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BACKGROUND. Chronic obstructive pulmonary disease (COPD) is characterized by airway remodeling. Characterization of
airway changes on computed tomography has been challenging due to the complexity of the recurring branching patterns, and
this can be better measured using fractal dimensions.

METHODS. We analyzed segmented airway trees of 8,135 participants enrolled in the COPDGene cohort. The fractal complexity
of the segmented airway tree was measured by the Airway Fractal Dimension (AFD) using the Minkowski-Bougliand box-
counting dimension. We examined associations between AFD and lung function and respiratory morbidity using multivariable
regression analyses. We further estimated the extent of peribronchial emphysema (%) within 5 mm of the airway tree,

as this is likely to affect AFD. We classified participants into 4 groups based on median AFD, percentage of peribronchial
emphysema, and estimated survival.

RESULTS. AFD was significantly associated with forced expiratory volume in one second (FEV,; P < 0.001) and FEV, /forced
vital capacity (FEV,/FVC; P < 0.001) after adjusting for age, race, sex, smoking status, pack-years of smoking, BMI, CT
emphysema, air trapping, airway thickness, and CT scanner type. On multivariable analysis, AFD was also associated with
respiratory quality of life and 6-minute walk distance, as well as exacerbations, lung function decline, and mortality on
longitudinal follow-up. We identified a subset of participants with AFD below the median and peribronchial emphysema
above the median who had worse survival compared with participants with high AFD and low peribronchial emphysema
(adjusted hazards ratio [HR]: 2.72; 95% Cl: 2.20-3.35; P < 0.001), a substantial number of whom were not identified by
traditional spirometry severity grades.

CONCLUSION. Airway fractal dimension as a measure of airway branching complexity and remodeling in smokers is
associated with respiratory morbidity and lung function change, offers prognostic information additional to traditional CT
measures of airway wall thickness, and can be used to estimate mortality risk.

TRIAL REGISTRATION. ClinicalTrials.gov identifier: NCT00608764.

FUNDING. This study was supported by NIH K23 HL133438 (SPB) and the COPDGene study (NIH Grant Numbers RO1
HL089897 and R01 HL089856). The COPDGene project is also supported by the COPD Foundation through contributions made
to an Industry Advisory Board comprised of AstraZeneca, Boehringer Ingelheim, Novartis, Pfizer, Siemens, Sunovion and
GlaxoSmithKline.

emphysema is associated with respiratory morbidity and change
in lung function, as well as with mortality (5-8). Although equally
important, airway disease has been harder to characterize, and the
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Introduction
Airflow obstruction in chronic obstructive pulmonary disease
(COPD) is a result of both emphysema and airway disease (1, 2).
Advances in computed tomographic (CT) imaging have enabled
localization and quantification of structural changes in lung paren-
chyma, resulting in improved phenotyping of COPD (3, 4). CT
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presence and severity of airway remodeling have been variously
quantified using measurements from the segmental and subseg-
mental airways. These include airway wall measurements such as
bronchial diameter, airway wall area, airway wall thickness, and
the tortuosity of airway branches (9-11). These measurements
describe the morphology of individual branches or specific gener-
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ations and, in serving as surrogates of overall airway remodeling,
assume that the airway tree geometry follows Euclidean relation-
ships that can be represented in integer dimensions. However, the
airway tree possesses a complex self-repeating geometry that is
specific for each individual, and this branching pattern is repre-
sented better in fractional dimensions (12, 13).

Fractal geometry is the study of structures that seem chaotic
but exhibit a hierarchal self-similar pattern (12). Using airway
casts, Weibel demonstrated that fractal geometry is useful in
characterizing the complex self-repeating airway branching pat-
terns that are necessary for efficient gas exchange (13). Fractal
dimensions have been used previously in several applications to
explain regional ventilation (14), pulmonary vessel branching and
blood flow patterns (15, 16), pulmonary arterial hypertension (17,
18), emphysema grouping in the lungs (19), and to quantify air-
way remodeling in digitized airway casts in asthmatics (20). It
is likely that the same branching patterns that enhance efficient
airflow and gas transfer in healthy individuals are associated with
increased turbulence, airflow obstruction, and impaired airflow
distribution in the setting of perturbations in the branching pat-
terns. Using data from CT scans obtained from smokers with and
without COPD, we hypothesized that the airway fractal dimension
(AFD) provides a precise summative measurement of the morpho-
logical changes in the airways in COPD, and that airway fractals
are associated with respiratory morbidity, lung function decline,
and all-cause mortality.

Results

Participants. We measured AFD in the 8,135 participants from the
Genetic Epidemiology of COPD (COPDGene) cohort for whom
we had complete airway segmentations. Characteristics of sub-
jects are shown in Table 1. Participants included 105 (1.2%) life-
time nonsmokers (i.e., they had never smoked), 3,961 (48.6%)
without airflow obstruction (Global Initiative for Obstructive Lung
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Disease [GOLD] stage 0), and 721 (8.8%), 1,755 (21.5%), 1,052
(12.9%), and 541 (6.6%) with GOLD stages 1 to 4, respectively.
The study participants included 4,121 (52.6%) active smokers and
2,503 (30.7%) African Americans. The mean AFD was 1.56 (SD
0.07) for nonsmokers, and 1.52 (0.09), 1.50 (0.08), 1.46 (0.08),
1.45 (0.07), and 1.45 (0.07) for GOLD stages O through 4, respec-
tively (trend test, P < 0.0001).

AFD and lung function. AFD correlated significantly with FEV,
(r=0.35;P<0.001) and FEV /FVC (r=0.26; P< 0.001). After adjust-
ment for age, race, sex, smoking status, pack-years of smoking, BMI,
percentage of CT emphysema (% CT emphysema), percentage of
CT air trapping (% CT air trapping), Pil0 (square root of the wall
area of a hypothetical airway with a lumen perimeter of 10 mm), and
CT scanner type, AFD remained significantly associated with FEV,
(adjusted B:1.62; 95% CI:1.48-1.76; P < 0.001) as well as with FEV /
FVC (adjusted B: 0.23; 95% CI: 0.20-0.25; P < 0.001) (Table 2, and
Supplemental Table 4).

AFD and respiratory morbidity. AFD was significantly associated
with respiratory quality of life measured by Saint George’s Respi-
ratory Questionnaire (SGRQ) (adjusted B: -7.35; 95% CI: -12.49 to
-2.21; P = 0.005) after adjustment for age, race, sex, smoking sta-
tus, pack-years, BMI, FEV, at baseline, % CT emphysema, % CT
air trapping, Pi10, and CT scanner type. Similarly, AFD was also
significantly associated with 6-minute walk distance (6 MWD)
(adjusted P: 266.92; 95% CI: 171.76-362.07; P < 0.001) (Table 2).

AFD and exacerbations. We had follow-up data for exacer-
bations on 5,761 participants (median: 6.6 years; range: 0.2-9.5
years). After adjustment for age, sex, race, BMI, FEV,, pack-years
of smoking, current smoking status, and emphysema, AFD was

Table 1. Baseline demographics of participants

Parameters Mean (SD)
Age, years 59.9(9.0)
Female, n (%) 3,731(45.8)
African American, 1 (%) 2,503 (30.7)
Body mass index, kg/m? 28.3(5.9)
Smoking pack-years 44,6 (24.9)
Current smokers, 1 (%) 4,121(50.6)
FEV, liters 2.28(0.9)
FEV,, % predicted 776 (27.0)
FVC, liters 3.3(1.0)
FVC, % predicted 89.4 (18.1)
FEV,/FVC 06 (0.)
GOLD severity, 1 (%)

0 3,961 (48.6)
1 721(8.8)
2 1,755 (21.5)
3 1,052 (12.9)
4 541(6.6)
Nonsmokers, 1 (%) 105(1.2)
% CT emphysema 6.78 (10.1)
% CT air trapping 2337(205)
Pi10, mm 3.67(0.13)
Airway fractal dimension 149 (0.1)
Peribronchial emphysema, % 230(3))

N = 8,135 participants. Values are mean (SD) unless specified otherwise.
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Table 2. Multivariable associations of airway measures with lung function and respiratory morbidity

Pi10
B (95% C1) P
FEV1, liters® -1.85 (-1.95, -1.76) <0.001
FEV1/FV[A -019(-0.20,-0.17) <0.001
Six-minute walk distance, feet® -343.52 (-410.11, -276.93) <0.001
SGRQ® 19.00 (15.42, 22.58) <0.001

Airway fractal dimension (AFD)

Unadjusted for Pi10 Adjusted for Pi10
B (95% (1) P B (95% C1) P
1.98 (1.83, 2.13) <0.001 1.62 (148, 1.76) <0.001
0.26 (0.24,0.28) <0.001 0.23(0.20, 0.25) <0.001
291.26 (196.43, 386.10) <0.001 266.92 (171.76, 362.07) <0.001
-9.12 (-14.25, -4.00) <0.001 -735(-12.49, -2.21) 0.005

N = 8,030 participants. 3 = regression coefficient. *All models adjusted for age, race, sex, smoking status, pack-years, BMI, % CT emphysema, % CT air
trapping, and CT scanner type. 8Models adjusted for adjusted for baseline FEV, at baseline in addition to age, race, sex, smoking status, pack-years, BMI,

% CT emphysema, % CT air trapping, and CT scanner type.

associated with the total number of exacerbations (incidence risk
ratio [IRR]: 0.17; 95% CI: 0.10-0.29; P < 0.001) and with severe
exacerbations (IRR: 0.20; 95% CI: 0.10-0.41; P < 0.001).

AFD and FEV, change. We had follow-up spirometry for 3,948
participants for a median duration of 64 months (interquartile
range [IQR]: 60-68 months). In models evaluating associations
with change in FEV, after 5-year follow-up with adjustment for
age, race, sex, BMI, smoking status, pack-years of smoking,
% CT emphysema, FEV, at baseline, and CT scanner type, Pil0
was not associated with FEV, change (adjusted f: -2.04; 95% CI:
-17.76-13.66; P = 0.798) but AFD was associated with FEV, change
(adjusted B:-31.55; 95% CI: -52.74 to -10.36; P = 0.003). This rela-
tionship between AFD and FEV, change held true in combined
models that included adjustment for Pi10 (adjusted p: -33.41;95%
CI: -54.28 t0-12.55; P = 0.001).

Mild disease. We assessed the value of AFD separately in
subjects at risk for COPD but without airflow obstruction on spi-
rometry (GOLD stage 0; n = 3,961). We found AFD was similar-
ly associated with FEV,, FEV,/FVC, SGRQ, and 6 MWD (all P <
0.001) (Table 3). In addition, the inverse relationship between
AFD and lung function decline was also seen in 2,053 participants
with GOLD 0 on follow-up (adjusted f: -38.81; 95% CI: -64.30 to
-13.31; P=0.002) (Table 3).

Survival. Survival data was available in 7,154 participants for a
median duration of 80 months (IQR: 71-88 months). In the entire

cohort, 980 (13.7%) patients died over the period of follow-up, 188
(2.6%), 52 (0.7%), 236 (3.2%), 242 (3.3%), and 262 (3.6%) were in
GOLD stages O through 4, respectively. After adjusting for age,
race, sex, BMI, and pack-years of smoking, both Pi10 (adjusted
HR: 15.74; 95% CI: 10.37-23.91; P < 0.001; Akaike information
criterion [AIC]: 15,913.24) and AFD (adjusted HR: 0.04; 95% CI:
0.02-0.10; P < 0.001; AIC: 16,512.2) were significantly associated
with mortality in subjects with COPD. In combined models with
addition of Pil0 to the AFD model, AFD was still independently
associated with mortality in COPD (adjusted HR: 0.14; 95% CI:
0.06-0.29; P < 0.001; AIC: 15,888.36).

Table 4 shows baseline data for the 4 groups based on AFD
and percentage of peribronchial emphysema. Figure 1A shows the
4 groups, and Figure 1B shows the distribution of participants by
GOLD stage across the groups. Figure 1C shows survival curves for
these groups. In groups I through IV, 122 (6.8%), 150 (8.6%), 309
(16.2%), and 399 (23.1%) participants died, respectively. Of note,
a substantial proportion of participants in group IV had GOLD 0
(247;14.3%) and GOLD 1 (135;7.8%) disease. After adjustment for
age, race, sex, and pack-years of smoking, the HRs for participants
in groups 11, I1I, and IV were 1.36 (95% CI: 1.07-1.73; P = 0.011),
1.69 (95% CI:1.36-2.10; P < 0.001), and 2.72 (95% CI: 2.20-3.35;
P <0.001), respectively, compared with participants in group 1.

AFD: influence of airway narrowing and airway loss. AFD is
likely affected by multiple pathologic processes, including airway

Table 3. Multivariable associations of airway measures with lung function and respiratory morbidity subjects without airflow obstruction

Pi10
B (95% C1) P
FEV,, liters* -0.69 (-0.83, -0.55) <0.001
FEV,/FVC* 0.03(0.01,0.05) <0.001
Six-minute walk distance, feet® -254.94 (-360.07, -149.82) <0.001
SGRQ® 13.12(7.61,18.63) <0.001
Change in FEV, after 5-year follow-up® 4.71(-1743, 26.87) 0.676

Airway fractal dimension (AFD)

Unadjusted for Pi10 Adjusted for Pi10
P (95% CI) P P (95% CI) P
114 (0.98,1.29) <0.001 117 (1.02,1.33) <0.001
0.11(0.10,0.13) <0.001 0.11(0.10,0.13) <0.001
400.95 (277.64, 524.27) <0.001 425.60 (301.54, 549.66) <0.001
-14.07 (-20.57, -7.58) <0.001 -14.53 (-21.05, -8.01) <0.001
-37.85 (-62.94, -12.77) <0.001 -38.81(-64.30, -13.31) 0.002

N = 3,961 participants. Follow-up data were available in 2,053 subjects. “Adjusted for age, race, sex, smoking status, pack-years, BMI, % CT emphysema,
% CT air trapping, and CT scanner type. ®"Models adjusted for adjusted for baseline FEV, at baseline in addition to age, race, sex, smoking status, pack-
years, BMI, % CT emphysema, % CT air trapping, and CT scanner type. “Adjusted for age, race, sex, smoking status, pack-years, BMI, FEV, at baseline, % CT

emphysema, and CT scanner type.
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Table 4. Comparison of groups by airway fractal dimensions and peribronchial emphysema

Parameters Group |, high AFD, low Group II, low AFD, low Group llI, high AFD, high Group IV, low AFD, high
peribronchial emphysema peribronchial emphysema peribronchial emphysema peribronchial emphysema

Age, years 58.0 (84) 56.5(8.4) 63.2(8.5) 62.9 (8.5)
Female, 11 (%) 831(46.3) 973 (56.0) 664 (34.8) 849 (49.3)
African American, 1 (%) 650 (36.2) 698 (40.1) 288 (15.1) 361(20.9)

Body mass index, kg/m? 28.1(5.2) 30.6 (6.3) 267 (5.) 28.2(6.0)
Smoking pack-years 38.5(20.0) 409 (224) 48.1(26.8) 517 (27.7)
Current smokers, 11 (%) 1101 (61.4) 1175 (67.6) 651(34.2) 6[]1 (34.9)

FEV, liters 2.7(0.7) 2.3(0.7) 2.3(1.0) 1.5(0.8)

FEV,, % predicted 93.8 (15.9) 81 8(20.2) 75 8(279) 55 4(26.2)

FVC, liters 3.6(0.8) 3.2(0.8) 3.6 (1.0) 2.9(0.9)

FVC, % predicted 94.8 (13.5) 891 (15.8) 92 2(18.5) 80.4(204)

Values are mean (SD) unless specified otherwise.

narrowing and airway loss, in addition to changes in branching
angles and airway tortuosity, with major contributions from air-
way narrowing and airway loss. Total airway count is progressively
reduced in subjects with increasing disease severity, and this loss
is seen early in the disease process (21, 22). We ran simulation
analyses where we progressively decreased the total intralumi-
nal volume of the airways in a representative subject (Figure 2).
As loss of airway branches cannot follow strict percentage volume
loss to parallel the simulation of airway narrowing, a trend in loss
of volume that parallels airway narrowing is shown in Figure 2. We
found that for a given decrease in intraluminal volume, AFD is
more significantly affected by loss of airways than by narrowing of
airways. This influence of loss of airways is unlikely to be captured
by Pi10, which relies on measurements of existing airways.

Discussion
In a cohort of smokers, we demonstrated that the fractal dimen-
sion of the airway tree, a measure of airway branching complexity
and remodeling, is significantly associated with airflow obstruc-
tion and respiratory morbidity as well as with lung function decline
after adjustment for traditional measures of airway narrowing. We
also showed that a significant number of smokers without airflow
obstruction, who would be considered to have mild or no disease by
traditional classification schema, can be identified to have high mor-
tality risk based on grouping using fractal dimensions and peribron-
chial emphysema.

Airway remodeling in cigarette smokers involves a complex
combination of airway wall changes, luminal narrowing, and
eventual attrition of airways (21, 23, 24). A number of imaging
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52 n i Y o
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0 365 730 1095 1460 1825 2190 2555 2920
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Figure 1. Airway Fractal Dimension, Peribronchial Emphysema, and Survival. (A) Group definitions based on median values of AFDs and percentage of
peribronchial emphysema (PBE) estimated in 8,030 COPD subjects. Participants were stratified into high and low above the median for each metric. (B)
Distribution of severity of airflow obstruction by GOLD criteria in each group. (C) Kaplan-Meier survival curves for the 4 groups based on AFD and percentage of

peribronchial emphysema.
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Figure 2. Impact of loss versus narrowing of airways on AFD. Panel showing change in AFD sequentially with loss of small airway branches (A) and with pro-
gressive narrowing of airways (B). Changes shown are by simulation in a representative subject’s airways. The 3D images are projected as 2D for representation.

metrics are used to quantify these changes, including airway wall
thickness, percentage of wall area, or the summary measures of
the square roots of the wall areas of hypothetical airways with
internal perimeters 10 mm and 15 mm (Pil0 and Pil5) (9, 25).
Although these airway metrics have strong associations with lung
function and respiratory morbidity (10, 26, 27), these classic geo-
metrical measurements are limited to dimensions averaged over
a few generations of segmental and subsegmental bronchi. They
assume that changes in some generations of airways are reflec-
tive of changes throughout the airway tree, and do not capture the
complex morphological changes in the airway tree, which is highly
irregular with rough surfaces and self-similar bifurcations at each
generation. As fractals show self-similarity, they may better reflect
the stochastic airway luminal narrowing and branching changes
throughout the airways.

Airway fractal dimensions have considerable clinical impli-
cations. The branching angles and tortuosity impact airflow
dynamics, as well as smoke and drug deposition (28-30). Weibel
theorized that the fractal nature of airway branching enables the
large central airways with a cross-sectional area of 5 cm? to bifur-
cate and eventually connect with the alveoli with a total surface
area of 130 m? (13). Although this fractal nature is vital for efficient
gas flow and diffusion, abnormalities induced by narrowing and
loss of airways, and changes in curvature and branching angles,
can impact outcomes in disease. Even mild asymmetries in the
branching patterns of successive generations can create large vari-
ations in ventilation at the terminal segments, resulting in ineffi-
ciency of gas exchange (15, 16). Indeed, exhaled aerosol patterns
demonstrate fractal behavior, suggesting an influence of fractal
patterns on airflow and particle deposition (31). Although branch-
ing morphogenesis is initiated early in utero during embryogen-
esis, the patterns might influence deposition of cigarette smoke
and other environmental agents, and potentiate a series of events

jei.org  Volume128  Number12  December 2018

marked by lung injury and further impact on fractals. It is postu-
lated that there is a clock mechanism for airway branching in the
developmental period that is key in timing the rate of embryonic
airway bud extension and thus the inter-branch distance (32).
Once emphysema has set in, it likely plays a role in changing the
fractals as a result of peribronchial emphysema exerting mechan-
ical effects. Emphysema adjacent to the airways can change the
branching angle by pushing the airways away from the area of
emphysema, especially if this is associated with local air trapping
due to poor elastic recoil. For example, emphysema present within
the arc of a branch point may widen the branching angle, whereas
emphysema that is laterally present may cause the branching
angle to narrow. In addition, the presence of emphysema adjacent
to the airways may also predispose the airways to collapse, due to
the untethering of airways (33, 34).

Our finding of the importance of AFD in participants with-
out overt airflow obstruction is of particular clinical importance.
Multiple recent studies have shown that approximately half the
subjects at risk for COPD but without airflow obstruction on spi-
rometry have evidence for structural disease on CT (35, 36). The
strong associations of AFD with respiratory quality of life and
functional capacity support these earlier studies. In addition, AFD
can be used to predict disease progression measured by lung func-
tion decline as well as mortality in these subjects. Studies of mild
disease show that airway loss occurs early in COPD, findings that
likely explain the loss of fractal dimension (22).

AFD has been previously measured on silicone rubber airway
casts made from autopsy samples of asthmatic airways, and fatal
asthmatics had lower fractal dimensions compared with those
with nonfatal asthma and controls without asthma (20). Casts
from the fatal asthma cases showed substantial remodeling with
tapering of segments and irregularity of airways and ridges. Casts
from nonfatal asthma were visually not different compared with



The Journal of Clinical Investigation

controls, but AFD was substantially lower in these cases compared
with controls (20). In contrast to these studies on airway casts, our
results extend the application of fractal analysis to noninvasive CT
image reconstruction of airway trees to quantify airway remodel-
ing in COPD. We found that AFD was lower in those with COPD
compared with normal participants of roughly similar age, and
there was a progressive decrease in AFD with worsening disease
stages (P < 0.001). A reduction in AFD reflects either a loss of the
complex branching pattern, perhaps due to loss of airways, or a
progressive narrowing of the airways. Recent studies have demon-
strated this loss of airways in vitro as well as on CT images, and this
loss of airways has an impact on clinical outcomes (21, 23, 37). This
loss of complexity has also been shown in emphysema progression
in mice using fractal analysis (33, 38). In this study, we found that
AFD provides additional prognostic information over that provided
by current Euclidean-based measures of airway remodeling.

We also found that fractal dimensions can be used to strati-
fy mortality risk in smokers, and this risk stratification provides
information that is different from the traditional spirometry-based
severity grading. Indeed, a substantial number of participants in
groups III and IV had GOLD O or 1 disease. Although both groups
III and IV were characterized by a higher-than-median percentage
of peribronchial emphysema, the additional mortality risk seen in
group IV suggests that low AFD is associated with the worst sur-
vival rates. The discordance between low AFD groups and mild
GOLD stages with differences in outcomes suggests that AFD pro-
vides prognostic information that is different from that provided
by GOLD alone. Although the reasons for this association remain
to be investigated, it could be the culmination of the adverse influ-
ence of low AFD and its implications towards airflow dynamics,
cigarette smoke and other particle deposition, inefficiencies in
ventilation and gas exchange, and perhaps deposition of inhaled
medications as well. These findings, in combination with the asso-
ciation between AFD and lung function decline, suggest that low
AFD is associated with greater risk of disease progression.

Our study has a number of strengths. The COPDGene study is
a cohort of well-characterized participants that included healthy
controls as well as smokers with a wide spectrum of disease sever-
ity. We showed the utility of this novel measure independent
of traditional measures of airway narrowing. Participants were
extensively phenotyped with stringent quality control for spirome-
try and CT. Our study also has a few limitations. We used cubes to
fill the airways and measure AFD, whereas the use of other shapes
such as 3D triangles could result in slightly different AFD values.
However, box counting with cubes has been previously used and
provides robust values for AFD. As AFD is a global measure of air-
way branching complexity, minor alterations in airway structure
may be missed; however, these early changes are also likely to be
missed using existing metrics that measure geometric averages.
All airway measures can be affected by the volume of acquisition,
the display field of view, and spatial resolution of CTs, and more
efforts are being made to standardize CT acquisition protocols to
minimize these factors. Three-dimensional CT resolution is con-
tinuing to increase and will drive improvements in AFD accuracy
in the future by enabling the use of smaller cube sizes. We did not
adjust outcomes for medication data, but no medication has been
shown to alter disease outcomes such as lung function decline and
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mortality. Finally, we calculated all-cause mortality, as mortality
causes have not been adjudicated.

Conclusions. We found that the fractal dimension of the airway
tree as a measure of airway remodeling in smokers is associated
with respiratory morbidity, including exacerbations as well as lung
function decline, and informs mortality risk beyond that inferred
from airway wall thickness. Fractal dimensions may prove useful
for phenotyping patients by providing a unique CT signature for
modeling particle deposition and targeting drug delivery devices.

Methods

Participants. We included participants enrolled in the Genetic Epide-
miology of COPD (COPDGene) study, which is a large multicenter
clinical trial involving nonsmokers and current and former smokers
between ages 45 and 80 years with a smoking history of at least 10
pack-years; details of this study have been previously published (39).
We included 10,300 participants at baseline and the first 5,000 par-
ticipants who returned for a follow-up visit after approximately 5
years (CONSORT diagram in Supplemental Figure 1; supplemental
material available online with this article; https://doi.org/10.1172/
JCI120693DS1). At baseline and at follow-up, participants underwent
extensive phenotypic characterization including demographics, CT
imaging, and pre- and postbronchodilator spirometry. The presence
of airflow obstruction was confirmed when the postbronchodilator
ratio of the FEV,/FVC was less than 0.70. The GOLD recommenda-
tions were used to classify the severity of airflow obstruction (1). All
participants performed a 6 MWD test to assess functional capacity,
and the SGRQ was used to assess disease-specific impact on quality of
life (40). Acute exacerbations were defined using a modified version
of the Epidemiology Standardization Project questionnaire (Ameri-
can Thoracic Society-Division of Lung Disease-78) (41, 42). Exacer-
bations were defined as worsening in respiratory status with increase
in dyspnea, cough, or sputum production that lasted at least 48 hours
and required the use of either antibiotics and/or systemic steroids.
Those exacerbations that resulted in hospitalization were categorized
as severe exacerbations. Lung function change was assessed by the
annualized change in FEV, from enrollment to follow-up. We also
obtained data on all-cause mortality on longitudinal follow-up. All
participants provided written informed consent prior to enrollment
and the COPDGene study protocol was approved by the University of
Alabama at Birmingham Institutional Review Board (IRB) for Human
Use (F070712014), and the IRBs of all 21 participating study centers
(details in Supplemental Material).

CT imaging. We analyzed volumetric CT scans acquired at base-
line using multi-detector CT scanners at full inspiration (total lung
capacity [TLC]). Voxels less than or equal to —950 Hounsfield units
(HU) on inspiratory scans were labelled as regions with emphysema
and voxels less than or equal to —856 HU on expiratory scans were
labelled as regions of air trapping. Apollo Software (VIDA Diagnos-
tics, Inc.) was used to segment the lungs and to reconstruct the 3D
airway tree up to the sixth generation from the inspiratory CT image
using an automated region-growing algorithm (43, 44). Completeness
of the airway tree was visually assessed and manual corrections were
performed in the case of discrepancies. Airway wall remodeling was
quantified by estimating Pi10 (9, 25).

Airway fractal dimension. The fractal complexity of the segmented
airway luminal tree was measured by the AFD using the Minkowski-
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Bougliand box-counting dimension (also known as Kolmogorov
dimension) (13, 45). Details are provided in the Supplemental Mate-
rial, and in Supplemental Figure 2. Briefly, the segmented airway tree
was converted to a binary image for processing. Cubes of progressively

increasing side length “s”

(initial value of s = 1; increasing in powers of
2 to a maximum encompassing the image size) were iteratively over-
laid over the binary airway mask and the number of cubes “N” over-
lapping with the airway were identified at each iteration. The number
of cubes required to cover the airway is related to the size of the cube
by an inverse power law. The slope of the least-squares best-fit regres-
sion line between the log N and log 1/s was computed to derive the
AFD. The greater the complexity of how the branches fill space, the
greater the AFD. Figure 3 shows representative examples of the AFD
of subjects with varying severity of emphysema. All fractal computa-
tions were performed using MATLAB software (Math Works).

Simulation of airway loss. As AFD can be affected by airway nar-
rowing and loss of airways, both processes commonly seen in COPD,
we simulated these processes in a representative subject’s airways. The
change in AFD in the case of airway loss was estimated by iteratively
cutting down distal branches with specific lumen diameter per itera-
tion (Figure 2). Similarly, in the case of airway narrowing, a distance
map was initially calculated on the airway mask and an iterative binary
thinning algorithm was implemented to simulate airway narrowing.

Peribronchial emphysema. As airway branching angles can poten-
tially be affected by emphysema adjacent to the airways with resultant
mechanical forces, and this can influence the AFD, we further quanti-
fied the percentage of peribronchial emphysema within 5 mm of the
airway tree (Supplemental Figure 3).

Grouping of COPD subjects using AFD and percentage of peribronchial
emphysema. As AFD can be influenced by innate airway geometry, airway
remodeling, and peribronchial emphysema, we divided participants into
4 groups based on median AFD and median percentage of peribronchial
emphysema estimated from all subjects in the cohort, after excluding
never-smokers (Figure 1A). Groups I and I1I are composed of participants

jei.org  Volume128  Number12  December 2018

The Journal of Clinical Investigation

Severe emphysema Figure 3. Segmented airway tree and

AFD in representative participants who
are nonsmoking and healthy, or with
combinations of different degrees of
AFD and emphysema.

Emphysema
29.85%

7 Emphysema
25.76%

with AFD greater than the median and with percentage of peribronchial
emphysema lower and higher than the median, respectively. Groups II
and IV are composed of participants with AFD lower than the median and
with low and high percentage of peribronchial emphysema, respectively.

Statistics. The parametric Pearson’s test was used to calculate cor-
relations between AFD and lung function. Univariate and multivariable
regression analyses were performed to test associations between AFD
and respiratory morbidity (SGRQ and 6 MWD), FEV,/FVC, FEV,, and
FEV, change, after adjustment for age, race, sex, smoking status, pack-
years of smoking, BMI, % CT emphysema, % CT air trapping, Pi10, and
CT scanner type. Allmodels were also adjusted for baseline FEV, except
in estimating the associations for FEV, and FEV,/FVC. Multivariable
models for FEV, change included baseline FEV, in addition to the
above-mentioned variables. Using the aforementioned groups based
on combinations of dichotomized AFD and percentage of peribronchial
emphysema, we compared mortality rates using Kaplan-Meier sur-
vival analysis with log-rank test. To enable comparisons between the
various radiological parameters and their associations with outcomes,
we “normalized” the CT parameters by scaling and centering them by
(value-mean)/SD. Thus, a 1 unit increase in a normalized metricis 1 SD.
These results are presented separately in the Supplemental Material.
The association between AFD and exacerbations were assessed using
negative binomial regression models with adjustment for age, race,
sex, BMI, pack-years of smoking, current smoking status, FEV,, and
emphysema. The Cox proportional hazards model was used to calculate
adjusted HRs for each group compared with group I as reference, after
adjustment for age, race, sex, and pack-years of smoking. A 2-sided P
value less than 0.05 was considered significant for all analyses. All anal-
yses were performed using Statistical Package for the Social Sciences
(SPSS 'V 24.0, SPSS) and R statistical software (V 3.2).
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