Acute rejection treated episodes 346 (67.4)
treated Pseudomonas spp. infection 241 (47)
Induction therapy
No 160 (31.3)
Thymoglobulines-polyclonal 205 (40)
Thymoglobulines- monoclonal 147 (28.7)

Macrolides 259 (51.3)
Lung function at the best value
Best FEV1 L 2.7±0.8
Best FEV1 % predicted 79.2±19.0
Best FVC L 3.4±0.9
Best FVC % predicted 81.1±16.5

Air pollutant concentrations µg·m−3

PM2.5

12-month 15.0 (13.8–16.6)
6-month 14.4 (12.0–17.2)
3-month 13.5 (10.9–17.4)
1-month 12.8 (10.1–17.9)

Continued
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of the LTRs had never smoked and 3% were current smokers. Most of the subjects had double lung
transplantation (81%). The main underlying diseases were cystic fibrosis (41%), emphysema/chronic
obstructive pulmonary disease (33%) and pulmonary fibrosis (14%). Mean donor age was 43 years, 38% of
donors had ever smoked and one-third did not have the same sex as recipients. Regarding post-transplant
events, 27% of the LTRs had at least one CMV treated disease, 37% had other infections, 47% treated
Pseudomonas spp. infection and 67% had at least one acute rejection treated episode. Half of the LTRs
took macrolide antibiotics during the follow-up period.

The median (interquartile range) of the 12-month PM2.5, PM10, NO2 and O3 levels were 15.0 (13.8–16.6), 21.7
(19.8–24.2), 17.3 (12.4–22.8) and 52.5 (46.9–57.3) µg·m−3, respectively, and were higher in the urban area (city
centre and suburbs) compared with the rural/small cities area, except for ozone (online supplementary figure
E5). Considering shorter exposure window decreased the within-subject correlation of the air pollutant levels
assessed over-time (ICC for the 12-month average exposure varied between 0.89 for PM2.5 to 0.99 for NO2,
and O3 and decreased to 0.47 for PM2.5 and 0.83 for NO2 when considering the 1-month exposure window,
online supplementary table E2). Using the 12-month average exposures, exposure to NO2 was positively
correlated with exposure to PM2.5 and PM10 (Pearson’s r values were 0.6 and 0.7 respectively) and negatively
correlated with O3 (Pearson r−0.7), p<0.0001 for all (online supplementary table E3).

Association between air pollution exposure and lung function levels in the whole population
Among all lung function measurements (1833 measurements among 520 subjects), mean (interquartile
range) FEV1 % pred and FVC % pred were 69.5% (54–85%) and 76% (64–89%), respectively. The
12-month PM10, PM2.5 and NO2 levels were associated with lower FVC % pred levels (table 2 and
figure 3); a 5 µg·m−3 increase in PM10, a 2 µg·m

−3 increase in PM2.5 and a 10 µg·m−3 increase in NO2 level
were associated with lower levels of FVC % pred (−2.56%, 95% CI −3.86–−1.25 for PM10; −0.75%, 95%
CI −1.38–−0.12 for PM2.5; and −2.58%, 95% CI −4.63–−0.53 for NO2). PM10 and NO2 12-month levels
were not associated with FEV1 % pred while PM2.5 was associated with higher FEV1 % pred (p=0.03).
Higher exposure to O3 was significantly associated with higher FEV1 % pred and FVC % pred levels (table
2). When coding air pollutants in tertiles, similar results were observed for FVC % pred, and the previous
trend for a positive association between PM2.5 and FEV1 % pred totally disappeared (table 3).

Analyses stratified on the use of macrolide antibiotics
Patients who took macrolides differed from those who did not take macrolides regarding some post-lung
transplantation events (more infections, more acute rejection treated episodes, less induced therapy), lung
function level (lower FEV1 % pred and FVC % pred values), and air pollution exposures (higher 12-month
exposure to PM2.5 and NO2) (online supplementary table E4).

Analyses stratified on the use of macrolides showed stronger association between PM2.5 and FVC % pred
in LTRs without macrolides than with macrolides (test for interaction, p=0.12) and a similar trend was
observed for PM10 (test for interaction, p=0.47) (figure 3, online supplementary table E5). For FEV1 %

TABLE 1 Continued

Variables All (n=520)

PM10

12-month 21.7 (19.8–24.2)
6-month 21.5 (18.5–24.5)
3-month 20.6 (17.5–24.7)
1-month 20.0 (16.7–25.1)

NO2

12-month 17.3 (12.4–22.8)
6-month 16.3 (11.6–22.4)
3-month 16.0 (10.8–22.3)
1-month 15.7 (10.6–22.9)

O3

12-month 52.5 (46.9–57.3)
6-month 53.3 (44.7–61.6)
3-month 53.4 (41.9–63.8)
1-month 51.6 (39.0–64.5)

Data are presented as n (%), mean±SD or median (interquartile range). BMI: body mass index; COPD: chronic
obstructive pulmonary disease; HLA: human leukocyte antigen; CMV: cytomegalovirus; FEV1: forced expiratory
volume in 1 s; FVC: forced vital capacity; PMx: particulate matter with an aerodynamic cut-off diameter of x μm.
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pred, higher exposure to PM2.5 and PM10 was associated with lower FEV1 % pred in LTRs not taking
macrolides, while an inverse association was observed in LTRs taking macrolide (tests for interaction,
p=0.001 and 0.01, respectively). Similar patterns of association were observed when considering the
macrolide treatment only in the first 6 months following lung transplantation (68 patients took macrolides
in the first 6 months) (online supplementary figure E6).

Sensitivity analyses
The analysis conducted on the actual FEV1 and FVC values and further adjusted on height led to the
same conclusion (online supplementary table E6). The parsimonious model showed very similar results
compared with model M2 (online supplementary figure E7). When stratifying on the type of area, the
association between the 12-month average exposure levels to PM2.5, PM10 and NO2 and lower FVC levels
were observed in urban but not in rural areas, where exposure contrasts were lower. Higher exposure to O3

was associated with higher level of FEV1 in urban area, and no association was found in rural areas
(online supplementary table E7). When considering shorter exposure windows (6-month and 3-month),
results for FVC % pred were similar as those for the 12-month and a higher NO2 exposure was
significantly associated with lower FEV1 (table 2, online supplementary table E8). Considering PM and
NO2 exposures, the 6 months following the lung function test decreased the magnitude of the association
with FVC (compared with the analysis using the 6-month before the lung function test), as expected
under the assumption of a causal effect of exposures (online supplementary table E9). Similarly, the level
of association between NO2 and FEV1 decreased.

The 12-month PM10 levels remained significantly associated with lower FVC % pred in models further
adjusted on PM2.5, NO2 or O3, and the magnitude of the association remained similar, while the estimated
effect of NO2 decreased in the bi-pollutant model. The 12-month NO2 levels remained significantly associated
with FEV1 % pred in the model further adjusted on PM2.5 or PM10 but not when adjusting on O3 (table 4).

Discussion
This longitudinal study is the first to address the possible effect of chronic exposure to air pollution on
lung function levels in LTRs. Higher PM2.5, PM10 and NO2 levels were associated with lower FVC levels;
the association with PM10 remained in bi-pollutant models and the association with PM2.5 tended to be
stronger in LTRs not taking macrolides.

TABLE 2 Association of air pollutants exposure with levels of FEV1 % predicted and FVC % predicted

Outcome by window
of exposure and model

PM2.5 (for 2 µg·m−3) PM10 (for 5 µg·m−3) NO2 (for 10 µg·m−3) O3 (for 10 µg·m−3)

Beta±SE p-value Beta±SE p-value Beta±SE p-value Beta±SE p-value

FEV1
12-month
M0 0.85±0.38 0.02 −0.13±0.76 0.86 −1.73±1.09 0.11 1.86±1.01 0.06
M1 0.82±0.38 0.03 0.64±0.78 0.41 −0.86±1.2 0.47 3.5±1.16 0.003
M2 0.82±0.38 0.03 0.58±0.78 0.46 −1.36±1.18 0.25 3.95±1.14 0.001

6-month
M0 0.14±0.24 0.56 −0.11±0.51 0.82 −2.36±0.88 0.01 0.91±0.42 0.03
M1 0.13±0.25 0.60 0.09±0.52 0.86 −1.62±0.95 0.09 0.72±0.43 0.10
M2 0.15±0.25 0.54 0.08±0.52 0.87 −1.84±0.95 0.05 0.78±0.43 0.07

FVC
12-month
M0 −0.78±0.32 0.01 −3.01±0.63 <0.0001 −3.26±0.93 0.0005 1.01±0.86 0.24
M1 −0.78±0.32 0.02 −2.55±0.66 0.0001 −2.28±1.05 0.03 1.89±1.01 0.06
M2 −0.75±0.32 0.02 −2.56±0.66 0.0001 −2.58±1.05 0.01 2.15±1.01 0.03

6-month
M0 −0.63±0.2 0.002 −1.67±0.43 <0.0001 −3.45±0.75 <0.0001 1.1±0.35 0.002
M1 −0.63±0.21 0.002 −1.52±0.44 0.0005 −2.63±0.82 0.001 0.85±0.36 0.02
M2 −0.61±0.21 0.003 −1.52±0.44 0.0005 −2.75±0.82 0.001 0.88±0.36 0.02

PMx: particulate matter with an aerodynamic cross section of x µm; FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity; M0: crude
model estimated on 520 patients (1833 measurements); M1: model adjusted on recipient age (continuous), sex, smoking status of both donor
and recipient, body mass index (continuous), donor age, type of lung transplant, underlying disease, sex mismatch, anti-human leukocyte
antigen antibodies, transplant centre, living area and, for the 6-month, 3-month and 1-month exposure, on temperature and humidity,
estimated on 495 patients (1770 measurements); M2: M1 model further adjusted on treated Pseudomonas infection, cytomegalovirus treated
disease, immunosuppression induction and acute rejection treated episodes, estimated on 487 patients (1751 measurements).
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A major strength of the study relates to the study population, a cohort of 520 very well characterised
lung-transplant patients across France, with in total 1833 spirometric measurements, and the prospective
longitudinal and multicentre design compared with international registries unable to yield such specific
information [23]. The analysis of lung function parameters as continuous measurements allows a more
objective assessment of the respiratory health outcome in lung transplant patients compared with the use
of CLAD which suffers from a lack of an agreed definition. One of the limitations of the study relates to
the length of follow-up: too short to accurately address the lung function trajectory. Consequently, our
results cannot be extrapolated to CLAD or BOS phenotypes. We were able to adjust for a large number of
potential confounders, including recipient and donor individual characteristics including smoking status,
lung-transplant characteristics and post-lung transplant events, and most results were robust to such
adjustments. We considered four pollutants and two outcomes, leading to an increased probability of
chance findings. Noteworthy, the deleterious effect of PM10 on FVC remained significant using the
stringent Bonferroni correction (0.0062).

A further strength lies in the assessment of air pollutant exposure at the patient’s home, using the most
accurate geocoding technics [21] and the exposure model with the finest spatial and temporal resolution
available to cover the whole French territory. Both the CHIMERE model outputs and the Kriging process
were validated. Our air pollutant exposure estimates considered the exposure at the residential address of
the lung transplantation patients and did not account for space–time activity patterns. This limitation may
not have major impact in our study, based mostly on housebound patients. Also, we excluded the lung
function measurements performed in the first 6 months following the lung transplantation, as most
patients spent part of this time in the hospital or rehabilitation centres.

FEV1 % pred
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 PM10 5 µg·m–3

 NO2 10 µg·m–3

 O3 10 µg·m–3

Without macrolides
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 PM10 5 µg·m–3

 NO2 10 µg·m–3

 O3 10 µg·m–3

With macrolides

 PM2.5 2 µg·m–3

 PM10 5 µg·m–3
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 O3 10 µg·m–3

–5–10 0 5 10

FVC % pred
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FIGURE 3 Adjusted associations between air pollutants exposure and level of (a) FEV1 % predicted and (b) FVC
% predicted in the whole population and according to the use of macrolides. PMx: particulate matter with an
aerodynamic cross section of x μm.
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The observed association between air pollutant exposures and FVC % pred level may reflect a causal
association, but might also be the result of residual spatial confounding. Indeed, some risk factors for lung
function may vary with pollutants concentration across geographical area or regions and thus could induce
spatial confounding [22, 24]. Noteworthy, although one cannot totally dismiss the risk for residual
confounding in observational studies, the associations remained in sensitivity analyses aimed at reducing
this bias. First, the association between a decreased FVC % pred level and a higher 12-month average
exposure of PM10, PM2.5 and NO2 remained significant or borderline significant when considering shorter
exposure windows. Considering shorter windows of exposures adds temporal variability in exposure,
therefore possibly limiting the potential for spatial residual confounding. Secondly, the analyses stratified
on rural versus urban area showed that the increased exposure to PM10 and NO2 remained significantly
associated with decreased FVC % pred in the urban areas, probably a more homogeneous population as
compared to the whole study population. However, when considering the 6-month average exposure after
lung function tests, as expected under our working hypothesis, the magnitude of association decreased for
NO2 and PM and became non-significant.

Our findings on NO2 and PM pollutants are in line with results from previous studies indicating that
exposure to air pollutants might increase the risk for the development of CLAD and BOS (defined on the
rate of change of FEV1 or FVC) and for mortality in post-transplant patients [14, 15]. Road density within
200 m of a patient’s home increased the risk for CLAD development in a Canadian cohort including 397
lung transplant patients [14]. Using the proximity of the home to major road as proxy of traffic-related air
pollutant exposure, NAWROT et al. [15] showed in a cohort of 288 patients that patients living within 171 m of
a major road developed twice more often BOS and died earlier than patients living farther away; however,
the authors did not find any association between PM10 estimated at each patient’s home using a model with
a 4×4 km resolution. The authors attributed this unexpected null finding to the limited spatial variation of
the PM10, possibly in part explained by the limited spatial model resolution. The different outcomes and air
pollution exposure assessment studied prevent any direct comparison among these studies.

Our results with ozone were either not significant or contradictory with our prior hypothesis. In our study,
exposure measurement error was probably higher for ozone than for the other pollutants because the model
used to estimate ozone exposure had a much lower spatial resolution (4×4 km versus 1×1 km). This, combined
with the fact that ozone inversely correlates with NO2, made difficult the detection of any potential association.
Moreover, outdoor ozone levels are poorly correlated with indoor levels as ozone quickly reacts with indoor air
pollutants, limiting the relevance of a purely outdoor model, compared with the other pollutants considered.

TABLE 3 Adjusted association of the tertiles of 12 months average of air pollutants exposure with levels of FEV1% predicted
and FVC % predicted

Tertiles of pollutants FEV1 FVC

Beta±SE p-value overall p-value Beta±SE p-value overall p-value

PM2.5

First tertile 0 0.90 0 0.04
Second tertile 0.30±0.7 0.67 −0.55±0.59 0.35
Third tertile 0.29±0.86 0.73 −1.77±0.73 0.01

PM10

First tertile 0 0.87 0 0.01
Second tertile 0.38±0.73 0.60 −1.63±0.61 0.008
Third tertile 0.35±1.04 0.74 −2.55±0.88 0.004

NO2

First tertile 0 0.29 0 0.35
Second tertile −2.13±1.36 0.12 −1.29±1.17 0.27
Third tertile −1.93±1.67 0.25 −2.08±1.44 0.15

O3

First tertile 0 0.02 0 0.20
Second tertile 1.02±1.35 0.45 −0.01±1.16 0.99
Third tertile 4.45±1.78 0.01 2.05±1.54 0.19

FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity; PMx: particulate matter with an aerodynamic cross section of x µm. Adjusted on
recipient age (continuous), sex, smoking status of both donor and recipient, body mass index (continuous), donor age, type of lung transplant,
underlying disease, sex mismatch, anti-human leukocyte antigen antibodies, transplant centre, on living area, treated Pseudomonas infection,
cytomegalovirus treated disease, immunosuppression induction and acute rejection treated episodes. Number of subjects was 487 and number
of measurements was 1751.
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Air pollution might influence pulmonary function in LTRs through inflammatory and immune mechanisms.
Experimental studies indicate that chronic exposure to particulate air pollutants has an impact on the
pulmonary T cell activation [25]. Short-term exposure to diesel exhaust, one of the major contributors to
inhaled PM pollution, induces an acute inflammatory response in the airways of healthy individuals [26]. In

TABLE 4 Association of pollutant exposure with levels of FEV1 % predicted and FVC %
predicted in bi-pollutant models

Window of exposure/
outcome

Beta±SE p-value Beta±SE p-value

12 months PM2.5 (2 µg·m−3) PM10 (5 µg·m−3)
FEV1 1.39±0.58 0.02 −1.58±1.19 0.19
FVC 0.41±0.49 0.40 −3.2±1.01 0.002

PM2.5 (2 µg·m−3) NO2 (10 µg·m−3)
FEV1 1.47±0.45 0.001 −3.81±1.41 0.007
FVC −0.46±0.38 0.24 −1.77±1.25 0.16

PM2.5 (2 µg·m−3) O3 (10 µg·m−3)
FEV1 1.28±0.4 0.001 5.04±1.19 <0.0001
FVC −0.61±0.33 0.07 1.62±1.05 0.13

PM10 (5 µg·m−3) NO2 (10 µg·m−3)
FEV1 1.57±0.95 0.1 −2.71±1.44 0.06
FVC −2.4±0.81 0.003 −0.44±1.27 0.73

PM10 (5 µg·m−3) O3 (10 µg·m−3)
FEV1 1.62±0.83 0.05 4.72±1.21 <0.0001
FVC −2.34±0.7 0.001 1.01±1.07 0.35

NO2 (10 µg·m−3) O3 (10 µg·m−3)
FEV1 2.01±1.52 0.19 5.16±1.47 0.0005
FVC −1.96±1.32 0.14 0.99±1.28 0.44

6 months PM2.5 (2 µg·m−3) PM10 (5 µg·m−3)
FEV1 0.37±0.44 0.4 −0.56±0.92 0.55
FVC −0.05±0.37 0.89 −1.43±0.78 0.07

PM2.5 (2 µg·m−3) NO2 (10 µg·m−3)
FEV1 0.46±0.28 0.10 −2.66±1.07 0.01
FVC −0.37±0.23 0.11 −2.08±0.93 0.03

PM2.5 (2 µg·m−3) O3 (10 µg·m−3)
FEV1 0.17±0.25 0.50 0.79±0.43 0.07
FVC −0.59±0.21 0.004 0.84±0.36 0.02

PM10 (5 µg·m−3) NO2 (10 µg·m−3)
FEV1 0.66±0.58 0.26 −2.38±1.06 0.02
FVC −1.08±0.49 0.03 −1.84±0.92 0.05

PM10 (5 µg·m−3) O3 (10 µg·m−3)
FEV1 0.09±0.52 0.86 0.78±0.43 0.07
FVC −1.52±0.44 0.001 0.87±0.36 0.02

NO2 (10 µg·m−3) O3 (10 µg·m−3)
FEV1 −1.25±1.18 0.29 0.45±0.54 0.41
FVC −2.43±1.02 0.02 0.24±0.45 0.59

FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity; Model adjusted on recipient age
(continuous), sex, smoking status of both donor and recipient, body mass index (continuous), donor age,
type of lung transplant, underlying disease, sex mismatch, anti-human leukocyte antigen antibodies,
transplant centercentre, on living area, treated Pseudomonas infection, cytomegalovirus treated disease,
immunosuppression induction and acute rejection treated episodes, for the 6-month exposure on
temperature and humidity, estimated on 487 patients (1751 measurements).
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LTRs, higher short-term exposure to PM increased the risk for lymphocytic bronchiolitis, which was associated
with further development of BOS, and increased airway neutrophilic inflammation [27]. Our findings expand
results from a recent observational study indicating that the deleterious effects of air pollution in LTRs might
be modified by macrolides [16]. The anti-inflammatory effects of the macrolides could explain this observation.
Indeed, macrolide antibiotics either used as curative treatment in BOS patients or as preventive treatment
improved health outcomes in LTRs, in particular through its anti-inflammatory and immunomodulatory
properties [28–30]. The molecular mechanisms of anti-inflammatory effects of macrolides include the
inhibition of pro-inflammatory transcription factors such as nuclear factor-κB [31]. Although there is a
biological plausibility supporting that macrolides might reduce the deleterious effects of air pollution in lung
transplantation patients, we cannot dismiss possible selection bias in our findings, or differences in sensitivity
to air pollutants due to factors other than macrolides, since the groups with and without macrolides differed in
many respects.

In the present study, exposure to NO2 and PM10 was associated with lower FVC but not with FEV1. The
unexpected positive association between PM2.5 exposure and FEV1 should be disregarded as this
association totally disappeared when considering the tertiles of PM2.5 exposure. In patients not using
macrolides, our results indicate that PM10 might have a deleterious effect on both lung volumes and flows.
Further studies are needed to investigate the respective effects of long-term exposure to air pollution on
level and changes in lung volumes and flows.

In conclusion, our study adds to the growing body of literature indicating that chronic exposure to air
pollution has deleterious effect on respiratory health and specifically in LTRs. The magnitude of effects
observed is clinically relevant and raises the issue of considering air pollutant exposure in LTRs to protect
patients from environmental hazards besides home fungal risk, compliance issues or smoking relapse.
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