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Abstract

Background: Lung fibrosis is attributed to derangements in extracellular matrix remodeling, a 

process driven by collagen turnover. We examined the association of two collagen biomarkers, 

carboxy-terminal telopeptide of collagen type I (ICTP) and amino-terminal propeptide of type III 

procollagen (PIIINP), with subclinical interstitial lung disease (ILD) in adults.

Methods: We performed a cross-sectional analysis of 3244 participants age 45–84 years in the 

Multi-Ethnic Study of Atherosclerosis. Serum ICTP and PIIINP levels were measured at baseline 

by radioimmunoassay. Subclinical ILD was defined as high attenuation areas (HAA) in the lung 

fields on baseline cardiac CT scans. Interstitial lung abnormalities (ILA) were measured in 1082 

full-lung CT scans at 9.5 years median follow-up. We used generalized linear models to examine 

the associations of collagen biomarkers with HAA and ILA.

Results: Median (IQR) for ICTP was 3.2 μg/L (2.6–3.9 μg/L) and for PIIINP was 5.3 μg/L (4.5–

6.2 μg/L). In fully adjusted models, each SD increment in ICTP was associated with a 1.3% 

increment in HAA (95% CI 0.2–2.4%, p = 0.02) and each SD increment in PIIINP was associated 

with a 0.96% increment in HAA (95% CI 0.06–1.9%, p = 0.04). There was no association between 

ICTP or PIIINP and ILA. There was no evidence of effect modification by gender, race, smoking 

status or eGFR.

Conclusions: Higher levels of collagen biomarkers are associated with greater HAA 

independent of gender, race and smoking status. This suggests that extracellular matrix remodeling 

may accompany subclinical ILD prior to the onset of clinically evident disease.
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1. Introduction

The interstitial lung diseases (ILDs) are a heterogeneous group of conditions characterized 

by progressive fibrosis and inflammation of the lung parenchyma [1] Clinically, fibrotic 

ILDs are often diagnosed at an advanced stage, carry a poor prognosis, and have limited 

treatment options. The investigation of subclinical disease may yield insights into the early 

pathobiology of ILD, perhaps leading to strategies that prevent incident disease.

The pathogenesis of lung fibrosis has been attributed to recurrent alveolar epithelial injury, 

inflammation and subsequent dysregulated extracellular matrix remodeling [1–3]. 

Extracellular matrix remodeling and elements of the collagen cycle can be detected by 

measuring serum levels of carboxy-terminal telopeptide of collagen type 1 (ICTP) and the 

amino-terminal propeptide of type III procollagen (PIIINP) [4]. ICTP is a small renally-

cleared molecule that represents matrix metalloproteinase (MMP)-dependent degradation of 

type I collagen. PIIINP levels reflect collagen synthesis and are not dependent on renal 

clearance [5,6]. Together, ICTP and PIIINP represent aspects of the collagen cycle and serve 

as collagen biomarkers.
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Subclinical ILD represents the asymptomatic phase that may precede the development of 

clinically significant ILD [7–9]. Our group has developed and validated a novel, automated 

measure of lung attenuation on computed tomography (CT) called high attenuation areas 

(HAA), which serves as a quantitative phenotype of subclinical ILD and may reflect early 

pathological changes in the lung parenchyma [7,10]. Interstitial lung abnormalities (ILA) 

visualized on chest CT scans are a qualitative phenotype of subclinical ILD that provides 

complementary information to HAA [11,12]. HAA and ILA are associated with cigarette 

smoking [7,12], reduced lung function [10,12], and increased all-cause mortality [10,13]. 

Recently, we have shown that baseline HAA is associated with exertional dyspnea and 

increased risk of ILD-specific hospitalization and death during a median of 12.2 years 

follow-up, emphasizing that baseline HAA is a clinically relevant ILD risk factor [14]. We 

have also shown that elevated levels of MMP-7, interleukin (IL)-6, rheumatoid factor IgM 

and IgA at baseline are associated with incremental HAA and have stronger associations in 

ever-smokers, suggesting that HAA may be a marker of lung inflammation and extracellular 

matrix remodeling [10,15].

In this study, we aimed to examine the association between collagen biomarkers (ICTP and 

PIIINP) and both HAA and ILA in a large cohort of healthy, community-dwelling adults. 

We hypothesized that baseline levels of ICTP and PIIINP will be associated with a greater 

percentage of HAA on baseline CT and also with the presence of ILA on chest CT that were 

performed approximately 10 years later.

2. Materials and methods

2.1. Participants

The Multi-Ethnic Study of Atherosclerosis (MESA) is a multi-center prospective cohort 

study investigating subclinical cardiovascular disease (CVD). It consists of 6814 men and 

women, recruited from six communities in the USA, 45–84 years old at the time of 

recruitment during Exam 1 (2000–2002), without clinical manifestations of CVD. 

Participants underwent cardiac CT imaging at Exam 1 and a subset underwent full lung CT 

imaging at Exam 5 (2010–2012), as previously published [16].

In the current study, we examined participants who had been previously selected for ICTP 

and PIIINP measurement to test the hypothesis that these measures of collagen turnover 

would be associated with CVD and arterial elasticity [17–19]. After excluding participants 

without available banked plasma or baseline blood pressure waveform measurements, the 

study sampled all 627 participants with adjudicated CVD and a random sample of 56% of all 

remaining participants (n = 2655). In total, ICTP was measured in 3247 subjects and PIIINP 

was measured in 3239 subjects.

MESA was approved by Institutional Review Boards at all collaborating centers and all 

participants provided informed consent.

2.2. Measurement of exposure and covariates

ICTP and PIIINP were measured from frozen plasma stored in ethylenediaminetetraacetic 

acid from fasting blood samples drawn during Exam 1. Assays were performed between 
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September 2014 and February 2015 (University of Minnesota, under direction of MDG) 

using commercially available competitive radioimmunoassay kits (UniQ #06099 for ICTP 

and UniQ #06098 for PIIINP, Orion Diagnostica, Espoo, Finland) [18,20]. Intra-assay 

coefficients of variation were 9.3–16.5% for PIIINP and 6.3–8.8% for ICTP.

Detailed information regarding covariate data in MESA has been previously published [16].

2.3. HAA on cardiac CT scan

Quantitative measures of CT lung attenuation were measured in the lung fields of cardiac 

CT scans performed during Exam 1 as previously described [21]. Image attenuation was 

evaluated by trained readers at the University of Iowa imaging lab, using a modified version 

of the Pulmonary Analysis Software Suite, who were unaware of the participants’ 

characteristics or collagen biomarker values. HAA was defined as CT attenuation values of 

−600 to −250 Hounsfield units, which captures ground glass and reticular opacities [7]. 

Percent emphysema was defined as the percentage of lung voxels less than −950 Hounsfield 

units [22].

2.4. ILA on chest CT scan

ILAs were assessed on full lung CT scans performed in years 2010–2012 from a randomly 

sampled subset of participants who were eligible to return for Exam 5, as previously 

described [10]. A radiologist visually identified ground glass or reticular opacities, diffuse 

centrilobular nodularities, non-emphysematous cysts, honeycombing, and/or traction 

bronchiectasis that affects greater than 5% of any lung zone in a non-dependent manner as 

previously described [12,23].

2.5. Statistical analysis

Due to the stratified sampling in the original study design, all analyses included inverse 

probability weighting to account for selection for ICTP and PIIINP measurement. We used 

multivariable linear regression models to examine associations between both ICTP and 

PIIINP, and HAA, adjusting for age, gender, race/ethnicity, educational attainment, height, 

body mass index (BMI), waist circumference, smoking status, cigarette pack-years, 

estimated glomerular filtration rate (eGFR), high-sensitivity C-reactive protein (hs-CRP), 

IL-6, d-dimer, study site, percent emphysema, milliamperes (mA) dose, and total volume of 

imaged lung. These covariates were selected based on our prior work showing associations 

with HAA and known variables that may confound the measurement of HAA. We treated 

HAA as a continuous dependent natural log-transformed variable, ILA as a binary 

dependent variable, and ICTP and PIIINP as continuous independent variables. We used 

generalized additive models with loess smoothing functions to examine the linearity of the 

associations of HAA with ICTP and PIIINP with outliers removed. We used logistic 

regression to examine associations between both ICTP and PIIINP, and ILA, with 

adjustment for age, gender, race/ethnicity, smoking status, and cigarette pack-years. Missing 

covariate data was handled using multiple imputations by chained equations [10,24]. 

Separate regression analyses were performed with values in the top 5th percentile of ICTP 

and PIIINP removed to account for outliers. Analyses were performed in STATA, v.14.2 
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(College Station, Texas, USA) and R, v.3.3.1 (R Foundation for Statistical Computing, 

Vienna, Austria).

3. Results

Baseline ICTP levels and baseline HAA were available in 3244 participants. Baseline 

PIIINP levels were available in 3236 participants. The median (IQR) ICTP level was 3.2 

μg/L (2.6–3.9 μg/L, SD 1.33) and the median (IQR) PIIINP level was 5.3 μg/L (4.5–6.2 

μg/L, SD 1.54). The median (IQR) HAA was 121.8 cm3 (102.1–147.2 cm3) or 5.6% HAA 

(4.5–7.2%). Exam 5 ILA readings were available in 1082 who had both ICTP and PIIINP 

measured at Exam 1. The prevalence of ILA in these participants was 13.7%.

Baseline characteristics are presented in Table 1. Participants had a median (IQR) age of 64 

(54–71) years; 49.8% were men; 37.3% were white, 27.7% were African-American, 23.2% 

were Hispanic and 11.8% were Chinese-American. Fifty percent of participants were former 

or current smokers and smoked a median (IQR) of 16.5 (6–33) cigarette pack-years. 

Baseline characteristics were similar across quartiles of ICTP and PIIINP, with and without 

case-weighting (Table 1 and Tables A1-A3), except for race/ethnicity, weight, BMI, and 

cigarette pack-years. White race was more prevalent among those with higher ICTP and 

PIIINP levels, whereas Chinese-American race was more prevalent among those with lower 

ICTP levels. Hispanic ethnicity was more prevalent with lower PIIINP levels. BMI, weight, 

and cigarette pack-years tended to be higher among those with higher ICTP or PIIINP levels. 

HAA percent and ILA stratified across ICTP and PIIINP quartiles are shown in tables A4-

A5.

3.1. ICTP

In an unadjusted model, each SD increment in ICTP was associated with a 2.5% increment 

in HAA (95% CI 1.5–3.6%, p-value < 0.001, Table 2). In a minimally-adjusted model, 

accounting for variables related to CT scan characteristics and study site, each SD increment 

in ICTP was associated with a 1.8% increment in HAA (95% CI 0.8–2.9%, p-value < 0.001, 

Table 2). In a fully adjusted model, each SD increment in ICTP was associated with a 1.3% 

increment in HAA (95% CI 0.2–2.4%, p-value = 0.02, Table 2, Fig. 1). The above 

associations remained statistically significant even after outliers were removed (Table A6).

In an unadjusted model, the odds of ILA increased by 17% per SD increment in ICTP (OR 

1.17, 95% CI 1.00–1.37, p-value = 0.052, Table 3). In a fully adjusted model, this 

association was no longer significant (OR 1.05, 95% CI 0.88–1.26, p-value = 0.55, Table 3, 

Figure A1).

There was no evidence of effect modification of the ICTP-HAA association by gender, 

smoking status, or race/ethnicity (p value for interaction is 0.97 for gender, 0.88 for smoking 

status, and 0.23 for race/ethnicity, Table 2). Results were similar for the ICTP-ILA 

association and no effect modification by gender, smoking status or race/ethnicity was 

identified (p value for interaction is 0.98 for gender, 0.2 for smoking status, and 0.25 for 

race/ethnicity, Table 3).
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3.2. PIIINP

In an unadjusted model, each SD increment in PIIINP was associated with a 2.8% increment 

in HAA (95% CI 1.7–4%, p-value < 0.001, Table 2). In a minimally-adjusted model, 

accounting for variables related to CT scan characteristics and study site, each SD increment 

in PIIINP was associated with a 2% increment in HAA (95% CI 0.9–3.1%, p-value < 0.001, 

Table 2). In a fully adjusted model, each SD increment in PIIINP was associated with a 

0.96% increment in HAA (95% CI 0.06–1.9%, p-value = 0.04, Table 2, Figure A2). 

Analyses with outliers removed found that associations in unadjusted and minimally 

adjusted models remained statistically significant, however, in fully adjusted models the 

relationship between HAA and PIIINP was no longer significant (Table A6).

In both unadjusted and fully adjusted models, the odds of ILA decreased by 13% per SD 

increment in PIIINP, although this was not statistically significant (unadjusted OR 0.87, 95% 

CI 0.72–1.04, p-value = 0.13; fully-adjusted OR 0.87, 95% CI 0.7–1.08, p-value = 0.22, 

Table 3, Figure A3).

There was no evidence of effect modification of the PIIINP-HAA association by gender, 

smoking status, or race/ethnicity (p value for interaction is 0.28 for gender, 0.43 for smoking 

status, and 0.97 for race/ethnicity, Table 2). Similarly, no effect modification was identified 

for the PIIINP-ILA association by gender, smoking status or race/ethnicity (p value for 

interaction is 0.69 for gender, 0.13 for smoking status, and 0.45 for race/ethnicity, Table 3).

4. Discussion

We have shown that greater serum levels of both ICTP and PIIINP, two collagen biomarkers, 

were associated with greater HAA, a quantitative, clinically relevant, subclinical ILD 

phenotype, independent of gender, race/ethnicity, kidney function, and smoking status, in a 

large cohort of community dwelling individuals. Together with prior data linking serum 

MMP-7 and IL-6 levels with HAA [10], these data suggest that HAA captures, at least in 

part, extracellular matrix remodeling of the lung in adults without clinically evident ILD.

While our study is the first to report an association between increased serum collagen 

biomarkers and subclinical ILD, several prior studies examined associations between 

increased collagen biomarkers and outcomes in idiopathic pulmonary fibrosis (IPF) [25–29]. 

The PROFILE study demonstrated in 189 IPF participants that six neoepitopes from MMP-

cleaved collagens were significantly higher in subjects with progressive disease compared to 

those with stable IPF at 6 months, of which two of the neoepitopes measured at baseline 

were associated with increased long-term mortality. This suggests that circulating serum 

markers of collagen fragments may serve as a surrogate measurement of extracellular matrix 

remodeling leading to progressive fibrosis and worsening clinical status in patients with 

clinically significant IPF [25].

Our findings complement this work by demonstrating associations between collagen 

biomarkers and a CT-derived subclinical ILD phenotype, HAA, in otherwise healthy 

community dwelling adults. Our findings suggest that collagen biomarker activity may be 

occurring very early in the disease pathogenesis, prior to clinically relevant ILD being 
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discovered. Previously we have shown that HAA is associated with MMP-7 in a subset of 

this cohort, suggesting an association with extracellular matrix remodeling [10]. In the 

current study we were unable to assess the association with MMP-7, ICTP, PIIINP and 

HAA, since there was little overlap between those who had MMP-7 measured and those 

who had ICTP and PIIINP measured [18,30].

There were several limitations to our study. First, the magnitudes of our observed 

associations are small. Nevertheless, these associations may be biologically relevant, in line 

with previous work examining subclinical ILD phenotypes [7,10,14,15]. Indeed, it would be 

surprising if we had detected large, clinically relevant associations, since all study subjects 

were community dwelling adults sampled without regard to health status. Second, this is a 

cross-sectional observational study, limiting any causal inferences to be made from our 

results. Third, our study did not find an association with collagen biomarkers and the 

presence of ILA during 10 year follow-up. This may reflect the changing roles in underlying 

pathogenesis, where in HAA there may be early collagen biomarker activity represented by 

ICTP and PIIINP but once ILA has developed perhaps ICTP and PIIINP are no longer the 

specific primary markers involved in disease progression and other collagen fragments are 

more prevalent at that stage. In addition, selection bias may have occurred due to death or 

loss to follow-up between the baseline visit and ILA assessment. Also, previous work has 

shown that the within person-correlation for ICTP and PIIINP measured during the baseline 

exam and again at approximately 10 years later (when ILA was assessed) was close to zero 

[18]. This demonstrates that baseline measurements of ICTP and PIIINP are unlikely to 

reflect fibrotic processes 10 years later and may explain why we did not find a significant 

association. The inverse association between ILA and PIIINP presented in figure A3 is 

difficult to interpret and given the lack of statistical significance should not be further 

extrapolated to determine type of CT abnormality being assessed by ILA. We do not believe 

that the lack of an association between ILA and ICTP and PIIINP should invalidate the 

association found between HAA and ICTP and PIIINP, which may represent early collagen 

biomarker activity. These associations are biologically plausible and consistent with our 

groups’ prior work validating HAA [7,10,14,15]. Whether these same collagen biomarkers 

play a role and remain active throughout the disease pathogenesis is unknown. Fourth, HAA 

was measured on cardiac CT scans, which do not provide full images of the lung fields, 

therefore raising the possibility of incomplete measurements. However, our group has 

previously shown that HAA on cardiac CT strongly agrees with HAA on full-lung CT scans, 

since ILD primarily affects the lower lobes of the lung [7].

5. Conclusions

Serum collagen biomarkers are associated with HAA, a clinically-relevant quantitative CT 

marker of subclinical ILD, independent of gender, race/ethnicity, eGFR or smoking status, in 

community-dwelling adults. Future studies should investigate whether HAA and collagen 

biomarkers might help identify adults at-risk for the development of clinically evident ILD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Continuous relationship between collagen type I carboxy-terminal telopeptide (ICTP) and 

predicted high attenuation area (HAA) after adjustment and accounting for case-sampling 

with inverse probability weighting. Smoothed regression line with correlating 95% 

confidence intervals are adjusted for age, gender, race/ethnicity, educational attainment, 

height, body mass index, waist circumference, current smoker status, cigarette pack-years in 

ever-smokers, estimated glomerular filtration rate, study site, percent emphysema, mA dose, 

and total volume of imaged lung. Each vertical mark of the rug plot on the border of the x-
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axis equates to one participant, p values for association and non-linearity are shown for the 

association between ICTP and HAA in a fully adjusted multivariable model.
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