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COPD

Background: An increase in airway caliber (airway distensibility) with lung inflation is attenuated
in COPD. Furthermore, some subjects have a decrease in airway caliber with lung inflation.
We aimed to test the hypothesis that airway caliber increases are lower in subjects with emphysema-
predominant (EP) compared with airway-predominant (AP) CT scan subtypes. Additionally, we com-
pared clinical and CT scan features of subjects with (airway constrictors) and without a decrease in
airway caliber.
Methods: Based on GOLD (Global Initiative for Chronic Obstructive Lung Disease) stages and
CT scan subtypes, we created a control group (n=46) and the following matched COPD groups
(n=23 each): GOLD-2-AP, GOLD-2-EP, GOLD-4-AP, and GOLD-4-EP. From the CT scans of all
138 subjects, we measured emphysema, lung volumes, and caliber changes in the third and fourth
airway generations of two bronchi. We expressed airway distensibility (ratio of airway lumen
diameter change to lung volume change from end tidal breathing to full inspiration) as a global
or lobar measure based on normalization by whole-lung or lobar volume changes.
Results: Global distensibility in the third and fourth airway generations was significantly
lower in the GOLD-2-EP and GOLD-4-EP groups than in control subjects. In GOLD-2 subjects,
lobar distensibility of the right-upper-lobe fourth airway generation was significantly lower in
those with EP than in those with AP. In multivariate analysis, emphysema was an independent
determinant of global and lobar airway distensibility. Compared with nonconstrictors, airway
constrictors experienced more dyspnea, were more hyperinflated, and had a higher percentage
of emphysema.
Conclusions: Distensibility of large- to medium-sized airways is reduced in subjects with an EP
CT scan subtype. Emphysema seems to alter airway-parenchyma interdependence.
Trial registry: ClinicalTrials.gov; No.: NCT00608764; URL: www.clinicaltrials.gov

CHEST 2012; 141(3):736-744

Abbreviations: AC = airway constrictor; AG =airway generation; AP = airway-predominant CT scan subtype; EP=emphysema-
predominant CT scan subtype; FRC = functional respiratory capacity; GOLD = Global Initiative for Chronic Obstructive
Lung Disease; RLL = right lower lobe; RUL = right upper lobe; TLC = total lung capacity; WA = wall area

Adeﬁning characteristic of COPD is expiratory air-
flow limitation due to intrinsic remodeling of the
small airways and their dynamic collapse during forced
exhalation.! In a normal lung, inflation results in a
predictable increase in airway caliber because of the
interdependence of parenchyma and airways (the
relative change in airway diameter is linearly related
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with the cube root of lung volume).? Emphysema alters
this relationship by disrupting airway-parenchymal
interdependence. Early work in small animals dem-
onstrated that methacholine-induced bronchoconstric-
tion was increased in elastase models of emphysema,?
suggesting that the bronchoconstrictive effect of air-
way smooth muscle activation is opposed by the

Original Research

Downloaded from chestjournal.chestpubs.org at Countway Library of Medicine on March 23, 2012
© 2012 American College of Chest Physicians


http://www.clinicaltrials.gov
http://chestjournal.chestpubs.org/

radial traction of the surrounding parenchyma.
Scichilone et al* since have substantiated this obser-
vation in lung tissue from subjects with COPD. They
showed that the loss of alveolar attachments to air-
way walls is associated with a decrease in broncho-
dilatory response to deep inspiration. These data
suggest that the burden and possibly the distribution
of emphysema in subjects with COPD may influence
airway dilation during lung inflation.

CT scanning is a useful tool to assess airway caliber
changes.?¢ Furthermore, CT scanning is a recognized
technique to assess the presence, extent, and location
(ie, lobar level) of emphysema.” CT scan can be used
to classify subjects with COPD into emphysema-
predominant (EP) or airway-predominant (AP) sub-
types.s® For the present investigation, we assumed
that parenchymal destruction and disruption of normal
tissue interdependence is represented by the EP sub-
type, whereas intrinsic narrowing of the airways due
to inflammation and fibrosis is represented by the
AP subtype. We then used these CT scan subtypes
to evaluate the effect of structural changes of the
lung parenchyma on the ability of the airways to dilate
with lung inflation. It is known that the ability of the
airways to dilate is attenuated in more severe stages
of COPD.!*1" We hypothesized that within a given
disease stage, we would observe less dilation of the
airways in the EP subtype than in the AP subtype.
We refer to the airway caliber change with lung
inflation as airway distensibility. More extreme than
reduced airway distensibility are airways that para-
doxically narrow in lumen size with inflation.”? We
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also sought to describe clinical and CT scan features
of subjects who experienced this decrease in air-
way caliber. Finally, because emphysema may be
unevenly distributed throughout the lungs, we also
reasoned that the ability of the airways to dilate
may vary according to regional emphysema severity.
Better understanding of both emphysema and air-
way behavior at a regional level may help with under-
standing structure-function relationships and their
heterogeneity. To carry out this investigation, we used
data from the COPDGene Study,'® which included
volumetric chest CT scans performed at relaxed
exhalation and full inflation.

MATERIALS AND METHODS

Further details of this section are provided in e-Appendix 1.

Study Population

We selected subjects from the COPDGene!? (www.copdgene.
org) study based on GOLD (Global Initiative for Chronic
Obstructive Lung Disease) stages'* and CT scan subtypes (AP or
EP if percent emphysema on CT scan was <13% or =25%,
respectively)? to create a control group (n=46) and the following
four matched COPD groups (n = 23 each): GOLD-2-AP, GOLD-
2-EP, GOLD-4-AP, and GOLD-4-EP. COPDGene subjects
were evaluated in one to two visits, with questionnaires and pul-
monary function tests usually done before scanning. Based on
prior data showing an association between airway distensibility
measured by forced oscillation technique and emphysema after
bronchodilation with albuterol,'> we analyzed data in a subset
of 73 subjects who had CT imaging performed within 3 h of
albuterol inhalation. We called this group the postbronchodila-
tor cohort. COPDGene was approved by the institutional review
board at each participating center, and all subjects provided
written informed consent. The current analysis was approved by
the Partners HealthCare Research Committee (2007P-000554).

Clinical and Physiologic Assessments

Demographic and clinical history data, including dyspnea, spi-
rometry, and 6-min walk test, were collected with standardized
instruments.!6.17

Airway Distensibility

We expressed airway distensibility as the ratio of absolute
change in airway inner diameter to the cube root of absolute
change in lung volume from relaxed exhalation to full inflation,
based on Wilson et al.2 We calculated this ratio with whole-lung
and lobar CT scan measures of volume to obtain global and lobar
airway distensibility. A higher ratio is consistent with greater
airway distensibility.

CT Scan Examination

All subjects underwent volumetric CT scanning without IV
contrast in the supine position at the end of both full inspiration
and relaxed exhalation (herein referred to as end tidal breathing).
Subjects were given standardized, verbal instructions to take a
deep breath and then to exhale in a relaxed manner. Image acqui-
sition parameters by scanner are described in e-Table 1.
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CT Scan Airway Analysis

Airway analysis was performed with Airway Inspector (www.
airwayinspector.org).!s The third and fourth airway generations
(AGs) of the right-upper-lobe (RUL) apical bronchus and the
right-lower-lobe (RLL) posterior basal bronchus were identified,
matched, and measured on paired inspiratory (at full inspiration)
and expiratory (at end tidal breathing) CT scans (Fig 1). In each
AG, lumen radius (Ri), lumen area (Ai), and total area (Ao) were
measured at three locations and averaged. Lumen diameter
(=RiX2)and wall area (WA) % (WA% = ([(Ao — Ai)/Ao)] X 100)
were calculated. An airway constrictor (AC) was defined as a sub-
ject who had a decrease or lack of increase in airway lumen diam-
eter from end tidal breathing to full inspiration in at least one AG
in the RUL or RLL.12

CT Scan Measures of Lung Volumes and Emphysema

Quantitative measures of lung volume and emphysema for the
whole lung were performed using Airway Inspector software.!?
The total volume of the lung at suspended full inspiration and
expiration was measured and expressed as total lung capacity
(TLC) % predicted and functional residual capacity (FRC) % pre-
dicted.20 Whole-lung emphysema on CT scan (hereafter referred
to as emphysema) was calculated as the percentage of voxels
with attenuation area < —950 Hounsfield units on inspiratory
CT scans.?!

Statistical Analysis

Analyses were performed using SAS version 9.2 (SAS Institute,
Inc) statistical software. Airway distensibility across groups was
compared using analysis of variance with adjustment for multiple
comparisons. Clinical and CT scan data were compared between
ACs and non-ACs using parametric tests. Pairwise correlation
and linear regression analysis were used to assess the relationship
between global or lobar airway distensibility and emphysema.
Multivariate linear regression was performed to examine deter-
minants of distensibility in the fourth AG. This outcome was
chosen because correlation between the fourth AG and emphy-
sema was higher than between the third AG and emphysema.

B

F
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FIGURE 1. A-D, Volumetric CT scan slices showing changes in
airway lumen from end tidal breathing (A, C) to full inspiration
(B, D). Measures of matched airways show an increase in airway
lumen (A—B) in the fourth airway generation of the right-upper-
lobe apical bronchus and a decrease (C—D) in the third airway
generation of the right-lower-lobe posterior basal bronchus.
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Emphysema was the primary predictor of interest; other covari-
ates were chosen on the basis of previous data.?22* Finally, this
multivariate analysis was repeated in the postbronchodilator cohort.

RESULTS

Population Description

Baseline characteristics and CT scan data by study
group are shown in Table 1. Respiratory medications,
CT scan lobar data, and the distribution of airway
inner diameter sizes at full inspiration by group
are shown in e-Table 2, e-Table 3, and e-Figure 1,
respectively. Compared with control subjects, the dys-
pnea score was significantly higher for each COPD
group. As expected, FRC % predicted, TLC % pre-
dicted, and emphysema were significantly higher in
both the GOLD-2-EP and the GOLD-4-EP groups
than in the control subjects. The 6-min walk test only
was lower in the GOLD-4 groups than in the control
subjects.

Airway Distensibility by Groups

Global airway distensibility across groups is shown
in Figure 2. Compared with control subjects, there
was a significant decrease in global airway distensi-
bility of the third and fourth AG in both GOLD-2-EP
and GOLD-4-EP groups. For a given GOLD stage,
global airway distensibility in the third and fourth
AG tended to be lower in EP than in AP subjects,
but this relationship did not reach statistical signifi-
cance. Comparable results were obtained when we
used predicted values of FRC and TLC instead mea-
sured values (e-Figure 2).

Lobar airway distensibility across groups is shown
in Figure 3. Compared with control subjects, RUL
airway distensibility in the fourth AG was significantly
lower in both EP groups (Fig 3A). Among the sub-
jects in the GOLD-2 groups, lobar airway distensi-
bility in the fourth AG was lower in EP than in AP
subjects (mean = SEM, 0.14=0.02 vs 0.26 £ 0.02;
P=.03) (Fig 3A). In contrast, in the RLL, there were
no significant differences between groups in airway
distensibility except in the third AG, where distensi-
bility was lower in the GOLD-4-AP group than in
the control subjects (Fig 3B).

In addition to the analysis provided in earlier fig-
ures, we sought to further depict the potential influ-
ence of both end tidal and full inflation lung volume
on static airway diameter. In Figure 4, we provide
ratios for airway diameter at end tidal and full infla-
tion divided by the cube root of lung volume at
these expiratory and inspiratory points, respectively.
Although there was no statistically significant differ-
ence in this ratio at end tidal lung volume, subjects
with more severe disease (higher GOLD stage) had
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Table 1—Demographic, Clinical, Physiologic, and CT Scan Data by Study Group

Control Group GOLD-2-AP GOLD-2-EP GOLD-4-AP GOLD-4-EP

Characteristic (n=46) (n=23) (n=23) (n=23) (n=23)
Age.y 619 61=9 65+7 62+9 63+ 8
Male sex 29 (63) 14 (61) 14 (61) 14 (61) 14 (61)
White race 35 (76) 18 (78) 20 (87) 14 (61) 19 (83)
BMI, kg/m2 29+4 29+7 25+ 3 30*+6 23 + Hab
Smoking history, pack-y 41 +25 46 +24 50 +27 56 +38 57+ 30
Current smoking status 17 (37) 10 (43) 4(17) 7 (30) 3 (13)
mMRC dyspnea score 1=x1 2+ ]» 2+ 10 3*1e 3*1a
FEV, % predicted 98+ 12 65+ 7s 60+ 9 24 * 4 20 £ 50
FVC % predicted 97+ 13 81+ 102 95+9 55+ 13 54 + 16v
FEV/FVC ratio 0.77x0.1 0.62£0.12 0.48 =0.1ab 0.34 £0.1 0.29 £ 0.1ab
FRC % predicted 89 +21 104 + 28 122 + 32 149 + 24a 178 + 23ab
TLC % predicted 92+ 13 87+13 112 = 162 106 = 10 123 + 132
6-min walk test, m 452 + 108 369 £ 139 398 =123 274 + 128 241 £ 113+
Emphysema, % 1+1 2+1 29 + 3ub 7+ 40 40 * 6ab
Third AG lumen diameter at 3.71+1.12 3.76 = 0.81 3.96 +0.73 3.41 +0.99 3.97+1.02

end tidal breathing, mm
Fourth AG lumen diameter 2.72+0.66 2.85+0.57 2.88 =0.63 2.64+0.59 3.13+0.73

at end tidal breathing, mm
Third AG WA% at end tidal 68+ 8 67+7 70+5 70+8 65+7

breathing, %
Fourth AG WA% at end tidal 76 +6 74+5 77+5 76+5 71+ 6ab

breathing, %

Data are presented as mean = SD or No. (%). AG = airway generation; AP = airway-predominant CT scan subtype; EP = emphysema-predominant
CT scan subtype; FRC = functional residual capacity; GOLD = Global Initiative for Chronic Obstructive Lung Disease; mMRC = modified
Medical Research Council; TLC = total lung capacity; WA = wall area.

P <.05 vs control group.

bP <.05 vs AP CT scan subtype within a GOLD stage.

diminished airway diameter-to-lung volume ratio at
full inflation.

To evaluate whether the change in airway caliber
depended on hyperinflation, we divided the entire
cohort into three groups as follows: control, nonhy-
perinflated, and hyperinflated. The presence of hyper-
inflation was defined as a TLC > 120% predicted.?

0.7
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(7] 0 -

c i ol

2 .

a 0.4+ o *

>

©

Z  0.34

£
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FIGURE 2. Global airway distensibility (mean = SEM) of the third
(open bars) and the fourth (solid bars) airway generations from
end tidal breathing to full inspiration in smoker control subjects
and COPD groups based on GOLD stages and CT scan subtypes
(AP and EP) is shown. (Global airway distensibility is defined in
the Methods section.) *P<.05 vs control subjects. AP = airway-
predominant CT scan subtype; EP = emphysema-predominant
CT scan subtype; GOLD = Global Initiative for Chronic Obstruc-
tive Lung Disease.
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Figure 5 shows a significant trend toward decreas-
ing airway caliber of the fourth AG with increasing
TLC % predicted.

Relationships Between Airway Distensibility
and Emphysema

There was a significant inverse association between
global airway distensibility and whole-lung emphy-
sema (third AG, r=—0.28; P =.001; fourth AG,
r=—0.40; P<.0001). Results were similar at lobar
level (e-Table 4). The association between distensi-
bility of the fourth AG and emphysema remained sig-
nificant after adjustment for age, male sex, BMI, and
pack-years of smoking (Table 2). In this model, BMI
also was associated with global fourth AG distensibility
(B =0.01, P=.02) and with lobar airway distensibility
in the RLL (B =0.02, P=.002) but not in the RUL
(P=.17). WA% of the fourth AG at end tidal breathing
was directly associated with airway distensibility. Mul-
tivariate regression results were comparable in the
postbronchodilator group (e-Table 5). We also explored
the determinants of lobar airway distensibility in the
fourth AG for the RUL and RLL using the lobar
measures of volume and emphysema. In these models,
emphysema was the determinant of distensibility
in the RUL and WA% in the RLL (Table 2). These
analyses in the postbronchodilator group showed
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FIGURE 3. Lobar airway distensibility of the RUL and RLL in
smoker control subjects and COPD groups based on GOLD
stages and CT scan subtypes (AP and EP). A, RUL. B, RLL.
Mean * SEM lobar airway distensibility of the third (open bars)
and fourth (solid bars) airway generations from end tidal Erea’(hing
to full inspiration is shown. *P <.05 vs control subjects. TP <.05
vs AP. RLL = right lower lobe; RUL = right upper lobe. See Fig-
ure 2 legend for expansion of other abbreviations.

similar results for the RUL airway distensibility, but
the association between WA% and distensibility did
not reach significance in the RLL (e-Table 5).

ACs vs non-ACs

Twenty-three percent of subjects in the entire
cohort were ACs. In each group, the percentage of
ACs was as follows: control, 7%; GOLD-2-AP, 22%;
GOLD-2-EP, 30%; GOLD-4-AP, 39%; and GOLD-
4-EP, 35%. A comparison of demographic, clinical,
physiologic, and CT scan emphysema data between
ACs and non-ACs is shown in Table 3.

Di1scussioN

In the present study, we found that the change in
airway caliber from end tidal breathing to full inspira-
tion was lower in subjects with moderate or severe
EP vs AP COPD. Additionally, we found that airway
distensibility remained inversely associated with the
extent of emphysema after adjusting for relevant
covariates. Finally, we found that paradoxical airway

740

constriction with lung inflation was common and that
these ACs had distinct clinical and CT scan features
compared with non-ACs.

Airway Distensibility Across Groups

We observed that airway distensibility tended to be
diminished in more severe disease and in the EP
disease. As published previously, we believe that this
decrease in distensibility is due to a combination of
intrinsic remodeling of the airway walls and progres-
sive parenchymal destruction.!’> We extended this
knowledge by demonstrating that the association
between emphysema and global airway distensibility
remained after adjustment for relevant covariates,
such age and sex. We believe that this adjustment is
important because studies have shown differences in
airway diameter changes with lung inflation by sex and
age in healthy lungs** and by age in diseased lungs.?
We also observed that airway distensibility varied by
lobe. Airway caliber changes tended to be higher in
the RLL than in the RUL regardless of AG and study
group. We also found differences in distensibility in
the fourth AG of the RUL between the two CT scan
subtypes in subjects with moderate and very severe
airflow obstruction (Fig 3A). There were not, however,
similar differences between CT scan subtypes in the
RLL, where there was less emphysema at all GOLD
stages (e-Table 1). Prior studies have found that
emphysema affects the upper-lung zones more severely
than the lower ones.2027 Although part of the present
observation may be attributed to lesser degrees of
emphysema in the lower lobes, there also may be dif-
ferences between the two lobes in the proximity of
emphysematous destruction to the measured airways.

3.0+

Control

N
o
1

GOLD 2-AP

GOLD 2-EP

GOLD 4-AP
GOLD 4-EP

to lung volume

Y

Ratio of airway lumen diameter

1.5

End Tidal Full
Breathing Inspiration

FIGURE 4. Ratio of airway lumen diameter to cube root of lung
volume at end tidal breathing and at full inspiration across smoker
control subjects and study COPD groups (AP and EP). Mean
ratio for the fourth airway generation at end tidal breathing and
full inspiration for each group is shown. All the groups had similar
ratios at end tidal breathing. At full inspiration, however, there
was a clear trend toward decreasing ratio with increasing GOLD
stage. See Figure 2 legend for expansion of abbreviations.
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FIGURE 5. Airway lumen diameters (mean = SEM) of the fourth
airway generation at full inspiration for control subjects and sub-
jects with COPD with and without hyperinflation. Total lung
capacity % predicted was 92%, 99%, and 131% for control, non-
hyperinflated, and hyperinflated groups, respectively. There was a
significant trend toward lower airway diameter with increasing
total lung capacity % predicted. *P <.001 vs control subjects.

Hyperinflation appears to reduce airway caliber.
Data supporting this effect can be seen in Figure 5,
where the lowest airway caliber was observed among
subjects with the most hyperinflated lungs. Clini-
cally, hyperinflation has been suggested as one of the
potential mechanisms explaining the impaired bron-
chodilatory effect of deep inspiration in patients with
asthma.?2 Unlike patients with asthma, subjects with
COPD may have both intrinsic airway disease and
reduced lung elastic recoil. Without knowledge of
transpulmonary pressure in the present study, it is
difficult to ascertain the relative contribution of the
latter to airway caliber.

Airway wall properties also play a role in airway
distensibility in COPD. In fact, Baldi et al’> demon-
strated the relationship between emphysema and
distensibility only after albuterol administration. Sim-
ilarly, we validated this association in the postbron-
chodilator cohort (e-Table 3). If we assume that the
airway tone is removed in this subset of subjects, the
changes in airway caliber with lung inflation would

be determined by properties of both the parenchyma

and the airway wall. We observed significant decre-
ments in airway distensibility of GOLD-2-AP and
GOLD-4-AP subjects compared with control sub-
jects with similar amounts of emphysema (Fig 2).
Although this may in part indicate that CT scan is not
a sensitive measure of the parenchymal properties
of emphysema, it may suggest that wall structure
(wall thickening, fibrosis, stiffening of noncontractile
elements such as collagen, and reduced tidal stretch-
ing of airway smooth muscle) also determines airway
caliber at full inflation. WA% at end tidal breath-
ing was directly associated with airway distensibility.
Although WA% of the surveyed airways at end tidal
breathing may not be a direct reflection of mural
remodeling, we believe that a thicker airway wall may
indicate compacted mural tissue at low lung volume.
The more compacted or excess tissue evident in the
airway wall at end tidal breathing, the more potential
to dilate with lung inflation. Alternatively, as other
authors have suggested, a thicker airway may be pro-
tective against early airway collapse and hyperinfla-
tion.2 Further investigation regarding this observation
is needed.

An interesting finding in the present study was the
observed association between BMI and airway dis-
tensibility, suggesting that subjects with greater body
size had more distensible airways. The effect of
BMI on airway distensibility is independent of emphy-
sema, age, sex, and pack-years of smoking. One
explanation for this association may be the effect
of BMI on lung volume. Previous research has sug-
gested that there is a relationship between trans-
mural pressure and airway caliber.? At high pressures
(or presumably high lung volumes), airway disten-
sibility decreases. It is possible that the present
findings are due to reduced end tidal and maximal
inflation volumes on CT scan because of increased
BMI. A subject with a greater BMI may start at a
lower lung volume and then maximally inflate to a vol-
ume that is still within the linear range of airway dis-
tension. In comparison, a subject with lower BMI may
start at a higher end tidal volume and then maximally

Table 2—Multivariate Linear Regression Models for Global and Lobar Airway Distensibility of the Fourth AG

Model

Parameter Estimate 95% CI P Value

Model 1: global airway distensibility

Whole-lung emphysema, % —0.005 —0.008 to —0.002 .001

WA% of the fourth AG at end tidal breathing, % 0.010 0.003 to 0.02 .005
Model 2: RUL airway distensibility

RUL emphysema (%) —0.003 —0.005 to —0.001 .0001

WA% of the fourth AG of the RUL apical bronchus at end tidal breathing, % 0.003 —0.002 to 0.007 22
Model 3: RLL airway distensibility

RLL emphysema, % —0.002 —0.005 to 0.002 42

WA% of the fourth AG of the RLL posterior basal bronchus at end tidal breathing, % 0.010 0.003 to 0.02 .007

Models were adjusted for age, sex, BMI, and pack-years of smoking. R? was 0.32, 0.27, and 0.24 for models 1, 2, and 3, respectively. RLL = right
lower lobe; RUL = right upper lobe. See Table 1 for expansion of other abbreviations.

www.chestpubs.org

CHEST /141 /3 /MARCH, 2012 741

Downloaded from chestjournal.chestpubs.org at Countway Library of Medicine on March 23, 2012
© 2012 American College of Chest Physicians


http://www.chestpubs.org
http://chestjournal.chestpubs.org/

Table 3—Demographic, Clinical, Physiologic, and CT Scan Data for Airway Constrictors and Non-Airway

Constrictors
Characteristic Non-Airway Constrictors (n = 106) Airway Constrictors (n = 32) P Value
Age,y 62+8 62+10 .8
Male sex 68 (64) 17 (53) .26
White race 90 (85) 19 (59) .002
BMI, k/m? 28+6 24+4 .0001
Smoking history, pack-y 48 + 27 51 +34 63
Current smoking status 26 (25) 15 (47) .02
mMRC dyspnea score 2*2 3*1 .01
FEV, % predicted 66 =33 43+25 .0003
FVC % predicted 82+ 22 71+22 .01
FEV/FVC ratio 0.6*+0.2 04+02 .0006
FRC % predicted 112 +36 152 +39 <.001
TLC % predicted 99+ 18 108+ 16 .03
6-min walk test, m 383+ 139 302 + 144 .005
Emphysema, % 12+15 19*+16 .02
WA% of third AG at end tidal breathing, % 69+7 65+8 .008
WA% of fourth AG at end tidal breathing, % 76+5 72+7 .01

Data are presented as mean = SD or No. (%). See Table 1 legend for expansion of abbreviations.

inflate to a volume that exceeds the linear range of
airway distension. Despite there being changes in
volume, the subject with lower BMI may paradoxically
exhibit lower airway compliance (or distensibility).

Clinical and CT Scan Features of ACs

The present data confirm the findings of prior stud-
ies that demonstrated a paradoxical decrease in air-
way caliber with lung inflation’? and extend those
findings by describing the clinical and CT scan fea-
tures of ACs. As expected, the frequency of ACs
increased with the severity of airflow obstruction. We
also found that compared with their counterparts, ACs
were more likely to have lower BMI, lower FEV, % pre-
dicted, worse exercise capacity, thinner airways, more
hyperinflation, and more emphysema. These charac-
teristics substantiate the notion that airway constric-
tion is a marker of advanced disease.'22? An explanation
of this paradoxical airway behavior is that longitudinal
stretching of airways not supported by radial traction
is likely to reduce airway caliber with lung inflation.’2

Implications

A practical implication of the study findings is that
therapy targeting an increase in airway caliber (eg,
bronchodilators) may be less effective in subjects with
an EP CT scan subtype. This is consistent with prior
work by Han et al,* who observed diminished bron-
chodilator response in subjects with greater burdens
of emphysema.

Limitations

This study has several limitations. First, although
we matched subjects based on center and CT scanner
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brand, there is center-to-center and scanner-to-scanner
variability in CT scan measures of the disease. Second,
in order to have adequate sample sizes per group, we
included subjects with different spirometry-CT scan
sequences because the test order was not standard-
ized. Thus, airway distensibility measures were taken
from subjects who may or may not have had pre-
ceding treatment with albuterol. However, the find-
ings were replicated in a postbronchodilator cohort.
Third, it is known that variability in inspiration level
affects CT scan measures of volumes and emphy-
sema. To reduce this potential source of variability,
standardized, verbal instructions were given to each
subject during CT scan acquisition. Finally, we selected
proximal AGs based on an anatomic approach, and
consequently, the analysis was based on generations
rather than on grouping the airways by sizes. Although
this approach limits comparison with prior studies,
it may control for the effect of airway location on
airway-parenchyma interdependence.

CONCLUSIONS

The results demonstrate that COPD airway disten-
sibility is lower in subjects with an EP CT scan sub-
type. The data support the notion that emphysema
alters airway-parenchyma interdependence. A reduc-
tion in airway caliber with lung inflation is frequent,
and subjects with this phenomenon have clinical and
CT scan features of advanced disease.
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e-Appendix 1.

Methods

Study population

COPDGene (www.copdgene.org) is a multi-center study examining genetic and epidemiologic risk factors for
COPD and smoking-related lung diseases in non-Hispanic white and African-American smokers.' From November
of 2007 to October of 2009 the first 2500 smokers (with at least 10 pack years of smoking) between the ages of 45
and 80 were enrolled into COPDGene. For this study, we selected a subset of subjects based on GOLD (Global
Initiative for Obstructive Lung Disease) stages of COPD? and CT phenotypes. These phenotypes were defined as
AP or EP based upon CT measures of emphysema (<13 or >25%, respectively)’. Because of the limited number of
subjects available with GOLD-4 stage and an AP, we first clustered all these subjects (N=23) into this group. Then,
this group was age-, gender-, scanner brand-, and center-matched with GOLD-2-AP, GOLD-2-EP, and GOLD-4-
EP groups (N=23 each group) and with a control group (N=46) with normal lung function and no emphysema on
CT scans. Usually subjects were evaluated in 1 or 2 visits, in which the questionnaires and pulmonary functions
tests were taken first and then CT scanning. In the present study, 118 out of 138 subjects had the date and time of

both spirometry and of CT scanning available. In 96 subjects the spirometry was performed first and in 22 the CT
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scanning. The median (interquantile range) time between postbronchodilator spirometry and the following CT

scanning was 78 (53-96) minutes.

Clinical and Physiologic Assessments

Demographic and clinical history data were collected with standardized instruments. Dyspnea was measured with
the modified Medical Research Council Score.* Spirometry was performed at each center in accordance with
American Thoracic Society/European Respiratory Society recommendations’ with an ndd EasyOne™ spirometer
(Zurich, Switzerland) before and 20 minutes after two puffs (180 mcg) of albuterol administration. The

postbronchodilator forced expiratory volume in one second and forced vital capacity were expressed as percentages

of predicted values using standardized prediction equations.® Exercise capacity was assessed with a standardized six-
minute walk test.

Airway distensibility

W expressed airway distensibility as the ratio of absolute change in airway inner diameter (in mm) to the cubic root
of absolute change in lung volume (in deciliters) from end tidal breathing to total full inspiration’. The ratio was
calculated with whole-lung and lobar data sets and called global and lobar airway distensibility, respectively. Each
ratio was calculated with the following formula:

Global airway distensibility:

(Airway diameter [AD] of the 3" /4™-AG at full inspiration - AD of the 3" /4™-AG at end tidal breathing)

(Whole-lung volume at full inspiration- Whole lung volume at end tidal breathing)'’?

Airway diameters of the 3™ or 4™ airway generations (AG) from the right upper lobe (RUL) apical bronchus (RB1)
and the right lower lobe (RLL) posterior bronchus (RB10) were identified and matched on inspiratory and

expiratory paired CT scans. We chose these two bronchi because their generally perpendicular orientation to the
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axial CT scanning plane. Then we measured all segments individually and averaged all 3*AG and 4™AG diameter
measurements. Measures of airway lumen area and total airway area and calculations of wall area percent were all
performed following same steps as lumen diameters. Analyses using global airway distensibility were always

performed with whole-lung emphysema measure.

Lobar airway distensibility for RUL:

(Airway diameter [AD]of the RB1 3™ /4"™-AG at full inspiration - AD of the RB1 3™ /4™-AG at end tidal breathing)

(Volume of RUL at full inspiration - Volume of RUL at end tidal breathing)'’?

Lobar airway distensibility for RLL:

|(Airway diameter [AD] of the RB10 3™ /4"-AG at full inspiration -AD of the RB10 3™ /4"-AG at end tidal

breathing )

(Volume of RLL at TLC - Volume of RLL at end tidal breathing)'’*

An airway inner diameter was calculated for the 3™ and the 4™ airway generations of RB1 and RB10 bronchi by
averaging the three measures obtained in each segment; lobar volume changes for the RUL and RLL were used to
calculate the denominator. Analyses using lobar airway distensibility always were performed with lobar emphysema
data of RUL and RLL.

CT examination

Images acquisition parameters by scanner (Tables 1A and 1B) used by the subset of subjects of this study. Data were

taken from the COPDGene website (www. copdgene.org).
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CT measures of emphysema and lung volumes

The lung volumes were calculated as volume of the lung mask minus the central airways for each CT scan by using
Airway Inspector software as described elsewhere. RUL and RLL measures of volume and emphysema were
obtained from the COPDGene Image Analysis Core (N=130). This data was obtained with VIDA software (Iowa
City, IA). For the analyses looking at lobar airway distensibility, COPD patients within a GOLD stage were
classified as EP or AP depending on whether their lobar emphysema value fell above or below the median lobar
emphysema value, respectively. We used this approach because the groups using whole-lung or lobar emphysema

were almost identical and thus comparable.
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e-Table 1A Inspiratory Volumetric Computed Tomography Protocol

Inspiratory CT

Scanner make GE GE SIEMENS SIEMENS
Scanner model LS 16 VCT-64 Sensation-16 Sensation-64
Scan Type Helical VCT Helical Spiral Spiral
Rotation Time (s) See mA See mA 0.5 0.5
Det. Configuration 16 x 0.625 64 x 0.625 16 x 0.75 64x0.6
Pitch 1.375 1375 mm 1.1 1.1
Speed (mm/rot) 13.75 13.75 13.2 211
kVp 120 120 120 120
mA 400 @ 0.3s 400 @ 0.3s Effective Effective
mAs: 200 mds: 200
Dose modulation Auto-mA off Off CARE CARE
Dose 4D off Dose 4D off
Reconstructions
RECONI1
Algorithm BONE BONE B46f B46f
Thickness (mm) 0.625 0.625 0.75 0.75
Interval (mm) 0.625 0.625 05 05
DFOV (cm) Lungs* Lungs*® Lungs* Lungs*®
RECON 2
Algorithm Standard Standard B31f B31f
Thickness (mm) 0.625 0.625 0.625 0.75
Interval (mm) 0.625 0.625 05 05
DFOV (cm) Lungs* Lungs*® Lungs* Lungs*®

* reconstruction field of view should encompass the widest diameter of the lung.
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e-Table 1B Expiratory Volumetric Computed Tomography Protocol

Expiratory CT

Scanner make GE GE SIEMENS SIEMENS
Scanner model LS 16 VCT-64 Sensation-16 Sensation-64
Scan Type Helical VCT Helical Spiral Spiral
Rotation Time () See mA See mA 0.5 0.5
Det. Configuration 16 x 0.625 64 x 0.625 16x0.75 64x0.6
Pitch 1.375 1375 mm 1.1 1.1
Speed (mm/rot) 13.75 13.75 132 21.1
kVp 120 120 120 120
MA 100 @ 0.3s 100 @ 0.3s Effective Effective
mds: 50 mds: 50
Dose modulation Auto-mA off Off CARE CARE
Dose 4D off Dose 4D off
Reconstructions
RECONI1
Algorithm BONE BONE B46f B46f
Thickness (mm) 0.625 0.625 0.75 0.75
Interval (mm) 0.625 0.625 05 05
DFOV (cm) Lungs* Lungs*® Lungs* Lungs*
RECON 2
Algorithm Standard Standard B31f B31f
Thickness (mm) 0.625 0.625 0.75 0.75
Interval (mm) 0.625 0.625 05 05
DFOV (cm) Lungs* Lungs*® Lungs*® Lungs*

* reconstruction field of view should encompass the widest diameter of the lung.
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Results

e-Table 2 Self-Reported Respiratory Treatment Across Study Groups.

Control GOLD 2-AP GOLD 2-EP GOLD 4-AP GOLD 4-EP
Reported Treatment** N=46 N=23 N=23 N=23 N=23
Short-Acting Bronchodilators, n (%) 6 (13) 10 (43)* 13 (57)* 18 (78)* 18 (78)*
Long-Acting Bronchodilators, n (%) 5(11) 4 (17) 10 (43*%) 13 (57)* 15 (65)*
Inhaled Corticosteroids, n (%) 0(0) 1(4) 209 8 (35)* 29
Long-Acting f-Agonists plus 2 (4) 5(22) 10 (43)* 11 (48)* 13 (57)*

Corticosteroids, n (%)

**Short-Acting Bronchodilators: Albuterol, Ipratropium, Metaprotenerol, and Albuterol + Ipratropium; Long-Acting

Bronchodilators: Formoterol, Salmeterol, and Tiotropium; Inhaled Corticosteroids: Budesonide, Fluticasone, and

Triamcinolone; Long-Acting - Agonists + Corticosteroids: Formoterol plus Budesonide and Salmeterol plus Fluticasone.

GOLD: Global Initiative for Obstructive Lung Disease; AP: airway-predominant CT subtype; EP: emphysema-predominant CT subtype.

*P <0.05 vs. controls; TP <0.05 vs GOLD 4- AP
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e-Table 3 CT lobar measures of volume, emphysema, and airway diameter (N= 130)

CT Measure Control GOLD 2-AP GOLD 2-EP GOLD 4-AP GOLD 4-EP All
Volume of RUL

+ + + *1 + * + *1 +
At End Tidal Breathing (m) 610 + 165 722 + 207 1083 + 319 1004 + 235 1231 + 302 863 + 335
Volume of RUL 1099 + 249 1099 + 282 1708 + 497* 1304 + 307 1551 + 412* 1300 + 415
At Full Inspiration (ml)
Volume of RLL

+ + + + 302* + 318* +
At End Tidal Breathing (m) 639 + 187 696 + 208 806 + 311 1055 + 302 1279 + 318 839 + 345
Volume of RLL 1371 + 358 1146 + 298 1510 + 417t 1342 + 262 1670 + 360+ 1396 + 377
At Full Inspiration (ml)
Emphysema of 1+2 2+ 1 36 + 13* 8 + 5% 45 + 12+ 15+ 19
RUL (%) = = = = = =
Emphysema of + + - + 4 (3%t +
RLL (%) 1+1 1+1 20 + 11 6 +3 38 +13 10 + 15
Inner Diameter
of RB1 39AG 3.86 + 1.29 4.00 +1.16 4.35 +1.02 3.47 +1.05 410 + 1.66 391+ 127
at End Tidal Breathing (mm)
Inner Diameter
of RB1 4" AG 2.61 +0.62 2.78 + 0.65 2.94 +0.58 2.44 +0.78 3.09 + 0.87 2.75 + 0.72

at End Tidal Breathing (mm)
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Inner Diameter
of RB10 3" AG 3.62£1.19 3.60 £ 0.93 3.60 £ 0.91 3.70 £ 1.14 3.751£0.93 3.65+1.05
at End Tidal Breathing (mm)

Inner Diameter
of RB10 4® AG 2.85+1.04 2.94 + 0.66 2.87+1.01 2.84 +0.84 3.06 £0.76 2.93+ 091

at End Tidal Breathing (mm)

Data are presented as mean * SD.
*P<(0.05 vs. control; TP<0.05 vs. Airway-predominant CT subtype within a GOLD stage.
GOLD: Global Initiative for Obstructive Lung Disease; AP: airway-predominant CT subtype; EP: emphysema-predominant CT subtype. RUL: right

upper lobe; RLL: right lower lobe; RB1: right upper lobe apical bronchus; RB10: right lower lobe posterior basal bronchus; AG: airway generation.
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e-Figure 1 Distribution of inner diameter of the 3" (open bars) and 4th (filled bars) airway generations across smokers
with normal lung function and those with GOLD 2 and 4 COPD (airway-predominant [AP] and emphysema-predominant
[EP]). GOLD: Global Initiative for Obstructive Lung Disease.
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e-Table 4 Correlation coefficients (r) between lobar airway distensibility and lobar emphysema.

Lobar Airway Distensibility
Airway Generation of the Airway Generation of the
RB1 Bronchus RB10 Bronchus

3rd 4th 3rd 4th
Lobar
Emphysema (%) r P value r P value r P value r P value
Right Upper Lobe -0.21 0.02 -0.46 <0.0001
Right Lower Lobe -0.19 0.04 -0.22  0.02

RBI1: right upper lobe apical bronchus; RB10: right lower lobe posterior basal bronchus.
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e-Table 5 Multivariate linear regression model for global and lobar airway distensibility of the 4™ airway

generation in the postbronchodilator cohort (N=73)

Parameter

Model Estimate

95% Confidence

Interval

P value

Model 1
Global airway distensibility

Whole-lung Emphysema (%) -0.004

Wall Area Percent of the 4™
AG at End Tidal Breathing 0.01

-0.008, -0.0003

0.002, 0.02

0.04

0.02

Model 2
Right upper lobe airway distensibility

RUL Emphysema (%) -0.003

Wall Area Percent of the 4" AG

of the RUL apical bronchus at
End Tidal Breathing 0.003

-0.005, -0.002

-0.002, 0.007

0.0001

0.22

Model 3
Right Lower Lobe Airway
Distensibility

RLL Emphysema (%) -0.003

Wall Area Percent of the 4™ AG
of the RLL posterior basal bronchus at
End Tidal Breathing 0.004

-0.008, 0.002

-0.003, 0.02

0.29

0.09

Adjustment was done for age, gender, Body Mass Index, and pack years of smoking. Model R?

was 0.33, 0.30, and 0.25 for global, right upper lobe, and right lower lobe airway distensibility,

respectively. RUL: right upper lobe; RLL: right lower lobe; AG: airway generation.

Online supplements are not copyedited prior to posting.

© 2012 American College of Chest Physicians. Reproduction of this article is prohibited without written permission from the
American College of Chest Physicians (http://www.chestpubs.org/site/misc/reprints.xhtml). DOI: 10.1378/chest.11-1026

Downloaded from chestjournal.chestpubs.org at Countway Library of Medicine on March 23, 2012
© 2012 American College of Chest Physicians


http://chestjournal.chestpubs.org/

CHEST Online Supplement

References

1 Regan EA, Hokanson JE, Murphy JR, et al. Genetic epidemiology of COPD (COPDGene) study design.
COPD 2010; 7:32-43

2 Rabe KF, Hurd S, Anzueto A, et al. Global strategy for the diagnosis, management, and prevention of
chronic obstructive pulmonary disease: GOLD executive summary. Am J Respir Crit Care Med 2007;
176:532-555

3 Mishima M, Hirai T, Itoh H, et al. Complexity of terminal airspace geometry assessed by lung computed

tomography in normal subjects and patients with chronic obstructive pulmonary disease. Proc Natl Acad
Sci U S A 1999; 96:8829-8834

4 Mahler DA, Weinberg DH, Wells CK, et al. The measurement of dyspnea. Contents, interobserver
agreement, and physiologic correlates of two new clinical indexes. Chest 1984; 85:751-758

5 Standardization of Spirometry, 1994 Update. American Thoracic Society. Am J Respir Crit Care Med
1995; 152:1107-1136

6 Hankinson JL, Odencrantz JR, Fedan KB. Spirometric reference values from a sample of the general
U.S. population. Am J Respir Crit Care Med 1999; 159:179-187
7 Wilson AG, Massarella GR, Pride NB. Elastic properties of airways in human lungs post mortem. Am

Rev Respir Dis 1974; 110:716-729

Online supplements are not copyedited prior to posting.

© 2012 American College of Chest Physicians. Reproduction of this article is prohibited without written permission from the
American College of Chest Physicians (http://www.chestpubs.org/site/misc/reprints.xhtml). DOI: 10.1378/chest.11-1026

Downloaded from chestjournal.chestpubs.org at Countway Library of Medicine on March 23, 2012
© 2012 American College of Chest Physicians


http://chestjournal.chestpubs.org/

Association Between Airway Caliber Changes With Lung Inflation and
Emphysema Assessed by Volumetric CT Scan in Subjects With COPD
Alejandro A. Diaz, Carolyn E. Come, James C. Ross, Raul San José
Estépar, MeiLan K. Han, Stephen H. Loring, Edwin K. Silverman, George R.
Washko and for the COPDGene Investigators
Chest 2012;141; 736-744; Prepublished online September 22, 2011;
DOI 10.1378/chest.11-1026

This information is current as of March 23, 2012

Supplementary Material
View e-supplements related to this article at:
http://chestjournal.chestpubs.org/content/suppl/2012/02/28/chest.11-1026.DC1.html

Updated Information & Services
Updated Information and services can be found at:
http://chestjournal.chestpubs.org/content/141/3/736.full.html

References
This article cites 29 articles, 22 of which can be accessed free at:
http://chestjournal.chestpubs.org/content/141/3/736.full. html#ref-list-1

Permissions & Licensing

Information about reproducing this article in parts (figures, tables) or in its entirety can be
found online at:

http://www.chestpubs.org/site/misc/reprints.xhtml

Reprints
Information about ordering reprints can be found online:
http://www.chestpubs.org/site/misc/reprints.xhtml

Citation Alerts
Receive free e-mail alerts when new articles cite this article. To sign up, select the
"Services" link to the right of the online article.

Images in PowerPoint format
Figures that appear in CHEST articles can be downloaded for teaching purposes in
PowerPoint slide format. See any online figure for directions.

AMERICAN COLLEGE OF

S I C€C I A N S°

Downloaded from chestjournal.chestpubs.org at Countway Library of Medicine on March 23, 2012
© 2012 American College of Chest Physicians


http://chestjournal.chestpubs.org/content/141/3/736.full.html
http://chestjournal.chestpubs.org/content/141/3/736.full.html#ref-list-1
http://www.chestpubs.org/site/misc/reprints.xhtml
http://www.chestpubs.org/site/misc/reprints.xhtml
http://chestjournal.chestpubs.org/

	
	1
	2
	3
	4
	5


