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Background:  Poor air quality is associated with cardiovascular morbidity. However, the underlying pathophysiologic mechanisms are unclear.

Purpose:  To determine the relationship between long-term exposure to ambient fine particulate matter with 2.5-pm or smaller aerodynamic diameter
(PM, ) and the extent of diffuse myocardial fibrosis quantified with cardiac MRIL.

Materials and Methods:  In this single-center retrospective study, patients with dilated cardiomyopathy (DCM) or controls with normal cardiac MRI
findings were included (January 2018 to December 2022). Diffuse myocardial fibrosis was quantified using cardiac MRI native T1 mapping z scores.
Residence-specific ambient PM, . concentration was assessed as the mean of daily exposure concentration in the year before cardiac MRI using direct
measurements from the nearest monitoring station. Multivariable models were adjusted for clinically relevant covariates.

Results: A total of 694 patients (mean age, 47 years + 16 [SD]; 443 men; 493 with DCM, 201 controls) were included. In multivariable models, each
1-pg/m? increase in 1-year mean PM, | exposure was associated with a 0.30 higher native T'1 z score in patients with DCM (adjusted B coefficient:
0.30; 95% CI: 0.13, 0.47; P < .001) and 0.27 higher native T1 z score in controls (adjusted B coefficient: 0.27; 95% CI: 0.04, 0.51; P = .02). For
absolute values, each 1-pg/m? increase in 1-year mean PM, | exposure was associated with 9.1 msec higher native T1 at 1.5 T (B coeflicient: 9.15 95%
CI: 2.04, 15.97; P=.01) and 12.1 msec higher native T1 af 3T (B coefficient: 12.1; 95% CI: 5.74, 18.52; P < .001). Stratified models indicated the
largest effect sizes for the association of PM, ; exposure with native T1 z scores in women (B coefficient: 0.49; 95% CI: 0.23, 0.76; P < .001), smokers

(B coefficient: 0.43; 95% CI: 0.02, 0.84; P = .04), and patients with hypertension (B coefficient: 0.48; 95% CI: 0.16, 0.80; P = .004).

Conclusion:
native T1 mapping in patients with DCM and healthy controls.
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Air pollution is the leading environmental health hazard con-
tributing to excess morbidity and mortality (1). Burning
fossil fuels, wildfire smoke, and other human activities release
harmful pollutants into the atmosphere (2). Climate change
and air pollution are interconnected because air pollutants are
frequently co-emitted with greenhouse gases (2-5). Exposure
to air pollution is ubiquitous. In 2019, 99% of the world’s
population lived in places where World Health Organization
air quality guideline levels were not met (6). The global cost of
health damages associated with exposure to air pollution is es-
timated at $8.1 trillion, equivalent to 6.1% of the global gross
domestic product (7).

Fine particulate matter with 2.5-pm or smaller aerodynamic
diameter (PM, ) is the most thoroughly studied component of
air pollution. PM, |
diovascular diseases—including myocardial infarction, heart

is associated with an increased risk of car-

failure, and stroke—and promotes the development of cardio-
vascular risk factors such as hypertension and diabetes (8,9).
The World Health Organization estimates that 31% of cardio-
vascular disease is attributable to environmental factors—of
which air pollution is the most important—accounting for 119
million disability-adjusted life years (10). Nearly 70% of the
4.2 million deaths attributed to ambient air pollution in 2019
were caused by cardiovascular conditions (11). However, the
underlying pathophysiologic mechanisms by which exposure

Higher long-term exposure to ambient fine particulate air pollution is associated with greater diffuse myocardial fibrosis at cardiac MRI

to PM
Hypothesmed mechanisms include oxidative stress, inflamma-

leads to adverse cardiovascular outcomes are unclear.

tion, and autonomic stimulation, potentially leading to acti-
vation of cardiac fibroblasts and increased extracellular matrix
protein deposition (8,12).

Given its role in maladaptive left ventricular remodeling,
myocardial fibrosis could potentially mediate the adverse car-
diovascular effects of particulate air pollution and help ex-
plain some of the variability in heart failure progression and
other adverse cardiac events that are not explained by tradi-
tional cardiovascular risk factors (13—15). Myocardial fibrosis
is strongly associated with adverse outcomes in many forms
of cardiovascular disease, including dilated cardiomyopathy
(DCM) (16).

Cardiac MRI allows for noninvasive quantification of diffuse
myocardial fibrosis using parametric T1 mapping and assess-
ment of replacement fibrosis using late gadolinium enhance-
ment (LGE) (17-19). While these cardiac MRI markers of
fibrosis are associated with adverse cardiovascular outcomes,
they have not been used to evaluate myocardial changes associ-
ated with air pollution to date (20).

This retrospective study aimed to determine the relationship
between long-term exposure to ambient PM, ; air pollution
and the extent of diffuse myocardial fibrosis quantified with
cardiac MRI.
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Abbreviations

DCM = dilated cardiomyopathy, LGE = late gadolinium enhancement,
PM, ; = fine particulate matter with 2.5-pum or smaller aerodynamic
diameter

Summary

Higher long-term exposure to ambient fine particulate air pollution is
associated with greater diffuse myocardial fibrosis at cardiac MRI native
T1 mapping in patients with dilated cardiomyopathy and controls with
normal MRI findings.

Key Results

m In a retrospective study of 694 patients, each 1-pg/m? increase
in 1-year mean exposure to ambient fine particulate matter with
2.5-pm or smaller aerodynamic diameter (PM, ) was associated
with a 0.30 higher native T1 z score in patients with dilated
cardiomyopathy (adjusted B coefficient: 0.30, P < .001, 493
patients) and 0.27 higher native T'1 z score in controls with normal
cardiac MRI findings (adjusted B coefficient: 0.27, P = .02, 201
patients) using multivariable models.

m For absolute native T1 values, each 1-pg/m? increase in 1-year
mean PM, | exposure was associated with 9.1 msec higher native
T1at 1.5 T (B coefficient: 9.1, P = .01) and 12.1 msec higher
native T'1 at 3 T (B coefficient: 12.1, P < .001).

m In exploratory stratified analyses, effect sizes for the association
of ambient PM, | exposure with native T1 z scores were largest in
women (B coefhcient: 0.49), smokers (B coefficient: 0.43), and
patients with hypertension (B coefficient: 0.48).

Materials and Methods

Study Design

This single-center retrospective study was approved by the in-
stitutional ethics committee, and the requirement for written
informed consent was waived. Patients were considered eligible

Du Plessis et al

based on the following criteria: referral for cardiac MRI for eval-
uation of DCM at a large tertiary referral hospital network in
Toronto, Canada (University Health Network), between January
2018 and December 2022 with clinical follow-up; age of 18 years
or older at the time of cardiac MRI; same residential address for at
least 1 year before cardiac MRI; no clinically documented history
of congenital heart disease; and no clinical history of myocardial
infarction, percutaneous revascularization, or coronary artery
bypass grafting. Exclusion criteria included LGE-based evidence
of myocardial infarction, as defined by subendocardial pattern
LGE in a typical coronary artery distribution; severe valvular

506 patients with DCM and 203 controls with normal
cardiac MRI assessed for eligibility

4 DCM patients excluded due
to LGE-based evidence of Ml

7 DCM patients excluded due
| to valvular insufficiency or
stenosis on MRI

2 DCM patients and 2 controls
excluded due to artifact on T1
maps

Y

694 patients included in the study (493 with DCM and
201 controls with normal cardiac MRI)

Figure 1: Flowchart defails patient selection. An initial 506 eligible patients with
dilated cardiomyopathy (DCM) and 203 confrols with normal cardiac MRI findings
were identified. Fifteen patients were excluded, and a total of 694 patients were in-
cluded in the final study sample—493 with DCM and 201 confrols. LGE = late gado-
inium enhancement, MI = myocardial infarction

Table 1: Baseline Patient Characteristics
Patients with DCM Patients with Normal Cardiac

Characteristic All Patients (2 = 694) (n =493) MRI Findings (7 = 201)
Age (y)* 47 + 16 48 + 16 46+ 16
Male 443 (63.8) 350 (71.0) 93 (46.3)
Female 251 (36.2) 143 (29.0) 108 (53.7)
Height (cm)* 173 + 14 174 + 15 170+ 10
Weight (kg)* 75+ 17 78 + 20 75+ 16
BSA (m?)* 1.88 + 0.24 1.92 +0.23 1.88 £ 0.23
l-year mean daily ambient PM, _ (ug/m’)f 7.7 (7.2, 8.0) 7.8 (7.4, 8.1) 7.4 (7.0,7.8)
l-year mean PM, | exposure below current Canadian 675 (97.3) 475 (96.4) 200 (99.5)

ambient air quality standards for annual PM, |
Ambient temperature on the day of cardiac MRI (°C)" 9.4 (1.3, 19.0) 9.4 (2.2,19.2) 8.5(1, 18.6)
Distance to nearest station (km)" 6.6 (3.7, 10.0) 6.6 (3.5,9.9) 6.5 (3.8,10.2)
Urban residence 639 (92.1) 450 (91.3) 189 (94.0)
Hypertension 192 (27.7) 148 (30.0) 44 (21.9)
Hyperlipidemia 123 (17.7) 86 (17.4) 37 (18.4)
Smoking history 68 (9.8) 63 (12.8) 5(2.5)
Diabetes 69 (9.9) 55 (11.2) 14 (7.0)
Neighborhood median annual household income ($)" 43200 (36800, 50400) 42800 (36800, 50800) 45200 (37600, 50400)
Neighborhood education level (diploma or higher) (%)* 73 + 11 73+ 11 73+ 10
Note.—Except where indicated, data are numbers of patients or controls, with percentages in parentheses. BSA = body surface area,
DCM = dilated cardiomyopathy, PM, , = fine particulate matter with 2.5-um or smaller acrodynamic diameter.
* Data are means + SDs.
" Data are medians, with IQRs in parentheses.
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Table 2: Cardiac MRI Findings

Patients with Normal Cardiac

Parameter All Patients (2 = 694) Patients with DCM (n = 493) MRI Findings (7 = 201)
Native T'1 z score 0.9 (0.1, 2.1) 1.4 (0.4, 2.5) 0.0 (-0.7, 0.8)

Native T1 at 1.5 T (msec)** 1040 + 52 1054 + 51 1003 + 33

Native T1 at 3 T (msec)** 1254 + 57 1268 + 59 1224 + 38

T2 z score 0.0 (-0.6,0.7) 0.2 (-0.6, 0.9) 0.0 (-0.7, 0.6)

Native T2 at 1.5 T (msec)*' 46 + 3 46 +3 45+ 3

Native T2 at 3 T (msec)** 39+3 39+3 39+3

LVEDVI (mL/m?) 106 (89, 130) 116 (103, 146) 78 (69, 81)

LVEF (%) 53 (31, 58) 40 (24, 54) 59 (57, 53)

LGE presence® 322 (47) 322 (67) 0 (0)

Note.—Except where indicated, data are medians, with IQRs in parentheses. Each patient’s T1 and T2 values were converted to z scores
based on scanner-specific T1 and T2 reference values from healthy patients with no evidence of cardiovascular disease (z score = [patient
value - mean of scanner-specific normal reference values]/[SD of scanner-specific normal reference values]). By transforming values in this
way, z scores provide an assessment of how many SDs each patient’s T1 or T2 value was above or below the mean for the normal range
for each scanner. DCM = dilated cardiomyopathy, LGE = late gadolinium enhancement, LVEDVI = left ventricular end-diastolic volume
indexed to body surface area, LVEF = left ventricular ejection fraction.

* Cardiac MRI was performed at 1.5 T in 323 patients (239 of 493 patients with DCM and 84 of 201 patients with normal cardiac MRI
findings) and at 3 T in 371 patients (254 of 493 patients with DCM and 117 of 201 patients with normal cardiac MRI findings).

T Data are means + SDs.
# Data are numbers of patients or controls, with percentages in parentheses.

$ LGE imaging was available in 683 patients (482 of 493 patients with DCM and 201 of 201 patients with normal cardiac MRI findings);
none of the patients with normal cardiac MRI findings had LGE presence as this was one of the criteria to define normal MRI.

Table 3: Univariable and Multivariable Regression for 1-year Mean PM, . Exposure

Univariable Model Multivariable Model

Parameter

All patients (7 = 694)

B Coeflicient or Odds Ratio P Value B Coeflicient or Odds Ratio P Value

Native T'1 z score® 0.38 (0.24, 0.51) <.001 0.33 (0.19, 0.48) <.001
T2 z score* 0.10 (0.01, 0.19) .03 0.07 (<0.03, 0.17) 16
LVEDVI (mL/m?)* 47(13,8.2) 007 3.6 (0.10,7.2) 047
LVEF (%)* -3.3 (-4.8, -2.0) <.001 -2.2 (-3.5, -0.80) .002
LGE presence’ 1.4 (1.2,1.7) <.001 1.4 (1.1, 1.7) .005
Patients with DCM (7 = 493)
Native T1 z score* 0.28 (0.13, 0.44) <001 0.30 (0.13, 0.47) <001
T2 z score* 0.08 (-0.02, 0.18) .13 0.05 (-0.06, 0.16) .37
LVEDVI (mL/m?)* 1.4 (-2.4,5.2) 48 2.6 (-1.4,6.6) .20
LVEF (%)* -1.6 (-3.1, -0.3) .045 -1.2 (-2.8,0.3) 11
LGE presence (%)" 1.22 (1.02, 1.47) .03 1.25(1.01, 1.56) .04
Patients with normal MRI findings (7 = 201)
Native T'1 z score* 0.21 (0.01, 0.42) .04 0.27 (0.04, 0.51) .02
T s 0.07 (<0.01, 0.17) 48 0.14 (~0.01, 0.17) 24
LVEDVI (mL/m?)* -1.9 (-5.0, 1.2) 23 -2.0 (-5.4, 1.3) 24
LVEF (%)* -3.6 (-1.1, 0.42) .36 -0.4 (-1.3,0.5) .35

LGE presence (%)’

Note.—Individual multivariable linear and logistic regression models for each MRI parameter (as the dependent variable) and 1-year mean ambient
fine particulate matter with 2.5-um or smaller acrodynamic diameter (PM, ,) exposure (as the independent variable) were adjusted for age, sex, body
surface area, local ambient temperature on the day of cardiac MRI, distance in kilometers from residential postal code centroid to nearest air pollution
monitoring station, urban versus rural residence location, MRI field strength, year, cardiac risk factors (hypertension, hyperlipidemia, smoking status,
and diabetes mellitus), and indicators of socioeconomic status (neighborhood median household income and employment rate by postal code). Each
1-pg/m? increase in 1-year mean exposure to ambient PM, | was associated with 0.30 higher native T1 z score in patients with dilated cardiomyopathy
(DCM) (adjusted B coefficient: 0.30, P < .001, 493 patients) and 0.27 higher native T1 z score in controls with normal cardiac MRI findings (adjusted
B coeflicient: 0.27, P = .02, 201 patients) using multivariable models. Numbers in parentheses are 95% Cls. LGE = late gadolinium enhancement,
LVEDVI = left ventricular end-diastolic volume indexed to body surface area, LVEF = left ventricular ejection fraction.

* Data are B coeflicients and represent the average differences in the magnitude of each MRI parameter (dependent variable) for every 1-ug/
m? increase in 1-year mean ambient PM, _ exposure (independent variable). P values were calculated using linear regression models.

4 25 €XP p g g
¥ Data are odds ratios for LGE present on cardiac MRI scans (dependent variable) for every 1-ug/m’ increase in 1-year mean ambient PM, |
exposure (independent variable). P values were calculated using logistic regression models.
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Figure 2: Images from cardiac MRI native T1 mapping show that higher long-

term exposure fo fine particulate air pollufion is associated with higher extent of myo-
cardial fibrosis.

insufficiency or stenosis at MRI; and inability to assess T1 map-
ping images due to artifact (Fig 1). To contextualize findings in
patients without pre-existing cardiovascular disease, we included
a control group of adult patients with normal cardiac MRI find-
ings (defined as normal ventricular end-diastolic volumes indexed
to body surface area, normal ventricular ejection fraction, nor-
mal left ventricular mass and wall thickness, normal atrial size,
no LGE, and no significant [more than trace] valve regurgita-
tion) and no adverse cardiac events after a minimum of 1-year
follow-up.

Heart failure has multiple underlying causes that impact
prognosis, treatment, and cardiac imaging findings. In this
study, we specifically focused on patients with nonischemic
DCM as a common phenotype in heart failure, which has a
poor prognosis despite advances in medical and device therapy
(21). Selection of patients with a common underlying cardio-
vascular disease also minimizes the potential for confounding
by other clinical variables.

Cardiac MRI Protocol

Contrast-enhanced cardiac MRI studies were performed using a
1.5- or 3-T scanner (Magnetom AVANTOfit or SKYRAfit; Sie-
mens Healthineers), with both units located in the same hospital
with the same catchment area using commercially available car-
diac surface coils. The MRI protocol included long-axis sections
and a stack of short-axis cine balanced steady-state free precession
sections with complete ventricular coverage (section thickness,
8 mmy intersection gap, 2 mm). A single midventricular short-
axis T1 and T2 mapping section was acquired using a modified
Look-Locker inversion recovery technique for native T1 mapping
(5[3]3 inversion grouping) and a matching T2 map was obtained
using a T2-preparation technique with read-out varying with ex-
ternal field strength (balanced steady-state free precession at 1.5
T and fast low angle shot at 3 T). Pixel-based T1 and T2 maps
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were automatically generated on the scanner with application of
inline motion correction algorithms. LGE images were acquired
in short- and long-axis views using a two-dimensional phase-
sensitive inversion recovery technique starting 12 minutes after
intravenous administration of contrast material (0.15 mmol per

kilogram body weight gadobutrol; Bayer Healthcare).

Cardiac MRI Analysis

Cardiac MRI studies were analyzed independently by a fellow-
ship-trained radiologist (J.D.R, with 2 years of cardiac MRI
expertise) who was blinded to all clinical information using com-
mercially available tools (Circle cmr42; Circle Cardiovascular
Imaging). Left ventricular volumes and function were measured
using automated contour detection, with manual correction if re-
quired. Presence or absence of LGE was evaluated visually. Myo-
cardial T1 and T2 relaxation times were assessed by manually
drawing a region of interest at the midinterventricular septum,
avoiding the right ventricular insertion points, blood pool, and
areas with LGE (17). Given differences in T1 and T2 mapping
between scanners and techniques, conversion of z scores can be
used to standardize raw values to facilitate combined analysis
of data from multiple scanners. Thus, each patient’s T1 and T2
values were converted to z scores based on scanner-specific T1
and T2 reference values from healthy patients with no evidence
of cardiovascular disease, as follows: (patient value - mean of
scanner-specific normal reference values)/(SD of scanner-specific
normal reference values) (17,27). By transforming values in this
way, z scores could provide an assessment of how many SDs each
patients T1 or T2 value was above or below the mean for the
normal range for each scanner.

Outcomes

The primary outcome was myocardial native T1 z score assessed
with cardiac MRI. Higher T1 z scores indicate higher extent of
diffuse myocardial fibrosis, while lower z scores indicate lower
extent of diffuse myocardial fibrosis. Secondary outcomes were
myocardial LGE as a marker of myocardial replacement fibrosis
(LGE presence is associated with scarring and arrythmias), left
ventricular end-diastolic volume indexed to body surface area as
a marker of dilatation (where larger values indicate worse ven-
tricular dilatation), left ventricular ejection fraction as a marker
of impaired global systolic function (where lower left ventricular
ejection fraction values indicate worse systolic function), and na-
tive T2 z score as a marker of myocardial edema (higher T2 z
scores indicate higher extent of myocardial edema typically as-
sociated with inflammation).

Environmental Exposure

The Government of Ontario Ministry of the Environment,
Conservation and Parks has a network of ambient (outside) air
monitoring stations across the province that collect real-time air
pollution data (22). Using latitude and longitude coordinates, the
nearest monitoring station for each patient was determined based
on the patient’s residential postal code. Long-term PM, | exposure
was calculated for each patient as the mean concentration of daily
ambient PM, | (in micrograms per cubic meters) from the closest
monitoring station in the 1-year period immediately before their
cardiac MRI examination. Air pollution exposure varies over an
individual’s life based on geographic location and year. One-year
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Figure 3: Scatierplots show the relationship befween long-term exposure to fine particulate matter with 2.5-um or smaller aerodynamic diameter (PM, ;) and cardiac MR
parameters in all patients, including (A) native T1 z score, (B) native T2 z score, (€) left ventricular ejection fraction (LVEF), and (D) left ventricular end-diastolic volume indexed
to body surface area (LVEDVI. Linear regression lines are shown in black, 95% Cls in gray shading, and 95% prediction intervals in blue. Each 1-ug/m® increase in 1-year mean

ambient PM, , exposure was associated with a 0.38 higher native T1 z score (B coefficient: 0.38; 95% Cl: 0.24,0.51; P<.001).

mean exposure was selected as an indicator of long-term expo-
sure, similar to other studies, given variability in estimates over
longer periods (23,24). Given the potential effects of tempera-
ture on PM, , and cardiac physiology, the mean ambient 24-hour
daily temperature (in degrees Celsius) was also assessed for each
patient on the day of their MRI from the closest monitoring sta-
tion to the hospital where cardiac MRI was performed (25,26).

Statistical Analysis

Statistical analysis was performed using a commercially available
software package, STATA, version 14.1 (StataCorp). A two-
tailed P value of less than .05 was considered statistically signifi-
cant. Continuous variables are described using means and SDs
or medians and IQRs, and categorical variables are described
using numbers and percentages. Linear and logistic regression
models were used to investigate the relationship of 1-year mean
PM, | exposure with individual continuous cardiac MRI param-
eters and myocardial LGE presence or absence, respectively. The
model R* indicates how much of the variation in the dependent
variable is accounted for by the independent variable. Multi-
variable models were adjusted for age, sex, body surface area,
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local ambient temperature on the day of cardiac MRI, distance
in kilometers from residential postal code centroid to nearest
air pollution monitoring station, urban versus rural residence
location, MRI scanner (field strength), year, cardiac risk factors
(hypertension, hyperlipidemia, smoking status, and diabetes
mellitus), and indicators of socioeconomic status (neighbor-
hood median household income and employment rate based
on matching individual postal codes to standard Canadian cen-
sus geographies). Regression model assumptions were assessed
using residual plots. In a secondary analysis, the analysis was
stratified by patient age (<50 years and 250 years at the time of
cardiac MRI), sex, hypertension, diabetes, smoking status, and
MRI unit and field strength. Sensitivity analyses were also per-
formed, using restricted cubic spline transformation of 1-year
mean PM, | exposure with three knots to investigate nonlinear
relationships, restricting the analysis to patients within 10 km
and 30 km of the nearest monitoring station, restricting the
analysis to MRI performed before 2020 (before COVID-19),
and restricting the analysis to patients with 1-year mean PM,
exposure below current Canadian Ambient Air Quality Stan-
dards (CAAQS) of 8.8 pg/m’ for annual PM, | (28-30).
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Table 4: Linear Regression for Native T1 z Score and
1-year Mean PM, ; Exposure in Stratified and Restricted
Subgroups

Subgroup B Coefhicient P Value
Women 0.49 (0.23, 0.76)  <.001
Men 0.26 (0.09, 0.43)  .003
Smoking history 0.43 (0.02, 0.84) .04

No smoking history 0.33 (0.17, 0.49)  <.001
Hypertension 0.48 (0.16, 0.80)  .004

0.31(0.15,0.48)  <.001
0.44 (-0.22,1.10) .19
0.32(0.17,0.47)  <.001
0.31 (0.12, 0.50)  .001
0.29 (0.07,0.52) .01
9.1 (2.04, 15.97) .01

No hypertension
Diabetes

No diabetes

Patient age <50 years
Patient age >50 years
1.5-T scanner*

3-T scanner* 12.1 (5.74, 18.52) <.001

Within 10 km from an 0.37 (0.19, 0.56)  <.001
ambient (outside) air
monitoring station

Within 30 km from an 0.38 (0.22, 0.54)  <.001
ambient (outside) air
monitoring station

MRI performed before the  0.36 (0.17, 0.55)  <.001
COVID-19 pandemic

l-year mean PM, | exposure  0.31 (0.16, 0.46)  <.001

below current Canadian
Ambient Air Quality
Standards

Note.—Effect sizes for the association of ambient fine particulate
matter with 2.5-pum or smaller aerodynamic diameter (PM, ,)
exposure with native T1 z scores were highest in women (B
coeflicient: 0.49), smokers (B coeflicient: 0.43), and patients with
hypertension (B coefficient: 0.48). Except where indicated, the 8
coeflicients represent the average differences in the magnitude of
native T'1 z score (dependent variable) for every 1-pg/m? increase
in 1-year mean ambient PM, | exposure (independent variable) in
stratified and restricted subgroups. P values were calculated using
linear regression models. Numbers in parentheses are 95% Cls.

* B coeflicients represent the average difference in the magnitude
of absolute native T1 mapping values in milliseconds (dependent
variable) for every 1-ug/m’ increase in 1-year mean ambient PM,
exposure (independent variable) according to MRI unit field
strength. P values were calculated using linear regression models.

Results

Patient Characteristics

An initial 506 eligible patients with DCM and 203 controls
with normal cardiac MRI findings were identified. Fifteen pa-
tients were excluded, four due to LGE-based evidence of myo-
cardial infarction, seven due to severe valvular insufficiency
or stenosis on MRI scans, and four due to inability to assess
T1 mapping images related to artifact (Fig 1). A total of 694
patients were included in the final study sample (age range,
18-88 years; mean age, 47 years + 16 [SD]; 443 male), 493
with DCM (mean age, 48 years + 16; 350 male) and 201 con-
trols (mean age, 46 years + 16; 93 male) (Table 1). The median
of the 1-year mean daily ambient PM, , concentration was 7.7
pg/m? (IQR: 7.2, 8.0). Cardiac MRI findings of patients are

summarized in Table 2.
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Association of Long-term PM, , Exposure with

Myocardial Fibrosis

Opverall, each 1-pg/m? increase in 1-year mean ambient PM,  ex-
posure was associated with a 0.38 higher native T1 z score (B co-
efficient: 0.38; 95% CI: 0.24, 0.51; P < .001) and helped explain
4.1% of the variance in native T1 in unadjusted analysis (Table 3,
Fig 2). In a fully adjusted multivariable model, each 1-pg/m? in-
crease in 1-year mean PM, | exposure was associated with a 0.33
higher native T'1 z score overall (adjusted B coefficient: 0.33; 95%
CI: 0.19, 0.48; P < .001; adjusted R%: 0.120) (Fig 3). For absolute
native T1 values, each 1-pg/m? increase in 1-year mean PM,
exposure was associated with a 9.1-msec higher native T1 at 1.5
T (B coefficient for absolute T1 mapping values in milliseconds:
9.1;95% CI: 2.04, 15.97; P=.01) and a 12.1-msec higher native
T1 at 3 T (B coefhicient for absolute T1 mapping values in mil-
liseconds: 12.1; 95% CI: 5.74, 18.52; P < .001).

In adjusted multivariable models stratified by patient group
(patients with DCM or controls with normal cardiac MRI), each
1-pg/m? increase in 1-year mean PM, ; exposure was associated
with a higher native T1 z score of 0.30 in patients with DCM
(adjusted B coeflicient: 0.30; 95% CI: 0.13, 0.47; P < .001) and
0.27 in controls (adjusted B coefficient: 0.27; 95% CI: 0.04,
0.51; P =.02) (Table 3).

Association of Long-term PM, , Exposure with Other Indexes
of Cardiac Remodeling

In individual multivariable models, after adjustment for potential
confounders, each 1-pg/m? increase in 1-year mean PM,  expo-
sure was also associated with 40% higher odds of LGE (adjusted
odds ratio: 1.4; 95% CI: 1.1, 1.7; P = .005), 3.6 mL/m?higher
left ventricular end-diastolic volume indexed to body surface area
(adjusted B coeflicient: 3.6; 95% CI: 0.10, 7.2; P = .047), and
2.2% lower left ventricular ejection fraction (adjusted B coeffi-
cient: -2.2; 95% CI: -3.5, -0.80; P = .002) (Table 3). PM,
exposure was associated with higher native T2 z scores at univari-
able analysis (B coefficient: 0.10; 95% CI: 0.01, 0.19; P = .03).
However, when adjusting for potential confounders in the multi-
variable model, there was no evidence of an association between
PM, ; exposure and T2 z scores (adjusted B coefficient: 0.07; 95%
CI: -0.03, 0.17; P = .16).

In patients with DCM, each 1-pg/m?® increase in 1-year
mean PM, | exposure was also associated with 25% higher odds
of LGE in a multivariable model (adjusted odds ratio: 1.25;
95% CI: 1.01, 1.56; P = .04). PM, . exposure was associated
with lower left ventricular ejection fraction values at univari-
able analysis in patients with DCM (B coefhicient: -1.6; 95%
CL: -3.1, -0.3; P = .045). However, when adjusting for po-
tential confounders in the multivariable model, there was no
evidence of this association (adjusted P coefficient: -1.25 95%
CIl: -2.8,0.3; P=.11). PM, . exposure was not associated with
indexed left ventricular end-diastolic volume or T2 z scores in
unadjusted or adjusted models in patients with DCM (adjusted
B coeflicient for indexed left ventricular end-diastolic volume:
2.6 [95% CI: -1.4, 6.6; P = .20]; adjusted B coefficient for the
T2 z score: 0.05 [95% CI: -0.06, 0.16; P = .37]).

In patients with normal cardiac MRI findings, PM, ; exposure
was not associated with native T2 z score (B coefficient: 0.07;
95% CI: -0.01, 0.17; P = .48), left ventricular end-diastolic
volume indexed to body surface area (B coefficient: -2.0; 95%
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Figure 4: Scatterplots obtained with restricted cubic spline transformation (three knots) of 1-year mean fine particulate matter with 2.5-pm or smaller aerodynamic diameter

[PM, .} exposure to investigate nonlinear relationships with cardiac MRI parameters in all patients, including (A) native T1 z score, (B) native T2 z score, (€) left ventricular ejection

fraction (LVEF), and (D) left ventricular end-diastolic volume indexed to body surface area (LVEDVi). Regression lines are in black and 95% Cls in gray shading. Other than for left
ventricular ejection fraction, there are no clear nonlinear relationships except for where there are few data points at extreme exposure values.

Cl: -5.4, 1.3; P=.24), or left ventricular ejection fraction (3 coef-
ficient: -0.4; 95% CI: -1.3, 0.5; P = .35).

Age, Sex, Hypertension, Diabetes, and Smoking Effects of
PM, . Exposure on Myocardial Fibrosis

Opverall, stratified models indicated largest effect sizes for the as-
sociation of ambient PM, ; exposure with native T1 z scores in
women (B coefhicient: 0.49; 95% CI: 0.23, 0.76; P < .001), in
smokers (B coefficient: 0.43; 95% CI: 0.02, 0.84; P = .04), and
in patients with hypertension (B coeflicient: 0.48; 95% CI: 0.16,
0.80; P = .004) (Table 4). The effect estimate for the association
of ambient PM_ | exposure with native T'1 z scores was also large
when restricted to patients with diabetes (B coefficient: 0.44;
95% CI: -0.22, 1.10; P = .19), although the association was not
significant possibly due to the small sample size in the diabetes
group. Effect sizes were similar between patients younger than
50 years (B coefficient: 0.31; 95% CI: 0.12, 0.50; P = .001) and
those aged 50 years or older (B coefficient: 0.29; 95% CI: 0.07,
0.52; P=.01).

Sensitivity Analyses

Restricted cubic spline transformation of 1-year mean PM, , ex-
posure did not demonstrate alternate nonlinear concentration
response relationships other than for left ventricular ejection

Radiology: Volume 316: Number 1—July 2025 = radiology.rsna.org

fraction (Fig 4). Using a linear spline term with one knot, each
1-pg/m’ increase in 1-year mean PM, | exposure was associated
with a 5.4% lower left ventricular ejection fraction (adjusted P
coefficient: -5.4; 95% CI: -9.0, -1.8; P = .003) with PMz.s ex-
posure of at least 7.7 pg/m?; however, there was no evidence of an
association with PM,  exposure less than 7.7 pg/m’ (adjusted B
coefhicient: -1.0; 95% CI: -2.8, 0.7; P = .24).

When the main analysis was restricted to individuals living
within 10 km from a monitoring station (75.4%, 523 of 694
patients) and within 30 km from a monitoring station (93.5%,
649 of 694 patients), an association between long-term PM,
exposure and native T1 z scores remained in adjusted models,
with effect sizes similar to those in the full cohort (B coefhicient
for 10 km: 0.37 [95% CI: 0.19, 0.56; P < .001]; B coefhicient for
30 km: 0.38 [95% CI: 0.22, 0.54; P < .001]).

Effect estimates for 1-year mean PM, . exposure on native

T1 z scores were similar to that of the O\ZIérall cohort when re-
stricted to MRI examinations performed before the COVID-19
pandemic (63.0%, 437 of 694 patients; P coefficient: 0.36; 95%
CI: 0.17, 0.55; P < .001) and when restricted to patients with
l-year mean PM, ; exposure below current Canadian Ambient
Air Quality Standards (97.3%, 675 of 694 patients; P coefficient:
0.315 95% CI: 0.16, 0.46; P < .001). Key findings are summa-

rized in Figure 5.
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EFFECT OF AIR POLLUTION ON MYOCARDIAL FIBROSIS
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Figure 5:

Key Result

Implications

Ambient air pollution
is a modifiable
cardiovascular risk
factor

Medical imaging is a
non-invasive tool to
investigate climate
health effects

Diagram shows summary of study purpose, exposure, outcome, and key results. Higher long-term exposure to ambient fine particulate air pollution is

associated with greater diffuse myocardial fibrosis at cardiac MRI native T1 mapping in patients with dilated cardiomyopathy and controls with normal MRI findings.

PM2.5 = fine particulate matter with 2.5-um or smaller aerodynamic diameter.

Discussion

Air pollution is associated with cardiovascular morbidity and
mortality. However, the underlying pathophysiologic mecha-
nisms are unclear. The relationship between long-term exposure
to fine particulate matter with 2.5-pum or smaller acrodynamic
diameter (PM, ) air pollution and myocardial fibrosis was
evaluated in this retrospective study of 694 patients (493 with
dilated cardiomyopathy and 201 controls with normal cardiac
MRI findings). After adjusting for clinically relevant covariates,
each 1-pg/m’ increase in l-year mean ambient PM,  expo-
sure was associated with 0.30 higher native T1 z score in pa-
tients with dilated cardiomyopathy (B coeflicient: 0.30; 95%
Cl: 0.13, 0.47; P < .001) and 0.27 higher native T1 z score
in patients with normal cardiac MRI (B coefficient: 0.27; 95%
CI: 0.04, 0.51; P = .020). Findings were robust at sensitivity
analysis when restricted to MRI examinations performed before
the COVID-19 pandemic and restricted to patients with 1-year
mean PM, | exposure below current Canadian Ambient Air
Quality Standards. Effects were largest in women (B coefficient:
0.49; 95% CI: 0.23, 0.76; P < .001), smokers (B coefficient:
0.43; 95% CI: 0.02, 0.84; P = .038), and patients with hyper-
tension (B coefficient: 0.48; 95% CI: 0.16, 0.80; P = .004).
Our results are supported by those of a few prior studies that
have demonstrated associations between air pollution exposure
and cardiac MRI markers of ventricular remodeling (23,24,31).
In an analysis of 3920 asymptomatic individuals free from
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pre-existing cardiovascular disease in the UK Biobank popula-
tion study, exposure to PM, ; and nitrogen dioxide were associ-
ated with larger ventricular volumes (23). In patients with DCM,
nitrogen dioxide exposure was associated with higher indexed left
ventricular mass and lower left ventricular ejection fraction, with
the largest effect in women (24). Notably, these studies did not
assess markers of myocardial fibrosis. A strength of our study is a
direct temporal relationship between assessed PM, | exposure and
cardiac MRI, whereas other studies have estimated the effects of
PM, , exposure based on more remote measurements (23).

Our findings are also concordant with prior animal mod-
els and autopsy studies and provide unique empirical data in
human patients regarding the association between air pollution
and myocardial fibrosis (13-15). Murine models have demon-
strated that PM, | exposure induces myocardial fibrosis with
a positive dose-response relationship, potentially mediated by
transforming growth factor P signaling and activation of the
renin-angiotensin system (13,14). In a postmortem study of
228 patients from Brazil, long-term exposure to air pollution
estimated by means of black carbon accumulated in the lungs
was associated with histopathologic extent of myocardial fibro-
sis, with the largest effects observed in patients with hyperten-
sion and a history of smoking (15).

In line with other studies, our results indicate that adverse
effects of fine particulate air pollution on the heart are observed
at exposures below current air quality guidelines, reinforcing
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that there are no safe exposure limits (24). Our results bolster
evidence that air pollution is a modifiable risk factor for cardio-
vascular disease (32). Air pollution contributes to health inequi-
ties both in terms of the level of exposure (with those of lower
socioeconomic status likely to have higher exposure) and effect
(with those that are already vulnerable being more biologically
susceptible to the effects of pollutant exposure) (33). Our find-
ings suggest that subgroups of patients may be more sensitive
to long-term PM, _ exposure, including women, those with hy-
pertension, and those who smoke (15,24). Myocardial fibrosis
is irreversible; therefore, it is imperative to implement measures
to reduce exposure to long-term air pollution, especially in the
most vulnerable patients (34-37).

Our study has several limitations. First, our findings may
not be generalizable to all patients. We focused on patients with
nonischemic DCM as the second most common cause of heart
failure (21). Various underlying causes of non-ischemic DCM
could impact MRI findings, although there are no data to suggest
that DCM etiology impacts air pollution exposure. Similar effects
were identified in a control group of patients with normal cardiac
MRI findings, bolstering the conclusions. All imaging was per-
formed at a single center, although patients were referred from
across the province and had varying long-term exposure to PM, ..
Exposures might have differed at earlier timepoints, particularly if
patients moved. The 1-year mean PM, | exposure was evaluated as
an indicator of long-term exposure similar to prior studies, given
variability in air pollution estimates over longer periods (23,24).
Second, although we adjusted multivariable models for a large
number of potential confounders, there may be unknown and
unmeasured confounders. This is a challenge in all observational
studies. Notably, a randomized controlled trial of the effects of
long-term PM, _ exposure is not practical or ethical, and our find-
ings remained robust in sensitivity analyses. Third, we only evalu-
ated the effect of ambient (outdoor) PM, . and did not account

for exposure to indoor PM, _ or other air pollutants such as ozone

and nitrogen dioxide. Air ;gllution is a complex mixture of both
particulate and gaseous components. We focused on PM,; as
the air pollutant most closely linked to detrimental health effects
(38). Fourth, histologic confirmation of myocardial fibrosis was
not available as endomyocardial biopsy is limited by invasiveness,
the requirement for skilled operators, and the potential for sam-
pling bias. Prior studies have demonstrated histologic validation
that diffuse myocardial fibrosis in DCM is reliably assessed with
native T1 mapping (18,19). Fifth, the study period overlaps with
the COVID-19 pandemic, which impacted air pollution and car-
diac imaging (28,39). However, we found similar effect estimates
when the analysis was restricted to the pre~COVID-19 study pe-
riod. Finally, our study identified associations between long-term
ambient PM, | exposure and cardiac MRI markers of myocardial
fibrosis but does not establish causality.

In conclusion, higher long-term exposure to ambient fine
particulate air pollution is associated with greater diffuse myo-
cardial fibrosis at cardiac MRI native T1 mapping in patients
with dilated cardiomyopathy and healthy controls, indicating
that myocardial fibrosis may be an underlying pathophysiologic
mechanism by which air pollution leads to adverse cardiovascu-
lar health outcomes. Air pollution is ubiquitous, although the
risks are not equal. Subgroups of patients may be more vul-
nerable, with exploratory analysis demonstrating largest effect
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sizes in women, those with hypertension, and those who smoke.
Public health measures are needed to reduce long-term air pol-
lution exposure. In parallel, medical imaging can be used as a
noninvasive tool to assess underlying mechanisms of climate
and environmental disease (40,41). Future studies could adjust
for additional variables, including patient occupation, and eval-
uate the association between longitudinal changes in air pollu-
tion exposure and MRI parameters.
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