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Purpose: To present a method to automatically quantify tracheal morphology changes during breath-
ing and investigate its contribution to airflow impairment when adding CT measures of emphysema,
airway wall thickness, air trapping and ventilation.

Methods: Because tracheal abnormalities often occur localized, a method is presented that automati-
cally determines the most abnormal trachea section based on automatically computed sagittal and
coronal lengths. In this most abnormal section, trachea morphology is encoded using four equiangu-
lar rays from the center of the trachea and the normalized lengths of these rays are used as features in
a classification scheme. Consequently, trachea measurements are used as input for classification into
GOLD stages in addition to emphysema, air trapping and ventilation. A database of 200 subjects dis-
tributed across all GOLD stages is used to evaluate the classification with a k nearest neighbour algo-
rithm. Performance is assessed in two experimental settings: (a) when only inspiratory scans are
taken; (b) when both inspiratory and expiratory scans are available.

Results: Given only an inspiratory CT scan, measuring tracheal shape provides complementary
information only to emphysema measurements. The best performing set in the inspiratory setting was
a combination of emphysema and bronchial measurements. The best performing feature set in the
inspiratory-expiratory setting includes measurements of emphysema, ventilation, air trapping, and
trachea. Inspiratory and inspiratory-expiratory settings showed similar performance.

Conclusions: The fully automated system presented in this study provides information on trachea
shape at inspiratory and expiratory CT. Addition of tracheal morphology features improves the ability
of emphysema and air trapping CT-derived measurements to classify COPD patients into GOLD
stages and may be relevant when investigating different aspects of COPD. © 2017 American Associa-
tion of Physicists in Medicine [https://doi.org/10.1002/mp.12274]
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1. INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a chronic
lung disease characterized by progressive airflow limitation
that is caused by chronic bronchitis, inflammation of the air-
ways, and emphysema, an irreversible destruction of lung tis-
sue. The current standard for diagnosing is the pulmonary
function test (PFT) and is determined by a postbronchodilator
ratio of forced expiratory volume in one second and forced
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vital capacity (FEV/FVC) of less than 0.70. Disease severity
is evaluated by comparing the postbronchodilator FEV value
with its predicted value to assign the patients to one of the
stages defined by the Global Initiative for Chronic Obstruc-
tive Pulmonary Disease (GOLD) ranging from stage 1 (mild
COPD) to stage 4 (severe COPD).I However, COPD is a
heterogeneous disease and the data obtained from PFT do not
allow for differentiation between subtypes such as airway-
dominant or emphysematous phenotypes.**
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Numerous studies extract quantitative measurements from
thoracic computed tomography (CT) to describe different fea-
tures of COPD and correlate these to clinical outcomes.””
These studies can roughly be grouped into three categories:
(a) studies quantifying emphysema and/or airway disease
from single inspiratory CT scans, (b) studies extracting mea-
surements for emphysema and/or airway disease from (regis-
tered) inspiratory and expiratory CT scans, (c) studies
extracting additional CT measurements that provide informa-
tion about other functional aspects of the disease such as
extra-pulmonary manifestations of COPD. While most stud-
ies fall into the first two groups which include the best known
imaging biomarkers for COPD, this study falls into the third
category, which is of special interest for analyzing possible
new pathological findings associated with COPD.

Different types of tracheal abnormalities have been
described in COPD subjects but their effect on airflow limita-
tion is rarely studied. Saber-sheath trachea (SST), described
as a marked narrowing of the coronal diameter associated
with a sagittal elongation, is a static tracheal deformity often
associated with COPD.* But its relation with clinical and
radiological parameters of COPD is unclear. SST is quanti-
fied in CT scans by determining the tracheal index (TI): the
ratio between the coronal and sagittal diameter of the trachea.
While some studies reported a significant correlation of TI
with lung function and GOLD stage,s’6 other studies found
that this correlation was not statistically significant.”

Dynamic tracheal abnormalities, presenting as excessive
narrowing during expiration, have also been associated with
COPD. Most commonly described abnormalities are tracheo-
malacia (TM), defined as luminal reduction caused by a soft-
ening of the tracheal cartilaginous structures, and excessive
dynamic airway collapse (EDAC), characterized by an exag-
gerated posterior membrane movement that reduces the air-
way lumen without cartilage collapse.®” Other morphologies
have been described such as lunate, frown, and horseshoe-
shaped tracheas.'” Paired inspiratory—expiratory CT images
are generally used to evaluate tracheal dynamic collapse and
its relation with airflow limitation. Previous research evalu-
ated tracheal collapsibility in COPD patients by comparing
luminal areas on inspiratory and expiratory CT and no signif-
icant correlation with lung function parameters was found.®"!
However, the shape of the trachea in patients with COPD was
different from healthy volunteers.'”” In contradiction with
these findings, a more recent study found excessive airway
collapse to be associated with worse respiratory quality of life
in COPD patients.’

The development of automatic quantification methods for
tracheal morphology allows for the assessment of static and
dynamic shape changes. However, all studies so far fail to
evaluate differences in tracheal shape next to collapsibility.
Together with potential differentiation of COPD patients,
detection of tracheal deformities in COPD patients is impor-
tant since they commonly reflect the pathology of existing
tracheal disorders. For example, a frown-like tracheal shape
is a result of an excessive flaccidity of the posterior membra-
nous wall, while a lunate configuration reflects a lengthening
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of the membranous wall and a widening of the cartilaginous
rings in the coronal plane. Patients showing these abnormali-
ties, in which a flaccid membranous wall is the main contrib-
utor to the excessive airway collapse, could benefit from
specific treatments such as tracheoplasty, that can improve
their quality of life.'” However, patients in which the exces-
sive collapse is produced by the anterior or lateral airway wall
would not benefit from this treatment.'

This paper presents a method to automatically quantify
trachea shape and dynamic shape changes from inspiration to
expiration and investigates the contribution of tracheal mor-
phology features to airflow limitation. To our knowledge, this
is the first study that presents a fully automated method to
quantify trachea shape changes during breathing. In addition,
to evaluate the added value of trachea measurements when
assessing COPD severity, we implement a set of previously
proposed quantitative features for COPD quantification in
two settings: a) when only inspiratory scans are accessible; b)
when both inspiratory and expiratory scans are available.

2. QUANTIFICATION OF COPD FROM CHEST CT
SCANS

Quantitative CT methods have been developed to describe
different features of COPD, such as emphysema, airway mor-
phology, and air trapping, either extracted from individual
inspiratory CT scans or (registered) inspiratory and expiratory
CT combined.”'314

Emphysema is observed as low attenuation areas in the
lungs, therefore, it is usually quantified from inspiratory chest
CT scans using density-based measurements, such as the
emphysema score (ES): percentage of voxels below a certain
Hounsfield Unit (HU) threshold. ES has been proven to cor-
relate well with PFT and pathology.” Furthermore, the pres-
ence of emphysema in the lower lobes has been shown to
have a larger influence on airflow limitation than emphysema
in the upper lobes."

The large and medium airways (lumen diameter > 2 mm)
can reliably be visualized on inspiratory CT scans. Its mor-
phology is generally expressed in different measurements
obtained from airway segmentations such as wall area, wall
thickness, and lumen area, which have been shown to corre-
late well with PFT.> However, small airways (< 2 mm diame-
ter) cannot be visualized due to the limited resolution of
current CT technology. As a result, no direct measurements
of small airway disease can be obtained from inspiratory CT
scans. Expiratory CT scans are used to indirectly quantify
small airways disease by detection of air trapping: abnormal
retention of air in the lungs during expiration. Air trapping
shows in an expiratory CT scan as regions of abnormally
decreased attenuation after exhalation, and is quantified
using density-based measurements, such as the percentage of
voxels below a HU threshold.” Recently developed registra-
tion techniques allow joint analysis of inspiratory and expira-
tory CT scans. Murphy et al."® used registered scans to
compute a set of ventilation measurements based on
parenchymal densities. They showed that these measurements
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have a better correlation with FEV, values than measure-
ments taken from the individual scans. Furthermore, they per-
formed a lobar analysis of different features revealing that
measurements from lower lobes have more effect in the glo-
bal pulmonary function. Galban et al."* used parametric
response mapping (PRM), a registered voxel-wise technique
that allows to discern the phenotype contributions of small
airway disease and emphysema using information from the
registered scans. This way, they overcome the inability to dis-
tinguish between emphysema and small airways disease
inherent in the air trapping measurement computed in the
expiratory scan alone.

3. MATERIALS

A database was constructed consisting of 200 subjects
with various stages of COPD and control smokers without
COPD taken from the COPDGene study."” Subjects in the
database were equally distributed over the different GOLD
stages with 40 subjects in every GOLD stage. Every subject
underwent inspiratory and expiratory CT, and PFT. One hun-
dred and three (51.5%) subjects were male, and the mean age
was 64 yr (range 45-86). Reconstruction settings are speci-
fied in Appendix A.

4. METHODS

This section describes the automatic analysis for trachea
shape, both in the setting of single CT scan analysis and
joint registered inspiratory and expiratory CT scans analy-
sis. To determine the added value of trachea shape mea-
surements to the prediction of GOLD stage, quantification
methods for emphysema and airway abnormalities were
added, and an experiment was set up to classify subjects
into their GOLD stage based on different combinations of
features.

4.A. Preprocessing

Prerequisites for the quantitative analysis are segmentation
of the lungs and lobes and image registration between inspi-
ratory and expiratory CT scans.

4.A.1. Segmentation

All anatomical structures of interest were automatically
segmented using previously proposed methods integrated
into CIRRUS Lung Quantification (Diagnostic Image Analy-
sis Group, Radboud UMC, Nijmegen, The Netherlands;
Fraunhofer MEVIS, Bremen, Germany). First, lung segmen-
tation was performed using a method based in region growing
and morphological smoothing.'® Then, the airway tree was
segmented using a method based on adaptive thresholding."”
To allow for regional analysis in the lungs, a lobe segmenta-
tion was performed using a multi-atlas based approach.'® All
lung and lobe segmentations were visually checked and edi-
ted where needed.

Medical Physics, 44 (7), July 2017

4.A.2. Image registration

Registration of inspiratory and expiratory CT scans is used
to analyze changes in trachea morphology as well as to
extract quantitative measurements of emphysema, air trap-
ping, and ventilation. Registration was performed using the
method described by Riihaak et al.,' deforming the expira-
tory scan to match the corresponding inspiratory scan. First,
an affine registration was applied to the lung masks, aligning
the lung boundaries, followed by nonrigid registration. Sec-
ond, a gradient-based distance measure that focuses on image
edges instead of intensities is used, since the different levels
of inspiration lead to considerable intensity changes. To
speed-up the processing, the algorithm uses a multilevel strat-
egy from coarse to fine deformation resolution in the opti-
mization process.

4.B. Trachea morphology
4.B.1. Inspiratory CT scan

Saber-sheath trachea (SST) is characterized by an elonga-
tion of the sagittal diameter associated with a reduction of the
coronal diameter and is commonly measured by computing
the tracheal index (TT), defined as:

coronal length inspiration

7 = 1)

sagittal length inspiration

Since the saber-sheath shape usually is very localized, we
first detect the most abnormal cross-section in the trachea
and perform the shape analysis there. The procedure to
extract trachea features is described below:

e As a first step, a rough trachea and main bronchi seg-
mentation is automatically computed using a method
based on region growing.'® The center of gravity of this
structure serves as the initial seed point for the trachea
segmentation.

e The segmentation uses a wavefront propagation method
in which the first front is provided by the initial seed
point. The new wavefront is composed by all unpro-
cessed voxels that meet the following voxel criteria: its
density value is lower than a threshold ¢, or the HU
valuein a3 x 3 x 3 neighborhood around the voxel is
<t. The threshold # was set to —750 HU.

e The wavefront is allowed to propagate until a split is
detected and the carina is marked as the point where the
wavefront bifurcates.

® Once the carina is detected, the region of interest in the
trachea is limited by the section located 2 cm above the
detected carina (to avoid the bifurcation of the main
bronchi), and the uppermost apex of the lungs.

e Centerlines are extracted for the region of interest using
a skeletonisation algorithm®” and cross-sectional image
planes perpendicular to the local tracheal direction are
analyzed. These cross-sectional planes are created using
multiplanar reformatting with trilinear interpolation.
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FiG. 1. Illustration of saber-sheath trachea across stages. (a) Axial inspiratory scan image showing a saber-sheath trachea from a GOLD 1 patient (T = 0.49).
(b) Detail view of the tracheal cross-section in (a). (¢) Axial inspiratory scan image showing a saber-sheath trachea from a GOLD 4 patient (TI = 0.47). (d) Detail
view of the tracheal cross-section in (c). In the detail views, the trachea segmentation is outlined in black. The intersection of the four equiangular rays with the
trachea segmentation is highlighted in with grey circles. The white rays represent the distances used for the computation of the TI.

e In each plane, four equiangular rays (in the sagittal and
coronal direction) are cast from the center of gravity
outwards, defining the sagittal and coronal length. TI is
calculated according to the formula (1) for every cross-
sectional plane and the one with the minimum TI is
selected as being the most abnormal location in the
trachea.

e Tracheal morphology is encoded for the selected cross-
section as the length of the four rays, normalized by the
length of the longest ray to disregard differences in tra-
cheal lumen size. An illustration is shown in Fig. 1.

4.B.2. Inspiratory and expiratory CT

When inspiratory and expiratory scans are available,
changes in trachea shape during expiration can be quantified.
As for static tracheal deformities, dynamic tracheal narrowing
during expiration is often localized. Therefore, we again first
determine the cross-sectional plane in which maximal tra-
cheal narrowing occurs and consequently quantify the change
in airway morphology in that plane. Since the different types
of expiratory tracheal disorders are classified by looking at
the sagittal and coronal narrowing that occurs during breath-
ing,® we developed an index called T to detect the region of
the trachea where the maximum narrowing occurs. 7 is
defined as:

o 2. Tsagittal . Tcomnal

(@)

Tsagittal + Tcoronal
where

T __ sagittal length exp 3)
sagitial = sagittal length insp

coronal length exp
Teoronal = . (4)
coronal length insp

Tiaginar accounts for changes in the sagittal axis, whereas
T.oronar represent the changes in the coronal axis between
inspiration and expiration. Thus, if there is a considerable,
either sagittal or coronal, narrowing between inspiration and
expiration, 7 will tend to zero. Therefore, the section with the
lowest T is selected for analysis. The usage of 7 is more
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focused in detecting abnormal tracheal narrowing occurring
in one of the axes, rather than quantifying tracheal area
reduction. The procedure to extract trachea shape features is
as follows:

e For every inspiratory section, the anatomically equivalent
section in the expiratory scan is found by propagating
the center of gravity of the trachea. Then, cross-sectional
tracheal-paired sections in inspiratory and expiratory
scans are analyzed as described in section 4.B.1.

e T is computed for every pair of sections, and the pair
with the minimum 7 is selected for the feature extrac-
tion.

e The tracheal shape is encoded by the length of the eight
rays, normalized by dividing by the length of the long-
est ray in the inspiratory scan. This way, we implicitly
include information about the area change between
inspiration and expiration. The distances used to com-
pute T are contained in the eight rays. An illustration is
shown in Fig. 2.

4.C. Quantitative measurements of COPD

This section describes commonly used quantitative mea-
sures of COPD from chest CT scans, which will be included
in the final GOLD stage classification to determine the addi-
tional value of the trachea morphology analysis. To investi-
gate the influence of the different lobar regions, all the
measurements computed in the lung parenchyma (i.e.,
emphysema, air trapping, and ventilation) are calculated per
lobe.

4.C.1. Emphysema quantification

Emphysema was quantified using emphysema score (ES):
the percentage of voxels in the lung below —950 HU in the
inspiratory scan.

4.C.2. Airway morphology

Airway morphology is assessed in inspiratory scans by
measuring lumen and wall dimensions of the airways. The



3598 Gallardo Estrella et al.: CT quantification of tracheal morphology 3598

oolo, o0~

FiG. 2. Tllustration of maximum narrowing detection between inspiration and expiration. The figure shows the inspiration-expiration pair of sections with the
minimum 7. (a) Axial inspiratory scan image showing the inspiration section with the lowest 7. (b) Detail view of the tracheal cross-section in (a). (c) Axial expi-
ratory scan corresponding to the inspiratory image in (a). (d) Detail view of the tracheal cross-section in (c). In the detail views, the trachea segmentation is out-
lined in black. The four equiangular rays cast (at 0, 90, 180 and 270 degrees) from the center to the boundary of the trachea are shown in white, and the
intersections of the rays with the trachea segmentation are highlighted with grey circles. These rays also represent the distances used for the computation of the T.

The dashed rays depict the distance quantified by the tracheal features at O degrees.

airway morphology was summarized as the square root of
the wall area of a hypothetical airway of 10 mm internal
perimeter (Pil0).> The airway tree was first skeletonized””
and for each centerline voxel, cross-sectional image planes
perpendicular to the local bronchial direction were ana-
lyzed. In each plane, a set of rays pointing outwards was
cast, and the inner and outer wall borders were detected
using an intensity-integration-based method.”! For those
sections where the bronchial wall segmentation was auto-
matically determined to be successful, the square root of
the wall area versus the lumen perimeter was plotted and
a regression line was calculated from which Pil0 was
derived.

4.C.3. Air trapping quantification

Air trapping was quantified with an air trapping score
(AS) as the relative lung area below —856 HU in the expira-
tory scan.

4.C.4. Ventilation defects

By employing image registration between the inspira-
tory and expiratory CT scans, ventilation measurements
can directly be obtained from the scans. Similarly to the
study of Murphy et al.,'* ventilation was depicted as the
voxelwise ratio of inspiratory and expiratory intensity val-
ues. It was then summarized as the median of these
ratios (medRatio).

4.C.5. Parametric response map

To compute the parametric response map (PRM), inspira-
tory and expiratory scans were registered and the thresholds
for emphysema and air trapping quantification were applied
as on individual scans. Every voxel was classified as emphy-
sema if its intensity in inspiration was lower than —950 HU
and its intensity in expiration was lower than —856 HU; as
air trapping if its intensity in inspiration was higher than
—950 HU and in expiration was lower than —856 HU; and
as healthy parenchyma otherwise. This way we extracted the
percentage of voxels classified as emphysema (prmES) and
air trapping (prmAS) per lobe.
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4.D. GOLD stage classification and feature
selection

All the features computed for the experiments are listed in
Table I. Except for trachea and airway features, all the mea-
surements are computed in a per lobe basis. A kNN classifier
was used to classify subjects into GOLD stages based on
different feature sets combining the features in Table 1. All
classification experiments were performed in a leave-one-
subject-out fashion, with k empirically set to 10, based on
pilot experiments using an external dataset described in detail
in Appendix B. Feature sets were manually constructed to test
the contribution of tracheal morphology and other quantita-
tive measurements, when using only an inspiratory CT scan
and when using both inspiratory and expiratory CT. In addi-
tion, a sequential forward floating selection (SFFS)22 was

TaBLE I. Quantitative measurements computed from the CT scans. Number
of features are indicated between parenthesis.

Name Description
idistTIo" Length of the ray cast from the center of the trachea to the
border with an angle « in inspiration (4)
ES Percentage of voxels inside each lobe with CT values below
—950 HU in inspiration (5)
Pil0 Square root of the wall area of a hypothetical airway of 10mm

internal perimeter (1)

idisto” Length of the ray cast from the center of the trachea to the
border with an angle « in inspiration (4)

edisto” Length of the ray cast from the center of the trachea to the
border with an angle o in expiration (4)

AS Percentage of voxels in each lobe with CT values below
—856 HU in expiration (5)

medRatio Median of the ratio of the CT values at expiration to the CT
values at inspiration per lobe (5)

prmES Percentage of voxels in each lobe with CT values below
—950 HU in inspiration and below —856 HU in expiration (5)

prmAS Percentage of voxels in each lobe with CT values above

—950 HU in inspiration and below —856 HU in expiration (5)

“This is used in inspiration only, and the section selected is the one with the mini-
mum tracheal index (TT).

®b This is used when inspiratory and expiratory scans are available, and the sec-
tion selected is the one with the minimum 7.
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performed on the complete feature set to find those features
that contain the most important information for the classifier.
A detailed description of the SFFS procedure can be found in
Appendix C.

It is important to note that PFTs have a considerable
within-patient variability, which is increased in the case of
patients with airflow obstruction.”® This variability may lead
to a subject being categorized into a higher or lower GOLD
stage, depending on the factors that may affect them on the
day that the test is done. Therefore, to evaluate the perfor-
mance of the classifier, we computed, not only the averaged
accuracy and macro-averages of precision, recall and F-
score,”* but also the percentage of subjects assigned to either
the correct class or a neighbouring one (% within one class).
Since we have ordinal classes, we cannot assume that any
misclassification is equally bad. For this reason, instead of
the misclassification error rate, we computed the mean abso-
lute deviation (MAD) defined as:

N

1
ZN |(classification  label), — (true label);| )
i=1
where N is the total number of samples. MAD is a variant of
the error rate where the error weight is proportional to the
distance from the real label.
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5. EXPERIMENTS

We designed two experimental settings to simulate situa-
tions with only inspiratory scans available, and with paired
inspiratory and expiratory scans available. In this section, we
describe the different feature sets selected for every setting. In
Appendices D-F we also investigated the relation between
TI, T, and tracheal morphology with GOLD stages.

5.A. Inspiratory scans

In this situation only inspiratory scans are available, there-
fore, the only measurements we can compute were ES, Pil0,
and idistTIo. To assess the added value of the trachea mea-
surements next to emphysema and bronchial measures, we
manually selected several feature sets as listed in Table II.

5.B. Inspiratory and expiratory scans

The full set of features is computed in this setting: ES,
Pil0, AS, idistx, ediste, medRatio, prmES, and prmAS.
Here, we evaluate the added value of trachea features com-
pared to every feature set. We also compare the performance
of non registered emphysema and air trapping features (ES

TasLE II. Quantitative measurements automatically computed from the CT scans. Initials between brackets indicate the lobe where the measurements were com-
puted: left lower lobe (LLL), left upper lobe (LUL), right lower lobe (RLL), right middle lobe (RML), right upper lobe (RUL). Emph = emphysema, air

trap = air trapping, SFFS = sequential forward floating selection.

Features

Feature set idistTI idist edist

ES Pil0 AS prmES prmAS MedRatio

Insp

Trachea X
Emph

Emph, trachea X
Bronchi

Bronchi, trachea X
Emph, bronchi

Full X

Inspiration-expiration

Trachea X X
Emph, air trap

Emph, air trap, trachea X X
Emph, air trap, bronchi

Emph, air trap, bronchi, trachea X X
PRM

PRM, trachea X X
PRM, bronchi

PRM, bronchi, trachea X X
Ventilation

Ventilation, trachea X X
Ventilation, bronchi

Ventilation, bronchi, trachea X X
Features selected by SFFS

XX XX

Ko XX
o
Ko XX

KX X
KX X

el

X
X X

prmES[LLL], ES[RUL], ES[RLL], AS[RLL], medRatio[LLL], Pi10, ES[LLL], medRatio[RLL], prmAS[LLL], edist0

Medical Physics, 44 (7), July 2017
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Fig. 3. Results of the classification into GOLD stages. The number of features for every setting is stated between parenthesis. Emph = emphysema; air
trap = air trapping, SFFS = sequential forward floating selection. Dashed lines depict measures that indicate better performance with higher values. Solid lines
depict measures that indicate better performance with lower values. [Color figure can be viewed at wileyonlinelibrary.com]

and AS) vs the registered ones (prmES and prmAS). Fur-
thermore, we test the feature set obtained applying SESS to
the entire feature set. The feature sets evaluated are speci-
fied in Table II.

6. RESULTS

Table II shows the features selected by the SFFS algorithm
as the most useful for the performance of the kNN classifier.
The performance metrics of the classifier are presented in
Fig. 3. The number of features used is also reported for every
feature set tested.

6.A. Inspiratory scans

Trachea features increased the precision and recall, and
diminished the MAD and % within one class of the classifier
when added to emphysema measurements. The best classifi-
cation performance was achieved when the combination of
emphysema and bronchial features was used.

6.B. Inspiratory and expiratory scans

Similarly to the inspiration setting, adding trachea fea-
tures to emphysema measurements yielded better results
for the GOLD stage classification in terms of recall, preci-
sion, and MAD metrics. However, the combination of
emphysema and bronchi measurements still showed a supe-
rior performance. Adding trachea measurements to feature
sets combining emphysema and air trapping information
raised precision and recall metrics while diminishing MAD
and % within one class. The emphysema and air trapping
set, and PRM set, which represent different ways of mea-
suring the same components of the disease, showed similar
performance. Ventilation measurements, which try to quan-
tify the air flow in each lobe, also performed similarly to
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TasLe III. Confusion matrices obtained for the classification experiment
with the emphysema and air trapping set (above), and the emphysema, air
trapping and trachea set (below).

Classification
GOLD 0 1 2 3 4
0 27 10 3 0 0
1 21 9 3
2 12 8 10 8 2
3 3 12 10 14
4 0 0 1 11 28
Classification
GOLD 0 1 2 3 4
0 31 5 0 0
1 13 18 8 1 0
2 8 10 14 5 3
3 2 6 9 14
4 1 10 24

Bold numbers indicate correct classifications.

the emphysema and air trapping set and the PRM set.
Finally, the best results were obtained for the features
selected by the SFFS algorithm, which consisted of a com-
bination of tracheal and bronchial measurements, together
with features computed mostly in the lower lobes. Further
investigation of our results showed that adding trachea fea-
tures to measurements of emphysema and air trapping, or
ventilation, improves classification of lower stages while
worsening the classification of the higher stages. This is
illustrated by Tables III and IV that show the confusion
matrices for the emphysema and air trapping set and for
the ventilation set.
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TasLE IV. Confusion matrices obtained for the classification experiment
with the ventilation set (above), and ventilation and trachea set (below).

Classification
GOLD 0 1 2 3 4
0 21 17 0 0
1 24 8 8 0 0
2 8 10 13 5
3 2 9 13 15
4 0 1 7 30
Classification
GOLD 0 1 2 3 4
0 28 9 3 0 0
1 20 11 8 1 0
2 2 15 11 9 3
3 2 10 9 18
4 1 1 4 14 20

Bold numbers indicate correct classifications.

7. DISCUSSION
7.A. Trachea analysis

Tracheal abnormalities have been described to be present
in COPD patients* °, but their influence on lung function has
been barely studied. This paper presents an automatic method
to quantify trachea morphology both in a static and a
dynamic setting, with which we investigate the influence on
GOLD stage classification. The most common inspiratory
tracheal shape associated with COPD is saber-sheath trachea
(SST) which is defined as an exaggerated decrease of the
coronal diameter associated with a sagittal widening.*® We
detected the most saber-sheath-like tracheal section by select-
ing the cross-section with the minimum TI in the inspiratory
setting. We observed that adding trachea shape features to
emphysema quantification improved the assessment of COPD
severity, whereas adding them to bronchial features did not.
This suggests that tracheal abnormalities might comprise a
bronchial component. Thus, when tracheal features are added
to emphysema measurements, they complement these fea-
tures by providing an indirect bronchial component. How-
ever, when emphysema and bronchial features are combined,
trachea shape quantification does not have any added value.
These results suggest that SST may be a consequence of the
presence of chronic bronchitis. It is believed that this shape is
a result of remodelling and fixation of the tracheal cartilage
induced by chronic coughing and inflammation.**> These are
very typical symptoms in COPD patients suffering from
chronic bronchitis, which shows in CT scans as thickened air-
way walls. We also analyzed the relation of TI with GOLD
stages (data shown in Appendix D), and we found that TI val-
ues for GOLD 14 were significantly smaller than for GOLD
0. This is in line with previous studies where TI was corre-
lated to lung function and GOLD stage.”® However, these
findings need further investigation, since the presence of SST
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(defined as TI < 0.5) in our cohort is not very high. Eleven
patients (5.5%) presented saber-sheath trachea, distributed
along all the GOLD stages as: two patients in GOLD 1, two
patients in GOLD 2, four patients in GOLD 3, and three
patient in GOLD 4. Figure 1 illustrates SST across stages by
comparing a GOLD 1 subject with a GOLD 4 subject, both
with similar tracheal shape feature values.

The tracheal features in the inspiration-expiration setting
aim to analyze dynamic alterations in tracheal morphology
during breathing, namely tracheomalacia (TM) or excessive
dynamic airway collapse (EDAC). The former refers to tra-
cheal narrowing due to a softened cartilage, while the latter
alludes to exaggerated airway collapse due to a laxity of the
posterior membrane.®?® Our results show that, similarly to
the inspiration setting, adding trachea features to bronchitis
quantification in any feature set, the performance of the clas-
sifier is barely altered. This may suggest that, as in SST, tra-
cheal abnormalities during breathing could be associated
with the presence of chronic bronchitis. Some authors”® con-
sider the excessive collapse occurring in EDAC to be a result
of alterations in the velocity of airflow due to narrowing of
peripheral airways that is often produced by mucus or wall
thickening. If this causes a significant resistance to airflow,
the transmural pressure will increase, facilitating airways col-
lapse. Additionally, the degeneration of the tracheal cartilage
observed in TM is believed to be a result of the chronic irrita-
tion and coughing that occurs in COPD patients. The
repeated mechanical stress from coughing might cause weak-
ening and damage to the cartilage in the trachea.?’

The relationship between alterations in tracheal shape dur-
ing breathing and lung function parameters has been previ-
ously investigated. In the study of Boiselle et al.,'" it was
shown that excessive tracheal narrowing does not correlate
with physiologic impairment, even though it is observed in a
subset of patients with COPD. However, another study with a
large database of COPD subjects showed that excessive col-
lapse was associated with greater airflow obstruction.” We
analyzed the relation of 7 with GOLD stages in our dataset
(Appendix E) and we only found differences between GOLD
0 and GOLD 4 patients. However, as illustrated in
Appendix F, we found that tracheal morphology in GOLD
1-4 patients was different from GOLD 0 subjects, which is in
agreement with previous studies.'” Additionally, our results
seems to indicate that trachea shape changes during breathing
hold valuable information about COPD severity, especially in
early stages. It is observed that trachea shape features improve
classification of lower stages, but worsen the classification of
the higher stages when they are combined with features that
quantify emphysema and air trapping, or ventilation. Further-
more, edist) which accounts for the coronal narrowing that
may occur in EDAC or TM in expiration (as illustrated in
Fig. 2), was selected by the SFFS algorithm as a relevant
feature for the inspiration—expiration setting.

Trachea morphology changes during breathing have been
described and visually scored in COPD,*'” but this is the first
paper to quantitatively assess them, allowing a larger database
and evaluation. The method presented here can facilitate
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future studies that may provide valuable insight regarding the
diagnostic criteria, aetiology, and management of excessive
tracheal narrowing. Since tracheal shape is related to pathol-
ogy, tracheal morphology analysis can be of great importance
when planning airway interventions in patients suffering from
abnormal tracheal narrowing. For example, patients showing
a frown-like expiratory shape are ideal candidates for tracheo-
plasty, whereas patients suffering from excessive collapse of
lateral walls do not benefit from this procedure, nor the use
of bronchodilators.'%*’

7.B. GOLD stage classification

In this paper, we presented a system that quantifies the dif-
ferent components that affect lung function in COPD patients
and use these measurements to predict airflow limitation. The
standard for diagnosis and staging of COPD is performed by
means of PFT,' but this test only provides information about
how severe the airflow limitation is, not about the underlying
causes. The presented method, not only is able to predict
COPD GOLD stage with a reasonable accuracy but also pro-
vides quantitative information about the different components
that are limiting the airflow in COPD patients. To analyze the
feasibility of using automatic CT quantitative measurements
to assess COPD severity, a kNN classifier was tested to
assign GOLD stages to a set of subjects. The results of the
classification are summarized in Fig. 3. Given that the refer-
ence standard for COPD staging is a test completely indepen-
dent of the quantified measurements obtained from a CT
scan, and taking into account that this is a five class problem,
we can consider the results to be quite promising.

In the case of only inspiratory scans being available,
emphysema features, which are fairly easy to obtain, yielded
a reasonable performance. Yet Pil0, being only one feature,
had a similar performance to emphysema quantification for
COPD classification. The best performance is achieved when
combining bronchi and emphysema measurements. These
results are in agreement with previous literature. Mohamed
Hoesein et al.”> compared emphysema and airway wall thick-
ening with lung function parameters and demonstrated that
while emphysema was best correlated with FEV/FVC (which
accounts for the diagnosis of COPD), FEV,%predicted
(which accounts for COPD severity) was most influenced by
airway wall thickness. Mets et al.” implemented different
models to diagnose COPD using emphysema, airway wall
thickness and air trapping measurements computed in paired
inspiratory and expiratory scans. Even though the best perfor-
mance was achieved when using the three components, the
diagnostic ability of the model was still acceptable using only
inspiratory measurements of emphysema and airway wall
thickness. Comparing the two experimental settings, it is
observed that using only inspiration features we can achieve a
quite good performance, very similar to the best results in the
inspiration—expiration setting. However, although inspiratory
measurements may be acceptable for GOLD stage classifica-
tion, inspiratory—expiratory measurements can better charac-
terize the underlying causes of the disease.
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The best performing feature set is composed by Pil0, one
tracheal feature and a combination of measurements taken in
the lower lobes. This may indicate that disease present in the
lower lobes has more influence on airflow limitation. This is
consistent with the results reported by Murphy et al.,'* in
which the best classification setting only used features mea-
sured in the lower lobes.

In the study of Murphy et al.'® they evaluated the ability
of parenchyma-based features to classify COPD patients into
different GOLD stages. In this work, we added quantification
of large and small airways morphology to account for the
chronic bronchitis component that is one of the main pheno-
types in COPD. The addition of these measurements
improved the classification results compared to the use of
only parenchyma-based features.

7.C. Limitations

This study has some limitations. First, we used CT scans
obtained at full inspiration and end expiration instead of
dynamic expiratory CT imaging, which is more sensitive at
detecting tracheal collapse.'” Dynamic CT scans were not
available in our dataset, since static end expiratory imaging is
commonly used in COPD patients as it is the preferred
method to assess air trapping. However, our method could be
also used in dynamic CT to assess changes during coughing
or dynamic breathing. Second, our dataset is not very large,
so our results should be further investigated. Third, spiromet-
ric gating was not used during CT imaging, therefore we can-
not guarantee that full expiration was achieved at the time of
scanning. Fourth, even though it is observed that adding tra-
cheal measures to some feature sets improves the perfor-
mance of the classifier, this finding should be taken with
caution, since it is not a substantial improvement.

8. CONCLUSIONS

We have presented a fully automatic system that quantifies
tracheal morphological changes during breathing and investi-
gated its contribution to lung function impairment in COPD
patients in combination with other components of the disease.
We used these measurements to classify patients into GOLD
stages using a kNN classifier. The system has been evaluated in
a database consisting of well distributed patients across the five
stages. Different measurements for the assessment of emphy-
sema, air trapping, ventilation defects, and airway remodeling
were used as an input for the classifier. We compared the per-
formance of the classifier in two settings: (a) only inspiratory
scans are accessible, (b) both inspiratory and expiratory scans
are taken. Both settings showed similar performance.

To our knowledge, this is the first paper to assess the asso-
ciation of tracheal shape with COPD severity using an auto-
matic quantification algorithm. Tracheal shape features
provide relevant information in the COPD severity classifica-
tion task, and their usage may be relevant for therapy plan-
ning or further research to better understand underlying
causes of abnormal trachea morphology.
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