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In this large population-based study, higher ambient exposure to black carbon was associated with a
greater volume of peripheral pulmonary vessels measured on noncontrast CT, suggesting diesel
exhaust may impact small vessel remodelling in the lung http://ow.ly/nAEY30o8co4
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ABSTRACT
Background: Air pollution alters small pulmonary vessels in animal models. We hypothesised that long-
term ambient air pollution exposure would be associated with differences in pulmonary vascular volumes
in a population-based study.
Methods: The Multi-Ethnic Study of Atherosclerosis recruited adults in six US cities. Personalised long-
term exposures to ambient black carbon, nitrogen dioxide (NO2), oxides of nitrogen (NOx), particulate
matter with a 50% cut-off aerodynamic diameter of <2.5 μm (PM2.5) and ozone were estimated using
spatiotemporal models. In 2010–2012, total pulmonary vascular volume was measured as the volume of
detectable pulmonary arteries and veins, including vessel walls and luminal blood volume, on noncontrast
chest computed tomography (TPVVCT). Peripheral TPVVCT was limited to the peripheral 2 cm to isolate
smaller vessels. Linear regression adjusted for demographics, anthropometrics, smoking, second-hand
smoke, renal function and scanner manufacturer.
Results: The mean±SD age of the 3023 participants was 69.3±9.3 years; 46% were never-smokers. Mean
exposures were 0.80 μg·m−3 black carbon, 14.6 ppb NO2 and 11.0 μg·m−3 ambient PM2.5. Mean±SD

peripheral TPVVCT was 79.2±18.2 cm3 and TPVVCT was 129.3±35.1 cm3. Greater black carbon exposure
was associated with a larger peripheral TPVVCT, including after adjustment for city (mean difference 0.41
(95% CI 0.03–0.79) cm3 per interquartile range; p=0.036). Associations for peripheral TPVVCT with NO2

were similar but nonsignificant after city adjustment, while those for PM2.5 were of similar magnitude but
nonsignificant after full adjustment. There were no associations for NOx or ozone, or between any
pollutant and TPVVCT.
Conclusions: Long-term black carbon exposure was associated with a larger peripheral TPVVCT,
suggesting diesel exhaust may contribute to remodelling of small pulmonary vessels in the general
population.
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Introduction
The pulmonary vasculature may be particularly sensitive to air pollution, as a significant portion of inhaled
particulate matter and gaseous pollutants reach the richly vascularised alveolar bed [1, 2]. In animal models,
exposure to diesel exhaust and particulate matter with a 50% cut-off aerodynamic diameter of <2.5 μm
(PM2.5) increased right ventricular systolic pressure and resulted in muscularisation of pulmonary arterioles
[3–5]. In humans, controlled exposure to diesel exhaust increased levels of endothelin-1, a pulmonary
vasoconstrictor, and also increased pulmonary vascular resistance during dobutamine stress measured by
transthoracic echocardiography [6–8]. Children with greater particulate matter exposures have also been
found to have higher pulmonary arterial pressures on echocardiography [9].

Direct assessment of the pulmonary vasculature, by cardiac catheterisation or contrast-enhanced imaging,
is challenging in the general population. In the Multi-Ethnic Study of Atherosclerosis (MESA) we found
that higher long-term exposure to nitrogen dioxide (NO2) and PM2.5 was associated with greater right
ventricular mass on magnetic resonance imaging (MRI), suggesting chronically increased pulmonary
arterial pressures [10, 11]. However, to the best of our knowledge, no study has assessed the relationship of
ambient air pollution and direct measures of pulmonary vascular structure in humans. We recently
utilised a measure of the total pulmonary vascular volume assessed on noncontrast computed tomography
(TPVVCT) [12], which we found to be increased in current and ex-smokers and reduced with airflow
limitation [13]. We therefore hypothesised that in the general population exposure to black carbon, a
marker of diesel exhaust, PM2.5, NO2, oxides of nitrogen (NOx) and ozone would be associated with
differences in TPVVCT in the whole lung and in the periphery of the lung, the latter chosen as a more
sensitive marker of small pulmonary vessels.

Methods
Multi-Ethnic Study of Atherosclerosis
MESA is a prospective cohort study that recruited 6814 participants from six US cities who were aged
45–84 years and free of clinical cardiovascular disease in 2000–2002 [14]; 4716 participants (>70% of those
still living) returned for follow-up in 2010–2012. The MESA Air Pollution Study (MESA Air) was a large
ancillary study funded by the US Environmental Protection Agency (EPA) to add air pollution exposure
assessments for consenting participants [15]. The MESA Lung Study enrolled 3965 MESA participants in
2004–2006 [16]; in 2010–2012 all were invited to undergo full-lung CT and spirometry, in addition to a
random sample of those undergoing concurrent cardiac MRI (supplementary figure E1). This study
includes 3023 participants who underwent lung CT and had at least one air pollutant estimate.

The protocols of MESA and all studies described herein were approved by the institutional review boards
of all collaborating institutions and the US National Heart, Blood, and Lung Institute. All participants
provided written informed consent.

Pulmonary vascular volume on CT
Noncontrast chest CT scans were acquired at suspended full inspiration on 64-detector scanners following
the SPIROMICS protocol; reconstruction was performed in 0.625–0.75 mm increments using a
high-spatial contrast algorithm [17]. All image analysis was performed at the MESA Lung CT Reading
Center (University of Iowa, Iowa City, IA, USA) by trained and certified technicians without access to
other participant information.

Dedicated software (Apollo; VIDA Diagnostics, Coralville, IA, USA) was used to segment the lungs and
pulmonary vessels automatically with visual confirmation; vessels were identified using an approach
previously described [12]. TPVVCT was measured as the volume of detectable arteries and veins, including
vessel walls and luminal blood, down to ∼1 mm in diameter within segmented lung. The intraclass
correlation coefficient on 10% replicate reads was 1.0. Peripheral TPVVCT was limited to the 2 cm
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periphery of the lung excluding the portion of the lung adjacent to the mediastinum. Percent TPVVCT was
indexed to CT lung volume.

Mean values of TPVVCT are ∼25–30% of average pulmonary blood volumes measured invasively [13]; this
difference is not unexpected given the exclusion of large mediastinal pulmonary vessels and the inability to
capture the microvasculature (vessels <1 mm in diameter).

Air pollution exposure estimates
MESA Air generated cohort-specific prediction models of long-term exposure to ambient black carbon,
NO2, NOx, PM2.5 and ozone. Estimates use maximum likelihood predictions with spatiotemporal
modelling that have been previously described [18, 19]. Briefly, all models leverage measures from the
MESA Air monitoring campaign in 2005–2009 that included two to five supplemental stationary monitors
within each city and outdoor monitors at the homes of a subset of MESA participants. The models
include all available measures from the EPA’s Air Quality System monitors for all pollutants except for
black carbon, due to different measurement techniques [20]. The models also include geographic variables
such as land use (e.g. industrial, residential and water), distance to airports and coastlines, traffic patterns
incorporated via dispersion models, population density, and urban topography [18, 20]. Exposures were
predicted in 2-week averages at each participant’s home address [15] and estimates were weighted for time
at each address if participants moved during the time of the exposure estimate.

Black carbon exposure was estimated using a spatial model from 2006–2008, the full years during which
MESA Air monitoring occurred, while all other exposures were estimated as a 1-year average exposure
prior to the participant’s 2010–2012 visit. Figure 1 shows estimated exposure to black carbon in Chicago,
IL. Black (or elemental) carbon estimates were based on the difference between pre- and post-exposure
light absorption coefficients from reflectance on the Teflon filters used for PM2.5 monitoring (Smokestain
Reflectometer 43D EEL; Diffusion Systems, London, UK) [20]. The relationship between black carbon
concentration and light absorption was empirically determined in each city based on comparison to direct
measurements [20].

Covariate information
Age, sex, race/ethnicity, educational attainment, income, pack-years of smoking, second-hand smoke
exposure, medication use, medical history and smoking status were self-reported; current smoking was
confirmed with urine cotinine (>100 ng·mL−1) [16]. Height, weight, resting blood pressure, fasting serum
glucose, creatinine, total cholesterol and high-density lipoproteins were measured using standard
techniques [21]. Glomerular filtration rate was estimated using the Modification of Diet in Renal Disease
equation [22]. Neighbourhood socioeconomic status (SES) index incorporates six US Census variables
that are unique contributors to neighbourhood SES [23]. Hypertension was defined as blood pressure
⩾140/90 mmHg or self-reported hypertension and antihypertensive medication use. Diabetes was defined
as fasting glucose ⩾7.0 mmol·L−1 (⩾126 mg·dL−1), use of hypoglycaemic medication or self-reported
physician diagnosis. Cardiac structure was assessed on cardiac-gated MRI on 1.5 T scanners with a
phased-array surface coil [24]. Analysts blinded to participant information assessed left ventricular
volumes and function using cine images of steady-state free precession pulse sequences acquired on two
chambers, three chambers, four chambers and the short-axis plane using semiautomatic contouring (CIM
version 6.0; UniServices, Auckland, New Zealand) [25].

Percent of emphysema-like lung (“percent emphysema”) was defined as the percentage of voxels below
−950 HU on full-lung CT scans obtained at coached full inspiration using dedicated software (Apollo).
Spirometry was conducted in accordance with American Thoracic Society/European Respiratory Society
guidelines [26]; all spirometry exams were reviewed by one investigator [27]. Airflow limitation was
defined as pre-bronchodilator forced expiratory volume in 1 s (FEV1)/forced vital capacity (FVC) <0.7.

Statistical analyses
The sample was stratified by quintile of black carbon exposure for descriptive purposes. Linear regression
was used to estimate the associations between air pollution exposure (independent variable) and TPVVCT

(dependent variable), both treated as continuous, with sequentially adjusted models. The initial model
adjusted for age, sex, race/ethnicity and height, to account for basic demographics and body size. The full
model also adjusted for education, neighbourhood SES index (both related to SES), smoking status,
pack-years, second-hand smoke exposure, renal function (to account for possible fluid retention), weight
and scanner manufacturer (both accounting for scanner noise). The final model includes adjustment for
city to address unmeasured confounding by study site. Missing data was minimal except for pack-years
(5%) and education (<1%), and the issue was addressed by multiple imputation (n=10). Generalised
additive models were used to confirm linear associations between air pollutants and TPVVCT. In the
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analysis of black carbon and peripheral TPVVCT, effect modification was assessed on an additive scale
using interaction terms by sex, race/ethnicity, age, smoking status, airflow limitation, CT manufacturer
(all classified as shown in figure 3) and city.

Sensitivity analyses included additional adjustment for factors associated with pulmonary vascular
volumes, including FEV1, percent emphysema, left ventricular end-diastolic volume and ejection fraction,
diuretic use, and cardiac risk factors (hypertension, hyperlipidaemia and diabetes). We also assessed 5-year
average exposures for NO2, NOx and PM2.5 (to compare with the 2006–2008 black carbon estimates) and
multipollutant models. We used pulmonary vascular volume (in millilitres) as the primary outcome in
order to test associations with a single measure and also include results for percent TPVVCT, the ratio of
pulmonary vascular volume to CT lung volume. Statistical significance was defined as a two-tailed p-value
<0.05. Rather than adjust for multiple comparisons of these pollutants, which co-vary considerably, we
report all analyses [28]. Analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC, USA)
and R (R Foundation for Statistical Computing, Vienna, Austria).

Results
Study participants
Of 4920 participants enrolled in the 2010–2012 MESA Exam, 3203 underwent full-lung CT scan and 3023
(94%) had at least one air pollution estimate (supplementary figure E1). Included participants differed
slightly from excluded participants in terms of demographics (supplementary table E1). Participants had a

0 5 10 15 20 km

Interstate highways

Major arterials

Mean LAC 2006–2008

per 100 000 m

0.90

0.37

FIGURE 1 Map of estimated black carbon exposure derived from spatial averages over 2006–2008 in Chicago, IL.
LAC: light absorption coefficient (0.5 per 100000 m LAC is approximately equivalent to 0.5 μg·m−3 black carbon).
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mean±SD age of 69±10 years, 52% female, 39% White, 21% Hispanic, 27% African-American and 13%
Chinese-American, and 46% were never-smokers. Mean±SD TPVVCT was 129.3±35.1 cm3 and peripheral
TPVVCT was 79.2±18.2 cm3.

Mean±SD long-term exposures were 0.80±0.37 μg·m−3 black carbon, 14.6±7.9 ppb NO2, 26.0±16.3 ppb
NOx, 11.0±1.5 μg·m

−3 PM2.5 and 23.2±4.7 ppb ozone, with an average inter-city interquartile range (IQR)
of 0.15 μg·m−3, 4 ppb, 8 ppb, 1.3 μg·m−3 and 3 ppb, respectively. Exposures varied by city, with the highest
in New York, NY and Los Angeles, CA, and the lowest in St Paul, MN and Forsyth County, NC
(supplementary figure E2). City-specific correlations for black carbon and NO2 were moderate to high
(0.62–0.91), while those of black carbon and PM2.5 were variable (0.21–0.79) (supplementary table E2).

Compared with participants in the highest quintile of black carbon exposure, those in the lowest quintile
were more likely to be White male ex-smokers with greater height, weight, educational attainment and
second-hand smoke exposure, and were less likely to have diabetes and hypertension (table 1). Those in
the lowest quintile had greater TPVVCT and peripheral TPVVCT, but lower percent TPVVCT and percent
peripheral TPVVCT (normalised for lung volume), compared with the highest quintile.

Ambient air pollution and pulmonary vascular volumes on CT
A higher ambient black carbon exposure was associated with a greater peripheral TPVVCT after adjustment
for age, sex, race/ethnicity and height, as well as in fully adjusted and city-adjusted models (city-adjusted
mean difference 0.41 (95% CI 0.03–0.79) cm3 per IQR; p=0.036) (table 2). NO2 exposure was associated with
a similar magnitude difference in peripheral TPVVCT in limited and fully adjusted models, but not after city
adjustment. PM2.5 was associated with greater peripheral TPVVCT in the limited model and lost significance
with full adjustment (table 2). There were no significant associations between NOx or ozone exposure and
peripheral TPVVCT (table 2). For comparison, an increase of 10 pack-years was associated with a 0.25 cm3

increase in peripheral TPVVCT in the city-adjusted model (95% CI 0.001–0.50 cm3; p=0.045).

Higher PM2.5 exposure was associated with a greater TPVVCT in the limited model; however, the
association was nonsignificant in fully adjusted and city-adjusted models. There were no significant
associations between other pollutants and TPVVCT (table 2).

Given the more historical black carbon exposure estimates, we evaluated 5-year average exposures for other
pollutants and results were unchanged (supplementary table E3). In multipollutant models including black
carbon, NO2 and PM2.5 the difference in peripheral TPVVCT for an increase in black carbon remained of
similar or greater magnitude, while the effect for other pollutants decreased (supplementary table E4).
Generalised additive models for black carbon confirmed a linear association with peripheral TPVVCT

across nearly all values of black carbon (figure 2).

Results for percent peripheral TPVVCT (scaled to CT lung volume) were significant for nearly all
pollutants, with greater exposures associated with increased percent peripheral TPVVCT with the exception
of ozone, which was in the opposite direction (supplementary table E5). Results for percent TPVVCT were
very similar to those of percent peripheral TPVVCT (supplementary table E5). In addition, higher ozone
exposure was associated with a larger CT lung volume in the full model (42 mL per IQR ozone; p<0.001),
whereas black carbon was not (−8 mL per IQR black carbon; p=0.23).

While associations between black carbon exposure and peripheral TPVVCT were attenuated in ex-smokers
and those with airflow limitation (figure 3), there was no significant effect modification, and results were
similar across strata of sex, age, race/ethnicity and scanner manufacturer. Effect estimates for black carbon
varied by city, with the strongest associations in New York, NY and Los Angeles, CA (supplementary
figure E3), but there was not significant effect modification (p-interaction=0.42). Results were unchanged
with additional adjustment for FEV1, percent emphysema, left ventricular end-diastolic volume and
ejection fraction, diuretic use and cardiac risk factors (figure 3).

Discussion
In this population-based study, higher black carbon exposure was associated with greater peripheral
TPVVCT, a noninvasive CT measure of the pulmonary vasculature designed to isolate smaller vessels in
the lung periphery. These findings were consistent after adjustment for multiple confounders including
city, as well as in multipollutant models including PM2.5 and NO2, and suggest that long-term exposure to
diesel exhaust may impact the pulmonary circulation, with a particular effect on smaller vessels. The
magnitude of this change was comparable to the effect of >15 pack-years of smoking.

The pulmonary circulation is regulated by conditions within the lung and directly impacted by pulmonary
disease. Within the lung, hypoxia causes localised pulmonary vasoconstriction [29], a response that
optimises gas exchange but can be blunted in the setting of pulmonary infection [30, 31]. We have found
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a lower pulmonary perfusion in those with chronic obstructive pulmonary disease and emphysema [32],
and a higher TPVVCT in current and ex-smokers (with and without airflow limitation) [13]. In pulmonary
hypertension, differences in pulmonary vascular volumes may depend on the cause; pulmonary vascular

TABLE 1 Characteristics of Multi-Ethnic Study of Atherosclerosis participants with total
pulmonary vascular volume assessed on noncontrast computed tomography (TPVVCT) and air
pollution estimates in 2010–2012 by quintile of black carbon exposure#

Quintile of black carbon exposure

1 2 3 4 5

Subjects n 601 601 601 601 601
Age years 68.2±9.0 68.9±9.1 70.2±9.3 69.7±9.3 69.7±9.6
Male 52.9 45.6 48.4 45.6 45.6
Race/ethnicity
White 57.2 48.8 53.4 25.1 9.8
African-American 18.8 30.8 39.4 26.3 20.8
Hispanic 22.0 7.0 20.0 26.1 48.1
Chinese-American 2.0 13.4 5.2 22.5 21.3

Education
Incomplete high school 9.0 6.7 5.3 16.5 31.6
Complete high school 19.8 17.8 10.6 17.0 23.0
Some college 31.9 32.4 25.3 27.8 26.6
Complete college 20.1 20.0 22.0 19.0 11.3
Graduate school 19.2 23.1 36.8 19.7 7.5

Height cm 167.4±9.8 166.3±10.0 167.0±9.7 164.2±10.0 162.5±9.8
Weight kg 82.4±17.3 79.3±17.9 79.3±18.0 76.8±17.6 74.5±16.6
Smoking status
Never-smoker 41.1 43.1 40.4 48.4 55.7
Ex-smoker 47.9 45.9 48.8 44.3 36.1
Current smoker 11.0 11.0 10.8 7.3 8.2

Pack-years¶ 24.4±24.3 26.4±25.4 27.4±28.5 27.5±29.9 19.0±21.3
Any exposure to second-hand smoke 31.1 26.8 25.3 23.6 14.1
Second-hand smoke h·week−1+ 2 (1–7) 2 (1–10) 2 (1–5) 2 (1–10) 4 (2–8)
Diabetes 18.1 20.3 16.8 19.8 25.8
Hypertension 59.3 58.3 57.2 57.9 64.7
Total cholesterol mg·dL−1 178.6±37.4 182.4±37.6 187.2±37.7 183.8±36.9 183.2±38.0
Estimated GFR mL·min−1·1.73 m−2 80.0±19.5 79.3±20.2 79.6±19.3 81.0±19.8 83.4±23.1
City
Forsyth County, NC 37.8 40.8 7.7
New York, NY 0.7 9.8 2.3 41.6 51.4
Baltimore, MD 10.5 15.1 26.5 15.0 0.7
St Paul, MN 48.4 13.1 3.0 0.2
Chicago, IL 2.7 21.1 60.6 12.3 0.2
Los Angeles, CA 31.0 47.8

FEV1 L§ 2.51±0.73 2.30±0.69 2.29±0.70 2.19±0.73 2.19±0.71
FEV1/FVC§ 0.74±0.08 0.74±0.08 0.73±0.09 0.74±0.10 0.75±0.09
Airflow limitationƒ 25.9 28.7 31.9 25.3 23.3
Percent emphysema −950 HU 1.5 (0.6–3.0) 1.5 (0.6–3.3) 2.3 (1.0–4.8) 1.1 (0.4–2.5) 0.9 (0.4–2.0)
TPVVCT cm3 137.2±35.1 130.3±35.3 131.6±34.8 123.6±35.3 123.3±32.9
Percent TPVVCT 2.70±0.27 2.67±0.26 2.67±0.28 2.72±0.27 2.77±0.26
Peripheral TPVVCT cm3 83.0±18.3 79.0±18.5 79.8±18.2 76.7±18.2 77.4±17.2
Percent peripheral TPVVCT 2.26±0.28 2.24±0.26 2.25±0.28 2.31±0.28 2.35±0.27
Black carbon μg·m−3 0.42±0.05 0.53±0.03 0.64±0.03 1.04±0.13 1.37±0.18
PM2.5 μg·m−3 9.6±0.9 10.2±0.8 11.2±1.0 11.6±1.2 12.6±1.4
NO2 ppb 6.5±2.6 8.4±2.8 12.7±2.8 20.5±4.9 25.1±4.2
NOx ppb 11.0±4.6 14.0±4.7 21.4±4.7 35.8±11.7 47.7±13.2
Ozone ppb 26.4±3.3 25.9±3.0 25.6±1.9 20.5±3.6 17.4±2.3

Data are presented as %, mean±SD or median (interquartile range), unless otherwise stated. GFR:
glomerular filtration rate; FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity; PM2.5:
particulate matter with a 50% cut-off aerodynamic diameter of <2.5 μm; NO2: nitrogen dioxide; NOx: oxides
of nitrogen. #: n=3005 with measures of black carbon; ¶: among 1470 ever-smokers reporting pack-years;
+: among 727 reporting any second-hand smoke exposure; §: among 2690 with grade A–D spirometry;
ƒ: pre-bronchodilator FEV1/FVC <0.7.

https://doi.org/10.1183/13993003.02116-2018 6

IMAGING | C.P. AARON ET AL.



volumes are increased in pulmonary arterial hypertension [33] and decreased in chronic thromboembolic
pulmonary hypertension [34]. Left heart dysfunction can also increase pulmonary pressures [35], although
the overall effect on pulmonary vascular volume likely depends on the ability to maintain cardiac output.

A few prior studies have found associations between air pollution exposures and the pulmonary
vasculature. This is the first study, to the best of our knowledge, to find an association between long-term
ambient air pollution exposure and a direct measure of the pulmonary vasculature on CT. Prior
pulmonary vascular assessments have been inferred by cardiac structure on MRI, with long-term NO2 and
PM2.5 exposures associated with increased right ventricular mass [10, 11], or echocardiography, with 2 h of
diesel exhaust exposure leading to increased pulmonary vascular resistance during exercise [8]; both
suggest a link between air pollution and subclinical increases in pulmonary vascular pressures. In addition,
a study of 81 children in Mexico found that those with greater long-term PM2.5 exposure had higher
systolic pulmonary arterial pressure on echocardiography [9].

There are a few potential explanations for our findings of an increased volume of peripheral (smaller)
pulmonary vessels with greater black carbon exposure. First, long-term ambient black carbon exposure
may result in lung inflammation with increased parenchymal blood flow, as seen in the early stages of
acute lung injury in animals [36–38]. A systemic inflammatory response occurs with chronic particulate
matter exposure [39], suggesting an increase in pulmonary blood volume is possible. Second, the increased
vascular volume may be due to smooth muscle hypertrophy in the vessel walls as seen in animals exposed
to particulate matter and diesel exhaust [3–5], because the measure of TPVVCT includes the vessel walls as
well as intraluminal blood volume. Third, black carbon exposure may contribute to vasoconstriction of the
smallest pulmonary vessels (beyond the resolution of noncontrast CT), resulting in dilation of proximal

TABLE 2 Mean differences in total and peripheral pulmonary vascular volume associated with
an interquartile range increase in long-term air pollutant exposure

Mean difference in
TPVVCT cm3

p-value Mean difference in
peripheral TPVVCT cm3

p-value

Black carbon, per
0.15 µg·m−3 (n=3005)
Age, sex, race and height
adjusted

0.36 (−0.01–0.73) 0.06 0.30 (0.09–0.50) 0.005

Full model 0.35 (−0.03–0.73) 0.07 0.31 (0.10–0.53) 0.004
Full model+city 0.49 (−0.19–1.18) 0.16 0.41 (0.03–0.79) 0.036

NO2, per 4 ppb (n=3005)
Age, sex, race and height
adjusted

0.25 (−0.21–0.70) 0.29 0.27 (0.02–0.53) 0.035

Full model 0.18 (−0.28–0.64) 0.44 0.27 (0.01–0.53) 0.040
Full model+city 0.43 (−0.41–1.28) 0.32 0.40 (−0.08–0.87) 0.09

NOx, per 8 ppb (n=3005)
Age, sex, race and height
adjusted

0.15 (−0.28–0.59) 0.49 0.22 (−0.02–0.47) 0.07

Full model 0.04 (−0.42–0.49) 0.88 0.19 (−0.07–0.44) 0.15
Full model+city 0.25 (−0.55–1.05) 0.54 0.27 (−0.18–0.73) 0.20

PM2.5, per 1.3 µg·m−3

(n=3005)
Age, sex, race and height
adjusted

0.75 (0.04–1.47) 0.040 0.44 (0.04–0.85) 0.030

Full model 0.46 (−0.27–1.19) 0.22 0.36 (−0.06–0.77) 0.09
Full model+city 0.26 (−0.64–1.16) 0.57 0.21 (−0.30–0.71) 0.40

Ozone, per 3 ppb (n=3022)
Age, sex, race and height
adjusted

−0.07 (−0.66–0.51) 0.81 −0.27 (−0.60–0.05) 0.10

Full model 0.02 (−0.58–0.61) 0.96 −0.25 (−0.59–0.08) 0.14
Full model+city −0.23 (−1.24–0.78) 0.65 −0.18 (−0.75–0.38) 0.51

Mean differences are presented with 95% CI. TPVVCT: total pulmonary vascular volume assessed on
noncontrast computed tomography; NO2: nitrogen dioxide; NOx: oxides of nitrogen; PM2.5: particulate
matter with a 50% cut-off aerodynamic diameter of <2.5 μm. Full model adjusts for age, sex, race/ethnicity,
height, weight, education, neighbourhood socioeconomic status index, smoking status, pack-years,
second-hand smoke exposure, estimated glomerular filtration rate and scanner manufacturer. Statistical
significance was defined as a two-tailed p-value <0.05.
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upstream vessels. Unfortunately, we cannot distinguish between these mechanisms in the current study.
Over time, any of these explanations may result in increased pulmonary vascular resistance [8], consistent
with the increase in right ventricular mass seen with NO2 and PM2.5 exposure [10, 11].

While the differences observed in this general population sample are subclinical and not used clinically at
the current time, they may be helpful in understanding how the pulmonary vasculature responds to
therapy, which is in the initial phase of study in pulmonary hypertension and emphysema [40, 41].
Additionally, increases in pulmonary vascular volumes may reflect susceptibility to lung and vascular
injury from air pollution exposure, with hypothesised implications for predicting the development of lung
disease as well as other vascular diseases that have been linked to air pollution [42–44].

Significant city-specific results for black carbon were limited to New York, NY and Los Angeles, CA,
where exposures were highest, although there was no effect modification by city. However, generalised
additive models show a linear association across the range of exposures (figure 2). Results were also
attenuated for those with airflow limitation and ex-smokers (groups which overlap considerably), despite
the lack of effect modification. This may be related to a competing effect of airflow limitation and
emphysema, diseases in which TPVVCT and small vessel volumes have been found to be decreased [13, 45].
Cigarette smoke itself may also increase pulmonary blood flow and angiogenesis, which may explain the
weaker results in ex- and current smokers compared with never-smokers [46, 47].

Although we have previously found that ever-smokers with a lower TPVVCT have lower left ventricular
end-diastolic volumes, suggesting that occult pulmonary vascular disease may be hard to distinguish from
“diastolic dysfunction” [13], we do not suggest that either a high or low TPVVCT is better. Rather, these
are all cross-sectional findings that may help us understand the impact of air pollution on the pulmonary
vasculature and the interdependence of the heart and lungs.

In the current study, we found significant associations for peripheral TPVVCT, but not for TPVVCT. While
this may be due to an isolated change in smaller vessels, as smaller vessels may be more sensitive to inhaled
exposures, it is also possible that results for TPVVCT are confounded by body size and cardiac function.
Body size more closely tracks with total lung volume than with peripheral 2 cm lung volume, which is the
same 2 cm depth in all subjects, and after adjusting for CT lung volumes results were significant for both
percent TPVVCT and percent peripheral TPVVCT. Cardiac function may impact vessels centrally more than
peripherally, given the proximity to the heart, although results were not significantly changed after adjusting
for left ventricular end-diastolic volume, ejection fraction and diuretic use.

We evaluated percent TPVVCT to further account for body size, and found significant results for black
carbon for both percent TPVVCT and percent peripheral TPVVCT; however, results for ozone were
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FIGURE 2 Generalised additive model showing the estimated mean difference in peripheral total pulmonary
vascular volume assessed on noncontrast computed tomography (TPVVCT) over the range of black carbon
exposure. Model adjusts for age, sex, race/ethnicity, height, weight, education, neighbourhood socioeconomic
status index, smoking status, pack-years, second-hand smoke exposure, estimated glomerular filtration rate,
scanner manufacturer and city. The dotted lines indicate 95% CI. Each spectral line indicates one observation,
showing the distribution of black carbon measurements.
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significant in the opposite direction. We found no evidence in our data that the negative association for
ozone was due to confounding by lung function or the negative correlation between black carbon and
ozone (r=−0.79). Instead, this finding likely relates to an association between higher ozone exposure and
greater CT lung volume. Greater lung volumes have previously been reported in those living near major
roadways [48]; however, the implications of this are not known.

Limitations
This is a large multiethnic study using state-of-the art air pollution estimates and novel imaging
techniques; however, there are several limitations.

First, black carbon estimates are from 2006–2008, a more historical time-period than 1 year prior to
full-lung CT scan used for other air pollutants due to availability of comparable historical data from the
EPA. However, 5-year average exposures gave similar results to those for 1 year.

Full model+city

Sex

  Female

  Male

Race/ethnicity

  White

  African-American

  Hispanic

  Chinese-American

Age group

  <70 years

  ≥70 years

Smoking status

  Never-smoker

  Ex-smoker

  Current smoker

Spirometry#

  Without airflow limitation

  With airflow limitation

Scanner manufacturer

  Siemens

  General Electric

Additional adjustment for:

  PM2.5 and NO2

  FEV1

  Percent emphysema –950 HU

  Left ventricular end-diastolic volume

  Left ventricular ejection fraction

  Diuretic use

  Cardiovascular risk factors¶

Subjects n

1574

1431

3005

1168

818

632

387

1566

1439

1375

1340

290

1964

726

1851

1154

3005

2695

3005

2175

2174

3005

2972

–0.5

Mean difference in 

peripheral TPVVCT cm3

0.0 0.5 1.0 1.5

Stratified by:

FIGURE 3 Sensitivity analyses showing estimated mean difference in peripheral total pulmonary vascular volume
assessed on noncontrast computed tomography (TPVVCT) for an interquartile range increase in black carbon
exposure. Results are adjusted for age, sex, race/ethnicity, height, weight, education, neighbourhood
socioeconomic status index, smoking status, pack-years, second-hand smoke exposure, estimated glomerular
filtration rate, scanner manufacturer and city. p-values for interactions: sex 0.46, race/ethnicity 0.85, age 0.19,
smoking status 0.84, airflow limitation 0.74 and scanner manufacturer 0.99. The size of the blue squares
indicates the relative precision of the estimate, with larger squares reflecting more precision; 95% CIs are
indicated. PM2.5: particulate matter with a 50% cut-off aerodynamic diameter of <2.5 μm; NO2: nitrogen dioxide;
FEV1: forced expiratory volume in 1 s. #: airflow limitation indicates pre-bronchodilator FEV1/forced vital capacity
<0.7; ¶: cardiovascular risk factors included total cholesterol, triglycerides, hypertension, systolic blood pressure,
diabetes and glucose intolerance.
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Second, TPVVCT is not a measure of pulmonary arterial pressure and has not been validated against
invasive measures, which were unfeasible in this large sample. Additionally, as the CT scans were without
contrast, TPVVCT omits the microvasculature and does not separate arteries from veins. Thus, we are
unable to determine if our findings reflect differences in the microvasculature, arteries or veins, or some
combination thereof.

Third, selection bias, reverse causation and false-positive results should be considered in this
cross-sectional study. MESA is a general population study that excluded those with clinical cardiovascular
disease at baseline and good 10-year retention makes selection bias unlikely. Reverse causation is also
unlikely with air pollution exposures. Although we performed multiple comparisons and results should be
interpreted with caution, the consistent results for black carbon and suggestive results for NO2 make
false-positive findings less likely.

Conclusions
In summary, we found that higher levels of black carbon exposure were associated with greater peripheral
TPVVCT in this general population-based study, suggesting that long-term exposure to diesel exhaust may
impact smaller peripheral lung vessels in the general population.
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