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Greater central airway luminal 
area in people with COVID‑19: 
a case–control series
Jeffrey L. Jeltema 1,2,5, Ellen K. Gorman 2,5, Erik A. Ovrom 1,2, Juan G. Ripoll 2, 
Paolo B. Dominelli 3, Michael J. Joyner 2, Brian T. Welch 4, Jonathon W. Senefeld 2,6* & 
Chad C. Wiggins 2,6*

Respiratory epithelium in the conducting airways of the human body is one of the primary targets 
of SARS‑CoV‑2 infection, however, there is a paucity of studies describing the association between 
COVID‑19 and physical characteristics of the conducting airways. To better understand the 
pathophysiology of COVID‑19 on the size of larger conducting airways, we determined the luminal 
area of the central airways in patients with a history of COVID‑19 compared to a height‑matched 
cohort of controls using a case–control study design. Using three‑dimensional reconstruction from 
low‑dose high‑resolution computed tomography, we retrospectively assessed airway luminal cross‑
sectional area in 114 patients with COVID‑19 (66 females, 48 males) and 114 healthy, sex‑ and height‑
matched controls (66 females, 48 males). People with a history of smoking, cardiopulmonary disease, 
or a body mass index greater than 40 kg·m−2 were excluded. Luminal areas of seven conducting 
airways were analyzed, including trachea, left and right main bronchus, intermediate bronchus, left 
and right upper lobe, and left lower lobe. For the central conducting airways, luminal area was ~ 15% 
greater patients with COVID‑19 compared to matched controls (p < 0.05). Among patients with 
COVID‑19, there were generally no differences in the luminal areas of the conducting airways between 
hospitalized patients compared to patients who did not require COVID‑19‑related hospitalization. Our 
findings suggest that males and females with COVID‑19 have pathologically larger conducting airway 
luminal areas than healthy, sex‑ and height‑matched controls.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of novel coronavirus disease 
2019 (COVID-19), is primarily transmitted through respiratory droplets, and attaches to ciliated epithelium in 
the conducting airways of the respiratory  tree1–3. Cells of the conducting airways and gas exchange surfaces of the 
lungs share a common receptor for SARS-CoV-2, and much of the COVID-related symptomatology manifests 
in the conducting airways and  lungs4.

Both chest x-rays5,6 and chest computed tomography (CT) have helped guide diagnosis and treatment of 
COVID-197,8, but there is a paucity of studies describing the association between COVID-19 and physical 
characteristics of the conducting airways. Previous studies provide evidence of an increase in diameter of the 
trachea proportional to severity of COVID-19  pneumonia9, suggesting that severe inflammation is associated 
with edema in the trachea and an increase in diameter of the trachea among patients with COVID-1910. However, 
previous studies are limited by focusing on luminal area of the trachea or by not including a comparator group 
without COVID-199,10.

Accordingly, the primary objective of our study was to determine the relationship between central conduct-
ing airway diameter and COVID-19. This retrospective, case–control study used chest CT scans to test the 
hypothesis that people with COVID-19 would have larger central conducting airways than healthy controls. 
Additionally, because there are sex-related differences in airway size across the  lifespan11,12, we included simi-
lar data for males and females to assess potential sex-related interactions in the hypothesized airway changes 
associated with COVID-19.
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Methods
Ethical approval. This retrospective study was approved by the Institutional Review Board at the Mayo 
Clinic (IRB no. 17-008537) and conformed to the standards of the Declaration of Helsinki, except registration in 
a database. Images were collected as part of routine clinical care. Informed consent was waived as no identifiers 
were used, the data already existed, the research did not affect patient care and the patients’ parent/legal guard-
ian did not opt out of their data being used for research. This consent waiver was approved by the Mayo Clinic 
Institutional Review Board.

Patients. Using three-dimensional reconstruction from low-dose high-resolution CT, we retrospectively 
assessed airway luminal cross-sectional area in patients with COVID-19 and in healthy, sex- and height-
matched controls. The CT scans for people with COVID-19 were collected between March 2020 and August 
2021. The healthy control cohort represents a historical reference group and CT scans for were collected before 
the COVID-19 pandemic between March 2009 and March 2018. Notably, because there were demographic and 
clinical differences in patients who tested positive for COVID-19 during different periods of SARS-CoV-2 vari-
ant  predominance13,14, we did not include data from the Delta “wave” (B.1.617.2) and subsequent “waves” of 
SARS-CoV-2 variant predominance.

The subject inclusion paradigm is displayed in Fig. 1. For both cohorts (patients with COVID-19 and con-
trols), only adult patients (greater than 17 years of age) were included. For the COVID-19 cohort, patients who 
were diagnosed with COVID-19 infection (confirmed via polymerase chain reaction-based testing) and who 
underwent chest CT after COVID-19 diagnosis were considered for inclusion. Exclusion criteria was similar 
for both groups, and included: heart failure, history of congenital heart/lung disease, rheumatologic disorders 
(e.g. systemic lupus erythematosus, limited scleroderma, systemic sclerosis, sarcoidosis, or vasculitis), respira-
tory conditions (e.g. interstitial lung disease, chronic obstructive pulmonary disease, asthma, cystic fibrosis, 
history of pulmonary embolism, recent or ongoing infection, pulmonary nodules, or pulmonary malignancy), 
pleural effusion, obstructive sleep apnea, end-stage kidney disease on dialysis, liver disease, ascites, history of 
pulmonary hypertension, any surgical intervention to the lungs, any tobacco use, and body mass index greater 
than 40 kg  m−2.

For the COVID-19 cohort, 1566 patients met the initial inclusion criteria, and their medical history was 
screened for the pre-specified exclusion criteria. After exclusions, 134 patients with COVID-19 met the crite-
ria, and their images were analyzed for airway luminal area. During the analysis, 20 additional patients with 
COVID-19 (n = 12 males, 8 females) were excluded due to poor quality images—defined by the assessor being 
unable to visualize all necessary airways. The final cohort of patients with COVID-19 consisted of 114 patients, 
including 48 males and 66 females.

For the control cohort, 136 patients (54 males, 82 females) who were included in our previous study were con-
sidered for  inclusion11. Potential control patients were individually, one-to-one matched. The cohorts were strati-
fied by sex, and a nearest neighbor matching algorithm was used to match patients based on height (Fig. S1). The 
final cohort of control patients without COVID-19 consisted of 114 patients, including 48 males and 66 females.

Image acquisition. The technical specifications associated with image acquisition have been previously 
 described11, and are briefly described herein. A posterior-anterior and lateral topogram is obtained at 120 kV 

Historical Controls
(Suspected Pulmonary Embolism + Chest CT)

n = 2,034

COVID-19 Patients 
(Positive COVID-19 PCR + Chest CT Scan)

n = 1,566

1,898 Excluded
Did not meet inclusion criteria, n = 1,858
Poor image quality, n = 19
Obese (BMI >40 kg m²), n = 17
Unavailable height, n = 4

1,452 excluded
Did not meet inclusion criteria, n = 1,340
Obese (BMI >40 kg m²), n = 11
Tobacco Use, n = 81
Poor image quality, n = 20

Eligible COVID-19 Patients
n = 114

(66 Females, 48 Males)

22 Non-matched Controls
Females, n = 16
Males, n = 6

Eligible Controls
n = 136

(82 Females, 54 Males)

Final study cohort
n = 228

COVID-19: 48 males, 66 females
Controls: 48 males, 66 females

Figure 1.  Flow chart of patient eligibility and control matching for the study.
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and 35 mA. Spiral acquisitions with a pitch of 1.2 are utilized. Kilovoltage is set at 120 with a standard milliam-
pere-second value of 140. Post imaging reconstructions are obtained in the axial and coronal plane using a B46 
kernel. Slice thicknesses of 1.5 mm and 3 mm are reconstructed. Maximal intensity projections in the axial and 
coronal planes are completed with a slice thickness of 10 mm and reconstruction increment of 2.5 mm. Our 
institution and this project used standardized CT algorithms. Images were acquired at end-inspiration after 
patients were requested to take a large inspiration and hold their breath. Notably, patients were not instructed 
to maximally inhale to total lung capacity, thus, lung volumes were not able to be matched between patients (see 
“Limitations” below). Lung volume was determined during image analysis and was expressed as a percent of 
predicted total lung capacity based on the subjects’ demographics.

Data analysis. As previously  described11, images were analyzed using commercially available software (Ter-
aRecon, AQI, Foster City, CA, USA). The software algorithm isolates the airways from other tissue and creates 
a three-dimensional reconstruction. The cross-sectional area of the conducting airways was measured at three 
points (corresponding to the proximal, middle, and distal point of each airway) for each of the following airways: 
the trachea, right and left main bronchus, left and right upper lobes, intermediate bronchus, and left lower lobe. 
Anatomical bifurcations defined the proximal and distal point of the measured airways. Additionally, lengths of 
the trachea, right and left main bronchus, and intermediate bronchus were assessed.

Statistical analysis. Descriptive statistics are presented as mean ± standard deviation (SD) within the text 
and tables. Separate univariate analyses of variance were used to compare metrics of central airway size between 
patients previously diagnosed with COVID-19 and height- and sex-matched controls. Statistical models were 
performed in duplicate using two representations of luminal airway size— the measurement at the middle of the 
airway and the average of three measurements (proximal, middle, and distal points). Interpretation of findings 
did not differ between the statistical models, and findings using the average of three measurements of the airway 
are presented in the text. Findings using the measurement at the middle of the airway are presented in support-
ing information (Tables S1 and S2).

Given the known modifying effects of sex, analytical models were performed in duplicate with and without 
dichotomized models by sex. We also performed exploratory analyses on two subgroups of patients with COVID-
19 dichotomized based on hospitalization status using univariate analyses of variance. Categorical variables 
(group, sex, hospitalization status) and patient characteristics (age, height, weight, and body mass index) were 
used to construct a decision tree based on the exhaustive Chi-Square Automatic Interaction Detection (CHAID) 
 algorithm15 to predict luminal size of each airway. CHAID analysis builds a predictive model to determine the 
best cutoffs for the input variables to predict an outcome. CHAID creates all possible cross-tabulations for each 
categorical predictor until the best outcome is achieved and no further splitting can be performed.

Assumptions of normality were confirmed with Shapiro–Wilk tests and assumptions of homoscedasticity 
were confirmed with Levene’s test. Reported p-values are two-sided, and the interpretation of findings was based 
on p < 0.05. Analyses were performed using IBM Statistical Package for Social Sciences (version 28, Armonk, 
New York, USA). Figures were created using GraphPad Prism software (version 9, La Jolla, California, USA).

Results
Patient characteristics. Patient characteristics are presented in Table 1, stratified by group and sex. Patients 
with COVID-19 were matched according to sex and height to a control cohort. Control patients were heavier, 
had larger body mass index, and among females were older compared to patients with COVID-19. For males, 
there were no differences in absolute lung volume or % predicted lung volume at which the images were obtained 
between patients with COVID-19 and controls. In contrast, females with COVID-19 had larger absolute lung 
volume and % predicted lung volume at which the images were obtained compared to controls (p < 0.001).

Association of airway size and COVID‑19. For all central conducting airways, luminal area was ~ 13% 
larger among males and females with COVID-19 compared to sex- and height-matched controls, Fig. 2. A deci-
sion tree model based on the most significant data-splitting factors with the exhaustive CHAID method had an 

Table 1.  Patient demographics. Data are reported as count or mean ± standard deviation (SD). Data are 
compared using one-way analysis of variance. p-values are reported for between group comparisons (COVID-
19 vs. control) for males and females separately, and between sex comparisons (males vs. females) for both 
groups pooled. BMI, body mass index. Significant values are in bold.

Variable

Males Females Sex Diff

COVID-19 Control p-value COVID-19 Control p-value p-value

Cohort size, n 48 48 – 66 66 – –

Age, years 57.4 ± 18.2 52.5 ± 18.4 0.196 56.9 ± 16.6 49.7 ± 17.6 0.017 0.498

Height, cm 179 ± 7 180 ± 7 0.558 163 ± 7 164 ± 6 0.507  < 0.001

Weight, kg 88.0 ± 15.9 95.7 ± 14.5 0.015 72.3 ± 13.8 81.2 ± 17.0 0.001  < 0.001

BMI, kg  m−2 27.5 ± 4.4 29.6 ± 4.5 0.022 27.2 ± 5.1 30.2 ± 5.8 0.002 0.817

Hospitalization, n (%) 22 (46%) – – 15 (23%) – – –



4

Vol:.(1234567890)

Scientific Reports |        (2022) 12:17970  | https://doi.org/10.1038/s41598-022-22005-6

www.nature.com/scientificreports/

overall classification accuracy of ~ 30% (n = 232). Sex and group (COVID-19 vs. control) were included in each 
decision tree, and four terminal nodes were employed—typified by a 2 × 2 contingency table. These data suggest 
that both sex and COVID-19 are predictors of airway luminal area.

Sex‑related differences. As expected, males were taller, weighed more, and had greater lung volumes than 
females (all p < 0.001; Tables 1 and 2). In agreement with our previous  findings11, airway luminal area was ~ 30% 
greater in males than females (Table 2). However, there were no sex-related interactions in any measurements of 
luminal airway size, suggesting that the association between COVID-19 and luminal airway size is not different 
between males and females.

Exploratory analyses based on hospitalization status. Although the primary objective was to deter-
mine the association between COVID-19 and luminal airway size, additional exploratory analyses were per-
formed among COVID-19 patients based on hospitalization status. Twenty-two of 48 (46%) males with COVID-
19 and 15 of 68 (22%) females with COVID-19 required COVID-19 related hospitalization (Table 1). Compared 
to patients who did not require COVID-19-related hospitalization, patients who were hospitalized with COVID-
19 were not different in age, height, weight, or body mass index (Table 3), with the exception of larger body mass 
index among females (p = 0.023). For both males and females, patients who were hospitalized with COVID-19 
had greater lung volume and % predicted lung volume at which the images were obtained compared to patients 
who did not require COVID-19-related hospitalization. For the preponderance of airways, there were no differ-
ences in luminal size between patients COVID-19 stratified by hospitalization status, except for the left upper 
lobe for males and females and the right upper lobe for males.
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Figure 2.  The luminal area of the conducting airways in the height-matched males (A) and females (B). Data 
are presented as mean ± SE. Trach, Trachea; RMB, right main bronchus; RUL; right upper lobe; BrINT; bronchus 
intermediate; LMB, left main bronchus; LUL, left upper lobe; LLL, left lower lobe.

Table 2.  Airway size of males and females previously diagnosed with COVID-19 and a height- and age-
matched control cohort. Data are reported as mean ± standard deviation (SD). Data are compared using one-
way analysis of variance. p-values are reported for between group comparisons (COVID-19 vs. control) for 
males and females separately, and between sex comparisons (males vs. females) for both groups pooled. Pred 
of scan TLC, predictive relation lung volume based on the computed tomography scan, absolute measured 
volume, and predicted total lung capacity. Significant values are in bold.

Airway luminal size

Males Females Sex Diff

COVID-19 Control p-value COVID-19 Control p-value p-value

Lung volume, mL 4472 ± 1590 4167 ± 1608 0.355 3785 ± 1035 2879 ± 758  < 0.001  < 0.001

Pred of scan TLC, % 61.5 ± 19.4 57.1 ± 20.5 0.284 75.6 ± 17.3 57.3 ± 14.4  < 0.001 0.005

Trachea,  mm2 325 ± 58 297 ± 48 0.012 222 ± 38 198 ± 33  < 0.001  < 0.001

Right main bronchus,  mm2 228 ± 41 200 ± 33  < 0.001 163 ± 31 132 ± 26  < 0.001  < 0.001

Right upper lobe,  mm2 86.6 ± 20.7 74.1 ± 18.8 0.003 69.6 ± 16.8 49.4 ± 12.2  < 0.001  < 0.001

Bronchus Intermediate,  mm2 132.1 ± 23.3 114.9 ± 20.7  < 0.001 95.6 ± 17.0 73.9 ± 14.3  < 0.001  < 0.001

Left main bronchus,  mm2 165.0 ± 30.8 145.4 ± 27.6 0.001 117.0 ± 21.2 96.1 ± 18.5  < 0.001  < 0.001

Left upper lobe,  mm2 91.8 ± 18.2 82.7 ± 21.9 0.029 75.0 ± 16.4 58.5 ± 14.4  < 0.001  < 0.001

Left lower lobe,  mm2 65.3 ± 14.1 57.4 ± 14.9 0.009 56.0 ± 14.2 42.1 ± 10.5  < 0.001  < 0.001
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Discussion
Principal findings. The primary aim of this study was to evaluate central conducting airway size in people 
previously diagnosed with COVID-19 in comparison to healthy, sex- and height-matched adults. Consistent 
with our hypothesis, we found that both males and females previously diagnosed with COVID had larger lumi-
nal areas of central conducting airways compared to matched controls, including trachea, left and right main 
bronchus, intermediate bronchus, left and right upper lobe, and left lower lobe. Additional exploratory analyses 
also demonstrated that compared to patients who did not require COVID-19-related hospitalization, patients 
who were hospitalized with COVID-19 had no differences in luminal areas of central conducting airways. These 
findings suggest that symptomatic COVID-19 infection may be associated with pathologically larger central 
conducting airway luminal areas than healthy, sex- and height-matched controls.

Pathophysiology of COVID‑19 in the conducting airways. Disease processes can impart differences 
on the luminal area of the conducting airways, which transport gases without participating in gas  exchange11,16–19. 
In the context of COVID-19, SARS-CoV-2 enters human bodies through respiratory droplets and attaches to 
epithelial cells of the conducting airways, suppressing the mucociliary apparatus that removes secretions and 
inhaled  particles2,3,20,21. The resulting accumulation of contaminated mucous and airway edema may contribute 
to the increased luminal areas we observed on CT images of patients with COVID-1922–24. The disease course of 
COVID-19 in the conducting airways has yet to be elucidated. Previous studies demonstrate that airway lumi-
nal area may increase proportionate to disease severity and improve with resolution of acute  infection10,25. Our 
study supports the finding of larger airways among patients with COVID-19 compared to controls, however, 
our study does not provide information on chronic changes to the airway following recovery from COVID-19. 
Airway luminal area is the major determinant of airway resistance and is particularly important when consider-
ing the implications of airway resistance in health and  disease26–28. Although an increase in airway luminal area 
will decrease the resistance to airflow, this increase in airway luminal area will also contribute to reduced flow 
for a given pressure. Thus, the increase in airway luminal area can reduce the expectorant role of the conducting 
airways to clear mucous and debris before reaching the lung. Greater airway luminal area may also contribute to 
greater deposition of inhaled particles in lower portions of the  airway29. Paradoxically, then, larger airway size 
may both predispose and be the result of inflammatory processes which ultimately result in mucous plugging 
and decreased  airflow30.

Sex differences in airway anatomy. In addition to pathologic differences in the luminal area of conduct-
ing airways, anatomic differences between males and females are well established in the  literature11,12,31,32. Males 
have larger luminal areas than females in the central conducting airways; this difference in airway size may affect 
resistance to air flow and aerosol deposition across the  lifespan33. Consistent with previous studies, males in our 
cohort had larger luminal areas than females in all seven of the central conducting airways that were measured. 
However, there were no sex-related interactions in the differences observed in the luminal area of conducting 
airways among people with COVID-19 compared to controls. Thus, sex does not appear to interact with the 
observed effects of COVID-19 on central conducting airway luminal area.

Table 3.  Airway size of males and females previously diagnosed with COVID-19 comparing subsets of 
patients that were hospitalized and patients that were not hospitalized for COVID-19. Data are reported as 
mean ± standard deviation (SD). Data are compared using one-way analysis of variance. p-values are reported 
for between group comparisons (hospitalized vs. not hospitalized) for males and females separately. BMI, 
body mass index; Pred of scan TLC, predictive relation lung volume based on the computed tomography scan, 
absolute measured volume, and predicted total lung capacity. Significant values are in bold.

Variable

Males Females

Hospitalized Not hospitalized p-value Hospitalized Not hospitalized p-value

Cohort size, n 22 26 – 15 51 –

Age, years 62.0 ± 14.8 53.5 ± 20.1 0.108 60.0 ± 15.4 56.0 ± 17.0 0.420

Height, cm 178 ± 6 180 ± 9 0.345 161 ± 7 164 ± 7 0.178

Weight, kg 87.3 ± 13.4 88.5 ± 18.0 0.792 77.6 ± 13.3 70.7 ± 13.7 0.088

BMI, kg  m−2 27.5 ± 3.4 27.5 ± 5.1 0.971 29.9 ± 4.3 26.4 ± 5.0 0.016

Lung volume, mL 3765 ± 1416 5070 ± 1502 0.003 3164 ± 864 3967 ± 1017 0.007

Pred of scan TLC, % 52.6 ± 18.6 69.0 ± 16.9 0.002 65.5 ± 17.0 78.6 ± 16.5 0.009

Trachea,  mm2 329 ± 61 322 ± 56 0.675 223 ± 43 222 ± 36 0.963

Right main bronchus,  mm2 236 ± 49 222 ± 34 0.274 170 ± 43 162 ± 27 0.375

Right upper lobe,  mm2 92.9 ± 23.4 81.3 ± 16.9 0.054 69.6 ± 17.4 69.6 ± 16.8 0.993

Bronchus intermediate,  mm2 133.7 ± 23.3 130.8 ± 23.6 0.674 97.5 ± 20.7 95.1 ± 15.9 0.630

Left main bronchus,  mm2 166.9 ± 35.8 163.5 ± 26.6 0.707 117.9 ± 29.6 116.8 ± 18.4 0.860

Left upper lobe,  mm2 85.7 ± 18.0 97.0 ± 17.1 0.031 66.9 ± 13.4 77.4 ± 16.6 0.029

Left lower lobe,  mm2 65.5 ± 13.7 65.1 ± 14.8 0.920 55.1 ± 14.4 56.3 ± 14.3 0.778
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Potential clinical implications. Generally, radiographic findings associated with COVID-19 from 
both chest x-ray5,6 and CT reflect a typical lung injury of viral  pneumonia7,8. The primary radiographic find-
ings are ground-glass opacity and pulmonary consolidation—suggesting the possible presence of organizing 
 pneumonia8. Although effective vaccines and therapeutics are available in many countries, about one-third of 
COVID-19 survivors have residual abnormalities on chest CT 1 year after COVID-1934. Thus, familiarity with 
sequelae of COVID-19 pneumonia on chest imaging may be important to evaluate potential causes of chronic 
residual abnormalities or respiratory symptoms after COVID-1935,36.

In this context, our findings showing larger central conducting airway luminal area among patients with 
COVID-19 may have clinical implications for post-COVID conditions—also referred to as “long COVID”, “long-
haul COVID”, or “post-acute sequelae of COVID-19”34. The larger airway luminal area may reflect traction 
bronchiectasis and could contribute to post-COVID respiratory  symptoms34,37. Although no consensus currently 
exists for imaging management of patients with subacute COVID-19, our findings may suggest that enlarged cen-
tral conducting airway luminal area may be a consideration in pulmonary sequelae among COVID-19 survivors.

Limitations
Several limitations resulted from the design of this study, which may highlight areas for future investigation. First, 
the end-inspiratory lung volume was not standardized to total lung capacity. Rather, subjects were instructed to 
inspire and hold their breath. Notably, there were no observed differences in the relative lung volume between 
the two cohorts (COVID-19, control). Additionally, lung volume also has less of an influence on more proxi-
mal airways (which the current study assessed) compared with more distal  airways38. Thus, although caution 
is required while interpreting absolute airway diameters, our primary comparison between cohorts is likely 
unaffected. Second, we used nonprobability sampling and a simplistic, cross-sectional design. Although our 
findings and those of others suggest a relationship between COVID-19 and larger airway luminal  size10,39, the 
data should not be used to infer a definitive causal relationship or definitive temporal changes associated with 
COVID-19. Third, assessments of pulmonary function were not available in this cohort, as such, we were not able 
to determine the potential relationship between larger airway size and pulmonary function. Fourth, assessments 
of putative factors were not assessed, including, concentration of angiotensin converting enzyme receptors and 
changes in the pulmonary interstitium.

Conclusion
Our findings suggest that males and females previously diagnosed with COVID-19 have larger luminal area of 
conducting airways compared to healthy sex- and height-matched controls. Further, COVID-19-related hospi-
talization was not associated with changes in luminal area of conducting airways among patients with COVID-19. 
A key limitation of the study is that the COVID-19 disease course was not characterized.

Data availability
Datasets generated during this study may also be available from corresponding authors on reasonable request. 
Requestors may be required to sign a data use agreement. Data sharing must be compliant with all applicable 
Mayo Clinic policies.
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