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Abstract

Background: Chest computed tomography (CT) is increasingly used for phenotyping and
monitoring of patients with COPD. The aim of this work was to evaluate the association of Pi10
as a measure of standardized airway wall thickness on CT with exacerbations, mortality, and
response to triple therapy.

Methods: Patients of GOLD grades 1-4 of the COSYCONET cohort with prospective CT scans
were included. Pi10 was automatically computed and analyzed for its relationship to COPD
severity, comorbidities, lung function, respiratory therapy, and mortality over a 6-year period,
using univariate and multivariate comparisons.

Results: We included n=433 patients (61%male). Pi10 was dependent on both GOLD grades 1-
4 (p=0.009) and GOLD groups A-D (p=0.008); it was particularly elevated in group D, and ROC
analysis yielded a cut-off of 0.26 cm. Higher Pi10 was associated to lower FEV; % predicted
and higher RV/TLC, moreover the annual changes of lung function parameters (p <0.05), as
well as to an airway-dominated phenotype and a history of myocardial infarction (p=0.001).
These associations were confirmed in multivariate analyses. Pi10 was lower in patients
receiving triple therapy, in particular in patients of GOLD groups C and D. Pi10 was also a
significant predictor for mortality (p=0.006), even after including multiple other predictors.
Conclusion: In summary, Pi10 was found to be predictive for the course of the disease in
COPD, in particular mortality. The fact that Pi10 was lower in patients with severe COPD
receiving triple therapy might hint toward additional effects of this functional therapy on
airway remodeling.

Registration: ClinicalTrials.gov, Identifier: NCT01245933

Keywords: COPD, CT based phenotyping, mortality, Pi10, triple therapy

Received: 28 July 2022; revised manuscript accepted: 15 December 2022.

Introduction

According to the current GOLD guidelines,
chronic obstructive pulmonary disease (COPD)
is treated using a stepwise approach, whereby
inhaled treatment should be escalated to triple
therapy but only after exacerbations have
occurred.! It is known that each exacerbation

leads to a deterioration of lung function and
increases rehospitalization rate and mortality
risk.2# Therefore, identification of patients at
increased risk for exacerbation or mortality is
essential to initiate early, protective treatment
escalation. There has been a long search for easy-
to-assess biomarkers for these risks, but none of

Ther Adv Respir Dis
2023, Vol. 17: 1-14

DOI: 10.1177/
17534666221148663

© The Authorl(s), 2023.

Article reuse guidelines:
sagepub.com/journals-
permissions

Correspondence to:
Kathrin Kahnert
Department of Medicine

V, Comprehensive
Pneumology Center,
Member of the German
Center for Lung Research
(DZL), University Hospital,
LMU Munich, Ziemssenstr.
5, Munich 80336, Germany.
kathrin.kahnert@med.
uni-muenchen.de

Rudolf A. Jorres

Institute and Outpatient
Clinic for Occupational,
Social and Environmental
Medicine, Comprehensive
Pneumology Center
Munich (CPC-M), Member
of the German Center for
Lung Research (DZL),
Ludwig-Maximilians-
Universitat Miinchen,
Munich, Germany

Hans-Ulrich Kauczor
Bertram Jobst

Oliver Weinheimer
Sebastian Nauck
Department of Diagnostic
and Interventional
Radiology, University
Hospital of Heidelberg,
Heidelberg, Germany

Translational Lung
Research Centre
Heidelberg (TLRC),
Member of the German
Center for Lung Research,
Heidelberg, Germany

Peter Alter

Claus F. Vogelmeier
Department of Medicine,
Pulmonary and Critical
Care Medicine, University
Medical Center Giessen
and Marburg, Philipps-
University Marburg,
Member of the German
Center for Lung Research
(DZL), Marburg, Germany

Franziska C. Trudzinski
Felix Herth
Thoraxklinik-Heidelberg
gGmbH, Translational
Lung Research Centre

journals.sagepub.com/home/tar

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License
(https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission
provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://journals.sagepub.com/home/tar
https://uk.sagepub.com/en-gb/journals-permissions
https://uk.sagepub.com/en-gb/journals-permissions
mailto:kathrin.kahnert@med.uni-muenchen.de
mailto:kathrin.kahnert@med.uni-muenchen.de
http://crossmark.crossref.org/dialog/?doi=10.1177%2F17534666221148663&domain=pdf&date_stamp=2023-01-31

THERAPEUTIC ADVANCES in
Respiratory Disease

Volume 17

Heidelberg (TLRC), Member
of the German Center for
Lung Research (DZL),
Heidelberg, Germany

Pontus Mertsch

Diego Kauffmann-
Guerrero

Jiirgen Behr

Department of Medicine
V, Comprehensive
Pneumology Center,
Member of the German
Center for Lung Research
[DZL), University Hospital,
LMU Munich, Munich,
Germany

Robert Bals

Department of Internal
Medicine V - Pulmonology,
Allergology, Respiratory
Intensive Care Medicine,
Saarland University
Hospital, Homburg,
Germany

Helmbholtz Institute for
Pharmaceutical Research
Saarland (HIPS), Helmholtz
Centre for Infection
Research (HZI), Saarland
University Campus,
Saarbriicken, Germany

Henrik Watz

Pulmonary Research
Institute at LungenClinic
Grosshansdorf, Airway
Research Center North
[ARCN), Member of

the German Center for
Lung Research (DZL),
Grosshansdorf, Germany

Klaus F. Rabe

Lung Clinic Grosshansdorf,
Airway Research Center
(ARCN]), Grosshansdorf,
German

Faculty of Medicine,
Christian-Albrechts-
Universitat zu Kiel, Kiel,
Germany

Tobias Welte

Department of
Pneumology, Hannover
Medical School, Hannover,
Germany

Jiirgen Biederer
Department of Diagnostic
and Interventional
Radiology, University
Hospital of Heidelberg,
Heidelberg, Germany

Translational Lung
Research Centre
Heidelberg (TLRC),
Member of the German
Center for Lung Research,
Heidelberg, Germany
Faculty of Medicine,
Christian-Albrechts-
Universitat zu Kiel, Kiel,
Germany

University of Latvia, Faculty
of Medicine, Raina bulvaris
19, Riga, LV-1586 Latvia

these has yet found its way into widespread clini-
cal use.

For the assessment of COPD severity in terms of
symptoms, exacerbations, lung function decline,
and phenotyping, established tools are available.
Phenotyping is increasingly performed using com-
puted tomography (CT) scans, which is particu-
larly useful for the assessment of emphysema, but
can also be used to determine alterations of the air-
ways, including airway lumen and wall thickness.?
Previous investigations found an association
between increased airway wall thickness and more
severe airflow obstruction,52 as well as higher res-
piratory mortality in patients additional showing a
higher degree of emphysema.® Pil0 represents the
average airway wall thickness normalized to a ‘the-
oretical’ airway lumen of 10-mm inner perimeter
and can be derived by established algorithms from
standard clinical CT scans used for COPD pheno-
typing.1® Pil0 has already been shown to be of
value in the evaluation of patients without known
lung disease, especially population-based cohorts
without history of prior respiratory disease, as well
as in lung cancer screening cohorts. In these groups,
an association between higher Pil10 and increased
COPD risk or hospitalization rate and mortality
due to respiratory disease has been demon-
strated.!!:12 Previous studies using cross-sectional
data in patients with the established diagnosis of
COPD showed a link between higher Pi10, respira-
tory symptoms, and higher airway obstruction.13-15

These findings raise the question of whether routine
CT scans that are becoming part of routine assess-
ment in COPD, can be utilized for the additional
evaluation of clinical state and its deteriorations by
analysis of Pi10. In the present study, we therefore
aimed to reveal whether routine evaluation of CT
scans for Pil0 can support the identification of
patients who are at increased risk in terms of exacer-
bations and mortality, and thus possibly need esca-
lation of inhaled therapy. For this purpose, we used
data of the German COPD cohort COSYCONET
(COPD and Systemic Consequences Comorbidies
Network), in which extensive clinical characteriza-
tion as well as CT scans were available.

Materials and methods
Study population

The German COPD cohort study ‘COPD and
SYstemic consequences-COmorbidities NETwork’

(COSYCONET) started in 2010 in 31 study cent-
ers all over Germany. The aim of the investigation
was the assessment of the interaction of lung dis-
ease, comorbidities, and systemic inflammation.
After baseline visit (termed as visit 1), follow-up vis-
its were performed 6, 18, 36, 54, 72, and 90 months
after baseline. The broad inclusion criteria com-
prised (1) aged 40years and older, (2) diagnosis of
COPD (according to GOLD criteria) or chronic
bronchitis, and (3) availability for repeated study
visits over at least 18 months. The exclusion criteria
were based on (1) having undergone major lung
surgery, (2) moderate or severe exacerbation within
the past 4weeks, (3) having a lung tumor, and (4)
physical or cognitive impairment resulting in an
inability to walk or to understand the intention of
the project.!® Among the patients of the German
COPD cohort COSYCONET?7 recruited at visit 1,
n=1427 patients participated in the third follow-up
visit (V4), of whom 1176 were of GOLD grades
1-4. Of the 1427 patients, a subgroup of 602
patients was studied via prospective CT scans in
separate study visits at the time of V4.18 Of these,
433 patients belonged to GOLD grades 1-4 and
were evaluated regarding Pil0 (see Figure S1).
Functional and clinical data of these patients were
obtained at visit 4.

Assessments

Standard procedures were used to determine the
anthropometric characteristics and lung func-
tion,!7 including the assessment of forced expira-
tory volume in 1s (FEV,), forced vital capacity,
and their ratio FEV,/FVC in spirometry, of the
ratio RV/TLC of residual volume (RV) to total
lung capacity (TLC) in body plethysmography,
and of lung diffusing capacity for carbon monoxide
(CO) in terms of total diffusing capacity (TLCO)
and diffusing capacity per alveolar volume (KCO).
Predicted vales for spirometry!® and diffusing
capacity?? were chosen from GLI resources.

The presence of comorbidities was assessed in a
structured interview on the basis of physician-
based diagnoses reported by patients.!” The pre-
sent analysis included the comorbidities heart
failure, myocardial infarction, coronary artery dis-
ease, chronic bronchitis, asthma, sleep apnea, dia-
betes, hyperlipidemia, hyperuricemia, and
osteoporosis. The COPD Assessment Test (CAT),
St George’s Respiratory Questionnaire (SGRQ),
and modified Medical Research Council (mMRC)
questionnaire were used as recommended.!?
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Following GOLD recommendations, patients
were categorized into grades 1-4,! or into groups
A-D according to the frequency/severity of exacer-
bations and symptom burden quantified via the
mMRC.! According to the GOLD recommenda-
tions we used a value of mMRC of 0-1 for GOLD
A and C patients, and of mMRC = 2 for GOLD
B and D patients. COPD exacerbations were
defined according to the GOLD recommenda-
tions as acute worsening of respiratory symptoms
that resulted in additional therapy.2? Exacerbation
history was recorded repeatedly during the follow-
up visits of COSYCONET by structured inter-
views, whereby exacerbation risk of GOLD groups
A-D was based on the 12-month history of exacer-
bations of all severities, including hospitalization;
high risk was indicated by a history of two non-
hospitalized exacerbations, or one exacerbation
leading to hospital admission as described by
GOLD.20

The decline in lung function parameters corre-
sponded to the decline measured between visit 1
and visit 5.2! To assess the intake of inhaled medi-
cation, that is, long-acting beta-agonists (LABA),
long-acting muscarinic antagonists (LAMA), and
inhaled corticosteroids (ICS), patients were asked
to bring all their medication for the study visit.17

Using the data from follow-up visits, we addition-
ally investigated all-cause mortality up to 6years
after inclusion at visit 1. Survival status was
assessed by contacting partners, relatives, primary
care practitioners, and hospitals as done before.22

CT assessments

Overall, 602 patients were enrolled in the radio-
logic sub-study SP7 of COSYCONET. These
patients underwent additional CT thorax exami-
nations in inspiration and expiration!®:23 on clinical
CT scanners with at least 40-row detector arrays,
taking their regular medication. Assessments were
based on a non-enhanced low-dose chest CT pro-
tocol according to clinical standards and com-
prised end-inspiratory and  end-expiratory
acquisitions of the entire lung. The protocol fol-
lowed the recommendations of the thoracic imag-
ing workshop (AG Thorax) of the German
Radiological Society (DRGQG). It was realized using
a thin slice collimation of 0.6 mm, a pitch of 0.6—
1.0, a tube potential of 120 kVp, and a tube cur-
rent of 35 effective mAs for most scanner types.18:24
Owing to the use of different CT scanners, each

site-specific study protocol was adapted to the
local technical scanner specifications. Details of
the CT acquisition protocol are given in
Supplemental Table 1. The maximum effective
radiation dose of both inspiratory and expiratory
CT scans was below 3.5 mSy.

COPD phenotype. All CT scans were subjected to a
standardized visual assessment process by an expe-
rienced chest radiologist. Based on the modified
guidelines of the COPD Gene CT Workshop
Group,?> an algorithm for further evaluation was
applied. The extent of emphysema was determined
semi-quantitatively using a five-point scale (<5%,
5-25%, 26-50%, 51-75%, and >75%) along with
the leading type of emphysema (centrilobular ver-
sus panlobular) in a lobe-based approach.?526
Moreover, the additional presence of bronchiecta-
ses, bronchial wall thickening, mosaic attenuation,
and centrilobular nodules was listed. Furthermore,
the presence of paraseptal emphysema and bullae
(each for right and left side) was documented, in
addition to abnormalities (e.g. collapse or stenosis)
of the trachea or the two main stem bronchi.?¢
Based on these evaluations, the observer set the
predominant COPD phenotype (either emphy-
sema-type or not) in a binary score. The final score
used in this analysis as well as in previous COSY-
CONET investigations!823:26:27 thus comprised
emphysema versus non-emphysema type, that is,
airway-predominance.

Pi10. The non-commercial, fully automatic air-
way analysis software YACTA ( ‘Yet another CT
analyzer’, Version 2.8.0.14, programming by
0O.W.) was used to evaluate CT data as previously
described.?8-33 The software was used to segment
the entire tracheobronchial tree and the results
were used to calculate different metrics of airway
geometry. According to a previous clinical study
by Jobst er al. 32 the airway parameters total diam-
eter (TD), luminal area (LLA), wall area (WA),
and the ratio of wall area to the sum of wall and
lumen area (wall percentage, WP) were investi-
gated for the first to eighth generations — but Pil0
calculation was done based on all segmented air-
ways. A standardized measure of airway wall
thickness was determined by plotting the square
root of airway wall areas against the inner perim-
eter of the airway for each airway location.32
Through the use of the corresponding regression
line, the square root of the wall area for a hypo-
thetical airway with 10-mm internal perimeter
was derived and defined as Pil0.19 Thus, Pil0
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Figure 1. (a) Segmented airway tree including labeling of the pulmonary lobes, trachea highlighted in green,
right main in red, left main in dark blue, right upper lobe in yellow, middle lobe in green and right lower lobe
in orange, left upper lobe in light blue (transparent), lingula in dark red, and left lower lobe in pink. In the left
upper lobe an orthogonal slice through an airway is shown, on such slices, all airways of the whole segmented
airway tree are measured. (b) Magnification of orthogonal slice shown in (a), inner (green) and outer (red) wall
borders are displayed. (c] The calculation of Pi10. The square root of wall area is plotted against the internal
perimeter for each measured airway. Regression line delivers the Pi10 which square root of wall area for an

airway with an internal perimeter of 10 mm.

characterizes airway morphology, not the number
of airways. For further illustration, Figure 1(a)—(c)
shows the segmented airway tree including the
labeling of different airway structures, as well as
the magnification of orthogonal airway slices and
the calculation of Pil0.

Statistical analysis

For data description, mean values and standard
deviations, or numbers and percentages were
chosen. Univariate analyses were performed as
analysis of variance (ANOVA) or contingency
tables with chi-square statistics, depending on
the type of data. Post hoc comparisons of
ANOVA results were performed according to
Duncan. In addition, receiver operator charac-
teristics (ROC) for Pil0 were computed. The
associations between variables were assessed by
linear and logistic regression analyses comprising
one dependent and multiple independent varia-
bles. In these analyses, age, gender, body mass
index (BMI), and decline in FVC % predicted
were always included as confounders.
Proportional hazard Cox regression analysis was
used for the assessment of mortality; models
were adjusted for age, BMI, GOLD group D,

active smoking, the change in FVC % predicted,
a history of myocardial infarction, and the pres-
ence of an airway dominated phenotype. All
analyses were performed using the software pack-
age SPSS (Version 26, IBM Corp., Armonk,
NY, USA). The p values below 0.05 were con-
sidered as statistically significant, and 95% confi-
dence intervals (CIs) were given where
appropriate. Significance levels are given explic-
itly, as far as possible, without adjustments for
the multiplicity of tests.

Results

Baseline characteristics

CT scans with technically valid values of Pil0
were available in 433 patients of GOLD grades
1-4 (Table 1). Table 1 also shows the prevalence
of major comorbidities. The number of patients
deceased within 6 years was n=29.

Association of Pi10 with COPD characteristics

Pil10 was dependent on both GOLD grades 1-4
[p=0.009, ANOVA, see Figure 2(a)] and GOLD
groups A-D [p=0.008, ANOVA, sece Figure
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Table 1. Baseline characteristics of the study cohort. For categorical data
absolute numbers and percentages are given, for continuous variables
mean values and standard deviations (SD).

2(b)]. Specifically, grade 1 showed lower values
than grades 3—4 (»p <0.05, Duncan), and group D
showed higher values of Pil0 than groups A-C

(p<0.05, Duncan). Active smokers had higher
values for Pil0 (p=0.022), while there was no
dependence on gender (p=0.377). For a better
description of the dependence on GOLD groups,

Parameter

Mean value *= SD or numbers (%)

Sex (male/female)

268/165 (61.9%/38.1%)

we performed an ROC analysis of Pil0 regarding Age lyears) TR
the association with GOLD group D. This yielded BMI (kg/m2) 266+ 4.9
an optimal cut-off value of 0.26 with an area
under the ROC curve (AUC) of 0.628 (95% CI:  FEV, % predicted (GLI) 55.4+18.7
0.563-0.694) (p<0.001). )
FVC % predicted (GLI) 82.6+20.3
Accm"ding to .linear regression analysis, Pi10 was FEV,/FVC (ratio 0.51+011
associated with BMI (p<<0.001) but not age
(»p=0.624) Pi10. Higher Pil10 values were associ- RV/TLC (ratio) 0.53+0.10
ated with higher values of the CAT score
(p=0.006), total SGRQ (p=0.027), and SGRQ  Annual change in FEV, (% predicted) -1.07+2.9
impact sub-score (p=0.020) but not with the ) . .
activity and symptom sub-scores. Lower values of Annual change in FVC (% predicted)  -0.42+3.8
FEV, % predicted (»p=0.002) and FVC % pre- Annual change in RV/TLC 0.004 + 0.03
dicted (p<0.001) were associated with higher
Pil0 values, as well as a higher RV/TLC ratio Annual decline TLCO (% predicted) 1.6+ 4.04
(»p=0.036) and higher KCO % predicted
(p<0.001), but not TLCO % predicted SGRQtotal 39.3%19.2
(»p=0.078). The annual decline rates in FEV
(p=0753). TLCO (p=0418), and KCO CATtotl 16.9£7.0
(p=0.256), each in % predicted, were not signifi-  Asthma 105 (24.2%)
cantly associated with Pil0. In contrast, a lower
annual decline rate of FVC % predicted  Hyperuricemia 97 (22.4%)
(»p=0.015) and a lower annual increase in RV/ . .
TLC (p=0.025) were linked to lower Pi10. Hyperlipidemia A (e
Airway predominance (CT) 249 (57.5%)

According to the CT evaluation for emphysema,
Pil0 values were higher in patients in whom the
airway type dominated over the emphysema type
(»p=0.002, ANOVA). Correspondingly, Pil0 was
higher when mean lung density, the 15th percen-
tile of mean lung density and the inspiratory
emphysema index were higher (»p<<0.001 each,
regression analysis).

According to univariate analyses, Pil0 values
were higher in patients with coronary artery dis-
ease (p=0.012) and myocardial infarction
(p=0.001), while there was no dependence on
the diagnosis of asthma, chronic bronchitis, gas-
trointestinal disorders, diabetes, arterial hyper-
tension, heart failure sleep apnoea, hyperlipidemia,
hyperuricemia, and osteoporosis.

To identify statistically independent determinants
of Pil0, we performed regression analyses with
multiple predictors.

Triple therapy

LABA + LAMA
Deaths

206 (47.6.0%)
99 (22.9%)
29 (6.7%)

BMI, body mass index; CAT, COPD Assessment Test; CT, computed tomography;
FEV 1, forced expiratory volume in 1 second; FVC, forced vital capacity; GLI, Global
lung initiative; LABA, long-acting beta-agonists; LAMA, long-acting muscarinic
antagonists; RV/TLC, residual volume/total lung capacity; SGRQ, St George's

Respiratory Questionnaire; TLCO diffusing capacity.

The differences regarding GOLD grades and groups
remained significant when introducing the lung func-
tion decline over time as additional covariate.
However, in the multivariate analyses, only the
decline in FVC % predicted (p=0.015) and the
increase in RV/TLC (p=0.012) were significantly
associated with Pi10, whereas the decline in FEV,
(p=0.764), TLCO (p=0.679),and KCO (p=0.382),
all of them as % predicted, was not. The same was
true for changes in SGRQ (p=0.587).
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(a)

Pi10 (cm)
ma

(b)

Pi10 (cm)
e
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Figure 2. (a) Pi10 (vertical axis) for the different GOLD grades (horizontal
axis). Mean values and 95% Cl intervals are given. (b) Pi10 (vertical axis)
for the different GOLD groups (horizontal axis). Mean values and 95% Cl

intervals are given.

The association with the airway dominated type
(present in 57.5% of patients, see Table 1) or
mean lung density remained significant (p<0.001
each) when GOLD grades and groups, active
smoking and the decline in FVC % predicted were
introduced as additional predictors. Similarly, the
dependence on myocardial infarction remained
significant (p=0.002) when in a multivariate anal-
ysis additionally introducing GOLD grades and
groups, active smoking status as well as the decline
of FVC % predicted. The same was true for coro-
nary artery disease (p=0.012) but not if coronary
artery disease was reported without any previous
infarction (p=0.778).

Association of Pi10 with respiratory COPD
medication

When keeping GOLD grades and GOLD groups
as well as the decline in FVC % predicted as pre-
dictors of Pil0, there was a significant association

with the presence of triple therapy (p=0.003);
remarkably, patients with triple therapy showed
lower Pil10 (see Table 2, Figure 3). This result
was independent on the inclusion of the anam-
nestic information on sputum production. There
were no significant interaction terms between tri-
ple therapy and GOLD groups or grades
(p>0.05). The association of Pil0 with triple
therapy was dependent on GOLD groups. When
comparing Pi10 in GOLD CD patients with tri-
ple therapy versus without, it still showed a signifi-
cant (p=0.030) reduction in patients with triple
therapy (0.277 cm wversus 0.307 cm). This was not
the case in GOLD AB patients (0.266cm versus
0.274cm).

Similar results were obtained for the combination
of LAMA and LABA (irrespective of ICS,
$»=0.003) but not LABA + ICS (irrespective of
LAMA, p=0.122).

Associations of Pi10 with mortality

ROC analysis of Pil0 with regard to mortality
also revealed an association (p=0.004), yielding
an optimal cut-off value of 0.26 with an AUC of
0.658 (95% CI: 0.571-0.745). Using BMI, active
smoking, the change in FVC % predicted, myo-
cardial infarction, the airway dominated pheno-
type, GOLD group D and additionally age as
further predictors, the Pil0 value in terms of the
cut-off value 0.26 was still significantly linked to
mortality (p=0.006), with an odds ratio of 4.56
(95% CI: 1.55-13.42) (Table 3 and Figure 4).

Discussion

The present analysis aimed to elucidate the role
of Pil0, an easily derived morphological parame-
ter from routine chest CT scans, in patients with
COPD. We found that for practical purposes a
cut-off value of 0.26cm was suitable to provide
additional information on exacerbation risk and
mortality, even when other, known predictors
were taken into account. Interestingly, a reduced
Pil10 value was linked to triple therapy even after
adjusting for clinical correlates of this therapy,
suggesting a genuine morphological effect of tri-
ple therapy. Although these conclusions are lim-
ited by the cross-sectional nature of the analysis,
they indicate a potential clinical value of Pil0 as
an easily available biomarker, which can be auto-
matically extracted from clinical chest CT scans
for COPD phenotyping.
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Table 2. Association of Pi10 with respiratory COPD medication.

Predictor Regression Standard p value 95% Cl lower  95% Cl upper
coefficient B error of B (compared
with ref.)

GOLD 1 ref

GOLD 2 0.023 0.011 0.043 0.001 0.045
GOLD 3 0.038 0.012 0.002 0.014 0.062
GOLD 4 0.043 0.016 0.009 0.011 0.076
GOLD A ref

GOLD B 0.004 0.009 0.664 -0.013 0.021
GOoLD C 0.002 0.011 0.847 -0.020 0.024
GOLD D 0.028 0.010 0.008 0.007 0.048
Triple -0.022 0.007 0.003 -0.036 -0.007
Annual delta FVC % predicted 0.002 0.001 0.009 0.001 0.004

COPD, chronic obstructive pulmonary disease; FVC, forced vital capacity.

The table shows the results of multivariate linear regression analysis in terms of non-standardized regression coefficients
(B), their standard errors, p values and 95% confidence intervals. All GOLD grades and groups refer to visit 4, the change
of FVC % predicted to that between baseline and each patient’s last visit, expressed as % predicted at baseline. Significant

differences (p <0.05) are marked in bold.

0,30

Pi10 (cm)
I e
f—o—

Triple therapy
I no
I yes

015

A B

C D

GOLD groups

Figure 3. Pi10 (vertical axis] for the different GOLD groups (horizontal axis] and patients with or without triple

therapy. Mean values and 95% Cl intervals are given.

Pil0 measurements may depend on the algo-
rithms and definitions used in the CT evalua-
tion.3* We used the YACTA algorithm for the
investigation of airway parameters (total diame-
ter, luminal area, wall area and the ratio of wall
area to the sum of wall and lumen area) for the
first to eighth generations — but Pil0 calculation

in our study was done based on all segmented air-
ways, according to previously published data of
our group.3? As shown previously, the average
highest airway generation showed low variability
between the different patient groups and time
points.32 It is important to note that the definition
of Pil0 does not depend on the specific
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Table 3. Associations of Pi10 with mortality.

B SE p value Exp(B) 95% CI for Exp(B)

Lower Upper

Pi10=0.26cm 1.518 0.550 0.006 4.562 1.551 13.418
BMI (kg/m?) 0.020 0.046 0.662 1.020 0.933 1.116
Age (years) 0.102 0.030 0.001 1.107 1.043 1.175
Current smoking 0.619 0.470 0.188 1.856 0.739 4.663
History of myocardial infarction -1.026 0.801 0.200 0.358 0.074 1.723
Emphysema versus airway type 1.082 0.421 0.010 2.951 1.292 6.740
Annual delta in FVC (% predicted) -0.089 0.042 0.033 0.915 0.843 0.993
GOLD D versus ABC 0.490 0.437 0.263 1.632 0.693 3.842

CT, computed tomography; BMI, body mass index; Cl, confidence interval; FVC, forced vital capacity.

The table shows the results of Cox proportional hazards regression analysis for Pi10=0.26 cm as predictor. Further
potential predictors are shown for comparison: BMI, age, active smoking, a history of myocardial infarction, the CT-derived
emphysema versus airway dominated phenotype and GOLD group D versus ABC. Significant differences (p <0.05) are
marked in bold. For all predictors, the regression coefficients (B), their standard errors (SE), p values, the derived odds

ratios [exp(B)] and their 95% confidence intervals are shown.

attribution of airway generation number but only
describes the relationship between airway wall
thickness against internal diameter from a regres-
sion analysis of both parameters. In the regression
analysis, generation number does not explicitly
enter and the computation is valid as far as the
interpolated value corresponding to 10-mm inter-
nal perimeter is within the range of airway genera-
tions measured. The fact that different numbers
of generations can be determined in COPD
patients of different severity should therefore only
affect the signal-to-noise ratio, as from a broader
range of perimeters a more reliable regression
analysis results.

Higher Pi10 were associated with a higher symp-
tom burden and lower disease-specific quality of
life, in line with the results of previous investiga-
tions.?>»3> Pil0 was also associated with the
CT-morphological, functional, and clinical pic-
ture of an airway-dominated phenotype.3® This
concordance with the literature suggests that the
CT scans used by us were of comparable quality,
and that thus the additional information on the
clinical value of Pil0 was not specific for
COSYCONET.

Previous studies addressing the association
between Pil0 and lung function decline were

limited to patients without pre-existing chronic
obstructive pulmonary disease.!?2 Pil0 was associ-
ated with airway obstruction in terms of the
annual fall of FEV,.1112 In the present study, we
also evaluated the lung function decline in asso-
ciation with Pil0 but included patients with
COPD. We found the annual decline of FVC and
the annual increase of the ratio RV/TLC to be
linked to Pil0; this was not the case for the
changes in FEV, or diffusing capacity (TLCO).
The change was computed between visit 1 and
visit 5 to cover the CT study visit which occurred
between visits 4 and 5. FVC and RV/TLC both
reflect the lung volume available for breathing,
which is critically dependent on the function of
the small airways, while FEV, more reflects the
central airways and diffusing capacity the alveolar
space. FEV, also depends stronger than FVC on
the occurrence of acute bronchoconstriction.
From this perspective, it seems not unplausible
that we observed the changes of FVC, and not of
FEV,, as correlate of morphological changes
assessed via Pil0.

We also addressed the potential role of inhaled
triple therapy for Pil0. Triple therapy was more
prevalent in patients with increased symptoms
and exacerbations (GOLD groups C and D), par-
ticularly in group D. Group D also showed an
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Figure 4. Kaplan-Meier estimates of the study cohort regarding mortality and depicting survival for patients
having values of Pi10 of at least 0.26 cm versus patients with values below 0.26 cm.

elevated value of Pil0. On the contrary, when
including all GOLD groups, triple therapy was
linked to a lower value of Pil0. The association
with triple therapy depended on GOLD groups
and was present in groups CD but not AB, sug-
gesting that triple therapy was particularly effec-
tive in patients with increased rate and/or severity
of exacerbations.

A recent study found that even patients with no
or minor previous history of exacerbations had a
significant risk for future exacerbations.3” Owing
to the importance of exacerbations, all easy-to-
obtain parameters comprising information on this
risk are of interest. In the present study, we iden-
tified Pil0 as a potentially useful parameter for
the quantification of exacerbation risk, with a cut-
off value of 0.26 cm. Our findings regarding triple
therapy also suggest that Pil10 might be helpful in
the decision for early treatment escalation, espe-
cially in patients of GOLD group D.

Pil0, as a measure of small airway alterations,
was associated with the presence of coronary
artery disease and a previous history of myocar-
dial infarction. Data from the SPIROMICS
cohort showed an association between Pil0 and
higher coronary calcium load,3® although these
associations were dependent on the use of multi-
variable adjustment. The underlying pathomech-
anisms for the association between COPD and
coronary artery disease probably include oxida-
tive stress, systemic inflammation, increased

thrombogenicity, impaired vascular function, and
hypoxemia.3%40 An interesting pathway could be
the reduction of CXCLS5 affecting cholesterol
efflux,*! thereby increasing atherogenesis*! and
potentially explaining the association between
airway obstruction and coronary artery disease. If
Pi10 was higher than the cut-off value of 0.26 cm,
mortality risk increased by a factor of 4.5. As this
result was obtained accounting for additional pre-
dictors such as age, previous myocardial infarc-
tion, FVC decline and GOLD group D, it
indicates an independent effect of changes in air-
way morphology on mortality risk.

Considering the pattern of associations found in
this observational study, the results appear com-
patible with those of randomized controlled tri-
als, such as the ETHOS study, which found a
reduction of overall mortality, particularly due
to cardiovascular causes, in patients with triple
therapy.#? Our findings suggest that beneficial
effects on airway morphology may play a role in
this, either as direct factor regarding the lung or
as marker of indirect positive effects on the
heart.

Limitations

While the cross-sectional study design showed a
correlation between Pil0, risk of exacerbation
and triple therapy, direct causal relationships can-
not be derived, although we also used data on
mortality. In the follow-up visits, overall mortality
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was not very high, but due to the large study
cohort and a long observation period of 6 years, a
mortality analysis could still be performed.
Another limitation of this study was the missing
information on the cause of death, thus mortality
had to be analyzed as all-cause mortality. The
information on the presence of comorbidities was
based on the physician-based diagnoses that were
recorded in a structured interview and not veri-
fied by independent assessments; however, in
previous studies this did not appear to affect the
validity of the analyses.?1:43:44 It is clear that the
results regarding triple therapy merely represent
an association, in particular as the presence of this
therapy could depend on symptoms of bronchitis.
However, when introducing symptoms such as
sputum production as additional predictors, the
association with triple was not affected.

Conclusion

These observational data suggest that Pil0O, as
determined from routine CT chest imaging using
an automated processing software, provided
information on the future clinical course of
COPD patients. Pil0 was independently associ-
ated with both, exacerbations and mortality, in
addition to other, established predictors. For this
purpose, a cut-off value of 0.26 cm could be used.
The additional result on the lower value of Pil0
in patients with triple therapy suggests a poten-
tial, unrecognized benefit of this therapy, suggest-
ing that Pi10 might be implemented in randomized
trials addressing appropriateness and escalation
of COPD therapy.
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