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ABSTRACT
Background  The MUC5B promoter variant 
(rs35705950) and telomere length are linked to 
pulmonary fibrosis and CT-based qualitative assessments 
of interstitial abnormalities, but their associations with 
longitudinal quantitative changes of the lung interstitium 
among community-dwelling adults are unknown.
Methods  We used data from participants in the Multi-
Ethnic Study of Atherosclerosis with high-attenuation 
areas (HAAs, Examinations 1–6 (2000–2018)) and 
MUC5B genotype (n=4552) and telomere length 
(n=4488) assessments. HAA was defined as the per 
cent of imaged lung with attenuation of −600 to −250 
Hounsfield units. We used linear mixed-effects models 
to examine associations of MUC5B risk allele (T) and 
telomere length with longitudinal changes in HAAs. 
Joint models were used to examine associations of 
longitudinal changes in HAAs with death and interstitial 
lung disease (ILD).
Results  The MUC5B risk allele (T) was associated 
with an absolute change in HAAs of 2.60% (95% CI 
0.36% to 4.86%) per 10 years overall. This association 
was stronger among those with a telomere length 
below an age-adjusted percentile of 5% (p value for 
interaction=0.008). A 1% increase in HAAs per year was 
associated with 7% increase in mortality risk (rate ratio 
(RR)=1.07, 95% CI 1.02 to 1.12) for overall death and 
34% increase in ILD (RR=1.34, 95% CI 1.20 to 1.50). 
Longer baseline telomere length was cross-sectionally 
associated with less HAAs from baseline scans, but not 
with longitudinal changes in HAAs.
Conclusions  Longitudinal increases in HAAs were 
associated with the MUC5B risk allele and a higher risk 
of death and ILD.

INTRODUCTION
Interstitial lung disease (ILD) is a group of chronic 
respiratory disorders characterised by inflamma-
tion and fibrosis of the lung parenchyma.1 Non-
fibrosing ILDs can become fibrotic which may lead 
to rapid deterioration, chronic respiratory failure 
and death. By the time of diagnosis, patients often 

have significant physiological impairments and 
decreased exercise capacity, with a poor median 
survival.2 3

An increasing number of studies have focused 
on visual, qualitative assessment of CT scans for 
changes suggestive of ILD, termed interstitial lung 
abnormalities (ILAs), when identified in research 
studies or incidentally in the clinical context.4 
These studies have yielded important insights into 
novel risk factors for progressive fibrosing ILD. A 
recent Fleischner Society position paper defining 
the radiological criteria for ILA also highlighted the 
need for quantitative CT methods for evaluation 
of disease extent and progression as a key research 
priority.4

One of the strongest known risk factors for 
pulmonary fibrosis is the MUC5B promoter poly-
morphism (rs35705950); it is associated with 
fourfold higher odds of idiopathic pulmonary 
fibrosis (IPF). Recent studies have shown that this 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ The MUC5B (rs35705950) risk allele (T) and 
telomere length are associated with pulmonary 
fibrosis and qualitative assessments of 
interstitial lung changes on CT. There are fewer 
studies that have examined their relationship 
with longitudinal interstitial lung changes 
among community-dwelling adults.

WHAT THIS STUDY ADDS
	⇒ More high-attenuation areas over time on 
CT were associated with the MUC5B risk 
allele, particularly those with shorter baseline 
telomere length, and a higher risk of overall 
death and interstitial lung disease.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Our study suggests that quantitative CT 
assessments and their longitudinal measures 
may be a potential tool to identify earlier stages 
of interstitial lung disease.
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Interstitial lung disease

gain-of-function promoter variant is linked to other types of 
fibrosing ILDs like chronic hypersensitivity pneumonitis and 
rheumatoid arthritis-related ILD.5–7 The polymorphism is asso-
ciated with ILA among the general population and in cohorts of 
smokers, suggesting that carriers of this allele may be at higher 
risk of developing fibrosing ILDs.8 Shorter telomere length, a 
marker of accelerated cellular senescence, is another intrinsic 
risk factor that is associated with a higher risk of pulmonary 
fibrosis, more severe disease, mortality and a higher preva-
lence of ILA.6 9 10 The few prior studies that have examined the 
MUC5B polymorphism and telomere length in IPF and chronic 
hypersensitivity pneumonitis did not show evidence of inter-
action between these genetic factors, suggesting distinct mech-
anisms by which they influence pathogenesis. However, study 
of the MUC5B promoter polymorphism and telomere length in 
other ILDs and in earlier stages of ILD is lacking.6 11

Whether these genetic risk factors (and their interactions) are 
linked to a quantitative measure of lung parenchymal changes and 
its progression over time among a racially/ethnic diverse sample 
of community-dwelling adults remains unclear. We hypothesised 
that the MUC5B promoter polymorphism (rs35705950) would 
be associated with longitudinal increases in high-attenuation 
areas (HAAs) with effect modification by telomere length over 
time in the Multi-Ethnic Study of Atherosclerosis (MESA). We 
also examined whether longitudinal changes in HAAs are associ-
ated with death and ILD-related clinical events.

METHODS
Study participants
MESA in an ongoing prospective cohort with the original intent 
of investigating subclinical cardiovascular disease.12 There were 
6814 US adults between the ages of 45 and 84 years without 
clinical cardiovascular disease recruited at Examination 1 
(2000–2002) and followed longitudinally, with repeat examina-
tions that included additional data collection. Participants who 
provided consent for genetic analyses were included in this study.

MUC5B genotype and telomere length
MUC5B (rs35705950) genotypes were obtained from whole-
genome sequencing (WGS) that was performed on DNA 
samples from whole blood in MESA as part of the National 
Heart, Lung and Blood Institute TOPMed programme. Proce-
dures related to the TOPMed programme have been previously 
described in detail.13 Briefly, Illumina HiSeq X Ten instruments 
were used for WGS that targeted a mean depth of at least 30× 
(paired-end, 150 bp reads). PCR-free library preparation kits 
from KAPA Biosystems were used for all sequencing. Using 
blood samples from MESA Examination 1, telomere length was 
extracted from the TOPMEd WGS using TelSeq and has been 
previously described. Briefly, counts of sequencing reads that 
contained fixed number of repeats of the telomeric nucleotide 
motif ‘TTAGGG’ were used to estimate individual telomere 
lengths and accounted for batch corrections. TelSeq estimates 
of telomere length have a Pearson correlation of 0.68–0.72 with 
Southern blot data in TOPMed.14 There were no repeat telo-
mere length measurements from WGS in MESA.

High-attenuation area
MESA participants underwent cardiac CT scans at Examinations 
1 (2000–2002), 2 (2002–2004), 3 (2004–2005), 4 (2005–2007) 
and 5 (2010–2012), and full-lung scans at Examination 6 (2016–
2018) using the MESA/SPIROMICS protocol.15 Sixty-six per cent 
of the lung volume from the carina to lung bases was captured 

by cardiac scans. The intraclass correlation coefficient for lung 
density measures between cardiac and full-lung scans is 0.93.16 
HAAs from Examination 6 full-lung scans were assessed in the 
lower two-thirds lung fields to be consistent with the previous 
cardiac scans; this approach has been used previously for other 
densitometry-based measures like per cent emphysema.17 HAA 
was defined as the percentage of voxels with attenuation values 
in the range of −600 and −250 Hounsfield units (HU), as previ-
ously described.18 The Pulmonary Analysis Software Suite at the 
University of Iowa’s Advanced Pulmonary Physiomic Imaging 
Laboratory was used by trained technicians for segmentation 
and correction of the lung.19 Per cent emphysema was defined as 
the percentage of lung voxels below −950 HU.20

Mortality and ILD
Vital status of participants was determined by the contact of each 
MESA participant or family member by interviewers every 9–12 
months. The National Death Index was used to supplement this 
review and ensure complete follow-up. Mortality was adjudi-
cated up until 31 December 2018. Hospitalisation data were 
complete as of 31 December 2013. Inpatient medical records 
were reviewed by an adjudication panel and International Classi-
fication of Diseases (ICD), 9th Revision (495.XX, 515.X or 516.
XX) and ICD, 10th Revision (J60.X–J64.X, J67.X or J84.X) 
were used to determine whether participants who were hospi-
talised or died had ILD as previously described.21 Further details 
are in the online supplemental file 1.

Statistical analysis
We used linear mixed-effects models with random intercept 
and slope to examine associations of the MUC5B risk allele (T) 
with the longitudinal change in HAAs over time (Examinations 
1 through 6, 2000–2018). We used a genetic additive model to 
present our results.5 We used mixed-effects model to account 
for within-subject correlations among repeated measurements of 
HAAs over time for each participant. Such modelling approach 
has been used in other studies.17 22 Measurements of HAAs from 
all six examinations were used in our linear mixed-effects model. 
Additional information is provided in the online supplemental 
file 1.

The longitudinal analysis was adjusted for scanner parame-
ters, principal components of genetic ancestry, baseline age, 
sex, race/ethnicity, smoking status and cigarette pack-years, and 
time-varying covariates of height, weight, cigarettes smoked 
per day, and per cent emphysema. We included interaction 
terms of covariates with the time since initial HAA assessment 
to evaluate the impact of covariates on HAA trajectories over 
time. We performed an analysis of the overall cohort and race/
ethnic-specific analyses due to the heterogeneity of MUC5B 
(rs35705950) genotype frequencies.23 24 Positive and negative 
beta estimates from the term, ‘MUC5B risk allele×time since 
initial HAA assessment’, were interpreted as more rapid progres-
sion and slower progression in HAAs over time, respectively. 
We used natural log-transformed HAAs as the outcome in all of 
our regression models. To improve interpretability, we exponen-
tiated the regression coefficients of our log-transformed HAA 
analysis to report our outcomes as per cent change in HAAs.

We examined whether telomere length modified the associa-
tion between MUC5B and HAAs based on a previous study that 
examined interactions between MUC5B and telomere length in 
pulmonary fibrosis.6 Studies have used different percentile cut-
offs for telomere length as there is uncertainty of what is a rele-
vant cut-off in general population-based cohorts.25–28 Therefore, 
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Interstitial lung disease

stratified analyses were performed using age-adjusted percentile 
cut-offs for telomere length at 5%, 10% and 25%. We accounted 
for baseline age in generating each of these cut-offs by using the 
percentile cut-off for each of the age groups: <50 years, 50–60, 
60–70 and >80 years.

We examined associations of baseline (Examination 1) telo-
mere length with Examination 1 HAAs using linear regression 
models with adjustment for baseline scanner parameters, age, 
sex, race/ethnicity, smoking history, cigarette pack-years, height, 
weight, per cent emphysema and principal components of 
genetic ancestry. For the longitudinal HAA analysis, we used the 
same approach as our MUC5B analysis. We report results per 1 
SD increment in natural log-transformed telomere length.

We performed prespecified stratified analyses by smoking 
status (never vs ever) based on past studies that suggest overpro-
duction of mucin 5B may impair clearance of cigarette particles 
that leads to lung injury.29 Sex was also examined as a potential 
effect modifier due to the differential associations of sex and 
pulmonary fibrosis risk.1 For associations between telomere 
length and HAAs, we performed a stratified analysis by race/
ethnicity. The log-likelihood ratio was used to test for effect 
modification in cross-sectional analyses. We used the F-test of 
the three-way interaction term, ‘effect modifier×primary expo-
sure variable of interest×time since initial HAA assessment’, to 
determine effect modification in longitudinal analyses.17

Joint modelling was used to examine the association of longi-
tudinal changes of HAAs with time-to-event data (ie, overall 
death and ILD-related events). This approach uses linear mixed-
effects models to model longitudinal changes of a time-varying 
covariate of interest (ie, HAAs) and examine its association with 
a time-to-event outcome using a Cox regression model.30 For 
the ILD analysis, we used a composite binary outcome of ILD-
related death or hospitalisation. Due to the time when events 
were adjudicated, we used HAAs from Examinations 1 through 
5 (2010–2012) for the joint model. Results are reported as rate 
ratios (RRs) per 1% increment in HAAs per year. A description 
of this method and the covariates we adjusted for in the models 
are in the supplement.

MUC5B and telomere length analyses were performed using 
SAS V.9.4 (SAS Institute). The ‘nlme’, ‘survival’ and ‘JMbayes2’ 
packages were used for the joint model analysis in R V.3.6.1 (R 
Foundation for Statistical Computing, Vienna, Austria).

RESULTS
There were 4552 MESA participants with MUC5B genotype 
and Examination 1 HAA assessments (online supplemental 
figure S1). Table 1 shows the baseline characteristics of the study 
sample. Over 50% of the cohort were women, Asian, African-
American or Hispanic, and had a history of smoking. There was 
a higher proportion of self-identified non-Hispanic white partic-
ipants with the GT or TT genotype compared with other races/
ethnicities (online supplemental table S1). Participant character-
istics among those with longer versus shorter telomere length are 
shown in online supplemental table S2.

MUC5B and HAAs
Online supplemental table S3 summarises the number of CT 
scans performed at each examination between 2000 and 2018 
for our longitudinal analysis. There were 4552 MESA partici-
pants with the MUC5B genotype and at least two repeat HAA 
measurements between 2000 and 2018. Representative CT 
images of increasing HAAs between Examinations 1 and 6 are 
shown in figure 1.

Each MUC5B risk allele (T) was associated with an increase in 
HAAs of 2.60% (95% CI 0.36% to 4.86%) per 10 years (table 2 
and figure 2). In comparison, smoking 10 cigarettes per day on 
average was associated with an increase in HAAs of 4.69% (95% 
CI 2.24% to 7.15%) per 10 years (online supplemental table S4). 
The association between MUC5B and HAAs was stronger among 
those with a telomere length below an age-adjusted cut-off of 
5% (p value for interaction=0.008). There was no significant 
effect modification with a telomere length cut-off of 10% and 
25%. There was not a significant interaction with sex or smoking 
(online supplemental table S5). The MUC5B and HAA associa-
tion was strongest among non-Hispanic white participants with 
an increase in HAAs of 3.05% (95% CI 0.64% to 5.46%) per 10 
years, and was significant after applying a Bonferroni corrected 
p value of 0.0125 (online supplemental table S6). Associations 
between MUC5B and HAAs were in the same direction but 
weaker and not significant in the other race/ethnic subgroups 
(online supplemental table S6).

Telomere length and HAAs
There were 4488 MESA participants with telomere length and 
Examination 1 HAA assessments (online supplemental figure 
S1). Shorter baseline telomere length was associated with more 
HAAs on Examination 1 cardiac CT. A 1 SD decrease in log-
transformed telomere length was associated with an HAA of 
6.51% (95% CI 2.62% to 10.24%) (table 3). Participants with 
a telomere length below the 25th percentile had more baseline 
HAAs compared with those with longer telomeres (1.56%, 
95% CI 0.04% to 3.11%). Associations were not statistically 
significant using 5th and 10th percentile cut-offs. Baseline 
telomere length was not associated with a longitudinal change 
in HAAs overall and in stratified analyses (table  3 and online 
supplemental table S7).

HAAs, mortality and ILD
Among the 4552 participants, there were 4517 (99%) who had 
adjudicated death status and complete covariate data. There was 

Table 1  Study sample characteristics

Characteristic Overall

MUC5B genotype

GG GT TT

Number of participants 4552 3959 569 24

Age 61 (10) 61 (10) 61 (10) 60 (9)

Female sex 51% 51% 53% 50%

Race/ethnicity

 � Non-Hispanic white 41% 37% 68% 75%

 � Asian 13% 15% 2% 0

 � African-American 24% 25% 10% 4%

 � Hispanic 22% 23% 20% 21%

Smoking status

 � Never smoker 46% 47% 40% 21%

 � Former smoker 40% 39% 46% 75%

 � Current smoker 14% 14% 14% 4%

Cigarette pack-years 12 (22) 11.5 (21.2) 13.9 (23.4) 19.4 (30.0)

Height (cm) 167 (10) 167 (10) 168 (10) 169 (7)

Weight (kg) 79 (17) 78 (17) 80 (18) 86 (21)

Telomere length (kb) 4.4 (0.9) 4.4 (0.9) 4.4 (0.9) 4.1 (0.9)

Continuous variables presented as mean (SD).
Categorical variables presented as percentage.
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a total of 827 deaths with an event rate of 111.1 (95% CI 103.8 
to 118.9) per 10 000 person-years. A 1% increment in HAAs 
per year was associated with a 7% higher risk of overall death 
(RR 1.07, 95% CI 1.02 to 1.12) after adjustment for covari-
ates (table 4). The association between longitudinal changes in 
HAAs and mortality was not significantly different by MUC5B 
risk allele carrier status, shorter telomere length, sex or smoking 
history (p values for interaction >0.40) (online supplemental 
table S8). There were 4443 participants with adjudicated ILD-
related outcomes with a total of 29 events and an event rate of 

5.5 (95% CI 3.7 to 7.7) per 10 000 person-years. A 1% incre-
ment in HAAs per year was associated with a 34% higher risk of 
ILD (ie, ILD-related hospitalisation or death) (RR 1.34, 95% CI 
1.20 to 1.50).

DISCUSSION
The MUC5B (rs35705950) promoter variant was associated 
with more HAAs over time among community-dwelling adults. 
This association was stronger among those with shorter telomere 

Figure 1  CT axial images that show an increase in high-attenuation areas over time between Examinations 1 (2000–2002) and 6 (2016–2018). 
(A,B) CT images of one participant with high-attenuation areas per cent of 4.34 at Examination 1 and 12.21 at Examination 6. (C,D) CT images of 
another participant with high-attenuation areas per cent of 7.38 at Examination 1 and 17.42 at Examination 6.

Table 2  Associations of MUC5B (rs35705950) risk allele with longitudinal changes in high-attenuation areas (HAAs)

Model Number of participants
% longitudinal change in HAAs per 10 years (95% CI) per 
MUC5B (rs35705950) risk allele (T) P value*

Overall 4552 2.60 (0.36 to 4.86) 0.02

Stratified by telomere length percentile cut-off

 � Below 5th percentile 221 15.13 (5.60 to 24.75) 0.008

 � Above 5th percentile 4267 1.93 (−0.40 to 4.27)

 � Below 10th percentile 446 5.26 (−1.35 to 11.91) 0.41

 � Above 10th percentile 4042 2.30 (−0.11 to 4.71)

 � Below 25th percentile 1119 5.03 (0.83 to 9.25) 0.19

 � Above 25th percentile 3369 1.72 (−0.94 to 4.38)

Overall model is adjusted for scanner parameters and principal components of genetic ancestry. Baseline age, sex, self-reported race/ethnicity, smoking status and cigarette 
pack-years were also adjusted for including their interaction terms with ‘time since initial HAA assessment’. Time-varying covariates height, weight, per cent emphysema and 
cigarettes smoked per day were also adjusted for in the model.
Stratified models include their respective three-way interaction term (eg, ‘telomere length percentile below 5%×MUC5B risk allele×time since initial HAA assessment’).
All results are reported per risk allele (T) of the MUC5B (rs35705950) promoter variant.
*P values for stratified analysis represent p values for interaction.
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length using an age-adjusted 5th percentile cut-off and non-
Hispanic white individuals. Shorter baseline telomere length was 
associated with more HAAs at baseline, but not with changes in 
HAAs over time. Longitudinal increases in HAAs were associ-
ated with worse survival and a higher risk of ILD-related events.

Prior studies have identified a strong association between the 
MUC5B (rs35705950) gain-of-function promoter variant and a 
higher risk of pulmonary fibrosis.5 31 MUC5B encodes the protein 
mucin 5B and is highly expressed in the lungs of adults with 
pulmonary fibrosis, particularly in the distal airways.32 Overex-
pression of MUC5B impairs mucosal host defences, clearance of 
inhaled materials and alveolar repair upon injury, and has been 
linked to a higher prevalence of ILA and its progression, further 
suggesting its pathogenic role in pulmonary fibrosis.8 33 Ours is 
the first study to report on the association of the MUC5B poly-
morphism with longitudinal quantitative changes in CT density 

(that could represent earlier stages of ILD) in a more general 
population cohort.

Our longitudinal analysis shows that the MUC5B (rs35705950) 
risk allele (T) was associated with increasing HAAs over time. 
This is consistent with prior studies that have identified asso-
ciations between the MUC5B risk allele and other quantitative 
CT-based interstitial lung measures. Those previous studies have 
largely been cross-sectional and used cohorts comprised of indi-
viduals with a significant smoking history or first-degree rela-
tives of adults with pulmonary fibrosis.34 35 This study extends 
the prior work to community-dwelling adults sampled without 
regard for respiratory symptoms or smoking history. Notably, 
the association between MUC5B and HAAs was not affected 
by smoking history. Previous studies did not find an association 
between MUC5B and HAAs assessed from a single time point; 
the focus of our study was to examine longitudinal changes in 
HAAs.36 37 Another difference from prior work was that we 
accounted for changes over time in scanner models, height and 
weight. Our longitudinal analysis over an 18-year span with 
repeated CT measurements supports the potential unidirectional 
relationship between the MUC5B variant and interstitial lung 
changes that may represent the early stages of ILD.8

Race/ethnic-specific analyses revealed that the association 
between MUC5B (rs35705950) and HAAs was stronger in 
non-Hispanic white participants compared with other groups. 
Consistent with prior literature, the genotypes GT and TT 
were rare in the Asian and African-American subgroups and 
less common in the Hispanic group in MESA compared with 
the non-Hispanic white group.23 Thus, we may have been 
underpowered to detect differences in the smaller racial/ethnic 
groups. There has been one prior study demonstrating an asso-
ciation between MUC5B (rs35705950) and ILA in a cohort of 
adults from Mexico.38 Few other studies of genetic risk factors 
for early ILD/ILA have focused on under-represented racial 
and ethnic groups, highlighting a pressing need for research in 
this area. African-American patients with ILD have been shown 
to have a younger age at diagnosis and longer survival time, 
underscoring the importance of research into the determinants 
of racial/ethnic differences in disease risk and progression.39 
The recent identification of variants related to obstructive lung 
disease and ILD in Hispanic/Latinx cohorts of admixed popu-
lations and African ancestry demonstrates that such studies are 
feasible.40–42

Figure 2  Predicted high-attenuation areas (HAAs) over time by 
number of MUC5B (rs35705950) risk alleles (T). Linear mixed-effects 
model with random intercept and slope adjusted for scanner parameters 
and principal components of genetic ancestry. Baseline sex, self-
reported race/ethnicity, age, smoking status, cigarette pack-years 
and their interaction term with ‘time since initial HAA assessment’. 
Also adjusted for time-varying covariates height, weight, per cent 
emphysema and cigarettes smoked per day. Y-axis is log-scale.

Table 3  Associations of baseline telomere length with high-attenuation areas (HAAs)

Model
Number of 
participants

Mean per cent change in 
Examination 1 HAAs (95% CI) P value

% longitudinal change in 
HAAs per 10 years (95% CI) P value

Absolute telomere length* 4488 −6.51 (−10.24 to −2.62) 0.001 0.32 (−4.68 to 5.35) 0.90

Age-adjusted telomere length percentile cut-offs

 � Above 5th percentile 4267 0.0 (ref) 0.0 (ref)

 � Below 5th percentile 221 0.44 (−2.55 to 3.52) 0.78 0.87 (−2.82 to 4.56) 0.65

 � Above 10th percentile 4042 0.0 (ref) 0.0 (ref)

 � Below 10th percentile 446 0.16 (−2.00 to 2.36) 0.88 1.41 (−1.28 to 4.10) 0.30

 � Above 25th percentile 3369 0.0 (ref) 0.0 (ref)

 � Below 25th percentile 1119 1.56 (0.04 to 3.11) 0.04 0.11 (−1.74 to 1.96) 0.91

Examination 1 HAAs model: adjusted for scanner parameters, principal components of genetic ancestry, and baseline age, sex, self-reported race/ethnicity, smoking status, 
cigarette pack-years height, weight, and per cent emphysema.
Longitudinal HAAs model: adjusted for scanner parameters and principal components of genetic ancestry. Baseline age, sex, self-reported race/ethnicity, smoking status 
and cigarette pack-years were also adjusted for including their interaction terms with ‘time since initial HAA assessment’. Time-varying covariates height, weight, per cent 
emphysema and cigarettes smoked per day were also adjusted for in the model.
*Reported per SD increment of log-transformed telomere length.
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In addition to the MUC5B polymorphism, telomere length 
has been strongly implicated in pulmonary fibrosis. Adults with 
IPF and other fibrosing ILDs who have shorter telomere lengths 
have an accelerated decline in their lung function and reduced 
survival.9 43 In our study, shorter absolute telomere length was 
associated with more HAAs from Examination 1 scans, which 
is consistent with prior ILA studies.10 44 However, when using 
different telomere length thresholds, only telomere lengths 
below the 25th percentile showed a significant association with 
HAAs. Our findings highlight an important knowledge gap. 
More research is needed to determine what is a relevant percen-
tile cut-off for telomere length and its relationship to chronic 
diseases in the general population.

In contrast to the cross-sectional analyses, baseline telomere 
length was not associated with longitudinal changes in HAAs. A 
potential reason may be the dynamic nature of telomeres, with 
lengths that can change over time. In addition to telomerase-
related genetic variants (eg, TERC, PARN), environmental factors 
influence telomere length, including socioeconomic status (ie, 
neighbourhood status, home ownership), nutrition, cigarette 
smoking, dietary supplementation and physical activity.45–50 We 
did not have repeat measures of telomere length at each exam-
ination in MESA and thus were not able to examine whether 
longitudinal changes in telomere length and its rate of attrition 
may be more informative in how cellular senescence relates to 
longitudinal changes in lung density.

We also found that individuals with the MUC5B risk allele and 
a baseline telomere length below an age-adjusted 5th percen-
tile cut-off had more HAAs over time. It has been speculated 
that individuals with a genetic predisposition (ie, MUC5B risk 
allele carrier, telomerase mutations, etc), in combination with 
other environmental risk factors, may increase one’s risk of 
developing pulmonary fibrosis.51 Previous studies investigating 
this have largely been case–control in design, with samples 
comprised of clinically diagnosed patients or adults of relatives 
with disease.6 44 It is intriguing to consider the possibility that 
our finding of an interaction between MUC5B and telomere 
length on progression of HAA, in a prospective, population-
based cohort of community-dwelling individuals, may support 
this hypothesis. However, the subgroup nature of this analysis 
is exploratory as replication in independent cohorts and inves-
tigation of the potential intersection of biological pathways of 
MUC5B and telomere biology are needed.

More consequential may be our finding that increased HAAs 
over time were associated with worse overall mortality and a 
higher risk of ILD-related clinical events. This finding suggests 
that an increase in HAAs may indicate ongoing pathological 
processes in the lung, which have clinical implications. Increases 
in HAAs among carriers of the MUC5B risk allele had a higher 
risk of overall death compared with non-carriers. However, this 
interaction was not statistically significant. In contrast, among 

patients with IPF, the MUC5B risk allele was shown to be asso-
ciated with improved survival.52 However, this association has 
been suggested to be due to index event bias.53 Further research 
is needed to understand the complex relationship between 
MUC5B, disease progression and survival in patients with 
fibrosing ILD.

This study had several limitations. First, histopathological 
correlations of HAAs are unknown. However, HAAs are asso-
ciated with ILA, biomarkers of extracellular matrix remod-
elling and ILD-related outcomes, suggesting that they have 
construct validity as a measure of parenchymal lung injury 
and fibrosis.18 21 Second, one of the concerns with HAAs, and 
other CT densiometric-based quantitative measures, is potential 
confounding by body habitus, atelectasis, and artefacts gener-
ated from foreign bodies, calcifications, and lung densities 
unrelated to ILD.36 Although we cannot completely rule out 
residual confounding, we demonstrate that one of the strongest 
genetic risk factors for pulmonary fibrosis (ie, MUC5B promoter 
variant), which does not appear to be influenced by adiposity 
or has a role in adipogenesis, is strongly associated with more 
HAAs. Notably, the effect estimate of the association between 
MUC5B and HAAs was comparable with that of cigarette 
smoking, which is a universally accepted risk factor for ILD.54 
This provides further validity for HAAs as a risk factor for ILD.

Third, we did not have repeated measurements of WGS-
extracted telomere length. Although telomere length from WGS 
correlates with laboratory-based measurements, further research 
is needed to improve and refine the techniques to extract telo-
mere length from WGS, and obtain consensus on the platforms 
and relevant cut-offs for broader clinical use. Fourth, we may 
have been underpowered to detect a significant association in 
the under-represented racial/ethnic subgroups.23 55 Fifth, we 
acknowledge the possibility of survival bias (an issue common to 
longitudinal population cohort studies), which may have influ-
enced our findings. Finally, there was a very low number of ILD-
related events, which is not unexpected for a population cohort 
without known cardiovascular disease at baseline, and adjudi-
cated ILD diagnoses from outpatient records were not available 
in this study population. The increasing incidence of ILD that is 
likely due to growing awareness of this condition and the adju-
dication of ILD-related outcomes by more cohort studies will 
be important to determine whether radiological tools can help 
identify at-risk individuals.56

In conclusion, longitudinal increases in HAAs were associated 
with the MUC5B (rs35705950) promoter variant and a higher 
risk of death and ILD-related events in a population-based 
cohort of community-dwelling adults. This study demonstrates 
the feasibility and potential utility of using a quantitative assess-
ment of lung parenchymal changes to investigate intrinsic risk 
factors for pulmonary fibrosis in a diverse cohort of community-
dwelling adults. Quantitative CT assessments, especially more 

Table 4  Associations of longitudinal changes in high-attenuation areas (HAAs) with mortality and interstitial lung disease

Model
Number of 
participants Total person-years Events

Event rate per 10 000 
person-years (95% CI)

Rate ratio per 1% Increment in 
HAAs per year (95% CI) P value

Overall mortality 4517 74 415 827 111.1 (103.8 to 118.9) 1.07 (1.02 to 1.12) <0.001

Interstitial lung disease 4443 53 173 29 5.5 (3.7 to 7.7) 1.34 (1.20 to 1.50) <0.001

Models adjusted for sex, self-reported race/ethnicity, baseline age, smoking status, cigarette pack-years, height, weight, systolic and diastolic blood pressures, total cholesterol, 
high-density lipoprotein cholesterol, diabetes history, cancer history, coronary artery calcium score, per cent emphysema and total intentional exercise (MET-min/week).
Interstitial lung disease events defined as hospitalisation or death related to interstitial lung disease using ICD-9 and ICD-10 codes (ICD-9 codes 495.XX, 515.XX or 516.XX, and 
ICD-10 codes J60.X–J64.X, J67.X or J84.X).
ICD-9/10, International Classification of Diseases, 9th Revision/10th Revision; MET, metabolic equivalent of task.
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sophisticated texture-based methods that can more definitively 
distinguish ILD-specific characteristics from artefact, hold 
promise for the detection of ILD at its earlier stages and track its 
progression. Future studies that develop and refine quantitative 
methods to detect early interstitial lung changes and expand to 
more diverse study populations will be important in identifying 
novel factors that contribute to the development and progres-
sion of ILD.
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Adjudication of events in MESA 

A two-member adjudication panel reviewed inpatient medical records and death certificates of 

participants who were hospitalized with one of the following International Classification of 

Diseases, Ninth Revision (ICD-9), ILD diagnosis codes (ICD-9 495.XX, 515.XX, or 516.XX) or 

ICD-10 codes (J60.X-J64.X, J67.X, or J84.X). Each member of the panel reviewed half of the 

records. If there was uncertainty, the panel members came to a consensus on the diagnosis and 

event classification after reviewing the case together. A death related to ILD was based on either 

inpatient records that indicated the cause of death to be respiratory-related or ILD being listed as 

the primary cause of death in the death certificate. 

 

Longitudinal high attenuation areas analysis 

We used linear mixed effects models to examine the associations of independent variables (i.e., 

MUC5B risk allele, cigarettes smoked per day, baseline telomere length) with longitudinal 

changes in high attenuation areas (HAAs). Linear mixed effects models are used to account for 

repeated measurements over time, which in this analysis was HAAs. This modeling approach has 

been employed in several observational cohort studies as well as clinical trials1-3. Below is the 

formula we used in which high attenuation areas is the outcome (Y) and our primary independent 

variable of interest is the number of MUC5B risk alleles an individual carries and we use random 

intercept and slope. The effect estimate of interest was the term, 

“!!"#$%	'()*	+,,-,-	×	/(0-	)(12-	(1(/(+,	344	+))-)0-1/	” which is reported in the tables and manuscript.  

"566 =	!7 	+ 	!89:$;	'()*	+,,-,- 	+ 	!/(0-	)(12-	(1(/(+,	344	+))-))0-1/ +

	!!"#$%	'()*	+,,-,-	×	/(0-	)(12-	(1(/(+,	344	+))-)0-1/	 +	!)2+11-'	<+'+0-/-') 	+ 	!=+)-,(1-	+>- 	+

	!=+)-,(1-	+>-	×	/(0-	)(12-	(1(/(+,	344	+))-))0-1/ 	+ 	!)-? 	+ 	!)-?	×	/(0-	)(12-	(1(/(+,	344	+))-))0-1/ +
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	!=+)-,(1-	)0@*(1>	)/+/A) 	+ 	!=+)-,(1-	)0@*(1>	)/+/A)	×	/(0-	)(12-	(1(/(+,	344	+))-))0-1/ 	+

	!=+)-,(1-	2(>+'-//-	<+2*BC-+') 	+ 	!=+)-,(1-	2(>+'-//-	<+2*BC-+')	×	/(0-	)(12-	(1(/(/+,	344	+))-))0-1/ +

	!'+2-/-/E1(2(/C 	+ 	!'+2-/-/E1(2(/C	×	/(0-	)(12-	(1(/(+,	344	+))-))0-1/	 	+ 	!<-'2-1/	-0<EC)-0+ +

	!<-'2-1/	-0<E)C-0+	×	/(0-	)(12-	(1(/(+,	344	+))-))0-1/ 	+ 	!E-(>E/	(/(0-BG+'C(1>) 	+

	!I-(>E/	(/(0-BG+'C(1>) +	!2(>+'-//-)	)0@*-J	<-'	J+C	(/(0-BG+'C(1>) 	+

	!<'(12(<+,	2@0<@1-1/)	@K	>-1-/(2	+12-)/'C  

 

Event Analysis  

We used joint modeling to examine the associations of longitudinal changes in high attenuation 

areas (HAAs) and our clinical outcomes of interest. Joint modeling is a well-described statistical 

procedure to examine the relationship between covariate data that is repeatedly measured over 

time (HAAs for this analysis) and time-to-event data (i.e., overall death and interstitial lung 

disease-related hospitalization and death).4 This procedure is considered more rigorous compared 

with using a Cox regression model in which the primary independent variable of interest is a time-

varying covariate. We first generated a linear mixed effects model that examines the change in 

HAAs over time with adjustments for scanner parameters using the “nlme” package from R code 

(R statistical, Vienna, Austria) and the formula below:  

"566L =	!7 	+ 	!/(0-	)(12-	(1(/(+,	344)	+))-))0-1/ 	+ 	!)2+11-'	<+'+0-/-') 	+ 	!<-'2-1/	-0<EC)-0+

+	!<-'2-1/	-0<E)C-0+	×	/(0-	)(12-	(1(/(+,	344	+))-))0-1/	 

In the linear mixed effects model, the covariates included time since initial HAAs assessment, 

scanner parameters, percent emphysema and its interaction with time since initial HAAs 

assessment.  
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We then generated a Cox regression model to examine associations of pertinent covariates that 

include confounders with our clinical outcomes of interest which were overall death and a 

composite outcome of interstitial lung disease-related death/hospitalization. We used the 

“survival” package from R code.  

"MNOPQ =	!7 	+ !=+)-,(1-	+>- 	+ 	!)-? 	+ 	!=+)-,(1-	)0@*(1>	E()/@'C 	+ 	!=+)-,(1-	2(>+'-//-	<+2*BC-+') 	

+ 	!'+2-/-/E1(2(/C 	+ 	!<-'2-1/	-0<EC)-0+ +		!=+)-,(1-	E-(>E/	 	+ 	!=+)-,(1-	I-(>E/ 	

+ 	!<'(12(<+,	2@0<@1-1/)	@K	>-1-/(2	+12-)/'C +	!=+)-,(1-	/@/+,	2E@,-)/-'@,	,-G-,

+	!=+)-,(1-	E(>EBJ-1)(/C	,(<@<'@/-(1	,-G-, +	!=+)-,(1-	)C)/@,(2	=,@@J	<'-))A'-

+	!=+)-,(1-	J(+)/@,(2	=,@@J	<'-))A'- +	!J(+=-/-)	E()/@'C +	!2+12-'	E()/@'C

+	!=+)-,(1-	2@'@1+'C	+'/-'C	2+,2(A0	4>+/)/@1	)2@'- +	!=+)-,(1-	/@/+,	(1/-1/(@1+,	-?-'2()- 

For the Cox regression model for both death and ILD-related events as outcomes, we adjusted for 

the following: baseline age, cigarette pack-years, smoking history, height, weight, total cholesterol 

level, high-density lipoprotein cholesterol level, systolic blood pressure, diastolic blood pressure, 

history of diabetes, history of cancer, coronary artery calcium Agatston score, total intentional 

exercise (met-min/week), sex, race/ethnicity, and principal components of genetic ancestry. The 

joint modeling procedure then links these two models and examine the associations of longitudinal 

change in HAAs with our clinical outcome of interest by incorporating the random effects of HAAs 

in the Cox regression analysis. We used the “JMbayes2” to perform the joint modeling.” 
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Table S1 MUC5B (rs35705950) genotypes by self-reported race/ethnicity in MESA 

 MUC5B (rs35705950) Genotype 

Race/Ethnicity GG GT TT 

Non-Hispanic White (n=1,864) 79% 20% 1% 

Asian (n=601) 96% 4% <1% 

African-American (=1,066) 94% 5% <1% 

Hispanic (n=1,021) 89% 11% <1% 
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Table S2 Study sample characteristics by age-adjusted telomere length percentile  

 
 Age-adjusted telomere length percentiles  

 <5th Percentile  ³5th Percentile <10th Percentile  ³10th Percentile <25th Percentile  ³25th Percentile 

No. Participants 221 4,267 446 4,042 1,119 3,369 

Telomere length (kb)  2.87 (0.23) 4.46 (0.87) 3.05 (0.26) 4.53 (0.84) 3.35 (0.34) 4.72 (0.78) 

Age 61 (10) 61 (10) 61 (10) 61 (10) 61 (10) 61 (10) 

Female sex  45% 52% 44% 52% 46% 53% 

Race/ethnicity        

Non-Hispanic white 41% 41% 42% 41% 44% 40% 

Asian 7% 14% 10% 14% 10% 14% 
African-American  30% 23% 25% 23% 23% 24% 

Hispanic 22% 22% 23% 22% 23% 22% 

Smoking Status        

Never smoker  42% 46% 40% 46% 42% 47% 

Former smoker  40% 41% 45% 40% 42% 40% 

Current smoker  18% 13% 15% 14% 16% 13% 

Cigarette pack-years 12 (19) 12 (22) 13 (21) 12 (22) 13 (22) 11 (21) 

Height (cm) 169 (11) 167 (10) 168 (10) 167 (10) 168 (10) 167 (10) 

Weight (kg)  81 (17) 78 (17) 81 (17) 78 (17) 80 (17) 78 (17) 
Continuous variables presented as mean (standard deviation) 
Categorical variables presented as percentage  
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Table S3 Number of CT scans performed at each exam for high attenuation areas longitudinal analysis  

 

Exam Overall Non-Hispanic White Asian African-American Hispanic 

1 (2000-2002) 4,552 1,864 601 1,066 1,021 

2 (2002-2004) 1,994 796 284 454 460 

3 (2004-2005) 2,101 867 287 475 472 

4 (2005-2007) 888 356 118 158 256 

5 (2010-2012) 2,029 769 326 472 462 

6 (2016-2018) 1,858 738 275 433 412 
CT scans from Exams 1 through 5 are cardiac. Exam 6 scans are full-lung.  
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Table S4 Associations of cigarette smoking with longitudinal changes in high attenuation areas 

stratified by sex and smoking history 

 

Model  No. Participants % Longitudinal change in HAAs 

over 10 years (95% CI) per 10 

cigarettes smoked per day 

P-value  

Overall 4,552 4.69 (2.24 to 7.15) <0.001 
Abbreviations: CI=confidence intervals; HAAs=high attenuation areas 

Overall model is adjusted for scanner parameters and principal components of genetic ancestry. Baseline age, sex, 
and self-reported race/ethnicity were also adjusted for including their interaction terms with “time since initial 

HAAs assessment.” Time-varying covariates height, weight, and percent emphysema also adjusted for in the model.  

Results are reported per 10 cigarettes smoked per day on average.  

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Thorax

 doi: 10.1136/thorax-2021-218139–8.:10 2022;Thorax, et al. Kim JS



 10 

Table S5 Associations of MUC5B (rs35705950) risk allele with longitudinal changes in high 

attenuation areas stratified by sex and smoking history 

 

Model  No. 

Participants 

% Longitudinal change in HAAs over 

10 years (95% CI) per MUC5B 

(rs35705950) risk allele (T) 

P-value for 

interaction 

Sex   0.70 

Female 2,343 3.05 (0.04 to 6.06)  

Male 2,209 2.18 (-1.11 to 5.47)  

Smoking History   0.91 

Never 2,081 2.49 (-1.01 to 6.01)  

Ever 2,471 2.75 (-0.12 to 5.63)  
Abbreviations: CI=confidence intervals; HAA=high attenuation areas 

Model is adjusted for scanner parameters and principal components of genetic ancestry. Baseline age, sex, self-

reported race/ethnicity, smoking status, cigarette pack-years were also adjusted for including their interaction terms 

with “time since initial HAAs assessment.” Time-varying covariates height, weight, percent emphysema, and 

cigarettes smoked per day were also adjusted for in the model. Three-way interaction term of effect modifier, 

MUC5B risk allele, and time since initial HAAs assessment also included (e.g., “sex ´ MUC5B risk allele ´ time 

since initial HAAs assessment”).  

All results are reported per risk allele (T) of the MUC5B (rs35705950) promoter variant.   
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Table S6 Associations of MUC5B (rs35705950) risk allele with longitudinal changes in high attenuation areas by self-reported 

race/ethnicity 

 
 Non-Hispanic White Asian 

Model  No. 

Participants 

% Longitudinal change in 

HAAs (95% CI) per MUC5B 

(rs35705950) risk allele (T) 

P-value No. 

Participants 

% Longitudinal change in 

HAAs (95% CI) per MUC5B 

(rs35705950) risk allele (T) 

P-value 

Overall  1,864 3.05 (0.64 to 5.46) 0.01 601 5.89 (-6.72 to 18.65) 0.36 

Stratified       

Telomere Length       

Fifth percentile cutoff       

Below 5th percentile*  90 15.31 (12.78 to 17.83) 0.02 27 N/A N/A 

Above 5th percentile  1,747 2.21 (-7.94 to 12.47)  568 5.75 (-6.84 to 18.50)  

Tenth percentile cutoff       

Below 10th percentile  189 5.48 (2.89 to 8.08) 0.44 57 N/A N/A 

Above 10th percentile  1,648 2.54 (-4.42 to 9.55)  538 5.89 (-7.01 to 18.34)  
Twenty-fifth percentile 

cutoff 

      

Below 25th percentile  457 7.02 (4.91 to 9.13) 0.004 145 5.74 (-21.54 to 33.78) 0.98 

Above 25th percentile  1,380 1.49 (-1.68 to 4.67)  450 6.24 (-7.91 to 20.59)  

Sex   0.23   0.78 

Male 912 1.46 (-1.79 to 4.73)  302 3.39 (-14.31 to 21.40)  

Female 952 4.43 (0.87 to 8.01)  299 6.99 (-9.76 to 24.02)  

Smoking History   0.59   0.91 

Ever 1,115 3.61 (0.59 to 6.64)  177 7.37 (-13.57 to 28.76)  

Never 749 2.24 (-1.72 to 6.21)  424 5.83 (-9.92 to 21.84)  

Abbreviations: CI=confidence intervals; HAA=high attenuation areas 

Model is adjusted for scanner parameters and principal components of genetic ancestry. Baseline age, sex, smoking status, cigarette pack-years were also 
adjusted for including their interaction terms with “time since initial HAAs assessment.” Time-varying covariates height, weight, percent emphysema, and 

cigarettes smoked per day were also adjusted for in the model. Three-way interaction term of effect modifier, MUC5B risk allele, and time since initial HAAs 

assessment also included (e.g., “sex ´ MUC5B risk allele ´ time since initial HAAs assessment”). 

P-values for stratified analysis represent p-values for interaction.  

All results are reported per risk allele (T) of the MUC5B (rs35705950) promoter variant 
*Due to lower number of Asian participants, unable to perform stratified analysis of age-adjusted telomere 5% and 10% percentile cutoffs.  
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Table S6 Associations of MUC5B (rs35705950) risk allele with longitudinal changes in high attenuation areas by self-reported 

race/ethnicity (continued) 

 
 African-American Hispanic 

Model  No. 

Participants 

% Longitudinal change in 

HAAs (95% CI) per MUC5B 

(rs35705950) risk allele (T) 

P-value No. 

Participants 

% Longitudinal change in 

HAAs (95% CI) per MUC5B 

(rs35705950) risk allele (T) 

P-value 

Overall  1,066 0.32 (-7.68 to 8.39) 0.94 1,021 2.52 (-2.78 to 7.82) 0.35 

Stratified       

Telomere Length       

Fifth percentile cutoff       

Below 5th percentile*  51 0.48 (-64.57 to 70.05) 0.98 48 18.87 (-4.51 to 42.79) 0.17 

Above 5th percentile  1,005 1.23 (-7.00 to 9.52)  952 1.82 (-3.68 to 7.36)  

Tenth percentile cutoff       

Below 10th percentile  106 -7.20 (-31.57 to 17.78) 0.48 98 11.12 (-8.16 to 30.77) 0.38 

Above 10th percentile  950 2.16 (-6.48 to 10.88)  902 1.99 (-3.59 to 7.61)  
Twenty-fifth percentile 

cutoff 

      

Below 25th percentile  262 -3.27 (-19.35 to 13.06) 0.55 247 10.23 (-2.24 to 22.86) 0.19 

Above 25th percentile  794 2.42 (-7.00 to 11.93)  753 0.91 (-5.02 to 6.88)  

Sex   0.44   0.35 

Male 499 4.50 (-9.36 to 18.55)  496 4.99 (-2.41 to 12.45)  

Female 567 -2.15 (-11.92 to 7.72)  525 -0.04 (-7.57 to 7.54)  

Smoking History   0.30   0.57 

Ever 645 2.43 (-7.19 to 12.14)  534 0.96 (-6.68 to 8.65)  

Never 421 -6.94 (-21.65 to 8.00)  487 4.05 (-3.25 to 11.41)  

Abbreviations: CI=confidence intervals; HAAs=high attenuation areas 

Model is adjusted for scanner parameters and principal components of genetic ancestry. Baseline age, sex, smoking status, cigarette pack-years were also 
adjusted for including their interaction terms with “time since initial HAAs assessment.” Time-varying covariates height, weight, percent emphysema, and 

cigarettes smoked per day were also adjusted for in the model. Three-way interaction term of effect modifier, MUC5B risk allele, and time since initial HAAs 

assessment also included (e.g., “sex ´ MUC5B risk allele ´ time since initial HAAs assessment”). 

P-values for stratified analysis represent p-values for interaction.  

All results are reported per risk allele (T) of the MUC5B (rs35705950) promoter variant 
*Due to lower number of Asian participants, unable to perform stratified analysis of age-adjusted telomere 5% and 10% percentile cutoffs.  
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Table S7 Baseline telomere length with high attenuation areas stratified analysis 

 

Model  No. Participants Mean percent change in 

Exam 1 HAAs (95% CI) 

P-value for 

interaction 

% Longitudinal change in 

HAAs over 10 years (95% CI) 

P-value for 

interaction 

Sex    0.94  0.76 

Female 2,317 -6.38 (-11.41 to -1.06)  1.04 (-5.69 to 7.81)  

Male 2,171 -6.65 (-11.89 to -1.09)  -0.50 (-7.66 to 6.72)  

Smoking Status   0.81  0.27 

Never smoker 2,435 3.08 (-2.87 to 9.38)  3.00 (-4.09 to 10.16)  
Ever smoker 2,053 -11.51 (-16.32 to -6.43)  -2.43 (-9.21 to 4.40)  

Race/ethnicity   0.99  0.86 

Non-Hispanic White 1,837 -0.98 (-1.98 to 0.04)  0.01 (-1.30 to 1.31)  

Asian 595 -1.21 (-2.60 to 0.19)  0.50 (-1.19 to 2.20)  

African-American 1,056 -1.22 (-2.53 to 0.10)  -0.38 (-2.02 to 1.26)  

Hispanic 1,000 -1.15 (-2.94 to 0.67)  0.58 (-1.52 to 2.69)  

Abbreviations: CI=confidence intervals; HAAs=high attenuation areas 
*Reported per standard deviation increment of log-transformed telomere length 

Exam 1 HAAs model: Adjusted for scanner parameters, principal components of genetic ancestry, and baseline age, sex, self-reported race/ethnicity, smoking 

status, cigarette pack-years height, weight, and percent emphysema. Two-way interaction term of effect modifier and telomere length also included (e.g., “sex ´ 

telomere length”). 

Longitudinal HAAs model: Adjusted for scanner parameters and principal components of genetic ancestry. Baseline age, sex, self-reported race/ethnicity, 

smoking status, cigarette pack-years were also adjusted for including their interaction terms with “time since initial HAAs assessment.” Time-varying covariates 

height, weight, percent emphysema, and cigarettes smoked per day were also adjusted for in the model. Three-way interaction term of effect modifier, telomere 

length, and time since initial HAAs assessment also included (e.g., “sex ´ telomere length ´ time since initial HAAs assessment”). 
P-values for stratified analysis represent p-values for interaction.  
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Table S8 Associations of longitudinal changes in high attenuation areas with mortality stratified analysis  
 

Model  No. 

Participants 

Total Person-

years 

Events Event Rate per 10,000 Person-

Years (95% CI) 

Rate Ratio per 1% Increment 

in HAAs per year (95% CI) 

P-value for 

interaction 

MUC5B (rs35705950)      0.85 
GG 3,928 74,415 722 111.8 (103.8 to 120.1) 1.08 (1.02 to 1.14)  
GT/TT  589 64,602 105 107.0 (88.0 to 129.0) 3.94 (2.00 to 7.79)  

Telomere Length       

<5th percentile  223 3,618 49 135.5 (101.3 to 177.6) 4.54 (0.61 to 33.62) 0.40 

 ³5th percentile   4,230 69,740 771 110.6 (103.0 to 118.6) 1.09 (1.03 to 1.16)  

<10th percentile  444 7,213 97 134.5 (109.6 to 163.3) 14.25 (8.38 to 24.23) 0.70 

³10th percentile   4,009 66,144 723 109.3 (101.6 to 117.5) 1.09 (1.02 to 1.15)  

<25th percentile  1,114 18,139 228 125.7 (110.2 to 142.8) 9.94 (5.61 to 17.62) 0.98 

³25th percentile   3,339 55,218 592 107.2 (98.8 to 116.1) 1.12 (1.05 to 1.20)  

Sex      0.78 
Female 2,322 38,795 354 91.3 (82.1 to 101.1) 1.08 (1.01 to 1.16)  
Male 2,195 35,620 473 132.8 (121.2 to 145.2) 1.08 (1.02 to 1.15)  

Smoking history      0.84 
Never smoker 2,056 34,118 317 92.9 (83.1 to 103.6) 15.40 (10.71 to 22.14)  

Ever smoker 2,461 40,297 510 126.6 (115.9 to 137.9) 1.08 (0.99 to 1.16)  

Abbreviations: CI=confidence intervals; HAAs=high attenuation areas 

Models adjusted for sex, self-reported race/ethnicity, baseline age, smoking status, cigarette pack-years, height, weight, systolic and diastolic blood pressures, total 
cholesterol, high-density lipoprotein cholesterol, diabetes history, cancer history, coronary artery calcium score, percent emphysema, and total intentional exercise 

(met-min/week).  
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Figure Legend 

 

Figure S1. Flow chart of MESA participants with valid Exam 1 MUC5B (rs35705950) 

assessments, telomere length, and high attenuation area assessments at Exam 1.  
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Figure S1 
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