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New Lung Imaging Findings
In Chronic Respiratory Diseases
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ABSTRACT

Rapid advances in image analysis technology have revealed new insights into chronic
respiratory disease. In the approximately one hundred years since the first medical use
of X-rays, visual, or qualitative, analysis of images acquired using traditional radiography
as well as computed tomography and other modalities like magnetic resonance imaging
have dramatically altered how we diagnose and care for patients with lung diseases.
More recently, utilizing ever increasing computational power, the quantitative analysis
of medical imaging, especially computed tomography, has further enhanced our under-
standing of chronic respiratory diseases. Herein we summarize some of the recent
findings in the medical imaging of lung diseases, emphasizing quantitative analysis in

particular. BrN Rev. 2017;3:121-35)
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INTRODUCTION

Imaging and image analysis have become an
integral aspect of clinical investigation in
chronic respiratory diseases. Broadly, image
analysis can be described as using either a
traditional qualitative approach in which the
characteristics of a radiographic image or set
of images are described or scored visually, or
a quantitative approach that utilizes compu-
tational analysis techniques. Advances in im-
age resolution coupled with ever expanding
device memory and processing capabilities
have transformed quantitative work, in par-
ticular from the simple measurement of the
density of the lung parenchyma to textural
analysis and other analytic techniques that
utilize machine learning and other advanced
computational tools. This expansion of ana-
lytic techniques has enabled more nuanced
analysis of lung diseases such as emphyse-
ma and fibrosis, and the broad uptake of
these and other techniques in the research
setting has expanded our focus to diseases
not typically thought of as having striking
imaging findings, such as asthma. In addi-
tion, these advances have enabled image
analysis to look beyond the lung parenchyma
itself to the nonpulmonary manifestations of
lung disease. Herein we provide a concise
review of the history of quantitative image
processing before examining some select ad-
vances in the fields of chronic obstructive
pulmonary disease (COPD), pulmonary fi-
brosis, and asthma. Because much has been
written on the qualitative analysis of imag-
ing in respiratory diseases, we will primarily
discuss quantitative analysis techniques in
chronic lung diseases. In addition, due to its
prevalence and the breadth of research on
its use we will primarily focus on computed

tomography (CT) imaging though other im-
aging modalities will be discussed where ap-
propriate.

HISTORY

In a little over a century, medical imaging,
and the use of X-ray in particular, has ad-
vanced from the revolutionary but crude im-
ages obtained using Crookes’ tubes to high
resolution images obtained using CT®. While
the qualitative interpretation of medical im-
ages by radiologists and other clinicians has
been used since the earliest days of X-rays in
routine clinical care as well as in research,
quantitative analysis of medical imaging only
became a viable source of data for clinical
investigation in the 1980s®. One of the first
features of the lung to be explored using
quantitative techniques was emphysema seen
on CT imaging. Early approaches to measur-
ing emphysema focused on measuring mean
lung density with the hypothesis that the ex-
cess low attenuation emphysematous tissue
would result in measurable decreases in mean
density of the entire lung®. However, a large
amount of emphysema must be present in
order to significantly change the mean lung
density. An alternative approach, which has
become the most frequently used method of
quantifying emphysema utilizes a density
threshold whereby tissue with a density be-
low a certain threshold is classified as em-
physematous and as non-emphysematous if
above that threshold (Fig. 1)*. There have been
several studies to determine the best densi-
ty threshold to select in order to detect em-
physema. Perhaps most notable was a small
study from the 1980s by Hayhurst et al.” of
11 patients with centrilobular emphysema
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Ficure 1. A: Representative image of computed tomography (CT)
scan slice from a patient with severe emphysema. B: Density mask
applied to the CT image from the top panel highlighting all low
attenuation voxels. C: Pathologic specimen corresponding to the
above CT images (reproduced with permission from Muller NL et al.*).

showing that those individuals with emphyse-
ma had significantly more voxels, or three di-
mensional pixels, with densities between -1,000
and -900 Hounsfield units (HU) than those
with normal lungs. Based on this and other
studies the density threshold used most com-
monly to identify emphysema is -950 HU*>.
This in-vivo binary classification of the lung is
a strong predictor of histopathologic measures
of airspace dilation and provides an objective

assessment of lung destruction that is highly
correlated with measures of lung function*®.

Despite these strong correlations though, den-
sitometric CT analysis has thus far found a
limited role in the direct clinical care of pa-
tients. There are a variety of potential reasons
for this slow adoption. One worth particular
mention relates to the reproducibility of many
of the most basic CT derived lung measures.
As with pulmonary function tests, CT mea-
surements are dependent, to some extent, on
patient effort and coordination with the test-
ing equipment. This is especially true for CT
measured lung volume and density. For in-
stance, CT measured mean lung density chang-
es by a factor of 2.6 from inspiration to expi-
ration’. Thus if images are acquired during
the wrong portion of the respiratory cycle, or
if the patient does not take as deep a breath as
during their last scan then non-disease related
differences may appear. One potential solution
to this problem is spirometric gating of CT
acquisition in which images are acquired in a
timed way based on a linked spirometer®. Un-
fortunately, this approach is not routinely clin-
ically available. In addition, several small stud-
ies have suggested that in many cases it may
not be necessary to employ spirometric gating
in order to obtain reproducible measurements,
and other image analysis techniques such as
image co-registration may be able to at least
partially overcome some of the issues specifi-
cally related to differences in longitudinally
acquired scans’*!. For now then the majority of
quantitative analysis is performed on non-spi-
rometrically gated studies.

One place where quantitative CT analysis has
proven particularly useful is in the identification
of patients with emphysema who may benefit
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from lung volume reduction surgery'?. In the
National Emphysema Treatment Trial, a ran-
domized controlled trial of lung volume re-
duction surgery, while there was no survival
benefit to the procedure overall, those pa-
tients who had a decreased exercise capacity
and upper lobe predominant emphysema did
benefit from the procedure. Additional work
has demonstrated that densitometric analysis
may be the most effective method for identi-
fying patients with the latter feature'>16.

NEW APPROACHES
Chronic obstructive pulmonary disease
INTRODUCTION

Over the past decade, much of the work on
quantitative image analysis in COPD has fo-
cused not only on an ever expanding list of as-
sociations with densitometric emphysema, but
also on novel approaches to characterize both
intra-pulmonary and nonpulmonary manifesta-
tions of chronic lung disease. From an intra-pul-
monary and CT specific standpoint, the findings
can be broken down by anatomic compartment:
parenchyma, airways, and vasculature.

PARENCHYMA

With regard to the lung parenchyma, it has
long been recognized that the secondary pul-
monary lobule is a functional subunit of the
lung whose radiologic appearance may be di-
agnostic for the presence of disease and its
subtype. Although densitometric analysis is
a powerful tool for measuring disease severi-
ty, it does not accurately detect the secondary

pulmonary lobule and therefore cannot fully
describe the anatomic distribution of lung dis-
eases. For example, using densitometry alone,
it can be challenging to distinguish between
decreased lung density due to gas trapping, as
in the case of bronchiolitis, and decreased den-
sity due to parenchymal destruction as occurs
in emphysema. Multiple different approaches
have been used to overcome this problem,
many of which use the local radiographic prop-
erties of lung parenchyma are used to define a
particular tissue subtype. One such approach
using a specific method termed local histo-
gram analysis has been shown to be able to
identify emphysema subtypes. This type of
analysis allows for the analysis of clinical as-
sociations with different tissue subtypes of em-
physema. For instance, the percentage of mild
centrilobular emphysematous lung defined
using this method is associated with a lower
forced expiratory volume in one second (FEV)),
more dyspnoea and a shorter six minute walk
distance, even in those smokers with preserved
lung function suggesting that this radiograph-
ic pattern may be a maker of early disease!.
This and similar automated tools may also be
able to help identify patterns of emphysema
associated with specific genetic abnormali-
ties and other risk factors.

AIRWAYS

Qualitative analysis of the airways in COPD
has been a part of both clinical research and
clinical care for several decades. For instance,
prior work has demonstrated that bronchiec-
tasis on CT in those with COPD is associated
with a longer recovery from acute exacerba-
tions of COPD (AECOPD) as well as increased
mortality’®1%. The quantitative CT analysis of
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airways in COPD, on the other hand, has yet
to find widespread clinical use, but has helped
shape our understanding of both disease sever-
ity and, perhaps more importantly, disease aeti-
ology. It has been known for some time that
patients with COPD, especially those with chron-
ic bronchitis, have airway wall thickening, which
is most commonly expressed as an increase in
the wall area (WA) percent (WA% = WA /total
bronchial cross sectional area x 100)°?2, More
recently though, additional work has demon-
strated that while smokers who have higher
WA% do have a lower percent predicted FEV,
(FEV,%), they also tend to have a lower airway
cross sectional area and a lower total WA. This
suggests that those smokers with COPD either
have a reduction in airway calibre that is great-
er than the relative decrease in WA, or that
they had smaller airways at baseline, perhaps
even prior to their smoking exposure®. These
findings are particularly interesting in light
of the recent longitudinal work by Lange et al.**
that demonstrated that some individuals with
COPD did not have airflow limitation due to
a rapid decline in lung function, but rather
because of a slow decline in the setting of a
low maximal FEV,% obtained in early adult-
hood?. Further work is needed in this area to
determine if those with COPD are more likely
to have had a lower airway cross sectional area
as young adults, and while it is unclear what
clinical utility such a finding would have in-
dependent of spirometry, they are certainly
intriguing as we seek to understand the ori-
gins of this disease.

VASCULATURE

The last anatomic compartment of the lung
that is of interest in the imaging of COPD is

the pulmonary vasculature. In the 1960s pul-
monary angiography revealed pruning of the
distal pulmonary vascular and associated di-
lation of the main pulmonary artery??26. More
recently, we have shown that this pruning is
not only evident on much less invasive CT
imaging, but is also associated with greater
spirometric impairment and a lower six min-
ute walk distance?. In addition, Wells et al.?®
demonstrated that the proximal dilation of the
main pulmonary artery measured on non-con-
trast CT images of the individuals with COPD
is associated with AECOPD. This latter find-
ing is of particular clinical interest as it does
not require sophisticated image analysis tools
or even contrast enhanced images. These char-
acteristics make it easily implemented and wide-
ly available to the clinical community.

NONPULMONARY

One of the great benefits of chest CT imaging
is that during image acquisition, images are
obtained that include both the pulmonary and
nonpulmonary components of the chest. While
not always used to their fullest potential, the
characteristics of the nonpulmonary compo-
nents can reveal a great deal about a patient,
particularly one with COPD. Perhaps one of
the most insidious and dangerous systemic
manifestations of COPD is the loss of skeletal
muscle, which occurs in 25% of patients with
COPD and is associated with a 50% reduction
in median survival®3!. Such cachexia largely
results from the loss of fat free mass (FFM),
but with aging there is a natural increase in
adiposity, and therefore decreases in body
mass index (BMI) are often a late finding and
may not be helpful for the early detection this
process, when it may be more amenable to
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Ficure 2. The right ventricle (RV, blue) and left ventricle (LV, red) in three subjects with a cardiac model fitted to the surface of the heart
using volumetric non-contrast CT scan. A subject with GOLD 0 disease and with an RV/LV ratio of 0.5, right ventricular systolic pressure (RVSP)
of 20 and no evidence of ventricular dysfunction (A), a subject with GOLD 3 disease an RV/LV ratio of 0.8, RV dilation, elevated RVSP of 47 (B),
and a subject with GOLD 2 disease with LV dilation and ejection fraction of 35% (C)*®.

therapeutic intervention®%. CT imaging by
contrast allows for the direct measurement of
muscle bulk and fat free mass. For instance,
MacDonald et al.¥” demonstrated that pectora-
lis muscle bulk as measured on a single axial
CT slice is inversely related to FEV,% and
directly related to six minute was distance.
Other nonpulmonary information that can be
gleaned from the CTs of patients with COPD
includes measures of bone mineral density for
the detection of osteoporosis as well as coro-
nary artery calcification, a measurement of
cardiac disease®*4. Patients with COPD are at
high risk for both of these diseases and the
latter is the leading cause of death in patients
with COPD*42. More recently, we have shown
that non-contrast CT imaging of the chest can
even be used to accurately measure ventricu-
lar volume. More specifically, CT measures of
right ventricular volume and curvature using
a specific analysis technique are associated

with similar measures obtained by cardiac
magnetic resonance imaging (MRI) (Fig. 2)*.
Given these advances it is reasonable to ex-
pect that someday all of the available raw data
from a chest CT could be analyzed and used
to assess various organ systems’ structure and
function.

Interstitial lung disease
INTRODUCTION

Over the past few decades imaging in respi-
ratory diseases has been perhaps most useful
in the diagnosis and characterization of inter-
stitial lung diseases (ILD) such as idiopathic
fibrosis (IPF). Visual analysis of high resolu-
tion CT imaging is especially important in
diagnosis of IPF as in many cases its use ob-
viates the need for lung biopsy**. But while
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CT imaging has proven useful in the initial
diagnosis of IPF and other ILD, its role in the
monitoring of disease progression is less clear.
This is particularly important given the vari-
ability of other measures of disease severity
such as forced vital capacity (FVC) and diffus-
ing capacity for carbon monoxide (DL ) and
the recent introduction of the first viable treat-
ment options for IPF*-48. Qualitative analysis
of CT imaging has shown that there are a
variety of visual markers of prognosis in IPF,
including the presence of a usual interstitial
pneumonia (UIP) pattern and disease severity
as measured by visually derived scoring sys-
tems*->>. However, significant inter-observer
variability exists in the visual characterization
of those with ILD suggesting that there is a
potential role for objective analysis as well®**.

ESTABLISHED DISEASE

As with image analysis in COPD, much of the
quantitative work in ILD has been using CT
densitometry based approaches. For instance,
higher values of mean lung density have been
shown to be associated with worse pulmo-
nary function as have specific measures of
the density histogram for the entire lung such
as lower skewness and kurtosis®®*. In ad-
dition, Best et al.* found that these latter
measures, which represent how the tissue den-
sity in the lung is distributed, i.e. is there a
greater percentage of lung occupied by high-
er density tissue than usual, are associated
with mortality. Feature based approaches
such as those using local histogram analysis
described above in COPD have also been
studied and used with some success in IPF
and other interstitial lung diseases®-*”. How-
ever the majority of this work has been in

small cohorts in research settings and, in gen-
eral, quantitative CT analysis in ILD has not
found a clinical application yet. Moreover,
quantitative imaging techniques often rely on
the segmentation or separation of the lung
from surrounding structures such as the chest
wall. A variety of automated techniques have
been developed to accomplish this task, but
in general they are less accurate when there
is a significant amount of high density tis-
sue in the lung parenchyma®~’. That is to say,
it is more difficult to automatically separate
the lung from the chest wall when the two
have similar densities, as is the case in many
ILDs. This means that often laborious hand
segmentation has to be used, which can be a
very time consuming, and thus limiting, pro-
cess. In addition, densitometry approaches
in particular are often limited by the pres-
ence of high density fibrotic disease in com-
bination with lower density emphysematous
changes. Several small studies have attempt-
ed to perform densitometric analysis on pa-
tients with so-called combined pulmonary
tibrosis and emphysema, but these have had
conflicting and not always intuitive results””2.
Whether feature based approaches can over-
come these limitations remains to be seen.

In addition to standard CT imaging, several
studies utilizing combined positron emission
tomography (PET) combined with CT have
shown PET/CT to be a potentially useful tool
in monitoring IPF disease activity. For in-
stance, increased uptake of fluorodeoxyglu-
cose ((18)F-FDG) on PET/CT is associated
with impaired lung function in patients with
IPF and other diffuse parenchymal lung dis-
eases, and is correlated with disease severity
in a bleomycin based mouse model of pulmo-
nary fibrosis”>”.
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EARLY DISEASE DETECTION

Perhaps even more exciting from an image
analysis standpoint, especially given the afore-
mentioned challenges with the analysis of pa-
tients with advanced ILD, is the potential for
automated techniques to identify early ILD,
especially IPF. Over the past several years
there has been a growing recognition that
subtle, visually identified, radiologic patterns
suggestive of fibrosis, often termed interstitial
lung abnormalities (ILA), may be associated
with a similar genetic association as IPF as
well as lower lung volumes, an increased de-
cline in lung function and increased mortal-
ity’>78. While these visual results are very
compelling, the detection of these findings
visually is time-consuming and requires high-
ly trained experts limiting its utility at the
population level. Objective approaches by con-
trast can potentially process large numbers of
images on many patients very quickly. For
instance, using a densitometric approach Leder-
er et al” and Podolanczuk®® et al. have
shown that the volume of lung that is occu-
pied by dense or high attenuation tissue is
directly associated with a variety of serum
biomarkers known to be associated with lung
disease, as well as with cigarette exposure,
spirometric restriction and increased mortal-
ity. In addition, we have shown that an auto-
mated tool that utilizes local histogram and
distance based analysis can detect visually
defined ILA with reasonable accuracy (Fig. 3)%.
It is quite possible that someday such tech-
niques might be used in combination with oth-
er biomarkers and genetic analysis to identify
those patients at highest risk for IPE, potential-
ly enabling early disease recognition and treat-
ment, potentially preventing irreversible loss
of lung function.

Ficure 3. A: High resolution computed tomography (CT) image
taken from a patient with interstitial lung abnormalities which
may represent early pulmonary fibrosis. B: Overlay of label map
(in green) utilizing a quantitative image analysis technique called
local histogram analysis to detect and label all voxels with
radiologic interstitial features on the same CT image®.

Asthma
INTRODUCTION

Of the chronic lung diseases, asthma is per-
haps the least thought of as being character-
ized by imaging findings. To a large extent,
with regard to visual analysis, this has been
the case, especially with regard to standard
chest radiography. While there are classically
described chronic chest X-ray (CXR) findings in
asthma, such as hyperinflation, these are not
part of the diagnostic criteria, and, in general,
chest radiography in asthma has been used to
exclude other diseases or acute complications
of asthma exacerbations such as pneumotho-
races and pneumomediastinum?®*.

Similarly, much of the clinical use of CT
imaging in asthma is centered on the exclu-
sion of other associated conditions such as
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pneumothoraces in acute exacerbations, and
the chronic presence of bronchiectasis. These
do have some clinical utility. For instance, the
presence of bronchiectasis or bronchial wall
thickening has generally been associated with
worse lung function and longer disease dura-
tion. That said, these associations have not
been uniform across studies and it is not clear
if they represent clinically meaningful differ-
ences in pathobiology or if they simply reflect
disease progression®94.

COMPUTED TOMOGRAPHY

Quantitative CT analysis in asthma has large-
ly focused on two areas: the larger airways
including the airway wall, and characteriza-
tion of regional gas distribution in the paren-
chyma as a surrogate for small airway dys-
function. Similar to qualitative CT analysis,
quantitative work by, for instance, Aysola et
al®, has shown that airway wall thickness
percentage (the wall thickness divided by the
outer airway diameter) is higher in those with
severe asthma, and is inversely correlated to
FEV % (Fig. 4). Other groups have found sim-
ilar relationships”. Although the resolution of
current CT imaging techniques is not suffi-
cient to visualize the small airways, the effect
of small airways disease can be seen in the
form of gas trapping. This can be measured
either as a total amount across the entire lung,
or, by using xenon enhanced CT, can be mea-
sured as regional variation*#*8>97103 Until re-
cently, the latter approach was limited due to
changes in lung volume between scans, but
the development of dual energy xenon en-
hanced CT imaging has overcome that prob-
lem. For instance, using this technique, Chae
et al.'® were able to calculate a ventilation

defect score and found that it correlated with
both the FEV, to FVC ratio and the residual
volume in stable asthmatics!®. Using the same
method, Kim et al.'®® showed that this score
was different between asthmatics and normal
controls after a methacholine challenge. While
such specialized imaging techniques are not
yet ready for clinical application, they may
provide new insights into the pathobiology of
the disease. For instance, by combining densi-
ty measures from inspiratory and expiratory
CT images with a measure of airway tree com-
plexity and the geometric airway measure-
ments discussed above, Gupta et al.!”! identi-
tied three novel asthma phenotypes, each with
distinct radiographic and clinical features. As
the push toward personalized medicine con-
tinues such work may ultimately help identify
which patients should be included in specific
clinical trials or who might benefit most from
certain asthma therapies.

MAGNETIC RESONANCE IMAGING

The use of MRI in chest imaging generally is
beyond the scope of this review. However, the
role of MRI in asthma, at least in the research
setting, is worth mention. With regard to MRI as
a general chest imaging modality, the primary
patient related limitations are the use of gas mix-
tures which, for the most part are anoxic, and
the need for prolonged breath hold manoeuvres,
sometimes up to 20 seconds'®'%”. These com-
bined can result in significant arterial oxygen
desaturations during image acquisition,
though typically not less than ninety percent,
and the latter may not be feasible for many
patients with lung disease. Work using oxy-
gen enhanced MRI may help overcome the
anoxic gas issue, but does not affect the breath
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Avg Wall Thickness: 1.2mm
Area: 19.3mm?
Minor Diameter: 4.2mm
Maijor Diameter: 6.0mm

Avg Wall Thickness: 1.7mm
Area: 7.7mm*
Minor Diameter: 2.6mm
Maior Diameter: 3.7mm

Ficure 4. Computed tomography (CT) scan and hematoxylin-eosin stained bronchial biopsy images from a healthy normal patient (A and C)
and patient with severe asthma (B and D) demonstrating the increase in airway wall thickness in the patient with asthma which is evident
both on CT and on the bronchial biopsy specimen. The latter demonstrates the thickening of the lamina reticularis in particular

(reproduced with permission from Aysola RS et al.%).
Epi: epithelium; LR: lamina reticularis.

hold duration®. In addition, the MRI images
acquired using the aforementioned special-
ized gas mixtures that are required to mea-
sured regional variation in ventilation do not
typically provide clear images of anatomic
structures, though the use of co-registration
with standard MRI or CT images may over-
come this issued19619-111 Degpite these chal-
lenges, the ability of MRI to directly visualize
regional variations in ventilation means it has
the potential to help improve the understand-
ing of certain aspects of asthma such as the

co-existence of both intermittent and per-
sistent ventilation defects in certain asthmat-
ics (Fig. 51218, It also may help guide and
quantify response to therapy. For instance, in
a small study, Thomen et al* found that
bronchial thermoplasty results in a decrease in
ventilation defect percentage in severe asth-
matics. As with CT, further work is needed on
MRI in asthma before it is ready for routine
clinical use, but in the meantime it has the
potential to significant insight into disease
aetiology and response to therapy.
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Ficure 5. Hyperpolarized Magnetc Resonance Imaging (MRI) images from a healthy volunteer and three patients with asthma
demonstrating the ability of MRI to detect ventilation defects. The healthy volunteer and asthma patient number 1 have no ventilation
defects based on MRI. However, asthma patients 2 and 3 do have ventilation defects (highlighted with yellow arrows), as noted by the
yellow arrows (reproduced with permission from Svenningsen S et al.’’3).
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CONCLUSION routine clinical care over the past several de-
cades speaks to its importance in diagnosing

The rapid growth of medical imaging and es- and understanding both acute and chronic

pecially chest imaging, both in research and respiratory diseases. While the former are

#% ¥ BARCELONA

—d__» RESPIRATORY

S+ NETWORK

Collaborative research



BRN Rev. 2017;3

beyond the scope of this review, it is worth
mentioning that chest radiography as well as
CT and other modalities like ultrasound, have
proven indispensable in diagnosing acute chest
diseases, and there is vast amount of ongoing
work examining new and exciting roles for
techniques similar to those discussed above
in conditions ranging from pulmonary embo-
lism to pneumonia and pleural effusions. With
regard to chronic respiratory diseases, CT in
particular has greatly improved our under-
standing of diseases like COPD, ILD, and
asthma, and quantitative CT imaging analy-
sis may ultimately be a key component of our
research into and treatment of these diseases.
While the role of MRI in the imaging of these
diseases is less well defined, it too has demon-
strated its utility in the study of asthma in
particular. In the past century we have come
a long way from the use of Crookes tubes to
obtain rudimentary radiographic images, but
with the continued improvement in computer
processing and image acquisition capabilities,
it is possible that in the next hundred years
we will see similar achievements in the area
of medical imaging and chronic respiratory
disease.
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