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Abstract
Background Air pollution exposure is one of the major risk factors for aggravation of respiratory diseases.
We investigated whether exposure to air pollution and accumulated black carbon (BC) particles in blood
were associated with coronavirus disease 2019 (COVID-19) disease severity, including the risk for
intensive care unit (ICU) admission and duration of hospitalisation.
Methods From May 2020 until March 2021, 328 hospitalised COVID-19 patients (29% at intensive care)
were recruited from two hospitals in Belgium. Daily exposure levels (from 2016 to 2019) for particulate
matter with aerodynamic diameter <2.5 µm and <10 µm (PM2.5 and PM10, respectively), nitrogen dioxide
(NO2) and BC were modelled using a high-resolution spatiotemporal model. Blood BC particles (internal
exposure to nano-sized particles) were quantified using pulsed laser illumination. Primary clinical
parameters and outcomes included duration of hospitalisation and risk of ICU admission.
Results Independent of potential confounders, an interquartile range (IQR) increase in exposure in the
week before admission was associated with increased duration of hospitalisation (PM2.5 +4.13 (95% CI
0.74–7.53) days, PM10 +4.04 (95% CI 1.24–6.83) days and NO2 +4.54 (95% CI 1.53–7.54) days); similar
effects were observed for long-term NO2 and BC exposure on hospitalisation duration. These effect sizes
for an IQR increase in air pollution on hospitalisation duration were equivalent to the effect of a 10-year
increase in age on hospitalisation duration. Furthermore, for an IQR higher blood BC load, the OR for
ICU admission was 1.33 (95% CI 1.07–1.65).
Conclusions In hospitalised COVID-19 patients, higher pre-admission ambient air pollution and blood BC
levels predicted adverse outcomes. Our findings imply that air pollution exposure influences COVID-19
severity and therefore the burden on medical care systems during the COVID-19 pandemic.

Introduction
The coronavirus disease 2019 (COVID-19) pandemic presented a challenge for healthcare burden
worldwide. Patients with COVID-19 who are admitted to hospital are usually stratified for risk on the basis
of age [1], obesity [1, 2] or with underlying diseases such as diabetes mellitus [3] and cardiovascular
disease [4]. The burden of morbidity and mortality of COVID-19 has also varied across geographical
location, which supports a link between environmental factors and severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) transmission and COVID-19 susceptibility, severity and outcome [5].
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Ambient air pollution constitutes a serious risk factor not only for the emergence of respiratory and/or viral
infections, but also for the development of reduced pulmonary function and/or aggravation of existing
pulmonary diseases [6, 7]. During the COVID-19 pandemic, air pollution concentrations were lower than
before the pandemic [8], due to the positive impact of several lockdown-related effects such as less traffic
and reduced industrial activities on air quality. During the pandemic, the attributable relative risk factor of
black carbon (BC) exposure levels on human health was significantly lower than before the pandemic [8].
Nonetheless, emerging data from epidemiological studies also suggest that not only genetics but also air
pollution may modulate the risk of disease by increasing patient susceptibility to infection, including
COVID-19. Experimental data support an important role of the angiotensin-converting enzyme 2 (ACE2)
receptor, which is used by SARS-CoV-2 to infiltrate target cells, in the pathophysiology of infection [9].
Indeed, studies showed that susceptibility to COVID-19 infection was correlated with ACE2 expression in
cell lines [6, 7, 10–15]. Therefore, it is hypothesised that a higher ACE2 protein level might be associated
with a higher local viral load, and long-term exposure to PM2.5 has been shown to increase the expression
of ACE2 and transmembrane protease serine type 2, proteins critical to SARS-CoV-2 entry into mice and
host cells [16, 17].

Pathophysiologically, the inhalation of elevated concentrations of air pollution results in inflammation
processes of mucus membranes in the pulmonary tract and is a factor that could further influence the
process of a COVID-19 infection-related lung disease. However, the earliest epidemiological studies
assessing the relationship between air pollution and COVID-19 incidence have been subject to
methodological limitations that may introduce bias and limit causal inference [5, 18–20]. More recently,
several studies have demonstrated associations between long-term air pollution and hospitalisation risk,
intensive care unit (ICU) admission risk and mortality using patient-level data [21–27]. Currently,
important indicators related not only to disease severity but also pressure on healthcare systems such as
duration of hospitalisation have not been investigated in cohort studies.

Recently, we showed that short-term exposure to particulate and gaseous air pollution prior to hospital
admission is an important and modifiable risk factor that prolongs the duration of ventilation in
non-COVID-19 critically ill patients [28]. Furthermore, recent evidence demonstrates that air pollution may
be associated with COVID-19 disease severity. We therefore investigated whether long-term but also
short-term exposure to air pollution prior to hospital admission explains the variable clinical and thus
individualised course observed in hospitalised COVID-19 patients by examining duration of hospitalisation
and risk of ICU admission, while also using a novel individual marker of BC exposure. Additionally, we
aimed to estimate potential healthcare costs associated with air pollution exposure in this context by
making a health-economical translation based on our findings.

Methods
Study design and participants
In total, we included 328 hospitalised patients with PCR-confirmed COVID-19. 283 were recruited at the
time of admission to Hospital VITAZ Sint-Niklaas (Sint-Niklaas, Belgium), including 233 hospitalised at
the general COVID-19 ward and 50 patients who required intensive care soon after admission.
Additionally, within the same catchment area, 45 intensive care patients from Antwerp University Hospital
(Edegem, Belgium) were recruited, who had been admitted to the ICU within 24 h after hospital
admission. Patients were recruited between May 2020 and March 2021. To be eligible, patients had to be
⩾18 years old, tested positive for COVID-19 by PCR, not included in other ongoing clinical intervention
studies and not relocated during the last 3 years. The participants enrolled in our study were not vaccinated
at the time of the study. Based on information in the clinical records of the patients and the available
information about dominant SARS-CoV-2 virus variant spread in Belgium and PCR tests, patients infected
between May 2020 and 13 February 2021 were infected by the (original) Wuhan variant of the virus,
while the majority of the patients recruited from 14 February 2021 until March 2021 were infected by the
alpha variant of the virus.

Five patients (1.5%) living outside of Belgium had no information on residential exposure to air pollutants
and were therefore excluded from analyses involving modelled air pollution exposures. Written informed
consent was obtained from all participants or their closest relatives and ethical approval was given by the
ethical committee of Hospital VITAZ, Antwerp University Hospital (EC20/25/323) and Hasselt University
(B2020115000006).

Demographic and clinical characteristics, such as ethnicity, sex, age, body mass index (BMI), smoking
status (active smoker, ex-smoker or never-smoker) and blood pressure on admission at the hospital were
obtained from the medical records.
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We obtained information on education and occupation via questionnaire. Educational attainment was
assessed as the highest educational level successfully completed using the International Standard
Classification of Education. Educational level was coded as low, middle and high. Occupation was
assessed using the International Standard Classification of Occupations. We chose not to ask participants
about personal income because, based on experience in other population-based studies in Belgium, this
question is often considered a violation of privacy [29, 30]. Besides the aforementioned individual
socioeconomic status indicators, we also determined neighbourhood income (median annual household
income), as this might reflect contextual associations and the geographical dispersion of potential risk
factors [31]. More details can be found in the supplementary material.

Blood and urine samples were collected at admission to the ward. Subsequently, the values of more
general biochemical and haematological measurements were determined at the time of admission
(including C-reactive protein, absolute white blood cell count, and number of monocytes, eosinophils,
lymphocytes, neutrophils and platelets). Primary clinical outcomes used in this study included the duration
of hospitalisation (defined as the total number of days that patients remained hospitalised from the date of
hospitalisation until the date of hospital discharge) and ICU admission.

Secondary end-points included vasopressor usage (noradrenaline, adrenaline or vasopressin, as well as the
total duration in days), necessity for invasive ventilation and blood oxygen saturation (determined in the
blood sample at the time of admission to the ward). The arterial oxygen tension/inspiratory oxygen fraction
(PaO2

/FIO2
) ratio on admission was recorded, a validated score to measure the impairment of oxygen uptake

in severely impaired lungs.

We also collected data on parameters of comorbidity (Charlson Comorbidity Index (CCI) [32]) and the
early warning score [33–35], a scoring system which assists with the detection of changes in vital signs
and may help to identify patients at risk for further clinical deterioration.

Residential ambient air pollution exposure
Daily residential exposure (µg·m−3) to particulate matter with aerodynamic diameter <2.5 µm (PM2.5),
particulate matter with aerodynamic diameter <10 µm (PM10), BC and nitrogen dioxide (NO2) was
estimated using a spatiotemporal interpolation method. Validation statistics of the model indicated that the
spatiotemporal variability was explained by 80% for PM2.5 [36], 70% for PM10, 74% for BC [37] and
78% for NO2 [36]. The model was further validated by a study that showed that urinary BC load was
associated with annual residential modelled concentration [38]. We refer to the supplementary material for
more details on the exposure modelling.

Blood BC load
The internal BC load was quantified in whole blood using a specific and sensitive detection technique
based on white light generation of carbonaceous particles under femtosecond pulsed illumination as
previously reported [39]. More details can be found in the supplementary material.

Statistical analyses
Statistical analyses were performed using R version 4.0.2 (www.r-project.org). The threshold for statistical
significance was set at the 95% confidence limit (α=5%). We used multiple linear regression models to
assess the association between predefined outcomes and recent, long-term ambient air pollution as well as
the internal BC load. We determined Pearson correlation coefficients between the different short-term and
long-term air pollution exposures (supplementary table S1). Outcomes were divided into primary and
secondary outcomes. Primary outcomes included the duration of hospitalisation and risk of ICU admission.
Secondary outcomes included early warning scores, PaO2

/FIO2
ratio and blood oxygen saturation at the time

of admission

Distributed lag models (DLMs; using R package “dlnm” version 2.4.7) were used to estimate day-specific
associations between short-term exposure to air pollutants up to 30 days before admission. More details
about the DLMs can be found in the supplementary material.

Binomial logistic regression models were used to estimate the odds ratios for admission to the ICU, risk of
ventilation and vasopressor usage.

All models were adjusted for the following previously reported risk factors and potential confounders: age,
sex, BMI, education, neighbourhood median income, smoking status, average temperature at the day of
admission, CCI and estimated virus variant (based on the dominant virus variant in Belgium at the time of
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admission). Additionally, we used generalised additive models to account for date of admission using a
smoothed term for this covariate. Using this smoothed term for date of admission indicated better fit to the
data than adjusting for date of admission as either linear or quadratic terms. Finally, a sensitivity analysis
was conducted to exclude a hospital-related bias by dropping the smallest patient cohort (patients from
Antwerp University Hospital) from the main analysis.

Results
Study population
From May 2020 to March 2021, 328 participants were recruited (table 1). The patients were on average aged
65.7 years (range 20.1–98.3 years) and included 148 (43.6%) women. 179 (56.6%) patients had congestive
heart failure, 73 (22.3%) had diabetes and 63 (19.2%) had cancer. The mean±SD early warning score at
admission was 3.1±2.2. Most patients obtained a secondary education degree (n=179 (54.8%)), whereas 92
(28.0%) obtained a primary education degree or no degree at all and 57 (17.4%) obtained a college or
university degree. A large proportion of the patients were of Caucasian ethnicity (n=281 (85.7%)). Patients of
North-African ethnicity represented the second largest proportion (n=32 (9.8%)). Most patients were
never-smokers (n=172 (52.4%)), whereas nine patients (2.7%) were active smokers.

The distribution of the average residential exposure to PM2.5, PM10, BC and NO2 (2 days and 7 days
before admission, and average chronic exposure from 2016 to 2019) is presented in table 2. The measured

TABLE 1 Demographic and medical characteristics of the study population (n=328)

Demographic characteristics
Age (years) 65.7±16.7
BMI (kg·m−2) 28.0±5.5
Male 185 (56.4)
Ethnicity
Caucasian 281 (85.7)
North-African 32 (9.8)
Middle-Eastern 7 (2.1)
Asian 6 (1.8)
Black-African 2 (0.6)

Education
Low 92 (28.0)
Medium 179 (54.8)
High 57 (17.4)

Smoking status
Active smoker 9 (2.7)
Ex-smoker 146 (44.5)
Never-smoker 172 (52.4)
Passive smoker 1 (0.3)

Medical characteristics
Blood oxygen saturation (%) 95.81±4.05
CRP (mg·dL−1) 77.34±69.10
PaO2

/FIO2
ratio 286.23±88.80

Neutrophil count (×103 μL−1) 5.65±3.40
Eosinophil count (×103 μL−1) 0.05±0.26
Monocyte count (×103 μL−1) 0.93±1.81
Platelet count (×103 μL−1) 214.71±83.39
Intensive care patients 95 (29.0)
Patients with vasopressor usage 34 (10.4)
Patients requiring ventilation 78 (23.8)
Duration of hospitalisation (days) 16.9±19.8
Early warning score 3.10±2.16
Charlson Comorbidity Index
0 98 (30.0)
1–2 120 (36.6)
3–4 65 (19.8)
⩾5 45 (13.7)

Data are presented as mean±SD or n (%). BMI: body mass index; CRP: C-reactive protein; PaO2
: arterial oxygen

tension; FIO2
: inspiratory oxygen fraction
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BC particles in blood were significantly correlated with the modelled chronic exposure levels to BC
(Spearman’s r=0.48, p<0.01) (supplementary figure S1).

The average duration of hospitalisation was 16.9 days (table 1). The duration of hospitalisation was
significantly associated with several demographic variables. Patient age was the strongest determining
demographic factor explaining the duration of hospitalisation (supplementary table S2). While controlling
for all other demographic and clinical variables (sex, BMI, education, median neighbourhood income,
smoking status, day of admission, average temperature at the day of admission, CCI and estimated virus
variant), for each 10-year increase in age, the duration of hospitalisation increased by 2.36 days (p<0.01).
Furthermore, men had a longer duration of hospitalisation on average than women (+3.99 days on average;
p=0.07). Date of admission was also correlated with the duration of stay (p<0.01). None of the other
covariates were significantly correlated with the duration of hospitalisation.

Duration of hospitalisation
Using DLMs, we investigated day-specific differences in the duration of hospitalisation for increases in
exposure to air pollutants 30 days before hospital admission (figure 1). The DLM identified the week
before hospitalisation as the most significant recent exposure window (for PM2.5, PM10 and NO2 exposure)
associated with the duration of hospitalisation.

Using average exposures calculated for short-term (2 and 7 days before admission) and long-term
exposures, we observed that both short- and long-term exposures to PM2.5, PM10 and NO2 were associated
with increases in the duration of hospitalisation (table 3). On average, the duration of hospitalisation
increased by 3–5 days for an interquartile range (IQR) increase in short-term exposure 7 days before
admission (PM2.5 +4.13 (95% CI 0.74–7.53) days, PM10 +4.04 (95% CI 1.24–6.83) days and NO2 +4.54
(95% CI 1.53–7.54) days).

We observed a significant moderating effect of patient sex on the association between the duration of
hospitalisation and air pollutant exposure, with the effect of long- and short-term PM2.5 and PM10 exposures
being more pronounced for men than for women (p-value for interactions <0.05) (figure 2d). Similarly, the
effect of short-term (but not long-term) NO2 exposure was more pronounced in men (p-value for interaction
0.01). Patient BMI and diabetes did not moderate the same associations (p-value for interactions >0.05).

We used co-pollutant models to potentially identify key long-term pollutants (supplementary table S3). We
noted that the previously observed effects of long-term NO2 (+4.39 (95% CI 1.12–6.78) days) and BC
(+3.48 (95% CI 0.61–6.36) days) exposures on the duration of hospitalisation remained significant in the
two-pollutant models that included both PM10 and either NO2 or BC exposure, respectively.

TABLE 2 Descriptive characteristics of the average exposure to air pollutants 2 and 7 days before admission,
as well as long-term exposure (average exposure from 2016 to 2019)

Minimum Quartile 1 Median Quartile 3 Maximum IQR

PM2.5 (µg·m
−3)

2 days 3.85 7.20 10.32 10.32 49.35 3.12
7 days 3.79 8.70 11.24 16.08 30.84 7.38
Long-term 10.26 13.20 13.42 13.76 14.24 0.56

PM10 (µg·m
−3)

2 days 8.90 13.90 17.50 29.70 63.15 15.80
7 days 9.39 15.23 19.44 23.09 42.36 7.85
Long-term 15.50 20.87 21.26 21.63 22.75 0.76

BC (µg·m−3)
2 days 0.10 0.41 1.03 46.5 294.7 46.1
7 days 0.11 0.49 0.97 50.2 160.2 49.74
Long-term 0.66 0.86 0.91 1.01 1.38 0.15

NO2 (µg·m
−3)

2 days 4.25 10.24 14.07 19.45 19.45 9.21
7 days 4.03 10.97 13.65 17.13 28.47 6.16
Long-term 10.72 15.97 17.77 20.13 30.43 4.16

IQR: interquartile range; PM2.5: particulate matter with aerodynamic diameter <2.5 µm; PM10: particulate matter
with aerodynamic diameter <10 µm; BC: black carbon; NO2: nitrogen dioxide.
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We ran models mutually adjusted for long-term and short-term exposure (supplementary table S4). For the
mutually adjusted models, short-term exposure was defined as the average exposure 7 days before
admission to the hospital. In the mutually adjusted models, effects for ambient PM2.5 and PM10 remained
significant for short-term exposures, while for long-term exposures, BC exposure remained significant in
the mutually adjusted model.

Finally, as a sensitivity analysis we additionally adjusted for diabetes and last known occupation. While
adjusting for diabetes (supplementary table S5), we observed no notable difference in the previously
reported effect estimates. When adjusting for occupation (supplementary table S6), we observed
non-significant trends for short-term average PM2.5 (+3.40 (95% CI −0.08–6.88) days) and NO2

(+1.55 (95% CI −0.74–5.35) days) exposures that were significant in the main models. However, effect
estimates and overall confidence intervals remained largely comparable. Finally, excluding the smallest
patient cohort (Antwerp University Hospital) did not alter the aforementioned findings (supplementary
table S10).

0.5

1.0

a) PM2.5

0.0

–0.5

–1.0

D
iff

e
re

n
ce

 in
 d

u
ra

ti
o

n
 o

f 
st

a
y 

(d
a

ys
)

0 5 10 15 20 25 30

Day before admission

0.5

1.0
b) PM10

0.0

–0.5D
iff

e
re

n
ce

 in
 d

u
ra

ti
o

n
 o

f 
st

a
y 

(d
a

ys
)

0 5 10 15 20 25 30

Day before admission

0.5

1.0

d) BC

0.0

–0.5

–1.0

D
iff

e
re

n
ce

 in
 d

u
ra

ti
o

n
 o

f 
st

a
y 

(d
a

ys
)

0 5 10 15 20 25 30

Day before admission

1

2c) NO2

0

D
iff

e
re

n
ce

 in
 d

u
ra

ti
o

n
 o

f 
st

a
y 

(d
a

ys
)

0 5 10 15 20 25 30

Day before admission

FIGURE 1 Day-specific estimates for the association between a) particulate matter with aerodynamic diameter
<2.5 µm (PM2.5), b) particulate matter with aerodynamic diameter <10 µm (PM10), c) nitrogen dioxide (NO2) and
d) black carbon (BC) exposure and the duration of hospitalisation. The estimates are represented for a
5 µg·m−3 increase in PM2.5, PM10 and NO2 exposure, and a 0.5 µg·m−3 increase in BC exposure using distributed
lag models. The 95% confidence interval upper and lower limits are shown. All models were adjusted for age,
sex, body mass index, education, neighbourhood median income, smoking status, day of admission, average
temperature at the day of admission, Charlson Comorbidity Index and estimated virus variant.
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Risk of admission to the ICU
The distribution of air pollution long-term exposure to both ambient pollutants and blood BC particles
differed significantly between ICU and non-ICU hospitalised patients (figure 2a and b).

The odds of admission to the ICU were significantly associated with the blood BC particle load (figure 2c).
The OR for an IQR increase (+9.27×105 particles per mL blood) in measured particles was 1.33 (95% CI
1.07–1.65). Long-term exposure to air pollutants was also associated with the odds of admission to the
ICU (table 4). An IQR increase in long-term BC and NO2 exposure was associated with an OR of 2.30
(95% CI 1.64–3.22) and 2.58 (95% CI 1.79–3.71), respectively.

In addition to long-term exposure, we observed a significant increase in the odds of admission to the ICU
for an IQR increase in the average exposure to NO2 1 week before admission (OR 2.05 (95% CI 1.34–
3.13)). Sensitivity analysis revealed that excluding the patients recruited from Antwerp University Hospital
did not significantly alter the aforementioned associations (supplementary table S11).

Secondary outcomes
We observed significant associations between short-term exposure to PM2.5, PM10 and NO2 and early
warning scores at the time of admission (supplementary table S7). An IQR increase in average PM10

exposure 7 days before admission was associated with a 0.32-point increase in the early warning score on
average (p=0.05). The early warning score was not associated with long-term air pollutant indicators. Risk
of ventilation was associated with short-term exposure to NO2 (OR 2.12 (95% CI 1.35–3.34)) (table 4). In
addition, long-term exposure to air pollutants was associated with the risk of ventilation (figure 2c and
table 4). For an IQR increase in long-term PM10, BC and NO2 exposure, the ORs for the risk of ventilation
were 1.39 (95% CI 1.03–1.89), 1.96 (95% CI 1.43–2.70) and 1.98 (95% CI 1.41–2.79), respectively.

Regarding vasopressor use, short-term NO2 exposure was associated with higher odds for vasopressor
usage (OR 2.99 (95% CI 1.58–5.68)) (table 4). Long-term ambient air pollution was associated with
increased odds of vasopressor usage (figure 2c). For an IQR increase in long-term NO2 and BC exposure,
the ORs were 2.79 (95% CI 1.75–4.45) and 2.58 (95% CI 1.70–3.92), respectively. Furthermore, an IQR
increase in number of BC particles (+9.27×105 particles per mL blood) was associated with higher risk of
vasopressor usage (OR 1.37 (95% CI 1.33–1.41)).

TABLE 3 Associations between average air pollutant exposure and blood black carbon (BC) load and the
duration of hospitalisation (n=328)

Estimate (95% CI) (days) p-value

PM2.5

2 days +0.81 (−0.05–1.68) 0.06
7 days +4.13 (0.74–7.53) 0.02
Long-term +0.47 (−2.05–2.99) 0.72

PM10

2 days +3.63 (0.24–7.03) 0.04
7 days +4.04 (1.24–6.83) 0.01
Long-term +1.44 (−0.38–3.26) 0.12

BC
2 days +2.91 (−0.48–6.30) 0.09
7 days +3.62 (−2.44–9.67) 0.24
Long-term +2.33 (0.22–4.40) 0.02

NO2

2 days +3.59 (0.36–6.82) 0.03
7 days +4.54 (1.53–7.54) <0.01
Long-term +3.21 (0.83–5.59) 0.01

Blood BC load +0.95 (−0.73–2.63) 0.27

Estimates were determined using linear multiple regression models and are represented for an interquartile
range increase in the exposure. PM2.5: particulate matter with aerodynamic diameter <2.5 µm; PM10: particulate
matter with aerodynamic diameter <10 µm; NO2: nitrogen dioxide. All models were adjusted for age, sex, body
mass index, education, neighbourhood median income, smoking status, day of admission, average temperature
at the day of admission, Charlson Comorbidity Index and estimated virus variant.
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Long-term BC and NO2 exposures were associated with lower PaO2
/FIO2

ratios: −30.2 (95% CI −41.8–
−18.6) and −35.2 (95% CI −48.6–−21.8), respectively (supplementary table S8). Average NO2 exposure
1 week before admission was also associated with lower PaO2

/FIO2
ratios (−26.9 (95% CI −44.6–−9.1)).

Finally, we observed a trend toward higher risk of ventilation with increasing BC load (OR 1.18 (95% CI
0.96–1.45)).

No associations were found between air pollutant exposure and blood oxygen saturation (supplementary
table S9).
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aerodynamic diameter <10 µm (PM10), NO2, BC and blood BC load. d) Interaction effect between average
exposure to particulate matter with aerodynamic diameter <10 µm (PM10) 1 week before admission and patient
sex (p-value for interaction 0.04) on the duration of hospitalisation. Sample size was 308 for blood BC load
measurements, since 20 blood samples were missing. Other analyses included all 328 participants (n=328). All
model estimates are represented for an interquartile range increase in the exposure (long-term PM10

+0.76 µg·m−3, NO2 +4.16 µg·m−3, BC +0.15 µg·m−3 and blood BC +9.27×105 particles per mL blood; short-term
PM2.5 +0.56 µg·m−3), and were adjusted for age, sex, body mass index, education, smoking status, day of
admission, average temperature at the day of admission, Charlson Comorbidity Index and virus variant.
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Discussion
Inhalation of elevated concentrations of air pollutants results in inflammation processes of mucus
membranes in the pulmonary tract and is a factor that could influence the process of
SARS-CoV-2 infection. In this context, we investigated whether exposure to air pollutants (both recent and
long-term exposure as well as ambient and internal markers of exposure, including blood BC load) was
associated with disease severity and clinical outcomes in phenotypically well-characterised hospitalised
COVID-19 patients. We observed associations between short- and long-term PM2.5, PM10 and NO2

exposure and several clinical features during COVID-19 hospitalisation, including duration of
hospitalisation, ventilation risk and risk for admission to the ICU. Our findings show that exposure to air
pollutants, both recent and long-term exposures, at relatively low levels has a significant impact on disease
severity and progression for COVID-19 patients. The public health and clinical significance of our findings
should not be understated, as we showed that the effect magnitude of an IQR increase in long-term air
pollution (e.g. an increase in NO2 by 4.16 µg·m−3) on the duration of hospitalisation was roughly
equivalent to the effect on hospitalisation of a 10-year increase in age. The clinical significance of our
findings is further evident from clinical interventions (with interleukin (IL)-6 receptor antagonist [40],
remdesivir [41], and the triple combination of interferon (IFN)-β1b, lopinavir–ritonavir and ribavirin [42])
on account of the reduction in the number of hospitalisation days, reported to be 5–10 days in these trials.
Therefore, based on our observed effects of air pollution exposure on hospitalisation duration, it is clear
that for relevant improvements in air quality, even at relatively low concentrations, health gains are of the
order of 40–80% of the aforementioned proven novel therapies. These findings reinforce the existing call
for action to reduce air pollution levels in order to limit the burden of COVID-19 and improve respiratory
health worldwide [43]. Our study also confirmed previously identified important factors of COVID-19
disease severity, namely patient sex. Although some studies noted a significant association between BMI
and COVID-19 severity in hospitalised patients [1, 2], others have not observed this effect [44]. In the
latter study by PLATAKI et al. [44], it was suggested that the effect of BMI on COVID-19 susceptibility and
severity may be mediated through other comorbidities and might be population dependent. We found that
patient sex modified the association between short-term PM2.5 exposure and the duration of hospitalisation,
with more pronounced associations in men than in women. This might be explained by underlying
comorbidities that have a higher prevalence in men. However, our results suggest that the effect
modification of sex for COVID-19 disease severity of hospitalised patients by air pollution cannot be

TABLE 4 Odds ratios for admission to the intensive care unit (ICU), risk of ventilation and vasopressor usage in
association with average air pollutant exposures and blood black carbon (BC) load (n=328)

Air pollutant ICU admission
(n=95 (29.0%))

On ventilation
(n=78 (23.8%))

Vasopressor use
(n=34 (10.4%))

OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value

PM2.5

2 days 0.96 (0.85–1.08) 0.51 0.97 (0.86–1.10) 0.68 0.90 (0.74–1.09) 0.28
7 days 1.02 (0.97–1.06) 0.94 1.18 (0.73–1.90) 0.50 1.30 (0.63–2.69) 0.47
Long-term 0.79 (0.57–1.10) 0.16 1.08 (0.75–1.54) 0.69 0.68 (0.43–1.09) 0.11

PM10

2 days 0.98 (0.62–1.55) 0.93 1.01 (0.62–1.65) 0.97 0.76 (0.36–1.58) 0.46
7 days 1.17 (0.81–1.70) 0.40 1.28 (0.93–1.75) 0.23 1.22 (0.71–2.10) 0.48
Long-term 1.26 (0.96–1.65) 0.09 1.39 (1.03–1.89) 0.03 1.42 (0.93–2.19) 0.11

BC
2 days 1.20 (0.79–1.84) 0.40 1.21 (0.75–1.95) 0.42 1.18 (0.68–2.05) 0.56
7 days 0.91 (0.44–1.88) 0.81 0.96 (0.45–2.05) 0.91 1.65 (0.58–4.68) 0.35
Long-term 2.30 (1.64–3.22) <0.01 1.96 (1.43–2.70) <0.01 2.58 (1.70–3.92) <0.01

NO2

2 days 1.44 (0.94–2.22) 0.09 1.37 (0.86–2.17) 0.18 1.75 (0.62–4.93) 0.09
7 days 2.05 (1.34–3.13) <0.01 2.12 (1.35–3.34) <0.01 2.99 (1.58–5.68) <0.01
Long-term 2.58 (1.79–3.71) <0.01 1.98 (1.41–2.79) <0.01 2.79 (1.75–4.45) 0.08

Blood BC load 1.33 (1.07–1.65) 0.01 1.18 (0.96–1.45) 0.12 1.37 (1.33–1.41) 0.02

Estimates were determined using binomial logistic regression models and are represented for an interquartile
range increase in the exposure. PM2.5: particulate matter with aerodynamic diameter <2.5 µm; PM10: particulate
matter with aerodynamic diameter <10 µm; NO2: nitrogen dioxide. All models were adjusted for age, sex, body
mass index, education, smoking status, day of admission, average temperature at the day of admission and
Charlson Comorbidity Index.
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explained fully by differences in comorbidities, since we accounted for the CCI. Therefore, other
susceptibility or biological factors might also be involved.

Several mechanism might explain the observation of disease severity of hospitalised COVID-19 and air
pollution [5]. First, air pollution might exacerbate comorbidities and other respiratory conditions associated
with severe COVID-19. Second, air pollution might modify host susceptibility to infection and/or disease
severity through immune response modification. Finally, air pollution might render the host defence
mechanisms weakened by promoting host pathogen invasion when damaged by particulate invasion, and
causes systemic inflammation including oxidative stress [45–49], influences lung epithelium integrity [50]
and could imbalance the immune system. Severe COVID-19 is associated with high inflammation and
elevated levels of inflammatory cytokines. Exposure to ambient pollutants may worsen and/or sustain this
inflammatory storm that is triggered by SARS-CoV-2 infection, including ILs, IFNs, tumour necrosis
factor, colony-stimulating factors, the chemokine family and growth factors [45]. These inflammatory
processes in the mucus membranes of the pulmonary tract can result in pulmonary dysfunction, which in
turn would have a negative impact on disease progression of COVID-19 infection.

Complementary to evidence of these plausible pathophysiological mechanisms, epidemiological data show
an association between air quality and the incidence of COVID-19 in the population, the risk for
hospitalisation and regional mortality [5, 25, 51–57]. However, most studies to date, although reporting
robust data, have some methodological shortcomings, associating group-level air pollution exposures with
aggregate COVID-19 outcomes over a broad area, relying on COVID-19 disease incidence estimated from
surveillance data [5, 51–53, 55–58] or not including short-term exposures to high concentrations of
pollutants, such as might be experienced during a wildfire event [57]. Therefore, our data support the
suggestion that studies investigating the relationship between air pollution and COVID-19 incidence could
benefit significantly from personal monitoring to estimate individual-level air pollution exposures [5].

The most important limitation of our study is the limited sample size. Therefore, it is difficult to assess to
what extent the study participants were representative for other populations. Further studies are required to
substantiate our current observations on hospital-related outcomes as well as on the potential role of air
pollution on “long COVID”. Additionally, studies aiming to obtain more insight on the role of air
pollution and the ACE2 receptor in COVID-19 disease progression would be beneficial. Additionally, we
identified the first week before hospital admission as a potentially vulnerable time period for air pollution
exposure. In this time period, it may be the case that patients were already showing symptoms of
COVID-19 and therefore self-isolating at home. However, we believe the determined air pollution
exposures reflect the indoor pollution levels relatively accurately. Studies have previously reported high
correlations between indoor and outdoor air pollution, with correlation coefficients ranging between 0.40
and 0.79 [59–61]. Furthermore, we would argue that in the case that most participants self-isolated at home
in the time period before hospital admission, this would actually reduce potential exposure
misclassification due to participants not being at home 100% of the time and therefore improve our
modelled air pollution estimates. Nevertheless, the ambient air concentrations in the current study area are
representative for large European areas and our study sample included patients with a socioeconomic
background based on educational level which is in line with the distribution in the general population.

On the other hand, we had well-characterised patients, with patient-level data about socioeconomic status,
age, sex, BMI, smoking status and comorbidities for all participants, which allowed us to account for these
potential confounding factors and avoid ecological bias. The participants enrolled in our study were
unvaccinated and infected by the contemporary virus strains in the interval from May 2020 to March 2021,
and findings were independent of seasonality, the date of admission and meteorological conditions such as
the average temperature at the day of admission, which further reduces the risk our findings were
confounded by external factors that could be related to both the clinical outcomes and air pollution
exposure.

We took several parameters that could explain temporal patterns into account, including date (as smoothed
term), season of admission, dominant virus strains and ambient temperature. In addition, the period of this
study was before the start of the vaccination campaign in Belgium. For these reasons, we do not believe
that temporal effects could have biased our studied outcomes. Furthermore, COVID-19 patients were
always transferred to hospitals with sufficient capacity. During this study, patients were only discharged
from the hospital if physiological parameters (including haemodynamic characteristics, patient mobility and
need for oxygen support) were stable. Hospital data showed that the average duration of stay of COVID-19
patients was not significantly shorter during the peak months of the pandemic than during the other
months in the period of this study.
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Furthermore, we used validated high-resolution spatiotemporal models to estimate air pollutant exposure.
Additionally, we confirmed that external exposure was linked with internal exposure (blood BC load).
Despite the limited sample size, we observed significant and relatively large effects at low levels of air
pollution exposure (in 2017, long-term PM2.5 exposure in Flanders averaged 12.8 µg·m−3) and therefore
representative for large parts of the world.

Overall, our study in COVID-19 patients supports the concept that air pollution even at low levels is one
of the factors that determines individualised disease severity or adverse COVID-19 outcomes in
hospitalised COVID-19 patients, with important consequences on hospital burden and healthcare costs
during the pandemic. Furthermore, improvement in air quality might lead to health effects comparable to
50% of the effect seen with novel clinical medical interventions (IL-6 receptor antagonist, remdesivir, and
the triple combination of IFN-β1b, lopinavir–ritonavir and ribavirin) [40–42]. Further studies are required
to substantiate our current observations on hospital-related outcomes as well as on the potential role of air
pollution on “long COVID”. Additionally, studies aiming to obtain more insight on the role of air
pollution and the ACE2 receptor in COVID-19 disease progression would be beneficial.

Acknowledgements: We would like to thank the team of the Pneumology Unit of Hospital VITAZ, Sint-Niklaas,
Belgium (Ina De Roeck, Karen Lievens, Evi Moestermans, Nienke Van Goeye, Petra Vertongen and Kaatje
Cruysberghs) for their help in collecting the samples during the study period.

Conflict of interest: None of the authors declare any potential conflict of interest.

Support statement: This research was supported by the Flemish administration department Omgeving and
Methusalem funding. D.S. Martens holds a postdoctoral grant from the Research Foundation Flanders (grant
12X9620N). The funders of the study had no role in the study design, data collection, data analysis, data
interpretation or the writing of the report. Funding information for this article has been deposited with the
Crossref Funder Registry.

References
1 Hendren NS, de Lemos JA, Ayers C, et al. Association of body mass index and age with morbidity and

mortality in patients hospitalized with COVID-19: results from the American Heart Association COVID-19
Cardiovascular Disease Registry. Circulation 2021; 143: 135–144.

2 Du Y, Lv Y, Zha W, et al. Association of body mass index (BMI) with critical COVID-19 and in-hospital mortality:
a dose-response meta-analysis. Metabolism 2021; 117: 154373.

3 Kumar A, Arora A, Sharma P, et al. Is diabetes mellitus associated with mortality and severity of COVID-19? A
meta-analysis. Diabetes Metab Syndr 2020; 14: 535–545.

4 Nishiga M, Wang DW, Han Y, et al. COVID-19 and cardiovascular disease: from basic mechanisms to clinical
perspectives. Nat Rev Cardiol 2020; 17: 543–558.

5 Weaver AK, Head JR, Gould CF, et al. Environmental factors influencing COVID-19 incidence and severity. Annu
Rev Public Health 2022; 43: 271–291.

6 Paital B, Das K. Spike in pollution to ignite the bursting of COVID-19 second wave is more dangerous than
spike of SAR-CoV-2 under environmental ignorance in long term: a review. Environ Sci Pollut Res Int 2022; 29:
85595–85611.

7 Paital B, Agrawal PK. Air pollution by NO2 and PM2.5 explains COVID-19 infection severity by overexpression of
angiotensin-converting enzyme 2 in respiratory cells: a review. Environ Chem Lett 2021; 19: 25–42.

8 Gupta P, Jangid A, Kumar R. COVID-19-associated 2020 lockdown: a study on atmospheric black carbon fall
impact on human health. Environ Geochem Health 2023; 45: 3507–3520.

9 Gheblawi M, Wang K, Viveiros A, et al. Angiotensin-converting enzyme 2: SARS-CoV-2 receptor and regulator
of the renin-angiotensin system: celebrating the 20th anniversary of the discovery of ACE2. Circ Res 2020; 126:
1456–1474.

10 Yan H, Jiao H, Liu Q, et al. ACE2 receptor usage reveals variation in susceptibility to SARS-CoV and
SARS-CoV-2 infection among bat species. Nat Ecol Evol 2021; 5: 600–608.

11 Jackson CB, Farzan M, Chen B, et al. Mechanisms of SARS-CoV-2 entry into cells. Nat Rev Mol Cell Biol 2022;
23: 3–20.

12 Fucic A, Aghajanyan A, Druzhinin V, et al. Follow-up studies on genome damage in children after Chernobyl
nuclear power plant accident. Arch Toxicol 2016; 90: 2147–2159.

13 Lan J, Ge J, Yu J, et al. Structure of the SARS-CoV-2 spike receptor-binding domain bound to the ACE2
receptor. Nature 2020; 581: 215–220.

14 Li W, Moore MJ, Vasilieva N, et al. Angiotensin-converting enzyme 2 is a functional receptor for the SARS
coronavirus. Nature 2003; 426: 450–454.

https://doi.org/10.1183/13993003.00309-2023 11

EUROPEAN RESPIRATORY JOURNAL ORIGINAL RESEARCH ARTICLE | S. VOS ET AL.



15 Wang Q, Zhang Y, Wu L, et al. Structural and functional basis of SARS-CoV-2 entry by using human ACE2. Cell
2020; 181: 894–904.

16 Lin C-I, Tsai C-H, Sun Y-L, et al. Instillation of particulate matter 2.5 induced acute lung injury and attenuated
the injury recovery in ACE2 knockout mice. Int J Biol Sci 2018; 14: 253–265.

17 Aztatzi-Aguilar OG, Uribe-Ramírez M, Arias-Montaño JA, et al. Acute and subchronic exposure to air
particulate matter induces expression of angiotensin and bradykinin-related genes in the lungs and heart:
angiotensin-II type-I receptor as a molecular target of particulate matter exposure. Part Fibre Toxicol 2015;
12: 17.

18 Villeneuve PJ, Goldberg MS. Methodological considerations for epidemiological studies of air pollution and
the SARS and COVID-19 coronavirus outbreaks. Environ Health Perspect 2020; 128: 95001.

19 Bourdrel T, Annesi-Maesano I, Alahmad B, et al. The impact of outdoor air pollution on COVID-19: a review of
evidence from in vitro, animal, and human studies. Eur Respir Rev 2021; 30: 200242.

20 Heederik DJJ, Smit LAM, Vermeulen RCH. Go slow to go fast: a plea for sustained scientific rigour in air
pollution research during the COVID-19 pandemic. Eur Respir J 2020; 56: 2001361.

21 Bozack A, Pierre S, DeFelice N, et al. Long-term air pollution exposure and COVID-19 mortality: a patient-level
analysis from New York City. Am J Respir Crit Care Med 2022; 205: 651–662.

22 Chen Z, Sidell MA, Huang BZ, et al. Ambient air pollutant exposures and COVID-19 severity and mortality in a
cohort of patients with COVID-19 in Southern California. Am J Respir Crit Care Med 2022; 206: 440–448.

23 Sidell MA, Chen Z, Huang BZ, et al. Ambient air pollution and COVID-19 incidence during four 2020–2021 case
surges. Environ Res 2022; 208: 112758.

24 Bowe B, Xie Y, Gibson AK, et al. Ambient fine particulate matter air pollution and the risk of hospitalization
among COVID-19 positive individuals: cohort study. Environ Int 2021; 154: 106564.

25 Chen C, Wang J, Kwong J, et al. Association between long-term exposure to ambient air pollution and
COVID-19 severity: a prospective cohort study. CMAJ 2022; 194: E693–E700.

26 Chen Z, Huang BZ, Sidell MA, et al. Near-roadway air pollution associated with COVID-19 severity and
mortality – multiethnic cohort study in Southern California. Environ Int 2021; 157: 106862.

27 Kogevinas M, Castaño-Vinyals G, Karachaliou M, et al. Ambient air pollution in relation to SARS-CoV-2
infection, antibody response, and COVID-19 disease: a cohort study in Catalonia, Spain (COVICAT Study).
Environ Health Perspect 2021; 129: 117003.

28 De Weerdt A, Janssen BG, Cox B, et al. Pre-admission air pollution exposure prolongs the duration of
ventilation in intensive care patients. Intensive Care Med 2020; 46: 1204–1212.

29 Nawrot TS, Staessen JA, Gardner JP, et al. Telomere length and possible link to X chromosome. Lancet 2004;
363: 507–510.

30 Martens DS, Janssen BG, Bijnens EM, et al. Association of parental socioeconomic status and newborn
telomere length. JAMA Netw Open 2020; 3: e204057.

31 Feldman PJ, Steptoe A. How neighborhoods and physical functioning are related: the roles of neighborhood
socioeconomic status, perceived neighborhood strain, and individual health risk factors. Ann Behav Med
2004; 27: 91–99.

32 Gasparini A. comorbidity: an R package for computing comorbidity scores. J Open Source Softw 2018; 3: 648.
33 Royal College of Physicians. National Early Warning Score (NEWS) 2: standardising the assessment of

acute-illness severity in the NHS. 2017. www.rcplondon.ac.uk/projects/outputs/national-early-warning-
score-news-2 Date last accessed: 28 April 2023.

34 Kostakis I, Smith GB, Prytherch D, et al. The performance of the National Early Warning Score and National
Early Warning Score 2 in hospitalised patients infected by the severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2). Resuscitation 2021; 159: 150–157.

35 Lalueza A, Lora-Tamayo J, de la Calle C, et al. Utilidad de las escalas de sepsis para predecir el fallo
respiratorio y la muerte en pacientes con COVID-19 fuera de las Unidades de Cuidados Intensivos. [The early
use of sepsis scores to predict respiratory failure and mortality in non-ICU patients with COVID-19.] Rev Clin
Esp 2022; 222: 293–298.

36 Maiheu B, Veldeman B, Viaene P, et al. Bepaling van de best beschikbare grootschalige concentratiekaarten
luchtkwaliteit voor België. [Identifying the best available large-scale concentration maps for air quality in
Belgium.] 2012. https://archief-algemeen.omgeving.vlaanderen.be/xmlui/bitstream/handle/acd/761923/2013-01-
Eindrapport-Concentratiekaarten-29-01-2013-TW.pdf Date last accessed: 5 May 2023.

37 Lefebvre W, Vercauteren J, Schrooten L, et al. Validation of the MIMOSA-AURORA-IFDM model chain for policy
support: modeling concentrations of elemental carbon in Flanders. Atmos Environ 2011; 45: 6705–6713.

38 Saenen ND, Bové H, Steuwe C, et al. Children’s urinary environmental carbon load. A novel marker reflecting
residential ambient air pollution exposure? Am J Respir Crit Care Med 2017; 196: 873–881.

39 Bongaerts E, Lecante LL, Bové H, et al. Maternal exposure to ambient black carbon particles and their
presence in maternal and fetal circulation and organs: an analysis of two independent population-based
observational studies. Lancet Planet Health 2022; 6: e804–e811.

https://doi.org/10.1183/13993003.00309-2023 12

EUROPEAN RESPIRATORY JOURNAL ORIGINAL RESEARCH ARTICLE | S. VOS ET AL.



40 Gordon AC, Mouncey PR, Al-Beidh F, et al. Interleukin-6 receptor antagonists in critically ill patients with
covid-19. N Engl J Med 2021; 384: 1491–1502.

41 Wang Y, Zhang D, Du G, et al. Remdesivir in adults with severe COVID-19: a randomised, double-blind,
placebo-controlled, multicentre trial. Lancet 2020; 395: 1569–1578.

42 Hung IF-N, Lung K-C, Tso EY-K, et al. Triple combination of interferon beta-1b, lopinavir–ritonavir and
ribavirin in the treatment of patients admitted to hospital with COVID-19: an open-label, randomised, phase
2 trial. Lancet 2020; 395: 1695–1704.

43 Mein SA, Annesi-Maesano I, Rice MB. COVID-19 pandemic: a wake-up call for clean air. Ann Am Thorac Soc
2021; 18: 1450–1455.

44 Plataki M, Pan D, Goyal P, et al. Association of body mass index with morbidity in patients hospitalised with
COVID-19. BMJ Open Respir Res 2021; 8: e000970.

45 Pope CA 3rd, Bhatnagar A, McCracken JP, et al. Exposure to fine particulate air pollution is associated with
endothelial injury and systemic inflammation. Circ Res 2016; 119: 1204–1214.

46 Peters A, Nawrot TS, Baccarelli AA. Hallmarks of environmental insults. Cell 2021; 184: 1455–1468.
47 Laratta CR, Kendzerska T, Carlsten C, et al. Air pollution and systemic inflammation in patients with

suspected OSA living in an urban residential area. Chest 2020; 158: 1713–1722.
48 Elbarbary M, Oganesyan A, Honda T, et al. Systemic inflammation (C-reactive protein) in older Chinese adults

is associated with long-term exposure to ambient air pollution. Int J Environ Res Public Health 2021; 18: 3258.
49 Sakai M, Sato Y, Sato S, et al. Effect of relocating to areas of reduced atmospheric particulate matter levels

on the human circulating leukocyte count. J Appl Physiol 2004; 97: 1774–1780.
50 Provost EB, Chaumont A, Kicinski M, et al. Serum levels of club cell secretory protein (Clara) and short- and

long-term exposure to particulate air pollution in adolescents. Environ Int 2014; 68: 66–70.
51 Coker ES, Cavalli L, Fabrizi E, et al. The effects of air pollution on COVID-19 related mortality in northern

Italy. Environ Resour Econ 2020; 76: 611–634.
52 Cole MA, Ozgen C, Strobl E. Air pollution exposure and Covid-19 in Dutch municipalities. Environ Resour Econ

2020; 76: 581–610.
53 Fattorini D, Regoli F. Role of the chronic air pollution levels in the Covid-19 outbreak risk in Italy. Environ

Pollut 2020; 264: 114732.
54 Lipsitt J, Chan-Golston AM, Liu J, et al. Spatial analysis of COVID-19 and traffic-related air pollution in Los

Angeles. Environ Int 2021; 153: 106531.
55 Travaglio M, Yu Y, Popovic R, et al. Links between air pollution and COVID-19 in England. Environ Pollut 2021;

268: 115859.
56 Zhou X, Josey K, Kamareddine L, et al. Excess of COVID-19 cases and deaths due to fine particulate matter

exposure during the 2020 wildfires in the United States. Sci Adv 2021; 7: eabi8789.
57 Zhu Y, Xie J, Huang F, et al. Association between short-term exposure to air pollution and COVID-19 infection:

evidence from China. Sci Total Environ 2020; 727: 138704.
58 Wu X, Nethery RC, Sabath BM, et al. Air pollution and COVID-19 mortality in the United States: strengths and

limitations of an ecological regression analysis. Sci Adv 2020; 6: eabd4049.
59 Ozkaynak H, Xue J, Spengler J, et al. Personal exposure to airborne particles and metals: results from the

Particle TEAM study in Riverside, California. J Expo Anal Environ Epidemiol 1996; 6: 57–78.
60 Janssen NA, Hoek G, Brunekreef B, et al. Personal sampling of particles in adults: relation among personal,

indoor, and outdoor air concentrations. Am J Epidemiol 1998; 147: 537–547.
61 Sørensen M, Loft S, Andersen HV, et al. Personal exposure to PM2.5, black smoke and NO2 in Copenhagen:

relationship to bedroom and outdoor concentrations covering seasonal variation. J Expo Anal Environ
Epidemiol 2005; 15: 413–422.

https://doi.org/10.1183/13993003.00309-2023 13

EUROPEAN RESPIRATORY JOURNAL ORIGINAL RESEARCH ARTICLE | S. VOS ET AL.


