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Chronic obstructive pulmonary disease (COPD) is more 
frequently diagnosed in men than in women, but with 

changes in smoking behavior and increasing urbanization, 
the prevalence of COPD in women is fast approaching that 
in men (1). Age-adjusted rates for COPD-related deaths 
have continued to decline in men but not in women (2). 
Among never-smokers, women account for two-thirds of 
the prevalence of COPD in population-based studies (3).  

When smoking burden is accounted for, women have 
greater airflow obstruction and have a faster rate of lung 
function decline than men (4–6). Women also report 
more dyspnea than men with equivalent lung function 
(7,8). In the United States, hospitalization and death be-
cause of COPD are now higher in women than in men 
(9). Differences in susceptibility to tobacco smoke (4,10), 
genetic predisposition (11,12), hormonal influences (13),  
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Purpose: To evaluate whether structural differences in airways may underlie some of the sex differences in COPD prevalence and 
clinical outcomes.

Materials and Methods: In a secondary analyses of a multicenter study of never-, current-, and former-smokers enrolled from January  
2008 to June 2011 and followed up longitudinally until November 2020, airway disease on CT images was quantified using seven  
metrics: airway wall thickness, wall area percent, and square root of the wall thickness of a hypothetical airway with internal perimeter  
of 10 mm (referred to as Pi10) for airway wall; and lumen diameter, airway volume, total airway count, and airway fractal dimension  
for airway lumen. Least-squares mean values for each airway metric were calculated and adjusted for age, height, ethnicity, body mass  
index, pack-years of smoking, current smoking status, total lung capacity, display field of view, and scanner type. In ever-smokers,  
associations were tested between each airway metric and postbronchodilator forced expiratory volume in 1 second (FEV1)-to–forced  
vital capacity (FVC) ratio, modified Medical Research Council dyspnea scale, St George’s Respiratory Questionnaire score, and 6-min-
ute walk distance. Multivariable Cox proportional hazards models were created to evaluate the sex-specific association between each 
airway metric and mortality.

Results: In never-smokers (n = 420), men had thicker airway walls than women as quantified on CT images for segmental airway 
wall area percentage (least-squares mean, 47.68 ± 0.61 [standard error] vs 45.78 ± 0.55; difference, −1.90; P = .02), whereas airway 
lumen dimensions were lower in women than men after accounting for height and total lung capacity (segmental lumen diameter, 
8.05 mm ± 0.14 vs 9.05 mm ± 0.16; difference, −1.00 mm; P < .001). In ever-smokers (n = 9363), men had greater segmental air-
way wall area percentage (least-squares mean, 52.19 ± 0.16 vs 48.89 ± 0.18; difference, −3.30; P < .001), whereas women had nar-
rower segmental lumen diameter (7.80 mm ± 0.05 vs 8.69 mm ± 0.04; difference, −0.89; P < .001). A unit change in each of the 
airway metrics (higher wall or lower lumen measure) resulted in lower FEV1-to-FVC ratio, more dyspnea, poorer respiratory quality 
of life, lower 6-minute walk distance, and worse survival in women compared with men (all P < .01).

Conclusion: Airway lumen sizes quantified at chest CT were smaller in women than in men after accounting for height and lung 
size, and these lower baseline values in women conferred lower reserves against respiratory morbidity and mortality for equivalent 
changes compared with men.
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spective multicenter observational cohort study that enrolled 
current and former smokers, as well as never-smokers, between 
ages 45 and 80 years at 21 clinical centers across the United 
States. The eligibility criteria are in Appendix E1 (online). Smok-
ers with at least a 10–pack-year smoking history were included. 
In this secondary analysis, we included all participants enrolled 
in round one of COPDGene between October 2006 and Janu-
ary 2011. In addition to the baseline enrollees, which included 
107 never-smokers, we also included 347 never-smokers who 
were enrolled at the second phase of COPDGene after 5 years to 
increase the number of never-smokers. Self-reported gender and 
ethnicity were recorded as reported by the participants. Sex was 
determined using chromosomal information, and XX and XY 
status aligned with gender was used in all analyses. We excluded 
26 participants who had XO, XXX, XXY or XY/XO chromo-
somal aneuploidies (Fig 1). Never-smokers were defined as those 
who smoked fewer than 100 cigarettes in their lifetime. Cur-
rent smokers were defined as having smoked cigarettes within 30 
days of study visit.

All participants underwent prebronchodilator spirometry 
(Easy-One Spirometer; NDD) to assess lung function. Post-
bronchodilator spirometry was performed 20–30 minutes after 
administering 180 μg of albuterol. The presence of airflow ob-
struction was defined by postbronchodilator forced expiratory 
volume in 1 second (FEV1)-to–forced vital capacity (FVC) ratio 
of less than 0.70, and severity of airflow obstruction determined 
according to the Global Initiative for Chronic Obstructive Lung 
Disease (GOLD) report (25). GOLD 0 was defined as those 
at risk for COPD (FEV1-to-FVC ratio, ≥0.70; FEV1 percent  
predicted, ≥80). Preserved Ratio Impaired Spirometry (known 
as PRISm) was defined as FEV1-to-FVC ratio of 0.70 or greater 
but FEV1 percent predicted of less than 80 (26). Respiratory  
quality of life was estimated by the St George’s Respiratory  
Questionnaire score. The score ranges from 0 to 100, with higher 
scores indicating worse quality of life (24). Dyspnea was quan-
tified by using the modified Medical Research Council score 
(24). The score ranges from 0 to 4, with higher scores indicating 
greater dyspnea. Functional capacity was assessed by distance cov-
ered on the 6-minute walk test (24). Vital status was ascertained  
by follow-up phone calls every 6 months and a search of the Social  
Security Death Index. Written informed consent was ob-
tained from all participants. Health Insurance Portability and 

and household biomass smoke exposure (14) have been varyingly  
implicated in explaining the biologic underpinnings of these 
sex differences, but they do not explain a significant portion 
of the variance.

Increasingly, structural differences in the lungs have been  
reported between men and women with established airflow  
obstruction. These differences are especially well documented 
for alveolar disease. Although emphysema occurs in both men 
and women who smoke, men on average have more emphysema 
than women after accounting for smoking burden and lung 
function (15–18). Sex differences in airway remodeling, how-
ever, have not been conclusively demonstrated. Histopathologic 
and quantitative CT analyses of segmental airway wall thickness 
and lumen have shown conflicting results (15,16,19,20). These 
analyses were limited to airway measurements on a few sections  
of medium-sized airways and do not fully inform changes  
occurring throughout the airway. Studies indicate that airway 
remodeling extends beyond wall thickness and luminal narrow-
ing; COPD is associated with airway loss and a reduction in the 
complexity of branching patterns (21–23).

The aim of our study was to evaluate whether structural 
differences in airways may underlie some of the sex differ-
ences in COPD prevalence and clinical outcomes. We sought 
to explore whether there is a sex predisposition to airway re-
modeling, and the impact of airway remodeling on patient-
reported outcomes and survival. We analyzed quantitative 
CT measures of airway remodeling in never-smokers, current 
smokers, and former smokers with and without airflow ob-
struction to address these questions.

Materials and Methods

Participants
In a secondary analysis, we included consecutive participants 
enrolled in the Genetic Epidemiology of COPD (COPDGene) 
study (ClinicalTrials.gov: NCT00608764). Study details have 
been previously published (24). Briefly, COPDGene is a pro-

Abbreviations
COPD = chronic obstructive pulmonary disease, COPDGene =  
Genetic Epidemiology of COPD, FEV1 = forced expiratory volume in 
1 second, FVC = forced vital capacity, GOLD = Global Initiative for 
Chronic Obstructive Lung Disease

Summary
In never-smokers, airway lumen at chest CT images was smaller in 
women than men; in ever-smokers, worsening of lumen size impacted 
respiratory outcomes more in women than men.

Key Results
 ■ Airway lumen dimensions were lower in never-smoker women 

than in men (segmental lumen diameter, 8.1 mm ± 0.2 [SE] vs 9.1 
mm ± 0.1; P < .001).

 ■ Ever-smoker women had narrower segmental lumen diameter  
(7.8 mm ± 0.05 vs 8.7 mm ± 0.04; P < .001).

 ■ A unit change in wall thickness or lumen area resulted in more 
severe airflow obstruction, more dyspnea, worse respiratory quality 
of life, lower 6-minute walk distance, and worse survival in women  
compared with men.

Figure 1: Study inclusion flowchart.
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Accountability Act approval was obtained as part of the insti-
tutional review board review at the respective hospitals. The 
COPDGene study protocol was approved by the institutional 
review board at each of the 21 participating centers.

CT Protocol
High-resolution volumetric noncontrast-enhanced CT images 
were acquired at full inspiration (total lung capacity) at enroll-
ment (24,27). Image acquisition and reconstruction parameters 
have been described in detail previously (Appendix E1 [online]).

CT Image Analysis
Lung masks were applied, and airway segmentation was per-
formed using lung quantification software (LungQ; Thirona) 
(28). We quantified emphysema as the percentage of voxels with 
attenuation less than −950 HU at end inspiration. Although 
data regarding air trapping and functional small airways disease 
are available in the COPDGene study, we did not include these 
as airway measures because they are not direct measures of air-
way disease and hence not visible. We quantified airway disease 
with the following metrics (Fig 2):

1. Airway wall thickness of segmental airways: The mean 
airway wall thickness was calculated as the average airway wall 
thickness of six segmental bronchi (RB1, RB4, RB10, LB1+2, 
LB4, and LB10) in each participant (Thirona) (28).

2. Wall area percent of segmental airways: The luminal area 
and total airway cross-sectional area were calculated for six seg-
mental bronchi (Thirona), and the airway wall area was esti-
mated by AT − AI, where AT is total airway cross-sectional area 
and AI is the luminal area. The average airway wall area percent 
was calculated as [WA%] = [(AT − AI)/AT] × 100 (29), where 
WA% is the wall area percent.

3. The square root of the wall area of a hypothetical airway 
with 10-mm internal perimeter (hereafter, Pi10): To represent 
airway wall thickness, Pi10 was calculated by plotting the in-
ternal perimeters of all segmental and distal airways against the 
square root of their wall areas (30).

4. Total airway count: The total airway count was calculated 
by automated identification of branch points on the airway tree 
and summing number of branches.

5. Lumen diameter of segmental airways: The average 
hydraulic diameter of all segmental airways was calculated 
as 4A/P, where A is the cross-sectional area and P is the in-
ternal perimeter.

6. Airway volume: Airway volume was estimated from airway 
trees segmented from inspiratory CT images using regionprops3 
function (Matlab R2020a; MathWorks). To adjust to physical 
units (in cubic millimeters), the total number of airways voxels 
in the tree was multiplied by the voxel size.

7. Airway fractal dimension: Airway fractal dimension of the 
airway lumen was calculated by using the Minkowski-Bougli-
and box-counting dimension with software (Matlab R2020a; 
MathWorks) (23). Briefly, cubes of progressively increasing side 
lengths were iteratively laid over the airway tree. The number of 
cubes that overlapped with the airway were identified at each 
iteration. Airway fractal dimension is the slope of the regression 
line between log (n) and log (1/s), where n indicates number of 
cubes. Greater AFD indicates greater branching complexity of 
the airway tree.

Statistical Analysis
Linear regression models were estimated with each airway metric 
as the dependent variable and sex as an independent variable. 
These models were adjusted for age, ethnicity, height, body mass 

Figure 2: Images show airway metrics. (A) Noncontrast-enhanced axial view chest CT image shows cross sections of segmen-
tal airways. (B) Inset shows segmented airway wall (green) and airway lumen (pink). (C) Segmented airway tree with color-coded 
branches. The resulting total airway count (TAC) and airway fractal dimension (AFD) are shown in C.
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index, pack-years of smoking, smoking status (ever vs never), 
total lung capacity at CT, display field of view, and CT scanner 
type. Airway models specifically included height, display field of 
view, and total lung capacity because these can influence airway 
size but not emphysema. Models were created for percent em-
physema with adjustment for age, ethnicity, body mass index, 
pack-years of smoking, smoking status, and CT scanner type. 
Least-squares means derived from the linear regression models 
were compared by sex using the t test. To test whether current 
smoking affected these CT metrics, we performed additional 
analyses where smoking status was stratified as never, former, 
and current smoker.

In ever-smokers, we also estimated separate linear regres-
sion models in men and women with clinical outcomes as the 
dependent variable (postbronchodilator FEV1-to-FVC ratio, St 
George’s Respiratory Questionnaire, and 6-minute walk dis-
tance) and airway metric as the independent variable to com-
pare the strength of association between each airway metric 
and important clinical outcomes in men and women. The same 
analysis approach was applied to the clinical outcome modi-
fied Medical Research Council score by using the ordinal lo-
gistic regression model to evaluate the cumulative probability 
of higher modified Medical Research Council scores. These 
models were also adjusted for age, ethnicity, height, body mass 
index, smoking status (never vs ever), pack-years of smoking, 
FEV1, total lung capacity at CT, emphysema at CT, display 
field of view, and CT scanner type, and additionally for the 
interaction between the airway metric and sex. The regression 
coefficients for the association between each airway metric and 
the dependent variable were compared by using the t test for 
difference in slopes. Cox proportional hazards models were 
similarly estimated to assess sex differences in the association 
between each airway metric and survival. Two-sided P values 
less than .05 were considered to indicate statistical significance. 
All analyses were performed using software (SAS version 9.4; 
SAS Institute).

Results

Baseline Characteristics of Participants
After exclusions (26 participants with mosaic chromosomes 
and 843 participants with inadequate airway quantification 
at CT), 420 lifetime nonsmokers (mean age, 60 years ± 10 
[SD]; 240 women [57%]; 342 non-Hispanic White partici-
pants [81%]) and 9363 ever-smokers (mean age, 60 ± 9 years, 
5014 [54%] men, and 6292 [67%] non-Hispanic White par-
ticipants) were included in the final analyses (Consolidated 
Standards of Reporting Trials, known as CONSORT, diagram; 
Fig 1). Table 1 shows univariable comparisons of demograph-
ics, lung function, and CT measures of emphysema and airway 
disease by sex. In both never- and ever-smokers, women had 
lower FEV1 and FVC, but the FEV1-to-FVC ratio was similar. 
Women were shorter and had lower lung size at CT in both 
never- and ever-smokers, and accordingly a smaller display 
field of view was used. Among ever-smokers, women had lower 
pack-years of smoking, and fewer women were active smokers 
at enrollment compared with men.

Airway Metrics in Never-Smokers
There was a positive correlation between airway volume and 
height (r = 0.61; P < .001) and between airway volume and total 
lung capacity (r = 0.71; P < .001). In analyses adjusted for age, 
ethnicity, height, body mass index, total lung capacity, display 
field-of-view, and CT scanner type, men had thicker airway 
walls as estimated by segmental airway wall thickness (1.00 mm 
± 0.02 vs 0.91 mm ± 0.01; P < .001) and segmental wall area 
percent (47.68 ± 0.61 vs 45.78 ± 0.55; P = .02), but we found 
no evidence of a difference in the Pi10, a wall thickness measure 
that accounts for the size of the airways (2.08 mm ± 0.05 vs 2.10 
mm ± 0.04; P = .71) (Table 2). However, the following measures 
were lower in women than in men: the lumen parameters of 
airway volume (29.03 mL ± 0.66 vs 40.61 mL ± 0.74; P < .001), 
diameter of segmental airways (8.05 mm ± 0.14 vs 9.05 mm ± 
0.16; P < .001), total airway count (215.8 ± 4.9 vs 253.8 ± 5.4; 
P < .001), and airway fractal dimension (1.49 ± 0.007 vs 1.52 ± 
0.007; P < .001) (Table 2). Figure 3 shows illustrative examples 
of airway disease in representative individuals who are lifetime 
never-smokers.

Airway Metrics in Ever-Smokers
In analyses adjusted for age, ethnicity, height, body mass in-
dex, current smoking status, pack-years of smoking, total lung 
capacity, display field of view, and CT scanner type, men had 
thicker airway walls as estimated by segmental airway wall thick-
ness (1.13 mm ± 0.004 vs 0.97 mm ± 0.004; P < .001) and 
segmental wall area percent (52.19 ± 0.16 vs 48.89 ± 0.18;  
P < .001), and Pi10 (2.33 mm ± 0.01 vs 2.29 mm ± 0.01 ; P 
= .02; Table 2). Similar to the findings in never-smokers, the 
lumen parameters of airway volume (27.20 dL ± 0.21 vs 33.13 
dL ± 0.19; P < .001), diameter of segmental airways (7.80 mm 
± 0.05 vs 8.69 mm ± 0.04; P < .001), and airway fractal dimen-
sion (1.45 ± 0.002 vs 1.48 ± 0.002; P < .001) were lower in 
ever-smoker women than in men (Table 2). We found no evi-
dence of a difference in total airway count between women and 
men (144.0 ± 1.6 vs 147.4 ± 1.5; P = .12). In comparing ever-
smokers with never-smokers according to sex, the sex difference 
in airway wall metrics was accentuated with greater remodeling 
in men than in women but was attenuated for airway lumen 
metrics (Table 2). Similar differences were noted when smokers 
were further classified as current and former (Table E1 [online]). 
These differences persisted across GOLD stages of disease sever-
ity (Table E2 [online]).

Association with Clinical Outcomes
Both higher wall thickness parameters and lower lumen metrics 
were associated with worse clinical outcomes in women than 
in men. The association between a unit change (greater wall or 
lower lumen) in each airway metric and FEV1-to-FVC ratio 
was greater in women than in men. Similarly, derangements in 
the majority of the airway metrics were more strongly associ-
ated with greater dyspnea, worse respiratory quality of life, and 
lower 6-minute walk distance in women than in men, even after 
adjustment for lung function (Table 3). For the ever-smokers, 
follow-up data were available in 8942 of 9363 (96%) indi-
viduals, with a median follow-up time of 7.6 years (25th–75th 
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percentile, 6.2–8.6 years). At follow-up, 1567 of 8942 (18%) 
participants died (19% of the male participants and 14% of the 
female participants). After adjustment for age, ethnicity, height, 
body mass index, smoking status, pack-years of smoking, FEV1, 
total lung capacity, CT emphysema, display field of view, and 
CT scanner type, each airway metric was more strongly associ-
ated with all-cause mortality in women than in men. Table 4 
shows hazard ratios for all-cause mortality per unit change and 
per 1 SD change in each airway metric.

Emphysema
After adjustment for age, ethnicity, body mass index, pack-years 
of smoking, and CT scanner type, men had greater percent em-
physema than women, regardless of smoking status in never-
smokers (4.21% ± 0.67 vs 2.02% ± 0.59; difference, 2.07% 
[95% CI: 0.44, 3.70]; P = .01), former smokers (10.60% ± 0.21 

vs 8.76% ± 0.21; difference, 1.85% [95% CI: 1.34, 2.35]; P < 
.001), and current smokers (4.69% ± 0.19 vs 4.15% ± 0.20; 
difference, 0.53%; [95% CI: 0.06, 1.01]; P = .03). These dif-
ferences were not noted in GOLD disease stages 3 and 4  
(Table E2 [online]).

Discussion
By using CT imaging data from the Genetic Epidemiology of 
Chronic Obstructive Pulmonary Disease study (known as the 
COPDGene study), we examined differences according to sex 
in airway wall and lumen structure and the impact of changes in 
airway structure on lung function, quality of life, dyspnea, func-
tional capacity, and survival. We found that in never-smokers  
(n = 420), men had thicker airway walls than did women at CT 
for segmental airway wall area percentage, whereas airway lumen 
dimensions were lower in women than men after accounting 

Table 1: Comparison of Baseline Demographics, Lung Function, CT Measures of Emphysema, and Airway Disease by Sex

Parameter

Never-Smoker Participants Ever-Smoker Participants

Total  
(n = 420)

Men  
(n = 180)

Women  
(n = 240)

Total  
(n = 9363)

Men  
(n = 5014)

Women  
(n = 4349)

Age (y)      60 ± 10    59 ± 10    60 ± 10    60 ± 9    60 ± 9    60 ± 9
African American participants 78 (19) 32 (18) 46 (19) 3071 (33) 1706 (34) 1365 (31)
Height (cm)    169 ± 10  177 ± 7  163 ± 7  170 ± 10  176 ± 7  163 ± 7
Body mass index (kg/m2)      27 ± 4    28 ± 4    27 ± 5    29 ± 6    28 ± 6    29 ± 7
Smoking (pack-years) … … …    44 ± 25    47 ± 26    41 ± 23
No. of current smokers … … … 4440 (47) 2276 (45) 2164 (50)
FEV1 (L)     3.0 ± 0.8   3.6 ± 0.7   2.5 ± 0.5   2.3 ± 0.9   2.6 ± 1.0   1.9 ± 0.8
FEV1 percent predicted    103 ± 13  103 ± 13  103 ± 133    77 ± 25    76 ± 26    77 ± 25
FEV1-to-FVC ratio   0.80 ± 0.05 0.80 ± 0.05 0.80 ± 0.05 0.67 ± 0.16 0.66 ± 0.16 0.68 ± 0.16
GOLD severity*
 0 … … … 4056 (43) 2140 (43) 1916 (44)
 1 … … … 745 (8) 429 (9) 316 (7)
 2 … … … 1791 (19) 961 (19) 830 (19)
 3 … … … 1060 (11) 619 (12) 441 (10)
 4 … … … 532 (6) 318 (6) 214 (5)
PRISm … … … 1120 (12) 510 (10) 610 (14)
Display field of view (mm)    320 ± 32  341 ± 25  304 ± 27  352 ± 41  369 ± 34  334 ± 40
Total lung capacity at CT (L)     5.3 ± 1.4   6.2 ± 1.3   4.7 ± 0.9   5.6 ± 1.4   6.3 ± 1.3   4.7 ± 0.9
CT emphysema  

(% voxels less than −950 HU)
    2.1 ± 2.9   3.0 ± 1.4   1.4 ± 2.2   6.3 ± 9.9   7.1 ± 10.1   5.6 ± 9.4

Segmental airway wall thickness (mm)†   0.87 ± 0.15 0.92 ± 0.14 0.82 ± 0.13 1.06 ± 0.23 1.14 ± 0.23 0.97 ± 0.20
Segmental wall area (%)† 43.12 ± 5.88 43.5 ± 5.90 42.9 ± 5.87 51.0 ± 8.54 52.0 ± 8.50 49.9 ± 8.46
Pi10 (mm)   1.82 ± 0.35 1.76 ± 0.36 1.86 ± 0.34 2.35 ± 0.61 2.35 ± 0.64 2.36 ± 0.58
Total airway count    264 ± 128  292 ± 136  242 ± 118  143 ± 70  147 ± 71  138 ± 68
Airway volume (mL)   35.2 ± 15.4 45.8 ± 15.9 27.1 ± 8.5 29.8 ± 11.9 35.5 ± 12.0 23.0 ± 7.4
Segmental lumen diameter (mm)     8.7 ± 2.45   9.5 ± 2.69   8.0 ± 2.02   8.3 ± 2.21   8.9 ± 2.16   7.5 ± 1.95
Airway fractal dimension   1.56 ± 0.09 1.58 ± 0.08 1.55 ± 0.10 1.46 ± 0.11 1.47 ± 0.10 1.45 ± 0.12

Note.—Values are expressed as means ± SDs unless otherwise specified. Data in parentheses are percentages. FEV1 = forced expiratory 
volume in 1 second, FVC = forced vital capacity, GOLD = Global Initiative for Chronic Obstructive Lung Disease, Pi10 = square root of 
the wall area of a theoretical airway with internal perimeter of 10 mm, PRISM = Preserved Ratio Impaired Spirometry (defined by FEV1-
to-FVC ratio ≥0.70 but FEV1 percent predicted <80).
* GOLD stage unavailable in 59 participants (37 men and 22 women).
† Airway wall thickness and wall area percent were calculated as the average of six segmental bronchi (RB1, RB4, RB10, LB1+2, LB4, and LB10).
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for height and total lung capacity. In ever-smokers (n = 9363), 
men had greater segmental airway wall area percentage, whereas 
women had narrower segmental lumen diameter. A unit change  
in each of the airway metrics (higher wall or lower lumen measure)  
resulted in lower forced expiratory volume in 1 second–to–forced 
vital capacity ratio, more dyspnea, poorer respiratory-quality of 
life, lower 6-minute walk distance, and worse survival in women 
compared with men (all P < .01).

The assumption that women have smaller airways is long 
standing and is on the basis of comparisons of the trachea and 
main stem bronchi, but few studies have compared distal airways 

in healthy individuals or accounted for differences in lung 
size. Two small studies that included nonsmokers found that 
men have greater segmental wall area percentage than women 
(31,32), but these comparisons were not adjusted for poten-
tial confounders including height and lung size. Furthermore, 
thickness of the segmental airway wall is affected by the size of 
the airway measured and hence precludes direct comparisons 
by sex. Wall area percent adjusts for airway size but is more af-
fected by wall thickness than changes in the luminal diameter 
(33). Although a proportion of wall thickness may be caused 
by adventitial thickening, thicker airway walls likely result in a 

Table 2: Comparison of Airway Disease by Sex in Never- and Ever-Smokers

Parameter

Comparison by Sex
Difference by Sex:  
Women vs Men

Difference by Smoking Status:  
Ever- vs Never-Smokers

Men* Women* Men Women
Segmental airway wall 

thickness (mm) 
0.12 (0.10, 0.16) 

[<.001]
0.06 (0.03, 0.08) 

[<.001]
 Never-smoker   1.00 ± 0.02   0.91 ± 0.01 −0.09 (−0.13, −0.05) 

[<.001]
 Ever-smoker   1.13 ± 0.004   0.97 ± 0.004 −0.16 (−0.17, 0.15)  

[<.001]
Segmental wall area 

percent 
4.51 (3.28, 5.74) 

[<.001]
3.10 (2.03, 4.19) 

[<.001]
 Never-smoker   47.7 ± 0.61   45.8 ± 0.55 −1.9 (−3.47, −0.34) [.02]
 Ever-smoker   52.2 ± 0.16   48.9 ± 0.18 −3.3 (−3.78 to−2.83) 

[<.001]
Pi10 (mm) 0.25 (0.16, 0.34) 

[<.001]
0.19 (0.11, 0.27) 

[<.001]
 Never-smoker   2.08 ± 0.05   2.10 ± 0.04 0.02 (−0.09, 0.13) [.71]
 Ever-smoker   2.33 ± 0.01   2.29 ± 0.01 −0.04 (0.01, 0.09) [.02]
Airway volume (mL) −7.5 (−9.0, −6.0) 

[<.001]
−1.8 (−3.1, −0.5) 

[.006]
 Never-smoker   40.6 ± 0.74   29.0 ± 0.66 −11.6 (−13.5, −9.7) [<.001]
 Ever-smoker   33.1 ± 0.19   27.2 ± 0.21 −5.9 (−6.5, −5.3) [<.001]
Segmental lumen 

diameter (mm)
−0.36 (−0.68, −0.04) 

[.03]
−0.25 (−0.53, 0.03) 

[.08]
 Never-smoker     9.1 ± 0.16     8.1 ± 0.14 −1.00 (−1.41, −0.60) 

[<.001]
 Ever-smoker     8.7 ± 0.04     7.8 ± 0.05 −0.89 (−1.02, −0.77) 

[<.001]
Total airway count −106.4 (−117.3 

to−95.5) [<.001]
−71.9 (−81.5 to−62.3) 

[<.001]
 Never-smoker 253.8 ± 5.4 215.8 ± 4.9 −38.0 (−51.8, −24.1) 

[<.001]
 Ever-smoker 147.4 ± 1.5 144.0 ± 1.6 −3.4 (7.7, −0.9) [.12]
Airway  

fractal dimension
−0.04 (−0.05, −0.02) 

[<.001]
−0.04 (−0.05, 0.03) 

[<.001]
 Never-smoker   1.52 ± 0.007   1.49 ± 0.007 −0.03 (−0.05, −0.01) [.002]
 Ever-smoker   1.48 ± 0.002   1.45 ± 0.002 −0.035 (−0.04, −0.03) 

[<.001]

Note.—Unless otherwise indicated, values are expressed as least squares means ± standard errors. Data in parentheses are 95% CIs; data 
in brackets are P values. Data are adjusted for age, ethnicity, height, body mass index, smoking status (current vs former), pack-years of 
smoking, total lung capacity, display field of view, and CT scanner type. There were 420 never-smokers and 9363 ever-smokers. Pi10 = 
square root of the wall area of a theoretical airway with internal perimeter of 10 mm
* Never-smokers: 180 men and 240 women. Ever-smokers: 5014 men and 4349 women.
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narrower lumen. We extend the literature by confirming that the 
wall thickness of the segmental airways is greater in men than 
in women even in lifetime never-smokers. It is noteworthy that 
the Pi10, a summary measure of wall thickness of airways of 
various sizes that is less likely to be affected by the differences in 
lung sizes, was not different by sex. We also found that women 
have narrower medium-size conducting airways and lower total 
airway volume, both indicating smaller airway lumen. Corre-
spondingly, the airway fractal dimension was lower in women 
than in men, reflecting a lower complexity of branching pattern. 
The total number of airways viewed was lower in women than 
in men, likely reflecting that airways are uniformly smaller and 
hence a larger number of airways are below the resolution of 
current CT scanner protocols. With the additional adjustment 
for factors that may confound airway dimensions in women, 
including height, lung volume, display field-of-view, and body 
mass index, these data support the existence of a true sex differ-
ence in airway dimensions in never-smokers.

In ever-smokers, airway wall thickness was greater in men 
than in women. These findings are consistent with previous 
studies of wall changes, which demonstrated thicker walls in 
men (15,16,20,34–36). Although histopathologic examination 
of resected lung tissue in a subset of participants in the National 
Emphysema Treatment Trial, or NETT, showed greater wall 
thickness in the peripheral airways in women than in men, CT 
analyses of the entire cohort demonstrated thicker airway walls 
in men (15). NETT was also limited by only including patients 
with severe emphysema. The thinner airway walls in women are 
also compatible with findings that women appear to have more 
compliant airways with greater collapsibility than men (37,38). 
Greater collapsibility is also noted in more central airways in 
women (37). The impact of wall thickness on luminal narrow-
ing depends on whether the thickening accrues inward or out-
ward because of adventitial thickening. It is plausible that the 

increased airway wall thickness associated with cigarette smoking 
disproportionately affects women who have smaller airways.

The size of the airway lumen, with direct implications for 
higher airway resistance, was lower in women with no smoking 
history compared with men and was lower in female smok-
ers compared with male smokers, even with adjustments for 
smoking burden and lung size. Previous CT studies have doc-
umented smaller luminal diameter in the central airways in 
women (20,36). We additionally found that total airway count 
and airway fractal dimension were lower in women than in 
men. The reasons for the luminal loss and remodeling are un-
clear but the likely mechanisms include mucus plugs, mucosal 
thickening, adventitial fibrosis, and loss of axial airway fibers 
resulting in obliteration of the airways. We found that the sex 
difference in airway wall remodeling noted in never-smokers 
was accentuated in ever-smokers whereas sex difference in 
airway lumen was attenuated, suggesting that the airways in 
men may be more susceptible to cigarette smoke–associated 
remodeling. This finding needs confirmation because we did 
not account for possible sex differences in smoking topogra-
phy. However, even after decades of smoking, the lumen size 
remains lower in women, suggesting that the size limitation in 
women persists with chronic smoking exposure.

Our findings have implications for airflow limitation and the 
consequent clinical outcomes (22,23). The rising prevalence of 
COPD in women and the greater predisposition to airflow ob-
struction than in men when exposed to similar smoking burden 
conflicts with the multitude of studies that have documented a 
greater degree of emphysema in men (4,15–18,34,39). These sex 
differences are despite the more synaptic growth of airways and 
alveoli in women, such that the FEV1-to-FVC ratio is greater in 
women than in men as reflected by population-based normative 
data (40,41). We confirmed that men have more emphysema 
than women with equivalent smoking burden, and our results 

Figure 3: Representative examples of airways in lifetime never-smoker men and women. (A) Noncontrast-enhanced three-
dimensional reconstructed chest CT image in a lifetime never-smoker 64-year-old man (height, 1.74 m; total lung capacity, 8.1 
L; forced expiratory volume in 1 second [FEV1]-to–forced vital capacity [FVC] ratio, 0.80; and FEV1, 127% predicted) shows 
airway volume of 57 dL, total airway count of 526, and airway fractal dimension of 1.695. (B) Noncontrast-enhanced three-
dimensional reconstructed chest CT image in a lifetime never-smoker 63-year-old woman (height, 1.73 m; total lung capacity, 
6.1 L; FEV1-to-FVC ratio, 0.76; and FEV1, 100% predicted) shows airway volume of 34 dL, 299 viewable airway branches, and 
airway fractal dimension of 1.513.
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suggest that the lower reserve conferred by smaller airways pre-
disposes women to develop airflow limitation predominantly 
through the airway phenotype. All airway remodeling changes 
were associated with more dyspnea, worse respiratory-quality of 
life, and lower functional capacity in women than in men. The 
smaller airways in women can result in higher airway resistance 
and more turbulent airflow, and thus place a higher ventilatory 
constraint during exertion. Indeed, endurance‐trained women 
experience expiratory flow limitation earlier during exercise com-
pared with endurance‐trained men (42). Our findings explain in 
part why women experience worse symptoms for a given degree 
of airflow obstruction (7,8). Alteration in each airway measure 
was also associated with worse survival in women than in men, 
partially explaining the comparable mortality between the sexes 
for COPD despite the differing degrees of emphysema.

Our study has several strengths. First, we included a large 
number of never-smokers as well as participants with COPD 
of varying severity. Second, we performed a comprehensive 
evaluation of airway remodeling that included measures of 
both airway wall and airway lumen. Third, we confirmed sex 
by chromosomal analyses in all participants. Fourth, unlike 
previous studies, we adjusted for the display field of view to 

reduce variability in the measurement of airways; this is es-
pecially important in women in whom the display field of 
view tends to be smaller and airway wall thickness may ap-
pear artificially low, whereas lumen-based parameters such as 
total airway count and airway fractal dimension can appear 
artificially higher.

Our study had limitations. First, a higher proportion of men 
were active smokers compared with women and, although we 
adjusted for smoking status, some of the airway wall differ-
ences may be from the impact of active cigarette smoking on 
airway wall thickness. Second, the cross-sectional comparisons 
between never- and ever-smokers precludes ascribing causality 
to the smoking-associated changes. Third, we analyzed larger 
airways and did not examine differences in smaller airways be-
cause these are below current CT resolution. Fourth, although 
parametric response mapping data are available in COPDGene, 
this technique results in an indirect assessment of functional 
small airways disease. Fifth, we did not adjust for medication 
use when analyzing outcomes; however, current medications are 
not known to affect airway remodeling. Finally, cause-specific 
mortality adjudication was not completed, and we limited the 
survival analyses to all-cause mortality.

Table 3: Comparison of Association of Airway Metrics with Clinical Outcomes in Ever-Smokers by Sex

Parameter

FEV1-to-FVC  
Ratio (0.10 units) mMRC SGRQ 6MWD (m)

b Value P Value b Value P Value b Value P Value b Value P Value
Segmental airway wall 

thickness (mm)
<.001 <.001 <.001 .003

 Men   −0.36 ± 0.05    0.58 ± 0.15    11.7 ± 1.3 −923.0 ± 24.4
 Women   −0.37 ± 0.06    0.99 ± 0.17    16.8 ± 1.7 −137.2 ± 28.0
Segmental wall area percent <.001 <.001 <.001 .001
 Men −0.019 ± 0.001    0.01 ± 0.004    0.29 ± 0.038     −1.9 ± 0.70
 Women −0.018 ± 0.002  0.024 ± 0.004    0.40 ± 0.042     −3.2 ± 0.71
Pi10 (mm) <.001 .001 <.001 <.001
 Men   −0.37 ± 0.02      0.2 ± 0.06      4.3 ± 0.52   −29.4 ± 9.8
 Women   −0.47 ± 0.02      0.3 ± 0.07      5.0 ± 0.62   −44.4 ± 10.5
Airway volume (dL) <.001 .03 <.001 .006
 Men      1.09 ± 0.09    0.35 ± 0.30    0.75 ± 2.5   −31.3 ± 47.5
 Women      2.11 ± 0.16    0.33 ± 0.49   −5.5 ± 4.5        32.2 ± 76.1
Segmental lumen  

diameter (mm)
.006 .76 .001 .13

 Men    0.012 ± 0.004    0.03 ± 0.04    0.04 ± 0.12     −1.8 ± 2.3
 Women    0.018 ± 0.006    0.06 ± 0.06 −0.27 ± 0.15          3.0 ± 2.6
Total airway count per 100 <.001 .001 <.001 <.001
 Men      0.25 ± 0.02 −0.02 ± 0.05   −0.4 ± 0.4     −2.6 ± 8.1
 Women      0.28 ± 0.02 −0.04 ± 0.06   −1.3 ± 0.5          8.9 ± 8.4
Airway fractal dimension <.001 .03 <.001 .15
 Men        1.7 ± 0.11   −0.3 ± 0.4 −12.4 ± 3.1        74.3 ± 58.3
 Women        1.9 ± 0.11 −0.05 ± 0.3 −11.0 ± 3.2      113.1 ± 54.3

Note.—Unless otherwise indicated, data are ± standard error. The b value is the regression coefficient. All regression coefficients are adjusted 
for age, race, height, body-mass-index, smoking status (current vs former), pack-years of smoking, forced expiratory volume in 1 second 
(FEV1), total lung capacity, CT emphysema, display field of view, and CT scanner type. The model for FEV1-to–forced vital capacity (FVC) 
ratio did not include FEV1. All P values displayed are for comparison between men and women. mMRC = modified Medical Research 
Council, SGRQ = St George’s Respiratory Questionnaire, 6MWD = 6-minute walk distance.
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In conclusion, there are differences in airway structure 
and size between men and women as quantified at CT, after 
accounting for height and lung size. Although these differ-
ences by sex are attenuated in ever-smokers, the airway lumen 
size difference in women persists even with chronic smoking 
exposure and is associated with worse outcomes in women 
than in men. These structural differences may underlie some 
of the differences in predisposition to chronic obstructive 
pulmonary disease in men and women. These findings have 
implications for studies targeting disease progression.
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