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Abstract

Background—Low serum levels of the anti-inflammatory club cell secretory protein (CC16) 

have been associated with an accelerated FEV1 decline in COPD. Whether low circulating CC16 

precedes lung function deficits and incidence of COPD in the general population is unknown.

Methods—We used longitudinal data from adults who were COPD-free at baseline from the 

population-based TESAOD (N=960, mean follow-up: 14yrs), ECRHS-Sp (N=514, 11yrs) and 

SAPALDIA (N=167, 8yrs) studies. CC16 was measured in serum from baseline and associated 

with subsequent FEV1 decline and incidence of airflow limitation. To evaluate early life CC16 

effects, we also measured circulating CC16 in samples from ages 4-6yrs to predict subsequent 

lung function in childhood in the CRS (N=427), MAAS (N=481), and BAMSE (N=231) birth 

cohorts.

Findings—In adults – after adjustment for sex, age, height, smoking status/intensity, pack-years, 

asthma, and initial FEV1 levels – baseline CC16 was inversely associated with subsequent decline 

of FEV1 in TESAOD (p=0.0014), ECRHS-Sp (p=0.023), and a similar trend was found in 

SAPALDIA (p=0.052). Low CC16 at baseline also predicted an increased risk for incident stage 2 

airflow limitation (i.e., FEV1/FVC<70% plus FEV1 % predicted < 80%) in TESAOD and 

ECRHS-Sp. In children, the lowest tertile of CC16 at age 4–6yrs was associated with subsequent 

FEV1 deficits up to age 16yrs (meta-analyzed estimate from adjusted models on birth cohorts: 

−68ml, p=0.0001). Results were confirmed among subjects who never smoked by age 16yrs 

(−71ml, p<0.0001).

Interpretation—Low serum CC16 is associated with subsequent slower growth and accelerated 

decline of lung function, and increased risk of developing stage 2 airflow limitation.

Funding—US National Heart, Lung, and Blood Institute and EU Seventh Framework 

Programme. For a complete list of other funding agencies, please refer to the acknowledgements 

section of the paper.

Introduction

Chronic obstructive pulmonary disease (COPD) – one of the chronic diseases with the 

highest morbidity and mortality burden across the world1 – may be related to an accelerated 

decline of lung function during adult life, an impaired lung function growth during 

childhood, or a combination thereof2. Although smoking has been long known to be the 

main risk factor for an accelerated decline of lung function and the inception of COPD3, 

only a proportion of smokers will go on to develop the disease and a significant proportion 

of COPD cases occurs among never smokers. Apart from alpha1-antitrypsin deficiency, 

which only accounts for about 1% of all COPD cases4, there are no established biomarkers 

to identify adults at risk for COPD before the onset of the disease or children who could be 

predisposed to lung function deficits in adult life.

Club (formerly Clara) cell secretory protein (CC16, also known as CC10 and CCSP) is a 

homodimeric pneumoprotein that is mainly produced by club cells in the distal airways, but 

can be measured in circulation5–7. Recurrent noxious environmental exposures, such as 
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cigarette smoking, result in chronically decreased numbers of club cells and levels of serum 

CC168,9.

Growing evidence indicates that CC16 has anti-inflammatory and anti-toxicant properties in 

the lung5–7 and may protect against obstructive lung diseases9. In most clinical studies10–15, 

lower levels of CC16 in blood and airways have been associated with prevalence and 

severity of COPD. In addition, low serum CC16 was associated with a faster subsequent 

decline of forced expiratory volume in one second (FEV1) among patients with COPD in 

the ECLIPSE16 and Lung Health Study17. However, no study to date has evaluated whether 

serum CC16 is a predictor of lung function trajectories and development of COPD in the 

general population.

The goals of our study were to determine 1) whether baseline levels of circulating CC16 are 

associated with subsequent decline of lung function and incidence of airflow limitation in 

adults and, if so, 2) whether the relation of low CC16 to subsequent lung function deficits is 

already established in childhood before the effects of active smoking have taken place.

Methods

For studies on adults, we used the Tucson Epidemiological Study of Airway Obstructive 

Disease (TESAOD) as the main cohort and results were tested for replication in three 

Spanish centers of the European Community Respiratory Health Survey (ECRHS-Sp) and in 

the Swiss Cohort Study on Air Pollution and Lung Diseases in Adults (SAPALDIA). For 

studies on children, we used data from the birth cohorts of the Tucson Children’s 

Respiratory Study (CRS), the UK Manchester Asthma and Allergy Study (MAAS), and the 

Swedish Barn/children, Allergy, Milieu, Stockholm, Epidemiological survey (BAMSE).

Adult cohorts

TESAOD is a population-based prospective cohort study of non-Hispanic White households 

in Tucson, Arizona18. At baseline and in up to 11 subsequent surveys performed over 24 

years, participants completed standardized respiratory questionnaires and lung function tests. 

For the present study, we used data from 960 participants who at enrollment were 21 to 70 

years old, had a ratio between FEV1 and forced vital capacity (FVC) ≥ 70%, had available 

serum samples, and completed lung function tests in at least one follow-up survey.

ECRHS19 enrollment included a random sample of individuals aged 20–44 years and an 

enrichment sample of subjects who reported taking asthma medication or having had asthma 

attacks or shortness of breath at night during the last year. Participants completed a detailed 

questionnaire and lung function tests at baseline and in two follow-up surveys taken about 9 

and 20 years later. For the present study, we used data from 514 ECRHS-Sp participants 

who had FEV1/FVC ≥ 70% and sufficient serum samples from survey 2 (no serum samples 

were available from survey 1), and who also completed lung function tests in survey 3.

SAPALDIA20 enrollment included a random sample of adults aged 18 to 62 years recruited 

using population registries from eight areas in Switzerland. Standardized questionnaires and 

spirometric lung function tests were completed in two follow-up surveys taken 
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approximately 11 and 19 years later. For the present study, we used data from 167 

SAPALDIA participants who were selected as controls for a nested COPD study because 

they had normal lung function (FEV1/FVC ≥ 70% and FVC % predicted ≥ 80%) and 

sufficient serum samples from survey 2 (no serum samples were available from survey 1), 

and completed lung function tests in survey 3.

Birth cohorts

CRS is a longitudinal cohort that recruited 1246 healthy infants at birth21. Baseline and 

multiple follow-up questionnaires were completed up to adult life, including specific 

questions on active smoking from age 16. Blood was collected at the YR6 survey (mean age, 

SD: 6.1, 0.8 years) and spirometric lung function tests were performed at YR11 (10.9, 0.7) 

and YR16 (16.7, 0.6). For the present study, we used data from 438 participants who had 

YR6 serum (N=360) or plasma (N=78) samples available for CC16 measurements and 

completed lung function tests at YR11 and/or YR16.

MAAS is a population-based birth cohort, whose participants were recruited prenatally and 

followed prospectively until age 16 years22. Follow-up visits at YR5, YR8, YR11, and 

YR16 included both standardized questionnaires and lung function tests. For the present 

study, we used data from 481 participants who had serum samples available from YR5, 

completed lung function tests both at YR5 and in at least one of the subsequent surveys 

YR8, YR11, and YR16.

BAMSE is a population-based birth cohort, whose participants completed standardized 

questionnaires at baseline and multiple follow-up surveys up to age 1623. Lung function 

tests were completed at YR8 and YR16. For the present study, we used data from 231 

participants who were selected for nested molecular studies based on a random plus asthma-

enriched sampling strategy, had available plasma samples from YR4, and completed lung 

function tests at YR8 and/or YR16.

Lung function

Complete information on lung function tests is provided in the supplementary appendix.

In the present study, based on guidelines from the Global Initiative for Chronic Obstructive 

Lung Disease (GOLD)1 airflow limitation was defined as FEV1/FVC < 70% and stage 2 

airflow limitation as FEV1/FVC < 70% plus FEV1 % predicted < 80%. Sensitivity analyses 

were also completed using lower limit of normal (LLN) cut-off values (see supplementary 

appendix). Because bronchodilator response was not tested in most surveys, definitions were 

based on pre-bronchodilator values and we used the terms “airflow limitation” to define our 

incident outcome throughout this manuscript.

CC16 measurements

Circulating CC16 was measured in stored samples from “baseline” (survey 1 in TESAOD, 

survey 2 in ECRHS-Sp and SAPALDIA, YR6 in CRS, YR5 in MAAS, and YR4 in 

BAMSE) using a commercially available ELISA kit (BioVendor, with branches in 

Asheville, NC and Modrice, Czech Republic). In addition, in TESAOD CC16 levels were 
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also measured in serum samples from follow-up surveys in the subset of 601 participants for 

whom they were available. Serum samples were used for all cohorts, with the exception of 

BAMSE (plasma) and of 78 plasma samples from CRS (see supplementary appendix and 

Figure E3 for adjustments made for comparability). Because the distribution of CC16 values 

was skewed, long tail to the right, values were log-transformed and inverse standardized 

levels were generated24 to test effects related to 1-SD decrease in baseline CC16 levels. 

Tertiles of CC16 were also used to determine the risk associated with having low CC16 (i.e., 

lowest tertile) for accelerated FEV1 decline and incident airflow limitation in adults and for 

deficits in FEV1 growth in children.

Statistical analyses

Complete statistical methods are provided in the supplementary appendix.

In the adult cohorts, we tested the effects of baseline CC16 on subsequent FEV1 decline 

using multivariate linear regression models that included the rate of FEV1 decline (i.e., the 

change of FEV1 per year) as the dependent variable and a list of potential predictors 

(including baseline CC16 and baseline FEV1) as the independent variables. To avoid effects 

of observations with short follow-up periods, only participants with ≥ 5 years follow-up 

were included in these analyses in TESAOD (all ECRHS-Sp and SAPALDIA participants 

had ≥ 5 years follow-up). Results were also confirmed in TESAOD in analyses that included 

all participants. Because multiple observations for each participant were available in 

TESAOD, in this cohort we also used random coefficients models25, which adjusted for the 

intra-household cluster correlation and intra-subject serial correlation of repeated 

observations, to assess the effects of CC16 at baseline on FEV1 levels during the study 

follow-up. These models included covariates and an interaction term between CC16 tertiles 

and years of follow-up to test whether FEV1 decline differed across CC16 tertiles.

Incident airflow limitation was studied in TESAOD and ECRHS-Sp. In TESAOD, the 

relation of baseline CC16 to the risk of incident airflow limitation was tested in Cox 

proportional hazards models. Because in ECRHS-Sp only one follow-up survey was 

available after baseline CC16 measurements, CC16 associations with incident airflow 

limitation were tested in logistic regression models. Model discrimination was assessed by 

the Harrell’s C statistics in Cox models and by the area under the curve (AUC) in logistic 

regression models. Because a household-based recruitment strategy was used in TESAOD, 

household-clustered sandwich estimators of standard errors were used in regression and Cox 

models for this cohort.

Among the 960 TESAOD participants included in this study, 601 (63%) had serum samples 

available during the follow-up, which were used for a prospective CC16 measurement. The 

mean number of years between the baseline and prospective measurement was 6.5 years 

with a range of 1 to 11 years. Prospective CC16 data in TESAOD were analyzed by 

generating two variables based on: 1) the quartiles of the rate of change of serum CC16 

between baseline and the prospective measurement as previously done24; and 2) the 

combination of CC16 at baseline and at the prospective measurement categorized into three 

groups (“persistently low CC16”: i.e. being in the lowest CC16 tertile at both surveys; 

“inconsistently low CC16”: being in the lowest tertile in one but not both surveys; and 
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“persistently high CC16”: not being in the lowest tertile at either survey). These variables 

were then used as independent variables in regression and Cox models as described above. 

In these analyses, the follow-up for Cox models started at the time of the prospective 

measurement.

In analyses on birth cohorts, random effects models25 were used to assess the effects of low 

CC16 on lung function growth in childhood. In order to remove potential effects by active 

smoking, in sensitivity analyses the same models were also tested after removing 

observations of children who smoked by age 16 in CRS and BAMSE. Because in MAAS 

information on active smoking was not available from YR16, in these analyses only YR8 

and YR11 observations were included for this cohort.

Role of the funding source

The sponsors of the study had no role in study design, data collection, data analysis, data 

interpretation, or writing of the report. All authors had final responsibility for the decision to 

submit the paper for publication.

Results

Tables E1–3 summarize the baseline characteristics of participants from the main adult 

cohort of TESAOD and the two replication adult cohorts of ECRHS-Sp and SAPALDIA. In 

TESAOD, the study population included 59% females, 58% ever smokers, and 9% 

asthmatics (Table E1). At baseline, participants had a mean age of 45 years and a mean 

FEV1 % predicted of 98%. Similar distributions by demographic and clinical characteristics 

were found in the replication cohorts, although ECRHS-Sp had less females and 

SAPALDIA less smokers and asthmatics. Table E4 compares the characteristics of 

TESAOD participants who were included and excluded from the present study. As 

compared with participants excluded from the study, those included were slightly more 

likely to be female and older and less likely to be underweight. None of the other 

characteristics differed between the two groups.

The median and inter-quartile serum CC16 levels were 8.0 (5.7 – 10.9) ng/ml. Table 1 

shows univariate associations of baseline characteristics of TESAOD participants with 

serum CC16 and Table E5 the independent effects of sex, age, BMI, and smoking on serum 

CC16 in TESAOD. CC16 levels were higher in males than females, had a U-shaped 

distribution across age categories, and were strongly and inversely associated with current 

smoking and pack-years. No association was found with asthma, but serum CC16 was 

directly associated with FEV1 % predicted, FVC % predicted, and the FEV1/FVC ratio.

The TESAOD participants included in this study completed on average 6.8 lung function 

tests (SD: 3; range: 2 to 12) over a mean follow-up of 13.7 years (SD: 7, range: 1 to 23 

years) for a total of 6,549 lung function observations. Younger age, normal weight, never 

smoking, and a slightly better lung function at baseline were related to having a longer 

follow-up. However, no relation of baseline levels of serum CC16 to length of follow-up 

was found (Table E6).
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In TESAOD – after adjusting for sex, age, height, smoking status and intensity, pack-years, 

asthma, and initial FEV1 levels – baseline serum CC16 levels predicted subsequent decline 

of FEV1 during the study follow-up, with 1-SD decrease in baseline CC16 being associated 

with a 4.4 ml/yr faster FEV1 decline (Table 2, p = 0.0014). The inverse association between 

baseline CC16 and subsequent FEV1 decline was replicated in ECRHS-Sp and a similar 

trend was found in SAPALDIA (Table 2). These results were confirmed after removing 

subjects with FEV1/FVC below LLN at baseline (TESAOD p=0.0033, ECRHS-Sp p=0.023, 

SAPALDIA p=0.052) and after further adjustment for BMI categories (TESAOD p=0.0008, 

ECRHS-Sp p=0.012, SAPALDIA p=0.057). When the rate of FEV1 decline was compared 

across CC16 tertiles in adjusted random coefficients models in TESAOD (Figure 1), males 

and females with low CC16 at baseline had an FEV1 decline during the study follow-up that 

was on average 9.7 ml/yr (p=0.0043) and 6.3 ml/yr (p=0.0034) faster, respectively, than that 

of their peers with high CC16.

Although in TESAOD CC16 associations with FEV1 decline appeared stronger in smokers 

than never smokers, we did not find evidence of such interaction in either ECRHS-Sp or 

SAPALDIA (Table E7). No statistical evidence of an interaction with age was found either, 

even though in TESAOD CC16 associations tended to be stronger in subjects ≥ 45 years 

than in those < 45 years old at baseline (Table E8).

Consistent with results on FEV1 decline, in Cox models TESAOD participants in the lowest 

CC16 tertile were found to be at increased risk of incident airflow limitation and incident 

stage 2 airflow limitation during the study follow-up, although only the latter association 

held true after full adjustment for covariates including initial levels of FEV1/FVC (Table 

3a). In fully adjusted models, 1-SD decrease in baseline CC16 was associated with a 27% 

increased risk for incident stage 2 airflow limitation (adjHR: 1.03–1.56) (Table 3a). The 

inverse association between serum CC16 and incidence of stage 2 airflow limitation was 

replicated in the ECRHS-Sp study (Table 3b), although it was significant only when CC16 

was used on a continuous scale.

Results from analyses on the subset of 601 TESAOD participants with available CC16 

measurements from baseline and follow-up are shown in the appendix. After full 

adjustment, we found a trend between a steeper CC16 decrease from the baseline to the 

follow-up survey and a higher risk of incident stage 2 airflow limitation. In addition, as 

compared with participants who never had low CC16 those with persistently low CC16 had 

a 9.0 (4.3 – 13.7; p=0.0004) ml/yr faster FEV1 decline over the follow-up.

To determine whether the association of CC16 levels with subsequent lung function 

originates early in life and also affects lung growth, we used data from the CRS, MAAS, and 

BAMSE birth cohorts, in which circulating CC16 was measured in samples collected at age 

6, 5, and 4 years, respectively. The baseline characteristics of the children included in these 

analyses are summarized in Tables E9–11. Univariate and multivariate analyses on the 

associations of circulating CC16 levels at age 6 years with baseline characteristics of CRS 

participants are shown in Table E12. Figure 2 shows that in adjusted random effects models 

on the three cohorts low levels of early CC16 at age 4–6 years predicted subsequent FEV1 

deficits in childhood. The lowest tertile of early CC16 was associated with a meta-analyzed 
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68-ml deficit in FEV1 up to age 16 years (p=0.0001), which was equivalent to 2–3% of 

expected FEV1 levels across the three cohorts. Estimates were not substantially reduced by 

further adjustment for asthma (Figure E4) and associations were confirmed after restricting 

analyses to subjects who never smoked up to age 16 years (Figure E5).

Discussion

This is the first prospective study to show that decreased circulating CC16 levels are a risk 

factor for reduced growth of lung function in childhood, accelerated lung function decline in 

adulthood, and for the development of moderate airflow limitation in the general adult 

population. These findings are consistent with previous reports showing that lower baseline 

CC16 was associated with steeper FEV1 decline among patients with COPD16,17. Here, we 

show that this association holds true in subjects without COPD at the time of measurement, 

suggesting that the relationship between CC16 and FEV1 decline may be established before 

the inception of the disease. In support of this contention, we found that low circulating 

CC16 early in life predicted subsequent lung function deficits by adolescence in three birth 

cohorts. Thus, low CC16 was a risk factor for lung function deficits across the life span.

Among the factors that may affect CC16 levels in early childhood, in our study we found 

sex, age, BMI, maternal smoking, and active wheezing to be independent predictors of 

circulating CC16 (Table E12). However, after taking these factors into account only a small 

proportion (~6%) of the variability in CC16 levels was explained, supporting that other 

genetic, physiological, environmental, and developmental factors are involved, as also 

suggested by previous research26–29.

Whether the relation of CC16 to growth and decline of lung function and development of 

COPD is causal or is confounded by other unmeasured factors cannot be conclusively 

determined from our data. Nevertheless, the results from our birth cohorts support the 

conclusion that CC16 has effects on lung function that are at least partly independent of 

cigarette smoking. Interestingly, narrowing and disappearance of small airways on 

multidetector computed tomography has been shown to be present in early stages of 

COPD30, a finding that may be relevant to the CC16 deficits seen in this disease.

The molecular mechanisms by which CC16 could protect against development of COPD are 

not known. Consistent with possible anti-inflammatory and anti-toxicant activities of this 

molecule in the lung5–7, CC16-deficient mice31–33 have been shown to have increased lung 

epithelial injury, airway inflammation, and susceptibility to oxidative stress and infectious 

agents. Most animal studies also indicate an increased susceptibility of knockout mice to 

COPD-related phenotypes in response to cigarette smoking34,35, although another study 

failed to find an increased risk for emphysema17. Results from in vitro studies indicate that 

CC16 may affect inflammatory cell function36,37 and these effects could be linked to 

inhibition of PLA2 activity38, prostaglandins39, chemotaxis36,40, and cytokine 

production3741.

Although this study supports the temporal relation of CC16 to subsequent lung health 

outcomes, the possible relevance of this biomarker in the clinical or public health setting 
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remains to be determined. In most cohorts we analyzed data from a single CC16 

measurement, although results from the TESAOD subset with prospective CC16 

measurements supported the potential added value of temporal trajectories of CC16 in risk 

prediction. No information was available on other physiological predictors of systemic 

CC16 levels, such as glomerular filtration rate (which is inversely related to serum CC16)42 

and diurnal variation43. Longitudinal studies that can control for such physiological factors 

and can model serial CC16 measurements will be required to establish conclusively the 

potential value of this molecule in informing prevention or treatment of COPD, either in the 

general population or in targeted subgroups. In TESAOD, CC16 effects appeared stronger in 

smokers than never smokers, but we found no evidence for such trend in the two replication 

cohorts. This may reflect no real interaction with smoking, true inter-population differences, 

or inter-cohort methodological variability.

Our analyses on lung function have some limitations. No bronchodilator response was tested 

in TESAOD and therefore we could not determine how CC16 effects relate to the risk of 

COPD defined using post-bronchodilator lung function1. Also, differences in the number of 

available tests, length of follow-up, and instruments may have reduced comparability of 

lung function measurements across the adult and birth cohorts. This may be the case also for 

CC16 measurements, based on inter-cohort differences in blood collection protocols and 

serum storage conditions, although CC16 levels have been shown to be quite stable in 

serum44. However, the use of standardized levels and tertiles of CC16 within each cohort 

and the implementation of a prospective study design with inclusion of participants with 

comparable follow-up periods both in the adult and pediatric cohorts are expected to have 

reduced the impact of such differences. In addition, while these differences may affect inter-

cohort comparability they do not impact the internal validity of the results.

Among the strengths of our study are the long-term and population-based nature of our 

populations, the extensive longitudinal characterization of lung function, and the replication 

of findings in multiple independent cohorts that cover a significant part of lifespan.

In summary, we found low circulating CC16 levels to be an independent predictor for 

subsequent deficits in lung function growth in childhood and for accelerated lung function 

decline and incident COPD in adult life.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Panel: Research in Context

Evidence before this study

Low circulating levels of CC16 have been linked to subsequent accelerated decline of 

FEV1 among patients with COPD. These observations are in line with experimental 

evidence supporting anti-inflammatory and anti-oxidative effects of this molecule in the 

lung. However, whether low circulating CC16 predicts subsequent lung function decline 

and incidence of COPD in the general population remains unknown. It also remains 

unknown whether the potential effects of CC16 on subsequent lung function are already 

present in childhood before the effects of cigarette smoking have taken place. We 

completed several PubMed searches using search terms such as “CC16”, “CC10”, 

“CCSP”, “uteroglobin”, “Clara cell”, “Club cell”, “COPD”, “emphysema”, “chronic 

bronchitis”, “asthma”, and “lung function” without language restrictions, which returned 

several cross-sectional studies linking circulating CC16 to asthma, COPD, and lung 

function and two clinical studies linking circulating CC16 to subsequent decline of FEV1 

among patients with COPD. However, we found no previous prospective study that 

assessed circulating CC16 in relation to subsequent lung function growth/decline or in 

relation to subsequent incidence of COPD in the general population. The date of our last 

search was Nov 28, 2014.

Added value of this study

In six population-based cohorts, we found consistent relations of low circulating levels of 

CC16 to subsequent accelerated decline of lung function and incidence of COPD in 

adults and to subsequent lung function deficits in children up to age 16 years. These 

results held true after adjustment for other known risk factors and they cannot be simply 

explained by residual confounding by smoking. Our study provides novel evidence that 

implicates low CC16 as an independent risk factor for subsequent lung function deficits 

and COPD.

Implications of all the available evidence

Our results indicate the possible value of CC16 for risk stratification. Longitudinal 

studies designed to determine determinants of circulating CC16 and to model serial CC16 

measurements are warranted to establish conclusively the potential value of this molecule 

in informing prevention or treatment of COPD.
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Figure 1. 
FEV1 levels at baseline and decline during the study follow-up as estimated from fully 

adjusted random coefficients models for TESAOD participants across the three tertiles of 

serum CC16 at baseline (models were run separately for males and females). Depicted 

values represent predicted values for a 175-cms tall male and a 170-cms tall female who 

were 45 years old at baseline.

* Results come from random coefficients models adjusted for age, smoking intensity, and 

physician-confirmed asthma (all variables at baseline), and for height, smoking status, pack-

years, and years of follow-up (time-dependent variables). The model for males included 389 

participants for a total of 2546 observations. The model for females included 569 

participants for a total of 3864 observations.
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Figure 2. 
Relation of the medium and high tertile of early circulating CC16 (as compared with the 

lowest tertile) to subsequent FEV1 levels achieved during childhood up to age 16 years in 

the CRS, MAAS, and BAMSE birth cohorts.

* Results come from random effects models adjusted for sex, age, height, survey, maternal 

smoking, ethnicity (CRS and MAAS), and baseline FEV1 (MAAS). These covariates were 

included because of their possible effects on early CC16 and/or lung function growth. The 

dependent variable of the models was FEV1 at ages 11 and 16 yrs in CRS, FEV1 at ages 8, 

11, and 16 yrs in MAAS, and FEV1 at ages 8 and 16 yrs in BAMSE.

Early CC16 was measured at age 6 years (mean 6.1 yrs; SD 0.8 yrs) in CRS, 5 years (5.0, 

0.1) in MAAS, and 4 years (4.0, 0.1) in BAMSE.

Reported p values refer to the comparison of the lowest early CC16 tertile versus the other 

two tertiles (medium and high) combined.
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Table 1

Associations of baseline characteristics with baseline CC16 values in TESAOD.

Serum CC16 levels

Geometric Means of serum CC16 in ng/ml
P value

Sex

 Females (N=570) 7.38

 Males (N=390) 8.08
P = 0.014

Age categories

 21 ≤ years < 30 (N=245) 8.29

 30 ≤ years < 45 (N=212) 6.67

 45 ≤ years < 60 (N=278) 7.21

 60 ≤ years ≤ 70 (N=225) 8.61
PANOVA < 0.0001; PTREND = 0.378

BMI categories

 Underweight (N=14) 5.63

 Normal weight (N=538) 7.77

 Overweight (N=308) 7.61

 Obese (N=67) 7.04
PANOVA = 0.106; PTREND = 0.536

Smoking status

 Never (N=406) 8.81

 Former (N=220) 8.16

 Current (N=333) 6.21
PANOVA < 0.0001

Ever physician-confirmed asthma:

 No (N=870) 7.72

 Yes (N=89) 7.15
P = 0.222

Spearman corr coeff with CC16 levels
P value

Pack-years (all subjects, N=959) −0.249
P < 0.0001

Pack-years (only smokers, N=553) −0.178
P < 0.0001

FEV1 % predicted (N=960) 0.121
P = 0.0002

FVC % predicted (N=960) 0.066
P = 0.041

FEV1/FVC ratio (N=960) 0.073
P = 0.023
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Table 2

Association between baseline serum CC16 and subsequent decline of FEV1 in TESAOD, ECRHS-Sp, and 

SAPALDIA.

Increase in FEV1 decline associated with 1-SD decrease in baseline CC16
Beta coefficient* (95% CI)

p value

TESAOD
N subjects = 800**; N obs = 6114
Mean yrs follow-up = 16.0

−4.4 (−7.1, −1.7) ml/yr
p = 0.0014

ECRHS-Sp
N subjects = 495ˆ; N obs = 990
Mean yrs follow-up = 11.5

−2.4 (−4.5, −0.3) ml/yr
p = 0.023

SAPALDIA
N subjects = 164ˆˆ; N obs = 328
Mean yrs follow-up = 8.3

−4.5 (−9.0, 0.0) ml/yr
p = 0.052

Meta-analyzed estimate −3.3 (−4.8, −1.8) ml/yr
p < 0.0001

*
Adjusted for sex, age, height, smoking status and intensity, pack-years, asthma, and FEV1 levels at baseline. These covariates were included 

because they are known to affect FEV1 levels and/or decline. ECRHS-Sp models also included center and sample type (random versus enriched) 
and SAPALDIA models study area. The effects of CC16 on FEV1 decline were also tested for interaction with smoking and with age (see Tables 
E7 and E8).

**
TESAOD analyses included participants with ≥ 5 years follow-up.

ˆ
Of the 514 ECRHS-Sp participants, 19 had missing smoking status and/or intensity information and were excluded from analyses.

ˆˆ
Of the 167 SAPALDIA participants, 3 had missing smoking intensity information and were excluded from analyses.
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TABLE 3

Crude and adjusted HRs and ORs associated with baseline serum CC16 for incident airflow limitation in 

TESAOD (Table 3a) and in the replication population of ECRHS-Sp (Table 3b). The highest CC16 tertile is 

the reference group.

a Hazard Ratios for incident airflow limitation N 
subjects who developed airflow limitation/total N 

subjects (251/958)ˆ

Hazard Ratios for incident stage 2 airflow limitation N 
subjects who developed stage 2 airflow limitation/total N 

subjects (106/958)ˆ

Crude HR 
(95% CI)
P value

Adj* HR (95% 
CI)

P value

Adj** HR (95% 
CI)

P value

Crude HR (95% 
CI)

P value

Adj* HR (95% 
CI)

P value

Adj** HR (95% 
CI)

P value

Effect associated 
with baseline 
CC16 tertiles

 HIGH 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)

 MEDIUM 1.09 (0.79 – 
1.49)

p = 0.613

1.17 (0.86 – 
1.60)

p = 0.325

1.15 (0.84 – 
1.57)

p = 0.376

1.53 (0.89 – 2.60)
p = 0.121

1.65 (0.97 – 2.82)
p = 0.067

1.71 (1.00 – 2.93)
p = 0.051

 LOW 1.45 (1.07 – 
1.96)

p = 0.017

1.15 (0.84 – 
1.58)

p = 0.387

1.10 (0.79 – 
1.51)

p = 0.573

2.36 (1.44 – 3.88)
p = 0.0007

1.82 (1.08 – 3.07)
p = 0.024

1.81 (1.06 – 3.09)
p = 0.029

P value for trend 0.017 0.403 0.596 0.0005 0.026 0.032

Effect associated 
with 1-SD 
decrease in 
CC16

1.17 (1.02 – 
1.33)

p = 0.022

1.09 (0.93 – 
1.27)

p = 0.284

1.06 (0.91 – 
1.23)

p = 0.458

1.37 (1.16 – 1.61)
p = 0.0002

1.29 (1.04 – 1.59)
p = 0.019

1.27 (1.03 – 1.56)
p = 0.026

Harrell’s C 
statistics (model 
with CC16 
tertiles)

0.55 0.73 0.81 0.60 0.79 0.83

b Odds Ratios for incident airflow limitation N subjects 
who developed airflow limitation/total N subjects 

(70/495)ˆ

Odds Ratios for incident stage 2 airflow limitation N 
subjects who developed stage 2 airflow limitation/total N 

subjects (28/495)ˆ

Crude OR 
(95% CI)
P value

Adj* OR (95% 
CI)

P value

Adj** OR (95% 
CI)

P value

Crude OR (95% 
CI)

P value

Adj* OR (95% 
CI)

P value

Adj** OR (95% 
CI)

P value

Effect associated 
with baseline 
CC16 tertiles

 HIGH 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)

 MEDIUM 1.53 (0.76 – 
3.06)

p = 0.232

1.47 (0.72 – 
3.02)

p = 0.289

1.37 (0.56 – 
3.36)

p = 0.488

2.04 (0.60 – 6.91)
p = 0.253

1.89 (0.53 – 6.66)
p = 0.324

1.80 (0.46 – 7.02)
p = 0.397

 LOW 2.41 (1.25 – 
4.64)

p = 0.0083

2.14 (1.06 – 
4.30)

p = 0.033

2.12 (0.89 – 
5.05)

p = 0.091

4.18 (1.37 – 12.8)
p = 0.012

3.35 (1.02 – 10.9)
p = 0.045

3.06 (0.84 – 11.2)
p = 0.090

P value for trend 0.0070 0.032 0.085 0.0072 0.036 0.079

Effect associated 
with 1-SD 
decrease in 
CC16

1.47 (1.17 – 
1.85)

p = 0.0011

1.39 (1.08 – 
1.80)

p = 0.012

1.38 (1.00 – 
1.92)

p = 0.051

1.75 (1.27 – 2.40)
p = 0.0005

1.64 (1.13 – 2.40)
p = 0.010

1.53 (1.00 – 2.34)
p = 0.049
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b Odds Ratios for incident airflow limitation N subjects 
who developed airflow limitation/total N subjects 

(70/495)ˆ

Odds Ratios for incident stage 2 airflow limitation N 
subjects who developed stage 2 airflow limitation/total N 

subjects (28/495)ˆ

Crude OR 
(95% CI)
P value

Adj* OR (95% 
CI)

P value

Adj** OR (95% 
CI)

P value

Crude OR (95% 
CI)

P value

Adj* OR (95% 
CI)

P value

Adj** OR (95% 
CI)

P value

AUC (model 
with CC16 
tertiles)

0.60 0.70 0.92 0.65 0.81 0.91

*
adjusted for sex, age, smoking status and intensity, pack-years, and asthma at baseline

**
adjusted for sex, age, smoking status and intensity, pack-years, asthma, and FEV1/FVC at baseline. These covariates were included because they 

are known to affect the risk for COPD.

ˆ
Of the 960 TESAOD participants, 2 had missing smoking or asthma information and were excluded from analyses

*
adjusted for center, sample type (random versus enriched), sex, age, smoking status and intensity, pack-years, and asthma at baseline

**
adjusted for center, sample type (random versus enriched), sex, age, smoking status and intensity, pack-years, asthma, and FEV1/FVC at 

baseline

ˆ
Of the 514 ECRHS-Sp participants, 19 had missing smoking status and/or intensity information and were excluded from analyses
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