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Purpose: To explore a practical marker for quantitatively analyzing the small airway
remodeling in COPD by HRCT.

Patients and Methods: Twenty-four patients with COPD (GOLD I, n=7; GOLD II, n = §;
GOLD [II+1V, n=9) and 14 healthy controls (7 normal pulmonary function; 7 small-airway disease
(SAD)) were enrolled in the study as five groups, GOLD I, GOLD II, GOLD III+IV, normal and
SAD. All subjects underwent HRCT and spirometry. With ISP 9.0, whole emphysema index (EI)
and the airway parameters, including wall area (WA), lumen area (LA), airway area (AA) of the 3rd,
Sth and 9th generations of bronchi, were measured successively. The ratio of LA/AA and WA/AA in
the 3rd, 5th and 9th generations of bronchi were calculated and compared among groups.
Results: For the five groups, EI was increased only in GOLD III+IV group (P < 0.05), while the
ratio of LA/AA (9-LA/AA) and WA/AA (9-WA/AA) in 9th generation of bronchi have signifi-
cantly changed since SAD group (P < 0.05). There were significant correlation between FEV,
generations of bronchi (13 = 0.429, r5=0.583, r9 = 0.592, respectively, P <0.05); FEV,% and WA/
AA (13 =-0.428,15=-0.532,r9=-0.570, respectively, P < 0.05); as well as MMEF% and LA/AA
(13 =0.421,15=0.566,19 = 0.610, respectively, P < 0.05); MMEF% and WA/AA (13 =-0.421,15
=-0.529, 19 =—0.593, respectively, P < 0.05).

Conclusion: Small airway remodeling has occurred in the early stage of COPD, while
emphysema in the late stage of COPD. The 9-LA/AA and 9-WA/AA are accurate and
practical markers for small airway remodeling of COPD.

Keywords: COPD, high-resolution CT, emphysema index, pulmonary function test

Introduction
Chronic obstructive pulmonary disease (COPD) has become a major public health
problem with increasing morbidity and mortality worldwide in the last several decades.
It was predicted that COPD will bring a heavy burden to the family and society as the third
leading cause of mortality worldwide.'> As a chronic airway inflammatory disease,
COPD is characterized by small airway remodeling and persistent airflow limitation.*
Small airway remodeling is the central mechanism for air-trapping and increase of airway
resistance in the process of COPD development.*> It is a pivotal strategy for early
diagnosis and accurate assessment of small airway remodeling in management of
COPD, to prevent the reversible inflammation from irreversible emphysema.®”’
However, since the clinical symptoms of COPD present until more than 30%
of the lung parenchyma has been destroyed.® By the time this disease becomes
symptomatic, the forced expiratory volume in one second (FEV) has declined by
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about 50% in most patients.’ It is hard to identify small
airway remodeling according to the symptoms, espe-
cially in the early stage of COPD. Spirometry, including
FEV,, forced wvital capacity (FVC), maximal mid-
expiratory flow (MMEF) and residual volume (RV), is
recommended as the primary tool for the diagnosis and
evaluation of COPD.'® However, the reliability and
reproducibility of spirometry are not always feasible
due to patients’ compliance, technicians’ quality, and
operation conditions. Meanwhile, the small airway func-
tion is susceptible to large-airway obstruction and lung
volume.'"'® Therefore, it is urgently needed to find
some sensitive markers to evaluate the small airway
remodeling pulmonary directly.

Historically, small airways are defined as airways with
an internal diameter of less than 2 mm without cartilage
support which comprise airway, generally located in the
8th-23rd generation bronchi.'* Recently, scientists have
engaged in assessing COPD objectively by imaging techni-
ques. As the most important examination method of respira-
tory diseases, CT was initially used to evaluate emphysema,
pulmonary bullae, and extension to small-airway disease in
patients with COPD.'> CT-based quantification of emphy-
sema and airway thickness has also proven to be a method
that yields results in a relatively good match with those of
spirometry in patients with COPD.'®!” However, the appli-
cation of CT in “small airway disease” is still limited to the
bronchus of moderate size at generation six or above.'®'?
There is restricted straightforward data on the real small
airway, the conductive bronchi with an internal diameter
<2 mm in the CT study.

With the development of imaging technology and post-
processing software, quantitative evaluation of CT will
become even more helpful in the prevention, diagnosis,
and treatment of COPD. The IntelliSpace Portal (ISP,
Philips Medical Systems, Cleveland, OH, USA), a cloud-
based advanced analytics platform, has been ISO13485-
certified for quality control and FDA-authorized for clinical
use. In a previous study, FEV, was significantly inversely
correlated with %LAA-950, an emphysema parameter on
ISP 6/7.2°2! With the updated analytical capabilities, ISP
9.0 significantly optimizes the visualization of the small
airway, allowing accurate structural measurements of the
distal tracheobronchial tree.

In this study, we hypothesized that airway dimensions
in the 9th generation of tracheobronchial tree measured by
ISP 9.0 may reflect small airway remodeling as
a pathophysiological basis underlying lung function

impairment in COPD. The findings of this study provide
the first reliable method for quantitative analysis of small
airway remodeling in COPD and may shed light on the
understanding of the disease.

Patients and Methods

Study Participants

We searched COPD outpatients and healthy controls who
underwent both chest CT scan and spirometry within a one-
week interval between November 2018 to November 2019
from the medical database of Qingdao Municipal Hospital.
All subjects have smoking history >10 package year and
were classified as normal group, small airway disease (SAD)
group, GOLD 1 group, GOLD II group, GOLD II+IV
group, according to their spirometry results. In each group,
7 to 9 subjects were enrolled continuously.

Diagnostic criteria of COPD bases on GOLD 2019,%
briefly met: chronic cough and FEV /FVC <70% after inhal-
ing bronchodilator. For COPD, GOLD I group: FEV%
>80%; GOLD II group: FEV % 50-80%; GOLD II+IV
FEV,% <50%. GOLD I+II was defined as the early stage
of COPD, and GOLD III+IV was defined as late stage.

For the healthy controls: Healthy controls were
recruited from individuals who selected chest CT scan
and lung function test as routine items in their annual
health check-up voluntarily. Normal: FEV/FVC >70%
after inhaling bronchodilator, FEV% >80% and MMEF
% >80%; SAD: FEV/FVC >70% after inhaling broncho-
dilator, FEV % >80% and MMEF% <65%.

Exclusion criteria included asthma, severe pneumonia,
thoracic deformity, lung cancer, tuberculosis, pulmonary
fibrosis, or other diseases that may affect pulmonary func-
tion test (PFT). The study was approved by the Medical
Ethics Committee of Qingdao Municipal Hospital, and all
participants signed informed consent.

The patient’s age, gender, height and weight were
recorded.

Spirometry

Spirometry was performed using Medgraphics ProfilevE
(United States) and performed according to the ATS/ERS
standard, the percentage predicted values were calculated
using the equations for Asian adults supplied in the
user’s manual. After a 10-min rest, the subject assumed
a seated position with feet in full contact with the floor,
breathed for three cycles, then inhaled forcefully, rapidly
and deeply through the interface device and exhaled
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suddenly, continuously and steadily to reach a maximum
amount of breathing. The exhalation process should not
be interrupted spontaneously or by unsolicited coughing.
The above test was repeated three times, and each curve
should be coincident, as far as possible, to qualify the
PFT, which included FVC, FEV,, FEV,%, FEV/FVC,
and MMEF. And then, the subjective inhaled salbutamol
aerosol 400 pg (GSK, UK), followed by a re-
examination of PFT after 15 min.

Computed Tomography Data Acquisition
The contiguous CT images of subjects were acquired in the
supine position as described previously.* Chest CT exam-
inations were conducted using 64-detector row CT scanner
(Siemens Medical Solutions, Germany). Scanning para-
meters were as follows: tube voltage 120 kV; tube current
40 mA; window width 1600 Hounsfield units (HU), window
level —600HU; pitch 0.985; X-ray tube rotation speed 0.6
slice/rotation, slice thickness 0.625 mm with 1 mm recon-
struction interval; 512 x512 matrix. Both the original and
reconstructed data were stored in DICOM format.

Computed Tomography Data Analysis

To explore airway remodeling in COPD on HRCT, three-
dimensional bronchial trees were reconstructed by ISP 9.0
(Philips Medical Systems, Cleveland, OH, USA) according
to the instruction. Firstly, the full width at half maxima
(FWHM) correction algorithm was adopted in the ISP 9.0
system.”® The original CT data passed into the system were
automatically reconstructed into lobes and segments, filled
with different
dimensional bronchial trees. As previously described,

colors and reconstructed into three-
emphysema was the area of low attenuation below —950
HU on full-inspiration CT images, the emphysema index
(EI, the percent of emphysema voxels over total lung capa-
city) of each lung lobe was measured automatically. To
ensure the consistency of measurement and comparability
of results, we selected a representative branch from 4 seg-
ment of each lung, B1+2 (apical posterior segment of the
upper lobe), B4 (superior lingual segment of the upper lobe),
B6 (superior segment of the lower lobe) and B9 (lateral basal
segment of the lower lobe). The start and end points of each
segmental and subsegmental bronchus were marked by the
radiologist on either volume-rendered or cross-sectionalgen-
erations bronchi at the longest airways downstream of the
candidate segmental airways were measured by an exten-
sively trained analyst, and then the lumen area/airway area

ratio (LA/AA) and the wall area/airway area ratio (WA/AA)

were calculated accordingly (Figure 1). In fact, LA/AA is
equal to 1 — WA/AA.

Statistical Analysis

Statistical analysis was performed using statistical software
(IBM SPSS Statistics, Release 23.0: IBM Corp, Armonk
NY). Categorical data were presented as counts. Continuous
data were reported as mean =+ standard deviation (SD).
Differences in lung (EI) and airway remodeling (LA/AA,
WA/AA) of different generations were compared among
groups with one-way ANOVA, and multiple comparisons
were performed with Newman-Keuls test. Distributed vari-
ables were tested by the chi-square test. Pearson’s correla-
tion coefficient was applied to determine the correlation
between airway remodeling (LA/AA, WA/AA) and spiro-
metry parameters (FEV %, MMEF%). Multivariate linear
regression analysis was used to adjust for demographics and
smoking pack years when evaluating the association
between observed significant correlations with lung func-
tion measures and were used to identify the relationship
between the airway remodeling and age, gender, BMI and
smoking status. Principal component analysis was used to
analyze the data from the following 13 variables: EI, 3-WA/
AA, 3-LA/AA, 3-LA, 3-WA, 5-WA/AA, 5-LA/AA, 5-LA,
5-WA, 9-WA/AA, 9-LA/AA, 9-LA, 9-WA. P< 0.05 was
considered statistically significant.

Results

Baseline Characteristics

There were no significant differences in age, gender, body
mass index (BMI), or smoking history between COPD and
healthy controls, despite the distinction in FEV %, MMEF
% (P < 0.05, Table 1).

Bronchial Tree and El

To explore airway remodeling of COPD on HRCT, three-
dimensional bronchial trees were reconstructed firstly. As
shown in Figure 2Aa, the number of bronchial tree
branches was decreased with COPD aggravation. After
that, the EI was obtained automatically, however, EI did
no change until in the late-stage COPD (Figure 2Ab,
B and Table S1).

Airway Remodeling with Decline of

Pulmonary Function in Spirometry
Airway structure of different bronchi, including 3-WA,
3-LA, 3-AA, 3-WA/AA, 3-LA/AA, 5-WA, 5-LA,
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Figure | Airway measurement on CT image in ISP9.0. (A) Accurate bronchial skeleton. (B—D) Short-axis images obtained from the curved CT image with the numbers of
bronchial generations. (E) Schematic drawing of airway parameters. (F) The airway’s long axis of a selected airway was precisely perpendicular with the measure line of 3rd,

5th and 9th generations.
Abbreviations: WA, wall area; LA, lumen area; AA, airway area.

5-AA, 5-WA/AA, 5-LA/AA, 9-WA, 9-LA, 9-AA,
9-WA/AA, 9-LA/AA, was measured to understand the
airway remodeling with the decline of pulmonary func-
tion (Figures 3, S1 and Table S1). Unlike EI had
changed until in the GOLD III+IV, LA has been
decreased since GOLD I and WA since GOLD II

(Figure 3B generations bronchi in the GOLD I group
significantly increased than that in SAD group, how-
ever, there was no difference for WA/AA or LA/AA in
3rd generation bronchi (Figures 3C and S1). To be
noticed, only 9-LA/AA had a significant difference
between SAD and GOLD 1, as well as GOLD I and
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Table | Baseline Characteristics of Study Subjects

Characteristics Normal (n =7) SAD (n=17) GOLDI(n=7) GOLD Il (n = 8) GOLD Il +IV(n=9)
Age (years) 62.6 % 3.1 552+ 9.6 66.6 = 16.0% 70.6 £ 7.9 62.1 £ 8.1
Gender (n)
Female 3 3 4 2 |
Male 4 4 3 6 8
BMI (kg/m?) 272+ 3.6 27.0 £ 3.5 265+ 38 25957 240 27
Smoking (pack-years) 30+ 19 3217 42+ 10 54 +23 44 + 32
PFT
FEV, (% predicted) 916 1.1 87.2 £ 8.1 85.5 + 4.8 68.8 + 7.8k It 36.9 + 10.3%0x T
MMEF (% predicted) 102.3 £ 28.3 59.0 £ 14.01tF 623 £ 2,911t 489 £ 891t 20.5 + 7.5%kx 1T

Notes: Data are shown as mean £ SD or count. *vs SAD, P < 0.05; **vs SAD, P < 0.01; ¥* vs SAD, P < 0.001; Ttfys Normal, P < 0.001.
Abbreviations: SAD, small airway disease; GOLD, Global Initiative for Chronic Obstructive Pulmonary Disease; BMI, body mass index; PFT, pulmonary function test; FEV/,

forced expiratory volume in | second; MMEF, maximal mid-expiratory flow.

GOLD II. While age, gender, BMI and smoking status
were not associated with 9-LA/AA by multivariate
linear regression analysis (all P > 0.05).

Airway Remodeling and Small Airway

Dysfunction in Spirometry

Regardless of the generation of bronchus, the WA/AA and
LA/AA were significantly correlated with FEV% and
MMEF% (Figure 4). After adjusting for age, gender, BMI,
and smoking status by multivariate linear regression analysis,
this association remained statistically significant (all adjusted
P <0.01). However, the WA and AA were not significantly
correlated with FEV,% and MMEF% (Figure S2).

A Normal SAD
a

GOLD |

JBRT7S0 T 7 7 ORGOROH | g ™ TSIEMENS,

GOLD I

Optimal Airway Remodeling Markers

We used principal component analysis to analyze the data
from the following 13 variables: EI, 3-WA, 3-LA, 3-WA/
AA, 3-LA/AA, 5-WA, 5-LA, 5-WA/AA, 5-LA/AA, 9-WA,
9-LA, 9-WA/AA, 9-LA/AA. As the results, the 9-WA/AA
and 9-LA/AA were closest correlated to the principal com-
ponent, compared to their 5- and 3- counterparts. In the
meantime, EI, 3-WA, and 3-LA variables were not signifi-
cantly related to the first principal component (Figure 5).

Discussion
In this study, the ISP 9.0 system was firstly used to
evaluate small airway remodeling in COPD. With this

GOLD llI+IV B

T QinGDAON

AAAEN

Figure 2 The three-dimensional reconstruction of lung by ISP 9.0. (A) The total bronchi count generated was significantly reduced with severity of disease. (B) El generated
in the late COPD was worse than in the early COPD.

Notes: Data are shown as mean * SD. *P < 0.05; **P < 0.01.
Abbreviations: SAD, small airway disease; GOLD, Global Initiative for Chronic Obstructive Pulmonary Disease; El, emphysema index.
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Figure 3 Airway dimensions and their relationship with different groups. (A) Cross-sections of different generations in different groups. (B) Schematic diagram of airway
remodeling in 9th generation. (C) Comparison of WA/AA and LA/AA among different groups.

Notes: Data are shown as mean + SD. *P < 0.05; **P < 0.01; ***P < 0.001.

Abbreviations: SAD, small airway disease; GOLD, Global Initiative for Chronic Obstructive Pulmonary Disease; WA, wall area; LA, lumen area; AA, airway area; WA/AA,
wall area/airway area; LA/AA, lumen area/airway area; 3-, 5-, 9-, represented the 3rd, 5th, 9th generations, respectively.

advanced image software, we found the airway remodeling
in the early stage of COPD, airway remodeling para-
meters, specially 9-LA/AA and 9-WA/AA, were signifi-
cantly correlated with FEV,% and MMEF%, could be
used as the sensitive markers for small airway remodeling.

The accurate evaluation of airway remodeling in early
COPD provided a stable basis for early intervention of
COPD.** Even spirometry remains the standard for evalu-
ating airflow limitation in patients with COPD, as the most
widely used imaging diagnostic equipment, CT has been
used to evaluate the airway remodeling in COPD studies

for twenty years, with the parameters, such as lung density,
EI, airway dimensions, etc.”> Emphysema, the main patho-
logical changes in the late stage of COPD, is the abnormal,
permanent enlargement of air spaces distal to the terminal,
non-respiratory bronchiole. It is accompanied by the

destruction of the alveolar walls, without obvious

ﬁbrosis,26*29

showing low attenuation values on CT during
breath-holding at full inspiration.*® Hogg et al*' calculated
the relative area of the lung occupied by attenuation values
lower than a threshold (—950 HU) of each lobe and

revealed that “airway remodeling” began before the onset
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Figure 4 (A) The correlations between airway dimensions and FEV,%; (B) the correlations between airway dimensions and MMEF%.
Abbreviations: WA/AA, wall area/airway area; LA/AA, lumen area/airway area; MMEF, maximal mid-expiratory flow; FEV,, forced expiratory volume in one second; 3-, 5-,
9-, represented the 3rd, 5th, 9th generations, respectively.

Normal
0.6 ® SAD
GOLD |
04 - GOLD Il
GOLD Il + IV
02 r

Component 2
o
‘@
"_
2
|

02 | e
04 r
0.6 -
1 1 1 1 1 1
-0.6 04 -0.2 0 0.2 0.4 0.6

Component 1

Figure 5 Biplot of principal component analysis.

Notes: Distance to horizontal axis represented the correlation between the variable and principal component, the length represented the influence on principle component.
Abbreviations: SAD, small airway disease; GOLD, Global Initiative for Chronic Obstructive Pulmonary Disease; WA, wall area; LA, lumen area; AA, airway area. LA/AA,
lumen area/airway area; WA/AA, wall area/airway area; 3-, 5-, 9-, represented the 3rd, 5th, 9th generations, respectively.
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of emphysematous destruction. In our study, we found that
EI showed no difference between the control and the early-
stage COPD but was significantly increased in the late-
stage COPD, which indicating that emphysema is the main
pathological change of severe COPD. Since there is no
emphysema but significant small airway remodeling by
HRCT analysis in the early stage COPD, the latter one
could be recognized as a sensitive marker for early
COPD 53234

Coxson et al*> compared the correlation between FEV
% and the 3-WA or 5-WA, respectively, and found the
correlation between 5-WA and FEV,% was stronger than
that between 3-WA and FEV;%, which
a stronger correlation between bronchial structure and

indicated

spirometry in smaller airway than the bigger one. With
ISP 9.0 system, the small airway parameters of the 8—10th
generation bronchi were obtained semi-automatically, to
allow the study on airway remodeling at a more distal
level. In our study, the correlation between FEV,% and
9-LA/AA or 9-WA/AA was better than that of 3rd and 5th
generations, which suggested that 9-LA/AA could be
a potential marker of early small airway remodeling in
COPD. Interestingly, 9-LA/AA reduced considerably in
the early COPD than the healthy subjects, but there was
no difference between GOLD II and GOLD III+IV, and
the number of terminal bronchioles decreased significantly
from GOLD 1. These findings imply that occlusion of the
airway wall may contribute to early remodeling, that lumi-
nal stenosis progresses with the course of COPD gradu-
ally, but may eventually plateau at GOLD II, which are
consistent with Higham’s research.*

There are other ways of measuring airways, such as
parametric response mapping (PRM) and Pil0, have been
used widely. As a novel noninvasive CT biomarker for
mild to moderate COPD, PRM is to differentiate emphy-
sema and SAD by matching inspiratory and expiratory
images on a voxel-by-voxel basis.>’ But this method may
underestimate the amount of air trapping being seen at RV.
Pil0 is a measure of airway wall thickness calculated by
regressing the square-root wall area on internal perimeter
of airways to correction of wall thickness overestimation
produced more accurate measurements, however, it is not
suitable for the real small airway, whose diameter is less
than 2 mm.*® generations bronchi. Among these para-
meters, LA/AA and WA/AA in 9th generation bronchi
were the most related with FEV;% and MMEF%.

This is the first study to evaluate the small airway
remodeling in COPD with ISP 9.0 system. Due to this

small study population, there might be unavoidable bias
and limitation for this cross-sectional descriptive study.
However, with ISP 9.0, the data can be reacquired/reana-
lyzed to avoid the unreliability caused by the previous
visual measurement. Additionally, as a cloud platform,
ISP 9.0 system is easier to operate and performs multi-
center applications, which would play an essential role in
identifying early small airway diseases in the future. In our
another study, airway remodeling in carbon black packers
was assessed using ISP 9.0 and found small airway wall
thickening was a major feature of airway remodeling and
the pathology of lung function impairment caused by
carbon black exposure.?

Conclusion

This study verified that the early airway remodeling of
COPD could be quantitatively detected by HRCT with
advanced post-processing software, ISP9.0. Though there
is still no consensus on the diagnostic criteria of spirometry
and CT quantitative measurement, stable experience will be
formed with more cases studied with the continuous pro-
gress of software and hardware technology. According to
our study, small airway remodeling had occurred in the early
stage of COPD, the ratio of 9-LA/AA and 9-WA/AA are
practical tools for accurate assessment of small airway remo-
deling in COPD. Chest CT being done for many reasons
could be used to “screen” for early COPD, thus aiding early
diagnosis without extra burden on patients or healthcare
systems. In conclusion, quantitative evaluation of airway in
CT provides a scientific basis for the early prevention,

diagnosis, and treatment of COPD.
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