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Abstract

Evidence suggests that lung injury, inflammation and extracellular matrix remodeling precede lung
fibrosis in interstitial lung disease (ILD). We examined whether a quantitative measure of
increased lung attenuation on computed tomography (CT) detects lung injury, inflammation and
extracellular matrix remodeling in community-dwelling adults sampled without regard to
respiratory symptoms or smoking.

We measured high attenuation areas (HAA,; percentage of lung voxels between -600 and -250
Hounsfield Units) on cardiac CT scans of adults enrolled in the Multi-Ethnic Study of
Atherosclerosis.

HAA was associated with higher serum matrix metalloproteinase-7 (mean adjusted difference
6.3% per HAA doubling, 95% CI 1.3 to 11.5), higher interleukin-6 (mean adjusted difference
8.8%, 95% CI 4.8 to 13.0), lower forced vital capacity (mean adjusted difference -82 mL, 95% CI
-119 to -44), lower 6-minute walk distance (mean adjusted difference -40 m, 95% CI -1 to -80),
higher odds of interstitial lung abnormalities at 9.5 years (adjusted OR 1.95, 95% CI 1.43 to 2.65),
and higher all cause-mortality rate over 12.2 years (HR 1.58, 95% CI 1.39 to 1.79).

High attenuation areas are associated with biomarkers of inflammation and extracellular matrix
remodeling, reduced lung function, interstitial lung abnormalities, and a higher risk of death
among community-dwelling adults.

Introduction

Recurrent alveolar epithelial cell injury, lung inflammation, and dysregulated extracellular
matrix remodeling are thought to be key precursor events that lead to lung fibrosis in
interstitial lung disease (ILD) [1, 2]. Adults with ILD typically develop symptoms years
after the initial insult, making the antecedent causes of lung fibrosis difficult to identify.
Studies of humans with subclinical disease may provide novel insights into the early
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mechanisms of lung injury, yet until recently few studies have looked at interstitial lung
changes prior to the development of symptoms [3-5].

Recent recognition of interstitial lung abnormalities (ILA) on chest CT scans of participants
in large population cohorts has advanced our understanding of early interstitial lung disease
[6-9]. Interstitial lung abnormalities have been shown to be associated with cigarette
smoking [6], reduced lung volumes [6], reduced exercise capacity [7], MUC5b
polymorphism [8], and all-cause mortality [9] in population-based cohorts. However, ILA
assessment is labor intensive, requiring visual scoring by trained readers, and may at times
exclude equivocal and indeterminate findings that may have clinical significance. An
automated approach might provide superior reproducibility and greater sensitivity for early
abnormalities not detectable by the human eye, including changes that might precede visual
identification of ILA.

We have previously proposed that a quantitative measure of lung attenuation on computed
tomography (CT), termed high attenuation areas (HAA), might be a suitable measure of
early pathological processes in the lung that precede ILD [10]. We reported that a greater
volume of HAA in the lung is associated with cigarette smoking [10]. Others reported that
adults with HAA involving more than 10% of the lung have reduced total lung capacity and
an increased odds of ILA in cross-sectional analyses [11]. However, further construct
validity of HAA as a quantitative measure of early lung injury, inflammation, or fibrosis is
lacking and the significance of smaller amounts of HAA is not known.

In the current study, we therefore sought to determine whether HAA is associated with
features of subclinical lung injury, inflammation, and fibrosis, including higher levels of
serum biomarkers of inflammation (interleukin-6 (IL-6) and c-reactive protein (CRP)) and
lung remodeling (surfactant protein-A (SP-A) and matrix metalloproteinase-7 (MMP-7)),
reduced forced vital capacity (FVC), reduced exercise capacity, increased odds of visually-
identified ILA, and all-cause mortality in community dwelling adults. We chose IL-6 and
CRP because of their well-characterized roles in systemic inflammation [12, 13], and
MMP-7 and SP-A based on prior studies showing associations of these biomarkers with lung
injury and extracellular matrix remodeling in ILD [14-20].

Full methods are available in the Supplementary Appendix.

Study Participants

The Multi-Ethnic Study of Atherosclerosis (MESA) is a multi-center, National Heart Lung
and Blood Institute (NHLBI)-sponsored U.S.-based prospective cohort study designed to
investigate subclinical cardiovascular disease. Enrollment criteria have previously been
described [21]. Briefly, the study enrolled 6,814 adults age 45 and 84 years free of clinical
cardiovascular disease from six communities in the United States between 2000 and 2002.
There were no selection criteria based on lung disease, respiratory symptoms, or smoking
history. MESA participants attended follow-up visits, with the most recent visit between
2010 and 2012 (Figure S1) [21]. Vital status was determined by contacting each participant
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or family member every 9 to 12 months. This was supplemented through review of the
National Death Index (NDI) to ensure complete follow-up of mortality through the most
recent NDI update (March 13, 2015).

MESA served as the sampling frame for our study. We sampled MESA participants for three
substudies: biomarkers, lung function & ILA measurement, and exercise testing. Our
sampling strategies for each substudy are described in detail in the Supplementary Appendix
and in Figure S2. The sample size for each substudy is reported alongside the results of each
substudy.

We also included a comparator group of 48 adults with clinically diagnosed ILD (75% with
IPF) seen at one of 3 centers (Columbia, Penn, or Duke) who were enrolled in the NHLBI-
funded Lung Transplant Body Composition (LTBC) study.

MESA, LTBC, and all ancillary studies were approved by Institutional Review Boards at all
collaborating centers and all participants provided informed consent.

High Attenuation Areas on CT Scans

HAA was measured on non-contrast cardiac CT scans performed at the MESA baseline visit
in 2000-02 on multi-detector CT scanners (three sites) or electron beam tomography
scanners (three sites) using a previously described standardized protocol [22]. Each
participant underwent two sequential scans on separate breath-holds in succession at full
inspiration, with transverse fields of view capturing the whole lung field from the carina to
the lung bases. The scan with higher air volume was used for analyses, except in cases of
discordant scan quality control score, in which case the higher quality scan was used [23].
Details of the CT protocols are shown in Table S1 in the Supplementary Appendix. A prior
validation study using MESA full lung scans showed that these cardiac CT scans image
approximately 65% of total lung volume, excluding most of the upper lobes but capturing
most of the lower lobes [23]. HAA was defined as the percent of imaged lung volume
having CT attenuation between -600 and -250 Hounsfield Units (HU), as previously
described [10]. Percent emphysema was defined as the percentage of voxels below -950 HU
[24]. LTBC participants underwent full lung inspiratory CT imaging according to clinical
protocols at each site. Quantitative image attenuation was measured using a modified
version of the Pulmonary Analysis Software by trained readers at Dr. Hoffman's University
of lowa Imaging Lab.

Biomarker Measurements

MMP-7, SP-A, and interleukin-6 (IL-6) were measured in banked baseline serum samples
using ELISA assays from R&D systems (MMP-7 and IL-6) and Biovendor (SP-A). Baseline
serum C-reactive protein (CRP) was measured using a BNII nephelometer. All
measurements were performed by the MESA Core Laboratory at the University of Vermont's
Laboratory for Clinical Biochemistry Research. Additional assay characteristics are
provided in the Supplementary Appendix.
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Spirometry and Exercise Testing

Spirometry was conducted according to the American Thoracic Society (ATS)/European
Respiratory Society guidelines [25], as previously described [26]. Six-minute walk test (6-
MWT) was conducted in accordance with ATS guidelines without supplemental oxygen
[27]. CPET was performed on a Vmax Encore 29 Metabolic Exercise System, Viasprint
150P (Viasys Respiratory Care, Yorba Linda, CA) with an electrically braked cycle
ergometer.

Interstitial Lung Abnormalities

Full lung MESA CT scans were acquired in years 2010-12 at suspended full inspiration on
64-slice scanners (GE and Siemens) using the MESA Lung/SPIROMICS protocol (See
supplementary appendix) [28]. Images were reconstructed using 0.625 mm slice thickness,
as previously described [29]. ILA was defined as the presence of ground-glass, reticular
abnormality, diffuse centrilobular nodularity, honeycombing, traction bronchiectasis, non-
emphysematous cysts or architectural distortion in at least 5% of nondependent portions of
the lung, using methodology previously described [6, 8, 30].

Analysis Approach

We treated HAA as a continuous independent log base-2 (binary) transformed variable. For
most analyses, we used generalized linear models adjusted for age, gender, race/ethnicity,
educational attainment, height, BMI, waist circumference, smoking status, cigarette pack-
years, glomerular filtration rate (GFR), study site, mA dose, total volume of imaged lung
and percent emphysema. Since FVC and imaged lung volume were collinear (Pearson
correlation coefficient of 0.7), we excluded imaged lung volume from analyses examining
the association between HAA and FVC.

We used logistic regression to estimate adjusted odds ratios for ILA. Given the small sample
size of the exercise substudy, we chose a case-control design. We defined HAA cases as
having the highest decile of HAA (>7.5% of total imaged lung) and we present age- and
gender-adjusted least-square mean values. Details of sampling for analyses of MMP-7 and
SP-A are provided in the Supplementary Appendix.

We examined associations between HAA and survival time using Cox proportional hazards
models and additive Cox models, as previously described [31]. Survival time was calculated
as the age at death or last follow-up or the most recent National Death Index update,
whichever occurred later. Primary analyses were adjusted for the above covariates.
Secondary analyses were further adjusted for alcohol use, exercise, history of cancer,
coronary artery calcification, and the cardiovascular risk factors listed in the footnote to
Table 3.

We examined models stratified by smoking status, age, gender, race/ethnicity and BMI. We
performed sensitivity analyses excluding participants in the highest decile of HAA (>7.5%
of total imaged lung) and adjusting for measures of cardiac systolic and diastolic function.
We compared mean HAA values among community-dwelling adults to HAA values in 48
adults clinically diagnosed with ILD using the Wilcoxon rank sum test.
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All statistical tests were performed in SAS version 9.3 (SAS Institute) and R version 3.2.0
(R Foundation for Statistical Computing).

One participant was excluded from analyses due to lack of valid baseline HAA assessment
(Figure S2). The baseline characteristics of the 6,813 remaining MESA participants are
shown in Tables S2 and S3 in the Supplementary Appendix. MESA participants had a mean
age of 62 years; 53% were men; 38% were white, 28% were African-American, 22% were
Hispanic and 12% were Asian. 55% of MESA participants were former or current smokers
who smoked a median of 15 cigarette pack-years. The 48 LTBC participants had a mean age
of 63 years (range 34-75 years), 31% were women, and 75% had IPF.

MESA participants had a mean (SD) HAA value of 5.1% (3.1%) with a range of 1.2% to
48.9%. LTBC participants with clinically diagnosed ILD had a mean (SD) HAA value of
25.4% (8.8%) with a range of 9.3% to 50.8% (Wilcoxon rank sum p-value <0.001 vs. MESA
participants; Figure 1A). MESA participants with greater HAA were more likely to be
female, Hispanic or Chinese, never-smokers, and had higher BMIs than those with lower
HAA values (Table S2). Those in the higher HAA quartiles also tended to have a lower
volume of imaged lung and lower percent emphysema.

Visual Appearance of HAA on CT

MESA participants with elevated HAA (defined arbitrarily as greater than 7.5%) had a range
of abnormalities on visual inspection of CT images [10]. Common abnormalities included
ground-glass and reticular changes. Figure 1 shows selected CT images from four MESA
participants with HAA >90t" percentile at baseline who also had ILA at 10-year follow-up.

Serum biomarkers

Spirometry

There were 908 MESA participants who had MMP-7 and SP-A measured (see
Supplementary Appendix). IL-6 was measured in 6,621 participants, and CRP was measured
in 6,671 participants. Greater HAA was associated with higher serum MMP-7 and IL-6
levels (Table 1 and S4). For each doubling of HAA, there was a 6.26% increment in MMP-7
(95% CI1 1.29 to 11.47; p=0.01; Figure 3a) and an 8.78% in I1L-6 (95% CI 4.77 to 12.95;
p<0.001; Figure 3b). The association between HAA and MMP-7 was modified by smoking
status (p for interaction <0.001). Each doubling in HAA was associated with a 15.45%
increment in MMP-7 (95% CI 7.91 to 23.53; p<0.001) among ever-smokers and a 1.39%
increase in MMP-7 (95% CI -5.36 to 8.62; p=0.69; Table 1) among never-smokers. The
association between HAA and IL-6 tended to be stronger among ever-smokers albeit with
only modest evidence of effect modification (p for interaction 0.11; Table 1). We found no
significant association between HAA and CRP or SP-A levels (Table 1).

There were 3,834 MESA participants who completed spirometry and had had valid
measures of FEVq and FVC (see Supplementary Appendix). In a fully adjusted model, each
doubling of HAA was associated with an 82 mL decrement in FVC (95% CI 119 to 44;
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p<0.001) and a 2.8% absolute decrement in percent predicted FVC (95% CI 3.9 to 1.7;
p<0.001; Table S5) in MESA. This association was modified by smoking status (p for
interaction 0.002). In a fully adjusted model, each doubling of HAA was associated with a
157 mL decrement in FVC (95% CI 216 to 97; p<0.001; Table S5) among ever-smokers and
a 15 mL decrement (95% CI 60 to -31; p=0.53; Table S5) among never-smokers. We found
similar associations for FEVq and percent predicted FEV4 but not for the ratio of FEV to
FVC (Table S6).

Exercise capacity

There were 89 MESA participants who completed exercise testing; 30 of these were cases
(had HAA above the 90t percentile (7.5%)) and 59 were controls (HAA below the 90t
percentile). Cases with high HAA had diminished exercise capacity by both 6-MWT and
CPET compared to controls (Figure 2). After adjustment for age and gender, the least
squares mean difference was 40 m (95% CI 1 to 80; p=0.045; Table S7). HAA cases also
had lower adjusted peak VO, (1.28 vs. 1.47 L/min; p=0.01), percent predicted peak VO,
(72% vs. 83%; p=0.01) and peak Watts (76 vs. 88 W; p=0.02; Figure 2 and Table S7).
Breathing reserve was lower among cases than controls (53 vs. 61%; p=0.04), suggesting a
ventilatory limitation to exercise. There were no significant differences between cases and
controls in heart rate, O, pulse, VE/VCO,, and end-tidal CO, at peak exercise.

Interstitial Lung Abnormalities

Mortality

There were 2,907 MESA participants who had a valid qualitative assessment of ILA. The
median time between HAA measurement and ILA assessment was 9.5 years (range 8.0 to
11.4 years). Of these 2,907 scans, 477 (16.5%) were read as equivocal for ILA and were
excluded from further ILA analyses. Of the remaining 2,430 participants, 306 (10.5% of the
overall sample) had ILA: 285 (9.8%) had scans read as suspicious for ILD and 21 (0.7%)
had scans showing bilateral fibrosis in multiple lobes associated with honeycombing and
traction bronchiectasis in a subpleural distribution (definite ILD). 162 participants (53%)
with ILA had changes that were primarily in the subpleural distribution. The distribution of
the types of abnormalities is shown in Table S8 in the Supplementary Appendix.

The number of participants with ILA increased across quartiles of HAA (p for trend<0.001;
Table 2). In fully adjusted models, those with baseline HAA values greater than 5.3% (4t
quartile) had a 3-fold higher odds of ILA compared to those in the lowest quartile (OR 3.07,
95% CI 1.77 to 5.33; p<0.001; Table 2 and Figure 3c), and each doubling of HAA was
associated with a 95% increased odds of ILA (OR 1.95, 95% CI 1.43 to 2.65, p
value<0.001). These findings were similar among ever-smokers and never-smokers (Table
2). Analyses in which participants with equivocal ILA findings were included as “no ILA”
yielded similar results (Table S9).

Five participants were excluded from follow-up by the MESA Events Committee because of
discovery of pre-baseline cardiovascular events, and no mortality data is available for these
participants. There were 1,093 deaths among the remaining 6,808 MESA participants over a
median follow-up of 12.2 years (range 0 to 14.2). Greater HAA was associated with higher
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all-cause mortality (Figure 3d). In fully adjusted models, MESA participants in the highest
quartile of HAA had approximately a doubling of the rate of death compared to those in the
lowest HAA quartile (HR 1.94, 95% CI 1.53 to 2.46; p for trend<0.001; Table 3) and each
doubling of HAA was associated with a 55% increase in the rate of death from any cause
(HR 1.55, 95% CI 1.37 to 1.77, p value <0.001) without evidence of modification by
smoking status.

Additional Analyses

Stratified and sensitivity analyses, including adjustment for left ventricular function and
restriction to those participants with HAA less than 7.5%, are shown in Tables S10-S12.
These analyses did not substantially change our findings.

Discussion

We have shown that areas of high CT attenuation in the lungs of community-dwelling
middle aged and older adults were associated with elevated serum levels of MMP-7 and
IL-6, reduced forced vital capacity, reduced exercise capacity, greater odds of ILA at ten-
year follow-up, and a higher mortality rate. Some of these associations were stronger among
ever-smokers compared to never-smokers. These findings support the construct validity of
HAA as a novel quantitative phenotype of subclinical lung injury and inflammation that is of
biological and physiological importance and that may be a precursor of subclinical I1LD.

The associations between HAA and both IL-6 and MMP-7 suggest that HAA identifies areas
of interstitial inflammation, extracellular matrix remodeling, and perhaps fibrosis in some
cases. IL-6 is a pro-inflammatory cytokine and its serum levels are elevated in acute lung
injury [32, 33]. IL-6 has been implicated in chronic obstructive pulmonary disease [34],
acute respiratory distress syndrome [35], and certain types of ILD [36]. IL-6 levels have also
been linked with reduced FVVC percent in population-based cohorts [37, 38]. IL-6 induces
hepatic production of CRP and other downstream inflammatory mediators [12]. While IL-6
levels often correlate with CRP, there are a number of conditions where the levels of the two
biomarkers do not track each other [39-41], suggesting that there are additional pathways
that regulate these biomarkers, which may explain why we did not see an association
between HAA and CRP in our study. MMP-7 is thought to play an important role in the
normal response to epithelial injury [42]. Epithelial expression of MMP-7 is increased
following injury and in the setting of both lung inflammation and fibrosis [18-20, 43, 44].
We found that the association between HAA and serum MMP-7 (and to a lesser extent IL-6)
was stronger among ever-smokers, providing support for HAA as a measure of cigarette
smoke-induced alveolar remodeling.

While in some individuals HAA might represent hydrostatic pulmonary edema, pulmonary
infection, malignant or pre-malignant lesions, or basilar atelectasis due to obesity or
incomplete inspiration, the totality of our findings suggests that HAA identifies
abnormalities in lung structure with biological and physiological characteristics of
subclinical ILD. We found no evidence of strong confounding by cardiac function, BMI,
waist circumference, or total volume of imaged lung. MESA participants were generally
well at the time of enrollment and were rescheduled or excluded if they had an acute
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infectious process or clinically-diagnosed heart failure, respectively. The overall good health
of MESA participants decreases the likelihood that HAA reflects the participants' inability to
perform a full inspiratory maneuver. A particular strength of our study lies in the consistency
of expected changes across a number of radiologic, biologic and physiologic measurements
as well as evidence of effect modification by smoking, which would not be expected if HAA
represented left ventricular filling pressures or obesity.

Others have used alternative definitions of HAA (-700 to 0 HU, -700 to -500 HU) [45-47],
histogram characteristics, and other automated methods [48-51], including texture-based
methods [52], to identify and characterize clinically evident ILD, but not subclinical
changes. Recent studies have examined the associations between visually-identified ILA and
mortality [9], but ours is the first study of HAA as a quantitative measure of lung injury and
inflammation that is associated with a higher rate of death in community dwelling adults
sampled without regard to lung disease, symptoms, or smoking status. Our results were
consistent across the entire spectrum of HAA, and were particularly strong even after
exclusion of individuals above the 90t percentile of HAA, a group who might have
clinically identifiable ILD. The majority of participants had HAA involving less than 10% of
imaged lung, suggesting that even small amounts of increased lung attenuation, which might
be difficult to detect with the human eye, may identify individuals at risk for ILD. If
validated, investigators may be able to use HAA to study causes of early injury,
inflammation, and extracellular matrix remodeling of the lung, even before a radiologist
identifies the presence of interstitial lung abnormalities. Such studies might allow the
identification of novel risk factors and biological pathways for ILD in humans, setting the
stage for future clinical trials aimed at primary and secondary prevention of ILD [53].

There are several limitations to our study. First, we lack pathologic correlates of disease
against which HAA can be validated. This was a study of subclinical disease in community-
dwelling adults unselected for any respiratory symptoms, and therefore with no available
pathologic samples. However, we also measured HAA in a second cohort of adults with
clinically-diagnosed ILD, most of whom had IPF diagnosed by ATS criteria, and we report
HAA values that are significantly higher than those of MESA participants. Second, HAA
was assessed on cardiac CTs, which do not image the entire lung, but which have been
shown to be useful in examining emphysema [31, 54, 55]. We have previously shown that
HAA on cardiac CT agrees strongly with HAA on full-lung CT scans [10]. Third, we report
cross-sectional analyses between HAA and biomarkers, which limits inferences about any
causal relationships. However, prior studies have firmly established MMP-7 as a biomarker
of lung injury and ILD, IL-6 has been well described in the literature as a marker of
inflammation, and our ILA and mortality analyses take place over a median follow-up time
of 10-12 years. Fourth, we lacked baseline assessment of ILA and therefore can only report
the period cross-sectional associations between HAA and ILA. Given the long follow-up
period in our study and the 10-year difference between assessment of HAA and ILA, we
believe that at least in some cases, HAA precedes the development of ILA. However, the
odds ratios we report should not be interpreted as incidence rate ratios.

In summary, greater volumes of increased lung attenuation measured using quantitative CT
densitometry are associated with higher serum IL-6 and MMP-7 levels, reductions in FVC,
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an increased odds of ILA, and an increased rate of all-cause mortality independent of
potential confounding factors among community-dwelling adults. Our data suggest that
HAA is a novel quantitative measure of subclinical lung injury, inflammation, and possibly
early extracellular matrix remodeling that may be a CT-based risk factor for the development
of interstitial lung abnormalities and disease. Future studies should focus on factors that
influence HAA in at-risk groups, such as smokers or older adults, and should strive to
include HAA in clinical prediction models for incident ILD. Such studies will lead to
clinical trials of interventions to prevent ILD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) Boxplots of HAA values for 6,813 MESA participants and 48 adults with clinically
diagnosed interstitial lung disease enrolled in the Lung Transplant Body Composition Study.
Solid horizontal lines represent the median HAA value. Boxes are bound by the upper and
lower quartiles. Whiskers extend to 1.5 times the interquartile range. Outliers are represented
by open circles. Wilcoxon rank sum test p value< 0.001. (B-E) Selected CT scan images
from 4 MESA participants with elevated HAA. (B) Peripheral basilar ground glass
abnormality with HAA=8.8% of the imaged lung. (C) Ground-glass opacity with
HAA=10.0% of the imaged lung. (D) Early peripheral reticular and cystic changes with
HAA=10.2% of the imaged lung. (E) Diffuse ground glass abnormality and an area of
peripheral reticular changes with HAA=27.7% of imaged lung. All participants had ILA on
follow-up CT scans at MESA exam 5 (median follow-up time 9.5 years). None of the
participants were clinically diagnosed with ILD.
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Figure 2.

Boxplots of exercise capacity at 10.8 years of follow-up in 30 cases with elevated HAA
(>7.5%) and 59 controls without elevated HAA on MESA baseline CT scans. O, pulse,
VE/VCO, and PetCO, were measured at peak exercise. Dots represent individual predicted
values adjusted for age and gender. Solid horizontal lines represent the median HAA value.
Boxes are bound by the upper and lower quartiles. Whiskers extend to 1.5 times the
interquartile range.
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Figure 3.

Continuous associations between HAA and (a) MMP-7 (overall and stratified by smoking
status) at baseline among 908 MESA participants, (b) IL-6 (overall and stratified by
smoking status) at baseline among 6,621 MESA participants, (c) ILA 9.5 years following
HAA measurement among 2,430 MESA participants, and (d) mortality over 12.2 years of
follow-up among 6,808 MESA participants. All models adjusted for age, gender, race/
ethnicity, educational attainment, height, BMI, waist circumference, glomerular filtration
rate (GFR), study site, mA dose, total volume imaged lung and percent emphysema; overall
models also adjusted for smoking status and cigarette pack-years. (a) Overall p for
association 0.01, p for non-linearity 0.37; among ever-smokers, p for association <0.001, p
for non-linearity 0.70; among never-smokers, p for association 0.69, p for non-linearity 0.18;
p for smoking interaction <0.001. (b) Overall p for association <0.001, p for non-linearity
0.005; among ever-smokers p for association <0.001; p for non-linearity 0.17; among never-
smokers p for association 0.28; p for non-linearity 0.02; p for smoking interaction 0.11. (c) P
for association <0.001; p for non-linearity 0.05. (d) P for association <0.001. Black points
are the overall effect estimate; thin dashed lines are the 95% confidence bands; red points
are the effect estimate among ever-smokers; blue points are the effect estimate among never-
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smokers. Each point in the graphs and each vertical hashmark in the rug plot along the x-
axis represent one study participant.
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