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Abstract

Purpose: Air pollutant exposure constitutes a serious risk factor for the emergence or aggravation of (existing) pul-
monary disease. The impact of pre-intensive care ambient air pollutant exposure on the duration of artificial ventila-
tion was, however, not yet established.

Methods: The medical records of 2003 patients, admitted to the intensive care unit (ICU) of the Antwerp University
Hospital (Flanders, Belgium), who were artificially ventilated on ICU admission or within 48 h after admission, for the
duration of at least 48 h, were analyzed. For each patient’s home address, daily air pollutant exposure [particulate mat-
ter with an aerodynamic diameter <2.5 um (PM,5) and <10 um (PM, ), nitrogen dioxide (NO,) and black carbon (BC)]
up to 10 days prior to hospital admission was modeled using a high-resolution spatial-temporal model. The associa-
tion between duration of artificial ventilation and air pollution exposure during the last 10 days before ICU admission
was assessed using distributed lag models with a negative binomial regression fit.

Results: Controlling for pre-specified confounders, an IQR increment in BC (1.2 ug/m?) up to 10 days before admis-
sion was associated with an estimated cumulative increase of 12.4% in ventilation duration (95% Cl 4.7-20.7). Signifi-
cant associations were also observed for PM, 5, PM, , and NO,, with cumulative estimates ranging from 7.8 to 8.0%.

Conclusion: Short-term ambient air pollution exposure prior to ICU admission represents an unrecognized environ-
mental risk factor for the duration of artificial ventilation in the ICU.
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Introduction

The usual outdoor traffic-related air polluting suspects
comprise gaseous (e.g., nitrogen dioxide (NO,)) and
particulate pollutants generated by combustion pro-
cesses. Particulate matter (PM) is a heterogenic mixture
of solid and liquid particles of organic and inorganic
substances, drifting in the air. Mostly, sulfate, nitrates,
ammonia, sodium chloride, black carbon, mineral dust
and water are present, though heavy metals, polycyclic
aromatic hydrocarbons, bacteria, viruses and even pollen
can also be found [1]. Relevant to human health, inhal-
able particles are categorized by aerodynamic diameter:
equal or less than (<) 10 pum (PM,), <2.5 pum (PM,;)
or<0.1 um (PM,,). Black carbon (BC), a component of
PM, ; formed through incomplete combustion processes,
is often used—in addition to NO,—as a proxy of traffic-
related air pollution.

The smaller the particle, the deeper the penetration in
the respiratory system, leading to inflammatory reactions
on the alveolar level, resulting in cytotoxicity and pos-
sible mutagenesis [2, 3]. As such, ambient air pollution
constitutes a serious risk factor not only for the emer-
gence of respiratory infections, but also for the develop-
ment of reduced pulmonary function and/or aggravation
of existing pulmonary disease (e.g., asthma, cystic fibro-
sis, chronic obstructive pulmonary disease [COPD])
[4-7].

In analogy with the recent finding that patient pre-
admission medical and sociodemographic character-
istics (e.g., medication use, immune status, frailty) can
influence the course and outcome and even the degree
of respiratory failure during intensive care unit (ICU)
admission [8-10], we investigated the association
between short-term exposure to residential ambient air
pollution and the duration of mechanical ventilation in
ICU patients.

Methods
A detailed description of the methods is provided in an
electronic supplement.

Study population

We conducted a large-scale cohort study in the 45-bed
tertiary ICU of the Antwerp University Hospital (Flan-
ders, Belgium). Medical records of 19,039 patients,
admitted from June 6, 2010, up to and including April 15,
2017, were analyzed for all modes of artificial (invasive
and noninvasive) ventilation within 48 h of admission.
Clinical data were primarily retrieved from the patient
data management system (PDMS) (Metavision, iMD-
soft, Diisseldorf, Germany), while personal information
(e.g., smoking status) was retrieved from other medical

Take-home message

Short-term ambient particulate and gaseous air pollution exposure
prior to ICU admission significantly prolongs the duration of
mechanical ventilation irrespective of preexisting lung disease or
ICU admission diagnosis. This finding suggests that optimizing air
quality could influence ICU-related morbidity.

records. Our study was approved by the ethical com-
mittee of the University of Antwerp/Antwerp University
Hospital (AIRPOLLUTIC trial, 17/12/162). A total of
3191 patients were mechanically ventilated within the
first 48 h of admission for the duration of at least 48 h.
After exclusion of patients living outside of Belgium
(n=512), removal of patients with no data on smok-
ing status (#=414) and elimination of children (<age
18 years) (n=262), our final study population comprised
2003 patients (Fig. 1).

We obtained relevant demographic and clinical data
in every patient and used the Simplified Acute Physiol-
ogy Score (SAPS3) as a validated score for severity of
illness [11]. We also obtained information on APACHE
IV [12]. Ventilation duration was calculated by summing
the duration (in hours) of all consecutive (invasive and
noninvasive) ventilation episodes during the same ICU
admission and was rounded to the nearest number of
whole days.

Ambient air pollution exposure assessment

Residential addresses were geocoded with ArcGIS 10
software. Residential PM, ¢, PM,,, BC and NO, exposure
levels (ug/m®) were modeled for each patient’s address
using a high-resolution spatiotemporal model [13]. The
model takes into account land cover data obtained from
satellite images (CORINE land cover data set) and pollu-
tion data from fixed monitoring stations in combination
with a dispersion model [14]. We calculated the daily
concentrations of air pollutants at the patient’s residen-
tial address up to 10 days before admission (lag0 to lagl0,
with lag0 representing the day of admission). For a sensi-
tivity analysis, we calculated the annual average air pollu-
tion levels (as a proxy for long-term exposure).

Statistical analysis

Short-term health effects of environmental stressors may
become apparent only a few or more days after exposure,
implying that exposures during several days (lags) before
the effect on human health should be considered. Instead
of testing associations with lagged exposures in sepa-
rate models, distributed lag (nonlinear) models [DL(N)
Ms] provide a flexible methodology to capture the tem-
poral pattern of the association by entering different lags
in one and the same model. The primary study outcome
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Belgium between June 6, 2010, and April 15,2017

Fig. 1 Flowchart depicting the selection procedure of patients admitted to the intensive care unit of the Antwerp University Hospital located in

was the duration of ventilation in days. The association
between ventilation duration and air pollution exposure
was investigated by negative binomial regression, using a
separate model for each of the four pollutants. Potential
delayed effects of air pollution on ventilation duration
up to 10 days before ICU admission (lag0 to lagl0) were
allowed by using DLNMs [15], with lag0 representing the
day of admission, lagl the day before admission and so
on. The exposure-response function was modeled using
a natural cubic spline with 5 df. Seasonality and long-
term trends were modeled using a natural cubic spline of
time (day of the study period) with 6 df per year. Models
were additionally adjusted for indicator variables for day
of the week and for known determinants of duration of
ventilation such as sex, age (modeled with a natural cubic
spline with 3 df), BMI (kg/m?), disease severity (SAPS3),
smoking status (non-smoker/active smoker), origin of the
patient before ICU admission (emergency department/
other) and admission diagnosis (non-respiratory/respira-
tory non-infectious respiratory infectious).

In a secondary analysis, we adjusted our models for
APACHE 1V. In an effort to account for exposure mis-
classification in patients who were admitted to the hos-
pital some days before ICU admission (e.g., 6 days at
home, 4 days in the hospital, then ICU admission), we
performed an analysis where we combined the daily
exposure values derived at the home address with the
daily exposure values derived at the hospital. Alterna-
tively, we excluded patients coming from another hospi-
tal ICU to account for possible exposure misclassification
(resulting in n=1755). In another secondary analysis, we

accounted for possible confounding due to respiratory
comorbidities by excluding all patients with preexisting
lung disease including COPD and asthma (resulting in
n=1672) and by excluding all patients with preexisting
respiratory and neuromuscular comorbidities (n=1463).
We then further restricted the study population to
patients who left the ICU alive (#=1027) to account for
early death. Finally, to differentiate between short- and
long-term effects, we added annual average air pollution
levels (as a proxy for long-term exposure) to our main
model. Reported estimates represent the lag-specific
and cumulative (lag0—10 days) percentage change (with
95% confidence intervals [CI]) in ventilation duration
for an interquartile range (IQR) increase in air pollution
exposure. All analyses were performed with the statisti-
cal software R (R Foundation for Statistical Computing,
Vienna, Austria) using the “dlnm” package [16].

Results

Population characteristics

Demographic and clinical characteristics of the 2003
adult patients are summarized in Table 1. 48.3% of our
study population were 65 years or older. There were more
men (65.3%) than women (34.7%), and nearly one-third
(30.7%) of our population were smokers. Approximately
70% of our population was admitted with a non-respir-
atory diagnosis, only 7.8% with a non-infectious respira-
tory disease and 22.1% with a respiratory infection. The
mean (& SD) ventilation duration was 12 (+13) days with
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Table 1 Characteristics of the total study population
(n=2003)

[Characteristic Mean £ SD or n (%)

Age,y 62£15
BMI, kg/m? 266+.76
Sex
Male 1308 (65.3)
Female 695 (34.7)
Smoking status
Non-smoker 1389 (69.3)
Smoker 614 (30.7)
Season of admission
Winter (Dec—Mar) 558 (27.9)
Spring (Mar—Jun) 456 (22.8)
Summer (Jun-Sep) 485 (24.1)
Autumn (Sep-Dec) 504 (25.2)
SAPS3 61.0+£158
APACHE IV 4064262
Diagnosis
Non-respiratory 1405 (70.1)
Respiratory non-infectious® 156 (7.8)
Respiratory infectious® 442 (22.1)
Comorbidities
COPD 283 (14.1)
Asthma 59(2.9)
Other respiratory® 152 (7.6)
Neuromuscular® 73 (3.6)
Mortality
ICU mortality 635 (31.7)
Hospital mortality 810 (40.4)
28-day mortality 622 (31)
Admission origin
Emergency department 592 (29.5)
Operating room 518 (25.9)
Other hospital ICU 240 (12)
Conventional ward 424 (21.2)
Medium care unit 169 (8.4)
Other® 60 (3)
Ventilation (days) 1244134
Episodes of ventilation 14+£09

2 For example, acute lung injury not related to an infectious disease, non-
infectious COPD exacerbation, CO intoxication, lobectomy, lung emboli,
pneumonectomy, thoracic trauma, upper airway obstruction

b For example, acute lung injury in conjunction with a respiratory infection,
bronchiolitis, infectious COPD exacerbation, empyema, mediastinitis,
pneumonia

¢ For example, asbestoses, cystic fibrosis, lung fibrosis, obstructive sleep apnea
syndrome, pneumonectomy, etc. (n=2000)

94 For example, amyotrophic lateral sclerosis, Duchenne muscular dystrophy,
Guillain-Barré syndrome, multiple sclerosis, myotonic dystrophy, etc. (n=1999)

¢ Other origin includes maternity ward, coronary catheterization unit,
interventional radiology and the recovery room after major surgery

the majority of patients (73.7%) having only one episode
of ventilation.

Ambient exposure levels

Median (5th—-95th percentiles) daily air pollution expo-
sures up to 10 days before admission were 1.2 (0.4-3.6)
ug/m? for BC, 11.4 (4.5-37.3) pg/m® for PM,,, 18.9
(9.4-47.0) pg/m?® for PM;, and 23.5 (8.2-49.5) pg/m>
for NO, (Table 2). The majority of participants lived
in the province of Antwerp, relatively close to the
Antwerp University Hospital, where we observed the
highest levels of PM,; exposure in Belgium (Figure
Electronic supplement)

Main analysis

The lag-specific DLM estimates of the association
between ventilation duration and air pollutant expo-
sures up to 10 days before the ICU admission are shown
in Fig. 2. The effect of all examined components of air
pollution on ventilation duration was found to be acute,
with significant effect estimates at lag0 (except for NO,)
and estimates close to zero after lagl. An IQR (1.2 pg/
m?) increment in BC exposure up to 10 days before ICU
admission was associated with a 12.4% (95% CI 4.7 to
20.7) longer mechanical ventilation duration (Table 3).
The corresponding estimates for PM, 5, PM,, and NO,
were 7.9% (95% CI 0.5-15.9), 7.8% (95% CI 0.4-15.8),
and 8.0% (95% CI 0.02-16.4), respectively.

Secondary analysis

Correcting our models for APACHE IV or using data
where we took into account possible exposure misclas-
sification had a little effect on our estimates for all pol-
lutants except that the estimates of PM, - did not reach
significance anymore (Table 3). Excluding patients who
had been hospitalized in another hospital ICU, days
prior to admission to our ICU, also did not change our
effect estimates substantially (Table 3). Restricting our
analysis to patients without preexisting COPD and
asthma resulted in stronger associations for all pollut-
ants: 16.9% (95% CI 8.1-26.5) for BC, 11.5% (95% CI
2.4-21.5) for PM, 5, 11.4% (95% CI 2.5-21.0) for PM,,
and 10.5% (95% CI 1.8-19.8) for NO, even after exclud-
ing all patients with respiratory and neuromuscular
comorbidities. Further restricting the study popula-
tion to patients without preexisting comorbidities,
leaving the ICU alive, resulted in a further increase in
cumulative effect estimates for BC and NO, and similar
(although no longer significant) estimates for PM, - and
PM,,. To differentiate between short- and long-term
effects, we added annual average air pollution levels
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Table 2 Distribution of daily air pollution concentrations and temperature up to 10 days before admission

Pollutant Ps P,s
BC (ug/m?) 04 08
PM, s (ug/m?) 45 74
PM,q (ug/m?) 94 14
NO, (ug/m?) 82 156
Temp. (°C) 03 59

PSO P75 P95 IQR

12 19 36 12
114 1838 373 114
189 268 47 128
235 33.1 495 175
105 155 206 96

IQR interquartile range

PM, 5, PM, = particulate matter with an aerodynamic diameter < 2.5 and 10 um, respectively, BC black carbon, NO, = nitrogen dioxide
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(as a proxy for long-term exposure) to our main model
but found it not to be associated with the duration of
ventilation.

Discussion

In our study of ICU patients, requiring mechanical ven-
tilatory support for a diversity of reasons, ventilation
duration was significantly associated with pre-admis-
sion exposure to BC, PM,;, PM;, and NO,. For an
IQR higher air pollution exposure up to 10 days before

admission, the duration of ventilation was estimated
to be 7.8-12.4% longer. Our data were obtained in a
large and diverse ICU population, and the relationship
between air pollution exposure and duration of ventila-
tion was shown irrespective of preexisting lung disease
or ICU admission diagnosis.

It has been shown that medical and sociodemographic
characteristics [8, 10, 17] already present prior to ICU
admission contribute to the occurrence and severity of
organ failure including respiratory failure as well as the
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Table 3 Effect estimates of the association between ventilation duration (percentage change) and air pollutant exposure

up to 10 days before ICU admission

Air pollutant

BC (+ 1.2 pg/m?3)

Main model 2003  124(4.7,20.7)
Corrected for APACHE IV instead of SAPS3 2003 124 (4.7,20.6)
Accounting for exposure misclassification 2003 11(26,20)
Excl. patients coming from another ICU 1755  12.2(4,21)
Excl. COPD, asthma 1672 169(8.1,26.5)
Excl. respiratory?, neuromuscular comorbidities 1463 16.6 (7, 27)
Excl. respiratory?, neuromuscular comorbidities 1027 17.9 (6.5, 304)

& deaths

PM, s (+11.4 ug/m3)  PM,q (+12.8 ug/m3®  NO, (4 17.5 pg/m?)
79(05,15.9) 7.8(04,158) 8(0.2,164)
73(=08,16) 7.8(02,16.2) 8(0.2,164)
7.1(=1.0,158) 79(0.1,16.4) 8.1(=09,17.9)
73(—13,167) 85(0.1,17.6) 9.1(07,182)
115(24,21.5) 114(25,21) 10.5(1.8,19.8)
10(02,208) 102(0.7,207) 10.6 (1.4, 20.6)
84(—29,21) 9.1(=19213) 122(12,244)

The estimates represent the cumulative percentage change in ventilation duration for an IQR (ug/m3) increment in the air pollutant up to 10 days before the ICU

admission

All models were adjusted for long-term trends and seasonality, age, sex, BMI, smoking habit, SAPS3, day of the week, ICU origin and admission diagnosis

2 Including preexisting COPD, asthma and all other respiratory comorbidities

PM, 5, PM,, = particulate matter with an aerodynamic diameter < 2.5 and 10 um, respectively, BC black carbon, NO, = nitrogen dioxide

outcome in the critically ill. However, pre-admission
environmental factors have hardly been studied in this
context, or studies have found no effect (i.e., sunlight
exposure prior to ICU admission has been found not to
influence the incidence of ICU-acquired delirium) [18].
We are the first to report on the effect of pre-admission
air pollution exposure on the duration of mechanical
ventilation.

The findings of this study are of critical public health
importance because of the ubiquity of ambient air pollu-
tion. Short-term ambient particulate air pollution is inde-
pendently associated with daily all-cause, cardiovascular
and respiratory mortality [19, 20]. As such, air pollution
has important molecular and physiological effects on
the lung, an organ frequently failing in the critically ill. A
few recent studies have demonstrated some effects of air
pollution on the occurrence of (only) the acute respira-
tory distress syndrome (ARDS) and associated mortality.
Long-term ozone and PM, ; exposure are associated with
an increased risk for ARDS among older adults in the
USA [21] and in patients at risk for ARDS (e.g., trauma
patient, active smoker) [22]. Rush et al. [23] described
how chronic exposure to high levels of ozone and PM
results in higher mortality rates in ARDS patients, and
most recently, Reilly et al. [24] added long-term expo-
sure to low to moderate levels of sulfur dioxide, NO, and
carbon monoxide to the risk factors for ARDS in trauma
patients.

Our results indicate the acute effects of air pollution
on ventilation duration. Significant associations were
observed for lag0, representing the day of ICU admis-
sion, but positive estimates (close to significance for BC
and PM, ;) were also observed for lagl. A similar lagged

pattern (lag0 and lagl) has been shown in a recent study
investigating the association between the short-term
effect of ambient air pollution (PM; and PM, ;) and hos-
pital admission for respiratory diseases [25]. The mecha-
nism of this lagged pattern is not completely understood,
but (pulmonary and/or systemic) oxidative stress and
inflammation might be plausible biological mechanisms.
For example, in a prospective panel study, increased
blood levels of C-reactive protein and ICAM-1 were
observed for an increase in PM,, and ultrafine particles
with a delay of 1-2 days [26]. In 3996 individuals of the
Framingham Heart Study, elevated exposure to relatively
low levels of ambient air pollution for a few days was
associated with higher levels of biomarkers of systemic
inflammation (including C-reactive protein, interleukin-6
and tumor necrosis factor receptor 2) [27]. Therefore, it
is reasonable to assume that acute air pollution-induced
inflammation processes occur, at least in the lung, since
this is the primary site of inflammation. The effects of air
pollutants on the lung originate from extracellular acti-
vation of the inflammatory response and/or oxidative
stress-mediated inflammation in airway epithelial cells
[28].

Known detrimental effects of airway inflammation
comprise a reduction in pulmonary function, increased
airway reactivity with hypersecretion of mucus and
alterations in mucociliary activity [29]. The latter will of
course contribute to a protracted exposure of the airway
epithelium to toxic particles, thus generating a prolonged
inflammatory response. We hypothesize that inflamma-
tory reactions on the alveolar, airway and/or pulmonary
capillary level result in gas exchange impairment, thus
contributing to the lengthening of ventilation duration.
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Modern critical care does not only focus on the pre-
vention of primary ventilation-associated morbidities
such as ventilator-associated pneumonia or barotrauma
[30, 31] but also tries to prevent long-term sequela
related to prolonged mechanical ventilation by the use
of short-acting sedatives and daily appraisal of the need
for mechanical ventilation. Indeed, duration of ventila-
tion-related conditions such as cognitive impairment,
depression, neuro-myopathy and pulmonary function
alterations (e.g., reduced diffusion capacity) can persist
in the ICU survivor, resulting in a long-term need of
medical, psychological and/or physiotherapeutic care,
causing considerable economic burden [32, 33]. Our
data thus represent a novel and potentially modifiable
environmental risk factor, which, if improved, will not
only ameliorate the post-ICU quality of life but might
also reduce health care costs. The incentive to “clear the
air” will gain even more importance in the future, con-
sidering the projected increase in an aging [34] popula-
tion who are even more at risk for air pollution-related
respiratory diseases due to an age-related defective
mucociliary function in combination with decreased
muscle strength, compromising the ability to clear
inhaled particles [35, 36].

Our study was conducted in the northern part of Flan-
ders (Belgium), where levels of air pollutants continued
to decrease between 2010 and 2017. In 2017, the annual
levels of air pollutants in our study population nearly
reached the WHO standards for PM, 5 (12.8 vs. 10 pug/m?)
and for PM,, (20.2 vs. 20 pg/m?®) and even dived under
the limit for NO, (23.4 vs. 40 pg/m?®) (Table Electronic
supplement) [1]. The European Union (EU) air qual-
ity directives are less stringent (annual limits 25 pg/m?
for PM, ;, 40 pg/m? for PM,, and NO,) than the WHO
guidelines. In light of the fact that we found significant
effects on duration of ventilation at air pollution levels
well below the EU limits, our findings support a further
down-revision of the current EU air pollution directives
in the direction of the WHO guidelines.

Our findings need to be interpreted within the con-
text of its strengths and limitations. Although we used
validated exposure models, there might be some expo-
sure misclassification. For example, we interpolated
daily exposure levels at the residence without taking
the amount of exposure at the address of employment
or the time spent indoors into account. However, con-
sidering the higher age and expected preexisting health
problems in our study population, we may assume that a
considerable portion of time before admission was spent
at the home address. Furthermore, a number of patients
had been admitted to our hospital some days before
ICU admission, thus generating some exposure misclas-
sification. However, it is reasonable to assume that the

exposure misclassification is random, resulting in an
underestimation of effect estimates [37, 38]. Moreover,
our findings stayed robust after accounting for possible
exposure misclassification and excluding patients com-
ing from another hospital ICU. In terms of validity of the
exposure model, we showed that the estimated long-term
residential exposure correlates with the internal nano-
sized carbon load in urine [39].

Secondly, we recognize the multifactorial character of
ventilation duration, but we wish to emphasize that the
use of short-acting sedatives, lung-protective ventilation
and spontaneous breathing trials has been the main-
stay of ICU ventilation care in the Antwerp University
Hospital before, during and after the study period. Any
differences in duration of ventilation are therefore not
attributable to physician-specific particularities, but
a priori to (preexistent) patient characteristics. Addi-
tionally, our findings were robust after adjusting for
APACHE 1V, excluding all patients with preexisting lung
disease (COPD and asthma) or other comorbidities and
even after excluding the patients that died in the ICU to
account for the competing risk of early mortality. Thirdly,
due to patient heterogeneity in the intensive care and
random exposure misclassification—which cannot be
ruled out in epidemiology—we observed relatively wide
confidence intervals around our estimates. Finally, we
could not retrieve information on socioeconomic status
(SES). Although SES is important in long-term exposure
outcomes, it is less likely to be an important confounder
in acute exposure studies as no relation between short-
term temporal differences in air pollution exposure and
SES is expected.

Conclusion

Our results add to the growing body of evidence that
links air pollution exposure to respiratory health. Our
study is the first to examine the effect of pre-admission
ambient air pollution on duration of artificial ventilation
in the ICU. Our results suggest that a further optimiza-
tion of air quality could influence ICU-related morbidity
and—although not directly studied—ICU-related health
costs. Our study also demonstrates that exposure to
“low-level” air pollution prior to mechanical ventilation is
clinically relevant.
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