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The diagnosis, prognostication, and differentiation of phenotypes of COPD can be facilitated by

CT scan imaging of the chest. CT scan imaging of the chest is a prerequisite for lung volume

reduction surgery and lung transplantation. Quantitative analysis can be used to evaluate

extent of disease progression. Evolving imaging techniques include micro-CT scan, ultra-high-

resolution and photon-counting CT scan imaging, and MRI. Potential advantages of these newer

techniques include improved resolution, prediction of reversibility, and obviation of radiation

exposure. This article discusses important emerging techniques in imaging patients with COPD.

The clinical usefulness of these emerging techniques as they stand today are tabulated for the

benefit of the practicing pulmonologist. CHEST 2023; 164(2):339-354
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COPD is an important cause of morbidity,
mortality, and disability globally.1 In part 1
of this series,2 the authors discuss the clinical
usefulness of imaging in COPD, focusing on
imaging techniques, CT scan-definable
subtypes, and clinical evaluation and
management of patients with this diagnosis.
In this article (part 2), the authors discuss
novel advanced imaging techniques and
emerging concepts in the imaging of patients
with COPD to increase awareness among
practicing pulmonologists. The role of
ell Health, Lenox Hill Hospital (S. R., M.
York, NY; National Jewish Health (B.
. R.), Denver, CO; New York University
cine at Mount Sinai (S. B.), New York;
N.), New Hyde Park; Northwell Health,
ital (C. S. H.), Bay Shore, NY; Emory
A; University of Michigan (M. K. H.),
ic (A. M.), Cleveland, OH, Brigham and
., and G. W.), Boston, MA; University of
University of British Columbia (J. H.),
sung Medical Center (H. Y. L.), Sung-
f Medicine Seoul; Department of Health

Sciences and
Sungkyunkwa
Hospital (K.
Nidhi Hospita
B.), Universit
University (Y
CORRESPOND

gmail.com
Copyright � 2
Elsevier Inc. A
DOI: https://d
imaging in various clinical scenarios is
considered, with a focus on quantitative
assessment. In particular, we describe the
role of imaging in the preprocedural
evaluation of patients undergoing lung
volume reduction and also describe the
usefulness of imaging in patients with
coexistent central airways abnormalities and
COPD.

The evolving imaging techniques described
in this article include both advanced imaging
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methods (eg, micro-CT scan, ultra-high-resolution and
photon-counting CT scan imaging, MRI, radionuclide
scintigraphy, and PET) as well as advanced analysis tools
(eg, parametric response mapping and machine
learning). It also should be emphasized that newer
imaging methods are being developed and trialed in
academic radiology centers, siloed from clinicians who
in many instances are unaware of their potential
usefulness in clinical practice. Because many of these
techniques are not developed fully, detailed descriptions
have not been included.

The aim of this article is to provide an update on the
potential of modern imaging for diagnosis and
management of patients with COPD beyond the
traditionally applied spirometry. For example, patients
with mild COPD may have normal spirometry findings,
yet have significant emphysema on CT scans. Patients
with mild emphysema on spirometry may have distinct
abnormalities on chest CT scans such as mucus plugging,
Figure 1 – A-C, Chest radiograph (A), axial CT scan image (B), and coronal
Chest radiograph shows hyperlucency in the right upper and mid lung zone
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combined pulmonary fibrosis and emphysema, and clues
to pulmonary hypertension. These additional findings
may explain why such patients experience frequent
exacerbations or are symptomatic beyond the extent of
obstruction on spirometry. A recent article by Stolz et al3

indicated that an average of approximately 85 million
thoracic CT scans are obtained annually in the United
States alone. The authors advocate that these images
should be reviewed for COPD, including early
abnormalities. They propose that CT scan-detected
emphysema, air trapping, and airway remodeling should
be considered diagnostic of COPD, even in the absence of
airways obstruction on spirometry. Furthermore, the
authors of this article recommend that when spirometry
is challenging to obtain, CT scan imaging of the chest
should be used to diagnose COPD. If these
recommendations become widely accepted, lung imaging
will have a greater importance in the early detection of
COPD and prevention of disease progression.
Methods
Evidence Used in This Review

We conducted a targeted search of PubMed/MEDLINE, Web of Science,
and Google Scholar from January 1, 2000, through March 30, 2022, for
randomized controlled trials, observational studies, scoping reviews,
systematic reviews, meta-analyses, and clinical practice guidelines. We
searched for the terms chronic obstructive pulmonary disease, COPD,
and imaging. We further enhanced our search by evaluating the
reference lists of selected articles and supplemented our search with
literature from our own collections. A detailed description of the
methodology used for searching articles is included in e-Figure 1.
Imaging in the Evaluation of Interventional and Surgical
Techniques in COPD

Giant bullae may be present with normal surrounding lung
parenchyma or with associated generalized emphysema (Fig 1). A
recent study of 41 patients confirmed that surgical outcomes are
better in patients with giant bullae with normal surrounding lung
parenchyma and that the benefits are maintained over at least 5
years.4 Although bullectomy has been associated with improved
outcomes, identifying optimal candidates is sometimes challenging.
Parametric response mapping, discussed herein, has identified less
functional areas of the lung that potentially may be targeted for
bullectomy or bronchoscopic lung volume reduction (BLVR).5
CT image (C) in a man with bullous emphysema in the right upper lobe.
with compressive atelectasis of the right lower lung zone.
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Figure 2 – Sagittal CT scan showing well-visualized complete right-sided
fissures (arrow).
Lung volume reduction surgery is an established method in the
management of advanced emphysema. BLVR is an emerging
technique that also can improve quality of life, can postpone the
Figure 3 – A, Sagittal multiplanar volume reformatted image of the right lung
demonstrating heterogeneous, bullous emphysema, with the emphysematous
demonstrated (arrows). B, Quantitative data for use in the evaluation of the s
example, the LDI, or proportion of the lung with < –950 HU, is higher in th
favorable finding when considering suitability for bronchoscopic lung volume
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need for lung transplantation, and possibly can improve survival in
select patients with emphysema who already are optimized with
medical management.6-9 BLVR is being carried out using a variety of
devices through a flexible bronchoscope. BLVR also has been found
to be effective in patients with lower lobe disease as well as those
with homogenous emphysema.

Proper selection of patients is of utmost importance for successful
outcomes from the procedure. This is achieved using a combined
assessment of symptoms, pulmonary function, and chest imaging.
High-resolution CT scan imaging remains the mainstay in initial
evaluation of these patients to assess both for potential target lobes
and any concurrent disease that may affect candidacy. A thin-slice
(1 mm) noncontrast high-resolution CT scan is performed and
reconstructed for both visual assessment and quantitative analysis.

Preliminary visual assessment is performed using the combination of
axial, coronal, and sagittal views. This can help to evaluate the extent
of emphysema and to evaluate the lobe with the maximum
emphysema as well as to assess fissure integrity (Fig 2). Although a
role exists for visual assessment in terms of screening, its limitations
include a wide range of interobserver variability, lack of sensitivity to
early disease, and the time-consuming nature of the process.6

Thus, given the limitations, definitive evaluation is performed by
means of quantitative analysis CT (QCT) scan imaging using CT
scan densitometry (discussed herein). This is used routinely for
BLVR and recently was suggested for patients being evaluated for
lung volume reduction surgery.7-10 This provides information about
the distribution of disease (homogenous vs heterogenous), degree of
emphysema per lobe as well as lobar volumes, and fissure integrity.

In patients undergoing BLVR, a certain degree of emphysematous
destruction is essential to occlude the lobe safely without worsening
_V= _Q mismatch owing to resultant atelectasis. The goal would be to
impair air flow only to portions of the lung that have severe
from quantitative CT scan imaging using lung density analysis program
portions of the lung shaded red. The integrity of the major fissure is
uitability of the patient for bronchoscopic lung volume reduction. In this
e upper lung (upper LDI) than in the lower lung (lower LDI), which is a
reduction. HU ¼ Hounsfield units; LDI ¼ low-density index.
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Figure 4 – A-D, Axial CT scan images with lung windows obtained at end inspiration (A) and during dynamic expiration (B) and corresponding
virtual bronchoscopic images (C and D), respectively. An abnormal lunate configuration of the trachea is present at end inspiration (A and C), with
excessive airway collapse during dynamic expiration (B and D). These findings are consistent with tracheobronchomalacia.
emphysema and not to healthy lung, which would create a worse _V= _Q
mismatch than already exists. In addition, lobar volumes also are
important in evaluating target lobes, especially the ipsilateral
nontarget lobe to ensure that it is capable of occupying the entire
hemithorax after treatment. This can be achieved by means of QCT
imaging (Fig 3). Additionally, fissure integrity using QCT imaging can
serve as a surrogate for the presence or absence of collateral
ventilation, which is important for assessing candidacy for BLVR.11

Fissure integrity can be evaluated definitively using the Chartis
(Pulmonx, Inc.) measurement,12 but that requires bronchoscopic
intervention. The Chartis System is a device used to detect collateral
ventilation between the lobes of the lung under consideration for
endobronchial volume reduction.13 The device uses a balloon-tipped
catheter that is advanced through the channel of a bronchoscope.
Inflation of the balloon allows for temporary occlusion of the airway,
during which airflow coming from the lobe is assessed for volume,
pressure, and resistance and is visualized on the console. Absence of
airflow confirms appropriate placement of endobronchial valves.

Recent studies demonstrated that patients with a fissure integrity of
< 80% based on QCT imaging can be excluded from Chartis
342 Special Features
evaluation and BLVR.14,15 In patients with > 80% complete fissures,
Chartis measurements are recommended. Thus, in BLVR, the ideal
patient is characterized by the lobar level of emphysema, emphysema
heterogeneity, preserved fissure integrity, and preserved ipsilateral
lobe volume. This can be achieved with qualitative and quantitative
CT scan analysis.

Lung Transplant: More than 1,000 lung transplantations are performed
each year for end-stage COPD, including in those with alpha-1 antitrypsin
deficiency, worldwide.16 Either single or a bilateral lung transplantation is
performed for the indication, leading to unique radiographic findings. In
patients who have undergone a single lung transplantation, chest
radiography usually reveals a mediastinal shift toward the side of the
surgery resulting from hyperinflated native lung.17 Incidentally, the shift
worsens after chronic rejection develops in the allograft. This shift often
is misinterpreted as progression of emphysema in the native lung. In
such cases, the temptation to perform any invasive procedure on the
native side should be avoided.18 CT scan of the chest is performed in all
patients being considered for lung transplantation, regardless of the
indication. Besides defining parenchymal pathologic features, it also
allows for study of the mediastinum as well as pleural anatomic
[ 1 6 4 # 2 CHES T A UGU S T 2 0 2 3 ]



Figure 5 – A, B, Axial CT scan images with lung windows obtained at end inhalation (A) and during dynamic exhalation (B). A, Normal-appearing
trachea is seen on an end inhalation CT scan. B, In this patient, excessive dynamic airways collapse, as evidenced by an exaggerated bulging of the
posterior membranous wall, can be identified only during exhalation (dynamic expiratory image).
features. The CT scan also is used to follow up any nodular abnormalities
seen among the patients either with emphysema or interstitial lung
disease, because diagnostic procedures are usually contraindicated in
these group of patients. Incidentally, lung cancer is found in
approximately 2.5% of all explanted lungs, with a slightly higher
incidence among patients with interstitial lung disease.19

Imaging in the Evaluation of Central Airway Abnormalities
Associated with COPD

In recent years, tracheobronchomalacia and excessive dynamic
airways collapse (EDAC) have been recognized with higher
frequency mainly because of the increased usefulness of CT scan
imaging of the chest and the popularity of interventional
Figure 6 – A, B, CT scan showing marked dilatation of the proximal right main bronchus (3 � 2.5 cm) (A) and endoscopic imaging showing separatio
of the cartilages from the posterior wall evident in the right main bronchus (arrow) (B) in tracheobronchial smooth muscle atrophy.

chestjournal.org 34
pulmonology techniques. Because the standard definition of these
conditions is still debated, the exact incidence remains to be
determined. In a recent review in Radiographics, the severity of
expiratory collapse was defined as mild if on exhalation the airway
luminal narrowing was 70%-80%, moderate if 81%-90%, and severe
if > 90%. The authors recommended that definitive treatment is
typically reserved for patients demonstrating > 90% narrowing.20

EDAC is seen more frequently in patients with COPD and obesity,
although it may occur without any known associations. CT scans
can identify COPD-associated exaggerated collapse of the central
airways during exhalation. This may be owing to three mechanisms.

1. Tracheobronchomalacia refers to collapse of tracheobronchial tree
resulting from loss of structural integrity of the cartilages.
n

3

http://chestjournal.org


Figure 7 – A-C, Axial CT scan image with lung windows (A), axial image from lung density analysis (B), and quantitative analysis of lung density (C)
of a 60-year-old male with a history of COPD who uses tobacco. A, Advanced destructive emphysema and mild paraseptal emphysema. B, Red portions
of the lungs correspond to the areas of lucency caused by emphysema on CT scan and represent pixels with density measurements of < –950 HU. C,
Percentages of each lung with density measurements falling into the defined ranges. In this example, 16.3% of the right lung, 20.5% of the left lung, and
18.5% of both lungs have density measurements in the range of emphysema (red). HU ¼ Hounsfield units.
The involvement could be localized or diffuse and can involve pe-
diatric as well as adult populations.

2. EDAC is characterized by exaggerated (> 50%) dynamic bulging of
the posterior membranous wall of the trachea and bronchi leading
to luminal narrowing.21 The tracheal and bronchial cartilages are
structurally intact. The mechanism is believed to be reduced tone of
the myoelastic fibers of the posterior wall resulting from chronic
inflammation or increased transpulmonic pressure.22

3. Tracheobronchial smooth muscle atrophy and separation is char-
acterized by separation of the posterior wall of the trachea or the
main bronchi from the cartilaginous rings, adding to EDAC. This
diagnosis is usually confirmed by a bronchoscopic examination.23

These conditions are suspected in patients with a seal-like barking
cough, dyspnea on exertion, lack of response to inhaled
bronchodilators and steroids, an inflection point on flow volume
loop, and abnormal collapse of the trachea and main bronchi on
dynamic CT scan or bronchoscopic examination (Figs 4-6).

A full discussion of CT scan imaging techniques is covered in part 1 of
this series.2 Recommended scanning protocol includes volumetric full
chest scanning in the supine position at full inspiration and routine
Figure 8 – Quantitative data for the same
patient as Figure 7, with additional data
including PD15, as explained in text.
HU ¼ Hounsfield units; LD ¼ low density;
LDI ¼ low density index; PD15 ¼ lowest
15th percentile of lung histogram.

344 Special Features
end-expiratory imaging. Dynamic expiratory imaging, with images
obtained during forced expiration, is the most useful technique to
assess dynamic narrowing of the airways.24 Virtual bronchoscopy is
an optional technique using images generated from the CT scan data
that allows a noninvasive intraluminal evaluation of the
tracheobronchial tree, simulating what may be seen with fiberoptic
bronchoscopy. Although it is a useful noninvasive tool in assessing
EDAC, it is not considered the gold standard for making this
diagnosis because of inaccuracies in assessing the degree of
collapse.25 Treatment of this disorder is based on its severity and
may range from pneumatic stenting with positive airway pressure to
tracheopexy.

Imaging for Quantitative Assessment of COPD

Postprocessing approaches, such as densitometric analysis and airway
quantification, are feasible after segmentation of the lung and airways
from the surrounding chest wall and mediastinal structures. Fixed
thresholds such as –910 Hounsfield units (HU), –950 HU, or –960
HU then are capable of delineating emphysema-like tissue. The
percent or fraction of lung occupied by these low attenuating areas is
highly correlated with explanted lung pathologic characteristics and
[ 1 6 4 # 2 CHES T A UGU S T 2 0 2 3 ]



Figure 9 – Axial contrast-enhanced CT scan image obtained through the
main pulmonary artery in a patient with pulmonary hypertension
demonstrating a dilated main pulmonary artery (number symbol),
larger in caliber than the adjacent ascending aorta (asterisk).
is related directly to degrees of clinical impairment (Fig 7).26–28 A more
recent histogram-based technique for disease quantification that
delineates the lowest 15th percentile of the lung histogram (PD15)
from the remaining lung tissue can be used to derive the grams of
lung tissue per 1 L of lung volume.29 This approach is thought to
provide a more sensitive metric of progression in early lung disease
than threshold methods generating low attenuating areas and can be
statistically adjusted more readily for differing reconstruction
algorithms and scanner make and model (Fig 8).30

The quantitative density measurements both are repeatable and may be
applied to evaluate disease progression. Importantly, volume-adjusted
lung density provides individualized measurements. Efforts are
ongoing to have this qualified as a biomarker with the US Food and
Drug Administration as an acceptable outcome measure for
therapeutic interventions.

Although lung density is used widely and is a well-accepted metric of
disease progression in the respiratory and imaging community, it does
TABLE 1 ] Advanced Imaging Methods

Advanced Imaging Method Use

Micro-CT scan imaging Higher resolution than typical H
bronchioles

Ultra-high-resolution and
photon-counting CT scan
imaging

Higher spatial resolution, greate
noise that typical HRCT, using

MRI, including
hyperpolarized helium

Can quantify _V= _Q and evaluate

Radionuclide scintigraphy Detailed measurements of pulm
inhaled xenon and dual-energ
stage of development; SPECT
correlates with spirometric lu

PET Widely explored as a biomarker
can distinguish asthma from
deficiency

HRCT ¼ high-resolution CT; SPECT ¼ single photon emission CT.

chestjournal.org
have limitations. Differences in lung density resulting from the
inspiratory level can be corrected by adjusting for lung volume.31

Differences in density resulting from the scanner reconstruction
technique can be addressed by normalization techniques.32 For
example, some subtypes of emphysema are based on morphologic
appearance and distribution within the lung.33,34 Centrilobular,
paraseptal, and panlobular emphysema may be equally quantified by
densitometry, but they cannot be distinguished by either a simple
HU threshold or volume-adjusted lung density. Recognition of this
limitation spurred the development of more advanced machine
learning and deep learning techniques that leverage local patterns of
attenuation, combined with their distribution in the lung (cranial or
caudal and central vs subpleural).35–38 These techniques have been
quite successful at providing more granular label maps of
emphysema subtype as well as stage.

Quantitative assessment of central airway morphologic features has
become a cornerstone in the CT scan-based characterization of
COPD. Early investigations demonstrated that measurements of the
wall area percent (the percent of total bronchial cross-sectional area
occupied by airway wall) were related inversely to lung function
and clinical outcomes.39 Subsequent work demonstrated that the
clinical correlation of this feature could be enhanced when
extracted from higher-generation airways, presumably because
airways deeper in the lung provide a better reflection of disease in
the distal small airways.40

Direct measurements of airways are challenging because in COPD, the
primary area of interest is small airways, which cannot be well
observed because of limited spatial resolution with current CT scan
imaging technology. Endobronchial ultrasound provides direct
airway assessment, but this is also limited to larger airways. Despite
challenges in measuring small airways, measurements of larger
airways such as airway-wall thickness and the internal perimeter of a
hypothetical 10-mm airway have a number of clinically relevant
correlations to spirometry and other measurements of lung
function.41,42

Biomarker measurement of pulmonary arteries and veins also has been
established in the research setting. The most well-established
measurements are the pulmonary artery to aorta ratio (Fig 9) and
the estimated blood volume contained in blood vessels with
Current Clinical Usefulness

RCT, can visualize terminal Research setting: ex vivo
or in vivo for small
animals

r image contrast, and less
less radiation

Clinical value is under
evaluation

lung parenchyma Research setting, but
clinical opportunities
expanding

onary ventilation using
y CT scan imaging is in early
imaging with Technegas

ng function

Research setting

of pulmonary inflammation,
COPD and a1-antitrypsin

Available, but not first-line
method for diagnosis of
COPD
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TABLE 2 ] Advanced Analysis Tools

Advanced Analysis Tool Use Current Clinical Usefulness

CT scan imaging
densitometry or QCT
scan imaging

� Routinely used for BLVR
� Recently suggested for patients being evaluated for LVRS
� Provides information about distribution of disease (homog-

enous vs heterogenous), degree of emphysema per lobe,
lobar volumes, and fissure integrity

� Routinely used to calculate LAAs, which correlates with de-
gree of clinical impairment, and PD15, which provides sen-
sitive metric of disease progression in early lung disease

� Ongoing efforts to have QCT imaging qualified as biomarker
with FDA as an acceptable outcome measure for therapeutic
interventions

� Cornerstone of central airway morphologic assessment

� Widely used and well
accepted in academic
centers

� Expanding availability to
the community

Parametric response
mapping

� Can distinguish functional small airways disease from
emphysema

� Has identified less functional areas of the lung that poten-
tially may be targeted for bullectomy or BLVR

� Widely used and well
accepted in academic
centers

� Expanding availability to
the community

Machine learning or deep
learning

� Has ability to classify phenotypes and stratify disease
severity from CT scan imaging

� Research setting

BLVR ¼ bronchoscopic lung volume reduction; FDA ¼ US Food and Drug Administration; LAA ¼ low attenuating area; LVRS ¼ lung volume reduction
surgery; PD15 ¼ lowest 15th percentile of lung histogram; QCT ¼ quantitative analysis CT.
cross-sectional area of approximately 5 or 10 mm, which have been
associated with multiple clinical measurements.43,44

A number of other promising measurements and methods are in
somewhat earlier stages of development. These include CT scan-
based biomarkers of early fibrosis that have been shown to be
detectable and associated with clinical measurements in patients with
COPD, detailed measurements of pulmonary ventilation using
inhaled xenon and dual-energy CT scan imaging, and various
modifications of traditional MRI. Other, more complex, biomarkers
such as texture-based measurements of local patterns of emphysema,
gas trapping, and functional small airways disease are well
established in the research setting.35,45 These new and evolving
346 Special Features
techniques are tabulated (Tables 1, 2) to add context to their clinical
usefulness and applications at present. Table 1 describes advanced
imaging methods, such as micro-CT imaging, ultra-high-resolution
and photon-counting CT scan imaging, MRI using hyperpolarized
helium, and radionuclide scintigraphy including PET. Specific
indications for each of these methods that are being studied
currently are tabulated. However, we clearly state that most of these
evolving techniques do not have defined clinical indications at
present. Table 2 defines advanced analysis tools like CT scan
densitometry and parametric response mapping. We similarly put
into context the indications that these advanced tools have in the
clinical arena.
Evolving Imaging Techniques

Additional Methods

Micro-CT Imaging: Typical high-resolution CT scan
imaging is capable of noninvasive imaging with spatial
resolution in the range of 600 to 1000 mm. Parenchymal
and airway abnormalities related to airflow obstruction
in COPD occur in the conducting airways at a similar
scale and are difficult to resolve. Ex vivo micro-CT scans
with resolution of up to 1 mm can enable visualization of
terminal bronchioles, although currently it can only be
used on ex vivo lung tissue samples because of the high
radiation required (Fig 10).46 Although not widely
available, synchrotron micro-CT scan imaging also has
been used to produce artifact-free, 3-D ex vivo
reconstructions of distal lung anatomic features in
patients with emphysema, showing coalescence and
overexpansion of acini.47
Ultra-high-Resolution and Photon-Counting CT Scan
Imaging: Historically, the most common matrix size for
CT scan images has been 512 � 512. Newer systems are
capable of reconstructing larger matrix sizes (eg, 1,024
or 2,048), potentially improving spatial resolution to 150
to 500 mm, which may allow improved assessment of
emphysema and airways.48 New detector technology is
capable of counting individual photons, whereas
traditional photodetectors used in CT scan imaging
integrate detected energy. This new photon counting CT
scan imaging technique is a major advance in radiologic
imaging, producing images not only with higher spatial
resolution, but also with greater image contrast, less
noise, and using less radiation (Fig 11).49

MRI (Including Hyperpolarized Helium): Because of
radiation dose considerations, CT scan imaging typically
is not used to perform true dynamic imaging. Major
[ 1 6 4 # 2 CHES T A UGU S T 2 0 2 3 ]



Figure 10 – A-D, Comparison of frozen
lung slices and micro-CT scan images. A,
Micro-CT image of normal donor lung
showing a terminal bronchiole (white ar-
row) connecting to respiratory bronchiole
(green arrow) supplying alveoli of normal
size. B, Frozen lung slice showing extensive
centrilobular emphysema (arrowheads)
and micro-CT scan image showing dilation
and destruction of proximal respiratory
bronchioles (green arrow), with sparing of
alveoli near lobular septa (blue arrow).
Terminal bronchiole leading into cen-
trilobular lesion is narrowed (yellow
arrow) and then opens up again (white
arrow). C, In contrast, frozen lung slice
showing panlobular emphysema in
a1-antitrypsin deficiency with uniform
destruction of alveoli (arrowheads)
extending right up to lobular septa (blue
arrow) on the micro-CT scan image. Ter-
minal bronchiole (white arrow) and res-
piratory bronchiole (green arrow) are
normal. D, Frozen lung slice showing
paraseptal emphysema with typical sub-
pleural lesions (arrowheads) and micro-CT
scan image showing that alveoli adjacent
to lobular septa are dilated and destroyed,
with sparing of center of the lobule. Ter-
minal bronchiole (white arrow) and res-
piratory bronchiole (green arrow) are
normal. (Reprinted with permission from
Lynch et al.34)
advantages of MRI are the ability to quantify ventilation
directly, to identify progression and reversibility with
bronchodilators, to measure airspace dimensions
directly, and to quantify pulmonary perfusion.50 Inhaled
3He provides a contrast media that maps regional
ventilation of the lungs. Apparent diffusion coefficient,
129Xe dissolved phase, and ventilation defect percentage
are imaging parameters derived from hyperpolarized
MRI that have been used in the study of COPD (Fig
chestjournal.org
12).51 Hyperpolarized helium MRI apparent diffusion
coefficient values could explain ventilation
improvements after bronchodilator treatment.52

Moreover, when comparing with CT scan and
pulmonary function tests, only hyperpolarized helium
MRI enabled the prediction of exacerbations in patients
with mild to moderate COPD without previous
exacerbations.53 For determining perfusion, pulmonary
microvascular blood flow was reduced in patients with
347
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Figure 11 – A, Conventional high-
resolution CT scan image of the right
lung showing centrilobular emphy-
sema. B, Photon-counting CT scan
image obtained with a substantially
lower acquisition dose and a sharper
reconstruction kernel showing
improved conspicuity of emphysema
resulting from increased resolution and
decreased image noise.
mild COPD compared with control participants who
used tobacco, independent of small airways disease on
CT scan imaging and gas trapping on pulmonary
function tests.54 Pulmonary microvascular blood flow
would be measured using gadolinium-enhanced MRI,
associated with signs of endothelial injury, including
elevated endothelial microparticles and reduced
circulating endothelial cells.55 Fortunately, recent MRI
techniques including ultrashort echo time and zero echo
time, as well as multicoil parallel acquisitions and
acceleration methods, are expanding clinical
opportunities for pulmonary MRI to evaluate lung
parenchymal and pulmonary vascular diseases.56

Radionuclide Lung Scanning and PET Scanning:
Molecular imaging approaches such as PET and single
photon emission CT could meet the need for
noninvasive biomarkers of lung disease (Fig 13). Because
inflammatory cell recruitment leads to increased glucose
use in the lungs, 18F-fludeoxyglucose PET has been
explored widely as a biomarker of pulmonary
inflammation.57 Currently, molecular imaging is not a
first-line method for the diagnosis of COPD. However, it
can provide information for enhancing diagnosis,
advancing individualized disease phenotyping, and
assisting with the assessment of responses to
treatments.58 For example, fludeoxyglucose in addition
to the use of a macrophage-targeted 11C-PK1195 PET
radiotracer was shown to be able to discriminate asthma
from COPD in patients.59 A study of 30 patients, divided
into healthy, a1-antitrypsin deficiency, and COPD
groups reflecting different severities of inflammation,
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showed that fludeoxyglucose PET could differentiate
these three study groups.60 Patients with COPD also
have been evaluated using single photon emission CT
imaging procedures with Technegas (Cyclomedica Ltd.)
(99mTc-labelled carbon particles) because it has been
demonstrated to correlate positively with spirometric
lung function.61 Development of molecular imaging
agents specific to matrix metalloproteases secreted by
macrophages and other inflammatory cells also would
aid in COPD diagnosis.62

Analysis Methods

Parametric Response Mapping: Airways < 2 mm in
diameter are a primary site of airflow obstruction in
COPD.63 Because they are difficult to measure, one can
assess their effect indirectly by quantifying gas trapping
on expiratory CT scan imaging by measuring the percent
of voxels< –856 HU on expiratory CT scan imaging.64,65

However, this methodology cannot distinguish areas of
small airways disease from emphysema. The parametric
response mapping methodology overcomes this
challenge using image registration to match inspiratory
and expiratory lung to examine local changes in density
so that healthy lung can be distinguished from functional
small airways disease and emphysema (Fig 14).66,67 This
methodology has the potential to identify at-risk patients
for greater lung function decline.68

Machine Learning: Machine learning is a subfield of
artificial intelligence that focuses on algorithms that
adapt to example data, rather than using explicitly
programmed rules, to improve accuracy of a prediction
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Figure 12 – CT scan images and ultrashort echo time (UTE) MRI scans in two patients with COPD. The ventilation map and the ventilation flow map
from the UTE MRI scans present two types of voxel-wise information about ventilation. A ventilation map was obtained by calculating the relative
ratio of the signal difference between end-inspiration (Sins) and end expiration (Sexp) with reference to end expiration, which is written as ventilation ¼
(Sexp – Sins) / Sexp. A ventilation flow map can be obtained from 3-D UTE images by calculating the rate of change of ventilation over time between two
consecutive respiratory phases. It can provide regional information on airflow in the lung parenchyma or small airways, allowing for further evaluation
of pulmonary ventilation function. Ventilation flow can be described more clearly by introducing the concept of fractional ventilation (FV), which is
defined as ventilation at a specific respiratory phase relative to the end-expiratory ventilation: FV(m) ¼ (S(mexp) – S(m)) / (S(mexp)), where a positive
integer m represents the mth respiratory phase image in the breathing cycle (m ¼ 1, 2, . . ., ms, where ms is the number of all respiratory phases
considered) and mexp represents the end-expiration image. Then, assuming the interval t between two consecutive respiratory phases, ventilation flow
(VF) can be defined as the change in FV over Dt: VF(n) ¼ (DFV(n þ 1) – DFV(n)) / Dt . Here, DFV(n) ¼ FV(n þ 1) – FV(n), where FV(n þ 1) is
assumed to be the same as FV(1) for n ¼ms. Given this definition of VF, a VF map can be obtained by calculating the voxel-wise difference between the
maximum and minimum values of VF(n). Accordingly, the ventilation map indicates the amount of ventilation, whereas the VF map shows the
ventilation rate. A, Blue area in the left lower lobe on the ventilation map (arrow) shows an area of decreased ventilation, but the corresponding area
on the ventilation rate map (arrow) is smaller. B, In contrast, this patient has a large right upper lobe bulla (arrow), with matching decreases in
ventilation and ventilation rate.
task. Deep learning is a type of machine learning using
neural networks, which have the benefit of
simultaneously optimizing feature extraction and
outcome prediction. The last decade has seen great
interest in applying machine learning and deep learning
in medicine. Deep learning in particular has provided
remarkable advances in historically challenging image
analysis tasks. Machine learning and deep learning
methods for automatic anatomic segmentation have
improved the robustness and precision of quantitative
CT scan imaging. Separate machine learning and deep
learning algorithms for COPD have shown the ability to
classify phenotypes and to stratify disease severity on CT
scan imaging.36,69,70

Additional Considerations Regarding Health
Disparities

Lung health disparities may emerge related in part
because of race or ethnicity, sex, age, and country of
origin. To provide the best clinical care, attention to all
chestjournal.org
aspects of COPD subgroups and the recognition of the
intersectionality of race or ethnicity, sex, and age should
be addressed.71

The question of whether race is a useful construct in
pulmonary medicine is timely.72,73 Slightly less
emphysema seems to occur in Black individuals with a
history of tobacco use.74,75 However, using visual
scoring of CT scans, Black participants showed greater
5-year progression of emphysema.76 CT scan imaging
of bone density in the vertebral column found that
Black individuals who used tobacco generally showed
higher measured bone mineral density, but with
advancing COPD in higher Global Initiative for
Chronic Obstructive Lung Disease stages, they still
showed lower bone mineral density and more risk of
fracture, highlighting the intersectionality of these
issues with aging and comorbidities.77

Recognition of aging factors is a key opportunity to
address lung health equity. The diagnosis of early COPD
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Figure 13 – A-D, Single photon emission CT scan images from a 72-year-old male with COPD. A, High-resolution CT image showing centrilobular
emphysema in upper lobes with an extent of 40% of the lung volume. B-D, Transverse (B) and frontal (C) perfusion single photon emission CT images
revealing areas with reduced perfusion in all segments of the right upper lobe and apicoposterior and the anterior segments of the left upper lobes.
ANT ¼ anterior; LAO ¼ left anterior oblique; LAT ¼ lateral; LT ¼ left; POST ¼ posterior; RPO ¼ right posterior oblique; RT ¼ right; Upp ¼ upper.
is an opportunity globally to improve lung health78; the
aging of the global populations portends higher
prevalence of COPD in the future. Physical frailty
emerges as a major syndrome to evaluate and intervene
in COPD.79 Frailty in COPD is prevalent with increasing
age. Chest CT scan imaging has a role in identifying age-
associated multiple morbidities (eg, osteoporosis,
vertebral fractures, degenerative spine disease, and
cardiovascular disease).

Although national COPD mortality rates in women
have continued to increase,79 research has
demonstrated that COPD tends to be
underdiagnosed in women and that the use of
spirometry mitigates the underdiagnosis.4

Menopause is associated with accelerated lung
function decline,5 and women are at increased risk
for severe, early-onset COPD (younger than 55
years),6 highlighting the need for sex- and gender-
aware approaches to addressing lung health
disparities.7 The reason for this apparent increased
risk for early disease is unclear and is a topic of
investigation. In addition to the imperative of
suspecting and diagnosing COPD in all women, it is
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clear that across all ages, women with COPD
manifest more severe symptoms and comorbid
conditions when compared with men with COPD.8

In addition to race, age, and sex, international
differences may lead to health disparities. COPD is
accepted widely to be caused by noxious compounds
that lead to lung and airways damage. An estimated
50% of global COPD is caused by non-tobacco use
risk factors that vary by geographical region.80 In
low-income countries, these risk factors are attributed
to environmental pollution, with smoke from
biomass fuel being the most statistically significant
risk factor.80 In general, patients with COPD who
have never used tobacco have relatively mild dyspnea
and sputum production, mild airflow limitation, and
a normal diffusing capacity. CT scans show less
emphysema than individuals with COPD who use
tobacco and are more likely to show bronchial wall
thickening and mucus plugging. Racial differences in
presentation and symptoms, coupled with different
health care systems, lead to vastly different
approaches to the diagnosis and management of
COPD.
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Figure 14 – A, B, Parametric response mapping: deformable image registration (A) is used to match voxels on inspiratory and expiratory scans, and
voxels are assigned a parametric response mapping category based on their HU values on the expiratory and corresponding registered inspiratory scan
(B). For example, a voxel with a value of > –950 HU on the registered inspiratory scan and < –856 HU on the expiratory scans would be classified as
fSAD. fSAD ¼ functional small airways disease; HU ¼ Hounsfield unit.
Finally, socioeconomic disparities both in the United
States and internationally result in different levels of
access and use of advanced and emerging imaging
methods. Physicians and other health care leaders can
improve the health and well-being of patients with
COPD by promoting more equitable distribution of
advanced imaging for diagnosis and treatment planning.

Summary
Advanced imaging can offer valuable information in
the diagnosis, management, and prognostication of
COPD. Novel imaging techniques include both
advanced imaging methods (eg, micro-CT scan
imaging, ultra-high-resolution and photon-counting
CT scan imaging, MRI, radionuclide scintigraphy, and
PET) as well as advanced analysis tools (eg,
parametric response mapping and machine learning).
Because these newer imaging methods are being
developed and trialed in academic radiology centers,
clinicians may be unaware of their potential usefulness
in clinical practice. With increased awareness and by
promoting equitable use of advanced imaging for
diagnosis and treatment planning, practicing
physicians can improve the health and well-being of
patients with COPD significantly.
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