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Abstract

Rationale: Cigarette smoke exposure is a risk factor for many lung
diseases, and histologic studies suggest that tobacco-related vasoconstriction
and vessel loss plays a role in the development of emphysema. However,
it remains unclear how tobacco affects the pulmonary vasculature in
general populations with a typical range of tobacco exposure, and
whether these changes are detectable by radiographic methods.

Objectives: To determine whether tobacco exposure in a generally
healthy population manifests as lower pulmonary blood vessel
volumes and vascular pruning on imaging.

Methods: A total of 2,410 Framingham Heart Study participants
with demographic data and smoking history underwent
volumetric whole-lung computed tomography from 2008 to 2011.
Automated algorithms calculated the total blood volume of all
intrapulmonary vessels (TBV), smaller peripheral vessels (defined as
cross-sectional area <5 mm? [BV5]), and the relative fraction of small
vessels (BV5/TBV). Tobacco exposure was assessed as smoking status,
cumulative pack-years, and second-hand exposure. We constructed
multivariable linear regression models to evaluate associations of
cigarette exposure and pulmonary blood vessel volume measures,

adjusting for demographic covariates, including age, sex, height,
weight, education, occupation, and median neighborhood income.

Results: All metrics of tobacco exposure (including smoking status,
pack-years, and second-hand exposure) were consistently associated
with higher absolute pulmonary blood vessel volume, higher small

vessel volume, and/or higher small vessel fraction. For example, ever-
smokers had a 4.6 ml higher TBV (95% confidence interval [CI] =

2.9-6.3, P < 0.001), 2.1 ml higher BV5 (95% CI =1.3-2.9, P < 0.001),
and 0.28 percentage-point-higher BV5/TBV (95% CI=0.03-0.52, P
=0.03) compared with never-smokers. These associations remained
significant after adjustment for percent predicted forced expiratory
volume in 1 second, cardiovascular comorbidities, and did not differ
based on presence or absence of airflow obstruction.

Conclusions: Using computed tomographic imaging, we found
that cigarette exposure was associated with higher pulmonary blood
vessel volumes, especially in the smaller peripheral vessels. Although,
histologically, tobacco-related vasculopathy is characterized by vessel
narrowing and loss, our results suggest that radiographic vascular
pruning may not be a surrogate of these pathologic changes.
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ORIGINAL RESEARCH

Cigarette smoke is a major risk factor for
many chronic lung diseases, including
chronic obstructive pulmonary disease
(COPD) (1), interstitial diseases (2, 3), and
diffuse cystic lung disease (4). In addition,
both animal models and small, human
studies have shown pathologic effects of
tobacco on pulmonary vessels, including
endothelial dysfunction, smooth muscle
proliferation, and intimal thickening (5-8),
which lead to progressive vasoconstriction,
vessel occlusion, and vascular “pruning”
seen angiographically in smokers with
COPD (9, 10). Tobacco-related
vasculopathy may be central to the
pathogenesis of emphysema in particular
(11-13), and vascular abnormalities are
frequently present in other lung diseases
(14-16). However, the pulmonary vascular
effects of cigarette smoke exposure have
not been well studied in large populations
of adults not selected on the basis of
pre-existing lung disease, partly because
detailed vascular assessment historically
has required invasive angiography or tissue
specimens (11). It remains unclear whether
tobacco-related pulmonary vasculopathy
occurs generally in all smokers, or only in
the minority of smokers who go on to
develop chronic lung disease.

Through computer-based image
analysis of computed tomography (CT)
scans, total volume of the pulmonary blood
vessels and relative reductions of the
smallest pulmonary vessels (a radiographic
surrogate of vascular pruning) can be
quantified noninvasively (17). No studies
have used this technique to evaluate the
effect of tobacco exposure on the pulmonary
vasculature. In the MESA (Multi-Ethnic
Study of Atherosclerosis) Study (18), a
cohort not screened on the basis of smoking
or lung disease, ever-smokers were found to
have higher total pulmonary vascular
volume on average compared with never-
smokers, but, given that this finding was not
a focus of the study, a formal statistical
comparison with adjustment for potential
confounders was not performed; in
addition, MESA did not assess CT measures
of vascular pruning. In COPDGene, heavy
smokers and nonsmokers were observed to
have similar total pulmonary blood vessel
volumes in a univariate analysis, but
smokers who had relatively less small vessel
blood volume (i.e., more pruning) had lower
forced expiratory volume in 1 second
(FEV) % predicted, oxygen saturation, and
6-minute walk distance (19). Although these
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studies suggest that lower total and
peripheral pulmonary blood vessel volumes
on CT may predict worse respiratory health,
it remains unclear if CT-based assessment
can detect the tobacco-related pulmonary
vascular changes that are known to

occur histologically.

To address this knowledge gap, we
investigated associations of long-term
cigarette smoke exposure with absolute and
relative pulmonary blood vessel volumes in
the Framingham Heart Study, a large,
community-dwelling cohort without high
burdens of smoking or lung disease. Based
on histologic studies, we hypothesized that
cigarette smoke exposure would be
associated with lower total pulmonary blood
vessel volumes and more severe vascular
pruning on CT.

Methods

Study Sample

The study sample consists of participants of
the Framingham Heart Study Offspring and
Third Generation cohorts, described
previously (20, 21). From 2008 to 2011,
2,764 participants underwent volumetric
chest CT scans as part of the Multi-Detector
Computed Tomography 2 substudy, with
the primary goal of assessing coronary
artery calcification (22-24). A total of 2,484
participants had image data satisfactory for
measuring vascular morphology; those
without demographic data or information
on smoking status were excluded, leaving
2,410 participants in the analysis. Most
participants attended Framingham Offspring
Exam 8 (2005-2008) and Third Generation
Exam 2 (2008-2011), except 9 participants (8
from Offspring) who attended Offspring
Exam 7 (1998-2001) or Third Generation
Exam 1 (2002-2005). This study was
conducted in accordance with the World
Medical Association Declaration of Helsinki.
The Institutional Review Boards of the Beth
Israel Deaconess Medical Center and Boston
University Medical Center approved this
study. All participants provided written
consent.

Radiographic Pulmonary

Vascular Assessment

Inspiratory, noncontrast, whole-lung CT
scans were performed in the supine position
using a 64-detector-row scanner (Discovery;
GE Healthcare), with uniform acquisition
and reconstruction protocols. Scan

parameters were 120 kVp, 300-350 mA
(based on body weight), 350-ms rotation
time, and 0.625-mm slice thickness. Image
analysis was performed in the Applied
Chest Imaging Laboratory at Brigham
and Women’s Hospital using software
based on the Chest Imaging Platform
(www.chestimagingplatform.org), as
previously described (19). An automated
algorithm generated three-dimensional
reconstructions of the pulmonary
vasculature from which the volume of
vessels of varying cross-sectional area were
calculated (Figure 1), including the total
blood volume of all intraparenchymal
vessels (TBV) and of small vessels (defined
as cross-sectional area < 5 mm? [BV5]).
The measures generated by this algorithm
reflect the volume of the entire vessel,
including the vascular wall and lumen; both
arteries and veins are included. The small
vessel fraction (BV5/TBV), representing the
relative distribution of blood vessel volume
in the smallest, most peripheral blood
vessels detectable by CT, was calculated as a
radiographic measure of pulmonary
vascular pruning (19, 25).

Statistical Analysis

Multivariable linear regression models
were used to examine associations of
cigarette exposure with radiographic
vascular measures (TBV, BV5, and
BV5/TBV). Smoke exposure was assessed
via multiple metrics, including smoking
status (life-long never-smokers vs. ever-
smokers, which included both current and
former smokers), cumulative pack-years of
exposure, and any second-hand smoke
exposure in the home during adulthood.
Due to expected collinearity, we first
assessed the main effects of each of these
exposure metrics individually and also
ran models additionally adjusting for the
other metrics. We tested for the linear
component of trend for the associations of
never-, former, and current smoking status
with blood vessel volumes. For second-
hand exposure, we performed a sensitivity
analysis restricted to never-smokers. We
evaluated departures from linearity for the
association of total pack-years and
radiographic vascular measures by plotting
penalized splines with generalized additive
models with a Gaussian distribution, and
used the likelihood ratio test to compare
the nested models. Models included
potential confounders and predictors of
outcome based on known or suspected
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Figure 1. Top panel: coronal chest computed tomography of a healthy nonsmoker. Bottom panels: example volumetric vascular reconstruction and
quantitative histogram demonstrating distribution of blood volume as a function of cross-sectional area (CSA). Image adapted from original to display
vascular reconstructions of normal lungs. Adapted by permission from Reference 19.
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associations with tobacco use, thoracic size,
and/or abnormalities of pulmonary vessels;
these included age at time of CT, sex,
height, weight, personal educational
attainment (26), occupation (laborer, sales/
clerical, professional/technical, executive/
supervisory, or other) (27), quartiles of
census tract median neighborhood
income (using home address at visit date
and year 2000 census data) (27), and
cohort identifier. We did not adjust

for race/ethnicity because nearly

all participants are of European

ancestry (28).

In secondary analyses, we assessed
whether associations between tobacco and
radiographic pulmonary blood vessel
volumes were explained by differences in
lung function, given the known association
of tobacco and pulmonary impairment, by
adjusting for FEV; % predicted and other
lung volumes. In addition, we tested for

differential associations of smoking with
blood vessel volumes by sex and the
presence of airflow limitation (defined as a
fixed ratio of post-bronchodilator FEV, to
forced vital capacity [FVC] < 0.70 [29])
and moderate-to-severe airflow
obstruction (defined by FEV/FVC < 0.70
and FEV; <80% predicted) by adding
interaction terms to our models. To
determine whether radiographic
assessment of pulmonary vessel volumes
was affected by cardiac dysfunction, we
performed additional adjustments for
cardiovascular disease (defined as any
cardiovascular disease-related event,
including myocardial infarction, angina
pectoris, congestive heart failure,
cerebrovascular accident, or death due to
cardiovascular disease or stroke), diabetes
mellitus (defined as a fasting glucose > 126
mg/dl, any diabetic medication use, or any
reported history of diabetes, excluding

Table 1. Characteristics of study participants (n=2,410)

Characteristics

Age, yr, mean = SD
Female, n (%)
Body mass index, kg/mz, mean = SD
Occupation category, n (%)
Laborer
Sales/clerical

Professional/executive/supervisory/technical

Other
Educational attainment, n (%)
High school or less
Some college
College/grad school

Median census tract income, $, median (IQR)

Offspring cohort, n (%)
Physical activity index, point, mean = SD
Smoking status, n (%)
Never
Former
Current
Pack-years of smoking, mean = SD
Entire sample
Former smokers
Current smokers

Second-hand smoke at home as adult, n (%)

Airflow limitation (FEV4/FVC < 0.7), n (%)

Moderate-to-severe obstruction (FEV,/FVC < 0.7

and FEV; < 80% predicted), n (%)
FEV; % predicted, mean = SD
FVC % predicted, mean = SD
Radiographic pulmonary vascular measures
TBV, ml, mean = SD
BV5, ml, mean + SD
BV5/TBV, %, mean = SD

Values

59.1 = 11.7
1,232 (51.1)
28.4+5.4

192 (8.0)
617 (25.6)
990 (41.1)
611 (25.4)

Definition of abbreviations: BV5 = blood volume of smaller peripheral vessels, defined as cross-
sectional area <5 mm?; FEV, =forced expiratory volume in 1 second; FVC = forced vital capacity;
IQR = interquartile range; SD = standard deviation; TBV = total blood volume.
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gestational diabetes), any antihypertensive
medication use, or statin use (30). Finally,
we constructed secondary models to
adjust for a measure of physical inactivity
(shown to predict incident heart and lung
disease [31, 32]) as another possible
confounder of the association of tobacco with
pulmonary vascular measures. A physical
activity index was calculated from a validated
questionnaire of daily activities as described
in prior Framingham Heart Study
publications (33, 34). Regression coefficients
were reported with 95% confidence intervals
(CIs). For interaction terms, a threshold P
value of less than 0.10 for the Wald test
was used as statistically significant
evidence of effect modification. All
analyses were performed using SAS 9.4
(SAS Institute, Inc.), and penalized

spline plots were produced using R version
3.5.1 (R Foundation for Statistical
Computing).

Results

Study Participant Characteristics
Details of the study participants are
provided in Table 1. The mean age (*
standard deviation) of the cohort was 59.1
(*11.7) years, and 51.1% were female.
Nearly one-half of the participants (48.5%)
were never-smokers, whereas 44.2% were
former smokers and 7.4% were current
smokers at the time of the visit. Former and
current smokers reported an average of 16.9
(*16.7) and 32.7 (*£15.5) pack-years,
respectively, whereas roughly one-quarter
(25.7%) of study participants reported
second-hand smoke exposure during
adulthood. Mean FEV; % predicted was
normal (97.9 * 15.2%); 480 participants
(21.2%) had airflow limitation on
spirometry, and of those, 167 (7.3% of

the entire cohort) met criteria for moderate-
to-severe obstruction. Mean total (TBV) and
small blood vessel volumes (BV5) were
143.0 (=30.8) ml and 55.9 (=11.5) ml,
respectively, and the small vessel fraction
(BV5/TBV) was 39.3 (+4.1)%. Compared
with the rest of the cohort, participants who
met criteria for moderate-to-severe airflow
obstruction had similar total blood vessel
volumes, but lower small vessel volume and
lower small vessel fraction (see Table E2 in
the online supplement). Details regarding
the distribution of cardiovascular disease
and related comorbidities are shown in
Table E3.
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Table 2. Associations of cigarette smoke exposure with radiographic pulmonary vascular measures

Pack-years of smoking (per 10 pack-years)
Adjusted for smoking status
Ever vs. never-smoking status
Adjusted for pack-years
Smoking status
Former vs. never
Current vs. never
Smoking status, adjusted for pack-years
Former vs. never
Current vs. never
Second-hand smoke exposure
Adjusted for pack-years and smoking
status
Among never-smokers only

TBV BV5 BV5/TBV
Difference P Difference P Difference P Value
(95% CI) (ml) Value (95% CI) (ml) Value (95% CI) (pp)
1.5(0.91t02.00 <0.001 0.6(0.4t00.9 <0.001 0.04(—0.04to 0.1) 0.3
0.6 (-0.1t0 1.3) 0.1 02(-0.1t0 0.5 0.2 —0.02 (—0.1 to 0.08) 0.7
46 (29t06.3) <0.001 21(1.3t029 <0.001 0.28 (0.03 to 0.52) 0.03
3.1(1.0t0 5.2) 0.004 1.5(0.6to 2.4) 0.002 0.28 (—0.02 to 0.58) 0.07
3.8(2.1to5.6) <0.001 1.8(1.0t0o 2.5) <0.001 0.27 (0.01 to 0.52) 0.04
9.0 (6.7t0 12.3) <0.001 4.0(2.6t05.5 <0.001 0.32 (—-0.15to 0.79) 0.2
3.0 (0.9 to 5.1) 0.005 1.4 (0.5t02.4) 0.002 0.28 (—0.02 to 0.58) 0.07
7.2 (3.2to11.3) <0.001 34(1.6t05.2) <0.001 0.40(—0.18 to 0.98) 0.2
03(-1.7t02.2) 0.8 05(-03to14) 0.2 0.31 (0.03 to 0.58) 0.03
-15(-35t0 0.5 0.1 02(-1.0t00.7) 0.7 0.31 (0.02 to 0.59) 0.03
-1.7(-49to1.6) 0.3 0.1(-13t0o1.6) 0.8 0.57 (0.11 to 1.02) 0.01

Definition of abbreviations: BV5 = blood volume of smaller peripheral vessels, defined as cross-sectional area <5 mm?; Cl =

percentage-point; TBV = total blood volume.

confidence interval; pp =

Results of linear regression models with adjustment for age, sex, height, weight, personal educational attainment, occupation category, quartiles of census
tract median neighborhood income, and Framingham Heart Study cohort (Offspring vs. Third Generation).

Associations with Radiographic
Vascular Outcomes

Associations of preselected covariates with
radiographic pulmonary vascular measures
are presented in Table E1. Greater age,
lower height, and greater weight were each
significantly associated with lower TBV,
BV5, and BV5/TBV. Males had higher
TBYV, but lower BV5/TBV compared with
females.

Associations of cigarette smoke
exposure with pulmonary blood vessel
volumes are reported in Table 2. Across
various metrics of exposure, cigarette smoke
was consistently associated with higher

absolute pulmonary blood vessel volumes
and/or higher small vessel fraction. Ever-
smoking status was associated with higher
TBV, BV5, and BV5/TBV compared with
never-smokers, and the magnitude of effect
of tobacco exposure on blood vessel
volumes increased linearly when
comparing never-, former, and current
smokers (Pieng < 0.001 for both TBV and
BV5; Figure 2). Associations were slightly
attenuated after adjustment for pack-years,
but remained statistically significant.
Second-hand exposure was associated with
higher small vessel fraction, which
remained significant after adjustment for

pack-years and smoking status, and when
restricting the analysis to never-smokers.

Secondary Analyses

In secondary analyses, adjustment for FEV,
and FVC % predicted did not alter the
pattern or statistical significance of the
associations of cigarette smoke exposure
with radiographic vascular volumes, nor was
there evidence that these associations varied
based on the presence/absence of airflow
limitation or moderate-to-severe airflow
obstruction (all Pj,eraction > 0.1). The
penalized spline for total pack-years and
BVS5/TBV (Figure E1) demonstrates a
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Figure 2. Associations of smoking status with radiographic pulmonary vascular measures. Black diamonds, total blood volume (TBV); blue circles, blood
volume of smaller peripheral vessels (defined as cross-sectional area <5 mm? [BV5]); red diamonds, small vessel fraction (BV5/TBV). Results of linear
regression models adjusting for age, sex, height, weight, personal educational attainment, occupation category, quartiles of census tract median

neighborhood income, and Framingham Heart Study cohort (Offspring vs. Third Generation)
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Figure 3. Difference in pulmonary blood volumes for ever-smokers versus never-smokers, by sex.
Black diamonds, total blood volume (TBV); blue circles, blood volume of smaller peripheral vessels
(defined as cross-sectional area <5 mm? [BV5]). Results of interaction analyses from fully adjusted
linear regression models, including adjustment for age, sex, height, weight, personal educational
attainment, occupation category, quartiles of census tract median neighborhood income, and
Framingham Heart Study cohort (Offspring vs. Third Generation).

positive association of pack-years and BV5/
TBYV in the lower tobacco exposure range
(0-30 pack-years), with a flattening or
negative association in the higher tobacco
exposure range, although the number of
these observations was limited. The splines
for pack-years and TBV and BV5 (Figure
E2) also demonstrate evidence of
nonlinearity (P values for all likelihood ratio
tests < 0.05). We found differential effects
of sex on the association between ever-
smoking status and absolute pulmonary
blood vessel volumes (Piyeraction = 0.04 for
TBV and 0.08 for BV5), with a stronger
association of smoking among males
compared with females (Figure 3). For
example, the main effect of ever-smoking
status was a 4.6-ml-higher TBV (95%

CI = 2.9-6.3, P < 0.001), but in males the
difference was 6.4 ml (95% CI =3.2-9.6,

P < 0.001) compared with 2.9 ml in
females (95% CI= —0.07 to 6.0, P=0.058).
A similar pattern was seen for BV5. We
found no evidence of effect modification by
sex in the association of second-hand smoke
exposure with pulmonary vascular
measures. Adjusting for cardiovascular
disease and related comorbidities and
physical activity index did not substantially
alter associations of tobacco exposure with
pulmonary vascular measures.

Discussion

In this large cohort of community-dwelling
and generally healthy adults, measures of
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tobacco exposure were consistently
associated with higher absolute pulmonary
blood vessel volume, higher small vessel
volume, and/or higher small vessel volume
ratio in linear models. These findings were
not explained by differences in lung
function. This suggests that tobacco
exposure itself may not, on average, appear
radiographically as pruning. In fact, tobacco
exposure may actually result in higher total
and small vessel pulmonary vascular
volumes.

In small studies of animals and human
specimens, tobacco exposure has been found
to cause pathologic changes in the
pulmonary vasculature, including
vasoconstriction, vessel occlusion and
destruction, and vascular pruning (5-10).
Although the pulmonary vessels are difficult
to assess noninvasively, CT imaging may
provide a new opportunity to study tobacco-
related vascular effects, and compares
favorably with existing diagnostic
modalities. CT-based measures of vascular
pruning are associated with lower lung
perfusion on scintigraphy and with higher
pulmonary artery pressures on right heart
catheterization, and demonstrate within-
subject reproducibility (17, 19, 35).
Compared with magnetic resonance
imaging, CT imaging also provides similarly
detailed anatomic and quantitative
information regarding the structure of the
pulmonary veins (36).

However, using chest imaging
technology to characterize pulmonary
vascular morphology, we found a strikingly

different pattern of association with tobacco
exposure: exposure to cigarette smoke
(whether measured as pack-years of
exposure, smoking status, or second-hand
exposure) was associated with higher
absolute pulmonary blood volume, small
vessel volume, and/or higher small vessel
fraction. Interestingly, in the MESA Study,
the only other large cohort of generally
healthy adults to examine associations of
tobacco with radiographic pulmonary
vascular measures, ever-smokers also had a
higher total pulmonary vascular volume
compared with never-smokers (18).
However, this was an unadjusted univariate
comparison, and, in addition, MESA did not
assess the relative small vessel blood volume
(BV5/TBV), which is felt to be a clinically
meaningful radiographic surrogate of
pulmonary vascular disease. The COPDGene
Study compared whole-lung pulmonary
vascular morphology in a small cohort of
never-smokers (n = 82) and smokers with
normal lung function (n =104), and, in
univariate comparisons, found no differences
in BV5, TBV, or BV5/TBV between these
groups (19). In addition, COPDGene
demonstrated that participants with
moderate-to-severe airflow obstruction had
lower BV5 and BV5/TBV, but not TBV,
compared with those without (although
COPDGene did not analyze how tobacco
exposure affected these results). In our
healthier Framingham cohort, we also
similarly found lower BV5 and BV5/TBV in
participants with moderate-to-severe
obstruction. These consistent radiographic
results likely indicate the pulmonary
vasculopathy and vascular pruning that is
known to occur in the setting of chronic
obstructive lung disease. Our analysis
additionally demonstrated that the presence
of obstructive lung disease did not affect the
association of tobacco exposure with higher
pulmonary vascular volumes. In both MESA
and COPDGene, among smokers, differences
in pulmonary vascular morphology (lower
total vascular volumes in MESA Lung and
lower BV5/TBV in COPDGene) were
associated with worse respiratory health (18,
19). Taken together, our study and these
findings suggest that, whereas radiographic
pruning and lower blood vessel volumes may
be an indicator of pulmonary vascular
pathology and respiratory limitation among
smokers and subpopulations with COPD,
higher tobacco exposures do not appear to be
associated with more severe radiographic
pruning in a generally healthy population.
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There are several possible explanations for
our findings of higher total and peripheral
pulmonary blood vessel volumes in those
exposed to tobacco. Physiologically, although
the effect of tobacco on vasoactive mediators
overall favors vasoconstriction, certain elements
of the nitric oxide pathway in mice are
upregulated after tobacco exposure (6), and
carbon monoxide (a byproduct of tobacco
combustion) is known to induce vasodilation
via nitric oxide-mediated mechanisms (37, 38).
However, a mechanism involving these acute
effects would only explain higher blood vessel
volumes in active (but not former) smokers,
which was not observed. Technically, this
image analysis technique cannot differentiate
the volume of the vessel wall from the volume
of blood (i.e., the volume of the vessel lumen),
and thus our results may reflect an increase in
vessel wall thickness (due to smooth muscle
hyperplasia and intimal thickening) rather
than, or in addition to, an expansion of blood
volume within the lungs. Another technical
limitation may be that certain radiographic
abnormalities, such as interstitial fibrosis or
inflammation, within the lung compartments
immediately adjacent to the vessels may be
misclassified by the algorithm as being part of
the outer aspect of the vessel, a possibility that
has been raised by other investigators (16).
Subvisual perivascular fibrosis may play a role
in explaining our results, although the overall
prevalence of definite interstitial change
detectable by CT in the Framingham Heart
Study has previously been found to be quite low
(39). Perivascular inflammation due to tobacco
exposure, on the other hand, would likely be an
acute process that would predominantly affect
active (but not former) smokers.

An additional explanation is that the
pulmonary microvessels with cross-
sectional area less than 1 mm? that are below
the resolution limit for this CT algorithm
(40) (which include the smallest pulmonary
arterioles, venules, and the capillary bed)
may be the vessels that are most affected
by the expected tobacco-mediated
vasoconstriction. Vascular congestion
upstream of these microvessels might lead to
observed increases in BV5 and TBV,
although this mechanism would only apply
to the larger upstream arterial vessels.
Cardiac effects may also explain our
findings: tobacco exposure has been
associated with reduced diastolic
compliance (41), and with higher
pulmonary venous pressures and vessel
engorgement (42). In secondary analyses,
we found that additional adjustments
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for cardiovascular disease, diabetes,
antihypertensive medication use, and statin
use did not alter the association of tobacco
with pulmonary vascular volumes. Finally,
smoking-related pulmonary effects, such as
airflow limitation leading to air trapping and
parenchymal hyperinflation, might affect
the appearance of the pulmonary
vasculature. However, our findings were
robust to adjustment for lung volumes,
and did not differ in those with and
without airflow obstruction. If anything,
higher intrathoracic pressures due to
hyperinflation may compress cardiac and
vascular structures, especially in smaller
peripheral vessels (43-45). It is also possible
that ever-smokers (with or without overt
lung disease) may have stronger inspiratory
effort and better end-inspiratory breath hold
during the CT, leading to more recruitment
and thus a larger appearance of the
pulmonary vessels on imaging, an effect that
cannot be accounted for in this analysis.
Our study is among the first to examine
the association of tobacco exposure,
including second-hand exposure, on
radiographic pulmonary vascular structure
in a large population of generally healthy
adults in multivariate analysis, and is one of
the largest to examine this quantitative
radiographic pulmonary vascular
assessment. Strengths of our study include
the large cohort size, detailed measurement
of potential confounders, and more
comprehensive metrics of tobacco exposure
than other reports in the literature. We also
examined both absolute and relative
pulmonary blood vessel volumes to assess
for differences in the distribution of the
pulmonary vasculature. One particular
strength is that all CTs were performed on
the same model scanner, at one institution,
and using a uniform protocol, thereby
reducing bias introduced by differences in
image acquisition and manufacturer-related
reconstruction algorithms—a significant
concern for radiographic biomarkers (46).
There are several limitations. The
cross-sectional study design limits
conclusions regarding the causality of the
associations. Although our models adjusted
for many potential confounders, residual
confounding cannot be excluded. Although
the inspiratory, whole-lung CT scans enable
the interpretation of lung and pulmonary
vascular images, a potential limitation of the
imaging protocol is that the CTs were gated
to optimize assessment of coronary artery
calcification. Due to the original recruitment

strategy targeting residents of the town of
Framingham in Massachusetts, our sample
is entirely of European ancestry, and our
findings may not be generalizable to other
groups. In addition, our radiographic
assessment of the pulmonary vascular
structure does not enable us to directly
assess the pulmonary microvasculature,
nor distinguish arterial from venous
vessels, although a prior study found that
separately evaluating arterial and venous
BV5/TBYV yielded similar associations with
measures of right ventricular dysfunction
on cardiac magnetic resonance imaging
(47). Although our primary findings were
highly robust to adjustment for known
cardiovascular disease and the presence of
related comorbidities, we were not able to
directly adjust for elevated left atrial
pressure or left ventricular dysfunction in
our analysis. However, in MESA, a
similarly healthy cohort with similar
prevalence of smoking, ever-smokers had
similar left atrial volume, left ventricular
volume, and left ventricular ejection fraction
compared with never-smokers (18), arguing
that left-sided cardiac effects likely do not
entirely explain our findings. Future work
may address the clinical implications of our
findings, including the impact of longitudinal
pulmonary vascular changes on objective and
subjective pulmonary and cardiac outcomes.

Conclusions

In this study, current and former smokers had
higher average total and peripheral vessel
pulmonary vascular volumes compared with
nonsmokers. This suggests that, although
lower BV5/TBV may be a radiographic
surrogate of pulmonary vasculopathy in
populations with significant COPD, it may
not directly represent tobacco-related
vasculopathy in generally healthy individuals
without high burdens of tobacco exposure
and/or lung disease, and should be interpreted
with caution in these settings. The
mechanisms and potential health
consequences of the observed association
between tobacco smoke exposure and higher
average pulmonary blood vessel volumes
remain to be determined. M
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