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Abstract

Aims Exposure to high levels of air pollution in industrialized urban areas is associated with an increased risk of heart failure
(HF). On most days, the majority of European cities are only moderately affected by air pollution. The aim of this study was to
evaluate the association between short-term exposure to moderate levels of air pollution with the risk of HF in a city with good
air quality.

Methods and results We recruited 576 patients (median age 82 years; 58.2% men) admitted to a large university
hospital in Central Germany for HF to participate in a hospital-based, bidirectional, case-crossover study. Diagnosis of
HF and symptom onset were verified individually. The effect of short-term exposure to nitrogen dioxide (NO,), particulate
matter (PM,o), and ozone (Os) on the risk of HF was estimated using linear and non-linear (categorized) multivariate
analyses for three different lag times (1, 2, and 3 days before HF onset). Air pollution variables were adjusted to the
date of HF symptom onset. During the study period, the average daily concentration of air pollutants was only
moderate and reflects the average European background air pollution. In particular, the concentration of air pollutants
ranged from 2 to 63.39 ug/m? (median = 17.46 pg/m?3) for NO,, from 2 to 125.88 pug/m® (median = 44.61 pg/m?3) for
Os, and from 2.21 to 166.79 pg/m> (median = 18.67 pg/m®) for PMy,. We did not find a linear or non-linear
association between short-term exposure to NO,, Oz, or PMyg and risk for HF at all lag times in the overall population
and subgroups.

Conclusions In an area with only moderate air pollution, short-term exposure to major air pollutants does not increase the
risk for HF. Future studies should focus on a potential threshold effect of air pollution on HF risk as a basis for evidence-based
development of statutory limits in highly polluted areas.

Keywords Heart failure; Air pollution; Pollutants; Nitrogen dioxide; Particulate matter; Ozone

Received: 19 May 2020; Revised: 3 August 2020; Accepted: 10 August 2020

*Correspondence to: Florian Rakers, Hans Berger Department of Neurology, Jena University Hospital, Am Klinikum 1, 07747 Jena, Germany. Tel: +49-3641-9313486.
Email: florian.rakers@med.uni-jena.de

This work was performed at Jena University Hospital, Jena, Germany.

Introduction

Heart failure (HF) is a common, yet complex, clinical syn-
drome that affects 26 million people globally. Especially, pa-
tients suffering from cardiac and non-cardiac co-morbidities,
such as hypertension, coronary heart disease, diabetes, or
chronic kidney disease, are more likely to develop HF.? With

estimated annual costs of $108 billion, HF is not only a bur-
den on global public health care systems and societies, but it
also adversely affects each patient who may experience se-
vere symptoms, such as shortness of breath, fluid retention,
or poor exercise tolerance.*

In addition to classical pathophysiological concepts, it has
been suggested that short-term exposure to major air
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pollutants might trigger the development and acute exacer-
bation of HF,>™*? although results regarding the magnitude
of the association and the specific air pollutant responsible
for HF risk increases vary, and not all studies could consis-
tently show a significant association.*>* For instance, a
study undertaken in 26 large Chinese cities with particularly
low air quality found a significant correlation between
hospitalization for HF and concentrations of the major air
pollutants of nitrogen dioxide (NO,), carbon dioxide (CO,),
and particulate matter with diameters < 10 um (PMy,).”
A study involving seven large US cities, including New York,
Chicago, and Los Angeles, showed an association between
increasing levels of ambient carbon monoxide (CO) and ad-
missions for HF, but results for other air pollutants were
not significant.®

Although the effect of air pollution on the risk to de-
velop HF has been characterized for dense urban areas
with high levels of air pollution, less is known about this as-
sociation in areas with good-to-moderate ambient air qual-
ity. For example, in a comprehensive and detailed
meta-analysis on the global association of air pollution
and HF,*® average air pollution concentrations were two
to three times higher than average concentrations found
in urban areas in Germany.*® Furthermore, several method-
ological issues in previous studies prevent generalization
of the results. For example, most studies available®”
8111314 selected patients on the basis of their International
Classification of Diseases (ICD) diagnostic codes, potentially
leading to a misclassification bias caused by coding and/or
diagnostic errors.’” All available studies but one®? have
regarded the day of hospital admission as the day of HF
onset.> 11314 However, HF symptoms often develop
>1 day before hospital admission,*® and allocation of the
air pollution variables with the respective HF patient can
be significantly biased.

To overcome these limitations, we thought that it would
be useful to determine the influence of short-term expo-
sure to major air pollutants on the risk of developing
HF in an urban area with only moderate air pollution.
Identifying a potential link between moderate air pollution
and HF might help to enhance statutory limits of air pollu-
tion even in areas with presumably good ambient air
and to achieve greater public health protection. We
hypothesized that the short-term concentrations of the
major ambient air pollutants, NO,, PM;,, and Os;, would
be associated with HF risk 1 to 3 days before the
symptoms of HF develop. We used a case-crossover
approach®® to estimate the air pollution-dependent HF risk
in a cohort of patients with a verified diagnosis and known
onset of HF symptoms. Our study used a multivariable sta-
tistical model that also considers weather as a significant
confounder.

Methods
Study design

This retrospective, hospital-based, case-crossover study
was carried out at the Jena University Hospital in Central
Germany after approval by the local Ethics Committee. The
study area, Jena, is a city with 100 000 inhabitants in the
centre of Europe and is a model region for studying the
acute effects of environmental factors on human health,
including air pollution and cardiovascular health.?°>® Jena
has a temperate climate with moderately cool winters and
mild summers.?*

The study period was from 1 January 2010 until
30 September 2015. Patient discharge data from
patients > 18 years of age living <10 km from Jena University
Hospital (filtered by postal codes) were drawn from the hos-
pital’s patient data management system using the ICD, 10th
revision codes for left ventricular failure (150.1X) in the pri-
mary diagnostic position. Patient health records and all med-
ical reports, including emergency records, together with
echocardiography and laboratory results, were individually
screened to verify the diagnosis of HF according to the 2016
European Society of Cardiology (ESC) Guidelines for the Diag-
nosis and Treatment of Acute and Chronic Heart Failure?® and
to determine the date regarding onset or exacerbation of
HF-related symptoms, such as breathlessness or orthopnoea.
Regular meetings were held during the study period to en-
sure consistent classification procedures. In the case of multi-
ple admissions of a single patient during the study period,
only the first admission was considered.

To identify subgroups at risk, cases were classified in patients
suffering from HF with preserved (HFpEF), mid-range (HFmEF),
and reduced ejection fraction (HFrEF) following the 2016 ESC
guidelines.®® Usually, patients with suspected HF receive basic
laboratory diagnostic tests as well as an assessment of heart
structure and left ventricular ejection fraction (LVEF) by echocar-
diography. Those with HFrEF showed a diminished LVEF of <40%;
patients with HFmEF had an LVEF between 40% and 49%,
elevated levels of brain natriuretic peptide (BNP > 35 pg/mL),
and a structural heart disease, such as left ventricular hypertro-
phy (LVH) or left atrial enlargement (LAE). Finally, patients with
HFpEF had an LVEF > 50%, elevated natriuretic markers, and
LVH or LAE. Patients were not classified when LVEF was visually
estimated and not quantified.

Exclusion criteria

Patients were excluded if (i) the admission was for another
reason than HF or the diagnosis of HF could not be verified
after screening the patient file, (i) we were unable to
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retrospectively determine the onset of HF symptoms or the
onset was outside the study catchment area, or (iii) >5 days
had passed between the onset or exacerbation of HF symp-
toms and hospital admission.

Environmental data

Air pollution data containing NO,, O3, and PM,4 were provided
by the Thuringian State Environmental Agency in Jena (longitude
11°35'E/latitude 50°56'N/altitude 140 m). Meteorological data,
including ambient temperature, relative air humidity, and
atmospheric pressure, were provided by the Meteorological
Monitoring Station of the Jena University of Applied Sciences
(longitude 11°34'E/latitude 50°55'N/altitude 215 m).

Statistical methods

Air pollution-dependent HF risk was determined by using a
bidirectional case-crossover analysis. The case-crossover
approach had previously been developed to determine a
change in risk associated with a short and transient exposure
to a potential risk factor'®; it is similar to the case—control
design with the difference being that each patient serves as
his or her own control. Individual risks, such as age, sex,
socio-economic status, or seasonal influences that do not
change over a short time period, are controlled for by design.
Inference in this study was based on within-person compari-
sons of the potentially health-influencing air pollutant
concentrations shortly before HF symptoms onset (hazard
period) with the same concentrations that prevailed in the
previous and following week (bidirectional control period to
control for time trends®). Based on a predecessor study,?’
intervals of 1, 2, and 3 days before onset of HF symptoms
were chosen as appropriate hazard intervals, and respective
days in the previous and proximate week were regarded as
control intervals. The number of days between exposure to
the air pollutant and onset of HF symptoms is referred to as
lag time. Three different hazard intervals were used to
consider a potential delay before the effect of the specific
air pollutant exposure on HF risk. Air pollutants were
analysed as absolute values in two different statistical
models. Model 1 assumed a linear association between
exposure to air pollution and risk of HF. In this model, air
pollutants were evaluated as continuous variables. In Model
2, considering a potential non-linear relationship between
air pollution and risk of HF, air pollutants were analysed as
categorized variables in four categories compared with one
reference category. Categories were chosen after visual in-
spection of the respective distribution curve. For cut-off
values, see Figure 1. Data were analysed in the overall popu-
lation and in the following subgroups: sex (male/female), age
(<65 years = young/>65 years = old), and HF classification

(HFrEF, HFmMEF, or HFpEF). Generalized linear mixed models
(GLMMs) were fitted by using the odds ratio (OR) and corre-
sponding 95% confidence interval (95% Cl) to quantify the
association between environmental data and risk of HF.>"*®
GLMMs extend the generalized linear model, allowing the
linear predictor to contain fixed as well as random effects.
In this study, air pollutants together with corresponding
meteorological parameters (ambient air temperature, rela-
tive air humidity, and atmospheric pressure) were regarded
as fixed effects and the single patient as a random effect. Be-
cause a number of air pollutants are known to be correlated
with meteorological factors®® and patients are likely to be
exposed to both environmental components, we used this
multivariable approach combining air pollution and weather
in one statistical model. The statistical software R (V. 3. 2.
3, package ‘Ime4’, function ‘glmer’; The R Project for Statisti-
cal Computing, https://www.r-project.org/about.html) was
used for all calculations. To reduce possible bias associated
with multiple testing, air pollutants, meteorological variables,
hazard, and Cls, the outcome groups and statistical tests
performed were chosen prior to examination of the data.
Given that HF is a relatively rare disease with a lifetime prev-
alence of <10%, we interpreted ORs as relative risks.*°

Results
Study population

In total, 1093 datasets of patients with HF in the primary diag-
nostic position were retrieved from the hospital’s data manage-
ment system. Of the 1093 datasets, 183 (17%) were excluded
because the HF diagnosis could not be confirmed (e.g. patients
admitted for scheduled HF diagnostic or optimization of medica-
tion, incorrect coding of HF diagnosis, and suspected but not
confirmed HF). Another 233 (21%) datasets were excluded
because we were unable to retrospectively determine the date
of onset of HF symptoms or the patients were outside the study
catchment area at the date of symptoms onset. Finally, to rule
out a potential recall bias, 101 (9%) datasets were excluded
because the time between symptoms onset and admission was
>5 days. The remaining 576 datasets were the basis of this
case-crossover study. There were 428 (74%) patients admitted
on the day of HF symptoms onset, 59 (10%) 1 day after onset,
and 89 (16%) 2 to 5 days after onset. The patient characteristics
are presented in Table 1, and the patient selection process is
visualized in Figure 2.

Environmental parameters

During the study period, average daily concentrations ranged
from 2 to 63.39 pug/m?® (median: 17.46 pg/m?3) for NO,, from 2
to 125.88 ug/m> (median: 44.61 pg/m?) for O, and from 2.21
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Figure 1 Association of air pollutants and risk of developing heart failure.

Odds ratios for the association of nitrogen dioxide (NO2), ozone (03), and

particulate matter with a diameter < 10 um (PM10) with heart failure for different cut-off points and lag times in the overall study population. Bars
indicate 95% confidence interval. * indicates odds ratio with confidence interval not including 1.00. White boxes represent the reference category.
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to 166.79 pg/m> (median: 18.67 ug/m>) for PMyo. Table 2 sum-
marizes the distribution of mean daily values of air pollutants.

Risk of heart failure associated with exposure to
air pollution

Model 1: Linear analysis

In the overall population and all subgroups, exposure to NO,,
03, or PM,q analysed as a continuous variable was not asso-
ciated with a risk for HF at all lag times.

Model 2: Non-linear analysis

Figure 1 shows the association between HF risk and expo-
sure to NO,, Oz, or PM;, analysed as a categorized vari-
able. In the overall population, HF risk decreased 2 days

after exposure to comparably high concentrations of NO,
(category 20—35ug/m3; OR: 0.73; 95% Cl: 0.52-0.98, Figure
1). However, this result could not be reproduced in sub-
groups or at other lag times, nor did ORs in other catego-
ries show a similar pattern, which suggested that the
statistical significance was by chance rather than because
of a clinically relevant result. In the overall population and
in all subgroups, exposure to O3 or PMyy was not associ-
ated with HF risk at all lag times.

Discussion

This case-crossover study investigated the influence of
short-term exposure to moderate concentrations of air
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Table 1 Patient characteristics

No (%)

Total number of patients 576 (100)
Age in years (median) 82

Young (<65) 52 (9)

Old (>65) 529 (91)
Sex

Male 241 (41.8)

Female 335 (58.2)
Heart failure classification

HFrEF 65 (11.3)

HFmEF 38 (6.6)

HFpEF 146 (25.3)

Not classified 327 (56.7)
Left ventricular ejection fraction

<40% 92 (16)

41-49% 59 (10.2)

>50% 214 (37.6)

Not quantified 211 (36.6)
Structural abnormalities in left atrium or ventricle

Yes 306 (53.1)

No 270 (46.9)
BNP

BNP > 35 pg/mL 473 (82.1)

BNP < 35 pg/mL 4 (0.7)

Not determined 99 (17.2)
Atrial fibrillation (paroxysmal/persistent)

Yes 315 (54.7)

No 261 (45.3)
Arterial hypertension

Yes 447 (77.6)

No 129 (22.4)
Coronary heart disease

Yes 209 (36.3)

No 367 (63.7)
Diabetes mellitus

Yes 257 (44.6)

No 319 (55.4)
Chronic kidney disease

Yes 276 (47.9)

No 300 (52.1)
Chronic obstructive pulmonary disease/Asthma

Yes 136 (23.6)

No 440 (76.4)

BNP, brain natriuretic peptide; HFmEF, heart failure with mid-range
ejection fraction; HFpEF, heart failure with preserved ejection frac-
tion; HFrEF, heart failure with reduced ejection fraction.
Characteristics of the study cohort.

Table 2 Distribution of average daily air pollutant concentrations

Percentiles
Air pollutant Min 10th 25th Median 75th 90th  Max
NO,, pg/m> 2 87 1221 17.46 24.04 3042 63.39
Os, pg/m> 2 13.46 27.75 4461 583 68.87 125.88
PMy o, ug/m3 2.21 9.08 12.58 18.67 27.42 39.21 166.79

NO,, nitrogen dioxide; O3, ozone; PM;, particulate matter with a
diameter < 10 um.

Distribution of average daily air pollutant concentrations over the
study period 1 January 2010 until 30 September 2015.

pollution on the risk for HF in a well-defined set of patients
with verified HF diagnosis and known symptoms onset. The
comprehensive multivariate statistical model comprising

linear and non-linear data analyses in this study indicated
that short-term exposure to moderate concentrations of ma-
jor air pollutants did not affect the risk of HF.

The case-crossover study design used in this study had pre-
viously been developed to study the association between
transient exposure and risk factors for development of an
acute and rare event.’® Because of its self-matching struc-
ture, the advantage of this efficient variation of a case—
control study is that by design, it controls for individual risk
factors, such as sex, age, long-term medication, or seasonal
influences, that do not change over a short period of time.
Additionally, by choosing a bidirectional control interval in
this case-only study, we minimized the effect of time trends
in exposure on HF risk estimates.?® Further, we controlled
for circadian confounders, such as weekday,* by applying a
7 day control interval.

To estimate the air pollution-dependent risk of HF, we con-
ducted a multivariable analysis that also takes meteorological
data into account. This approach considers the known inter-
actions between air pollution and weather, such as between
PM o and temperature?® or between NO, and basic meteoro-
logical parameters,®? as well as interactions between the sin-
gle pollutants. To detect a potential non-linear association
between air pollution and risk for HF, our statistical approach
included analysis of continuous and categorized air pollution
data. However, we could observe neither a linear nor
non-linear association between air pollution and risk for HF.

Our results are in contrast to those of a number of studies
from different geographical regions that reported an associa-
tion between short-term exposure to major air pollutants and
risk for HF.>"1%121> However, the majority of these studies in-
vestigated the impact of air pollution on HF in dense urban or
industrialized areas with high levels of gaseous and particu-
late pollutants. Compared with these studies, the air quality
in the city of Jena is good and generally reflects the average
European background air pollution. For example, the study
from Liu et al. performed in 26 of China’s largest cities” re-
ported two to four times higher annual concentrations of
NO, (44.1 vs. 17.5 pg/m?) and PM;o (106.8 vs. 18.7 ug/m°)
than concentrations that prevailed in Jena during the study
period (Table 2). The good air quality in Jena is also reflected
by the low numbers of days during which the concentration
of air pollutants exceeds the daily air quality limit values.®®
Nevertheless, air pollution in Jena was still high enough to in-
crease the risk for other cardiovascular diseases, such as
acute myocardial infarction, in a similar predecessor study.??
Thus, the negative results in the present study may be
indicative of a threshold concentration for an air
pollution-dependent HF risk that has not been reached in
Jena but was reached in studies in areas with higher air
pollution.*>3* Another explanation for the contrasting results
could be the patient selection process that was improved in
three major aspects relative to those of previous studies.
First, we considered the date of the start or exacerbation of
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Figure 2 Patient data selection process.

Datasets of patients treated at Jena
University Hospital with diagnosis of heart
failure living max. 10 km around the City of

Jena (years 2010 - 2015)

(n=1093)
Treatment because of heart failure
(e.g. incorrect coding of diagnosis,
» suspected but not confirmed heart
failure)
A (n=183)
Cases with confirmed diagnosis of
heart failure
(n=910)

Date of onset of heart failure symptoms not
determinable (e.g. date not documented,

/

Cases with heart failure and known
symptom onset

» range of days given)

(n=233)

(n=677)
Five days or more between onset of
g symptoms and hospital admission
- (exclusion of recall bias)
\ (n=101)
Study population
(n=576)

HF symptoms as an appropriate case period, whereas others
used the day of hospital admission in their analyses.”™° The
rationale behind our approach was based on a previous ob-
servation that not every patient gets admitted to the hospital
on the day of onset of HF symptoms. A study by Evangelista
et al. conducted in Los Angeles in the USA reported a delay
of 2.93 + 0.68 days by persons who experienced HF in seeking
treatment after symptoms onset.'® Indeed, in our study,
>25% of the patients were not admitted on the day the HF
symptoms began. This finding suggests that in previous stud-
ies, a significant proportion of HF patients were not matched
correctly with their corresponding air pollution variables,
which most likely resulted in a substantial bias. This was con-
sistent with the findings of a small epidemiological study on
the association of fine particulate matter with a diameter of
<2.5 pg and exacerbation of previously diagnosed congestive
HF showing that the associations became non-significant
when the day of admission instead of the start of HF symp-
toms was analysed.*? Second, we retrospectively verified
the diagnosis of HF for every patient by applying the 2016
ESC guidelines for HF. All patients showed symptoms of HF
mostly along with elevated BNP levels and echocardiography
pathologies. Most available studies have relied on administra-
tive data and ICD codes to identify patients suffering from
HF.>~7"1>1% However, it is known that the validity of adminis-
trative data on HF varies highly, with positive predictive
values ranging from 12% to 100%.'7 Consistent with the

difficulty in establishing validity, we had to exclude 17% of
all patients because the diagnosis of HF could not be verified.
Third, this study did not include patients with isolated right
ventricular failure to minimize the confounding influence of
restrictive and obstructive pulmonary diseases, such as
asthma, chronic obstructive pulmonary disease, or pulmo-
nary hypertension, which can be aggravated by short-term
exposure to air pollution.>>3® Aggravation of these pulmo-
nary diseases is known to lead to impaired functioning of
the right ventricle.3”%®

This study has some limitations that should be considered.
When using the case-crossover approach to estimate HF risk,
the time point of onset of HF symptoms needs to be deter-
mined to correctly match the air pollution variables with their
respective patients. Even though we were able to retrospec-
tively determine the date of manifestation of HF symptoms
in 79% of the patients, especially those with less severe
symptoms (usually patients with HFpEF), determination of
symptoms onset was rather complex. HFpEF symptoms
are often mild because the condition tends to progress
slowly.3%%° Furthermore, in Germany, patients with mild HF
symptoms are more likely to be treated in an ambulatory set-
ting. Therefore, we cannot exclude that in our hospital-based
study, the proportion of cases with HFpEF was underrepre-
sented. However, we do not regard this selection bias as sig-
nificant for the overall results. Even in patients with HFpEF
and reliably determined symptoms onset, no association
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between HF risk and air pollution was detected. Additionally,
the time point of onset of HF symptoms is retrospectively
determined from patient self-reports, which are known to
be prone to varying degrees of recall bias. We minimized this
bias by excluding patients with HF symptoms onset > 5 days
before hospital admission. Moreover, our data did not in-
clude information on air pollution exposure at the individual
level. Instead, air pollution data were provided by the official
Thuringian State Environmental Agency-run monitoring sta-
tion at a city-wide level. However, the monitoring station is
located within the geographical centre of Jena and classified
as an urban background station. As such, its location ensures
that measured pollution levels are representative of the gen-
eral urban population’s exposure. To further reduce the influ-
ence of the potential variance in the data on pollution
exposure, our study comprised only patients who lived within
10 km of Jena University Hospital. Owing to the retrospective
study design, we were not able to control for short-term ces-
sation of long-term HF treatment.

Conclusions

In this study, we tried to overcome the methodological short-
comings of previous studies on an air pollution-dependent HF
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