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Current smoking 
with or without chronic bronchitis 
is independently associated 
with goblet cell hyperplasia 
in healthy smokers and COPD 
subjects
Victor Kim1*, Stephanie Jeong1, Huaqing Zhao1, Mehmet Kesimer2, Richard C. Boucher2, 
J. Michael Wells3, Stephanie A. Christenson4, MeiLan K. Han5, Mark Dransfield3, 
Robert Paine III6, Christopher B. Cooper7, Igor Barjaktarevic7, Russell Bowler8, 
Jeffrey L. Curtis9, Robert J. Kaner10, Sarah L. O’Beirne10, Wanda K. O’Neal2, 
Stephen I. Rennard11, Fernando J. Martinez10 & Prescott G. Woodruff4

COPD, chronic bronchitis (CB) and active smoking have all been associated with goblet cell hyperplasia 
(GCH) in small studies. Active smoking is strongly associated with CB, but there is a disconnect 
between CB clinical symptoms and pathology. Chronic cough and sputum production poorly 
correlate with the presence of GCH or COPD. We hypothesized that the primary determinant of GCH 
in ever smokers with or without airflow obstruction is active smoking. Goblet Cell Density (GCD) 
was measured in 71 current or former smokers [32 subjects without COPD and 39 COPD subjects]. 
Endobronchial mucosal biopsies were stained with Periodic Acid Schiff-Alcian Blue, and GCD was 
measured as number of goblet cells/mm basement membrane. GCD was divided into tertiles based 
on log10 transformed values. Log10GCD was greater in current smokers compared to former smokers. 
Those with classically defined CB or SGRQ defined CB had a greater log10 GCD compared to those 
without CB. Current smoking was independently associated with tertile 3 (high log10GCD) whereas CB 
was not in multivariable regression when adjusting for lung function and demographics. These results 
suggest that GCH is induced by active smoke exposure and does not necessarily correlate with the 
clinical symptoms of CB.

Abbreviations
ANOVA	� Analysis of variance
ATS	� American thoracic society
BMI	� Body mass index
CB	� Chronic bronchitis
COPD	� Chronic obstructive pulmonary disease
CT	� Computed tomography
FEV1	� Forced expiratory volume in 1 s
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FVC	� Forced vital capacity
GCD	� Goblet cell density
GCH	� Goblet cell hyperplasia
GOLD	� Global initiative for chronic obstructive lung disease
mMRC	� Modified medical research council
SGRQ	� Saint George’s respiratory questionnaire
SPIROMICS	� Subpopulations and intermediate outcome measures in COPD study

Chronic Obstructive Pulmonary Disease (COPD) is a major cause of morbidity and is the fourth leading cause 
of death in the United States1. Chronic bronchitis (CB) is a common phenomenon in smokers with and without 
COPD and is characterized by chronic cough and phlegm. CB increases risk of respiratory exacerbations, is 
associated with higher mortality, and hastens lung function decline2. The most well-established risk factor for 
developing CB is active smoking3,4.

The pathologic correlate of CB is thought to be goblet cell hyperplasia (GCH). Small airway mucus plugging 
is more commonly seen in COPD and increases as the degree of airflow obstruction worsens5. GCH has been 
shown to involve the peripheral airways in surgical lung specimens from those with CB6 and in large airway 
endobronchial mucosal biopsies in smokers with airflow obstruction7,8. We have previously shown that GCH was 
greater in the large airways in those with CB compared to those without CB8. Additionally, mucus burden has 
prognostic significance; one study in lung volume reduction surgery patients found that small airway mucous 
metaplasia inversely correlated with changes in lung function after surgery9, whereas another study found that 
the degree of small airway mucus luminal occlusion correlated with mortality10.

However, there is a disconnect between respiratory symptoms and the magnitude of GCH. Although active 
smoking is the primary risk factor for CB, not all smokers develop CB, and CB can affect former smokers as well3. 
One study in advanced emphysema patients found no relationship between cough and sputum symptoms and 
degree of small airway mucus impaction11, while an established pathologic measure of mucous gland hyperplasia 
has little to no correlation with clinical symptoms12. We sought to analyze GCH as it related to smoking status and 
chronic bronchitis in smokers with and without airflow obstruction. Given the disconnect between the clinical 
syndrome of CB and airway pathology, we hypothesized that GCH would be more commonly seen in current 
smokers compared to ex-smokers and would not necessarily associate with CB.

Materials and methods
The Subpopulations Intermediate Outcome Measures in COPD Study (SPIROMICS) is a prospective cohort study 
that has enrolled 2981 subjects across four strata (1) Never smokers (NS), (2) Current or former smokers without 
COPD (HS), (3) Mild/Moderate COPD, and (4) Severe COPD). Goblet Cell Density (GCD) was measured in 
71 subjects in strata 2–4 (current or former smokers with and without COPD) in which endobronchial mucosal 
biopsies were obtained during the SPIROMICS bronchoscopy substudy13. Methods of measuring GCD were per-
formed as previously described8. Briefly, biopsies were stained with Periodic Acid Schiff-Alcian Blue. Goblet cells 
from 4–6 endobronchial specimens were counted and related to the length of basement membrane using Image 
J14. If there were fewer than 4 acceptable samples, the subject was excluded (n = 28 out of 99 total subjects). GCD 
was expressed as the number of goblet cells per millimeter of basement membrane. Two observers performed the 
measurements in a double-blinded fashion. GCD was then log10 transformed to make the distribution of values 
assume a more Gaussian distribution and were divided into tertiles (1 = low, 2 = medium, 3 = high GCD). Ethical 
approval for this study was obtained for this study from the SPIROMICS Observational Safety Monitoring Board 
and this study was carried out in accordance with the Declaration of Helsinki. All participants were enrolled 
with informed consent in accordance with and under the approval of the Institutional Review Board (IRB) of 
participating sites (Columbia University Medical Center- Division of General Medicine, New York, NY; Wake 
Forest Baptist Health- Center for Genomics and Personalized Medicine Research, Winston Salem, NC; University 
of Utah- Pulmonary Lung Health Research Center, Salt Lake City, UT; University Of Michigan- Pulmonary and 
Critical Care Medicine, Ann Arbor, MI; University of California at Los Angeles- Pulmonary and Critical Care 
Medicine, Los Angeles, CA; University of California at San Francisco- Airway Clinical Research Center; San 
Francisco, CA; University of North Carolina at Chapel Hill—Genomics and Informatics Center—Collaborative 
Studies Coordinating Center, Chapel Hill, NC; National Jewish Health- Division of Pulmonary, Critical Care, 
and Sleep Medicine, Denver, CO; Johns Hopkins University- Pulmonary and Critical Care Medicine, Baltimore, 
MD; University of Illinois- Breathe Chicago Center, Chicago, IL; University of Alabama at Birmingham- Lung 
Health Center, Birmingham, AL; Temple University- Dept. of Thoracic Medicine and Surgery, Philadelphia, PA; 
University of Iowa- Internal Medicine, Iowa City, IA).

Airway total mucin concentration was measured in induced sputum samples in a subset of subjects (n = 7 in 
tertile 1, n = 15 in tertile 2, n = 6 in tertile 3) using previously described methods15. Sputum was induced by inhala-
tion of hypertonic saline by subjects who had a forced expiratory volume in 1 s of more than 35% of the predicted 
value, according to protocol16 and American Thoracic Society and European Respiratory Society standards17.

Statistics.  Statistics were performed using SPSS v25 (IBM Corp., Armonk, NY). Intraclass correlation coef-
ficients between the two observers for goblet cells and GCD were calculated. Differences between groups were 
assessed using either unpaired t tests or one way ANOVA for continuous variables and chi squared tests for cat-
egorical variables. Multivariable logistic regression was performed with Tertile 3 (High GCD) as the dependent 
variable of interest with current smoking, CB classic definition and CB SGRQ definition in separate models with 
demographics and FEV1% predicted as covariates. Additionally, multivariable linear regression was performed 
with the same covariates for log10 GCD. A p value of less than 0.05 was considered statistically significant.
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Ethics approval and consent to participate.  Each site had IRB approval and all subjects provided 
informed consent to participate.

Consent for publication.  All authors provide their consent to participate. There are no individual subject 
data that are within this manuscript.

Results
Intraclass correlation coefficients between the two observers for goblet cells and GCD were 0.932 and 0.968, 
respectively (p < 0.0001 for both). See Fig. 1a for a histogram of the distribution of GCD. Figure 1b shows the dis-
tribution of log10 GCD. The median value for GCD was 11.034 GC/mm. Log10 GCD was greater in those that were 
currently smoking compared to former smokers (1.16 ± 0.28 [n = 31] vs. 0.85 ± 0.42 [n = 40], p = 0.001). Those with 
CB defined using the classic definition (cough and phlegm for > 3 months/year for at least 2 consecutive years) 
had a greater log10 GCD compared to those without CB (1.21 ± 0.31 [n = 13] vs. 0.94 ± 0.39 [n = 58], p = 0.024). 
Similarly, those with CB by the SGRQ definition (cough and phlegm almost every day or several days a week 
for the past 4 weeks) had a greater log10 GCD compared to those without CB (1.13 ± 0.39 [n = 25] vs. 0.91 ± 0.39 
[n = 43], p = 0.028). See Fig. 2. Sputum mucin concentration was neither different between those with classic CB 
compared to those without classic CB (2980 ± 1850 vs. 1724 ± 1279 µg/mL, p = 0.061) nor different between those 
with SGRQ CB compared to those without SGRQ CB (2090 ± 1688 vs. 1919 ± 1370 µg/mL, p = 0.767).

The characteristics of the three tertiles are shown in Table 1. 5.0% of ex-smokers and 33.3% of current 
smokers had classically defined CB. Tertiles 2 and 3 tended to be younger than tertile 1 (64.9 ± 7.5, 59.8 ± 9.3, 
59.8 ± 8.2 years in tertiles 1, 2 and 3, respectively, p = 0.06). The groups were similar in gender, race distribution 
and body mass index. 16.7% of those in tertile 1 were current smokers, whereas in tertiles 2 and 3 the percentages 

Figure 1.   (A) Distribution of goblet cell density measurements. Vertical line represents median value. (B) 
Distribution of log10 goblet cell density measurements.

Figure 2.   Log10 goblet cell density by chronic bronchitis or smoking groups. Data expressed as mean ± SE. GCD 
goblet cell density, CB chronic bronchitis, SGRQ Saint George’s respiratory questionnaire.
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of those that were current smokers were 50.0% and 63.6%, respectively (p = 0.004). The percentages of subjects 
in each tertile with Classic CB or SGRQ CB were not significantly different. Lung function tended to be lower in 
tertiles 2 and 3 compared to tertile 1 (FEV1 95.9 ± 20.8, 84.1 ± 16.4, 85.4 ± 19.6% predicted for tertiles 1, 2 and 3, 
respectively, p = 0.069). 6-min walk distance, SGRQ scores, mMRC dyspnea scores and exacerbation histories 
were similar between tertiles. CAT scores tended to be worse in tertiles 2 and 3 compared to tertile 1 (7.45 ± 7.58, 
12.52 ± 8.46, 11.83 ± 7.95 for tertiles 1, 2, and 3, respectively, p = 0.08). Mucin concentrations were greater in 
tertiles 2 and 3 but the differences were not statistically significant (1185 ± 967, 2211 ± 1482, 2312 ± 1915 µg/
mL in tertiles 1, 2 and 3, respectively, p = 0.279). When GCD was divided into two groups by the median value 
into Low GCD and High GCD, mucin concentrations were higher in the High GCD group (2492 ± 1691 vs. 
1289 ± 838 µg/mL, p = 0.033). See Fig. 3.

Multivariable logistic regressions for tertile 3 (high log10 GCD) using current smoking, Classic CB and SGRQ 
CB in separate models are shown in Table 2. Current smoking was independently associated with High GCD after 
adjusting for other covariates (OR 4.15, 95% CI 1.17, 14.71). Neither Classic CB nor SGRQ CB were associated 
with High GCD (OR 3.14, 95% CI 0.86, 11.51 and OR 2.42, 95% CI 0.77, 7.56, respectively). Multivariable linear 
regressions for log10 GCD using current smoking, Classic CB and SGRQ CB in separate models are shown in 
Table 3. Model one uses current smoking, Classic CB or SGRQ CB as independent variables of interest with age, 

Table 1.   Baseline characteristics. BMI body mass index, CB chronic bronchitis, SGRQ Saint George’s 
Respiratory Questionnaire, FEV1 forced expiratory volume in 1 s, FVC forced vital capacity, 6MWD 6-min 
walk distance, mMRC modified medical research council, CAT​ COPD assessment test, Exac Hx exacerbation 
history, Sev Exac Hx severe exacerbation history, GCD goblet cell density. *p = 0.004, †p < 0.0001.

Tertile 1 (n = 24) Tertile 2 (n = 24) Tertile 3 (n = 23)

Age (years) 64.9  ± 7.5 59.8  ± 9.3 59.8  ± 8.2

Gender (% male) 13 (54.2) 13 (54.2) 16 (69.6)

Race (% Caucasian) 20 (83.3) 16 (66.7) 16 (69.6)

BMI (kg/m2) 29.1  ± 4.6 28.4  ± 4.5 26.9  ± 5.7

Current smoker [n (%)]* 4 (16.7) 12 (50.0) 14 (63.6)

Pack year history 45.2  ± 19.8 48.3  ± 25.7 43.5  ± 20.6

CB classic def [n (%)] 2 (8.3) 4 (16.7) 7 (30.4)

CB SGRQ def [n (%)] 5 (22.7) 8 (34.8) 12 (52.2)

FEV1%Pred 95.9  ± 20.8 84.1  ± 16.4 85.4  ± 19.6

FEV1/FVC (%pred) 92.2  ± 15.5 83.8  ± 14.7 84.0  ± 16.7

No COPD [n(%)] 15 (62.5) 7 (29.2) 10 (43.5)

COPD [n(%)] 9 (37.5) 17 (70.8) 13 (56.5)

6MWD (m) 477  ± 92 439  ± 88 466  ± 66

SGRQ score 16.1  ± 17.3 26.1  ± 17.6 23.7  ± 19.1

mMRC dyspnea score 0.30  ± 0.64 0.65  ± 0.89 0.61  ± 0.72

CAT score 7.45  ± 7.58 12.52  ± 8.46 11.83  ± 7.95

Exac hx (exac.pt/year) 0.08  ± 0.28 0.54  ± 1.18 0.41  ± 0.80

Sev Exac Hx (exac.pt/year) 0.04  ± 0.20 0.17  ± 0.38 0.09  ± 0.43

GCD (cells/mm)† 4.30  ± 2.18 11.20  ± 2.00 26.06  ± 10.59

Mucin conc (µg/mL) 1185  ± 967 2211  ± 1482 2312  ± 1915

1 2 3
100

1000

10000

Ter�le Log10 GCD

A B

Figure 3.   Induced sputum mucin concentrations in the (A) low and high GCD groups and the (B) three tertiles 
of log10GCD.
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gender and race as covariates. Model two adjusts for age, gender, race, and FEV1%predicted. Current smoking 
and Classic CB were independently associated with log10 GCD in model one (estimate 0.265, SE 0.103, p = 0.012 
and estimate 0.257, SE 0.115, p = 0.029, respectively). However, in model two, only current smoking was inde-
pendently associated with log10 GCD (estimate 0.226, SE 0.100, p = 0.028).

Discussion
We showed that GCD was greater in those that were currently smoking and in those with CB. Similarly, those 
with high log10 GCD were more likely to be current smokers but not CB using either definition. Using multivari-
able logistic regression, we showed that current smoking, but not CB, was independently associated with high 
log10 GCD. Similar results were seen with multivariable linear regression after adjusting for lung function and 
demographics. These results suggest that GCH is induced by active smoke exposure and does not necessarily 
translate into the clinical symptoms of CB.

This is the first study that demonstrates the complex interrelationship between CB, smoking, and GCH in 
a large cohort of extensively characterized smokers with and without airflow obstruction. A prior study of epi-
thelial mucin stores compared goblet cell measures in 24 active smokers and 19 nonsmoking controls; mucin 
stores were greater in the smokers, especially those with airflow limitation7. However, it was not clear whether 
the smokers had CB. In a prior report, we contrasted the GCD in 15 subjects with moderate to severe COPD, 12 
smokers without COPD, and 11 healthy nonsmokers8. Interestingly, we found that the smokers without airflow 
obstruction had the greatest degree of GCH while those with CB had a greater GCD than those without CB8. 
Another study revealed that GCH, assessed using qualitative measures, was more commonly seen in habitual 
tobacco smokers compared to nonsmoking controls18. Our data expand upon these findings in a much larger 
cohort with the addition of the relationship of current smoking with CB.

We also showed that mucin concentrations in induced sputum were greater in those with high GCD. This is 
the first study that has shown a relationship between large airway GCH and sputum mucins. It has been specu-
lated that mucus is expectorated from large airways to produce sputum, suggesting sputum mucin concentra-
tion and large airway GCH should be related, but few studies have addressed the correspondence between these 
two metrics of mucus production. This association may have clinical relevance as well, as sputum mucins have 
been related to CB, respiratory exacerbations and peripheral airway disease in 917 subjects in the SPIROMICS 
cohort15,19. Unlike this larger study, our analysis did not show a statistically greater degree of sputum mucins in 
chronic bronchitics. This may be due to the small sample size or that some mucins arise from submucosal glands 
that we were not able to examine.

The prevalence of CB ranges anywhere from 12.2% in smokers without airflow obstruction to 74% in some 
COPD cohorts20–22. CB has been related to an accelerated rate of lung function decline, worse health related 
quality of life, increased mortality, and an increased risk of respiratory exacerbations in individuals with and 
without COPD20,23–25. In the Copenhagen City Heart Study, chronic mucus hypersecretion was associated with 
an increased rate of FEV1 decline over time24. Analyses of the COPDGene study and SPIROMICS showed that 
CB in those without airflow obstruction was associated with respiratory exacerbations20,26, and in those with 
airflow obstruction CB was associated with a two-fold increased rate of exacerbations in longitudinal follow-up27. 
In the Tucson Epidemiologic Survey of Airway Obstructive Disease, younger patients with CB had a greater 
mortality compared to those without CB28. In a study of nearly 48,000 men and women, CB was associated with 
an increased duration of hospitalization and a greater all-cause mortality25.

Table 2.   Multivariable logistic regression for Tertile 3 (high GCD). Covariates include age, gender, race, and 
FEV1%predicted. Current smoking, CB classic definition and CB SGRQ definition were in separate models.

OR 95% CI

Current smoking 4.15 1.17 14.71

CB classic def 3.14 0.86 11.51

CB SGRQ def 2.42 0.77 7.56

Table 3.   Multivariable linear regression for log10 GCD. Model one is adjusted for age, gender, and race; model 
two is adjusted for age, gender, race, and FEV1%predicted. Current smoking, CB classic definition and CB 
SGRQ definition were each tested in separate models with the covariates. The bolded p values are considered 
statistically significant.

Model 1 Model 2

Estimate S.E p Estimate S.E p

Current smoking 0.265 0.103 0.012 0.226 0.100 0.028

CB classic def 0.257 0.115 0.029 0.218 0.111 0.054

CB SGRQ def 0.190 0.098 0.058 0.118 0.100 0.240
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The most well described risk factor for CB is active smoking. A large study of more than 1,700 Finnish men 
showed that over 30 years the cumulative incidence of CB in continued smokers was 42%29. A meta-analysis 
revealed that the relative risk of CB from current smoking was 3.4130. There is also evidence that smoking ces-
sation decreases CB. Over five years, an analysis of the COPDGene study showed that ex-smokers who resumed 
smoking were more likely to develop CB and that current smokers who quit were more likely to have their CB 
resolve31. A larger study of over 4,000 subjects followed from ages 20 to 64 showed that those who smoked were 
more likely to develop chronic mucus hypersecretion and quitting smoking resulted in decreased chronic mucus 
hypersecretion4.

GCH is one of the pathologic foundations for CB. The primary mechanisms responsible for excessive mucus in 
CB are overproduction and hypersecretion by goblet cells and/or decreased clearance of mucus. Mucus hyperse-
cretion develops as a consequence of cigarette smoke exposure32,33, acute and chronic viral infection34 and inflam-
matory cells may activate mucin gene transcription35. The increased epithelial gene expression is associated with 
metaplastic responses in club cells to assume a goblet cell morphology characterized by overproduction of mucus 
and hypersecretion associated with increased degranulation. This hypersecretion is compounded by difficulty 
in clearing secretions because of poor ciliary function, defective mucus hydration, distal airway occlusion, and 
ineffective cough secondary to respiratory muscle weakness and reduced peak expiratory flow in COPD5,35–37.

Unlike the tight correlation between emphysema and lung function, the relationship between airway pathol-
ogy, physiology and symptom severity is only moderate at best. Large airway GCH correlates poorly with the 
degree of airflow obstruction38 or chronic phlegm39. Small airway disease has been found in surgical lung speci-
mens from those with advanced emphysema, with no clinical or radiographic evidence to suggest its presence 
preoperatively5,9,40,41. More importantly, the degree of small airway GCH is difficult to detect clinically by cough 
or sputum burden11. Our findings shed light on the subject and improve our current understanding. Although 
both active smokers and those with CB had increased GCD, only current smoking was independently associated 
with it in multivariable analysis.

There are several limitations that are worthy of mention. Firstly, although the size of the cohort analyzed is 
large for a bronchoscopy study, its size in comparison to the entire SPIROMICS cohort is small. Secondly, mucin 
concentrations on the induced sputum samples were only available for 28 subjects, making the distinction of 
mucin concentrations between groups suboptimal. There was also a lack of never smokers to serve as a control 
group. Lastly, there may have been within subject differences in GCD based on the areas sampled which could 
not be assessed.

Nonetheless, we have shown that goblet cell hyperplasia is related more so to current smoking as opposed to 
the presence or absence of chronic bronchitis, no matter how it is defined. These findings suggest that goblet cell 
hyperplasia may exist in the absence of chronic bronchitis, again emphasizing the disconnect between clinical 
symptoms and airway pathology. However, our findings also suggest that current smoking may cause goblet cell 
hyperplasia before chronic bronchitis develops or independently from chronic bronchitis. These findings need 
to be validated in other studies and their clinical relevance need to be better defined.

Data availability
More information about the study and how to access SPIROMICS data is at www.spiro​mics.org.

Received: 5 August 2020; Accepted: 2 November 2020

References
	 1.	 Collaborators, U. S. B. o. D. et al. The State of US Health, 1990–2016: burden of diseases, injuries, and risk factors among US states. 

JAMA 319, 1444. doi:https​://doi.org/10.1001/jama.2018.0158 (2018).
	 2.	 Kim, V. & Criner, G. J. The chronic bronchitis phenotype in COPD: features and implications. Curr. Opin. Pulm. Med. 21, 133 

(2015).
	 3.	 Kim, V. et al. Persistent and newly developed chronic bronchitis are associated with worse outcomes in chronic obstructive pul-

monary disease. Ann. Am. Thorac. Soc. https​://doi.org/10.1513/Annal​sATS.20151​2-800OC​ (2016).
	 4.	 Allinson, J. P. et al. The presence of chronic mucus hypersecretion across adult life in relation to chronic obstructive pulmonary 

disease development. Am. J. Respir. Crit. Care Med. 193, 662. https​://doi.org/10.1164/rccm.20151​1-2210O​C (2016).
	 5.	 Hogg, J. C. et al. The nature of small-airway obstruction in chronic obstructive pulmonary disease. N. Engl. J. Med. 350, 2645. https​

://doi.org/10.1056/NEJMo​a0321​58 (2004).
	 6.	 Saetta, M. et al. Goblet cell hyperplasia and epithelial inflammation in peripheral airways of smokers with both symptoms of 

chronic bronchitis and chronic airflow limitation. Am. J. Respir. Crit. Care Med. 161, 1016 (2000).
	 7.	 Innes, A. L. et al. Epithelial mucin stores are increased in the large airways of smokers with airflow obstruction. Chest 130, 1102. 

https​://doi.org/10.1378/chest​.130.4.1102 (2006).
	 8.	 Kim, V. et al. Chronic bronchitis and current smoking are associated with more goblet cells in moderate to severe COPD and 

smokers without airflow obstruction. PLoS ONE 10, e0116108. https​://doi.org/10.1371/journ​al.pone.01161​08 (2015).
	 9.	 Kim, V. et al. Small airway morphometry and improvement in pulmonary function after lung volume reduction surgery. Am. J. 

Respir. Crit. Care Med. 171, 40. https​://doi.org/10.1164/rccm.20040​5-659OC​ (2005).
	10.	 Hogg, J. C. et al. Survival after lung volume reduction in chronic obstructive pulmonary disease: insights from small airway pathol-

ogy. Am. J. Respir. Crit. Care Med. 176, 454. https​://doi.org/10.1164/rccm.20061​2-1772O​C (2007).
	11.	 11Sciurba, F. et al. The Effect of Small Airway Pathology on Survival Following Lung Volume Reduction Surgery (LVRS). Abstract. 

Proc. Am. Thorac. Soc. 3, A712 (2006).
	12.	 12Mullen, J. B., Wright, J. L., Wiggs, B. R., Pare, P. D. & Hogg, J. C. Reassessment of inflammation of airways in chronic bronchitis. 

Br. Med. J. (Clinical research ed.) 291, 1235 (1985).
	13.	 13Wells, J. M. et al. Safety and tolerability of comprehensive research bronchoscopy in chronic obstructive pulmonary disease. 

results from the SPIROMICS bronchoscopy substudy. Ann. Am. Thorac. Soc. 16, 439–446. https​://doi.org/10.1513/Annal​sATS.20180​
7-441OC​ (2019).

	14.	 Rasband, W. S. Image J. https​://rsb.info.nih.gov/ij/ (2006).

http://www.spiromics.org
https://doi.org/10.1001/jama.2018.0158
https://doi.org/10.1513/AnnalsATS.201512-800OC
https://doi.org/10.1164/rccm.201511-2210OC
https://doi.org/10.1056/NEJMoa032158
https://doi.org/10.1056/NEJMoa032158
https://doi.org/10.1378/chest.130.4.1102
https://doi.org/10.1371/journal.pone.0116108
https://doi.org/10.1164/rccm.200405-659OC
https://doi.org/10.1164/rccm.200612-1772OC
https://doi.org/10.1513/AnnalsATS.201807-441OC
https://doi.org/10.1513/AnnalsATS.201807-441OC
http://rsb.info.nih.gov/ij/


7

Vol.:(0123456789)

Scientific Reports |        (2020) 10:20133  | https://doi.org/10.1038/s41598-020-77229-1

www.nature.com/scientificreports/

	15.	 Kesimer, M. et al. Airway mucin concentration as a marker of chronic bronchitis. N. Engl. J. Med. 377, 911. https​://doi.org/10.1056/
NEJMo​a1701​632 (2017).

	16.	 Couper, D. et al. Design of the subpopulations and intermediate outcomes in COPD study (SPIROMICS). Thorax 69, 491. https​
://doi.org/10.1136/thora​xjnl-2013-20389​7 (2014).

	17.	 Ferris, B. G. Epidemiology standardization project (American thoracic society). Am. Rev. Respir. Dis. 118, 1 (1978).
	18.	 Fligiel, S. E. et al. Tracheobronchial histopathology in habitual smokers of cocaine, marijuana, and/or tobacco. Chest 112, 319–326. 

https​://doi.org/10.1378/chest​.112.2.319 (1997).
	19.	 Kesimer, M. et al. Mucin concentrations and peripheral airway obstruction in chronic obstructive pulmonary disease. Am. J. Respir. 

Crit. Care Med. 198, 1453–1456. https​://doi.org/10.1164/rccm.20180​6-1016L​E (2018).
	20.	 Martinez, C. H. et al. The clinical impact of non-obstructive chronic bronchitis in current and former smokers. Respir. Med. 108, 

491. https​://doi.org/10.1016/j.rmed.2013.11.003 (2014).
	21.	 Burgel, P. R. et al. Cough and sputum production are associated with frequent exacerbations and hospitalizations in COPD subjects. 

Chest 135, 975. https​://doi.org/10.1378/chest​.08-2062 (2009).
	22.	 Kim, V. et al. Clinical and computed tomographic predictors of chronic bronchitis in COPD: a cross sectional analysis of the 

COPDGene study. Respir. Res. 15, 52 (2014).
	23.	 Kim, V. & Criner, G. J. The chronic bronchitis phenotype in chronic obstructive pulmonary disease: features and implications. 

Curr. Opin. Pulm. Med. 21, 133. https​://doi.org/10.1097/MCP.00000​00000​00014​5 (2015).
	24.	 Vestbo, J., Prescott, E. & Lange, P. Association of chronic mucus hypersecretion with FEV1 decline and chronic obstructive pul-

monary disease morbidity. Copenhagen City Heart Study Group. Am. J. Respir. Crit. Care Med. 153, 1530 (1996).
	25.	 Pelkonen, M. K., Notkola, I. K., Laatikainen, T. K. & Jousilahti, P. Chronic bronchitis in relation to hospitalization and mortality 

over three decades. Respir. Med. 123, 87 (2017).
	26.	 Woodruff, P. G. et al. Clinical significance of symptoms in smokers with preserved pulmonary function. N. Engl. J. Med. 374, 1811. 

https​://doi.org/10.1056/NEJMo​a1505​971 (2016).
	27.	 Kim, V. et al. The St. George’s respiratory questionnaire definition of chronic bronchitis may be a better predictor of COPD exac-

erbations compared with the classic definition. Chest 156, 685 (2019).
	28.	 Guerra, S. et al. Chronic bronchitis before age 50 years predicts incident airflow limitation and mortality risk. Thorax 64, 894–900. 

https​://doi.org/10.1136/thx.2008.11061​9 (2009).
	29.	 Pelkonen, M., Notkola, I. L., Nissinen, A., Tukiainen, H. & Koskela, H. Thirty-year cumulative incidence of chronic bronchitis and 

COPD in relation to 30-year pulmonary function and 40-year mortality: a follow-up in middle-aged rural men. Chest 130, 1129. 
https​://doi.org/10.1378/chest​.130.4.1129 (2006).

	30.	 Forey, B. A., Thornton, A. J. & Lee, P. N. Systematic review with meta-analysis of the epidemiological evidence relating smoking 
to COPD, chronic bronchitis and emphysema. BMC Pulm. Med. 11, 36. https​://doi.org/10.1186/1471-2466-11-36;10.1186/1471-
2466-11-36 (2011).

	31.	 Kim, V. et al. Persistent and newly developed chronic bronchitis is associated with worse outcomes and increased respiratory symptoms 
in smokers with and without chronic obstructive pulmonary disease. 191, A2854 (2015).

	32.	 Ebert, R. V. & Terracio, M. J. The bronchiolar epithelium in cigarette smokers. Observations with the scanning electron microscope. 
Am. Rev. Respir. Dis. 111, 4 (1975).

	33.	 Deshmukh, H. S. et al. Metalloproteinases mediate mucin 5AC expression by epidermal growth factor receptor activation. Am. J. 
Respir. Crit. Care Med. 171, 305. https​://doi.org/10.1164/rccm.20040​8-1003O​C (2005).

	34.	 Holtzman, M. J. et al. Acute and chronic airway responses to viral infection: implications for asthma and chronic obstructive 
pulmonary disease. Proc. Am. Thorac. Soc. 2, 132. https​://doi.org/10.1513/pats.20050​2-015AW​ (2005).

	35.	 Burgel, P. R. & Nadel, J. A. Roles of epidermal growth factor receptor activation in epithelial cell repair and mucin production in 
airway epithelium. Thorax 59, 992. https​://doi.org/10.1136/thx.2003.01887​9 (2004).

	36.	 Verra, F. et al. Ciliary abnormalities in bronchial epithelium of smokers, ex-smokers, and nonsmokers. Am. J. Respir. Crit. Care 
Med. 151, 630 (1995).

	37.	 Button, B. et al. Roles of mucus adhesion and cohesion in cough clearance. Proc. Natl. Acad. Sci. U S A 115, 12501–12506. https​
://doi.org/10.1073/pnas.18117​87115​ (2018).

	38.	 O’Donnell, R. A. et al. Expression of ErbB receptors and mucins in the airways of long term current smokers. Thorax 59, 1032. 
https​://doi.org/10.1136/thx.2004.02804​3 (2004).

	39.	 Reid, L. M. Pathology of chronic bronchitis. Lancet 266, 274 (1954).
	40.	 Kim, V. et al. Small airway inflammation and morphometry in patients with advanced emphysema abstract. Proc. Am. Thorac. Soc. 

2, A396 (2005).
	41.	 Kim, W. D. et al. The association between small airway obstruction and emphysema phenotypes in COPD. Chest 131, 1372. https​

://doi.org/10.1378/chest​.06-2194 (2007).

Acknowledgements
The authors thank the SPIROMICS participants and participating physicians, investigators and staff for making 
this research possible. More information about the study and how to access SPIROMICS data is at www.spiro​
mics.org. We would like to acknowledge the following current and former investigators of the SPIROMICS sites 
and reading centers: Neil E Alexis, MD; Wayne H Anderson, PhD; Mehrdad Arjomandi, MD; Igor Barjaktarevic, 
MD, PhD; R Graham Barr, MD, DrPH; Lori A Bateman, MSc; Surya P Bhatt, MD; Eugene R Bleecker, MD; Rich-
ard C Boucher, MD; Russell P Bowler, MD, PhD; Stephanie A Christenson, MD; Alejandro P Comellas, MD; 
Christopher B Cooper, MD, PhD; David J Couper, PhD; Gerard J Criner, MD; Ronald G Crystal, MD; Jeffrey L 
Curtis, MD; Claire M Doerschuk, MD; Mark T Dransfield, MD; Brad Drummond, MD; Christine M Freeman, 
PhD; Craig Galban, PhD; MeiLan K Han, MD, MS; Nadia N Hansel, MD, MPH; Annette T Hastie, PhD; Eric A 
Hoffman, PhD; Yvonne Huang, MD; Robert J Kaner, MD; Richard E Kanner, MD; Eric C Kleerup, MD; Jerry A 
Krishnan, MD, PhD; Lisa M LaVange, PhD; Stephen C Lazarus, MD; Deborah A Meyers, PhD; Wendy C Moore, 
MD; John D Newell Jr, MD; Robert Paine, III, MD; Laura Paulin, MD, MHS; Stephen P Peters, MD, PhD; Cheryl 
Pirozzi, MD; Nirupama Putcha, MD, MHS; Elizabeth C Oelsner, MD, MPH; Wanda K O’Neal, PhD; Victor E 
Ortega, MD, PhD; Sanjeev Raman, MBBS, MD; Stephen I. Rennard, MD; Donald P Tashkin, MD; J Michael Wells, 
MD; Robert A Wise, MD; and Prescott G Woodruff, MD, MPH. The project officers from the Lung Division of 
the National Heart, Lung, and Blood Institute were Lisa Postow, PhD, and Lisa Viviano, BSN.

Author contributions
V.K. conceived and designed the analysis plan, performed data analysis and contributed significantly to the 
writing of the manuscript; S.J. generated the data and helped with the data analysis; H.Z. performed the data 

https://doi.org/10.1056/NEJMoa1701632
https://doi.org/10.1056/NEJMoa1701632
https://doi.org/10.1136/thoraxjnl-2013-203897
https://doi.org/10.1136/thoraxjnl-2013-203897
https://doi.org/10.1378/chest.112.2.319
https://doi.org/10.1164/rccm.201806-1016LE
https://doi.org/10.1016/j.rmed.2013.11.003
https://doi.org/10.1378/chest.08-2062
https://doi.org/10.1097/MCP.0000000000000145
https://doi.org/10.1056/NEJMoa1505971
https://doi.org/10.1136/thx.2008.110619
https://doi.org/10.1378/chest.130.4.1129
https://doi.org/10.1186/1471-2466-11-36;10.1186/1471-2466-11-36
https://doi.org/10.1186/1471-2466-11-36;10.1186/1471-2466-11-36
https://doi.org/10.1164/rccm.200408-1003OC
https://doi.org/10.1513/pats.200502-015AW
https://doi.org/10.1136/thx.2003.018879
https://doi.org/10.1073/pnas.1811787115
https://doi.org/10.1073/pnas.1811787115
https://doi.org/10.1136/thx.2004.028043
https://doi.org/10.1378/chest.06-2194
https://doi.org/10.1378/chest.06-2194
http://www.spiromics.org
http://www.spiromics.org


8

Vol:.(1234567890)

Scientific Reports |        (2020) 10:20133  | https://doi.org/10.1038/s41598-020-77229-1

www.nature.com/scientificreports/

analysis; M.K., R.C.B., J.M.W., S.A.C., M.D., M.K.H., R.P., C.B.C., I.B., R.B., J.L.C., R.J.K., S.L.O., W.K.O., S.I.R., 
F.J.M., and P.G.W. contributed to the data analysis and writing of the manuscript.

Funding
SPIROMICS was supported by contracts from the NIH/NHLBI (HHSN268200900013C, HHSN268200900014C, 
HHSN268200900015C, HHSN268200900016C, HHSN268200900017C, HHSN268200900018C, 
HHSN268200900019C, HHSN268200900020C), Grants from the NIH/NHLBI (U01 HL137880 and U24 
HL141762), and supplemented by contributions made through the Foundation for the NIH and the COPD 
Foundation from AstraZeneca/MedImmune; Bayer; Bellerophon Therapeutics; Boehringer-Ingelheim Pharma-
ceuticals, Inc.; Chiesi Farmaceutici S.p.A.; Forest Research Institute, Inc.; GlaxoSmithKline; Grifols Therapeutics, 
Inc.; Ikaria, Inc.; Novartis Pharmaceuticals Corporation; Nycomed GmbH; ProterixBio; Regeneron Pharmaceu-
ticals, Inc.; Sanofi; Sunovion; Takeda Pharmaceutical Company; and Theravance Biopharma and Mylan.

Competing interests 
In the past three years, Victor Kim has received personal fees from Gala Therapeutics, AstraZeneca, and 
Boehringer Ingelheim outside of the submitted work. Jeffrey L. Curtis reports a grant from NIH/NHLBI during 
the conduct of this study; grants from NIH/NHBLI, NIH/NIAID, the Department of Veterans Affairs, and the 
Department of Defense outside the submitted work; and personal fees from AstraZeneca outside the submitted 
work. Stephanie Jeong, Huaqing Zhao, Mehmet Kesimer, Richard C. Boucher, Stephanie A. Christenson, Meilan 
K. Han, Mark Dransfield, Robert Paine III, Christopher B. Cooper, Igor Barjaktarevic, Russell Bowler, Robert J. 
Kaner, Sara L. O’Beirne, Wanda K. O’Neal, and Fernando J. Martinez report no conflicts of interest. J. Michael 
Wells reports grants from NIH/NHLBI, during the conduct of the study; grants from NIH/NCATS, grants from 
Bayer, grants and other from GSK, other from Boehringer Ingelheim, grants and other from Mereo BioPharma, 
other from ICON, other from PRA, other from Vertex Pharmaceuticals, outside the submitted work. Stephen 
I. Rennard was employed by AstraZeneca until November, 2019 and has consulted for GSK and BerGenBio. 
Prescott G Woodruff reports personal fees from Glaxosmithkline, personal fees from NGM biopharmaceuti-
cals, personal fees from Amgen, personal fees from Glenmark Pharmaceuticals, personal fees from Theravance, 
personal fees from Clarus Ventures, personal fees from Astra Zeneca, personal fees from 23andMe, personal 
fees from Sanofi, personal fees from Regeneron, personal fees from Genentech, outside the submitted work.

Additional information
Correspondence and requests for materials should be addressed to V.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Current smoking with or without chronic bronchitis is independently associated with goblet cell hyperplasia in healthy smokers and COPD subjects
	Materials and methods
	Statistics. 
	Ethics approval and consent to participate. 
	Consent for publication. 

	Results
	Discussion
	References
	Acknowledgements


